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Alexi Gorgidze - 105

Alexi Gorgidze was a prominent Georgian scientist- mathematician and specialist in mechanics,
Honored Scientist (1962). State Prize Laureate (1997), Professor.

Alexi Gorgidze was born in Kutaisi on May 17, 1907. Even at Kutaisi Technical High School, he
displayed a keen interest and talent in mathematics.

In 1924 A. Gorgidze entered the Department of Physics and Mathematics of the Education Faculty
of Thilisi State University. At that time there worked the founders of higher mathematical education in
Georgia Andrea Razmadze, Niko Muskhelishvili, Giorgi Nikoladze and Archil Kharadze.

In 1929 A. Gorgidze began working at the Department of Theoretical Mechanics of the
Georgian Polytechnic Institute on Niko Muskhelishvili’s invitation.

In 1932 A. Gorgidze was offered a post-graduate studentship at Leningrad State  University,
where his supervisors of studies were outstanding scientists V. Smirnov and S. Mikhlin.

In 1935 A. Gorgidze finished his post-graduate studies and returned to Thilisi. He began working
at Thilisi State University and the Georgian Polytechnic Institute. He participated energetically in the
foundation of Thbilisi Institute of Mathematics.

In 1938 N. Muskelishvili proposed that A. Gorgidze was appointed the Head of the Department of
Theoretical Mechanics of the Georgian Polytechnic Institute, which he himself had been directing for 52
years. At the same time, A. Gorgidze continued working at the Institute of Mathematics: first as a
junior scientific worker and then as a scientific secretary and a deputy director. After the establishment
of the Georgian Academy of Sciences,

A. Gorgidze worked as an assistant president of the Academy over a period of years.

In the 60-ies of the last century, on A. Gorgidze’s initiative Tbilisi Workshop on Theoretical and
Applied Mechanics was established. A. Gorgidze directed this workshop till his death. Scientists from
different countries took part in the Workshop.

A. Gorgidze was an author of many scientific works. The sphere of his scientific interest
included various issues of the mathematical elasticity theory: approximated solutions to basic boundary
problems of the elasticity theory; linear and nonlinear problems associated with tension, torsion and
bending of continuous and complex, isotropic and anisotropic beams, which are not only of scientific
significance, but also of practical importance for application to construction mechanics and for
increasing the construction sustainability, etc.

A. Gorgidze was among the first to prepare and publish in Georgian a complete course of
theoretical mechanics for the institutions of technical higher education, which became a handbook not
only for Georgian intellectuals and students, but also for everybody who was interested in the issues of
mechanics. He was awarded the State Prize of Georgia for this handbook.

In 1960 A. Gorgidze was invited to England for acquainting with the scientific work of the
Institute of Mechanics of the Royal Society.
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In the 60-ies of the XX century the Georgian television began broadcasting the educational
lectures. A. Gorgidze was among organizers and delivered lectures in theoretical mechanics for years.
Professor A. Gorgidze was a member of the Scientific-Methodological Coordination Council on
studying the problems of mathematics and mechanics at the Georgian Academy of Sciences, a
member of the presidium of the Scientific-Methodological Council of Theoretical Mechanics of the
Higher and Special High Education Ministry of the USSR, a member of the Board of the Georgian
Mathematical Society and the Chairman of Transcaucasia Scientific-Methodological Council of
Theoretical Mechanics.

In 1993 Alexi Gorgidze Prize was established by the Georgian Engineering Academy; at the
Georgian Technical University, A. Gorgidze grant was founded. One of the streets in the city of Kutaisi
was called after A.Gorgidze.

IGMS. I, 3MAINNAL 3.

Prof. AL. GORGIDZE st.
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T'OPTH/3E AJIEKCEH ACOHOBHY - 105

Cpenmy  TPY3UHCKHX MaTeMaThuKOB  JIOCTOMHOE MECTO  3aHUMAaeT  HW3BECTHBIM  yUEHBIH
MaTeMaTHK-MEXaHWK, Jaypear locymapcTBeHHOM npemun ['py3mn,  3acimy)KCHHBIM JeATeNh HAYKH
I'py3un, mpodeccop Amnekceit SfconoBnu ['oprumse.

A. 4. Toprumze pomunca 17 mas 1907 roma B r. Kyraucu. B 1914 rony on moctymaer B Ilepsoe
Kyrancckoe peanpHoe yumiuine, npeoOpazoBaHHOe BrocnencTBui B ColuanbHO-I yMaHUTapHBI TEXHUKYM.
3mechk OH paHO TPOSBISIET HE3ayPsAHBIC CIIOCOOHOCTH K MaTeMaTHKe, YeM oOparmaeT Ha ceOs BHIMAaHHWE CBOMX
npenogaBareneit. [lo oxonvanmm y4aebsl B Texamkyme A.Sl. ['oprume B 1924 romy moctymaer Ha (usuko-
MaTeMaTH4YecKOe OT/IeTIeHHE TIeIarormyeckoro akyabTeTa TOMINCCKOro ToCyIapcTBEHHOTO YHHUBEPCHTETA.

B Te rompl MaTtemMaTuueckue HayKH B YHUBEPCHTETE IpPENOJaBaia BEIMKOJICHHAsS YeTBEPKA IPY3HHCKHX
MaTeMaTHKOB — AHaper Pasmamze, Hwuko Mycxemmsumm, ['eopruit Hukomanse n Apumn Xapamze, Oiarot-
BOPDHOC BITUSIHHE KOTOPHIX HECOMHEHHO CIOCOOCTBOBATH TITYOOKOMY OCBOCHHIO (DYyHIAMEHTABHBIX OCHOB
BBICIIEN MATEMATUKU.

VIMeHHO M3 CTEeH 3TOro yHHBEpPCUTETA MOTYy4YHIa IyTeBKY B YKM3HD Liefas TUiesiaa ONEeCTSAIX —TPy3UHCKHX
yueHslXx - WMnes Bekya, Buxktop Kympamze, Mare Mupunanamsumy, Baaguvup Yemnmze, [asun ommnse,
Scorn MenxBapumBiy, Jlapes Bamakumse u ap. Torma oam ObumH ITpocTo cokypcHuKamm A. 5. ['oprumze.

C 1929 roma, mo mpuriamenmo H. WM. Mycxemmmsmmm, Anekceidr [oprumse Hadanm pabotaTh B
[NonmuTexHu4yecKOM WHCTUTYTE Ha Kadenpe TeOpeTHUECKONW MEXaHUKH, I7le OH aKTUBHO BKIIIOYACTCS B paboTy
CEMHHApOB, OPraHU30BaHHBIX 3aBEeAYIOIINM Toraa 3Toi kKadenapoit H. M. Mycxenumsunm B 1932 rony
AJSl. Toprumse BMecTe C TpPYINOA MOJOABIX TPY3MHCKHX MAaTE€MaTHKOB HANpPABISIETCS B aCHUPAaHTYPY
JleHuHTpaIcCKOTO TOCYTAPCTBEHHOTO YHUBEpCHUTETa. Ero HAyYHBIME PYKOBOIUTEISIMH OBUTH yXKE W3BECTHBIN B
Ty opy Marematuk B.1. CmupHOB ¥ Mosono# yaensid C.I'. MuxiuiH.

3nece ASl. Topruaze akTHBHO y4acTBYET B YHHBEPCUTETCKUX HAay4YHBIX CEMHHApax U MyOIUKYeT CBOU
nepBble Hay4Hble paboThl Mo Teopur ynpyroctu. B 1934 romy on omyOnukoBan B >xypHane “/lokmaner AH
CCCP” cBoro mepByro paboTy ,,MeTon mociienoBaTeIbHBIX MMPHOIMKCHUN B MMPUMEHEHUN K TUTOCKOH 3amade
TEOPUH YIIPYTrocTH'.

B 1935 romy Anekceii SlconoBud 3akaH4YMBaeT y4ueOy B acIHMpaHType W Bo3Bparaercs B TOwmucH, T7ie
OZIHOBPEMEHHO HaYMHAET PadoTaTh B | py3MHCKOM MOJIUTEXHUYECKOM HHCTUTYTE, TOMINCCKOM TOCYAapCTBEHHOM
yHuBepcutere U B MHcTHTyTe Matematnkn AH ['py3umn, B opraHus3aliii 1 CTaHOBJIGHWH KOTOPOIO OH MPUHSUT
camoe aktrBHOE ydactie. B 1938 romy AJSL. TIoprumse, mo mpemroxennto H.M. MycxenmumBumg, n3dupaercs
Ha JOJDKHOCTH 3aBeAyromero kademnpoii teopermdeckort Mexanuku ['TIM, koTopoit oH OECCMEHHO PYKOBOIWI B
TeueHune 52 aer (mo 1990T.).

Hano ckazate, uto AJSl. [oprumse MHOTo cuil U BpeMeHH yAenstl TOMMMCCKOMy MHCTHTYTY MAaTeMaTHKH
mMm. AM. Pazmanze AH ['py3un, kK KOTOpOMY OH OTHOCHJICS C OOJIBIIIUM BHUMAaHUEM. 37IECh OH paboTall yUCHHBIM
CEKpEeTapoM, a 3aTeM 3aMecTUTelieM mupekropa wuHCTHTyTa (1940-1954). OmHOBpeMEHHO, OH YHMTACT KYpCHI
JISKIAH TI0 psimy cnenmaibHocTel B TI'Y. B HauanbHBINA TIEpHOA ACATETPHOCTH AKanemun Hayk [pysum, AJSl.
loprumze paboran taxke nomormHuKoM [IpesnneHta Axagemun. B To Bpems, - BpeMsl CTAaHOBJICHUSI AKaJeMUH,

9TO OBLIO HE TOJBKO MOYETHOM JOJDKHOCTBIO, HO 1 BECbMa OTBCTCTBCHHOM.
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HuTepecHo otMeTHTh, uTo eme B 1937 romy H.M. MycxenuImBrim 3aBepIi CEpUIO BEITMKOICITHBIX cTaTeit
M0 WCCIIEOBAHMIO TPAaHUYHBIX HHTETPATTGHBIX YPAaBHEHHH TS TUIOCKOM 33/1a4 TEOPHHU YIIPYTOCTH, TOCBSIIIEHHON
YUCJICHHOMY PELIEHHIO 33/1ad C MOMOIIBIO MOMYYEHHbIX KM ypaBHEHUWA. MoOIHEeHMA Hay4YHbI TOTEHLIHAI
3TUX paboT BIOXHOBWI €ro npsiMbIX yueHHKoB — A.Sl. T'oprumse m AK. Pyxanse Ha peanmzaniio 4iCIeHHBIX
pelIeHu 5TUX 3am1a4, paboTa KOTOpBIX, oOmmyOnukoBaHHas B 1940 romy, cOmepXUT Bce KOMIIOHEHTBI METOJA,
KOTOpBII UMEHYyeTCsS ,,METOIOM TpaHWJHBIX 37eMeHToB". Tak, B 1940 romy A.S. loprumse mnyonmkyer
paboThl TOCBSIIEHHbIE TMPUMEHEHWI0O METOAa MOCIEOBATENbHBIX MPUOMDKEHN HWHTErpaIbHBIX YpaBHEHUH
TUTOCKOM 3a7aun Teopun ynpyroctu (B coaBropctBe ¢ A. K. Pyxamze). B 1941-1944 rogax oH myOnuKyeT B
Coobmennsix AH I'py3un psn paGoT, MOCBSINEHHBIX —PEIICHHIO 337ad O BTOPUYHBIX 3(eKTax W B3aMMHBIX
BIMSIHMSIX PA3fIMYHBIX HANPSHKEHHBIX COCTOSHUHM —ILIIMHAPHYECKMX OpYyChEB, COCTABICHHBIX M3 Pa3iM4HBIX
W30TPOITHBIX MATEPHATIOB. 3ajlauya pacCMaTpHUBaiach B TEOMETPHUYECKA W (PH3UUESCKH HEJMHEHHOM MOCTAaHOBKE,
Mpesnosnaras, 9To yIpyrue CBOWCTBA MAaTepHaliOB, COCTaBILIIONIMX Opyc, XapaKTepu3YyIOTCS —Pa3IHIHBIMH
Momymssma  FOnra, moctostHHeiME — Jlame. IlyOmukyrotess Takoke — paOoThl (UMK paboT), MOCBAILCHHBIC
WCCIIEZIOBAaHUIO HaNPsHKEHHO-IS(OPMUPOBAHHOTO COCTOSIHHSL OpYChEB, ONM3KMX K MPU3MATHUESCKHM, COCTaB-
JIEHHBIX W3 PA3INYHBIX YIIPYTUX MaTepHaJioB.

Al Toprumse mocTaBiIeHBl M PEIICHBI 3afadi pacTsHKeHHs OpycheB, OpyCheB €O cIab0 M30THYTHIMH
OCSIMH, €CTECTBEHHO 3aKpy4eHHBIX OpycheB. Bce 3Tw 3amaum, pemieHHbIe B OOIIEM BHIE, COMPOBOXKACHBI
HAIJISIHBIMA  TIPUMEPAMH.

C 1954 roga myOiMKYIOTCS pabOThI, B KOTOPBIX M3Y4alOTCsl BTOPUYHBIE 3((eKThl U B3aWMHBIEC BIMSHUS
PA3TUYHBIX HAMPSDKEHHBIX COCTOSHUN IITMHAPHYECKAX OpycheB, BemonHeHHbIe A.S. ['oprumse. B 1973 romy on
MPHCTYIIT K PEICHUIO 337124 O BTOPUYHBIX dP(EKTax ¥ B3aNMOBIMSHUASX Pa3THYHBIX HATPSHKEHHBIX COCTOSIHHN
IIHHAPUIECKUX OPYChEB, COCTABJICHHBIX U3 PA3IMYHBIX AHM30TPONHBIX MaTephanoB. [lomydeHHbIe pe3yabTaThl
HUMEIOT HE TOJILKO MEPBOCTENICHHOE TEOPETHYECKOE, HO U OOJBIIOE MPAKTUUECKOE 3HaUYCHUE, UCIIONB3YIOTCS MIPU
pacuere pasiM4HBIX COOPYKEHUH U JeTayiel B CTPOUTENBCTBE M MAlIMHOCTPOeHUH. C MOMOIIBIO 3TUX JaHHBIX
JOCTUTHYTO 3HAYUTENHFHOE O0JIerdeHre KOHCTPYKIIMOHHBIX 3JIEMEHTOB M TTOBBIIIIEHA X YCTONYHBOCTb.

B 1960 romy A. I'oprumse ObUT IpUriIamed B AHMINIO B MHCTUTYT Mexanuku KoposeBckoro oomecTsa Ayt
O3HAKOMJICHHSI C HAyYHBIMU HAIIPaBIICHUSIMH.

B mrectunecsateix rogax mponuioro Beka no wHuimatuee A. Sl Toprumse Obut opranmszoBaH B TOwmmcu
00IIIETOPOACKON HAyYHO-METOIMYECKON CEMHUHAP TI0 MeXaHHKe, KOTOPHIM OH PYKOBOAWII OECCMEHHO B TEUEHHE
oomee 30 mer. B pabore 3TOrO0 cemmHapa MPUHUMATIH yYacTHE TPEIONABATEI TCOPETHUCCKOM MEXaHUKH
paznuuabix ToposoB CCCP u npyrux cTpaH.

B 1959 rony Beixogut B cBer, HanucaHHBId A.Sl. ['oprumze Ha Tpy3uWHCKOM si3bIKe, y4eOHHK ,,Kypc
Teoperuueckord MexaHuku'" (Cratuka), B 1961 romy — Bropas yacth yueOHnka ( Kunemaruka), a B 1965 romy —
TpeThsl YacTh (J{MHammuka), KOTOpble HEOMHOKPATHO MEPEU3NABATNCHh M CTaJIM HACTONHHBIMH TTOCOOWSMH ISt
WHKEHEPOB M CTYJICHTOB.

3a ot yueOnmku A. f. [oprumse Obn1 ynocroen ['ocymapcrBenHoit mpemmn [pysun B 1998 romy
(TocMepTHO).

B 1979 rony A.S. l'oprumze msmaer ,Kpatkuii Kypc TeopeTHYecKoM MeXaHWKH' coBMecTHO ¢ A.D.
[lapanrus (Ha rpy3. s3p1ke) U coBMecTHO ¢ B. X. MeIyroBbIM 10 3aKa3y MOCKOBCKOTO W3/1aTEIbCTRA ,, BEICIIas

mKosa" (Ha pyCCKOM s13.).
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B 1986 romy A.Sl. I'oprunze, coBmectro ¢ J.K. Janemus, A.A. Jlocabepumse u A.Jl. Lupekumse, usnaer
YU9eOHUK TIO KYypCY ,, | eXHUIecKast MEXaHUKa" (Ha TPY3. S3BIKE).

B 2001 romy BbIXOmmT MOHOTpadws (m30panusie Tpyapl) A5l Toprumse - ,,Hekotopeie 0600menns 3anadq
KpydeHus 1 m3ruba coctaBHBIX OpyckeB", B 2003 romy moHorpadus - ,,K HCTOpHM pa3BUTHST MEXaHWKH B
I'py3un".

Al Toprumze cucreMaTHyecKd, Ha TPOTSHKEHUM MHOTHX JIET YHTAll KypC TEOPETUUYECKOM MEXaHWKHU B
TPY3MHCKHX yIeOHBIX TeNlenepeaadax (co JHI MX OCHOBAHMA).

Hapsiny ¢ miomoTBopHO# HaydHOH u memarormueckoid — aestensHocThio, A.Sl. Topruaze OGombioe
BHUMaHHE YyIEIsUT HayYHO-METOAMYECKHM BOMPOCAM TMpernojaBaHus: ObUT WieHOM mpe3unuyma Haydno-
METOJIMUECKOTO0 COBETA M0 TEOPETUYECKOM MEXaHUKe MUHHMCTEpPCTBA BBICIIETO U CPETHETO CHELUATBHOTO
oopazoBaruss CCCP (¢ 1970r.); Bo3rmaemsui HaydHO-METOAMYECKHA COBET IO TEOPETHIECKON MEXaHUKe
3akaBka3ps W ['py3uu; OBLT WICHOM TNIpaBJICHUS MaTeMaTtudeckoro ooOmiectBa ['py3mm m wieHom Coera
TI'Y ul'TY no nmpucyXIeHWro yU€HbIX CTENEHEH W 3BaHUM.

A4 Toprumse siusiercs aBTopoM cBbiiie 80 HayyHBIX pabOT, MOCBAIICHHBIX B OCHOBHOM BOIPOCaM
TEOPHH YIPYTOCTH. DTO — MPUONMKEHHBIE PEHICHNs OCHOBHBIX 33/1a4 TEOPWUH YIPYTOCTH, PEIISHHS 3a1ad
pacTsDKeHHUs, Kpy4eHHs W H3ruba OpycheB, B3aMMHOIO BIUSIHUS Pa3HbIX JedopMaiyii OJXHOPOIHBIX H
COCTAaBHBIX M30TPOMHBIX W AHU30TPOMHBIX IFTHHAPUYIECKUX M ONM3KUX K HMIMHAPHYECKUM U Jp. 33/ad, C
Y4ETOM JIMHEHHON W HEJIMHEMHOW TEOpHH.

Axanemuk 1.H. Bekya o 3HaueHnu 3Tux 3amad nmucait: ,,Mccnenosanus A S, ['opruase kacaroTes OOMBIION
Ba)XKHOM MPOOJIEMATUKH TEOPHU YIPYrOCTH, MMEIOIICH 3HAYUTENbHBIM MpakTUuecKuii narepec. OHM  comepikaT
MHOTHE BaKHBIC PE3YJIbTAThI, KOTOPHIE UMEIOT OOJIBIYIO0 TEOPETUIECKYI0 M TPAKTUIECKYIO IICHHOCTD'.

AL Topruaze BHeC BECOMBIN BKJIAJ B HAyKy, NMPAKTUKY U IENArOTHKY, KOTOPBIA OpPTaHMYECKH CBSI3aH
CBA3aHHBIA C HACyIIHBIMH MpoOineMaMd MexaHuKH. OH TOosb30Bajics OONBIIMM YBaKCHHEM H JIOOOBBIO
KOJUIET, CTYZCHTOB U JIUII, COTIPUKACAIOLINXCS C HUM Ha JeNoBOM ocHoBe. MHorue yuenuku A. 5. Iopruaze B
HACTOSIIIEE BpeMsl SBISIOTCSA BUAHBIMH YYEHBIMH M CHEIUAIACTAMH B Pa3IHYHBIX OONACTAX HAYKH H
OTpaCIsiX MPOMBIIUICHHOCTH.

Hayunas, negarorudeckas u o0OmiecTBeHHas fiestenbHOCTh A, Sl ['opruise Oblia BRICOKO orieHeHa — B 1969
roxy eMy ObUIO NPUCBOEHO 3BaHHUE ,,3acTyKEHHBIN AesaTens Hayku [py3un”, a B 1998 romy ero pabotsl ObuTH
otMeueHsI [ ocymapcTBernoM ipemert ['pysum (1998 1.).

B 1993 roxy UmxenepHoit Akanemueii I py3un yupexxaena npemust uM. A5 Toprumze.

Mmenem A5 I'opruize Ha3BaH HAyIHO-METOAMIESCKUM ceMuHap 1o Mexannke Coro3a MexaHukoB [ py3um.

B 2001 roxy omxa n3 ymun r.Kyrancu HazBana umeHeM A5 'oprunsze.

Anekceit SlconoBuu ['oprumze ckonuancs B 1992 romy.
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LOW RANK TENSOR APPROXIMATION IN SINGULAR SPECTRUM ANALYSIS
Archil Prangishvili, Alexander Milnikov,
Georgian Technical University

77 Kostava str., Thilisi, 0175, Georgia

Abstract. An application of Singular Spectrum Analysis(SSA) Method, based on a new elaborated low
rank tensorial approximation approach of computation of singular values and left and right singular
vectors of arbitrary non-square matrices, for time series is presented. All necessary calculations of
singular values and both types (left and right) singular vectors are performed on the base of elaborated
tensorial approach. It is shown that non parametric SSA can be efficiently used as a universal filter to
separate Low and High frequencies components in long signals and time series.

Keywords: Singular Values, Singular vectors, Singular Spectrum Analysis, Tensorial
Approximation, Time Series.

1. INTRODUCTION

Separation of Low frequencies components from the High ones is one of the most important
problems in signal processing and applied time series analysis. Among others the most usable
methods applied to solve the problem are: Butterworth filters; Chebyshev filters; Elliptic filters,
Bessel filters [1]. These are based on estimation of pseudo spectrums of analyzed signal. It is well
known that this procedures frequently leads to some computational difficulties, which introduce
additional errors in finally estimated components. Beside, the methods require detection of cut-off
frequencies, which should be done on the base of visual observations of pseudo-spectrums. The
latter means that these methods are parametric and efficient usage of them requires
predetermination of main structure of mathematical model.

In the article we suggest alternative approach to solution of the separation problem — Singular
Spectrum Analysis (SSA). The core of method is Singular Value Decomposition (SVD). Calculation of
Singular Values represents independent computational problem, which becomes decisive for long arrays
of time series, because of high (sometimes-extremely high!) dimensions of corresponding matrices. The
latter limits using of SSA in the field of time series analysis. In [2] a new computational method of
calculation of singular values and vectors was considered. The method showed computational simplicity
and stability (even for ill-conditioned matrices). It makes usage of SSA for above mentioned problems
efficient. We have to underline that SSA belongs to the class of nonparametric statistical methods, so it
(unlike the MUSIC and Pisarenko methods[1]) does not require a priori specification of a model of a
process. No doubts that this is considerable advantage of SSA.

All computation represented below were performed by means of Singular Values

Computation Low-Rank Approximation method elaborated in [2,3].
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2. BASIC PART

2.1 Theorical part

Singular Spectrum Analysis(SSA) Method is based on a new elaborated tensorial approach. That
is based on the conception of approximation by low rank tensors and Eckart-Young theorem [4,5].

The latter generates Eckart-Young problem[4] and a best r-rank approximation for tensor of order
k. The problem is not solvable in general. But for matrices it was proved as Eckart-Young theorem.

So, by hankelization given any initial time series Y'is transferred into a p X #» matrix X of rank » <n <
p, and its singular value decomposition, UA V", with the singular values arranged in decreasing sequence

MZAZA3> ... 4,20,

then there exists a p x n matrix B of rank s, s < r, which minimizes the sum of the squared
error between the elements of 4 and the corresponding elements of B when

B=U\sV",

where the diagonal elements of As are

M>h>23> ... 20> A=A =... =2, =0.

The theorem states that the least squares approximation in s dimensions of a matrix X can be
found by replacing the smallest #n-s roots of A with zeroes and remultiplying UAV".

From the theorem follows that one can represent factorization of a K x L matrix X (with rank
r <min(K,L)) by means of Singular Value Decomposition as

x=Y1x=SH,, (1)

i )

where JX; — 1-rank matrices, which can be represented as a Kronecker product X, =u, ® v, of left u;
and right v; singular vectors, corresponded to the singular value A, (the latter means that both X;
matrices and therefore initial matrix X, are decomposable) and H; =1 X, — also 1-rank matrices.

Note that /; also decomposable, so H, =a, ®b,, where a; and b; are linearly independent vectors.

They may be expressed via left u; and right v; singular vectors.

a, :\/Zul.and b, :\/ZV,--

If singular values and both types of singular vectors are known, one may use decomposition
(1). Now we are interested in inverse problem: define singular values and both types of singular
vectors, using matrix X and decomposition (1). It can be done by means of consequent computation
of matrices H;, by means of minimization of the sum of the squared errors between the elements of
X and the corresponding elements of H;. The squared sum of errors can be represented as follows

7 =202 (6 =hy)' =2, D (%, —ab;)’.

i=1 j=1 i=1 j=1
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Clear, that it is a function of (K+L)* unknown variables a'(i,j=1,..,K) and

bl.j (i,j=1,...,L) . So, minimization of the $? leads to the system of equations
L

L
Db —a ) () =0; (i=1,..,K)
j=1

j=1

K K

> x.a,-b,> (a,)=0.(n=1,..,L) )
m=1 m=1

Solution of the system gives vectors a and b, which define the best approximation of matrix X
by 1-rank matrix H;. In fact, the matrix H; is the first term in decomposition (1). Then, applying the
same procedure to matrix X,=X-H;, we are getting the second term H; and so on.

Now, there is a problem — how to solve the system (2), because we have already reduced the
problem of computation of (1) to the problem of solution of the system (2). Few analysis permits to
conclude, that the system can’t be solved analytically, so we elaborated numerical approach, which
is the core of an algorithm of SVD by means of 1-rank tensors approximation. In [2,3] we represent
full algorithm of the system (2) solution and SVD by means of approximation by 1-rank tensors,
which is completely based on the above theoretical consideration.

So, the represented algorithm solves the inverse problem defined above: define singular values
and both types of singular vectors, using matrix X and decomposition X = 2 A X, = iH .- (3)

i=1 i=1

Then by using Hankelization process, initial time series Y is retored which is based on matrices Hj,
i=1,...r. The restored initial time series Y' is the filtered version of the initial time series Y.

Designing traditional filters require first of all determinations of corresponding cut off
frequencies which in turn requires investigation of time series Fourier spectrum. But in some time
series initial time series can contain trend so one needs to eliminate the trend first.Then next
implimentation of the filters need usage of mathematically complicated processes and methods. So
that the result of filtering finally depends on such kind of personal experiences and opinions. It
should be considered as significant disadvantages of the discussed approach.

On the other hand the SSA method from computational point of view is very efficent for filtering.
Because the elaborated method filters time series directly without elimination of trend and also
eliminates high frequency components without preliminary definition of cut-off frequency. It is very
important because to provide filtration process one needs only to run elaborated algorithm and use ready
results for purposes of interest. This approach doesn’t require usage of mathematically complicate

processes and methods which one needs to design and implement Butterworth (or any other) filter.
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2.2 Example

We represent usage of Singular Spectrum Analysis (SSA) as a universal filter with the example of a
time series of numbers of transactions for 463 daily observations. We also compare the results of applying
of SSA to the results of analysis done by means of conventional filter design methods.

The plot is represented in in Figure 1. Visual analysis of the time series permits to conclude easily
that it contains the following components: 1. trend which seems linear or slightly non-linear; 2. low-
frequency very slow oscillation over this trend; 3. several components of comparatively higher frequency.
The latter speaks that if it is necessary to separate these components (maybe not all of them: first and
second from the third one, for example etc.) one has to design different type of band- pass filters.
Designing such kinds of filter requires first of all determinations of corresponding cut off frequencies
which in turn requires investigation of time series Fourier spectrum. But because initial time series
contains trend and that is why it is not stationary so one needs to eliminate the trend first. We did it by
means of standard procedure of linear regression analysis. Results of which are represented in Table 1.
Regression equation of the trend is y = 0.59 * ¢ +1396.08, where ¢ = 1,.. ., 463 discrete time movements of
observations. The latter permits to eliminate trend by subtraction it from initial time series. The result is
shown in the Figure 2. Now we can consider the transformed time series as a stationary one and apply
FFT (Fast Fourier Transformation) to analyze spectrum of transformed time series. The resulted spectrum

of stationary time series (see Figure 2) represented in Figure 3.

BD0 —
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B0 —m o

2D o

o 100 200 3C0 400 500

Figure 1. Time series of numbers of transactions (463 daily observations).

S A A A i i i ] Ll  E A A

200

150

100 +

50 +

50 -

-100

-150 |-

200

Figure 2. Time series after elimination of linear trend.
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Figure 3. Fourier Spectrum of stationary time series (Figure 2).

Consideration of spectrum shows that the biggest energetic components fall within interval of
frequencies 0 + 20 Hz (see Figure3). Components containing frequencies more than 25 can be
eliminated because they represent noise. It means that cut off frequency for Low-Pass filter should
be chosen as fc= 20 Hz. We would like to outline that the latter is typical parametrical approach
because choosing of fc depends on investigator’s personal opinion, so that the result of filtering
finally depends on such kind of opinion. It should be considered as significant disadvantages of the
discussed approach. Also important to outline that we have already eliminated trend, assuming that
it is linear which is also typical parametrical approach, because choosing of polynomial order of
trend (in general) also depends on researcher’s personal opinion and experience. Further, choosing
5-order Butterworth low-pass filter and using MatLab functions mentioned in the beginning of the
section we have separated initial time series (see Figure 2Error! Reference source not found.) into

low frequency and high frequency components (see Figure 4 and Figure 5).

0 50 100 150 200 250 300 350 400 450 500

Figure 4. Low frequency component (filtered stationary time series Figure 2).
Below we represent solution of the same problem (filtering of time series Figure 1) by means

of SSA based on our singular value and both singular vectors computation method.
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In order to construct matrix X we chose the length of the windows L = 10. Application of

elaborated method gives the decomposition of the initial time series into 10 A matrices and

corresponding ten non-zero singular values(see Table 1).

Table 1

Singular 1 2 3 4 5
Values 85467.86 | 744.77 | 319.98 | 203.87 149.47
Cumulative

0.978 0.987 0.990 0.993 0.994
Distribution
Singular 6 7 8 9 10
Values 133.31 109.69 | 92.82 81.32 74.20
Cumulative

0.996 0.997 0.998 0.999 1.000
Distribution

Analyzing of data in 1 shows that the first singular value has the biggest weight (97.81% of

total) permits to eliminate 9 rest singular values and corresponding matrixes H; (i=2,...,10). Using

Hankelization process we restored a component of initial time series which is based on matrix

H,(Figure 5).
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Figure 5. Time series restored by means of SSA on base of matrix H;.

We can see that the elaborated method has filtered time series directly without elimination of

trend, because obviously that filtered component contains negative trend. Also high frequency

component have been eliminated without preliminary definition of cut-off frequency. It is very

important because to provide filtration process one needs only to run elaborated program and use

ready results for purposes of interest. This approach doesn’t require usage of mathematically

complicate processes and methods which we used above in other to design and implement

Butterworth (or any other) filter.

22



To check efficiency and accuracy of elaborated method we compare filtered components by
means of Butterworth filter (Sum of filtered components and linear trend) to filtered components of
Figure 5. According to the investigations of numerical data of the two components, it is very

interesting to outline that differences don’t exceed in majority of cases 1 percent.

3. CONCLUSION

In this paper we have compared existing filter design methods with SSA method. We showed
that SSA method works effectively as a universial filter with some advantages with respect to
mentioned methods: SSA method does not require preliminary division of the time series into linear
trend and oscillatory component. When we designed Butterworth Low-Pass filter we assumed on
the base of visual analysis the time series contains linear trend and then we eliminated it. It was
mentioned above that this is aparametric approach when a researcher chooses type of trend. On the
contrary non-parametric SSA method does not require the such operfations, but gives directly

smoothed function of the time series (Figure 5).
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boanm 53 g9biogdol Fo@dmgdbyergdo R'(t) = ET(t), IT' (t) = % K(t), ©o353d0@ 909000
obBHME gdom:
T(t) - K(t) = j K(t-1) T(t) dt (10)
0
oo T) - GgasJlsigools Lobhdo®ol gubjioss, K(t) - gm@gopmdol LobhJs@ol

396J30s. sdsbmsbogg R(0)=E, II(0)= % (10) 2ob@mangds Lodygoamgdsl odgnggs
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9OM-90m0 3bmdogro gubjioom, dsgomoms  T(t), gobgbobwgdmm  dgmmg - K(t).
>3 Ggbd0900b Logoagdom yobobabpgdgos sa@gmgy g Babdeos [2, 3]

dooloadyg, dansb@o-E@gzeemdols §OBog mgm@osdo bsgdos@olos ol gomo
bg@os, dogomoms  dbmeme  3M33EMSDY,  Loowsbsi  dowgdyemo  dgogygdom
2obolobwg®gds ygges Lodo gybjios TI(t) , R(t), gpa(t).

PE3IOME

3AJAYA ®JAMAHA O JE®OPMAIIMA YIPYT'O-BSI3KOH MOJIYIIIOCKOCTH
H.TI'. Maxsuiaajnse

Metona ammpokcumarmu A. Wnplommba npuMeHeH [is pemuenus 3anadn Prmamana o aedopmarmn

BHSKO-yrIpyTOﬁ IMOJIYIUIOCKOCTH 110 TOYHBIM HM3BECTHbBIM PCHICHUAM HO,Z[O6HBIX VIIpyrux 3aaaq.

Pemenune 3amaun BbIpaxkeHO uepe3 GyHKIMIo momydectd [1(t) u cBszHOW mom3ydectu gos(t).

SUMMARY

FLAMAN’S PROBLEM OF THE DEFORMATION OF THE VISCOELASTIC
SEMIPLANE

N.G. Makhviladze

The article deals with the application of approximation method, proposed by A. A. Ilyushin, to

the solution of Flaman’s problem of the deformation of the viscoelastic semiplane. The method
of approximation is applied to the case when the exact solutions of similar elastic problems
are known. The solution to the viscoelastic problem is expressed in terms of the function of

creep II(t) and coherent creep gos(t).
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ON THREE LAYER DIFFERENCE SCHEMES FOR SOLVING THE SYSTEMS OF
MULTIDIMENSIONAL EQUATIONS OF PARABOLIC TYPE WITH MIXED
DERIVATIVES
Francisco Criado, Malaga university, Malaga, Spain
Tinatin Davitashvili, Tbilisi state university, Thilisi, Georgia

Hamlet Meladze, St. Andrew the First Called Georgian University, Thilisi, Georgia

The mixed problem with first order boundary conditions for systems of equations of parabolic
type is considered

Ba—uzLu+f,
ot

where B - positively defined, symmetric and bounded matrix, L - strong elliptic operator with

variable coefficients, containing the mixed derivatives, u= (u D y@ u(”))

f= (f W@ r (”)) - n-dimensional vectors. Constructed three-layer factorized scheme, whose

solution requires no inversion of matrix B. The received algorithms can be effectively used for
multiprocessing computing systems. For difference scheme the aprioristic estimation on layer in

oM
norm of mesh space W, is received, on which basis convergence of solution of the difference

scheme to the solution of an initial problem is proved.

1. Introduction

As is known, the mathematical formulation of many scientific and engineering problems arise
differential equations with partial derivatives of parabolic type. Such problems concern: distribution
of heat to the continuous environment, transport processes of substances, diffusion, movement of
ground waters, dissipative biological structures, dynamics of power distribution in the hierarchy and
etc. [1,2].

The solution of such problems is one of challenges in numerical mathematics and demands, as
a rule, a lot of computing resources. One way to reduce the time for solving such problems is the
use of parallel computing on multiprocessor systems.

A new quality of the structure of parallel computing systems requires a completely new
mathematical framework for solving complex problems on these systems. This base is adequate
representation of the tasks in a form accessible to the parallel data processing. In computational

mathematics is developed sufficiently large number of such methods. First of all, these are the
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methods of splitting complex problems into the simpler systems, the feeding realizations on the
parallel processors.

Starting point in the given work is the offered by A.A.Samarskii method of regularization of
difference schemes [3,4]. This method opens up great possibilities for constructing economical
difference schemes of a given quality, which can be efficiently implemented on parallel computing
systems.

In the present work primary attention is paid to the following problems:

1. Getting the economic difference schemes with minimal requirements for a spatial operator.
Requires only a strong ellipticity of the spatial operator.

2. Absolute stability at any 7< o (7- a step on time) and 4 < « (h, - a step in a direction on x,
,a=12,....p).

3. Application of one-dimensional double-sweep algorithm for solution of received difference
equations. These algorithms can be used for parallel computing systems.

4. Proof of convergence of difference schemes with less smoothness of the original system of
differential equations, which is achieved by refraining from the local approximation.

Extensive literature is dedicated to the problems of construction of difference splitting
schemes. We note several monographs [3,5,6]. In these monographs, one can find an extensive list
of works in this direction.

We also mention some works on parallel algorithms for solving parabolic equations [7-11].

Naturally, this list is incomplete.

2. Basic concepts and some auxiliary information

2.1. Let

-- open p—dimensional parallelepiped in p—dimensional Euclid space E,. I' - surface of

parallelepiped D, and D p, =D, Ul -- isthe D, area’s closure.
Gr =D, x (0,7] -- cylinder in (p +1)-dimensional Euclid space with basis E, and (x, £) —
any pointin G;. Gy =D, x[0,T] -- is the closure of the area G. C"* (G ) -- the set of continuous

in G, functions having in G, continuous derivatives up to order ¢ (inclusive) on x and up to order

k (inclusive) on t.
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In cylinder G; we introduce the difference grid and the construction of space-time grid in G,
is carried out by using one-dimensional grids on the intervals [O,f o ]: a=12,....,p and [0, T ]:

@, =) =i b, i, =0L...N,, Nyh,=(,ba=12...p.

0, =) =i h,, iy =1 Ny =1, Nyh, =l }a=12,..p.

The difference grid in parallelepiped D » 1s constructing in following way:

@, ={x=(ih.....i,h))eD,, i, =01...N,, Nyh,=0,].

pp p a

-

5;1:

N
I

P
@, =[], --the set of internal points of difference grid in D,,.
a=l1

We denote by 7, =, \@, ={xeT} the set of knots, belonging to the I' boundary, which

are called boundary knots. On interval [0, T ] we introduce the difference grid
&, ={; =jr, j=0l....k, kr=T]

Let Q,, = w, x @, be the partial-time grid of internal knots of cylinder G; and (x, t j) is any
knot of Q3,,. I',, =y, xw, be the set of knots of difference grid on lateral surface of the cylinder
G and (x’, t j) is knot, belonging to I',,. Then

Qe =Qy UL, =@ x @,

is the partial-time grid in G .

2.2. We will deal with functions of discrete argument, defined on knots of difference grid,

called the grid functions.

We will consider a set of grid vector-functions y = (y(l), y(z),..., y(”)), defined on ﬁhr. For
them the symbol y(j ) indicates the value of the grid vector-functions in the knots (x, t; )

We will use designations:

(£14)

=(x1,...,xa_1,xa iha,xa+1,...,xp),

y(ila) _ y(x(ila)): ()/1 (x(ila))”"yn (x(thz))),

IH)? = fhj .
B=1

X

We enter the difference relations:
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_y-y Y-y
Vi, o PR
(_la) (+1a)
yUer =2y+y 0
(y)?a)x :y)?axﬁ = 2 :Aay’
p ha

P
0 0 0 0
-A,y=4,y, 4 =2Aa.

a=1
For the grid vector-functions defined on Q,,, besides the specified designations, we will use
still the following:

y=retia) y=oler ) y=slern),

Y=y y-y y-2y+y V-
Vi = s Ve = s Vi = 2 s Vo= .
T T T t 27

2.3. Set of the grid functions, defined on the grid @, , denoted by H, and its subset, consisting
of grid functions, becoming zero (vanishing) on y, - through H .

On set H we introduce the scalar product
n . .
(r)=2 ),
i=1
where

. . . p

(y’,v’)z Z y’(x)v’(x)H, H :Hha )
Y€, a=l1

It is obvious, that this scalar product induces the norm ||y ”3 = (y, y).

+a

Denote by ),

=w, Uyy, where y, -- set of knots of y p border, at which x, =1/,.

y;’ﬂ (a # B) -- set of knots of y , border, at which x, =[,, xz =gz and etc. Similarly, we will
designate through y, -- set of knots of y, border, at which x, =0 and etc.

We introduce the notation @, =@, Uy, _,. We also need the scalar product:

n

Cole=2 b ] (v S epin

i=

—_

)CEC()p
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o M o
Let's enter the mesh space of Sobolev W > (a)p), consisting the functions from set H . The

norm in this space is given by the following equality

ol =[ef o, =3 "= (s, P (1)

W2 a=1

2

b

0

u l/l;ca

o (D
Note that W, --is full Hilbert space under the norm (1).

2.4. Let A -- the linear self-conjugate operator in Hilbert space H and 4>0. We define a new

scalar product

(y’V)A = (Ay,V) .
By this definition H is transformed into a new Hilbert space, which we denote by H4. Norm in

the H, will be denoted by |-

”””,24 =(Au,u).

3. The statement of problem

In cylinder G; we considered the following problem for system of equations of parabolic type
with mixed derivatives:
Let’s find continuous solution of system of the

Find a continuous solution in G; of the system of equations

n M n . () .
$a, (2" -3 %I%[sz,r)d; : J+f’(x,t), o
i=12,...,n
which satisfies the boundary conditions
u(x',1)=g"(x',¢), when x'elx[0,T] (3)
and initial conditions
u?(x,0)=ul’(x), when xeD,, i=12,..n. 4)

We assume that the following conditions are fulfilled:

I Coefficients K,’;(x,z) are Lipschitz-continuous with respect to £. Assume also, that matrixes

from coefficients of the spatial operator Koz :(K ;’ﬂ )n 1 (a,ﬂzl,z,..., p) are symmetric and that
Bl j=
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the problem (2)-(4) has the unique solution u=u(x,z), continuous in G, and differentiable

necessary number of times.

I1. Spatial operator of system of equations (2) is the strong-elliptic, so that for any 7€ [0,7] the

following inequality is true

p n v Ep il L
Vi, Z(fé) <D 2 KigEhEa Sy

a=1 i=1 a,p i,j a

], (5)

M=

n

1

1l
—
—

where {gg;} -- any real numbers, v, and v, -- positive constants.

III. Matrix B = (blj) positive-defined, symmetric and bounded
|Bl<vs, B=¢E,

where v;,8 -- positive constants and £ - unit matrix.

4. Three-layer difference scheme for problem (2)-(4)
4.1. For problem (2)-(4) we consider three-layer difference scheme, which order of

approximation in a class C*? ((_?T) of solutions (2) is a quantity O(r + |h|2 ):

By;+72Ry;t+Ay=f, (x,t)thT, (6)
where yz(y(l), y y(”)) — n-dimensional vector,
Ayz—llij (K (x t)yf ) + (K (x t)y ) (7)
2 a,p P Xa ap i g Xo ’

R — operator- regularizer, the choice of which provides the absolute stability of difference scheme

(6).

The vector function y(x,z) satisfies the following boundary and initial conditions:

y(x',t)=g(x",t), ecmm x'el“hf} )
yx0)=uplx) ¥ 7)=ux) |~

where the second initial condition on the layer t=7 can be approximated, for example, believing

that u,;(x)=u,(x). The approximation error in this case is quantity of order O(7).

We write the difference scheme (6) in canonical form [3]:
Byo+r2(R—LBjy”+Ay=f. 9)
t 2t

In work [4] is proved the fairness of following relations

v (409, )< (dy, y) < vy (4%, )

or
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1,4 <a<v,4°

for any vector ye H,, where the operator A° is defined above, in 2.2.

Consequently, the operators 4 and 4° in H, are energetically equivalent with constants v,
and v, .

In paper [3] is proved, that the following three layer difference scheme

By; +77Ryy + Ay=9lt), (x.t)e Q. 1(0)= 0, ¥(z)= 1,
O<t=nr<ty, n=12,...,n9 -1, t,=ngyt,

is absolutely stable with respect to initial data and on the right side, provided that the given vectors

vo and y; are the arbitrary vectors of finite-dimensional space H (H - Hilbert space), (p(t) - given
arbitrary abstract function, f € @,, 4, B, R are linear operators on /. In addition,

A= A(t) = A*(t) >0, R= R(t) = R*(t) >0 - Lipschitz-continuous in ¢,

B = B(t) > oE (where ¢ 1is a positive constant, and £ - identity operator),

R(t)= 1-i_—gA(z‘) forall 0 <t =nr <t, (Where & = const does not depend on 7 and #) .
4

Based on this result we can conclude that the difference scheme (9) with regularizer

R=cA"+ 3 E, (10)
27

1 . . . c
at g% v, (0<e&<1) is absolutely stable in space Hy (stable with respect to initial data and on

the right part). So, we will assume that operator R is defined by means of equality (10).
4.2. Proceed to the construction of the economic factorized difference scheme, considering the

scheme (6) as the initial.

We write the difference scheme (6) as follows:

By; +%(E+TR°)y;, fAy=f, (11)
where
p
RO=54=SR), R =54, &-2.
a=1 V3
Equation (11) can be written as follows:
VT
B (g s e R Yy = - v By; (12)
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p p
Replacing the operator E+7R’ =E+7) R) with the factorized operator [] (E +7R? ), we

a=1 a=1
receive the three-layer factorized scheme
V3T £
8 [ (13)
a=1
We use the equality

P P
H(E+TR2)=E+TZR2 +770,,

a= a=1

—_

where

p
0,= Y RyRy+7 Y. RORRR) +--+ 7" TR) ,
a<f a<pf<y a=l1

then the difference scheme (12) can be written as follows
1252
B)’;+%(E+TR0+72QP)y;t+Ay=f , (14)

or, in a canonical form,

By, +1°Ry;, + Ay=f, (15)
t
where
R=Yapo g L, Wty
2 27 27 2 ~F

It’s evident, that if o> v, (0<&<1), then R ZHTEA and factorized scheme (15) will

be absolutely stable in Hj .

4.3. Note, that for difference schemes (13) we can construct an efficient numerical algorithm

p
using the decomposition of the operator H(E +7R? )
a=l1
The difference scheme (13) we rewrite as follows

)4
HBayft =F,

a=1

where B, =F + 1642, F:i(f—Ay—By;).
VyT

Such record of difference schemes gives the opportunity to construct the following

computational algorithm
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By =F, BV =V (@=23....p) v =

. o ; (16)
y-/+1 =2'2v(p) +2y/ —yj_l, j=123....
For definition the functions v, at xel,, itis necessary to use the following formulas:
Vig) = By -~-Bpg,t(x,t) npu xey, Uy, V[0,T] . (17)

The obtained problems (16)-(17) can be solved by applying one of the one-dimensional
factorization algorithm (Thomas algorithm) [12]. This algorithm is particularly suitable for solving

the considered problem in the case, when the function g(x,7) does not depend on ¢. In this case we

have homogeneous boundary conditions for functions v, (@=12,...,p).

Thus, the original problem (13) splits into several subtasks, each of which can be solved using
parallel computing algorithms [13-15].

5. Convergence of difference scheme

5.1. During construction of initial difference scheme (6) we demanded that the solution of
system of the differential equations (2) belong to the class C*? ((_?T). An approximation error of

factorized scheme (15) we present in the form y =y, + w,, where y, -- the error of approximation

of the original scheme (6), the order of which in the considered class is equal to O(r +|h|2), and
1%
v = T3 %quft .

It follows that if p>2 the requirement y, = O(r + |h|2) imposes additional restrictions on the

smoothness of solutions of the system of equations (2). However, the aprioristic estimation and the

o (D
theorem of convergence in the norm of space W, can be obtained under weaker restrictions, than

the condition of local approximation of the order O(r + |h|2 )
5.2. To proof the convergence of factorized scheme (15) we consider the vector
functionz=y —u, (x,z)eQ,,, where u -- the solution of initial problem (2)-(4), and y - the solution

of the difference scheme (15), (8).

For grid function z we receive the following problem
Bz, + TZINQZ;I +Az=y,

t

(18)
2(0)=0, z(r)=7p,

where y =y +y, -- the error of approximation of difference scheme (15), and | y(x) <v, =const.
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We consider z=z(¢) as abstract function of time argument ¢ € @, with values in H,, where Hy

— set of the vector functions defined on @, and equal to zero on border y,, of the grid @, .

To obtain a priori estimation it is convenient to split the problem (18) on two tasks:
Bz, + TZEZ;[ + Az =0,

(19)
and
(20)

Solution of the problem (18) can be represented as a sum z=z, +z,, where z, -- solution of
the problem (19) and z, -- solution of the problem (20). It’s evident, that z, e Hy and z, €H, .

5.3. To obtain an a priori estimation we will use the energetic identity corresponding to

factorized difference scheme (4.1). We will take the scalar product of both members of the equation

(18) on 2rz, =7(z, +z;)=% -z . Taking into account the form of the operator R and the relation
t

tz; =z, —z;, we will receive:

QT(BZO, ZOJ+12((V—3E—LBJ(zt —Z;), (Z, +zt)J+
t ot 27 27
+12((V73R0 +V73TQP —%AJ(Z, —z;), (zt +zt)]+
+%(A(2+E),2—E)=2r(y/, j
t

After some simple transformations we obtain

ZT(BZQ, Zoj+r2[(v—3E—iB](zt —z;), z, +th+%(A(2+z),2+z)+

t ot 2T 2T
2((V3 po | 3V
+7 [(%R _ZAJZ“ th+2' %(sz,, zt)z

:i(A(z+E),z+E)+12((V73RO _%AJZ” Z,]—i—
v
+T3 %(QPZ;’ Zf)+ 2T(V/,Z;j.

The last equality allows us to obtain the energetic identity, which in the case of problem (18)

has the form:
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A2
22'(320, zoj+ z
t t

=||z(t+ 71|(22) =7

- ”2"(22) + o+ 2{;//, z j Q1)
t

+7° V—3R0—1A Z,, Z, |+
2 4

+73 1/73(szt, z,)+ 12((V—3E —LBJ z,, zt],

2T 2t

where

1 y 14 1 -
ey 0 =+ o 7| (50 A = |
’ 1
(o )((?E?BJ J

in(A[(z+z”),z+E)+ z’z((‘%Ro —lAJt z;, Z,]

4

and ( » )t, =0, as the operator Q, does not depend from ¢.

We use the condition of absolute stability of difference scheme in space H,, then

Reot” + 3 E>14% 4
2T 4

This condition is valid, if

A (RO =4°, E:EJ. (22)

&}

1J“SA. or %ROZH—S

R=cd’ + 3 E>
2T

The operator 4= A(t) is self-conjugate, positive and Lipschitz- continuous with respect to 7 :
A ()= 4(t)> o0,

- . - 23
|(Aty, yl < vs‘(Ay,y] WA |(Ay, yl < (1 + VSZ')(A , y) A= A( — T), (23)

where v; -- the Lipschitz constant for the operator A.

Further, if we use a technique from [16] and relations (22), (23), we obtain the following

estimation

|F| < Vs "2"(22) :

This allows us to write the energetic inequality

2 B2z, )+, < (0 vr el +2e(w.z. ). (24)

based on which we can obtain the desired a priori estimate.
5.4. For further presentation is useful to introduce the following notations:
A2 =T,T, or Alu=T,T,u= Tau=ug, T,=u,,

u —
XaXe ’
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1+p 1+p l+p
D, = Zlrarosdy bl = 3 Fatstoly e B, = 2] T, @9)

Theorem 1. Let, conditions I-III are satisfied, regularizer R is defined by equality (10) and

o> 128 v, (&=const>0). Then for the solution z, of the problem (19) on any sequence of grids

Q,,, the aprioristic estimation is fair

1

2
<M 1f{||ﬂ(X)||§ ) + éfSII#(X)Ilf,S,p} ’ (26)

j+1
-/

€3]

where M, >0 -- the constant number which is not dependent on the grid, and the norms || ,u(x]

2
qs,p
are defined by equalities (25).

The proof. Spending the reasoning, similar [16] (the theorem 1), we receive the inequality

expressing stability of the factorized scheme (19) with respect to initial data

J+l
[

o My F=12.0

where M, >0 -- constant which is not dependent on the mesh.

Let's transform the right part of the given inequality:

O =l [ R0 - 4 ok 2o

2 2T

200, ek o) (S L) ot

3

<22 (RO o) )+ 520, alo) a0+ 7 22 (o ).

Further, to convert an expression (0, u(x), u(x)) we use Green’s first difference formula [3],

considering that u(x)e H,. From this follows the fairness of inequality (26).

The theorem is proved.

Further is required the following
Lemma. If >0, 0<b< min(%, 1), a=const, b=const and 0<7<T,then

1+ar

<l+k7, 27

-br

where
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a+b
l1-br

k> (28)

Proof. From inequality (27) can be obtained

i> a+b
T1-br

The smallest value of the denominator of this fraction takes at =7 . Thus, maxk is reached at

7 =T, and if k is defined by (28), the inequality (27) will be valid forany 0 <7 <T .

Theorem 2. Let, conditions I-III are satisfied. In addition, the regularizer R is defined as

follows:

R=cdy + 3 E,
27

1 . 1 .
where o> +8v2 O<g<m1n(1, ?J & does not depend on the grid. Then on any sequence of

grids for the solution z, of the problem (20) the aprioristic estimation is fair

b

<M2 [max ||¢//0 1|0 + Myt max{Zrv 2z ( 1|q5,p} , (29)

H Jj+l
)
0 _]

where M, >0, M, >0 -- constants, which depends only from ¢,v,,v,,vs,T and area D b

Proof. We rewrite the energetic inequality (4.9) in a form
2T(BZ . j+ 47, <+ vso)l?, + 21(1//0, j+ 21'(@//1, j (30)
t

To obtain the aprioristic estimation we transform the expression 2r(y/1,zoj . Using the Green’s

t

first difference formula and &-inequality [3], we receive:
1%
2o{wiez, |2 040, e 2 )40, i 57 )
t

SM'Z (E)V_374 i[irs—znun”;p j +?r g{(Qp z,, zt) (Qp Z7, 27 )}S

2 s=2
(31)

(7)Y O s 2 " 5
<M, (G)ﬁ 14[5“21— 5 2||u;,||qs,p j + 82’"2”(2) + gz-||z||(2) <
p
3 (?& Ts—2||u;||;p j + sr||2||(22) + 82’"2”(22) ,

where M, is a constant and not depends on the grid.

On the other hand, the inequality is fair

42



2
T 2
Sl o)

Z,

21((//0 , zoj < 275‘
t t

Substituting estimations (31), (32) in an inequality (30), we receive:
W AL
(- eefeally <+ s 2Nl + Solbolly + 32 el (33)

Using Lemma, inequality (33) can be rewritten as follows:

A

p
22 (22) < (1 + V6T1|Z||(22) + TV7 ||l//0||(2) + V82-3 Agfs_znut’ (tl|;s,p ,

where v¢,v,,vg -- the positive constants which are not dependent on the grid.
Sum the last inequality by #'=27,37,---,7 and apply the difference analogue of Gronwall's

lemma [16], on which basis is obtained a priori estimation (29).
The theorem is proved.

Uniting results of theorems 1 and 2, we will convince that the following theorem is fair

Theorem 3. Let, conditions of the theorem 2 are satisfied. Then, on any sequence of grids
Q,. for solution of the problem (18) the aprioristic estimation is fair:

1

2 2 4 s 2 ?
N R R e
s=2 =P

i+1
z J

1 b

Y’
qs,p ’

where M, M,, M, -- positive constants, which are not depend on the grid.

0<t'<t j

+M201<r}§;>[(j||y/0(tj| +M;t max{Zr“znu r)

Considering an estimation Hz”l , where vy >0 -- constant, which is not

> V9HZJ+1

) 1
dependent on grid, on the basis of the theorem 3 it is easily possible to receive an aprioristic

o (D
estimation for the solution of the problem (18) in space W, .

Theorem 4. Let, conditions of the theorem 2 are satisfied. Then, on any sequence of meshes
Q,,. for solution of the problem (18) the aprioristic estimation is fair:

1

' 2 2 P s 2 2
< s el Sl |
s=2 =P

i+1
z J

1 b
2
+M, max”l//o j| +M3rmax{21qz||u ]|2 } ,

9q;
0<t<t 0<t<t/ =2 S, P

43



where M|, M, M; -- positive constants, which are not depend on mesh.
Theorem 5. Let, conditions of the theorem 2 are satisfied, besides, let solutions of the system

of the equations (2) ueC*?, when p<4, and ueC?? when p>4. Then the solutions of

o (D
difference problem (15), (8) converge in norm W, with speed 0(r+|h|2) to the solution of the

problem (2)-(4).
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OLUTIONAL MULTIOBJECTIVE OPTIMIZATION OF LAYERED PLATES AGAINST
PENETRATION OF STRIKERS
N.V. Banichuk, S.Yu. Ivanova, E.V. Makeev, A.V. Sinitsin

Moscow, Russia

Abstract. The problem of penetration of rigid projectiles into deformable media and the problem of optimal
design of protective layered system have significant practical and theoretical interest and studied
previously in frame of classical approaches ( see, for example , [1-5]) The proposed paper is devoted to
optimal design of layered monolithic plates against penetration of strikers having supersonic entry velocities
and based on such modern approaches as multiobjective statement of optimization problem and application

of genetic algorithm for effective finding of global optimal protection system.

Normal Penetration of Rigid Striker into Deformable Layered Plate at Supersonic
Entry Velocities. Dynamical high speed penetration ( with entry velocities up to 2*10° m/s) of
rigid striker into multi-layered monolithic plate is described by Newton’s second law ( written in
the form of first order differential equation) and boundary (initial) condition at x=0,

characterizing the entry velocity

M av’
TE = —D, V(O) =V, = Vl.mp (1)

Here v=v(x) - distribution of velocities, v, >0- given impact (entry) velocity, D>0 -

resistance of layers depending on layers material parameters, M - mass of the impactor. Considered

multilayer structure consists of » homogeneous layers from r, different materials (n,7, - given

numbers). These materials lie in the intervals x, <x <x,,,, corresponding to the layer with number

+12
i+1, and the axis x is oriented in normal direction to the plate. Its layers are placed between the

coordinates

X SX<x, =X A,

. 2)
x,=0,x=L, i=0,1,2,...,n—1

where L is the total thickness of the plate composed of n layers and A, the thickness of i+1
layer (x, <x<x,, ). Assume that the striker has an axisymmetric shape of total length / < L with a

truncated conical shape of the nose part and cylindrical shape of the rear part (Fig. 1). Material
properties of the layer with the number i+1 (x, <x<x,,) are characterized by two constants:

i+l

dynamical hardness 4,"' and material density 4, .
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Fig. 1. Penetration process
Dynamics of high-speed penetration of absolute rigid striker is modeled with application of

the following formula, relating the resistance force D(x) (leading nose coordinate) with layer’s
material parameters A, 4,, geometrical parameters A, and also with the shape of the striker

y = y(x) and his length /. We have

D(x) = D,,,.(x) + D,y (x) = By(x) + By () 3
By(x)= 7 A,(x) -2 | A4,(m)y,dn @
B,(x) = 2r* A,(x)~ 27 j ZI(Z—)yy’?d (5)

n

Here »>0 - radius of truncated nose part (Fig. 1). Independent variable x in the presented
expressions (3)-(5) varies in limits 0 < x < L +/ and describes the position of front noise part in the
considered coordinate system, while the values x. and x.characterize the different stages of
striker’s penetration into the layered plate and sizes of domains of contact interaction between
penetrator and layered media. Thus at initial stage (incomplete entre of striker) i.e. for 0 < x </

we have x, =0, x,, =x. At the second stage ( complete penetration of striker), when /<x< L,
we will have x, =x—[ and x,, =x. At the third stage ( incomplete exit of strike) i.e. for
L<x<L+[,weassume x, =x—/, x,, =L.

If the initial (entry) penetration velocity v(0)=v, is such that

1mp
v(x)>0, xe[0,L+])
(V)1 =0
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then the impact velocity is called “ballistic limit velocity”, i.e.

V(O) = vimp = VBLV (7)

This velocity is taken as the main protective characteristic (criteria) of the layered structure.

For efficient evaluation of v, itis convenient to introduce a new space variable &:

E=L—-1-x,d&=—dx (8)

and transform the initial value problem (1), (3), (4), (5) to the following form
v’

d—§=ﬂ(a+v ) )

(Vz).g:o =0 (10)
B, _ 2B,

a =3, B= v (11)

Thus for given distribution of materials in the layered plate the distribution of strikers velocities and

the ballistic limit velocity

Vary =(Weopn (12)

are found from the solution of Cauchy problem (9)-(12).

Multiobjective Optimization of Layered Plate Structure with Application of Genetic
Algorithm. Note that the properties of nongomogeneous layered plate are described by piece-wise

constant functions

Ao(x):A(;Hﬂ Az(x):AéHﬂ x€[x,x,,) (13)

where Aé”, A;'” some given constants and i=0,1,2,...,n—1. In what follows we use some discrete
piece-wise constant functions #(x) € A, :
A, ={t: t=1(x), xe[0,L], t {t, =i}} (14)

t

to characterize the material properties of the layer (x,<x<x,,) with number
i+1(i=0,1,2,...,n—1) by two constants: 4" (dynamical hardness) and 4" (density).

A, AT el(4),,(4),), s=1,2,...,r, (15)

which correspond to the material with number s. The number of considerate materials 7, is
given. This function #(x) will considered as a desired design variable.
In what follows v,,, >0 can be considered as a maximized positive value or, in equivalent

form, the negative value (- v,,, ) will be considered as a minimized functional

48



J, ==V () (16)

To evaluate the “cost” or the mass of the designed multi-layered plate structure we will use the

following integral functional

J =8 j k(t(x))dx (17)

where § - the aria of the plate layers and k= A4, in case of mass evaluation. In the frame of
considered model , we will investigate the following multiobjective optimization problem of
minimization of the vector-functional

o =J (2

opt

)=rtlg/i\n{JV,Jm}T (18)

Here A, - the set of admissible design variables. The min operation in (18) is considered in Pareto

sense. It means that

t,, =argminJ(t) (19)

tel,

if there is no other design variable 7 such that
Jl.(f)le.(tup,), i=V,m (20)

and at most for one component criteria ( scalar function J,) the rigorous inequality is satisfied
D)< J,(,,) 1)

In what follows we apply the method of objective weighting that is one of the most effective
methods of multiobjective optimization. In accordance with these methods we formulate the

preference functional as the sum of single objective functional J ,J, singed with weighting factors
C,.,C,:

J.=CJ +C,J, (22)
C,>0,C, 20, C,+C, =1 (23)

In frame of the method of objective weighting to solve the multiobjective optimization problem (18)
and to find the Pareto-optimal solution (Pareto-front), it is required to solve the following
substitute problem of minimization of the scalar functional

JE =J.(t ):argm/i\nJC(t) (24)

opt
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To find solution of multiobjective optimization problem (18), we apply evolutionary optimization

algorithm - genetic algorithm [6]. Solution of the problem of the functional J.(f) minimization is
performed for various given values of the problem parameters. For each subinterval [&,&.,) the

parameters (4,)’"'and (A4,)’"" take the values corresponding to the chosen materials. Populations

under consideration consist of individuals, represented admissible piece-wise homogeneous plate
structure. The number N is supposed to be even and is kept constant in the population renewal
process. Each individual (i-number of individual ) of the considered population is described by

the set of wvalues ¢(i,j), representing the design variable for corresponding subinterval
§,<&<&,. The best individual, i.e. the set (i, /) minimizing the preference functional J.(r)
is sought by using the genetic algorithm.

At the first step of the algorithm we perform initialization of N individuals of initial

population by assigning random values to each #(Z, j) element Then at the second step we choose
some natural number N* >N and from N’ individuals, selected by the random way, we preserve
only one individual having the minimum value of J,. . Similarly we find the second individual and
put together the first pair of individuals. All together we compose N /2 of such pairs. The third
step consists in performing of crossover operator with some crossover probability p.,,
(0< pey <1)and obtaining of two new individuals from each pair of considered individuals.

Obtaining N new individuals gives us new population. The last (fourth) step of the algorithm
consists in mutation of obtained new population with probability of mutation p, . This step is
necessary not to stick at the local minimum. Note that, if the best individual is appeared to be
worse than the best individual from previous population, then we replace it by old individual.
Performing iterations that consist of pointed out four steps we realize the monotonic process of
finding global minimum.

Optimal distributions of materials have been determined for the case, when

A=A =.=A == (n=20) (25)
n

and the minimized weighting function has the form
J.=CJ +C J =(1-C)J +C, J, — min (26)

mY m
tel,

where 0<C <1 and the set A, of admissible piece-wise constant functions t includes
corresponding constraints from (14). Parameters of genetic algorithm have been taken as

N =10, N' =4, p., =05, p, =0.05 Calculation where completed after 500 of generations for
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10 different initializations. Characteristics of materials considered as admissible for optimal

design of layered plate structure were taken from [7], [8]:

s=1 - aluminum (4,), =350- 106 N« ) =2765 2 Kg

s=2 -softseel (4,), =1850-10° N (A2)2—7830Kg
s=3 -copper (4,),=910- 106 N , (4,), —892OI;g

s=4 - duraluminum (4,), =1330-10° — N (1), =2765 I;g

In Fig. 2 optimal materials distributions depending on layer number are presented for C, =0.2,

L =0.1m. The variant a) is for cylindrical striker of radius » =0.005m, mass M =0.05Kg. The
first 7 layers are made from copper (s =3, black pieces), the other 13 — soft steel (s =2, gray
pieces). Variant b) illustrates the case of conical striker penetration (length of conical part -
[ =0.02m, radius of cylindrical part - R =0.005m, mass - M =0.05Kg). The first 15 layers — steel
(s =2, gray pieces), the other 5 layers — duraluminum (s=4, white pieces). The variant c)
corresponds the case of truncated conical striker penetration (length of conical part - /=0.02m,
radius of cylindrical part - R =0.005m, radius of truncated nose » =0.002 m, mass - M =0.05Kg).

In this case the optimal structure is made from steel.

a)

[313]3]3]3[3[3]2]2]2]2]2[2]2]2]2]2[2]2]2]
b)

[2]2]2]2]2]2]2]2]2]2]2]2]2]2]2]4]4][4]4]4]
©)

[2]2]2]2]2]2]2]2]2]2]2]2[2]2]2]2]2[2]2]2]

Fig. 2. Optimal layered structures
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Fig.3. Striker velocity dependence on layer number
In Fig. 3 the dependence of penetration velocity on the layer number is presented for C, =0.
Dashed line corresponds to cylindrical striker, thick solid line — conical striker and hare line —
truncated conical impactor. The last four (21-24) layers showed in Fig. 3 are the additional layers
(air layers) for realization of calculation process. In Fig. 4 the dependence of minimizing functional

J. on the weight coefficient C, 1is presented for cylinder (dashed line), truncated cone (hare line)

and thick solid line (cone).
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Fig.4. Dependence of minimizing functional J. on weight coefficient C
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HEKOTOPBIE 3A/IAYM U3T'BA YIIPYTOM ITOJYIIOJIOCHI,
JOIIYCKAIOIIUE AHAJIMTUYECKOE PEHIEHUE
H.B. bannuyk, A.A. Bapcyk, C.1O. UBanoBa, A.B. CHHHIBIH

MockBa, Poccus u Kummnes, MoJsigoBa

AOCTpPaKT. ACUMNTOTHYECKHI aHAIM3 MPUMEHEH Ui PEeIeHUs] OMrapMOHMYECKOW 3a/laud M3ruda TOHKON
yIpyrol IUIACTUHKH, MMEIOICH B IUaHe (OpMY NPSIMOYTOJbHOW MOJYMOJIOCH MPU Pa3IMYHBIX KpaeBbIX
yCIOBUAX Ha Topuax. Mcnoiabp30BaHO NMpeCTaBICHUE pacCMaTpUBAEMOM CHUHTYJISIPHO BO3MYILEHHOM 3a7a4M B
BUJIE CYMMBI PETYJISIpHOW dYacTW W morpaHciosi. [IpuBeneHbl HOBBIE MpPEACTABICHUS Uil NPOTHOOB U

noJyueHHsle pemenus. OTMETHM, YTO pa3iiuyHble PelIeHus 3a1ad u3ruda coaeprkarcsi B MoHorpadusix [1-4].

N3rué mapHUpHO OMEPTOil BAO0Jb KPOMOK MOJYNOJOCHI TNONEPEeYHO HArpy3Ko.
MaremaTrnueckasi (HopMyJIHpOBKa OOCYX)AaeMoi 3ahadu 00 HM3rHOe MOIYHOJIOCHl OMHCHIBACTCS

muddepeHIansHbIM ypaBHeHUEM [ 1,4]
DAN’w=¢q, (x>0,0<y<b) (1)
TPaHUYHBIMHU YCIOBUSIMH OTIHPaHHs KpOMOK ipu y = 0,b
(W),, =(Dw,) =0, x>0 )

y=0,b o

U YCJIOBUSIMH 3aKPEIUICHUS TOpLA: IIaPHUPHBIM

(W)x:O :(Dwxx )Fo =0, 0<y<b 3)

NI KCCTKUM

(W) =(w).» 0<y<h 4)
JIOTIOJTHUTENBHO YYUTHIBAETCS YCIOBHE OTPAHUYEHHOCTH NMPOTHO0B

limw(x,y)=C(y)# (5)

X—>0

B cooTBeTcTBHU C MpeCTaBIEHUIMU ACUMITOTHYECKOTO aHAIN3a PElIeHHe w(x, y) KpaeBbIX
3agad (1)- (5) mpeacTaBiasAOTCSA B BUJE CyMMBI PETYJIIPHOR W, (x, y) u Heperyisipaoit W4 (x, y)

yacTe, T.e.
w(x,y) =w,(x, )+ W (x,y) (6)

rae w, (x,)naercs BhIpaKeHHEM
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w, (x, y)—my(b PO +y(b=y)) (7)

HeperynspHas gacth npeacTapiseT coO0H pelIeHne KpaeBbIX 3a/1a4 1)1l ypaBHEHUH

Arrra At a Arrra
AZW‘I=8VIZ+ 82W oW (8)
ox ox’oy’ oyt
C YCIIOBHEM OTPAHUYCHHOCTH PEIICHUS
W (x.y)=C(y)# )
1 KpaeBbIMH yCa0BHIMHU Tipu y = 0,b
wH (x,O)zWy‘; (x,0)=Wq (x,b):Wy‘; (x,b):O (10)

a TaKXe C yclIOBUsAMHU Ha rpaHune x =0 (Topue), OTBEYarolIUMH, COOTBETCTBEHHO, ONUPAHUIO U

JKECCTKOMY 3allICMIJICHHUIO

we(0,y)= —Iy(b V(B +y(b—-y), WI(0,y)=0, 0<y<b (11)

W"(O,y):—my(b V(B +y(b-y)), WI(0,y)=0, 0<y<b (12)

OTMeTHM, Y9TO TIOCKOJBKY BCE COOTHOIICHHUsI C(HOPMYITUPOBAHHBIX KPACBBIX 3a1a4 HMHBAPHAHTHBI
OTHOCHTENBHO omepauud y —>b—y, 1o pewenns W(x,y) mHpencraBmstor coGoil 4HeTHbIC
OTHOCHTENFHO NepeMeHHoH y Qynkimn W (x,y)=W?(x,b—y). B coorerctBum ¢ dTuM, a

TaKXKe C YCIOBHSMH HIAPHUPHOTO OINHWPAaHUS KPOMOK perreHue W7 (x, y) uniercs B Qopme

TPUTOHOMETPHYECKOTO psijia

zuzm Sln//i’2n+1y7 Uy, (X)) =— qu(x y)sin4,, ., vdy (13)

3necw A,,,, = (2n + 1)72'/ b, a Dypbe-KOMIOHEHTBI HAXOIATCS U3 pelieHus JuddhepeHImaIbHOTo

YpaBHCHUA
(u2n+1 )xxxx _2/122n+1 (u2n+l) +/1 n+lu2n+1 - O n= 0’17 27 (14)

C TPAaHUYHBIMH YCIIOBUSIMHU HIAPHUPHOTO OMUPAHUS TOPIa

21 .
3,1 (0) =5 [ (0, ) sin 2,y == v (()) =00 ()20 (15)
0

4q
bDA;

n+l

" C YCIIOBUAMHU KECTKOI'0O 3allICMIICHHA TOpLAa
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4
Uypi (0) = bD/qu

2n+1

) ((u2n+l )x )x:O =0, u,, (OO) # 0 (16)

[Momuunsas  oOmee  pemieHHe  OOBIKHOBEHHOro  AuddepeHnuanbHoro  ypaBHenus  (14)

c(OPMYIHPOBAHHBIM T'PAaHUYHBIM YCJIOBHSM, HMPUXOJUM B pe3yJbTaTe K MPEACTaBICHUSAM s
bynkumn W1 (x, y) COOTBETCTBEHHO IS CIIy4aeB INAPHUPHOTO ONUPAHMSA TOPLA U JUIS JKECTKOTO

samemiensa. Umeem

LA N AppiaX )y SINA,, Y
W (x,y)=——L 22 %) 17
D 20( j ﬂ“ZSrHl ( )
W z 1 + A’Znﬂx — X nﬂS'ZnJrly (18)
n=0 /12n+1

W3 npencrasnenwuii (17), (18) cnexyert, yTo HeperysipHas 4acTh peenus W7 (x, y) MIPEACTABIISIET

co0OH JIOKaNIM30BaHHOE B OKPECTHOCTU TOpILA peuieHue. [Ipu 3ToM cKOpocTh yOBIBaHUS PELICHHUs
ompezessieTcs 3HaYeHueM A, = 77/ b 1 He 3aBUCHUT OT YCJIOBUI 3aKpeIUIEHHsI TOPLIa, a ONpeelseTcs
TOJIBKO YCIIOBHSIMU 3aKPEIUICHUS! KPOMOK ITOJIOCHI.

C ucronb30BaHNEM BBEIECHHBIX B NMPHIOKEHUH 00O3HAYEHUH UISI CYMM C YY4€TOM o —> X,
P — v, d—b npeacrasum (17), (18) B 5KBUBAJICHTHOM BH/IE

4q9
bD

W =—

(Ss(x,y)+§S4(x,y)j, W= zlq)(S (x y)+xS (x y)) (19)

[IpumeHsisi KOHKpETHBIE BhIpaKeHUS Uit cyMM (cM. [Ipunoskenue), mpuxoauM K OKOHYATEIbHBIM
npeacraBiaeHusM s W4 (x, y) B (opMe KBaapaTyp COOTBETCTBEHHO Ui CIy4aeB ONMHMPaHMS

TOpLA U €ro KECTKOI0 3allICMJICHUSA:

7y

q 0 s x Sll’l?
Wi=——_|s* =+= |arctan————2——ds 20
ﬂDJ; (3 2) . w(x+s) (20)

sinh

b

2 sin %Y
Wi = —ijsz (—+xjarctan—bds 21

7Dy \3 <inh z(x+s)

PaGora BeimonHena npu (¢uHaHcoBoi monaepxkke PDODOU (rpant Nell-08-00030a),
[Tporpammel pyrmamenTanbHbIX uccienoBannii OOMMITY PAH Nel2 u [IporpaMMbl moaaep:KKu

BEIYIIMX Hay4IHBIX KO (TpanT Ne2611.2012.1).
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IIpunoxenue. (BbluMciieHHe TPUTOHOMETPUYECKHX cymMM). Bsemem o0o3HaueHue

S, (a, yij ) JUIsl CYMM TPUTOHOMETPUYECKUX PSAOB BUAA

() B2t
k=0

n
Yok

(IT1)
(2k+1)7
a>0, 0<B<d, y,., :T, n=0,1,2,..
Jlns ynoOGcTBa BEIYUCIIEHUH TPECTaBUM S, (a, ) ) B DKBUBAJICHTHOH (opme
0 e*}/zkn(a’*iﬁ)
S, (a,f)=Im) ——— (I12)
k=1 Yok

rae Im - omeparust B3STHS MHUMOM 4YacTd, a [ - MHUMas eauHUIda. OTMETUM BBITEKAIOIINE W3

(I11), (I12) 3aBucuMocTH MeXAY QyHKIUAMU S, (a, p ) mpu « >0

S, (a.B) S, (a.B) 'S, (a, )

S, (a,B) = = =..=(-1)——"= I3
o(@:5) oa oa’ (1) oa" an)
a Takke obpamenue B Hoib S, (o, ) npu o — o, T.e.

S, (»,8)=0, n=0,1,2,... (I14)

C ucnonb3oBanuem auddepenimanbabix cBoiictB (I13) u rpannunsix ycnosuit (I14) xaxnas u3
bynkmii S, (a, ﬂ) MOXET OBbITb BbIpa)keHa depe3 (QyHKIHI0 S, (a, ﬁ) IIOCPEACTBOM pEIICHHUS

crenyrmux audQepeHnanbHbIX YpaBHEHUN C TPAHUYHBIME YCIOBUSIMU

0 Sg(a,f’ﬂ)=(—1)k50(aaﬁ)’ S, (0,8)=0, i=0,1,..,k-1 (I15)
o

Nmeem

0

S, (e, B)= Tdajdaz... [ S)(z.8)dr =

Ay

7 (I16)
17 ]
i (k-l)!i(r_“)k Sy (z.8)dr, k=12,.
CHGI[OBaTe.HBHO, BBIYHCIICHUC CYMM Sn (a,ﬂ) CBOAUTCA K BBIYMCIICHUO CyMMBI
S (a, ﬂ) =Im i o Tkal@=ih) a17)
k=0
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Beenem obo3naueHune g = exp(;z(a—i,é’)/ d ) U C y4EeTOM OIpPENEICHUs J,,,, HPEACTABUM CyMMY

S, (. B) B BUZRE

S, (a.p) :Imi“qzk+1 (IT8)

ITockonbky ans o >0 BBINOJIHAETCS yCIOBHE |q| <1, To cymma (I18) npencrasnser coboit cymmy

CXOASIIEHCs TEOMETPUUYECKOM MPOTPECCHH, U, TAKIM 00pa3oM, OyaeM UMeTh

coshﬁ—wsinﬁ d o sinﬁ
S, (a,ﬂ)=lm1 9 > = d d BTy arctan pove (T19)
—4 2(sinh2m+sin2 ”ﬂ) T oa sinh 72
d d d
B pesynbrare ucnonb3oBanus (I16), (I19) nonyyaem okoHYaTEIbHOE BHIPAXKEHHUE JII CYMM
. af
o d sin ——
S, (a.B)= ISO (z,B)dr :—ﬂarctan —
a sinh—
d .T k-2 Sinﬁ
Si(a.B)= (r—a) " arctan dr = (10)
272'(](—2)'“ sinhﬂ—a
d
J i sin »
= , J- s*% arctan d n
27 (k=2)!% sinh ﬁ(ad s)
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EXPLORATION OF CURRENT DYNAMICAL PROCESSES
IN PNEUMATIC SYSTEMS

Z.. Bogvelishvili, J. Iosebidze, G. Abramishvili, A. Chkheidze, V. Galashin, A. Gustomiasov

Georgian Technical University, 77 M.Kostava str., 0175, Tbilisi, Georgia
Bauman Moscow State Technical University, S Baumanskaia II str., 105005, Moscow, Russia

Abstract: Mathematical model has been elaborated to explorate pneumatic equalizing spring
suspension dynamics, which represents system of differential equation and describes current
processes of thermodynamical, thermal and mass transmission in research pneumatic systems.
Keywords: pneumatic systems, air spring suspension.

INTRODUCTION
Constructive and technological factors have an influence on the transport cars pneumatic
springs loading characteristics and the air spring suspension working conditions. Exploitation
regime of suspension work elasticity elements leads to important change of working gas. Analytical
representation for the dynamic loading characteristics given in the first and second laws of
thermodynamics and on the base of transmission of equation make possible to take into

consideration these factors influence [1].

BASIC PART

Peculiarities of current thermodynamical processes taking place in pneumatic spring with
suspension elements in contrast to the usual pneumatic spring processes, make us to consider: 1) gas
mass variable; 2) energy, which leeds to the pneumatic springs together with gas or rejected from
them. Besides transport cars pneumatic springs improvement is connected with the growth of
pressing level and statical gas pressure in pneumatic springs. That is why at the wide range of
pressure and temperature changes heat exchange with atmosphere has a considerable influence on
the system dynamic. For the description of current thermodynamical processes in transport cars
equalizing pneumatic system, calculation energetic method based on thermodynamic equation of
mass variable and technical thermodynamics is used to consider the influence of these factors [2,3].

While giving mathematical description of current dynamical processes in the researched air
spring suspension the following fundamental assumptions are made: working body is an ideal gas;
undulatory processes have no place in connecting tubes; the mass of gas in connecting tubes is
smaller than the mass of gas in pneumatic spring volume. It is possible to neglect it. Heat exchange
in connecting tube is too little.

To explorate pneumatic equalizing air spring suspension dynamic, which represents system

of differential equations and describes thermodynamical heat and mass exchange processes in
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researched pneumatic system mathematical model was worked out. Analytical solutions of these
equations in quadratures were received. As pressing and broadening processes pass in different
ways, depending on pneumatic spring loading conditions and directions of air stream between them,

two possible cases are considered:
1) p;>p; - corresponding to air direction from pneumatic spring 1 into pneumatic spring 2

k-1

k
G, a, H,V,
D :nglk{—] exp (- ){HAIG—

exp(S) )dt |; (1)
GOl 1 : }

k-1

k ‘ k-1 (e k-1
Dy = Dyr&; exp(-S,) l+B(j)a2H2V2 exp(SZ)dt+(j) 17 G exp(S, -
1

» 2)
—8,)dG,[D +kB jﬂ

1

exp(Sl)dt]}.

2) p1<p; - corresponding to air direction from pneumatic spring 2 into pneumatic spring 1

k-1
t t V
Py :p()lglk exp(-S) 11+ EjalHlVlk_l exp(S, )dt + | L Gé‘_l exp(S, —
0 0 V2 (3)
ta, H, V!
~ 5, )G [F +kE[“2=22—exp (Sz)dr]};
o G,
G, ) aH V™!
Py = pozgé‘[zJ exp(- Sz)[1+Lf222exp(S2)dt]- €))
Goa G}

Variable quantities with index "1" belong to the first pneumatic spring, with index "2" to the

second pneumatic spring, index "0" shows, that parameter belongs to pressure and broadening start.
p,V, T, G and & are accordingly gas pressure, volume, temperature, mass and level of pressing;
a - coefficient of thermal transmission; R - gas constant; H - surface area of pneumatic spring
transmission; 7" - temperature of the atmosphere; k - adiabatic exponent;  — time;

t 1t , k
s =it ety s A [ty kT (GOIJ . g (k=T
R 5 G R 5 G, Por \ Vo Ponokz

3

k k k
b _fo (@] P (k=UT' . Py [@J L:(k—l)T'[Gon
, , VOZ .

k b
p02G01 VOZ pOlVokl pOngz VOI Py

Using the calculation dependences for p; and p; we can define dynamical loading

characteristics. Herewith effective area changes dependence F,;, on the transference known.
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Analitical dependences for temperatures to the 7; and 7, pneumatical spring 1 — and to the

pneumatical spring 2 are received:

1) when p1>p22

Lo, H V!

G k-1
I, = Tlgl (GllJ exp(S){l+A | Gk
1

exp(Sl)dt] ; (%)
0

k-1

G t t( V.
T01 :T02<9§'l G—Ozzexp(—Sz){1+B*(j)052]-12V2k_1 exp(SZ)dt+(j)(7jJ le_l exp (S, —

(6)
. o H VFE!
_S, )dGz[D +kB* (j)Texp(S )dt]}
1
where
, k-1 , k-1
*:(k—UT(Gm] N (2 V) S o 1Y {Vm]
’ k-1 ’ k-1 )
RTy Vo RT0,Vos G TGy Gy Von
2) when p;<p;:
k-1
k1 Goi o k-1 LV k-1
T, =T,¢ G_eXp('Sl) 1+ E" o, H\ V" exp(S, )dt +| 7 Gy exp(S, -
1 0 0\ "2 (7)
. *t H Vk -1
=8, )dG,| 7 4kE™ [ 2222 exp (S, )t |
0 2
k-1
G ta,H, V¥
Ty =Tpeb | 22| exp(=Sy)| 1+ L[ 2222 —exp(S, )t | @®)
G()z 0 G2
where
' k=1 , k-1
g (=D KTy {VMJ (k=T (GMJ
- k-1 > - k-1 > - ’
RTOIVOI GOI T01G01G02 VOl RTOZ V02

The Accepted analytical dependences (1)...(8) give the chance to investigate work of a
pneumatic system with the connected elastic elements. From these the equation as special cases, it
is possible to get the equations describing work at dynamic loadings, systems the transport car with
pneumatic elastic elements with additional volume (let's designate an index «”» ) and with

individual elastic elements:

k
t k-1
P=p08k{G£] exp(—S*)|:1+Bj%exp(S*)dt ; )
0 0o G
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P " k-1
p'= pg exp(—S”){l +B"[a"H"exp(S")dt + I(%j exp(S" — S*)dG”[D” -
0 0

o (10)
kB"I aHV exp(S*)dt}};
and
G” k ”H"
p" ng(—"] exp(—S”){l+B"*I (S”)dl} (11)
Gy 0 gk
t t
p= posk exp(—S*){l + B*IOCHVk_l exp(S™ )dt + ij_lG"k “lexp(S™* -
0 0
(12)

” 14

— §"dG|D* +kB* j exp (S")dz}

G G’ 2 o

! k '
where §*=K-Lfal g o k-l{a'H'y g (k=1)T' g (LT
R R { Vo ’

D" = P (ﬁjk' B"* =(k_1)T'ng- B*:—(k_l)T’ : D*:_kV?’O"
ng" G, ng” pOVOk pOVOkG(;rk

Accordingly for temperatures:

k-1

k-1
4 G taHV
T =T, 1(6()} exp(-S” ){HE(}) il

eXp(S*)dt} (13)

4

G ¢ de k-1
T" T”G" exp(—S”){1+E”fa”H"exp(S")dt+I(7j exp(S" —
0

(14)
k-1
—S* )dG[F" kE"j“ MV (S )dt}};

and

G t t
T =T,k Eoexp(-S* ){1 + E* [oHV *exp(S™ )dt + [VFI1G"F "V exp(S™ -
0 0

(15)
t o MErn
— S"dG[F* kE* |4 exp(S")dt}};
0o Gk
k-1 )
T”:Té’{gﬂ} exp(S'Q{l +E" I s exp(S'le‘}; (16)
G”
0
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where

k-1 , k-1
E:(k—l)T'{ﬂj g (VT KT {&J ;

RT, |V, RT)G] - T,G;\ G,
pro (VT g Ky o _(k=DT'GH!
-1 b _ ni — > 4
RT VG, ToVok IGOk 1 RT;
With individual elastic elements:
t
P = p,et exp (—S){H AfaHV* exp (S)dt}; (17)
0
t
T=T,e" " exp (—S){l + A" [aHV ¥ exp (S)dt} ; (18)
0
1t _ ! _ !
where SzujaHdt; Azw; A*=%.
RG JNZ RT VG,

The received analytical dependences give the chance to investigate work at dynamic
loadings of vehicles with the connected elastic pneumoelements, with additional volume and with
individual pneumatic elastic elements, taking into account the thermodynamic processes of heat and
mass transfer.

CONCLUSION

Mathematical model, which describes current thermodynamical processes in spring
pneumosystem is true for any spring pneumatic system, in spite of its construction and elastic
elements. From this model calculating dependences for air spring suspension with additional
capacity and for individual pneumatic spring, are received.

The analysis for gas pressure changes in equalizing spring showed that pressure difference
in pneumatic spring depends on the following parameters: statical pressure and pressing level, speed
of pistons and connecting tube diameter moving. Analytical dependences helped to ascertain, that
pressure changes while pressing in pneumatic spring less depends on the pressure changes in
pneumatic spring, in which broadening process takes place. It makes possibility not to take into
account & value change in the pneumatic spring in which broadening process takes place.

Pressure differences in pneumatic equalizing spring were determined by means of analytical
expressions, which showed that critical regime of gas stream in air spring suspension is not reached.
Maximum pressure differences in air spring suspension little differ from the air spring suspension
with additional capacity. It makes possible considerably simplify experimental exploration for the
spring with connecting pneumatic spring. As calculations showed, mistake does not exceed 5...8%.

With gas statistic pressure decrease the mistake will grow.
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POSITIONAL CONTROL FOR MULTIDIMENSIONAL DYNAMIC SYSTEM UNDER
UNCERTAIN INFLUENCE

V. Ivanova, A. Sinitsyn

A.Yu. Ishlinsky Institute for Problems in Mechanics of Russian Academy of Sciences, Moscow

Abstract. The method of constructing a limited positional control of a multidimensional dynamic
system with viscous friction, potential forces, a limited uncertain influence (interference) is offered.
The built algorithm guarantees the coming of the system into the phase zero in a finite (not fixed)
time at any admissible interference and any initial state from the particular bounded region of a
phase space. The offered method is based on the use of the function similar to Lyapunov function
and on the system decomposition. This way may be useful for control of a space design with
viscous-elastic elements or a manipulation robot with viscous friction in hinges, for example.

Keywords: limited positional control, viscous friction, limited uncertain interference,

multidimensional mechanical system.

Introduction. A multidimensional mechanical system with viscous friction, potential forces,
an uncertain limited interference is considered in a bounded phase movement area. It's required to
lead such system into the phase zero in a finite (not fixed) time by means of a limited positional
control. The method of control constructing is offered. The built algorithm guarantees the fulfilment
of the indicated task at any admissible interference and any initial state from the particular bounded
region of a phase space. The presented way of solving may be useful for control of a space design
with viscous-elastic elements or a manipulation robot with viscous friction in hinges, for example.

The assumed restrictions on system and movement parameters may be weaker, than the
corresponding restrictions in the other methods [1-3] of solving the similar tasks, because inertia
terms, viscous friction and a part of potential forces aren't included in an interference and aren't
compensated by a control in the present research. It may help to reduce demanded modules of
control components or to expand an acceptable area of movement. The offered method is based on
the use of the function similar to Lyapunov function. This function helps to apply the system
decomposition [4] and to find the multitude of acceptable initial phase values. The presented work
generalizes the results of the author [5] on the case of a degenerate matrix of viscous friction.

Statement of the problem. The dynamic system movement, which is described by

Lagrange equations

M(Q)q+Bq:Q*(Q7Q)+U(qBQ)+Q: tZOa (q,q')GQ, (q07q0)EQO’ OEQ: (1)
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is considered, where ¢ - n-dimensional vector of generalized coordinates, 2 - a given bounded

phase movement area, , - an unknown region of admissible initial values of the phase
coordinates (q,q’), O - the phase origin; M(q) - a known mass matrix, M =M >0
(symmetric), functions M (q), M (q) satisfy Lipschitz condition in Q; B=#0 - a known
constant matrix, B'=B>0; Q,(¢.¢g) - a known continuous function; U(gq.,q),

0=0(t,9.9)=0(¢t) = Q(t,q(t),cj(t)) - a limited positional control and a bounded uncertain

interference,
U,|<U,, = const, i=1,n, )
‘Qi (t)‘SQOZ :ConSt:QOi (Q)7 tZOa (‘LC])GQa izlana (3)

U,; - preassigned constants, O, - known values.
It's required to choose the positional algorithm U (q, q') (2), which leads the system (1) into
the phase origin O in a finite (not fixed) time at any interference realization Q(t) (3), and also to

find some corresponding area €.
Control choice and the arrival into phase zero. Let's compensate (annul) a part of the

terms O, (¢,¢) in (1) by means of some positional control U*(g,4).
Designations U (¢,¢)=U-U", m=rankB<n, E,,h =diag{E,,0} - (nxn) matrix,
where £, - the identity (mxm) matrix.

After the nondegenerate substitution

q=Pz, detP#0, P=const, PPBP=E,,, 4)

the equation (1) is multiplied at the left by the matrix P ~'M ™ (q) , the sum

U(g,4)=U"+U", )
U*(q,Q)Z—Q*—MPAP_lq, A = const =diag >0, (6)
is put into (1), where 4 - any expediently chosen matrix - the free parameter of the control

constructing procedure. The result is

£+D,(1)E

nm

Z'+AZ=W(Z,Z')+§’(1,‘,Z,Z'), (Z,Z')EQZ, (ZO,Z'O)GQZO, (7)
where D, (1)=D] = P"'M ' (q(t))P™" >0; Q,,Q,, - the images of the regions Q,Q;
(zy,Z,) - the image of the point (¢,,4,);

w(z,z‘)zP_lM_lU+, )]
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S(1)=¢(t2(1),2(2))=P'M 0 9)
- the positional control and the uncertain interference.

Designations

U, =su|U; (4.9)

. Ug =Uy=Us;» Vol =sup|U;" (¢.9)], i=Ln (10)
Q

Let the inequalities U, >0, i= ,n, are true. According to (2), (10) it needs to subject the

sought control U™ to the limitation

Vol <Uq, i=1ln. (11)

The following relations are gotten from (3), (9)

1€:(£) < Cor =const =&, (Q), 120, (z,2)eQ,, i=ln, (12)
;’Oi(Q):supZn:(P_lM_l)“ Q. i=Ln. (13)
Q =l A

Let's select the sought control w in the kind

w,=w,(z,%), |w|<w, =const, i=1n, (14)

Coi <Wp;» I=Ln. (15)

According to (8), (11), it needs to subject the sizes w),; to the restriction

sup Zn:

Q Jj=1

(PM)I,].‘WOJ. <U;, i=1n. (16)

Let the system of the relations (15), (16), (13) has a solution (Wol' , i:l,n), and let any

such solution is fixed.

The block form of (7) is
)'c'-i-D(t))'c—i-Ax=u(x,)'c)+5(t,z,z'), (x,)'c)eQX, (xo,)'co)eQXo, (17)
y+D(t)x+Hy=h(y,p)+&(t,2,2), (18)

where x - m -dimensional vector, (x,y)=z, (u,h)=w, (&&)=¢; D(t)=D" = D(z(t)) >0
as a diagonal block of the matrix D, ; Q, - areal movement area in the subspace (x,)'c) ; Qyp -

a projection of the region Q, on the subspace (x,x).

Designations  u,, =w,; , i=1lm; &,;,=¢, , i=Lm; hy=w,,.,;, i=Ln-—m;

Awy, =wo; —Coi o Aug =ug;—&y; 5 pi(z;)=—(signz;)J2Awy|z|, p; - the corresponding curve

Z;, = p; (zl.) on the phase plane Oz,z; too;
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gl.(zl.,z'l.)z{—l, z>pi(z); 1 z<p(z); signz, z'l.:pl.(zl.)}; s;(2;)=signz,. (19)

Let's choose the relay control w=(u,h) (14), (15),

=1,m, (20)

~.

U; ui(xi’xi):AuOi gi(xi’xi)_gOi Si(xi)’

h hi(yi’yi):hOigm+z'(yi7j}z’)’ i=1,n-m. (21)

The control switches lines are the curves p, , i =1,_n, and the coordinate axis Ok, ,

i=1,m, on the phase planes Oz;z,. It's disregarded a control delay in the paper. Therefore it's
accepted that all values | gl.| <1, |sl.|£1 are possible on the switches lines in sliding regimes.
Besides, it should consider the solution (17) - (21) as a continuous curve (z, z'), which satisfies the

equalities (17), (18) almost everywhere on the axis #>0.

Let's introduce the continuous functions

: S(x,)'c)ziSi(x,.,xi):S(t):S(x(t),X(t)),

i=1

S (x,,%,) = (1/2) % +(1/2) A, x7 + Aug, |x,

1

S(x,x)>0 outofthe point x=x=0, S(x,%)—>o at|x|+|x] >o0.

The function S (t) doesn't increase on any trajectory (17) - (21), (12), because

ds, 0<7<t¢, (22)

N

5()<5(r)- ] (D(g)-%)
where (Di-x) - the scalar multiplication. This permits to select the set ©,, (7) in the kind
Q,=0cQ,, ®=U{(z(t),2()), 20}, (23)
where @ - the closure of the set ®, @ - the union of all trajectories (z,z) (17) - (21) at any

realizations ¢ (¢) (12) with any beginnings from the multitude

{((XOaxo)EQXOa Yo=Y 20)}, (24)
Q,, (17), in turn, is chosen in the kind
Qyo=Qy ={S(x,%)< S, =const}. (25)
Such set Q,, = Q, exists, because the real area of the movement (17) - (21), (12) tightens into the
point O at S, —>0 (25) [1]-[4] and coincides with Q,, at enough small values S, in
accordance with constructing.

So, any trajectory with a beginning in Q,, = Dc Q, can't go from Q.

The consequence from (22) is the property
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lim {D(g(¢))k(¢)} =0

t—00

[5] on any trajectory (17) - (21), (12). This property allows to decompose [4] the subsystem (17),
(20), (12) into the one-dimensional independent equations after an enough big moment ¢, ,
depending on a trajectory.

That to provide the coming of the decomposed subsystem (17), (20), (12), t>¢, , into the

point x=x=0, it needs to enter the additional restriction on system and movement parameters

&y <ug; /3, i=1m, (26)

along with (15), (16), i.e. let the relations system (15), (16), (26), (13) has a solution (WOi, i= l,n),
and let any such solution is fixed. Then the trajectory (x,)'c) of the decomposed subsystem arrives
into the point x=x=0 ina finite time AT, i.e. x(¢)=x(¢)=0 at t>1,+AT.

The friction disappears in (18) at ¢>1t, + AT, consequently, the trajectory ( v, )'/) (18), (21),
(12) comes into the point y =y =0 in a finite time too [1]-[4].

So, the system (17) - (21), (12) with a beginning in the built region Q,, (23) - (25) will

arrive into the phase origin O in a finite time.

The formula of the corresponding positional control U (1), (2)
U(g,9)=-Q.~MPAP 'q+U", U'(q.4)=M Pw(P"'q,P"g), 27)

is gotten from (4) - (6), (8), where w - the relay algorithm (20), (21), (15), (16), (26), (13).
Example of constructing the solution. The horizontal movement of a two-link

manipulation robot is considered. The design parameters and the limits on the controlling moments

coincide with the data in the example from [2]. But the viscous friction in both hinges and the

external limited uncertainty Q are added into the system. The assumed numerical data satisty the

relations Q,; /U, <1/10, i=1,2, where U, , Q,; - the constants from (2), (3). The parameters of
the procedure of constructing the control w=u (20) were chosen on purpose to provide the

comparatively simple form and the maximum sizes of the corresponding set G =Q, ﬂ{q' :0},

where g - the relative angles of the rotation of the manipulator links, Q, =Q = {S < const} . The
resultis G = {|ql.| <L5rad, i=1,2; §= 0} :

Conclusions. The limited positional control constructing procedure for a multidimensional
dynamic system with viscous friction, potential forces, an uncertain limited interference is offered.
It’s proved that the built control (27) guarantees the impossibility of the system exit out of the given

bounded phase movement area and the arrival of the system into the phase zero in a finite (not
69



fixed) time at any admissible interference and any initial state from the built particular bounded
region (23) - (25) of a phase space. The presented work generalizes the results of the author [5] on
the case of a degenerate matrix of viscous friction. The assumed restrictions on system and
movement parameters may be weaker, than the corresponding restrictions in the other methods [1-
3] of solving the similar tasks, because inertia terms, viscous friction and a part of potential forces
aren't included in an interference and aren't compensated by a control in the given research.
Therefore the presented way of solving may help to reduce demanded modules of control
components or to expand an acceptable area of movement and may be useful for control of a space
design with viscous-elastic elements or a manipulation robot with viscous friction in hinges, for
example.

The given method of leading the mechanical system into the point O is offered for the case,

when the dissipative matrix block D(t) (17) is nondiagonal, m=>2. If D(t) is diagonal, the

presented method isn’t necessary and the ways [1]-[4] should be implemented for positional
control constructing.

Acknowledgement. The paper is supported by RFBR (grant 11-08-00030a).

REFERENCES

1. Chernousko F.L. Decomposition and synthesis of control in dynamical systems. Soviet J. of
Computer and Systems Sciences 29(5), p. 126--144, 1991.

2. Chernousko F.L., Ananievski .M., Reshmin S.A. Control of Nonlinear Dynamical Systems.
Methods and Applications. Springer-Verlag, Berlin, Heidelberg, 2008.

3. Krasovskii N.N. Game-theoretic Problems on the Encounter of Motions. Nauka, Moscow, 1970
(in Russian).

4. Pyatnitskiy Ye.S. A decoupling principle in control of mechanical systems. Reports of the
Russian Academy of Sciences 300(2), p. 300--303, 1988 (in Russian).

5. Sokolov B.N. Constrained positional control of a mechanical system near an equilibrium.

Mechanics of Solids. A J. of Russian Academy of Sciences 41(4), p. 83--86, 2006.

70



LO3EG00)0, dSMSFIFS MbIZISOL 3S53RI6S
B630dm0 B30m0)0L 308@5G0IR 3(MIMSMS>BI

3 bgooan@o, g. amao0s, 3. gmodg, 3. mydsbodgogo, m. boomsdy

LoJotmggeml Ggdbogg®o 9bogg@boldgdo
956J56sms 8gdsbogol 0blBody@o

®Jb03933
aobbogogeos  god®mdsbobsdo  s@odyds  @bgggdol  omdmigbgdol  dJobgbgdo;

390p9b0mos GO Yo HbMbablygmo God@mgggosgol domgdeBogg@o dmwgmo
>  domgdoBogy®o  dmgmo®gdol  Lodygsangdom  bohggbgdos  o@edyds  LogdEomo
Mbgggool gogagbs  Ggo@mol god®siEoygmo dmddsmbdol bolosmby.  bohggbgdos, @3
bmaogOmo  5@sdyds  @bggol  jmddobsizoom  do@omoe  Mgbmboblygm  @bggolmsb
doom{g3s> Imd@omdols LohJo@ols s 0bFgblogmdols aobds, Gs3 gmblE®yJcoyesw
2obbm@A 309 gboo sdm30bss.

bo3gobdm  Logyggdo: godGsEogmo  d3390550; Bbgog®o  Bgodmo;  ©sdboswgdol s
ofgmdol  @mdoangdgdo;  o@sIPds  Abgggdo;  JomgdsBogydo  dm@gmo s
JmEgE0@gds; 30Mdoa gdgools aogagbs Bgo®mol godb@siEoge JMd@smdsby.

d9bsgoamo

300053090 Lo@@obl3maBm -  Fgdbmmmaoyg®@o  dobdsbols  d7gdomdol  3@m3gLby
JOogoe0 BoJBHm@o sbgbl gogmgbsl [3], GmIgenms dm@ols dgodangds aodmoymls:
L. god@s@ogmo  dobobols  gdowagbgano  bofogngdol  sdbowgdol  @s  SFymdols
GemIoagdgbo; 2. odbogdol s Sfymdol  gogase  omdm3gbgdygmo oMoy ds
LogM0mo @bgggoo; 3. Igds m@Ysbml Loboldyg; 4. obsdydsggdgao dobsgrols mgolgdgdo;
5. 30dOM53dMo30L doboliosmgdangbo; 6. I9ds M@YSbmL Gbggol 3o@adgB@gdo.

>@bodbygaro  BoJHroogdol  gogargbol  ggargses  §odMozogmo  LoG@obldmGHM-
A9Jbm@myoygdo 3sbdsbols gds 3GM3gLgobg BBsLoEgEs© 0mgeolifobgdls dmwganeyd®
S 30bogy® 9Jb39M0dgbB 9o L. 3039 ‘dgdmbgggsdo 0 e0olbdgds
9H00gO M5 353d0MgoE0  JomgdoBog o 2obGHmagdgdol 3md30nGgagmo dmEgao®gds
> g3e0g35, boaem  dg2  gdmbgggodo —  dgbodedolo  gobogy®o  gJb3g@odgb@gdols
ho@omgds s dgdymddo ggagdol dgxgmgds s sbogrobo.

Fo@dma 9bogo b>dO™Ido, 3033093 9O 800 dogeo®gdols boggydggen by,

aobbognagemos s aodmygeggemos  3obgsbols  bmpog@mo  bylGmdgdols  aogangbols

71



boliosmo  god@sgogm  Hadbommpog®  3@mEgliby,  dmggobogos  Fgrgagdo  ws dsmo
sbogrobo.
dgbsdarer yobbBEGa0ma0 (30mdoanydgdo

3060MIsbJobgdol  Igdobogn®  LobEgdgddo  d60dgbganmgsb  Gmels  SLGyEgdgb
O350 3356dg00 s Fommob ©s3ogdo@Mgdymo gargdgb@gdo. goblis Jgm@gdygemo Gmao
9b0dkgds mg3000 M0 gengdgb@gdol, dogomoms boddodmol L3gonogol — 0go o®bgge
5@ do@@GM 0dyengdomo dogrols Jodo@myan gdom, s@sdge SO gdl dOybgom s yobogo
dodo®mygangdol Mbggzgdlsi. hgggergd@oge, >®sdyds Gbgggdo I3omg Lowowolbss, @
220mg5e00l{0bgdosh  3gargggdoll ML ©s  omgergds, @md  3bodgbgarmgbo oG
dnJdgegogb Bgdbmmmaon® 30m3gLbyg; dog@sd wowo Mbgizgdol AML slgm YbaylFmdsl
‘9999005 dmobeobml Log@dbmdo gogengbs dobobols d9ds 3@m39L9dby.

dgm®g  dobgbo  5@5dYds  @bgggdol  s@dmi3gbgbols oMol ©sdggdgdo
©sd7doggool  LobylEgbyg  w@ggeo  gangdgbBgdols  dobigdmeb  dgg@mgdols
b9s30090bg; goob®gdo ©sdggbol brg®gddoi go Mbgggdol wowo SI@o@yols
Ol 0f39396 >®odygds @bgggdl, @GmImgdo goggboli sbrgbgb @gdbmamaoydo
30m39Lgool bodolbby [1, 2].

9990920 BoJBmE0, OmIgeols sO@gg3l dgdomdol 3OmiEgll, s®ols dognols dyds
Mm®3560bg aos3gdol YbybEmds.

o3 d9dmbgggsdo  gbylEmdol asdm{ggge dgbadangdganos Gmam@ 3 omdybbgdo
dognols dbGowsb, obggg WMggoo g gdgb@Ggdol s@sL{mA0 gobensygdol dgogaowss.
bob. 1-bg UjJgdo@ygdom os@ols bohggbgdo bgdmmembomdbymo aswsb®gdols dgogeow
domagdyao mp - dobol  Ipymds®gmds: a) O,x,yz -bod®mgdm (opgommey@o)
Jgymdo@gmdss, Ox,yz, - @g@dgdol dpamdo@mgmds  dmbdsgol byl mogdols

bob. 1. my - 3sbol IymIs@gmds (3Mdoagdgdol aomgsmolifobgdom

72



aomgomobobgdom; b) O'x yz, - dogools s@sbfm@se  aos3gdom  asdmf§ggneo
2oobMgo0; ¢) @gMdgdols aobesagdols mdoggdgdo goag@ol 3ymbggddo.

JM00bsEMS @yEdgdol gowsbmydo.
bob. 2-bg bobggbgdos  gergdB®mdogbod o godMmd ggdogol Ljgds dgds m@ysbmmo
mp ©>  @godmonmy. O X ¥,z 30oOobs@oms LobRgds dggbodsdgds dobgsbols owgsgy@

Joamdo@gmdsl. O @gddo gdmbgggs godOM®MsddMsgosb d9ds m@Abmby o@s39d9ero
909JBOmdsgboyg@o  dognrols Bods@myagdsl. god®mIsbgobols sdbswgdols byl mdgdols

s o@obfm@o  mb@ogol  asdm  dsgrol  dmpgdols  @gegma@o  Fa®@ogro O,
3oLy gdgmos O -0l d0dsto e ey € 9JlgbBGoLodBIdm. Sdobmsbsgy Oxy,z,
©96dgoo gowsb@oaos O, X, ¥,z @gddgdols dododon 3ymbggdom 6,y ,, @, (bsb.l).

5bodbyao  ggobydo  gbybRmogdo  0fg93L  s@dabbgdo  dogrols OF) aosobmgdl,
G0dgens  39330a9d0  JmmGEobsAms  LobEgdol Ox, 1z ©g®dgdbyg  aobolobg@gds
doddodmggano 3mbobylgbols 3gdggmdoom:

Qx{ =0(y,sina, +cosa,) ; Qy; =0(p, cosa; +0,sina,) ; in =0y, cosa, +sina;) (1)

bob. 2. @oGgoNgmo INTd> MmAPSbmlL  Aobarsygdol (3emdoegdgdo
oo Q) = a+pf; a— 399> mObml wob®dols gymbyg; f—goddsEools gymbg; 39mbggool

Oy, Wy, 0y, 3609369emmdgdo 30695 ©s 5do@m3d, d0ddo@mggmo  3mbobygligdols aodamolsls
3V 300370 ao0mgoaolifobgds dbmenmo {030 dglis @ gogoo.

73



IdB5m30l dsmgdsBoym@o dmwgao.
d9ds> m@gobml LogdEomo Jmd@smdols dob@mangdgdo doowgdgb Labgl:

m, 5C1+cx x1+kxxl ~k.6, =0, m ..)./1+Cy j’1+kyy1 _k;/l/II =0

N

mlél-i-czél-i-kzZl—k;(Dl:Qzl. (2)
J,01+c, 0+ k,0, —k ,x, =Mxi; J, v+, wi+k,y —k,y, =M ;

J¢¢1+C¢(p1+k¢¢1_k¢zl :Mzi’ 3
boog M, M, M _ - 303363 930b ggadoggdo doo@gdosh godmbsbymgdowsb M =0.e.

€» €, C.,Cy,Cp s Cp 03500 Lol gdols 09935806 960ls 3098030963 9d0;

kookys ke kys ks Ky boboligol goggogogbtgdos ke Kys koo ks K, s Ky =gmggocogbigto.
OMIgdoz 93533009096 25b03-d0bg00m ©s aMdog-aGgbgom Gbgggols O=0, f (1),Lowss
0o, 50d3bbgd0 dognol 3mgx0309b@0s; At) - 5@dybbgdo dognols (33e00gdols 3obmbo 5 Jo, Jiy,
Jp — 35Lgdol  0bgd00l  dmdgbBgdo  Loggme®o  @g@dgdol  dods®m.  aobGmangdgdols
dodxg96> boFoendo (3), o@dabbgdo dogrol pgadoangddo, (1) ©s (2)-bpasb oblibgoggdom
35”350 lif0bgdygemos gom®EobsGms ©gmdgbol obsdogy@o gosb®gdo 6, wy, @y
A30000lL  Loghiomo  bobmgobo  dmd@omdols  aobGmangdgddo  dgbs@bhibgdyanos
dnd@ombols  9@00g@mEsds3ogdo®gogaro, bsdd@sgangdols Lobol 392 @opol  s@s{®g050

Vagdado [3F
m, Xo+ (xi— 21 v, )cosa, —(z1+x1 v,)sina, +z, 1)/]+(ol );1+ 21//1 2'2—2)‘/2 ¢1+¢1 Y, —
— @~ X1y, sina, — 21y, co8a, + v, @, + Axi+ By, + B x2 =—f(N, - N, )sign(x2) - g cosa,
m, j}2+ j}1+ (z1 6, —xi @,)cosa, + (x1 0, + z1 @,)sina, —0,z, —26, 22+ 2¢1 X2— 4
—xi(pcosa, — 6, sina,) +z1(8, cosa, + ¢, sina,)+By,-Cy, = —szsign(j/Z);
m, o+ (zi+ 11 ¥,)cosa, +(xi—z1 w,)sina, — 6, );1+ Y, 91+2j;2 OI—ZXZ 1/'/1
—zi ¥, sina, +x1 W, cosa, —);1 6, + D, Z\+Exi+E zo+ Cz, = —jNysign(éz)—gcosal,
oo A, B, B, C, D, E, Ei, C 3093030960900 5bslosmgdgh @godmol dgds®gmdsls 34ds
OAbml  bgosdo®ols  dodo@m [2, 3] (Imd@osmds  bgosdo@msb  gohmo 0y doligeb
dJoVyggdomn — 359@do); N, ,N. - F3o6mol boGdsaamo Ggod3ogoo Igds  m@yebml
bgsdo@gdols  dodsdm;  (14)  aobdmangdgdo  aoblbgogogdosh  dslbognols  Log@Gomo
dmdM5md0l bepoo 2obGmagdgdologsb §93®gdom, @mdgmgdoi Fo®dmodmdosb 6,, v, ¢,
(3RMdo b0l B gyow.

74



B) o (4) aobBmergdgdo g gdBO™mIsgbody@o  god@mMsdd®sgols s@dabbgdo  dsgnols
25dlLobygegdolionsb gemsw sdmoblbs JbylEmdgdol dgdwgao dbo'dgbganmdgdolingols:

0y, ¥, 0,=0+9% e, ey, e, =0+ 0,015 Gow. (5)

dsmgdsBogamo dmogaodgdols bmgogbmo o gso.

domgdo@dogy®o  dmgmodgds  ho@ods g gdB®mdsabo@dydo  30dOMsddGogols
9990930 ®9bmboblymo dyds @ggodgdobmgol: doGomspo (50 33), Lydds@dmboygero
(25 33), by3g@3s@Amboygero (100 3(3). >@bodbyerowsh, doGomswo s bydds@Imboyao
I 9JHOMIobod @0 godMmgggdsggdol dmd@omdol yobHmargdgddo 3mggo309bH o0l
Loboo @goma®o gobogyg®o dmbsigdgdos dg@obogro; bydgdds®dmboyaro dobsbols
Jd@smdol 2ob@magdgddo — Jo@mdomo.

30000dsbJobols bra®dogng@o d9dombdols AML, AmELsi 3sMmsbo@ o Lobdomggdo
doOL  5@05b  Mgbmboblygeosb, GbylEmogdo Imzgdye  bwg®gdbdo 0@  s3e0gbgb
Log@dbmd  aogemgbsls  B@SbL3MOGHMgL  3OmEglby.  sdo@md  asdmygbgdyeo  ofbs
Sbgmo  dowamds:  gmggero os@odyds LogdEomo dmd@smdbols dods@mnyegdom  Goibgomo
9JL3gH0dgbBHol  WAOML, godbMMAsbJsbols omgdo@ogy® dmwgendo dmbos OYbmbsbliygano
@bggol  29b9M0@g9ds ©s> Ibmenme  sdols dgdgy  PbYLEHMgdoL  bAwsSL  dggdermmn
253m0§ 305 GOSBL3MAGHMgb0lL 3GM3gLol Log®@dbmdo oM®ggge.

bob. 3-bg dmygsbognos LohJo@obs (V), G@ogd@dm@ool (z2) @s bea@dogy@o Ggodiool
(V2) 0533009090905 300m@E0bsGms 0g@dgdols s o5mdybbgdo dognols dods@myangdols
(3MI0ggdgdoloqsb b, W, 0., ex, €y, €. 3M5803960 sagdeos IYdo OBl s®sdyds
01 @bggol  Tgygoboom  @gbmbsobldo  bYLlEMEgdol  gOMLOM Yo (3300 gdgdom.
dobJobols  dyxds  @ggodl  Fomdmoygbl  Agbmbsblyano  god@sigos Oy (bob.2) —ols
d0d5M0 @0 96000 (Dexe=wx=50 3(3), @™mIgenoz Igedogos gdbdg@dgb@ols 3g@omedo;

Z1s 22= mm ;= S0Hz ‘f- mic

0.7
0.6

T T los

0.4

0.3
I -

0.2
Z :

Z5 0.1

= e

l
\
\

-—

[=]

0
001 003 005 007 009 011 013 8,.0,.0.Rad

© 0001 0003 0005 0007 0009 00l 008 é,.€,.€.m

bob. 3. 3md@smdols 35@5dg@@gdol (V, z2) ©sd3mio@gdagegds 3gdGogsmaao Gbggols
(z1) > (3M3oagdgdoliysb

75



";’ }5:222 1m C!Jx= 25 HZ ‘,:mc

6
"

5 ; = o 0.5
4 2 = 04

Z3 :7"’ I :
3 e e e (1€
2 T Z__,_._. : 0.2
it — — 1? ailr
1 f___.-l""'",-___.-r""—# — 4 —] - 0.]
. e Iy | vV [}-
1 -0,1

001 003 005 007 009 011 013 @y.%s.0.Rad
0,001 0003 0005 0007 0009 0011 00Bé€.,e,,e,.m

bob. 4. dmdMomdols 35053g@Mgdol (V, 22, y2) ©33mgopgdaemgds asbogo @bggol (y1)
©> (30mdoggdgdoligsb

Ne 027, .

3 TSz mm @y =100 Hz V.m/c:81.Rad
1400128 0,770,007
1200]-2.4 - 10,640,006
1000 |-2.0 = 0,540,005

¥ L
800 [-1.6 e et | 410,004
R, L
600 1.2 == S =T 0.30,003
.__,-ﬂ"
400L0.8 = . ____,.-r*""f 1 240,002
Fa
200104 - =] 0.140,001
-——"""--F-‘
ok g 0

o 4
001 003 005 007 009 011 013 6,.4/,.0.Rad

0001 0003 0005 0007 0008 0011 00B3é€,é€,.e.,m

bob. 5. 3md®omdbdol 35@M5393Mgdol (V, 22) ©sdmjopgdyagds d@9bgomo @bggol (61)
> 3RMmIomgdgdolysb

Log®iomo Gbgggdo, GmIamgdoi dgeosh @gbmbobldo domo godaog@gdols s
dgbododolow,  30mEglby  aogangbol  aodmygerggolbomgol,  doGomspe  s®osb
@9bmboblodpyg @bgggdo; domo  Robgdo ob gdmbgggs, b d3oMge 2oblbgogogdosb
d9ds Hgbmboblyeo @bgggooliogsb.

gbowos, @M 0039 Sbem@gbmbsblbyymo  @bgggdo, OmIgmms  Lsggmo@o
Lobdo®ggdo degdo@gmdgb @gbmboblols dgdogy >Mgdo, gaoblbgoggdya  gogegbsl
doobgbgb g0d®madsbsbol ogogg I9ds 30M39LbY.

76



bob. 4-bg bohggbgdos a@ox0gz9d0, @mImgdoz  Sw{gmgb  gbgzogmo  dsLognols
dod@smdol  LobJo@ol (V)  ©o  @®ogddmdogdol  (z2, y2) ©odmgzo©gdaegdsls
3060™JobJobol @odbowgdols mdoengdgdols 33emoggbdoliogeb Lydds®Imboyano dy9Tds
@990dol 300698 T0;  gM5x803900 S529dgEos  IYds MEARSbML  5s@odYds y1 @bggols
‘4994356000 Mgbmbsbldo bylEMdgdol gONOOMY@o (330 gdgdom.  JoMOMSO O
Ld3o@admboyyan A9bmbobliygen 0 990d98do B®bL3MAF M dols 30m3gLby
9bylBmdgool aogagbols 3obmbbmdogmgdsl 5Jgl s@sg@myge®mgabo boliosmo.

b3g@do@mdmboygemo  @gbmboblyamo  @ggodolmgols  dbgoglbo  wsdmowgdbyegdgdo
bohggbgdos bob. 5 — by,  9bos o@0bodbml, ™I Lydds@mdmboyao dsbJsbgdoligob
2oblbgoggdom, Lydg@ds@dmboymds @gbmbobliyands dobJobgdds ofsdrog gg® 33mggl
305]Boggmo  godmygbgds. gl soblbgds  domTo  obsdogy@o  @sEgodmggdols,
9690mEsbobo®x gdol,  3mblE®YJEool  IgBommmgdiggemdol  aob@wom.  sdo@mad
bg3g@3s@dmboyer  @ggoddo  IPdomdolol  godOMA@SbL3IMAOEM ol 3G™mE Lol
2odmygeggel X gO-xgOmdom oJgl mgm@oygmo bobosmo, doygbgosgs odobs, ™3
oOlgdym g gdB®mdogbodyg®  goddsgoye  dobfobgddo  dglodengdganos  sSLgmo
@990d900L 3o ]Boggo  @gogmobgds  domo  3mblLE@giool  ¢3bodgbgenm
(33800 gb9d0l 306Mdgddo.

ho@omgdyads dmgey@ds a5dmggengggods ohggbs, @mI 3obdobol sdbowgdols
> JdmbRogol  @3mdogngdgdo o dom  bosogbg  omdmzgbgdygeo  3o@Msbo@ o
Mbgggdo  oM®39396  Bgdbmemaoyg®o  3GmEglgdbol  bm@ds@ad  (3GmgJBom
aomgomolfobgdyan)  dodwobo®gmdsls ©o bdod  Igdmbgggedo 039396 do@omswo
©00bodogyg®o s LogJldmms@oEom 35M0dgd®gdol gogemglgosh.

dog®od, obggg o@bobodbsgos, ®md  ®oy dgdmbgggzgddo  BOSbL3MOEGH0Mgdols
LohJo®g 0bo@hybgdls dyedog 360dgbgermdols b o3l aob@ol  Fgbwgbios; gL
odgoggs  bogydggeol, hogmgogmm, @Gmd Gogygge  dgdmbggzgodo odol boigersw,
Omd  dggo9300m0  ©sUggdgdo  Emdomgdgdbg  dobodydedpg (Mo [o@mdmowagbls
Logdome  dbgan  5dm3obols), dobobdgfmbognos ‘dg0Jdbols  30dOMsddBogols  olgmo
30bLAOYJiz0s, Lowoi dgbsdangdgemo  0dbgds  s@dabbgdo  dognols s  dmdgbGol
dodmge;  oligm  dgdmbgggzedo  Jobobdgfmboeno  0dbgds  Fmd@omdols 0d  @bgggdols
2odg0gMgds, @mdgams  3mddobsios doGomse dgds god®siosbmsb bgali ¢fymdl
A9dbm@myoydo 3GmEglbol goygdxmdglgdsl — Fgodmols Jmd@smdols LobJo@ols o
063 gbLogmdols 2sb@sL.

71



ooslbgyggbgdo

aobbogramos,  §od®mdoboboll  sdbowgdols o SFymdol  (3mdoagdgdols
‘dge gy o>mdbbgdo  dogool  JodoGmygagdols s gomOEobsGms  ©g®dgdols
aoob®gdo domo Lod@mgd@m Jwymds®gmbosb. s@bodbymo aseb@dgdo dgygsobognos
dod@omdols gobBmagdoms LolGgdsdo, @oiE Lodyoggdols odanggs  aodm3ge goen
0d6oL Log@@omo s@sdyds @Gbggzgdol aogegbs Los@@obldm®@@m dslogol  J3g3oby.
domgdoBogg®o  dmwgmodgdom  dowgdgemos  LohJo@ol  genogmgdol  a®o%303900
50b0odb g0 gbylEmdgdol ao@3399er bwg®gddo (33eoegdols 30 Mbgddo.

0960005, O®MI bmaogOmo 3o@5boRgmo @bggs oEgdom Aogergbols sbgbls
dobognols gowoseaomgdols Lobo®gbyg, @oi dgodangds aobegl s®OLgdyamo dobsbols

306LAOYJsogeo dmgdbobszool Logydggeo.

LOBIOOBIDS

1. bnexman U.W., [lixanemunze ['.}O. Bubpanmonnoe nepememenue. Hayka, M., 1964.

2. T'onuapeBny 1U.®. [lunamuka BUOpaimoHHOTo TpancnoptupoBanus. Hayka, M., 1992;

3. 3Buamaypu B.C. Jlunamuka BUOPAIMOHHBIX TPAHCIOPTHO-TEXHOJIOTHYECKUX  MAIITHH.
Mownorpadus, Tounucu, Mennruepeba, 2001, 190 c.

4. Ilonnuukuii A. B. Hekoropbsle BOIpoCkl TEOPUH IUHAMUYECKHX IPOLECCOB, IPOXOIALIINX B
Pabounx opranmax BuOpomammubl. CO. [Ipobmembr BuOpammonHoi TexHuku, Kwues, HaykoBa

nyMka, 1988, c. 112-118.

78



BONDARY AND BONDARY- CONTACT PROBLEMS OF THERMO-ELECTROELASTICITY IN
A SPHERICAL COORDINATE SYSTEM

D.Gorgidze, I. Ramishvili, N. Ozbetelashvili

Department of engineering mechanics of Georgian Technical University,
77, Kostave st., Thilisi 00175, Georgia

Abstract. By the method of separation of variables, the functional solution of a number of
boundary and boundary-contact problems on the thermoelectric elasticity equilibrium of single and
multi-layer bodies limited with coordinate surfaces of a spherical system of coordinates was
constructed. The body is affected by stationary temperature and electric fields and surface
perturbations. The elastic body is considered as transtropic (transversally isotropic) with surface
isotropy r=const.

Keywords: elastic equilibrium; stress-strain state of a sphere; functional solution; basic equation of
thermoelectroelastic equilibrium; transversally isotropic elastic body; shifts and deformations.

Introduction

The first work where the problem of elastic equilibrium of solid and hollow spheres in case of
specified stresses and shifts on their surfaces are researched in detail is the work by Lamet (1).

In a number of works by Lamet the results were repeated or generalized. At present there is a
vast literature dedicated to this problem. There stress-strain state of a sphere is investigated. In
particular, papers 2 and 3 give detailed review of respective investigations. In these papers elastic
equilibrium of homogeneous, isotropic bodies in the absence of temperature disturbance is mainly
discussed. The given work presents the generalization of the problem of elastic equilibrium of a
sphere in case of simplification of the method of its solution. Simplification is achieved by
construction of functional solutions for the considered class of three-dimensional boundary
problems of thermal electric elasticity and by substitution of classical conditions specified on
boundary surfaces with equivalent conditions.

Main part

In a spherical system of coordinates 7, a, 5, (0<r <o, 0<a <2n, 0<f <nr), the elastic body in
N=(0<r <00,0 <a < 2m0< B < mn)domain is considered. It is supposed that elastic body
is transversally isotropic (transtropic) for which surface »= const is the surface of isotropy. The
body is multilayer and layers are contacting on surfaces r= const. The body is affected with
stationary temperature and electric fields. Mass forces are absent. The basic equations of thermo
electro elastic equilibrium written in the spherical system of coordinates have the following form
[1,2]:

Ehi 1 BTrg 1 El’rr'g n 20y—0g—0R+TrEcigh -0
ar rsinf da r df T !
d 1 d 1 at ATpa+2T
b] Tarr + , Ty 41 oz 4 ri afctglf _ ';] ) (1)
ar rsinf fdx r df r
g 1 @ 1@ - tgB+3
C) Tﬁr+ . Tﬁﬂ+_ g n (gg—og)ctgh TJ".IS'=O.
ar rsinf da r dx r
1 @D 2 1 an 1 8|\ D si
ST ED 4 —— T g sinf) _ )
¥ 4 r r rsinf da rsin ag

Equations (1) are common equations of elastic equilibrium written in spherical system of
coordinates. Equation (2) is the equation of electrostatics also written in the spherical system of
coordinates.
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In these equations @,, 0,,0z are normal stresses, T,, = Tpm Tpp = Tpp Tap = Tpe are

tangential stresses, D, D_, Dy are the components of the vector of electric induction D along
coordinate lines r, a, /5.
To these equations as generally the equations of state are added[1,2]::

cr?,=£'3(£m+£gg:}+£' £.. — e,E. — kT, 1,,=0Cus,.,—eE, ,

g, = C,g,, +(C, —2C; jE.ES+ Cogpp—e€1E, — kg T, T, =Cyuc.p— e3Ep , 3)
ap = (C, —2C; )&, + Cagpp + C35, — €9E, — ko T, Tpp = Cigpp.

D.= el[sm + E‘gg) + e;5,,. +3,E, , D, =ezs,, +3,E,, Dp =e35,5+3,Ep. “)
where  €,,, 840,80, 8pa = Eapr Erp = Egpr Sap = e are the components of deformation tensor,

E .. E . Ep are the components of stress vector of electric field E, which is expressed in terms of
electrostatic potential ¢ by formula E=— grad ¢; c,=c,(r), (i = 1,2,3,4,5) are elastic modules
measured at direct electric field, e; = e;(r) are piezoelectric constants, 3 ; =3 (1), 3 ; =3 ,(r)
are  dielectric  constants of permeability measured at constant deformations,
Kig = €1ky T 1ka, Ky = [2(c; — ¢ )k, + c3kyq), Ky = ky(r) and k, = k,(r) are coefficients of
linear thermal expansion along » and in the direction perpendicular to 7; T is temperature in electric
elastic field. Shifts and deformations are connected between each other with equalities[2]:

_ow o, _ 1 ow u,w _Llow
Err T Gt Faa T rzinf ﬂa + + Ctgﬁ Er T 8 +r’
1 du v _ 1 B_w 1 ﬂ'_v v
*ra = rsinf da ' ar r’ @8 rsing da - a8 ctgh ®)
16u ﬂ_z
T .

u,v,w are components of displacement vectors U along lines tangential to coordinates 1, «, .
System (1) can be rewritten in the following form:

8 [c.+2c, = Coeomlcot2c,)® o8u  2ci(c.t2c) o (c,t2c, 0k 3
aj 5 [ g & T;K_l_ i-= = & ,r,; - _ & g & T;u + ( g ':24 ZD_ klﬁ }T;T +

Cq c ar o
+ (eﬂ_ (cg+2c,)e, )T‘z B_lp]
= Ly ar
- ' o
i I_in:d, +?"l:_|;+l:z—l:5:| K+ 2 log trog—re :|'~':5+‘-':4:' T:_“ +
Lo ] r
' I . r ¥ ' I
lcy #regton — oo )lcgt2e,) oy Troy—cc Jk loy Trog—ccle, &
+ 458 4 TEn 5]5‘41_,“_.4- 45:]1::].-_'_2.4 45]__IF+EH dgfp—
o Cq o dz
__r 9Bg r 38, sin,B]_O
sinf ap8 sin B 3 a !

" A(rE 7 =in u
b) Z_K — sin JBEJ_B + i’;r—g] + 2(cy—c5) - 6__2(C4 +7"C4_55j ctglh +

a P, 28
o (CF ]‘P'"eﬂa] 0
(6)
8K  8(r8g) 1 @8, 148
¥ ——;r“ Sinf 7a + 2(cy—cc) = —i—E(C‘} +*r"c4—c5]

g Zeg e | _
EE[(EE+ r)‘p +eaﬂr] 0
d) 1 [.a{rs,x} n 3'._?"E§si::|,§:|:| te, i(i T‘ZE?,.):O,

sinfi | fa g5

where
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1 1 8w
K=c, (*.r' sm.@ da - +2 + __'r_;x_l' = tgﬁ) + (&3 ‘|‘2C4) —I-EC u—kyy T (7
+e, ':'p
B, =c5 ?'!H:IS(B —sm.S’— -vecosf ), BEZH;’:G_;—T%— w),
Bg=c, iﬂﬁ' (r s[nﬁ’% + v s[n_ﬁ—% ) (8)

_ 1t & 3 18
4,= sin § 38 {Smg a.s') T dnipaa
Further we suppose that the body is weakly transtropic and weakly heterogeneous, i.e.
£, = €5 = & = const ey — (63 + 224)* =0, ez = const . )

Considering (9), (6) ,(7) (8)

a) %(33 A,p) —2rE+ — si::ﬁ %
Ei:ﬁ 3(B, sinﬁ]zj_T [I: koo e,k )roT + (ce e, )Tz%’ ey A0,
hjZ—K—m ﬁ%+ﬂ[—rﬁg:i—m+£[%q:+932—ﬂ=ﬂ, (10)
) 3 T tmr e talee teair] =0
— [P+ J; 7] e 2 e )-o
ey 422 H 4 ) 1 ke T4 o
Brzaermﬁ_(%— sin_.[?:—;—vcc-s_ﬁ ), B, =z (:—; o w) (12)
By = = —— (rsingZ + v sinfj’—% ).

Gy
c=c(r) = ||c—' (¢, = 0,c, > 0).
Ntz

2.Consider transtropic multilayer spherical coordinate parallelepiped @ = Uj-; 1,

where 0, = (r_, <7 <r,0 <a < ay, B, <f < B,),asusual T = Ui_, 10,

O, =(rpy =r<r,0<a < a,,ff, =F = B,). Denote surface corresponding to coordinate
surface 7 =1, as 5, (k =0,1).

Boundary and contact conditions which appear at stating the corresponding problems have the
following form.

On surface 53 and 5, (or the same as when r =1, or r = ry):

a) 6, = Fy(a,B), 1,, = F, (a,F), Trg = Fis(a,B) ; (13)
b) u=f,{1[rx,,8j, V= fra (a«.8), w = fkﬂ[arﬁj;
¢) o, =Fyla.B), v="> i, (a.B), w= fiala.B);
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d) u=fiula.B), 1..=F. (@.B), 1.p5= Fula.B)

ar ar
a)T = Fla,B); b)5=F,{5[rx,ﬁj; C);"‘ T = Fyela.B). (14)
8o,
a) @ = Fz(a,f); b) i wela,B). (15)
In each layer when a =0 or o = a
ay v=0 1,.,.,=0 Tap =0, s—z =0, D=0
b) . =0, w=0, u=0 , T=0 ¢=0; (16)
when B =Boor B =1
= = = E = )
a) w=20, T8 = 0, B, =0, o 0, Dp 0;
b) K=0, v=0, u=0 , T=0 ¢=0 (17)

On contact surfaces 5, (k=1,2,...,1-1; 5, is contact surface of layer number k contacting with
layer k+1 ) are given conditions:

P Te= B(af), T oTEF (a,p); (18)
o*~ ¢**1= F(a,B), D¥~ DF''=F F(a,p); (19)

a) v - vt = fila.f), of -a = Fla.f), v — vt = f(a.B),
wh — Wt = fi(@B), 1k, -t = BB, 15 -5t = K@@.B) .
b v - W = fi@p) , of - ot =RK(a.p), 75 =Fla.p) ,
= F(a.B), 13 = F(a.B), "= F(a.B) . (20)
¢) o =Fy(a,B) o+ =F,(a ,f), k= f (o, B) :
wh — Wt = fi@.B), tf, - o= R@B), 15 - 15l = RKa.p).

The conditions imposed on the stated functions shall be referred later, here we just note that these
functions are such that on the edges of spherical coordinate parallelepiped the conditions of matching are
satisfied. Technical interpretation of boundary conditions (16) and (17) is given in
[3].

3. In this paragraph temperature problem in spherical system of coordinates is set forth. The
statement of this problem is based on the results of [3]. In the first paragraph 7 indicates

temperature in elastic body satisfying the equation:
1 1 7 2 a7 _
AT+ =5 (A =)= Q1)

and boundary conditions (14), (16) and (17). A1=A1 (r) and A=A ,(r) are coefficients of heat
conductance along 7 and B in the direction perpendicular to .
If the medium is homogeneous, i.e. when A1 = const and A2 = const, equation (21) takes the form:

AT+ 2,22 ('r: H] =0, (22)

0,2 ap ar
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where Ay = A/ A,. Using Fourier method (method of variables separation), function 7 in the area
Q= { ro<r<ry,0<a<a,Po< P < P; } canbe presented in the form:

A+

1 - - o g " el
= L, + 4 - +Zn =1£m=l:I [‘q‘Tmn (:) + BT|::r.u:1 (,,__) i|'+rmn (ﬂ!,ﬁj . (23)

Here to, ti , A7mn » Brmn, 1, are constants. 2,/Agn, = /Ay + 47(i + 1) , 7 = Fi(m, n)
(when A4, =1 and n, =% ). ¥,,(a B)is nontrivial solution of Sturm-Liouville problem [4].

rlAY_+ AR+ 1Y, =0, (24)
when @ =a,: a)¥,,=0 o b Sm=g, 25)
when =8 : a¥_=0 or b) ‘"";;ﬂ =0. (26)

4. For convenience of construction of solutions of boundary and boundary-contact problems, the
conditions (13) and (20) are substituted with the following conditions:

a) 6, = Fy(@ ,B) . Ty (t,007p) = Fra(@.B) . Ty(tyetyp) = Fiala ,B)

b) u=fiu(a.B), T(vw)=Ff,(a.B), L(v,w) = fiq(a ,B);

©) 6, =Fula.B), Tw)=/fu(a,pf), Lw)=fu@.p) ; 27)
d) u=Fful@a.B), T(tatg)=Ful@.B), Ty(t..1p) = Fala.Bf)

a) uk— ykti= fl(':x ,,@] , Jrk_ ﬂ_rk+1= FE (a: ,ﬁj, 1—-1 (vk ’ij _ 1—-1 (vk+l ’Wk+1:] _
fala.B),

O (v* ,w®) — T (v Wk = fa (@.B), T (Tm’ r.'S’)_ 1[Tk+1 Hl -
Fy(a.B), T,(1X ,15)—L(15t, 151 = E(a,B);
b) w- w*t= fi(a.B), of- 6 = K(a.B), Tk .t%) =F.p),

r:(T:rxr :-{,E)_ Fy(a.B), L [‘Ikﬂ k+1) = F.(a.B),
l—-ﬂ[Tk+:L k+1 _ F[rx ﬁj (27,)
©) of =Fla.pB) cr,,"“ = F(a.B), T,(v* w5 -, w**) = f(a,B),

l—-g(vk’wkj_l—-:(vk+1 k+1j fa(fx B, Fl[TrE’ r.@)_r (Tk+1 k+1 _ F:}[cx,ﬁ],
r"[Trrx T r',E‘)_ r" [Tk+1 k+1) Fﬁ(a’ﬁj'
where

(1 1,)—— [anl—kwl,

sin 8

8(n, sin .'5'}],

1 & ny
(N, ,Mo)=
T
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where n =1, or Ny =v, Nz = T,z orn; = w. It is supposed that functions F(0.f), F2(a.p),
F3(a,B), Fa(a,p), Fs(a,B), Fe(a,p), F7(a,B), Fxa(a,p), Fis(a,p) themselves, functions Fi;(a,p), fa(a,p),
fa(a,B), F3(a,B), f2(a,B), f3(a,B), Fi(a,p), F3(a,p), together with their first and second derivatives and
functions fii(a.p), fi(a,p), together with their first and second derivatives, disintegrate into
uniformly convergent Fourier series by their eigenfunctions of problems (24), (25) and (26). About
equivalence of boundary conditions (13) and (27) we can say the following: equivalence of
conditions and (27) are studied analogously as was given in work [3].
5. From (10b,c,d) we have:

A(r8,)=0, (28)
where A= 4_+ %% [’rg %] = 4, + ;? + %% . From boundary conditions (16) and (17) it
follows that on lateral boundaries 0=0, o = a; and = o, p = B; of coordinative parallelepiped or
the function B, or its normal derivative are equal to zero, while on surfaces » = ¥, or r =r;, from
(27) we get

I, [Tm, ?,5.) 'r"'ai or T{v,w)= iBr.

Thus, for function B, we get the following problem of mathematical physics: it is
necessary to determine function from equation (28) when on the surface of domain of its
determination, the function itself or its normal derivative or on the part of the surface the function
itself and on the other part its normal derivative are given.

Using Fourier method, represent function B, in the following form:

B, = all} + a’ll 7 + Z Z{ E‘mn T_ﬁ e + Bpyy (_)Hi l P (@.B),  (29)

m=1n=

where a,, ,a,, are constants, ¥__(a,f) is the solution of the following Sturm- Liouville problem
[4].
r28,%,,(a, B) + Al +1)¥,.,(a,B) =0

a-a;: @), (ap)=0orb)metl o,
B=B;: a)¥, (a,ﬁ]—ﬂarbjam“"ﬂm =0.

If when a =0 and o = a; the conditions (16b) are given, wh11e when § = and B = B, the conditions
(17b) are constants and a;p and @y; cannot differ from zero (in all other cases a9 and @, are
equal to zero).

Indeed, if
@ By

J J B r*sinff da df =0

(this condition is easily verified) it follows that ay;q =0 and ay; =0.
Finally, for the considered boundary-value problems

w12k

m=1mn

e (2 B (2)7] Pt 30

1

From (25) follows that function, without limiting the generalities, can be presented in the following

form:
B ()

B, =22 31)

¥, is the solution of equation A ¥, = 0 and it can be presented:
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tee @ 50 (] 2em 2

Theorem. If function ¥ (r, @, F),% (r,a, 8),'%, (r,a,f)and ¢ represent the solution of the
corresponding equation system:
a) AW, =0,

a 7 Bry, air ceg T
D)= (ert ) — 2r T2 4o+ 20,0,0 T2t 400 —
d
— ~[(cey — e)r?@] = o [(kyo — ckyo)T], (33)
z ;E“;Uz C ey, —= E“r':f-':l 2 iﬂ'iasm} cgt= 2 d _
C)C +45%; + + +EE ar Go® r[eacp] +€1ﬂr‘
= Ekzu
d)(al—EJEL:@ —|-£{*r2 [azz—f —%%—%eaqn]} = —(e AW,) + Eeaﬂﬂ ki =+
é 2 az"['rz g, E_Ei i 2z E_'a‘-a ¥y a__ﬂi
+5[T (ez Brd T2e ar )] +Eﬂ:"d2¥1+3r|:r (E grd +2E ar ]’

then for the proposed class of boundary-value problems of thermal electric elasticity the general
solution in the class of regular functions is presented in the form:

9%, r &
u= ar +EE!P1+EE¢’
__1 8w, 18v 4
v _rsmlﬁ’ fa +EE ag >’ (3 )
13':”' _ 1 %

r E',E zsin f Az
Proof. If consider (31) then (10b,c,d) can be rewritten in the following form:

] 2 ] . Bleg @) . #%(r#y)
=[x +2 (e + £ [rBp sinp+ TEE —sinp T = o,

% [K +§ EEE‘PJ} - % [’rBE - al:;f} - sl::E azir;.';n}] =0 (35)

8 . Fle@l E"":r';‘-'n]'] i[ _dle@ 1 E""":r';”n}] _
ar[rgﬁsm‘g_l_ fa sin arap +a.——~ rB, ag sinf 8r df =0.

From (35) follows that there exists function ¥, such that:
Ell ri, )

a) K ar __( Ecpja
_ow 1 0%w) e
by B.= @88 ' rsinf drda rép’
__ 1 0w 180w s0e
C) B'E - reinf da r drédf + r fa

If (36) is introduced in (10a) we receive:

8 (ca,re)

i 2 a':?"w._::' _ a':r':.u._::' 3 _ _
P (cr = ) 2r . T riAY + 2Zejd,p 2r + deqp
3 2 4 @
e [(cey, —e)r ] = o [(kyq — cky)T] (37)

Using (36) and (31), from (11) we get:
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(T _& )_i( r Wn:]
1 u E!;.Irl EEEP or rw Eesm,[? fa 4

E(u——‘f"l——tp)—%(ﬂﬂsiﬂﬁ —ﬂz—?)=ﬂ, (38)

&=

2 o) o ( reng o%,) _
e (TW—I_EBi.ﬂ.E de 1 TUSang = 1 0.

From (38) follows that there is function such that:

W, r 8
n="24ly 45
Br+EE 1+EE¢

1 ¥ 189

v :rsm,ﬁ’ﬂ_c:—l_;ﬂ_ﬁn (39)

_ 18w, 1 3w,

r 9f =einfl fo
Substituting (39) and (36a) into (11) and (2), taking into account formulas (7), (8) we get:

atw, 2 ay, co,—= Alrw, )
e $ 22y, om0
or = or

1 8a; @)

LRt

cxt=2 (

c +

esp) + 512_19 = kT,
Thus the theorem is proved as (39) coincides with (34) and (37), (39), (41) with (33b,c,d).

In the end one observation should be made. General temperature field can be presented as the
superposition of two fields: solenoidal field when divU=0, u=0,T=0, ¢=0 and thermo-
electric elastic field with spherical rotor of shift vector when rot,U=0.
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A STRUCTURAL PRE-SHEAF OF C"-ALGEBRAS
M. Mumladze, Z. Zerakidze

Gori University

Abstract. A structural pre-shef of C~- algebras, which is also a co-pre-sheaf of C"-algebras is

constructed on the space PrimU of primitive ideals of a C”- algebralU . Also, co-chain and chain
complexes with coefficients in a pre-sheaf and a co-pre-sheaf, respectively, are considered. A sheaf
on PrimU and pre-sheaves on PU and SpaseU are constructed from the obtained pre-sheaf by

stanstand methods.

Let, U bea C-algebra, FU be s set of states on this algebra [1]. Consider the universal
representation 7, :U — J(HY) of the algebra U [1], where HY = @ H’and H'is the Hilbert

feFU
space associated with a state /. As we know, a universal representation is an exact one, it is an
isometric embedding.
Let U'cU be a subalgebra of the C™-amre6per U. According to the Khan-Banach

theorem, the mapping Q : FU — FU' defined by the formula Q(f) = f |, is surjective.

Consider the Hilbert space HY = ‘6-) H' . Clearly, there exists an isometric
Sy eFU’

embedding 7, : HY — HY and therefore it can be assumed that HY < HY .

Consider the projector P, : HY - H" . Let Ae I(H"), thenP,, o Ao, € I(H" )and
we have the “-mopdusm T, : S(HY) — I(H ") defined by the formula T, (4) =P, o Ao, .

If 7, :U — 3(H"") is a universal representation, then we assume thatz,, :U — U’ is the
mapping defined by the formula 7, =7, oT, ox, :U—>U'. It is well-defined because if
Aern,U), then from the construction of the universal representation it follows that
P, oAl €r,(U'"), which means that 7., : U — U'is well-defined.

Let PrimU be the space of primitive ideals of the C* -amre6psr U . with Jacobson

topology [1]. The elements of this space are the kernels of irreducible representations of the C”-

algebra U . It is obvious that these kernels are bilateral ideals. Assume that U' — U’ . Consider
those irreducible representation 7" which have the form 7" =z oz, wherez" :U' — J(H").
The set of kernels of such representations is a subset of the space PrimU .
Let us now consider the space PrimU’ and the mapping S : PrimU’' — PrimU defined by

the formula S(B) =7, (B); 8 € Prim, B = ker #¥ . This mapping is an injection since if

B, B, ePrimU"; B, # f,,a€ f,a e f,,

tp(@) ety (B) =1, (),
then a e f,, which is impossible. Thus our assumption is not true, S, =, and we can write
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PrimU' < PrimU .

Assume that O € PrimU is an open set. It is a complement of the set F' of primitive ideals
which contain some fixed subset M c U .

Thus O = PrimU \ F' consists of primitive ideals U of the algebra which do not contain the

subset M c U .

The closure O is the set of primitive ideals which contain some subset M’ U; M’ # M of the

algebra U . The set PN O consists of primitive ideals which contain both the set M and the set M.
The set O | (F N O) =0 consists of primitive ideals which contain the set M’ and do not
contain the set M .

Let ¢€O, then a=kerz”, where 7V :U — J(H) is some irreducible representation.

Consider the factor-algebra U/ r, whereU'=Nna. Ifp:U—> %,is a canonical projection and

a0

U,
72'%] ' :%, — 3(H) 1s some irreducible representation, then the surjectivity of p implies that the
representation 7, = ﬁ%' o p is irreducible. It is obvious that M' c ker .. Hence it follows that
kerzl €O .
: : = ~( e =.U U
Consider o € O and the representation 7, o pop:U — 3(H ’*), where p: %], - é
is defined by the formula p([a])=[[a]], the class[[a]] is obtained by the equivalence
. . U ULy . e .
relation[a]l=[b] if a-bea, 7w, : é — 3(H 7#) 1is the irreducible injective representation of
the primitive algebra A .
Since pop:U — % is a canonical projection, we have ker(z, o po p) = a. Therefore if
ﬁ%'=7r_th ker 7., = d the set of primitive ideals of the algeb (7 incid ith th
o P> then ker 7, =  and the set of primitive ideals of the algebra “/,/ coincides with the

setO.

U ’ . . . . .
Let 7 @ : %, — 3(H) be some irreducible representation. We consider the representation

U _ %r . . U _ —1 %r
7, =n’Y o p and the kernel of this representationker 7z, = p~ (kerz "%").

The factor-algebra U, v is primitive. The " -morphism
p(kerz V")

Ty U L yy, ™ 3(H) defined by the formula 7~ ([[a]])z;z%'([a]) is an
p~ (kerm p (kerﬂ' U) p~ (kerz’V")

irreducible injective representation. Thus 7z, =7 v, ©pepand hence it follows that each
vy

[f1 (ker 7

88



Yl

representation 7, =7’V o p has the form 7, =z, o po p and its kernel is equal to @ € O .

From the above reasoning we have O = Pr im%, , whereU'= N «.

ae0

Since U is aC"-algebra, for each bilateral ideal / c U the algebra % is a primitive
moduleU [1]. Hence it follows that there exists a continuous “-monomorphism ¢ : % —> U, for
which the equality po @ =id v/ is fulfilled. Therefore it can be assumed that %, cU.

1

As we see, to each set OcPrimU there corresponds a C"-algebra

U, E%,;U'zargoa such that O=PrimU,. If O, c O, cPrimU, thenU  cU, and there

exists a C'-morphism of the algebra U, E%, ;U= N ainto  the algebra
2

ae0,

Up = %{;U{ = N «a . We denote this C"-morphism as follows: pgf U, =2 U, .

ae0;

0, _

Clearly, if O, € O, = O, < PrimU , then pg* o p* = pyand pg = Id,,; .

If, additionally, to the empty set ® c PrimU we put into correspondence a trivial C*-
algebra, then on the space PrimU we will define the structural pre-sheaf of C*-algebras [2, 3]. We
denote itby I, .

The pre-sheaf 3, has the following property: for any open subsets O’ — O — PrimU we have

U, cU,. This means that 3, is a co-pre-sheaf too [2, 3]. We denote it by 3| .

Let us consider some open covering Q ={O,} of the space PrimU . To this covering there
correspond chain and co-chain complexes with coefficients in the co-pre-sheaf 3y, . and the pre-
sheaf J3,,. The modules of these chains and co-chains are respectively:

C(Q3)= []rc©, N0, .00, );0, :C(Q,T;) = Cp L (Q,3);

JoJv-Jk

k
s 0,N0; N.nO; ..
(akf)jojl...jk_l = ZZ(_I)Yrolfiomo‘/film..no‘,:: 1mogm...mo‘/.kfl (fjojl...jx_l © Jydia )>

o s=0
C*(@,3,)= []r©O, N0, Nn..n0, )" :C*(Q,3,) > C*"(Q3,);
JoJi-Jk
k+1

k s 0, N0, N.NO; _ AO; NO; MO
(5 f)jojl---f/m = EO (_ ]‘)qpoj(;)r\O;llﬁ.,f\O{s 1 st s+l Jk+1 (f] )
S=

Jk+1 0J1eJs—t s gt Tkt

where

0, cPrim;O, N0, 1.0, NO,NO,N..00, #O;r) :3;(0)—> I (W)
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oy :3,W)—>3,(0) when 0 W ; JoJi-+-J;, 1s ordered totality;

fini €35(0, N0, N..nO,)orf, . . €3,(0, N0, N..NO, ).

Let {3} be a set of all open coverings of the space PrimU and let a covering Q' ={0;}
be inscibed into Q ={0,} Fix some mapping 0:{0,;} - {0,}, 6(0))=0,if O, c O,.

Using this mapping we define the chain mappingé, : C, (Q',3;,) — C,(©,J;,) and the co-

chain mapping 8" : C*(Q,3,) = C*(Q',J,) by the following formulas:

8(0} )NO(0} Y..n0(O}, ) )
@.r )ioil...ik = z To, m]OO,’l rw..nIIO,’k ! (fz(,z,,...zk ); -

0}, N0}, M. 0;,
* 0(0, )NO(0, )..n0(0,, )
0 f)zozl,..lk = Po, rffo,l m...rI\IO,k " (ﬁoil....ik)
where 6(0, ) =0, ,0(0,)=0,...,0(0, ) =0, and O, NO, N..NO, #0O.

It is obvious that the inverse system of chain complexes and the direct system of co-chain
complexes with coefficients in a co-pre-sheaf and a pre-sheaf, respectively, are defined by the set

{Q} of open coverings.
Note that C,(Q,3);C*(Q,J,) are considered here as modules over complex numbers

but not as C"-algebras.

Assume that Q={0"};0“ c PrimU is some family of open subsets, {y“} is some
consistent Q- family of elements y“ e U, [4]. Such a family always exists. The set of all such
consistent () -families makes up a C™-anre6py. Denote it as follows: U, .

Let the family = = {G”};G” e PrimU be inscribed into the family Q. We denote aC" -algebra
of consistent = families by U- . The morphism of C*-algebras IS’ : U, — U is defined by the formula

Ly D ={p2(r)}:G" c0",G" €E,0" .

Since {y“}is a consistent Q- family, I'S" is well-defined.

Let Q, ={Q;} Dbe the family of all open coverings of the set W < PrimU, th

QY < Q808 QY c’

{U_.T% .U, —>U o
Qi Qi is a direct spectrum of algebras.

Q5 Q5
The limit U w =lm{U , } of this direct spectrum is also a C “-algebra [5].
Let us consider the open set W',W' < W and the open covering Q;, of the set W . The

family Qp, ={ONW'|0 € Qj,} is the covering of the setW'. The family Qj, is also the covering

of the set W', therefore ()}, is inscribed into Qj, .
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As shown above, there exist C*-morphisms Fgf” U o ->U 0 - The limit of the direct

spectrum of these morphisms T, : U v = U s also a C* - morphism.
It can be easily proved that the family {U w+ creates a sheaf on the space PrimU .

Let SpecUbe the spectrum of a C'-algebra U. There exists a surjection
@ : SpecU — PrimU [6]. It defines a topology on the set SpecU .This is the weakest topology
among such topologies on SpecU , for which ¢ is continuous.

Let now PUbe the set of all pure states on U [1]. There exists a surjection

@ : PU — SpecU [6] which also defines a topology on the set PU . This is the weakest topology
among such topologies on PU , for which ¢ is continuous when on SpecU we have the above-

mentioned topology.

Topological structures on the spaces PU , SpecU and PrimU are not always good (in the

sense of separability), but we think that the construction of such structures makes sense all the same

The mappings ¢,@,h = @o¢ are open and therefore the structures of a pre-sheaf and a co-

pre-sheaf can be extended from the space PrimU to PU and SpecU .
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RELATIONSHIP BETWEEN QUALITATIVE AND QUANTITATIVE IMPORTANCE OF
CRITERIA IN MULTICRITERIAL DECISION MAKING PROBLEMS

A.P. Nelyubin*, V.V. Podinovski**
* Institute of Machines Science of the RAS
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Influence of the assumption about the existence of cardinal coefficients of criteria importance,
consistent with the importance ordering of criteria (according to the definitions in the criteria
importance theory), on the preference relation, generated by this information, is investigated.

Keywords: multiple criteria decision making problems, criteria importance theory, ordering of

criteria according to importance, coefficients of importance.

1. Introduction

The concept of the relative importance, or significance, of criteria is fundamental to most of
the well-known methods of multiple criteria decision analysis. However, no rigorous definition of
this concept has been introduced by the authors of such methods, who instead relied on an intuitive
understanding of the concept [1, 2].

The mathematical theory of criteria importance [2 — 9] relies on strict definitions of the
concepts of qualitative importance ‘one criterion is more important than the other’, ‘both criteria are
equally important’, and quantitative importance ‘one criterion is so many times more important than
the other’. In this theory decision rules were developed that induce the preference relations on the
basis of the qualitative or quantitative information about the importance of criteria taking into
account the information about the change of preferences along the criteria scale. However until
recently there was an open question whether the preference relation induced by the qualitative
importance information extends at the expense of assumption about the existence of the quantitative
importance coefficients or not. This paper is devoted to answer this question representing both
theoretical and practical interest.

2. The basic mathematical model

The further presentation is based on the following mathematical model:
M=<7tXf,Z,R>,

where 71is the decision problem formulation (choose one or several best variants, sort all variants by
preference etc.), X is the set of variants (in specific problems, these could be strategies, variants,

outcomes, consequences), f = (f1, ..., fn) 1S the vector criterion, f; are individual criteria (m—|2), Z—1s
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the set of estimates of the vector criterion, R is a non-strict preference relation of the decision maker
(DM). Every variant x from the set of all variants X is characterized by its values on criteria f..
Criterion f; is a function defined on X and taking its values from set Z;. This set is referred to as the
scale, set of estimates, grades or values of criterion f;. Below, it is assumed that all the criteria are
homogeneous, i.e. have the same scale (which can be an ordinal scale) and, particularly, the same
set of values Zy ={1, ..., g}, where q_|2. Thus every variant x is characterized by the values fi(x) of
all the criteria that together form the vector estimate y = f(x) = (fi(x), ... , fu(x)) of this variant.
Therefore, the comparison of variants by preference is reduced to the comparison of their vector

estimates. The set of all vector estimates is Z=Z2' .

The preferences of the DM are modeled using the non-strict preference relation R on set Z:
YRz means that vector estimate y is not less preferable than z. Relation R induces the (strict)

preference relation P and indifference I.
vlz < yRz A zZRy; yPz < YRz A zRy

(zRy means that zRy is not true). The binary relation R is a (partial) quasi-order, i.e. it is reflexive
and transitive: relation yRy holds for any vector estimate y, also, yRz and zRu implies yRu.

Relation R is constructed using the information about the preferences of the DM. It is
assumed that preferences increase on the scale Z so that the (unknown) values vy(k) of gradations &

satisfy the inequalities:

vo(1) <vo(2) < ... <w(q), (2.1)

i.e. the value function vy is increasing on Zy. If there are no other restrictions on values of this
function, then the scale of criteria is ordinal. Taking into account (2.1) the Pareto relation R® is

defined on the set of vector estimates Z:
yROZ = (yi—lzi, i=1,..,m).

Preferences of the DM are consistent with the Pareto relation: P’ — P.

To solve the multiple criteria decision problem under given formulation only by means of the
Pareto relation, as a rule, is not possible, therefore it is required to “expand” it taking into account
additional information about the preferences of the DM. Below, we consider the case in which such

information about the relative importance of criteria and the criteria scale is given.

3. Some facts from the criteria importance theory
For convenience, below we present basic definitions and some results from the criteria

importance theory, first from the theory of qualitative importance [2 — 6]. Denote ", the vector
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obtained from vector y = (y1, ..., ym) by permuting its components y; and y;. For example, if y = (2,

3,5,4), then y"* = (5, 3, 2, 4).

Definition 1. The statement “criteria f; and f; are equally important”, which is denoted i=j,

means that any two vector estimates y and y” are indifferent.

Definition 2. The statement “criterion f; is more important than criterion f;”’, which is denoted

i>j, means that any vector estimate y, such that y; >y, is preferred to W

Let Q be the qualitative importance information, i.e. the set of all available statements of the
form i~j and i>~j. According to the definitions 1 and 2, the statement i~j induces the indifference
i-]

relation I'7 on the set of vector estimates Z, and the statement 7>/ induces the preference relation P

on the set Z, which are defined as follows:
Wz (z=y", y, =Y;), yP Uz (z=)", y, >y;).

The non-strict preference relation (quasi-order) R induced on Z by qualitative information about
criteria preference QQ, is defined as the least transitive relation which contains the Pareto relation R’

and relations R” for all weQ (here R”=I'7 if @ = i~j, and R = I'7 if w = i>)):
R =TrCl[(U,oR")UR"],

where TrCl denotes the operation of transitive closure of a binary relation. According to this

definition relation yR"z holds if and only if there exists a sequence such that

YR u', W' R”W?, .., W' R z, (3.1
here u* — vector estimates, and &' is either information @ from Q or the symbol 0.

Definition 2. The numbers fy, ..., B, are called importance index of criteria, consistent with

the information Q, if they satisfy the conditions:
i eQ=Fi=pf, i-j Q= F>pf.

If the importance indexes are positive and in the total are equal to 1, then they are called coefficients

of importance of criteria and denoted as «;.

Information Q is complete and consistent if it is sufficient for a complete ordering of all
criteria according to their importance. Such information will be denoted Q. The importance
indexes and coefficients of importance of criteria, consistent with the information Q*, are called
ordinal.

Below, we will use the following notations for vectors from Re” (n >1):
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agb(:)ai—|b,~,i=1,...,n; azb<saz2b,azb;, a>bsai>b,i=1,...,n;

a, =(aqy, ..., awm) is the vector obtained by permuting the components of vector @ in the non-

increasing order, i.e. aqy/) ... ) aw).

For information Q" the relation R®" can be specified analytically. Denote

a,y, =k

aik(y):{o y iy

; k :
aik(y):zj:lay(y), i=1,...m k=1,...,q.

The following statement holds:
VRV z & 0i(y) £ 0i(2), k=1,.,q-1. (3.2)

If in (3.2) all the non-strict inequalities < are satisfied as equalities, then yIz, and if at least one of
the < is <, then yPQ ’Z.
Assume that ¢ > 2 and there is an additional information D on that the rate of growth of

preferences along the criteria scale slows down (so criteria have the first ordered metric scale [10]):

Vo(2) = vo(1) > vo(3) = vo(2)> ... > vo(q) — volq — 1). (3.3)

Y&D 4 the set

At the presence of information D statement i~j also induces the preference relation P*
of vector estimates Z, and statement i>; induces the preference relation P”/*” on the set Z, which

are defined as follows:
yPI o y=Glz+ Lz -1, z+Uz-Dvy=Clz+Lz-D,z+1z-0), (3.4
yPIEs o (y=(zlzi+ 1,z = 1), i+ Uz, — ], (3.5)

where [€Zy, (z | z; + [, z; — [) is vector estimate, obtained from z by increasing the component z; to z;
+ [ and decreasing the component z; to z; — /. The sense of these relations is simple. Definition (3.4)
states: if criteria f; and f; are equally important, then by increasing the lesser from components z; and
z; by a natural number / and simultaneously decreasing the greater by the same number /, so that the
increased component doesn’t become greater than the decreased one, we will obtain a vector
estimate which is more preferable than the initial vector estimate z. This definition is schematically

illustrated in fig. 1.
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v(k)

v(z+) = v(y;) v(zi ) = v(y;)
1=2 '\ 1=2
¥ Pi ~j&D -
v(zi) w(z))

Fig. 1. Schematic illustration to the definition of the relation PP

Definition (3.4) states: if some criterion f; is more important than f; and the component z; of a vector
estimate z is less than the component z;, then by increasing z; by a natural number / and
simultaneously decreasing z; by the same number /, so that the increased component doesn’t become
greater than the decreased one, we will obtain a vector estimate which is more preferable than the

initial vector estimate z. This definition is schematically illustrated in fig. 2.

i~j

v(k) v(k)

____________ v(z))

--------- P 1=2

-------- v(zitl) = v(yi)
vzl =v(y;)

yPI >]&DZ

Fig. 2. Schematic illustration to the definition of the relation Pri&p

In the scope of the problem under the study definitions (3.4) and (3.5) can also be considered as
definition of the first ordered metric scale with slowdown of the rate of growth of preferences along
the criteria scale without using inequalities (3.3).

RQ&D

The non-strict preference relation (quasi-order) induced on Z by the qualitative

information about the criteria preference Q2 and the information D is defined as follows:
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R™P = TrCI[(U,_(R” UP™”)UR"],

where R? = P"7 and P**P = P7*P if @ is i>j; R” = I'V and P**" = P¥*P if @ is i~j. According to
this definition, yR**”z holds if and only if there exists a sequence (3.1), in which «* are vector

estimates, and & is @ or w&D (so that R is either I or P subject to the sense of &) or 0.
Now we present some information from the theory of quantitative importance [8, 9].

Quantitative information about criteria importance ® contains statements like «Criterion f; is Ay,
times as important as criterion fj» (this statement is denoted as i " j ) or estimates (e.g. interval) of
values 4;. We don’t formulate the exact definition of the concept that one criterion is 4 times as
important as the other, because we will not use it below. Quantitative information about criteria
importance is called complete and consistent and denoted @", if it consists of statements i > j and

induces quantitative, or cardinal indexes of criteria importance [; — positive numbers satisfying the

conditions:

P

ij F
j

, Lj=1,...,m.

If the total of all £ is equal to 1, then they are called quantitative, or cardinal coefficients of
importance of criteria and denoted as ;. These coefficients are determined explicitly by the
information ©”, i.e. the vector o= (, ..., o) is single.

The decision rule which defines the non-strict relation R®" induced by information ®" can be

stated in the following form:
YRz &3 of(y) )" of2) , k=1,...q-1. (3.6)

If in (3.6) all the non-strict inequalities are satisfied as equalities, then y]® “z, and if at least one of
the inequalities is strict, then yP® z.

If information ® is incomplete and the exact values of criteria importance coefficients ¢; are
unknown (e.g. there are only interval estimates of these values), then we have only (nonempty) set

A of possible values of vector ¢ = (&, ..., ay). The relation RA corresponding to such an
information is defined as: relation yR*z holds if and only if all of ¢ — 1 inequalities in (3.6) are

satisfied for any a€ A, or, which is equivalent,

YRz & sup,., Y (oF(») -0l (@0, k=1,..,q-1, (3.7)
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Assume that there is an additional information D on that the rate of growth of preferences
along the criteria scale slows down, so the inequalities (3.3) hold. The decision rule which defines

the non-strict relation R®"“? induced by information ©®"&D can be written as:
* k m P k m P
YR (B)z = Y > 6] () )Z/:lzizlag(z) L k=1,...,q-1. (3.8)

If in (3.8) all the non-strict inequalities are satisfied as equalities, then yI°"*”, and if at least one of

the inequalities is strict, then yP® *"z.

If the information ® allows to determine only a set A of possible values of ¢, then the

A&D

relation R is defined in the following form: relation yR*“”z holds if and only if all of ¢ — 1

inequalities in (3.8) are satisfied for any a€ A, or, which is equivalent,

YR’z < sup,_, z;zzl(al.j(y) —o/ 2N, k=1,..,q-1. (3.9)

4. Correlation between qualitative and quantitative importance of criteria

Information about qualitative criteria importance Q" and information about quantitative

criteria importance ® (in particular ®*) are consistent if
Kj=>VaeA:aq,=a,, , i-j>VaeA:aq>a;;
(i €Q = ix'j, i=j €Q = i>"j,h,>1).
Notice that for consistent Q" and © (in particular ©") the following enclosures hold [2, 3, 8, 9]:
RY CRA [ < A, P o A, RYSD - RARD 4D  [ASD pQ*&D  pA&D (4 1)
(RY < RO, 7" < [0, PY" = PO", RY&D o ROTED [AU&D _ [0°&D pQ*&D . pO&Dy
Consider the case when the set A = A, apart from constraints
a>0,i=1,...mant+...Tta,=1, (4.2)

is determined by equalities and inequalities corresponding to the information Q" which sorts all the

criteria by their importance:
ixj eQ = g= o, I-j eQ = > a;. (4.3)

In essence putting the set A" into consideration means that in addition to qualitative
information about criteria importance Q" we make an assumption about the existence of cardinal

coefficients of criteria importance. Therefore the question whether the corresponding to A" non-
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strict enclosures (4.1) are satisfied as equalities represents both theoretical and practical interest. It
was found that the answer to this question is positive for criteria with ordinal scale, but negative for

criteria with first ordered metric scale!

Theorem 1. Equalities R = R, " = 1", P = P*" hold.

Q*&D A*&D
&D _ pAt&

Theorem 2. Enclosures R , generally speaking, are strict.

The proofs of these theorems are given in the Appendix.

5. Conclusion

In this paper we have shown that non-strict relation induced by qualitative information about
criteria importance on making additional assumption about the existence of quantitative coefficients
of criteria importance doesn’t expand in case of ordinal scale of criteria and, generally speaking,
expands in case of first ordered metric scale.

This result should be taken into account when using the known approach to modeling of the
preferences, based on usage of multiple estimations of values of importance coefficients at the
incomplete information about criteria importance and character of change of preferences along their
scale.

6. Appendix
Proof of Theorem 1.

Without loss of generality, we will assume that according to the information Q' all the criteria
are arranged and indexed in descending order of their relative importance (the criterion f; is the
most important one, and f,, is the least important).

Since the set A° specified by (4.2) is not empty, instead of it in (3.7), we can use [11] convex

polyhedron set A , which is specified by the system
alon . daw 10, o+ ...+ an=1, (6.1)

where ¢; = ;4 if i=i+1 € Q. After such a transition we can use operator max instead of sup in the

decision rule (3.7), which now can be written as follows:
YRz & max_ " (of(y) -0/ (20, k=1,..,q- 1 (6.2)
Define the differences from (6.2) as functions of «:

Afa) =27 (/) -0/ (2) = D ac,(n.2), k=1,..,q-1, (6.3)
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where introduced numbers ¢, (y,z) € {-1, 0, 1} which are determined by the vector estimates to be
compared.

Since the set A is a convex polyhedron and functions (6.3) are linear, problems (6.2) of their
maximization are linear programming problems. Hence, the maximum of each of these functions on
A is attained at one of extreme points of this polyhedron.

The extreme points can be described analytically. If (6.1) doesn’t contain any equality like

a; = a;+1, then coordinates of an extreme point o* are described as follows (see, e.g. [12]):
a*=a,*=...=a*=-, a,,*=...=a,*=0, i=1,...,m. (6.4)

Since the number of extreme points is equal to m, expression (6.4) describes one-to-one
correspondence between the numbers i € {1, ..., m} and the extreme points «*, which can be
1
i b

denoted as a*(i) = (l, viry = 0, ..., 0).
1

In case when constraints (6.1) contain one equality ¢; = ¢;+; the number of extreme points is
reduced by one. And from two extreme points o*(i) and o*(i+1) only the second remains. It follows

from the fact that from all m vectors described in (6.4) only in vector o*(i) the corresponding

1 . .
components are not equal: & = — > ;1 = 0. Analogously, if there are several equally important
1

criteria, then from extreme points corresponding to their indexes remains only the last one, because
for others the corresponding components are not equal. If all the criteria are equally important then
all importance coefficients ¢; are determined explicitly and the set A consists of the single point

o*(m) = (i, oo i). Denote I*={iy, i3, ..., iy} the set of numbers i € {1, ..., m}, for which there
m m

exist corresponding extreme points «*(i) in accordance with described mapping. It means that there
are n groups of equally important criteria, and numbers i; < i, < ... <1i, = m are indexes of the last
criteria in every group.

Assume that relation yR*"z holds for given arbitrary vector estimates y and z. It means that at
all extreme points (6.4) of polyhedron A the values of the functions (6.3) don’t exceed 0. In other

words, for all numbers i € [* and k € {1, ..., ¢ — 1} the following conditions hold:
i 1 i
A, (a* (i) = ;ijlcik(y,z)jo, k=1,...,q-1. (6.5)

According to (6.3) the numbers ¢, (y,z) are determined as follows:

l.if 6/ (y)=a,, o/ (2) =, then ¢, (y,2)=0;
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2.if o/ (y)=a,, ' (z) =0, then ¢, (y,z) =1;

3.if 6/ (1) =0, o/ (2) =, then ¢, (y,2) =—1;

4.if ol (y)=0, o (z) =0, then ¢, (y,2)=0.

Hence, the condition (6.5) means that for the first i elements of vectors ¢*(y) and o*(z)
total occurs of the third case is not less than total occurs of the second case.

We will fix an arbitrary number £ € {1, ..., ¢ — 1} and show that the following vector

inequality holds (cm. (3.2)):
ot (1) 20i(2). (6.6)
Assume that this is not the case and there exists i € {1, ..., m} such that a(’j.) (y) > a(’;)(z). It

means that a('j.) () = a, > 0, where i, € I*, and a(’j) (2) is equal to either 0 or &, >0, where i, € I*

with requirement of » > p. The numbers p and r are the indexes of groups of equally important
criteria. Consequently for the first i, elements of vectors o*(y) and ¢*(z) total occurs of the third
case is less than total occurs of the second case, but this result contradicts our assumption.

Hence, vector inequality (6.6) holds. Since the number £ € {1, ..., ¢ — 1} was chosen
arbitrary all conditions of decision rule (3.2) are satisfied. Therefore relation yRQ*Z holds.

If relation y/*"z holds for vector estimates y and z, then yR™'z and zR*"y. Therefore, as it was
proved above, yR®'z and zR®"y. Hence, yI**'z also holds.

If relation yP*"z holds for vector estimates y and z, then yR"'z is true and zR™'y is false.
Therefore, as it was proved above, yR®z. And zR”'y is not true because of enclosure R < R*"
from (4.1). Hence, ylﬂ*z also holds.

Enclosures from (4.1) together with derived enclosures
RA*g RQ*’ [A*g IQ*, PA*g PQ*

complete the proof of Theorem 1.
Proof of Theorem 2.

Correctness of this theorem is shown by the following
Counterexample. Assume that m =4, g = 3, Q' = {1>=2, 1>3, 1>4, 2>-3, 24, 3>-4}.

System of restrictions (4.2), (4.3), which specifies the set A, can be written in the compact form:
a>o>>u>0,aqtomtat a,=1. (6.7)

Consider the vector estimates y = (2, 2, 3, 1), z=(1, 3, 2, 2). Taking into account (6.7) it can
be shown that conditions from (3.9) hold:
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1 m i P
SupaeA* ijlZi:I(O-’:/ (y) _Gij (Z)) = SupaeA* (0{4 _al) )07

2 m i i
SUP yepx ijlzizl(o-/ (¥)—0/(2)) = sup,epl(er +a, +20,) -2y +as+a,)] =
= sup, (@ —a)+(a,—a3)] Jo.

* .
Hence, yR**"z is true.

Q*&D
z

Lets check now yR . It can be shown that it is impossible to construct the required

sequence (3.1). Really, when P*7 or P"7*” are “applied” to a vector estimate, the sum of it’s
components doesn’t change, but in case of P° this sum decreases. Since 2 +2+3 +1=1+3 +2+
2 = 8 the sequence from y to z can not contain any P’. The graph in fig. 3 shows how the vector
estimate y = (2, 2, 3, 1) can be sequentially made worse, and the graph in fig. 4 shows how the

vector estimate z = (1, 3, 2, 2) can be sequentially made better.

z=(132.2

Fig. 4. Vector estimates that are more preferable than z, according to the information Q*&D
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Since there is no equal vector estimates on these graphs it is impossible to “stick together”

Q*&D
R

their elements to form the sequence from y to z. Hence, is false.
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GbeaOR00) 3MGIFINO MAG3RIRNS60 BI6ICNOL S65RNBIMO
LObOO) AOVIAMOL 350TFOBHN3IGO IMRKIKVIdOL 3IMMK0

00530 AMAXM@SdY, bsmos JoOxmmsdg, bs@os ymexmmsdg
LoJothmggemml Ggdbogy®o 4bogg@dlodgdo

@gb0gdg:  65IOMITo  hodmysgodgdbygaos  gbGogon  dmEgdgmo MmO Egmsosbo
B96J3ool  Sbogroby@o  Loboo  hofg@ol  Igmmeo, Gmdgalsiz  hggh  @b®ogmon
dm(3999mo  mO@Egms©osbo gubJool sbsgobydo Lsbom hofg@mol BomgdsGogydo
dmEgmgdol Igmmpo gufmegm. dgonmeo ©sxydbgdygmos m@Egmswosbo  gybiools
@560l (36900l dgdmmgdsby.
bo3gobdm Lodyggdo: KybJ3os, gbGoao, @sbyo, dmpgmo, J®oGgA0gdo, Sbogoby®o
Lobg.

L. dglogogmo
MO 3gero00b B9bJiool mogolo M 9dgb@gdol dodo@m, Lobmaswme, oJgl ¥sod-Msgo
Lbgoolbgs og909agdol domgdo@ogydo dmwgeno. dmpgero dgodengds [o@dmoyg-
bgl s®y9dgbRgool gOm@Egmowosh @ubiosms bod@sgal, xodl, bos®olbl ©s dom
bbgoaslbgs 30350653090 4tggero 30b3M 9@ Y0 dmEgeo 996d3zool
db0dgbgemdgdolopgsb dmombmgl dbmerme dobmgol @sdsbolosmgdbgaro  3o®mbgdols
YgbOyagosl.  gyfm-eme o3 300m69dL  g9bjiool  dsmgds@ogy@o  dmpgeols
d5dm{dgdgemo 3M0@gHoedo.
®50dg 3Omdengdols godmygerggol dobbom bdodop g30(g3b 3gdol ho@do®gds, Gm-
dgems  dgogagdo  dmegmgl  dgdmbgggedo  Fo@dmowagbgh  @odwgbodg  (33@oby
05dM 30-0 gd e G50dg Logogols db0dgbgeomdgdl. 05305300390 >© >d
db0dgbgeomdgdol dm3gdol yggeobg bgalsg@gero bg@bos domo hofg@s b®ogols
Loboo. dgdamddo ©agds Logombo @b®ogomn  dmigdygmo  Lowowol sbsgobydo
Loboo hHofg@ols. o3 dJobbol dobom{ggom sOLgdmdl Lbgowslbgs dgmmwgdo. 5dsgg
dobboon  gomogobmdom  hggbl  dog®  hodmysemodgdyee  dgmmel,  GmIgeoi
JDogo (33500560 1bJ00l @obaols 36985bgs Woxydbgdbywo.
aobgobogrmm  dgdgyo sdm@Eebs: gmdgem, @s0dg u  Lowowy, Gmdgmoxz X ©s ¥

©5dMY30gdger  (33ogdbge  odmyogdyeo,  dmEgdymos  gb®ogol  Loboo,
@amdemol dodzbgbs Lggdls s bgos LEMoJmbdo dglodsdobow aobemoggdgeos X

> ¥ (33E0o-9d0l X, Y, € R(i=12,--,m; j=12,---,n;m=n) 9bodgbgermdgdo, bmegom
Lowowols  u, 3b0-dgbgarmds  dpgdodmgmdl i-gdo LE®ombols ©s  j-g®0 bggdol
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2o5439mobg (ob. b@. 1). bodo®ms u, 3609gbgarmdgools LoTgomgdbom ogo@y0bmm
R*-%g 25b6Lobwgdamo @  3gmeebdy  ©odmjoegdgmo  Lowowol  domgdsdogg®o
dopgeoo  (dd), dobo dodm{dgdgano  3@0FgM0ydo  (d3) o, oy gl dmgsbg@bgo,
hog{g@mm sbogroby®o Labom.

ab®ogno 1
Yy | 2 || Y || Ya || Yk || Y || W
X
X1 ur Upg (.| Uy || Uid |- Wik |- | Wi | - | Uin
X2 U1 U2 | .| U2 .| Uad . Uk - | U2p . Uon
Xi Uil Ui | .| Ujj .| Wid . Uik - | Wuip . Win
Xc Ul Ue2 |- | Ugj . Ucd . U ck . Ucp . Uecn
Xs Usi Us2 [ .| Ug | - | Usd |- | Usk | .| Usp . Usn
Xa Uql Ug2 |- | Ug || Uad | - | Hok | - | Uap . Uon
Xm Umi Um2 |- | Umj || Umd || Umk | - | Ump . U mn

gb®ogool  gangdgb@gdoom  dggoy0bmm U:(uy)i:1,2,---,m;j:1,2,---,n; m2n do-
A0z, bowsg i bLHOIJMbol bmdg@os, boam j- bggBol. gyfmomon sl g9biEool
360336 mdoms doGMo3s. 53 do@B@oiol bydolidog@oe Jg@dhgymo LE®ojmbgdols s
LggBgool Lodgoggbomn dggoaobmm r+1 Gogol R gOdobsbd:

Uy Uy Uy o Uy Uy
ucj ucd uck e ucr uca
_ sj sd sk sr sa
detU =
urj urd urk urr ura (7"+1)(7"+1)
uaj uad uak o uar uaa

=0, 35Tob r-L gfmwgos U

r+l

d5m939B 030056 3bmdognos, G™md ey detU, #0 s detU,
do@®ozol Gobyo.

35bLsbEg@s 1. g9bji00l 360dgbgermdgdom dgopgbogro U ds@@oiol @sobal ggfmomn
MO(3ge050560 B96J300L hgggegd®obo @sbyo 56 Jmymgo — 9600l Msbyo.
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2. 3;5g5®0 bsFogno
[1] 6536m3Fo ©s353G30390 F9dwgao mgm@gds: 0dolbosmgol, GmI u=u(x,y) g96]-
305L 3Jmbogls

«(x3)=3 1, (x)e, () U

Lobg, Loz f, @ @, R-by 3oblodbmgdgmo  gmgdgbdodygmo  ggbdiogoos,
S9(308090g@0s s bogds®olio  g9bjiool @Gobyo ogml  r-ols Goeoo, g.0. dgbOewgls
‘d9dga0 306mds:

detU, #0, detU,, = 0. )
gl mgm@gds [o®dmowagbls dodome mgm@gdsl bGogromn dmEgdymo  MmEEgES©0sbo
396J300L Sbogobydo Loboom hofgdols  dgommwols, G™Igenlsei J3gdmm dgdmamagsbgdm.
(1) go@dgesls dgodangds 3Jmbogl dgdwgyo Lobols 3g@dm dgdmbggggdo [2:3:4]:

r=2

(50)= 51, ()0, () + () 0 0), ®
(5.3)= 2, (I, () (). @
(53)= 5, (I, () +w () B
«(x3)= 51, (9o, (3) v, ©
u(xiy) = S 1, (3o, ()= e (1) () (x) +w (). ©

Lboo g ©o ¥ gagdgbBodymo g9bjiogdos, a=conste R, r=2,3,---,n.
305JB0godo  dognosh  bdodse  agbgogds  bgdmm  dmygsbogno  dmegengdols
d9dga0 Lobol gdodBoggbo 3g@dem dmgengdo:

u(x,y)=/(x) o(») (r=1) (8)
u(x,y)=1(x) o(y)*+g(x)w(y), (r=2) 9)
u(x,y)=r(x)+o(»). (r=2) (10)
u(x,y)= f(x)e(y)Te(x)+v(»), (r=3) (11)
u(x,y)= f(x) o(y)*+e(x), (r=2) (12)
u(x,y)= f(x)e(¥)+tyw(y). (r=2) (13)
u(x,y)= f(x)o(y)ta, a=consteR, (r=2) (14)
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u(x,y)=f(x) o(y)*+f(x)*e(r). (r=2) (15)
4ggeos  39adm  dgdmbgggel  ogl  Logymsdo I3 o gubdiool sy (bowos,
boasmnsb dgos®gdomn Yg®m Jo®E0g0).

@5b53300392200, 9BGHM FgHho gade Fgdmbggzgdo assdsl, dmas r>2.
JoMomoo  mgm®gdol  ©sdEogool 3mEglosb 2sdmdEobo®gmol, Gmd Lsdogdgero
396300l Sbogmobydo  Lobol sdwygbo gm@dgems (sLey) @bowo bLoboo  s@ols

u(x,y)-0l 30350 Fgdwga0 gobHmmgdols 5dmboblibo:

u(x,y) uy(x) o w (x) o ug(x) ou(x)

u(y) Uy e Uy e Uy e U,

U (y) Uy e Uy o usﬂ e U, -0 (16)
U (V) Uy e Uy e Uy e Uy,

u,(¥) Uy e Uy e Uy e U, (r+1)(r+1)

bowoi uy (x), u (x), w(x), u (¥), u(y), u,(¥) obpgdlgdol glsdsdolo Lggdg-

dobs s bB®oJmbgdols gangdgbBgdom s gboeno g3yb]309b00s.
dogoomols Loboo dmpggegl  (9), (10) o (11) dmpgargdol dglisdsdolo gbJi00ls
Sla3-gbo:

()=, (¥) 1, (3) . )
u(x,y) = {u, (x)[uc (y) Uy -u, (y) u,l - u, (x) [u, (y) U, -u, (y) u,} :

(U g -ty Uy ), (18)
u(x,y)Zud (x)-i—uc (y)-ucd. (19)

aobgobogrmm  gOmE3EsEosh RByblizosms bodolbol dgdggero 33 mogobo  39@dem
‘dgdmbggggdoom [S]:

?,(¥)

u(x,y)= Q[fy @] 0)
)= (0] e o
)= (0] v, )
()= AL ] g @), )
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?,(¥)

u(x,y)= 4 h[fy (x)] , A=consteR, (24)

() =[] @)
bowoiz 7 (1 0<r<n) gb®ogool  gangdgbBgdol  pogmas@omdgdom  dowgdyano
do@®oiol Gobyoo.

am@s =1, 35dob (20) sblgom Lobgl @gdyermdls:

u(xy)= [F(0]Y = (26)

o(x,y)=1g[u(x.y)]=0(»)lg[ £ (x)]. 27)
od dgdmbgggsdo g39bji00l @mas@omdyemo @Gobyo 1-0l Gmanos.
Om@s =2, 357d0b (20) ggodemggl:

u (x,y) = [f(x):ro(y) [g(x):r//(y) => (28)

o(xy)=o(»)lg[ £ (x)]+v (»)ie[e(y)]- (29)
od dgdmbgggsdo 39bjio0ll @mas@omdygemmo @Gobyo 2-0l Gmanos.
99609365 2. 0y gobglobeg@gn o(x,y), 3>Tob

u(x,y) =10, (30)

Gom39>  asbbogoaeo ol Jgdmbggggdo, @m@s  (20)-(24)  dmwgagdl  gds@gdom
a =const € R [6].
35bLabeg@s 2. ¥9bjiools 360dgbgarmdgdom  dgygbogno U ds@@doiol  gangdgbg-
A9ool  qommas®momndgdom  dowgdgmo  Js@@oiol @sbyl  gyfmomon  m@Egmswosbo
39-6J300L @masHomdgmo @56y 0.
39603365 1. boy gubjizoob hgggmgdb®ogo @sbyoi ofglb s @mas@omdymocs.
dop 000, (9) Lobol dmwgenol dJmbg 19bJiools hggaergddogo @sbyo s@ols 1, bmenm
e oMomdgero — 2; (20) Imwgeools aomys@omdygaeo @sbyo s@ol 1, dog@sd g@mnbgan
oMy sM0mdgdyge U do@@oEol o9 30093 20858000000 gom, dogowgdm  (10) Lobols
dogaol, Gmdgols Gobyos 2; (25) dnwgeols @mas®ondygao @sbyo s@ols 2.
dgbFogaromo 55d3L m@GgEasbo Gubjgool Yg@m Omgmo dnwgwgdoq [7)

u(x,y)z[ify (x)(py (y)} , A =const € Q (31)
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s dJobo dgg300 dgbodanm 3g@dm dgdmbgggs [8]:

u(x,y)Z{Zr:fy (x)qay (y)} +b, A =const e Q,b=consteR. (32)

[3] 653G ™o hodmgogsemodgm bGogomn dmEgdgmo mOEges©osbo  gy9bjiools ob-
semoby®@o  Loboo  hofgdol  dgmmeo, @mdgebsi  hggh  @bMogmoon  dm3gdgeo
MO 330560 g9bj3ool sbogoby@o Labom hoFg@mol Bomgds@ogndo dmegagdols
dgomeo  (333) gyufmegm. gb Jgmmeo dgdegado damdomgemdls:

1. gbobmgdogm U ds@@oiols dobyls;

2. o9 35d®oEol @sbpo gobglobmg®gm, @oi bodbogl, @md bGogom dmgdygeo
Lboowols sdmyogdygmagds mogol oMadgbdgoby 9bjcoydo bobosmobss, gfgom
dol Igbodsdol ybool sbwa-L.

3. @obpoll Lowowols oby sLpag-ol aomgogolifobgdom bgdoldogHow go®hggmn Lako-
O mEgbmdol LE®oJmbgdls o Ubggdgol, wogswagbm dom osbogroby® Lobgl s
39300560 Sbea-To;  3o@3399m0  3oBEsJIbydel  Igrgyee  dogoegom  gb@ogon
dmgdge Lowowgl, hofg@oml sbo@oby®o Lobom.

4. oy GO0l @sbpo g9  gogopgm  (go0. r=n), 35906 ULodogdgewo Lowogwols
obogroby@o Loboo hobsfgom 9bos godmgoygbmm Lbgs dgmmwgdo.

hodmygoenodgdagero  JgmmEowsb  353mdobs®gmdl, @md @sbyol gopgdols dgdmbgggsdo,
gb®ogom  dmiEgdymo Mm@ Eg@s©osbo  ybdizools  sbsgoby@o  Labom  hofg@s  3dd-ols
253049690000 BoJBHoydse bpgds gOmEgmeosbo gubji0gdols wewygbols Lobyl@om.
d33-0L 0dmyggbgdom dogowgm 39300 LoobBgmgliem dgogao. dmaggegl Msdwgbody dsmgsbo:
. dogowgm bdogo ©s dobo aodmygbgdol Fgbgdo dobmgmols d@fyobgoamyg smwamdols
OEgbomsb  sgogdodgdom  dgdgao  S3m35bgdols  Smboblbgens  (Jos@mdswowgdeny@o
3> be@ol dobgwgom) [9} o) Farol bmddol dobgegon s@eamdol ol ©aEygho,
) seEamdols ol dobgogom dgbsdagdgero Faol bmd@mols o gbs.

2. dogoggm sin(x+y) Fabeoob podmbsogmamo bogoro gonGIgms [4]
sin(x+y)={sin(x+yd)[sin(xc +y)sin(x, +y, )—sin(x, + y)sin(x, + y, ):'—
—sin(x+yk)[sin(xc +y)sin(x, +y,)—sin(x, + y)sin(x, +y, )]} :
[ sin(x, +y,)sin(x, +y,)—sin(x, +y,)sin(x, +y,)]. (33)
Godmol  mIsmBoggbo  gghdem  Dgdobagges  BHH0aMBMIIBHGH00wSE  gotace  (36Mbogmo
sin(x + y)=sinx cos y +cosx siny GoGI, 0% 5393900, H™J

x,=y,=0,x =y =90
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3. dogomgm Igxy ¥9bjiool godmbsmgamgamo bmaswo gm@dyas [4]:
lgxy =lg(xy, ) +1g(x.y) -l (x5, (34)

@edmol 9do@Fogglo 39Odm dgdmbggges smygddowsh joGysw 3bmdomo lgxy_lgx
1 gy goadgms, oy ogydggdm, Gmd x, =y, =1

4. dogogo lg(x/y)=lg(x/y,)+lg(x./y)=lg(x./y,) BabI300lL yodmbongegero
bmgoo go@dywms [4]:

lgxy =lg(xy, ) +1g(x.y) -l (x5, ), (35)
Amdgool  ¢do@Boggbo  3g@dm  dgdmbggges o gd®osb  3o@go  (3bmdbogno
lg(x/y)_lgx_

-lgy go@dges (x, =y, =1).
5. ©ogodhgogge  [4)

lgx’ =ylgx (36)
AMeEmdol Jo@mgdyemds.
6. 3obloggm@gdomn g30bps godmgymo lg(x+y) g96jcos. Labmaswme, gl gubjaos,
@5baol aoagd0l dbMog, dogrosh @mygao gubioss. dobo dbodgbgermdbdgdom  Jg-
2960gmo do@A@oiol Lbgowslbbgs bofoml Lbgoslbgs @obgo ofgl. @ 9dgb@gdol wo
domo  xodol  geogdol  100<x,y <1500, 200<x+y<3000 Dyosegogdbolbmgol
dogowgm Ig(x+y) g96dEool godmbsmgmgmo go@dgms [10]:
lg(x+y)=lgy +1,4275 Igx, —7,4125 1gx, +6,9750 Ig x, +

+(91,750 I g x, —299,625 lgx, +207,875 Igx,) lg y, —

—(5,7501g x, —182,6251gx, +130,8751gx,)1g v, , (37)
x 4200 X+ 600 x+1000

RGN =TT T 00 0 N T g0 9
_ y+3500 _y+900

»=y+200, y, (39)

3

542000 2T 54200
3ohggbgo, @md [Oxogo aod@sbobgom gomo dygogrgoolongol  godmygsbogro  gm-
@dgens Jgpg0daos podmgoggbmm Lbgs Igomgegdobogobse.
obogn A<x, B<y (xS y) ‘dgomgobg obg bpgds go@sbgans:

. gbobwgdsgm a=0,754, b=125B; (40)
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2. (26)-Fo X, X,, X3, V;5 V5» V3 boowggdolmgols sbogn 3603369enmdgdls aodmgmgemon

‘3930920 BMAOIYE gdom:
. ~x-13a+0,3b . _x-1,7a+0,7b . _x-2la+11b
' 04(b-a) T 08(b-a) T 7 L3(b-a)

: (41)

_y+0.6a+0,4b _y+0,2a+0,8b
y+0,9a+0,10" & y+0,9a+0,10"

¥, =y+0,9a+0,1b, »y, (42)

99609365 3. (37) gm@dgms aodmygoboeo gasdgl [a=100; b=1100] Fgomgoobmgol,
Aamdamobmgolsi  dgbodsdol g9bjiool d60dgbgermdoms Fs@@oiol @obpo s@ols 4.
sgoeo dobobggo®os, GmI o3 gem@Igaol 33-U o3l dgdwgao Loby:

u(x.y)= £ (x)@ () + 12 (x) @ (9) + £5 () 05 () + £ (x). (43)
3. asliggbs

o0 Mm@ gdosb 2odmdobs@gmdl, ™3 my s@OLgdbmdol U ds@®oiol (sb dolo
92093963 900l gommas®omdgdomn Jomgdyero ds@@oiol) Gobyo r<n, d5dob bGogoro
l-o0r dmgdygeos ¥ybdaoyg®o wsdmgogdbyamgds s doli osbiwe-b gl (1) (o6 dobo
390dm d9dmbggggdol aodmdbsbggen gm@dyagdls (3)-(7)) Loby.

hggbo sbdom EbMogro l-ol Labol bgdolidogmo Eb@ogols gargdgbBgoom Imzgdgeros
396J309M0  ©sdmogdyamgds, g.0. dgbodsdolo @sbpo 7 <n. Jmsgodos bGoado
33Jmbwgls  Lodogdgero  Lowowols  36093bganmdgdol  obgmo  m@gbmds,  GmI
‘dgodan gdmegl @sbaol goblobmg®es.

ROBIOSBIAS
L b gooxm@sdg, 0. yoOxm@sdy. gbGomon Jnggdgmo mdEgEarosbo ggbjgool
bmg0gOmo Jomgds@dogy®@o dmeganols dodm{dgdgano  3GoBg@ogdo //,,393609090s s
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sbogoby®o Lobol owygbols dgmmwo /1 LEy-L Lodgibogdm dOmdgdo, Ne 3 (449),
2003, mdognolso, ag. 24-29.
4. 0. gOXmE5dg, b. ge@xmEsdg. 3bGogom Jmgdygmo gOm- s MAMSbyosbo Mm®o
Ggool g9bJogool  sbogoby®o Lobol owygbols dgmmeo //,,39d56030L  3O0d-
@ 9dgdo®, mbdognolio, 2008, Ne 4(33), a3. 39-43 (obyeoliy® gbsby).
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10. 6. ye@xmEnsdg, 0. amOxmeEsdg. 3bGomon JmEgdgeo m@EgEswosbo gy9bl-ool
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MeTtoa MaTeMaTH4YeCKHX MOJeJIeil 3alucH AByXIIepeMeHHOIl pyHKIMH, 3aJaHHOM Ta0auuei, B
AHAJTUTHYECKOM BH/E

N.N. T'opaxoaanse, H.U. I'opaxonanze, X.III. I'opakonanse

C yuyeTtoM MOHATUSA paHra (QYHKUUM JABYX TI€PEMEHHBIX, H3JI0)KEH METOJ YCTaHOBJICHHUS
aHAJIMTUYECKOTO BUAA JByXIepeMeHHOW (DyHKUWHU, 3aJaHHON Tabnuuuii. PaccMoTpeHsl mpuMmepu

MNPUMCHCHA ITOHATHUSA paHTra U U3JIOKCHHOI'O MCTO/Z1a
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HEUYETKASI ONTUMU3AIUA B TIPOEKTUPOBAHUM KOHCTPYKIIUI
B.A. Bapanenko

JAHenponeTrpoBck, YKpanHa

B KkoHIEe mpomIoro CTOJETHS MHTEHCHUBHO OTpabaThIBAJMCh METOJAbI pacdyeTa HampsKeHHO-
neGopMUPYEMOTO COCTOSIHUS ~KOHCTPYKIMH, COOPYXKCHHH, a TakkKe Ha JIOJTOBEYHOCTD,
YCTOMUMUBOCTb,  KOJIEOAHHUS, YCTalOCTh, HAAEXKHOCTh, ONTUMAJIBHOTO  MPOCKTUPOBAHMUS,
MPOUCXOJWIO BHEIPEHHE HOBBIX MaTepHaJoOB M MPUMEHEHHE CIOCOO0B M TEXHOJOTHM
WCII0JIb30BaHUsI COBPEMEHHON BBIYMCIUTEIBHON TEXHUKHU.

B Teopuu npoexkTtupoBaHUs KOHCTPYKLHM, B TOM YHCIE€ U ONTUMAIBHOIO, Iie JOMHUHHUPYET

JETEPMUHUCTCKUN TOAXOJ, BBI3BIBAET MHTEPEC paccMOTpeHue Ooisiee o0IMX 3aznad, B KOTOPBIX
ObuUTH OBl YYTEHBI HEOMpPENeIeHHOCTH. [[s (OopMyTUpOBKH M pEIIeHHUS HUX HEOOXOAMM TaKou
MaTeMaTHYeCKUil  ammapar, KOTOpPbIH HMel Obl BO3MOXKHOCTh  ampHOPHO  yYUTHIBATH
HeomnpeaeneHHocTs [1].
Takum anmaparoM npu ACHCTBUH (HaKTOPOB CIY4alHOW NPHUPOIBI B MEXaHHKE CTaja TEeOopus
BeposaTHocTel [2, 3]. OcHOBHas wujaes BHEIPEHHsS HTOrO ammapara B MEXaHUKY COCTOMT B
CIIETYIOIIEM: BEIMYMHBI, KOTOPbIE BXOJAT B YpaBHEHHsI MPOYHOCTH, KECTKOCTH, KojeOaHui u ap.,
F€OMETPUYECKHE XAPAKTEPUCTUKU JIEMEHTOB M CaMOM KOHCTPYKIIMU, XapAaKTEPUCTUKU CBOWCTB
Marepuaia, BEJIMYUHBI  HAarpy3oK, HUX  MECTONPHIOXKEHHUE  paccMaTpUBAIOTCA  HE
JNETEPMUHUPOBAHHBIMM, a CIIy4YallHBIMU BEIUYMHAMH, UMEIOIUMHA U3MEHYUBOCTh U CO BPEMEHEM
J0CTaTOYHO OOJIBIIYIO.

HcrounnkoM HENMONHOTHI WHQOpMAIMK 00 HCXOIHBIX JAaHHBIX, pPACUETHBIX CXeMax
(YHKIIMOHUPOBAHUH TEXHUYECKOW CHCTEMBI U T.II. IOMUMO (haKTOPOB CIyYaHON MPUPOIBI MOXKET
OBITh HAJIMYME UHBIX (DAKTOPOB HEONPEAEeIEHHOCTH.

[lonsiTHE  HEONpPEeNEeNeHHOCTM HMHTYUTHUBHO IOHATHO  KaXJIoMy  4enoBeky. OJnHako
dopmanuzanus ee Bceraa BbI3BIBANA 3aTpyAHEHHUs. Jlonroe BpeMs CUMTANOCh, YTO BCE
HeoO0XoauMoe AJisi paboThl ¢ HEONPEAEIEHHOCTBIO TaeT TeopHs BeposiTHOcTe. Ho co BpemeHeM B
CBA3U C U3MEHEHHEM BOCIPUATHUS YEJIOBEKOM OKPY)KAIOLIEH ero Cpebl aIeKBaTHOCTh 3TOM TEOPHUH
CTaJia BBI3bIBAaTh COMHEHUs. B pe3ynbrare B KOHIE 20-r0 CTOJIETHST B MaTEMATHKE BO3ZHUKIIO HOBOE
HalpaBJIEHUE UCCleIoBaHMi - Teopust HeueTkux MHOxecTB (THM) [4, 5]. Ilo3xxe Ha ee ocHOBe
ObL1a pazpaboTaHa TeOpUsi BOZMOXKHOCTEH [6].

B Hayke BO3HMKIM Takue HH(QOPMAIMOHHBIE CUTYyallMM, KOT/Ia HEKOTOpPbIE HCCIEIOBAHUS
MOPOKJIATM OTPOMHBIN MOTOK MYyOJUKALMKA B PA3IMYHBIX 00JIACTAX MPUMEHEHHs. TakK CI0XHUIIOCH,
HarpuMep, € MIHUPOKO HM3BECTHBIM B MEXAHUKE KOHCTPYKIHI METOAOM KOHEYHBIX 3JIEMEHTOB.

AmMepukaHckomy matematuky JI.A.3ane yaamoch co3garh noJoOHyro cutyauuo. Karanuzatopom
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nH(pOpMaMOHHOTO B3phIBa cTaja ero padbora "Fuzzy sets" B xxypnane "Information and Control"
(1965). HoBaTopckue Tpyabl 3TOTO YYEHOIO M €r0 YYEHHMKOB MPHUBEIU K CMEHE KOHIIENTYaJbHbIX
IIO/IX0JI0B, METOJI0OB MCCIEA0BaHUs BO MHOTHX OTpacisXx Hayku W TexHuku. THM mpencrasisier
co0oif 00001IeHNe U TIEPEeOCMBICITMBAHNE BaXHEHIINX HAINpaBICHUA MAaTeMaTUKH. Y €€ HCTOKOB
JexaT UIEHM W JOCTH)KEHMS MHOTO3HA4HOW JIOTMKH, YKa3aBUIEH IyTH Iepexoja OT ABYX K
IIPOM3BOJBPHOMY YHMCIYy 3HAU€HUH MCTUHHOCTU. Teopus BepOATHOCTEH M MaTeMaTHuyecKas
CTaTUCTHKA IPEIOCTABMIA OOJBIIOE KOJIWYECTBO PA3IUYHBIX CHOCOOOB M METOAOB 00PabOTKU
HKCIIEPUMEHTAJBHBIX JaHHBIX, OTKPBUIM IYTH HUHTEpHpeTanud (YHKIUU MPUHAIICKHOCTH -
ocHoBHOro moHsATUss THM -00o00mieHne xapakTepucTudeckoil (yHKIUU OOBIYHBIX MHOKECTB;
JTMCKPETHON MaTeMaTHKH, MPEIOKUBIICH HHCTPYMEHT A7l OPMYIUPOBAHUS aIeKBATHOW MOJIEIN
IIPU pELIEHUN BCEBO3MOXKHBIX IPAKTHYECKUX 3adadu [5].

Brayane cioBo "fuzzy" ucnonab30Banock B y3KOM CMBICIIE IPUMEHUTENBHO K KATETOPUsIM S3bIKa
WM MBIIUIEHHS, HO HE K ONMMUCAHUSAM MPUPOJBl €CTECTBEHHBIX SIBIIEHUN. B HacTosIee Bpems 3ToO
CJIOBO MCIIOJIb3YETCSl B LIMPOKOM CMBICIIE JIUIsl BOCIIPUSTHS SIBJICHUH U IPOLIECCOB, IEPEMEHHBIE KO-
TOPBIX UMEIOT XOPOIIO PAa3INYMMYIO TPAHUIYy TEX MHOXKECTB, K KOTOPbIM OHM IIPUHAJIEKAT. DTOT
TEPMUH HCIOJB3YETCS M B CIydasX, KOrJa rpaHUIbl MHOXECTB IIJIOXO Pa3IMYUMbl U UX MOXKHO
BBIPA3UTh HEUYETKUM MHOKECTBOM.

THM 3anymaHa kak MaTeMaTH4eCKUI anmapaT HEYETKOro BhIBOJA M pabOThl C MEPEMEHHBIMU
JUHIBUCTUYECKOTO BHJA [7], YTO COOTBETCTBYET SBICHHUSAM U IpOLIECCaM TI'yMaHUCTUYECKUX
cucteM. B MexaHMke S3TOT ammapar HE CMOI HAWTH NPUMEHEHHUE, XOTA C IOMONIbI0 TaKUX
IIEPEMEHHBIX, HalpuUMep, MOXKHO ONHCAaThb COCTOSSHHE KOHCTPYKUHMHM B IIpolecce ee
¢bynkunonuposanus. [lydmukanuii 06 ucnons3oBanun THM B MexaHMKe KOHCTPYKLIUN JOBOJIBHO
maso. Opnako, mocnenyromee pazsutue THM nano BO3MOXHOCTH COpPMYIHpOBaTH TaKue
MOHATUS TEOPHH, KaK HEYETKHE YHuCla, UX apu(METHKy, ONepalHuH O-ypOBHEH, IEKapTOBO
IIPOU3BEACHNE, MPUHUUINBI O0O0OLIEHUS, CIAUSHUS M Jpyrue, I[O3BOJMBLIME paboTaTh C
MEXaHUCTUYECKUMU CHCTEeMaMHU B YCJOBHUSX HEONpeIeNeHHOM HWH(OpMaluu U BBISABIATH
3aKOHOMEPHOCTH BIIMSHUSA 3TOU HH(GOPMALIMU Ha OL[EHKU U TOYHOCTh MOJTYyYaeMbIX pPe3ylbTaToB.

B 3agadax CTpOMTEIBPHOM MEXAHMKU M NPOEKTHUPOBAHUS KOHCTPYKLUN UMEIOT MECTO Cllydaw,
KOTJ1a TapaMeTphl 3a1al0TCSl HETOYHBIM, HEICHBIM 00pa3oM. [IpoeKTHpOBIIKK 0053aH yTOUHUTH UX
C mnomouiblo Ko3(h(UIMEHTOB HAAESKHOCTH WM 3armaca B COOTBETCTBUM C HOpPMaMHu
npoekTupoBaHus. Jlo cux mop B MEXaHWKE JOMHHHUPYET ACTEPMHUHUCTCKUNA MOAXOI. 31€Ch UMEET
MECTO YBAKUTEIbHOE OTHOILEHHUE KO BCEMY TOUYHOMY, CTPOTOMY M KOJIMYECTBEHHOMY. B 3Toi
CBSI3M IIPUBEIEM BbICKA3bIBAHUS KJIACCUKOB!

- T'anuneo lNanuneii: "Hano usmMepsaTs Bce U3MEPUMOE U J€1aTh U3MEPUMBIM TO, YTO MOKA HE

MOJJAETCA U3MEPEHUIO";
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JA.N.Mennenees: "Hayka HaunHaeTcs ¢ T€X NMOp, KAaK HAUMHAIOT U3MEPsTh. TouHas Hayka He
MbIcTuMa 0e3 MepsI”.

OTHOLIEHUE XK€ KO BCEMY HETOYHOMY, HECTPOTrOMY, CIy4yalHOMY, Kau€CTBEHHOMY IOJITO€
BpEMs OCTaBajlOCh NMpeHeOpeKuTenbHbIM. M Tonbko B KoHIlE 20 cTONMeTHS K 3TOH mpobieme
cTamu OTHOCUThCA HHade. OCOOEHHO C TMOSBICHHEM amnrapata TEOPHUH BEPOATHOCTEH,
CTATUCTUKHU, TEOPUU HEUETKUX MHOMXKECTB, TEOPUU BO3MOXKHOCTEH, a TakKXKe IIMPOKOro
WCIIOIb30BAHUS CPEJICTB BBIYMCIUTENbHON TEXHUKH. MBICIb O TEPNUMOCTU MPOEKTHUPYEMOM
CHUCTeMBbl K HEYETKOCTH 3aMaHuyuBa. 3/J€Ch MOJ TEPNUMOCThI0O K HEYETKOMY MOHHMMAETCs
CIOCOOHOCTh CHCTEMbI MEPEHOCUTh HEYETKHE, HETOUHBIC JaHHbIE B KJIACCUYECKHUE METObI
aHaIM3a U NpUHATUS peiieHuil. Ha ocHOBe Takoro mojaxojia MOryT BOBHHUKHYTh HOBBIE METO/IbI
HCCIe0BaHUsI.

Ilenp HacTosimiei paboOThl - O3HAKOMUTH C HOBBIM HAIlPaBICHHEM HCCIEIOBAaHUN B
ONTHMHU3AIMM  KOHCTPYKIMI,  MOKa3aTb  BO3MOXKHbIE  MOJEIM  MaTeMaTH4eCKOro
MIPOrPaMMHUPOBAHHUS B YCIIOBUSX HEUETKON HH(OPMAIIHH.

2. TexHONOrUsI HEYETKOTO MOJICTUPOBAHUSI.

[Ton He4YeTKMM MOJENMPOBAHHEM 3JECh MMOHMUMAETCS IPOLIECC BBIMOJHEHHUS CIEAYIONINX
ATaNoB HccaeaoBanus: (pazzuduxanyu, HeyeTKoro aHanusa u jaedaszszuduxamnuu. CyTh nepBoro
JTama COCTOUT B ONHCAHUM  HAYaIbHOM HMCXOAHOM HHGPOPMALMM B TEPMHUHAX HEUYETKUX
MHOXECTB, TO €CTh ISl HEUETKUX MapaMeTpoB Tuna "mpudiusutenbHo”, "okono", "6nu3ko k",
"mpumepHo", "B MHTEpBaJe" U T. M. BBOAATCS COOTBETCTBYIOIINE (PYHKIIUM TPUHAICKHOCTH.
[Ipu pemieHMM NMPaKTHUECKUX 3a/lad OHU JAIOTCA BHe THM u MoryT ObITH OmpeeneHbl
paznuuHbIMU criocobamu [5]. Hanpumep, B pabote [8] Ha OCHOBE CTaTUCTHUUYECKUX JaHHBIX IS
CTaJIbHOTO KaHaTa (HeOO0JIbIION BIOOPKH) MOJyUYEHbl COOTBETCTBYIOLINE MPUOIMKEHUS MOTYIs
YIOPYTOCTH B BHJI€ HEUETKUX YHCEI TPEYTOJIbHON U TpanerougHou GopMBI.

Bropoii sTan MojenupoBaHUs COCTOMT B YCTAHOBJICHHHM COOTBETCTBHUS MEXIY HEUETKHUMHU
JAHHBIMU M TPOCTPAHCTBOM OTOOpaXKEHUsI PE3yJIbTAaTOB. DTOT ATAll BBIMOJHSAETCS HAa OCHOBE
UCIOJIb30BaHUs TMOJXOAA O-YPOBHEH , MpUHLUIA 0000IIEHHUs, IeKapToBa MPOU3BEICHUS,
pPacUYEeTHBIX AHATUTUYECKUX WJIM YUCJICHHBIX METOJOB MEXAHUKHU, a TAKKE KOMIIbIOTEPHBIX
MPOTrPaMMHBIX KOMILIEKCOB.

[Tpouenypa cBeneHUs MOTYyYECHHBIX HEUETKUX PE3YNbTaTOB K YETKUM BBIIIOJIHAETCS B
TpeTheM JTare uccienosanus [5, 9, 10].

3. Moaenu HEYETKON ONTUMU3AIUH.
3.1 CrannaptHas 3agaua THM.

Chopmynupyem creAyrouyo 3a1ady MaTeMaTU4ecKoro NporpaMMHpPOBaHUS
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P = arg{ma}(Xf(x) lg.(x)<0; i=12,..,m} (1)

TZIe X -BEKTOP PEIICHUH;
f{x) - ueneBast pynkuus, f : X — R;
g;(x) - dyHkuuu orpannuenuit g, : X — R.

HeueTkunii BapuaHT 3TOM 3amaun moiyuutes, eciu : 1) "cmsaraute" B (1) orpaHudeHus, To
€CTb JOIYCTUTh BO3MOXHOCTb UX HapyIIEHMs C TOW WJIN UHOW CTENEHbIO; 2) BMECTO MaKCH-
mMu3an QyHKIUH f(X) HEOOXOAWMO CTPEMHUTBHCS K JOCTHIKEHUIO HEKOTOPOTO 3aJaHHOTO
3HAYEHUS 3TON (PYHKIHMH C PA3IUYHBIM JOMYCTUMbBIM OTKIIOHEHHEM.

3.2 HeueTkasg MOI€EIb OKUIAEMOI0 3HAUECHUSI.

Heuerkoe nmporpaMMupoBaHue MPeACTaBIsAET COOON OJIMH U3 KJIACCOB MaTEMaTHUECKHUX

Mozenel. 3anuch 3a1a4 HEUETKOr0 IPOrpaMMUpPOBaHus cooTHoueHueM (1) ¢ BBeieHuem

HEYETKOW KOMITOHEHTEHI - BEKTOpa &, TO €CTh

f(x,§) > max npu g.(x,5)<0; i=12,...m (2)
HE HMMEEeT MaTeMaTHYeCKOTO CMBICNA, MOCKOJIbKY HE HMMEET €IWHCTBEHHOH WHTEepIpEeTalHy.
3nechr HENb3s MaKCUMHM3MPOBATh HEYETKYI0 1eneBylo (yHKOuo f(x,£), TOCKOJIBKY

orpaHu4eHus B (2) HE MOPOXKAAIOT KAKOTO-THO0 YETHOTO MHOXKECTBA JOITYCTUMBIX 3HAUCHHI.
Jlns Toro, 4To0Bl CTPOUTH TOYHO BBIPAKEHHBIE MOJEIH HEYETKOTO IMPOTrPaMMHPOBAHHMS,
HEOOXOMMO TPHUMEHHUTH ONepaTop OXWAAeMOTro 3HaueHWs. B smreparype, rae
paccMaTpuBaeTCs ~ CTOXAaCTUYECKOe  MPOTpaMMUPOBAaHUE,  HCIOJB3YeTCS  OIEepaTop
MaTeMaTHYecKoro oxkumanusa. Omeparop OXHIAEMOrO 3HAUYEHHUS JUIsI HEYETKUX BEIHYUH

IpeJCTaBIseT cO00M BbIpaXkeHUe
n
E(x) =2 w; (1)x;, 3)
i=1
1€ W, - BeCOBbIe K03((UIIMEHTHI, 3aBUCAIINE OT 3HaYCHUH (PyHKLINUU IPUHAMTIEHKHOCTH L(X).

B pabGorax [5, 9, 10] ykasbiBatoTcsi crocoObl omnpeznencHus KodpduuueHToB w,. UToObI

MOJyYUTh pEIIeHHE, 00eCIIeYnBaOIee MAaKCUMAIFHOE 3HAUCHHE OXHJIAEMOro f, He0OOXO0JMMO
BOCIIOJIB30BaTbCS B CIIy4ae OJHOKPUTEPUAIbHOM MOCTaHOBKM HedeTkol EVM - monensio
(expected value model):
max E[ f(x,£)] npu orpannuenusx E[g,(x,5)]<0; i=12,..,m. 4)
B cny4ae MHOTOKpUTEpHaIbHON 3a1a4¥ HEYETKOTO IPOrPAMMHUPOBAHMS UMEET MECTO

cileayronias EVM - Mozenb ¢ HEYETKUM 0KHAAEMbIM 3HAYEHUEM
max {E[f‘l (x7 5)]7 E[fz (x7 éj)]:’ E[fp (x7 éj)]}

IIPU OIPAaHUYECHUSX (5)
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Elg;(x,$)]<0; j=12,..,m.

Mogens (4) ucrnonb3oBanachk A HAXOKACHUS IUIOLAAN CEUCHUH 2JIEMEHTOB ()epMbl IPpU
HEYETKOM 3aJJaHUU BEJIMYMH Harpy3ok [11].

B caydae cl0XKHOTO ONUCAaHWS ~ HEONPENETICHHOW 1elNeBOH (YHKIMH W HETUHEHHBIX
OrpaHUYEHUI UX yI00HEee annpOKCUMHUPOBATh HEHPOHHOM ceThio. OOyueHHas ceTh BCTpaUBAETCs B
TEHETHUYECKYI0 MPOLEAYPY, YTO HO3BOJSET MOJYYUTh MOIIHBIM TMOPUAHBIN aJrOpUTM peLIeHUs
ONTUMU3ALMOHHOM 3a/1a4H.

3.3 HeueTkoe nporpaMMUpOBaHUE C BO3MOXHOCTHBIMU OIPaHUYECHUSIMH.

Cnenys uaesM CTOXAaCTUYECKOIO NPOTrPaMMHUPOBAHUS C BEPOSTHOCTHBIMHM OIPAaHUYCHUSMH,
U3JI0KEHHBIMU B pabore [12], mpu onTuMM3anuu 000J0YEK M3 KOMIIO3UIMOHHOIO Marepuaia ¢
YY4ETOM  CTAaTUCTHYECKUX  (DAaKTOpOB, MPEIJIAraloTCs  CIEAYIOIIME  MOJENU  HEYETKOTrO
IIPOrpPaMMHUPOBAHHUS

max f
IIPU OTPaHUYEHUSAX (6)

Pos{f(x,£)> f}>;B; Pos {g.(x,£)<0; i=12,..,v]}>a,

rze @, [ - npeomnpeeseHHble 3apaHee JoBepUTeIbHbIe YpOBHU. Moens (6) ¢ BO3SMOKHOCTHBIMU
OTrpaHUUYEHUSIMU Ha3bIBAETCS MAKCUMAKCHOM, IIOCKOJIbKY OHA SKBUBAJIEHTHA CIIEAYIOIIEH MOIETN
max max f
MIPU OTPAHUYCHHIX (7)
Pos{ f(x,£)> f1>B; Pos{g,(x,£)<0; i=12,..,m >a,
IS KOTOPOH max f ecTh /3 - ONTHMHCTHYECKOE 3HAYeHHEe KpUTepHaibHoi Gynknun. Tepmun Pos

o3HayaeT possibility (Bo3moxkHOCTB). Mogenb (6) B nutepatype [10] m3BecTHa moja Ha3BaHUEM
CCP - monens (chance-constrained model), Moziens ¢ orpaHUYEHUSAMH Ha IIAHCHI.

PaccmaTpuBast ynpoluieHHbli BapuaHT 3a1aui (7), TO ecThb
X" = arg{min f(x)| Pos( g(x,£) < 0) 2 A}, 8)

MOKHO YBHMJETb QHAJOr 3aJa4d ONTHUMAJIBHOIO IPOCKTUPOBAaHUA C 3aJaHHBIM IOPOrOM
Ha/IeKHOCTH IIPH CIy4allHOM Xapakrepe BenuuuHbl & Tonbko 31eck BMecTo onepauuu Pos nomxHa
ObITh omeparusi Prob (BepostHOcTh). Mogens (8) paccmarpuBamace B pabore (13) mns
MPOCKTUPOBAHUS TMPOYHOH (epMbl MUHUMAIBHOTO OOBEMa NPU MPEJONPE/ICIEHHOM 3HAYCHHU
BEJIMYMHBI [ 1 HE-4ETKOM 3a/1aHUU JIeHCTBYIOIIEH Harpy3KH.
4. Monens MaKCUMaJIbHON JOCTH)KMMOCTH HEUETKUX KPUTEPUEB U OTPAaHUYEHUH.

OCHOBHBIMU 3JIEMEHTAMH IPOLECCA NPUHATUS PELICHHs SBJISAIOTCA: MHOXECTBO PEIICHUN

(anmpTEpHATHB), MHOXECTBO OTPAaHUYEHUHN, KOTOPbIe HEOOXOAMMO YUUTHIBATh MPH BBHIOOPE aIbTep-
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HaTUBbI, (DYHKIUS NPEANOYTUTENBHOCTH ((QYHKLUMS LEeJNN), ONpeAessromas Mepexoa U3 IMpocT-
paHCTBa aJIbTEPHATHB B HEKOTOPOE JPYro€ MPOCTPAHCTBO U CTaBSIAs KaKIOMY PELIEHHIO COOT-
BETCTBYIOIIEE 3HAYCHHE LeneBOil (GyHKuuu. [log HEYETKOW NENbl0 MOHMMAETCS 1LEb, KOTOPYIO
MOJKHO ONHUCaTh KaK HEYETKOE MHOKECTBO B COOTBETCTBYIOIIEM HpocTpaHcTBe. [IpoGiiema npu-
HATUS PELICHUS B HEUETKUX YCIIOBUSAX MHTEPIPETUPYETCS KaK KOMIUIEKCHOE BIMSHUE HEUYETKOU
uenu G U HeueTkoro orpaHudeHus C Ha BbIOOp aNbTEPHATUB M XapaKTEPU3yeTCs IMEpecedeHHEM
MHO’K€ECTB, 00pa3ys IPH 3TOM HEUETKOE MHOXKECTBO peleHui D, To ecTh
D=GNC.
OyHKIMS IPUHAAIEKHOCTH 11 MHOXKECTBA PEILIEHUN 3aJa€TCsl COOTHOIICHUEM
Hp (X) = pg (X) A e (x) = minug (x); 41 (x)) )

a pCUOICHUEC B BUJIC
x' = arg{sup u, (x)}. (10)

Jlns 3agaum IPOEKTUPOBAHMSI CEYEHUH 3JIEMEHTOB (DEPMBI B YCIOBHUSX HEUETKO IOCTaBIEHHBIX
1enel u orpaHuueHuil B padbore [14] Ol mpuMeHEH yKka3aHHbIN anmnapaT. Y YeT HEYETKOCTH BEJET
K YBEJTMUEHUIO 3HAUCHU 11e1eBO PyHKIUH - "TutaTa" 3a HeOnpeaeaeHHOCTb.

5. JluHamMHueckoe IporpaMMHUpOBaHHUE.

Ha npumepe paboTsl [15] nmpoekTHpoBaHUS N-3JIEMEHTHOW (hepMbl ¢ TOJHON MHpOpPMAIUEH O
JUTMHAX SJIEMEHTOB, MaTepHaje, 3aKpeIuIeHuH, Harpy3Kax M HENOJHOH MH(OPMALUHU O IIIOMIAMX
CEUEHUH paccMaTpUBAETCA BO3MOXKHOCTh IPUMEHEHHS] TUHAMHYECKOI0 IporpamMmmupoBanus. Llens
G TNpoeKTHpOBaHUsA: "BEpTUKAIbHOE IEpEeMEIICHHE XapaKTepHOIro y3ia (epmbl JODKHO OBbITH

Onu3kuM K 3HaueHHO0 y,". BenuumHa y - HedeTkas M 3ajaercs (QyHKIHEH NPHHAAICKHOCTU
TpeyrojipHoro Buaa. HeoOXxoaumo HalWTH HEYETKOE paclpelelleHue CEYEHUN 3JIE€MEHTOB (hepMbl,
KOTOPOE Y/IOBJETBOPSIET IIOCTAaBICHHYIO wLeib. Hederkum pemteHueM 4, (y); v € ¥ 3amaun
JOCTIOKeHHS uemn G npu orpanudyeHuax C, i=12,..,n 1O NPOYHOCTH HA3bIBACTCS

MAaKCUMAJIBHOC 11O OTHOIICHHIO BJIOKCHHOCTU HCUCTKOC MHOXKCCTBO D, 06naﬂa101uee CBOMCTBaMMU:

D c Y (monyctumoctb pemienusi) 1 @(D) < G (IocTwkeHue HeueTKou 1enn), rae ¢(D)- obpasz D

IIpU OTOOPaKEHUU @

D, o
d,=¢ld. u)=d,——; D,=N,Nl/E. (11)
u

i

i

Coornomrenus (11) crexyror u3 hopmynst Mopa y = >, —-. 3ajaua HEUSTKOW ONTHMH3AIIHH

o1 U,
MOET OBITh Teneph CHOPMYIHMPOBAHA TAKUM 00pa3oM

(up,u”) = arg{max min(uc, (u)); te, ;)35 He, ,); te (¥,u)} (12)
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[Tpumensis popmau3m METOAa TUHAMHYECKOr0 POrpaMMUpPOBaHus K 3a1a4e (12), Ha OCHOBaHUU

noaxona bennmana-3azne [16] nomyuynm UCKOMBIE PEKKYPEHTHBIE COOTHOILICHUS

Hq, (d;) = maximin[pc, (u,); g, (d)]} i==n-1..25 d; = y,.

i+l

6. BbIBOJIBI.

Yero xe MoxkHO 0xu1aTh 0T THM B paznuuHbIX OTpacisxX 4eI0BEUYECKUX 3HaHUN?

B dunocodckom mmane THM mpumedatenbHa TeM, 4TO OTKPBIBA€T HOBBIM MOJXOJ K PEHICHUIO
npobieM aOcTpakiuu W OOpa30BaHUIO MOHATUN, 00JIafaromMX OOTraTCTBOM BCEBO3MOXKHBIX
OTTEHKOB.

[Ipumenenne THM u OBM B 0051aCTH TEXHUKHU CYJIUT KOJIOCCAJIbHBIE IPEUMYIIECTBA B METOAX
MOJIETIMPOBAHUSl CHUCTEM, KOTOpbIE€ HACTOJIBKO CJOXHBI, YTO HE TMOJAAI0Ts OOBIYHOMY
KOJIMYECTBEHHOMY aHanu3y. [I[puMeHeHne HEeYeTKHX alropuTMoB cTUMynupyeT pazsutue ['All u
I'TIC (rubxkux aBTOMAaTU3MPOBAHHBIX IPOU3BOJACTB M IPOU3BOJACTBEHHBIX CHUCTEM). OJTO JaeT
TOJIYOK KAaK K Pa3BUTHIO YNPABJICHMS C MOMOULIbI0 HEUETKUX MHCTPYKLUH, TaK U K CO3JAHMIO
CHCTEM C IOBBILIEHHONH aBTOHOMHOCTBIO.

B oOnactu crpouTenbHOW MEXaHMKM KOHCTPYKLIMHA OTMETUM CJEAYIOUIMe HaIlpaBICHUS
ucnons3zoBanus THM:

- OIIMCaHMUE BHEIIHUX BO3JEHCTBUMN, UX MECTOIOJIOKEHNUS, TPAHUYHBIX YCIOBUH, MEXaHUYECKUX U
rE€OMETPUUYECKUX XapaKTEPUCTUK, PACUETHBIX CXEM KOHCTPYKLUH U T.I1.;

- CTPYKTYpHBIH aHaNu3 (CTaTHKA, IMHAMUKA, YCTONUYNBOCTH);

- uneHTUUKALNS TapaMETPOB KOHCTPYKIIMH U €€ 2JIEMEHTOB;

- perynMpoBaHHE, YIPaBICHUE;

- onTuManbHOe npoekTupoBaHue KoHCTpykuui (OIIK);

- OLICHKH HaJ€XKHOCTH U JJOJITOBEYHOCTH;

- (QopMynupoBKa ONTUMHU3ALMOHHBIX MOJENeH MPOSKTUPOBAHNUS, OTJINYHBIX OT U3BECTHBIX U

COOTBETCTBYIOIIas pa3paboTKa MaTEMaTHYECKOTO U AITOPUTMUYECKOT0 0OOCHOBAHUSI.
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OBOBIIEHHBIA ITIOKA3ATEJb PABOTOCIHHOCOBHOCTHA MOTOPHOI'O MACJIA

Hurmaryjuun P.I'y Kocrenkos JI.M, llImeaskos .A., Hurmarynaun U.P.

000 «XumMmoToJ10r», I. Y pa

AnHotaumsi: IlpoBeseHa s3Kchpecc-IUarHOCTUKa MOTOPHOTO cuHTetndeckoro macia SAE 5W40 u
OTpe/ieTIeHhl OCHOBHBIE IOKA3aTeNd €ero KadecTBa, CBEJEHHbIE B OOOOMIEHHBIH TOKa3aTelb
paboTtocmocobHOCTH Macna. Pa3paboTan moka3aTens JUHAMHUKE HarpeBa Maciia, O3BOJISIONINI OTpeIeTNTh
HaJU4He OCHOBHBIX 3arpsI3HAIONMINX IpUMecel (Boabl, aHTH(pH3a, OCH3MHA U CaXKH).

KiroueBpie crmoBa: AHanmM3 CMa309HBIX MAaTEpHaOB, BS3KOCTh, HW3HOC, OXJIAXKIAIOIMIAs >KHIKOCTD,

ANIEKTPUIECKas EMKOCTh, KOPPO3Us, yCTPOHCTBO /ISl IKCIPECC-aHAIN3a CMa304YHbIX MATEPUAIIOB.

Summary: Express diagnostics of engine SAE 5W40 synthetic oil is carried out and the main indicators of
its quality reduced in the generalized indicator of operability of oil are defined. The indicator of dynamics of
heating of the oil, allowing to define availability of the main polluting impurity (water, antifreeze, gasoline
and soot) is developed.

Keywords: The analysis of lubricants, viscosity, the wear, cooling liquid, electric capacity, corrosion, the

device for the express analysis of lubricants.

Beenenune
B MOTOpHOM Maci€, HaxoasaIEeMCA B MEICJISIHOfI CHUCTEMEC ABHUI'ATCIIA BHyTpeHHeI‘O CI‘OpaHI/UI

WIA PEIYKTOpa MPOUCXOIAT HENpPEPhIBHbIE KOJUYECTBEHHBIE W KAUECTBEHHBIE M3MEHEHUs, KOTOPbHIE
MOYKHO CBOEBPEMEHHO OOHAPYKUTh U MPUHATH MEPBbI, @ 3HAUUT MPOJIUTH PECYPC MAIIMHBI.
3amaueil maHHOW palbOTHI SBIIETCS OmpesesieHne 1e(EeKTOB CUCTEM OXJIaKICHHS, OUYUCTKH
BO3/lyXa OT MbUIM, TOIUIMBHOM ammapaTypbl, y3J0B TPEHHS IBUTATENS BHYTPEHHETO CrOpaHUs
(ABC) u peayktopoB ([0 HAJIWYMIO B Macie TOIUIMBA, OXJIAXJAIOLIeH >KHUIKOCTH, MPOAYKTOB
M3HOCA, KOPPO3HH) MO 0OO0OIIEHHOMY IMOKa3aTeiat paboTOCHOCOOHOCTH CMa304yHOrO Marepuala,
YUUTBHIBAIOLIETO U3MEHEHHE €0 NOKa3aTeNlel KauecTna:
® BS3KOCTH (BpEMEHH 3aMOJHEHUS EMKOCTH);
®  CTEMEeHU U3HOCA Y37I0B TPeHUs (IO HATMYMIO M (popMe HaMar HUIMBAEMBIX METAJUTMYECKUX YacTHI);
® HaJNMuMsg OXJAXKIAIOMIeH >XHUIKOCTH (BOABI) B CMa30YHOM MaTepuane IO H3MEHEHHUIO
€MKOCTH KOHJIeHCaTopa (IUAJIEKTPHUECKON IPOHUIIAEMOCTH);

® KOPPO3MOHHOTO BO3JICHCTBHS CMAa30YHOTO MaTepHalia Ha MEIb.
MeTtoanka uccjaen0BaHus

HccnenoBanust mpoBOIMIIM HAa YCTPOMCTBE JUIsl SKcIpecc-aHamm3a Macna [1] (puc.1), xoropoe

MO3BOJIACT ONPCACIINTD KAYCCTBO CMA30YHOI'0 Marcpraia 3a KOpOTKI/If/'I IMPOMCIKYTOK BPCMCHU.

121



PIB

Pace cecaa e acececey

O/ SNNANNNNNANANNNANNANNNN

Puc. 1. YcTpoiicTBO 151 IKCIpecc-aHAIN3a Macja

Pabora ycTpolicTBa 3aKkito4yaeTcs B TOM, YTO B PE3YJbTATE CO3/IaHUS BaKyyMa MOpILHEM,
MPUBOJMMBIM B JABI)KCHUE MPYKUHOH, depe3 TPyOKy, B IMJIMHIPUYECKYIO EMKOCTh MOCTYIAeT
CMa304HBbIM MaTepuas, NpOXOoIAluid uepe3 MarHur. llo BpemeHu 3amojiHEeHHs EMKOCTH, B
3aBUCHMOCTH OT AMaMeTpa TpyOKH, BaKyyma, TEMIEpPATypbl U IJIOTHOCTH, ONPEAEIAIOT CTEINEHb
pa3KmKeHHUs: paboTaroIIero CMa304HOro MaTepuana MpOoAyKTaMHM HEMOJIHOTO CrOpaHus TOIUIMBA,
M0 HAJIMYMIO METANINYECKUX BKIIOYEHUN HAa MarHuTe GUKCUpPYETCs Mpoliecc H3HOca.

VY CTpoiCTBO TOMONHUTENBHO COACPKUT JATYMK €MKOCTH, pacloyIOkKEeHHBI B kopmyce. [lo
U3MEHEHHI0O EMKOCTH KOHAEHCATOpa CYASAT O HAIMUMU OXJIAXAAMOIEH JKUIKOCTH B CMa30YHOM
Matepuane. HuXHMII KOHEl TepMOCTaTUPOBAHHOM TpYOKM HMMEET MEIHOE IOKpBITUE (WM
JIOTIOJIHUTENBHO 3aKPYYMBAIOIIYIOCS MEAHYIO TpYOKY) [UIsl ONpPENENEeHHUs KOPPO3UOHHOIO
Bo3aeicTBUS Macia. CpaBHUBas MOTEMHEHHE MOBEPXHOCTH MEIHON TPYOKH C 3TajJOHOM, CYIST O
KOPPO3MOHHOW AaKTUBHOCTH cCMa304HOoro matepuana (la-BeimepxkuBaer, 2abc, 3abc, 4abc- He
BbliepkuBaeT)[2]. TpyOka BBINOJIHSAET poib IyHa, OTrpaayupoBaHa OT KoHHa Ha 150 mm (s
OIpeIeJIeHUs] N3MEHEHUS YPOBHS Macia B KapTepe) U UMeeT NepeMeliatonuiics GpukcaTop.

B mmnuHapuyeckol €MKOCTH YCTAHOBJIEHBI TEPMOIIapa, IJIOTHOMEPHl M KOHJEHCATOp,
COEUHEHHBIE C PErucTpaToOpoM TeMIepaTypbl U BpeMeHHU 3amnoiHeHus emkoctu (10 ™),
MU3MEPUTEIb ANIEKTPUUECKOM eMKOocTH [3] cMa304yHOro marepuaia U YpOBEHb, HEOOXOIUMBIM st
YCTAaHOBKHM €MKOCTHU B BEPTHKAIbHOM IOJIOKEHUU.

YCTpOHCTBO CONEPKHUT TEPMOCTOUMKYIO TPYOKy 3, muamerpoM 1,5+2,0 Mmm u uymHON 550 MM,

BEPXHHUI KOHEI[ KOTOPOM TPENCTaBsIET CO00M rodpupoBaHHYIO THOKYIO (TUIACTHUHYIO) TPYOKy 19
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pazmepoM 30 MM, IS BOSMOXKHOCTH (DPUKCHPOBAHUS IMJIMHAPUYECKOW EMKOCTH B BEPTUKAILHOM
nonokeHnu. Ha HIKHUMI KOHell 3aBepHyTa MenHas TpyOka 15 ammHoi 30 MM Takoro ke Juamerpa.
TepmocToiikasg TpyOka 3aBepHyTa B €MKOCTb 6, B KOTOpPOH pa3MmelleH cbeMHbli MarHuT 4. Ha nHe
€MKOCTH pacroJiaraeTcsi JaT4uK 3JIeKTpUUecKoil emkoctu 5. Ha pykosTke ycTaHoBiIeH ypoBHemep 18,
MOPIIEHB CO IITOKOM 9, Ha IITOKE KOTOporo pykosTka 12. [TopiieHb NpruBOAUTCS B ABMKEHHE MPY>KUHOM
13, koTopas (puKcupyercst ¥ padkumaercs pukcatopom pykostku 10.
YcrpoiictBo pabortaer cienyroum o0pa3oM. BHavyane u3BieKalOT MacIOMEPHYIO JTMHEHKY
U3 OTBEPCTHUS KapTepa, ONpeAesiioT ypOBEHb Macia, Ha OCHOBAaHUH Y€ro yCTaHaBIUBAIOT (hUKcCATOP
2 Ha TepMOCTOWKOW TpyOke 3. MacimoTecTep yCTaHaBIWMBAIOT B BEPTUKAIBHOE IOJOKEHUE C
MOMOIIbI0 ypOBHA 18 Ha MecTO OOBIYHOTO  HAXOXACHUS MACIOMEpPHOM JHHEHKH (uryma).
Haxumaror pykostky 12, GUKCHPYIOT CXKaTyio 10 ymopa HpyXuHy Qukcaropom pykostku 10,
MPUBOJAT YCTPOHCTBO B pabouee mojoxkeHue pazkatuem Quxcatopa 10. 3a cuer coszmaBuierocs
paspsbkeHust B eMKOCTh 6 (o6bemMoM 10 M) mocTymaer u3 kapTepa 1 cma3ouHblid MaTepuai. Bpems
3anonHeHusa (oobema 10 mut), Temmeparypa M 3JIEKTpUYECKass eMKOCTh CMa304HOIO MaTepuala,
(bUKCUPYIOTCS ~ perucTparopaMy BpeMEHH W TeMmmepaTypbl 16 W siekTpudeckoil emxoctd 17
(xoppo3us Ha MeNb OMpeeNnseTcs Mo MOTeMHEHUIO TOBEPXHOCTH MEAHON TPYOKH MO HCTEUEHHUIO
3-4 yacoB B KapTepe paboTaIOIIEro ABUTaTeNs).
ITosnydyeHHbIE NOKa3aTeay M3MEPEHUH XapaKTEpU3yIOT pabOoTOCIOCOOHOCTh U IPOLECCHI,
IIPOXOJAIINE B 00bEKTE JUArHOCTUPOBAHUS.
[IpuunHel, BIUAIONIME HA TOKA3aTENN CMa304HOro Marepuania [4]:
L. BszkocTh yMeHbIIaeTCA:
e [IpH MONAJaHUU MPOTYKTOB HEMOJIHOTO CTOPAHUs TOIINBA;
® IIpH AECTPYKLHHU BA3KOCTHON IPUCATKU;
® IIpH JI0JIUBKE Macia C HU3KOH BSA3KOCTBIO;
Bsi3kocTh yBenmunBaercs:
® [IpU OKHMCIIEHUM MaCa;
® [IpH 3arpsA3HEHUHU Macia (OTIOKEHUSAMH, caxeil);
e [pu yrape macina (meperpes JIBUraress);
® [IpH JIOJIMBKE Macia C BHICOKOH BSI3KOCTBIO;
e [IpH MONAJAaHUU OXJIAXKIAIOUICH KUIKOCTH (BOJbI);
II. [InoTHOCTH MOHMMXKAETCH:
® [IpH MONAJAaHUU IPOJYKTOB HEMOJIHOTO CTOPAHUS;
® IIpH JIOJIMBKE Macia C HU3KOH MIOTHOCTHIO;

® IIpU JECTPYKIUU BBICOKOMOJIEKYJISIPHBIX yII€BOAOPOIOB;
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[110THOCTD MOBBIIIACTCS:

® [IpH 3arpsA3HEHUU Macia MPOAYKTaMU OTJIOXKEHUM, Cakel, TbIIbIO;

® [IpH JIOJIMBKE Macia C BICOKO MIIOTHOCTBIO;

® [IpU MOMAJAHUU OXJIAXKIAIOMICH KUIKOCTU (BOBI);
II1. DJIeKTpUYecKasi EMKOCTh MOBBIIIAETCS:

® [IpU NMONAJAHUU OXJIAXKIAIOIICH KUJIKOCTU (BOBI)

® HE3HAYUTEIHHO MPU MONAAAHUH TPOJYKTOB HEMOJIHOTO CrOPAHUS TOIUIUBA;
IV. [IpoaykThl U3HOCA BOBHUKAIOT

e 1pu OOKAaTKe y3/1a TPEHMUS;

® [IPU UCMOJIH30BAHUH HEKAYECTBEHHOTO MacJa;

® [IpU KOPPO3UH;

e [IpH MOMAJaHUU B MACJIO MPOAYKTOB HEMOJHOTO CrOpaHus TOIJINBA;

e [IpH MONAJAaHUU OXJIAXKIAIOUICH KUIKOCTH (BOJbI);

® [IpH NMONAJaHUU MUK Yepe3 CUCTEMY OYMCTKH OT MbUIM BO3]yXa, MOJAaBaEMOI0

Ha CMEIlIEHUE C TOIUIUBOM;

V. Koppo3us Ha Meb BO3HHKAET:

e [IpH MONAJaHUU B MAcCJIO BOJBI;

e 1pu ucnoiab3oBanuu B JIBC cepHUCTOro TOIIINBA;

® IIpH Pa3NI0KEHUU aHTUKOPPO3UMHOMN MPUCATKU.

BapuanToB u3MeHeHHs Mokazaresyiell KauecTBa Maciia MOXKeT ObITh MHOXKeCTBO. [1oaTomMy BBenEH
0000IIIeHHBIH MoKa3arenb padorocrocooHocTr Macna (OITPM) [5] mo maTu mokasaTensiM KadecTBa Macia,
KOTOpBIH MO3BOJISIET CY/IUTH O MPOIIeccax MPOUCXO X B paccMatpuBaemMoit cucreme: JIBC, pemykrope,
y35e TpeHus, Macie. MneanpHblil ciiydail Korjga Bce ISITh MOKaszaTeneid He M3MeHsoTcs. Eciau npuHsTh
HEM3MEHMBIIIMICS TTOKa3aTesb 3a equHuIly (1), To 0O00IIeHHbIA MOoKa3aTenb padOTOCIIOCOOHOCTH PaBEeH
5 (I+1+1+1+1). Ecimm omuH w3 mokasarefield CTAaHOBUTCS OpaKOBOYHBIM, a OCTaJbHbIE M3MEHWIUCH B
XYJIIIYIO CTOPOHY, TO COTIOCTABUB UX MO>KHO OIPEIEITUTh MPUIUHBI KX U3MEHEHHUSL.

Jlnst ynoOceTBa ipu pacuere 0000IIEHHOTo TIoKas3aTess, yXy/IIIeHHs oKa3areiel KauecTBa Macia
MHUHYCYeM OT eIUHHUIbl. Tak yBelMueHWe W YMEHBIIEHHE BPEMEHHM MWCTEUEHHMs Macla 4Yepes
TEPMOCTONKYIO TPYOKY B €MKOCTb NMpUHSIH 2 ceK. 3a - 0,01 coorBercTBeHHO 4 cek 3a - 0,02 u T.1.

M3MeHeHne TIOTHOCTH Maciia ONpeaeNsieTcs: AByMs IIoTHOMepaMu. [IepBblil IU1aBaeT B CBEXKEM
MacJje, BTOpoi TOHET B CBeXeM Maciie. Tak eciiM IMJIOTHOCTh YMEHBIINIACh, TO 00a INIOTHOMEPA TOHYT,
€CJIM TUIOTHOCTh YBEJIMYMJIACh, TO TEPBBIA MO XOIy MOPIIHS HE TOHET. YMEHbUICHHE U YBEIMYECHHE
TUIOTHOCTH paboTarolero Macia npuaumaeM 3a - 0,01, 3HaunrenbHoe U3MEHEHHE II0THOCTH 3a - 0,02;

N3menenne snekrpudecko emxoctr Ha 1 g - 0,01, Ha 2 i u 6omnee - 0,02;
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Hamare npoaykToB m3HOoca Ha MarauTe mpumMeM 3a 0,01, Hammane 2-x u 6onee wactuir — 0,02;

Kopposuto Ha MenHyr0 4acTh TepMOCTOIKOM TpyOKu nmprHuMaeM 3a — 0,01 npu 6ate 2c, 3a —
0,02 ipu 6ase 3¢, 0,03 u T.1.:

Y CIIOBHO NMPHUHATO (Ha OCHOBE MPOBEACHHBIX AKCIIEPUMEHTOB), uTo Npu 3HaueHun OITPM 4,98
U MEHee, CIIelyeT Macjo 3aMEeHUTb, IPEIBAPUTENLHO YCTPAaHUB NIPUYMHBI YXY/IICHUs Macia. B ciyyae
YMEHBIIIEHUsI W NOBBIIIEHHUS YPOBHS Macia B kaprepe Ha 5 MM ot OIIPM munycyercs 0,01.

Onpenenenue nokasarels JUHAMUKM HarpeBa (I0JjaHa 3asiBKa Ha U300peTeHre) 3aKJII0YaeTcs B
M3MEPEHNH BPEMEHH, 32 KOTOPOE KUAKOCTh HAarpeeTcsl 10 onpeaeseHHoi Temmeparypbl. Koner Tpyoku ¢
TEPMHUCTOPOM ISl KOHTPOJISI TEMIIEPATyphl MOTPYKAIOT B aHATU3UPYEMYIO KHUKOCTb, 3aT€M HAarpeBaloT
xuKocTh. [1o mucruiero peructparopa 16 (puc.l) KOHTpoIMpPYIOT Bpemst U TemriepaTypy. [lepronndecku
(UKCHPYIOT 3HA4YEHWS BpPEMEHH M TeMmeparypbl (HampuMmep, kKaxkiasle 5 °C), MO MONy4eHHBIM
pe3yabTaTaM CTPOSAT KpHBYIO (IPUMEpbl KPUBBIX HarpeBa MpUBENCHBI Ha puc. 2). Bpems u3meHeHus
TEeMIlepaTypbl B OINpPEIEICHHOM JHala3oHe SBISETCS MOKa3aTelieM JUHAMUKUA HarpeBa JKHIIKOCTH.
Onpenenenne mokasaTeist AUHAMHUKA HarpeBa MOXHO IPOBOJMTH, HAIPUMEp, U Macia B KapTepe
aBTOMOOWJIS C LEJTBIO YCTAHOBJICHHS HAIMYKMS TIpuMecel (BOJIbl, caxkul u 1p.). [Ipu a3ToM Bpemst mporpesa
npuraress, Harpumep, ¢ 30 10 90 °C, a Takke ¢popma KpUBOK HarpeBa, OyayT pa3IMIHBIME I YUCTOTO
Macia ¥ Macjia ¢ MpUMeCchio BoJbL. [l ymporieHus cpaBHEHHUS! pe3ylIbTaTOB U3MEPEHUI onpe/esieHue
MOKa3aTesyisl TUHAMUKA HarpeBa CIEAyeT MPOBOIUTH B OJWHAKOBBIX YCIOBUSX. AHAJIOTUYHO MOXKHO

ONpPCACIINTD MMOKA3aTC/Ib JUHAMUKU OXJIAXKIACHUA )KUAKOCTH.

Pe3yabTaThl 3KCIIEPUMEHTOB U UX 00CYKIeHUE

PaccMoTpuM KOHKpETHBIE CITy4yau.

IIpumep 1. Motopaoe Macno cunternaeckoe SAE SW40 (cBexee) Bs3kocthio nipu 100°C 13
cCr pazbapmsitor 2, 4, 6 % mnpoAyKTaMH HeNoJHOro cropanusi 6exsnHa AM-95 (umeromiero Hayano
kunenust 90 °C a koner kunenus 210°C) u UCTonb3ys MpeaiaraeMblii Coco0 M yCTPOHCTBO ONPENEISIOT
BpeMsl 3arlOJIHEHHS IMIMHIPUYECKOM eMKocTH, oObeMoM 10 M 3a cyeT BakyyMa CO3aBa€MOro
nopuHeM npu Temreparype 20°C. Pe3ynbraTbl M3MepeHHs BPEMEHH 3arofHEHHs 00pasloB Macel C

MMPOAYKTaMH HEIIOJIHOI'O CrOpaHus ITIOMCIICHBI B Ta6J'II/IHC 1.

Tabauua 1
CopeprkaHre IPOIYKTOB HEMOIHOTO CTOPAHUS
oensnna AU-95 B motopHoMm Mmaciie SAE 5W40, Bpems 3anosiHeHUs EMKOCTH, CEK.
%(Macc)
0 108
2 84
6 81

Onekrpudeckas eMkocTs Macia SAE 5W40 cocraBnser 21,2 md.
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Ilpumep 2. motopHOe cuHTeTHdeckoe Maciao SAE 5W40 wu3 kaprepa aBTOMOOWIIS
paboratomero Ha 6ensune AN-95. C ncnonp3oBaHueM Crocoda U yCTPOHCTBA OMPEIEISIOT: BpeMs
IIOCTYIUIEHHE Macja B IWIMHIPUYECKYI0 €MKOCTh 00beMoM 10 mMul mpu Bakyyme cO37aBacMOM
nopmHeM npu temrepatype 20°C. OHo cocTaBuiio 83 cek., YTO COOTBETCTBYET corjacHo Tabmuie 1
3,3 % mnpoaykToB HemosHOro cropanusi 6enszuna AW-95: 6amner - 0,017. Hanuuue npomykToB
HETOJIHOTO CTrOpaHMsl B Maciie MOJTBEPKAACTCS TakkKe IUIOTHOMepamu (00a B BHJE HIAPUKOB Ha
npoBosioke) motonymu: Oamiel- (1-0,02); Dnexrpuueckas eMKOCTh mMoBbIcHMiach Ha 0,5md 1o
CpaBHEHHIO CcO CBeXUM Maciom: Oammmel — 0,005; Ha maraute oOHapyXeH NPOIYKT H3HOCA
(1 gactuma): 6amisi- (1— 0,01); Koppo3uu Ha Menp HeT: 6amibl- (1-0).

Ha ocHOBaHMM MOJy4YEHHBIX PE3YJIbTATOB PACCUUTHIBAEM OOOOIICHHBIN MOKa3aTelb
paborocniocodHoctu macia (OITPM), on cocrasisier 4,948.

OITPM= (1-0,017)+(1-0,02)+(1-0,005)+(1-0,01)+1=4,948

YpoBeHns Macna B kapTepe yBenuuuics Ha 4 mMm. M3menenuit B OITPM He BHOCHM.

Macno cienyer 3aMeHHMTB, MPEABAPUTENBHO YCTPAHHB NMPUYMHY TONAJaHHMS TOILUIMBA B
Macio (HeMCIPaBHOCTH TOIUTMBHOM armapaTypbl HIIM CUCTEMBI 3QKUTaHNs).
IIpumep 3. luzenpsHoe MuHepanbHoe Macio M-1012K c¢ Bsskocteio ipu 100°C 10,76 cCr

paz0aBnsaoT 4% u 6 % AU3ETBHOTO TOIUIMBA (JIETHErO) W, UCIOJB3Ys CHOCOO0 M YCTPOMCTBO,
OTIPECTISIOT BpeMs MOCTYIUICHHS AU3EIbHOIO Macia B HUIMHAPHYECKYI0 eMKOCTh 00bemMoM 10 mi
nmoa BakyyMoM mipu Temmeparype 20°C. Pe3ynbraTbl 3KCIEPUMEHTOB MOMEIIEHBI B Ta0muie 2.

3amepsieM dNeKTpudeckyro eMkocTh Macia M-10I"2K, ona cocraBmnsiet 21,5 nid.

Tabauuna 2
ConeprxaHnue TU3eTLHOTO TOIUTHBA (JIETHETO) B
macie M-10I", K, % (mac) Bpems 3anonHeHUs €EMKOCTH, CEK
0 114
4 88,5
6 76
0,1 (caxn) 120

IIpumep 4. [luzenproe macio M-10I2K u3 kaprepa aBurarens pabOTaromiero Ha TU3EILHOM
toruBe (JietHee). C HCMONB30BAaHWEM IMPEAIaraéMoro crocoda M YCTpOMCTBa OIMPEAENSIOT: BpeMs
nocrymienuss 10 mn macna nmon BakyymoM mpu Temmeparype 20°C, koropoe cocraBuio 118 cek.
CornacHo Tabmuiibl 2 B pabotaroriem au3ensHoM macie M-1012K TorumBa HeT - 3T0 MOATBEPKIAETCS
BCIUIBITHEM BTOPOTO TSDKENOTrO IMOIUTaBKa (MMEIOIIEro YIENbHBIM BeC MPEBBIIIAIONINI YIeIbHbI Bec
CBEeXEro Macjia); Ha MarHuTe OOHapyXeH MpoayKT u3Hoca (1 wyacTHia); 3MeKTpUuYeckas €MKOCTb
noBeicHiack Ha 1,5 nd mo cpaBHeHHIO co cBexuM macioM, Oamsl (1-0,015); Kopposus Ha memHOi
TpyOKe cocraBuina 3¢, 6amsl (1-0,02); 06001menHsiit nokazarens (OIIPM) cocrapmnser:

OITPM = (1-0,02)+(1-0,02)+(1-0,01)+(1-0,015)+(1-0,02)=4,925.
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Macno crneayer 3aMEHWTh, NpEIBAPUTENBHO YCTPaHMB NPUYMHBI CrOpaHusl TOIUIMBA C
00pa30BaHUEM CaXH, ITOTAIAHNS OXJIKIAFOLIEH JKUAKOCTH U3 CUCTEMbI OXJIXKICHUS (Uepe3 HapyIIEeHHs
T€pPMETUYHOCTHU, TPELLMHBI U T.1.).

IIpumep 5. BeinmonaHwim uccaenoBaHus Mokas3areis TMHAMUKY HarpeBa AJis YUCTOro Macia
Nissan SAE 5W-40 u ero cMeceli ¢ OCHOBHBIMHU 3arpsi3HUTEIISIMH: BOJIOM, OCH3MHOM, aHTU(PU30M
u caxeil. O6pasubl Maccoit 60 r HarpeBanu 10 150 °C u ¢ untepBasiom 5 °C dukcupoBanu Bpems
HarpeBa. Pe3ynbTaThl M3MEpeHUs IOKaszaTells AWHAMHUKK HarpeBa Macia Nissan SAE 5W-40

MPUBE/ICHBI HA PHC. 2.

150 Fenmreparypa—2C 7 _
140 / 4

130 /

120 / y

110 7#
100 //
90 7

80 //

70 L

60
A
50 —
a0l
' Bpemsg, ¢
30 C
0O 60 120 180 240 300 360 420 480 540 600 660 720
—— Macno Nissan SAE 5W-40

Macmo Nissan SAE 3W-40 ¢ gobapnennem 3 % BoALI
------- Macmno Nissan SAE 5W-40 ¢ nobaenennem 3 % antudgpuza
————— Macmo Nissan SAE 3W-40 ¢ nobasnennem 10 % HeHszrHA
Macmo Nissan SAE 5W-40 ¢ gobasnennem 5 % caxn

Puc. 2. I'paduku 3aBucuMocTH BpeMeHu HarpeBa macJa Nissan SAE SW-40
OT TeMIIepaTyphl

N3 rpadukoB BHAHO, YTO HA TMOKa3aTelb TUHAMHKWA HAarpeBa Macja HauOoJIbIlee BIMSHUE
OKa3bIBAaCT BOJIA: MAcCJO ¢ Jo0aBiaeHuEM 3 % BOABI HArPEBACTCS MOJIBIIE APYTUX 00pa3IoB (3a cueT
OoJbIIEH TEIJIOEMKOCTH BOJBI U 3aTpaT Ha MCIapeHue Bojbl). Takke 3HAYMTENbHOE BIUSHUE HA
BpeMsl HarpeBa OKa3bIBaeT caxka. HeOonblloe yBelIWYeHHE BPEMEHH HAarpeBa HaONMIOJAeTCs TpH
n00aBIICHUH B MAcJi0 OXJaKIarolien xuakoctu. JlobaBnenne 6oapioro konmdectsa oenszuHa (10
%) TpaKkTHUYECKH HE TOBJIMIO Ha BpeMsl HarpeBa Mmacia. 1erionmpoBOJHOCTh HCCIETYEMBIX

BELIECTB NpUBE/EHA B Ta0Il. 3.
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Taoauua 3

HamMmenoBanme Temgﬁ?ﬁ?ﬁ;{ OCTE,

Bona 0,6
AnTHdpU3 0,4
Macino 0,2

bensun 0,12
Caxa 0,1

Macimao + 3% BojbI 0,212

Macino + 3% anTudpuza 0,206

Macno + 10 % GeH3una 0,192

Macno + 5 % caxu 0,195

Takum oOpa3om, yBelMUEHHE BPEMEHHM HarpeBa MOTOPHOrO Macia (IO CpaBHEHUIO C
HAYaIIbHBIM COCTOSIHUEM) CBHJICTEIHCTBYET O HATMYUU B HEM MpUMecei (BObI, CaKU, aHTHU(PPH3A).

3akJjaroueHue

PaccmoTpenHble 0000IICHHBIN TTOKa3aTellh PA0OTOCIIOCOOHOCTH MAaclia U MOKa3aTellb JUHAMUKU
€ro Harpera IMO3BOJISIOT 10 M3MEHEHHIO (DM3MKO-XMMHUECKUX ITOKa3aTelieii Maciia B IpoIecce padoThI
JIBUTATENIsl MPABUIILHO OIPEACTUTh PabOTOCIOCOOHOCT Macia (MOMEHT €ro CMEHBI), a TaKKe
CBOCBPEMEHHO BBISIBUTh M YCTPAHUTH HEMONAIKU B paboTe IBUrarels, MPUBOISIIME K OOBOIHEHUIO
MacJia, IONaJaHus B HEro TOTUIMBA U YBEITMUCHHUIO ITPOPBIBA I'A30B B KapTep.

[TomydeHHble pe3yabTaThl HCClIeOBaHHS paboTaroniero MoTtopHoro wmacia B JBC
IKCIPECC-METOIOM C TIOMOINBID MaciioTectepa paspadoranHoro B OO0  «XHUMMOTOJIODY,
MOATBEPHKIAIOT, YTO padOoTarIliee Macio SBISETCS YHHKAIBHBIM HOCHUTEIEM JIOCTOBEPHOU

MH(POPMAIIUU O TEXHUYECKOM COCTOSIHUU y3JIOB, arperaToB U CHCTEM JIBUTATENSI aBTOMOOUIIS [6].
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bodgByggeom  gbsl, GSLAlphabet-oon 3o dol  5bdsbl  s@gbodbogm. sdobmsb, hggb
3590406900, O3 JodogmTo  bdmgsbo  SLob  aodgdHygamadon  aggdeaze  g@0o
bdmgsbo Lsdg@yggerm gomgyeo, @oasb sOEgOmo Jo@mygeo bdmgbols dglsdsdolo
bodgByggeem bds 5@ 0dengds 9g@®m do®OFog LodgHyggerm blgdow. o569, Jodmnyado
s®ols GSLAIphabet(V)={s, g, 0, @, g} Lod@sgemomn dmigdygero 5 bdmgobo LodgByggenm
AO0ggmo?  Jotmygmo  s@obdmgebo  badgdysgme  g@oggmgdel  waepgbolsl
2000300350 m  0Josb, @md sOEgOmo  Jodmgmo  msbbdmgsbo  o@  dgByggerogds
bdmgbolgeb  dmFyggdom. o6y, bggb 3od@303Egom, M3 Jo@mygmo  mobbdmgsbo,
bdmgboligeb goblbgoggdom, s@ dgodamgds goggdyen o0dbosl Lodg@yggem gomgyeols
o>mdbodgbger  b0dbo o @M ol LodgByggem  9bsTdo  gddgds 10 LodgByggewm
9OMgY@o, GOedgmmnsgsh 5 dolbge  dodxgbowsb, 5 3o - dlbgo do@Ebbowsb
bdmgbol dowadom dogdgaro do@Egmol 3odgdygamaoon doowgds. oby, Jodmygardo
>®ols  GSLAlphabet(CV) s GSLAlphabet(VC) Lod@sgamggdom  Jggdmm  dmEgdgeno
3990950 280 dodEaarmgobo badghygamm gomggero:

GSLAlphabet(CV)={ do, 25, 0o, 3o, Do, mo, go, @o, 3o, b, 3o, go, A, Lo, @o,
B0, Jo, @0, go, Do, bo, 3o, do, Fo, do, bo, xo, do, g, 23, ©9, 39, by, 09, g3, @y, Iy,
by 33 33 03 by 03 By do @0 43 Ay by Gy 99 Yo, 40, by %0 9. 20, 3o, wo,
30, bo, 00, 0, o, do, bo, o, 3o, Ho, Lo, o, Fo, Jo. wo. Yo, Do, bo, go. do. Yo, Lo,

2 bobyoldgmo bdmgboo 53 bdmgabby d0ddgmo bodgdyggem gomgnmos s@bodbemo.
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Qo, yo, Jo, fo, go, do, fo, jo. bo, x0, 40, &9, 39 @9 39 DY 03 g3, @Y. 89,
by 39 32 69 by 62 B2 J3 @0 g3 B by g0, I3, Vo 49, by, x0. 49)
GSLAlphabet(VC)={ 50, 53, 50, 3, ob, 20, o3, sa0, 53, 5b, 83, oy, 56, oSb, o8,
5@, of o0, oy 28, of oG, o oF. o, ob. 2. oy 90 g, 0. 3 gb. g0 9g. de2. 9O,
46, 93 93 99 b 90 98 3 o 89 99 OB 96 9d U gd. gb 9% gd 06, 03 o
03 0b, 00, 04, ogn, 08, 06, 03, 03, 06, ob, 08, 0@, of 0w, 0y, 09, ob, oy, 0d, of, of,
0@, 0f 08, ob, 0@, 0d, of. of, ob, 0x, 0l 99 33 A 93 90 0. 93 e, 30,
96 93 93 9O b 90 98 9 99 9 99 b 96 9l 9l 9l 9b g 9’
odpagodo, hggh  godRg0390m, @md  Jodmygmo  badgByggem  gbols  sbdsbo
dgeagds  dbo@me  bgdmon  [o@Impagboano 5 bdmgsbo s 280 do®geomgsebo
bodghyggamee g@mggmolysb ©s opo gdwayo 285 Fgg@oobo Loddsgaogs:
GSLAlphabet=GSLAlphabet(V) CGSLAlphabet(CV)UGSLAlphabet(VC).*
bodghggaeee  gbol o3 5bdobyg@o  bgpgom opgdygmo  dgombggaro  Lobdgdgdo,
pgl, gOm-gomo  yggmsbg  gu@m  dsogo  bo®olbbom  dmdydegg  Jodmyeoo
dgombggemo LobRgdgdos [1]. gl, 0dol gomgsmolifobgdom, M3 x g Ggomobgdymos
dgmmeols dbmerme 5-10%, Eoebsbs@ 33350bobmdl dol 3g@L3gBogmmdatby. 5dol
5dgo®gdl obo@i, GM3 o3 dgomeols bogydggabg dgdndoggdyaos 9339 >OLgdyeo
Jodmyamo dg@yg9egdol sdmdi3bmdo LolGgdol [3] aoydxmdglgdol abgdo. sdsbmasb,
bodgByggeem  gboli  obdobol gl bgogs odgnggs  obogr  bgogol  do@zgo@ms
LAOYJAOby. ggMdme, s@Olgdymo bgwgom, CR;...CR,LVLC,...LCy, Godols do®gerols
dodmgos V bdmgsbo [14], hggbo bgwgom 3o, CR,...CRVLC;...LCx Godol dodigemols

do@mgos ob RCIV dodBogo dodxggbs dodgomo o6 VLC; dod@ogo  dodzbgbs
dod(3go800.

2. 2. Jodoymo 3m®gygdgdol, 3M9bgdol, ywemgdol ©s  obOmdomo
F06505093950L Momdsbg: M0G0 a@sdoB0g00 Jo@mygeo yobobogngds GmamA3
30M3geoo domgds@ogn®o gbol aoxsMmmnmgdols dgogao. sdo@md, hggb as5b9Fyzg@erog
Ibgrggemdsdo ggod3l gbol Jggos d@ols domgds@ogncdo gbs. sdwgbow, hggbo bgogs
aoblbgogogds 08 gl s@OLgdymo  byoggoobash, @mdgamwoi  Jodmyaml o3
do0gdoBogg®o gbol ao®9dg 0obmgol [9], [11], [12]. obg dogoemomasgo:

3 bobaolidgemo dosdgmgdomn o3 @33 gdbg d0ddgmo LodgByggem gohmgymgdos s@bodbyero.

4 aologgdos, HMd Jodmageo Ladgdyggem gbol 56dsbby of Foddmwpgbomo bgogs Tgodggds bmpds o6
3°0bos@mb. mydizs, slgm dgdmbgggsdoz, bowos, dsmo FJnlobgdgdo Foowygods o8 g@oe domogo Ladgisboghm
3603369e0mdol IJmbg Lsgombols gslifg@mog Lodmamm k93domo@gdol oy gbsl.
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L. gbomdgibogdgdsdo gl o@OLgdbymo  bgogom  Im@ggds  o@ol b

©gM0go30g0  5b  gagdlog@o. gMogsgogmo  In@ggds dmddgogol @s  dodby

odgoggs ob 0dogg ob Lbgs 9B ysgegdol bofoemol sbogr Lo@dygol. gergdboydo
do®ggds dmJdgogdl @s Lodygobyg yigeol Aol g@sds@ogye dbodgbganmdsl. hggbo

335093000 30 ©a0bgds, @md Jm®Oggdoms gl gerologoio®gds s@EsLOY@os. dogy.,
Jodggds (-)b, Lodygsdo (fomgem)lb s& s@ol gagdbogdo, Goasb fomgarl 5@ s@ols
foogar dodom dmgdgamo bgolbs@msgol d@bgs. sdsbmsob, ogo 53 ©gM03530Y0s,

Goaob 00 o3 ULbgs ®mdgmodyg dgdyggergdol  bofoos. do@mass,  [omgarl
sdmgamgdl  fomgar  Nb, @53, @bowos,  ggoEgdmo 9B yzgegdol  bsfogools
390gbogngdoe gg® gxnobgds. sdygodsw, hggb god@zozgdm, @md (=)L Im®Rgds
bodygodo  fomgarl o613 gegJboyg@os s sOE  ©gMogoEogo s sl
d935dm3angdger IO ggdol gyfmegdm. sdsbmsb, fomgarl hggbmgol dowsgbmd@ogo
‘dgdsdmgamgdgeo  Lodyges, Goasb doboom dgdmjangdygao  aodmbsbangds bOYga o
0dargds 9b5do. - sligmo Lodyggoo Jodmyedo Idsgmmowss. jg@dme, bdbgdols ©owa
bofoamo LYm@go sbgmos. 3sp., bdbs [omgaros, Gmdgaoi  sdmgagdls o@ol foomgero
aodmbobyagdol. 09dEs, Jodmygedo, my o6 hogmgmom doGomswo Lod®sgenggdols
Eadlobgargdgae  bodygggol (Gmpm@gdogss: Fomgaro, godmo, ©s. o), gdghabmds
bohgagoobs dgdsdmgargdgaro bodgges. sy, [omgao—; Bggbo seVgdom dstxgbog I-
SEPO0560  M3g@o300s @ 0go  Sdmagdls  {foogaroin 1 Go@dsl,  Gmdgmoa
539099m0s  {fomgerotomn s@bodbyeo Lod@sgamom® s M Mmebsiggmol domgds@ogy®o
M39M5(30000. 532350, [omgaro, Gmym®a3 bgobs®msgo,  dgdsdmgegdbgaro Lo@yges
s ol goMg9bmddog dgdodm e gdgen Lodygol gyfmegdm, @owash ol gbols Jggws
do0gdoB0gg® 569 Losb@dmgbm d@gdo odanggs dglodemangdgenr gm@IsL.

3. Joogmo Lobgmmm y@sds@ogon godgbgd wo 597693 B3bgoo gOmygedoe
0o gds.  bodsgomonme  gbsbmm domo goangds db. @oibgdo: sgedgby dy ol /
ogmdgby 39 dob ol; ssdgby dgb ol / smdgby dgb Jsb ol sodgbs dsb ol / sydabs dob
dsb  ob. >®Oops, @MmA03900  aM5d5@0g0m, gl m@o  bdbs, @OMIgEmopsh  dgm@g
‘JoEogbmddogo dgdsdmgangdgero gm@dss, 3M0bodymow aoblbgoggdye goagdgdls
0d@rg30ob. 3gOdme, db. @ogbgdo ogydsby Bgdwgaboodor ogemads: vgydgby Gy dob
ob; sg0daby dy dgb ol; oxdgby d9b Isb ol; sdodgby dob dy ob; sxydgbs dob dob ol

> {foomgmo} o@bodbsgl Foogrom dobbgymo Logbgdol doGomsw Lod@ogargl. gl 60dbogl, @md g9@
bghbegds dobo goblsbrgds ggoE gegdygbdgool hedmmgmom, ggoE Mggydlbygmsp ©s ggoE gobdlsbmgmgeo
ngoligdols 3060dbgdom. — o] olgmogg gomsdgdss, GMymMoEss ggwgmoegl agmdgddosdo  [r@mdoeo Lodygom
dm99geo Loddmsgmol dgdmbgggs do.
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0808965 3sb 96 ol; s8odgbs Job dg 0bS Loddg obos, GMI, JoGmuyado, og79dsby 2-
sa0m05bo,  og0dgbg o -  lsyomosbo  gmangdom  ogwengds.  gBOM  dg@os,
Joomyando s@ol Gogngg geslo bdbgdols, Gmdegdoi  3-sppowosbo  gwengdom
0@ gbdosh.  doy: dogedo@y dy dsb ol o@bs bawyersw;  dmgsdomy  dy  d9b ol
o@bo bawyersw;  dogods@y dg  dol dgb  s@bs bEwgarow; Josdsmy  dgb Job ol
o@bs bawyarsw;  Imdsdomy  dob dy ol o@bo bEwgarow;  dodsdomy  dgb  Isb g
o@bs bagarsw;  Josds@s  dsb dol ol obs bEwymsw;  dmgodoms  dob dgb ol
o@bs bawgarsw;  dogodoms  dob  dsb dgb s@bo bEHwgarsw;  Imdsdoms  dsb  dg ol
o@bo bA@ ao©; J0dsdoGs Job Job g o@bs bEwymo.

2. Jodoygao Lobgmenm a@sds@ogom Jo@myaTdo 7 d@ybgss. hggbo bgogom 3o,
Lobganl 0dgbo dG9bgs oJgl, odwgbo gm@domsi ogo dgodamgds [o@dmeaobogl
dodBog  0bOmdon  [obowowgdsdo  osy@omgdgar (93000, do®Gogo  mb®mdomo
Fobopogds s@0l odmbomgsdo, @mIganoi 0y9ds mbOmdomo gogrml bdbom ©s o3
b365bg  SbBMMgbgdsdo  rmpozy®o  SY3omgdemdomn  doddygeno  Lobgangdols  0d
QmAgdom, MM gdbsi hggh dOybgom Rm@IGdL gyfmegdm. dosdFGogo mnb@mdomo
Jobowowgbols  oy@oamgdgan (930l gufmegdem  dol  oda9d  DbIboby  aompoz9®o
o930 gdemdom  Joddge  Lobganl.  sdobmsb,  ob@mdomo  gogoml  bdbol
S2005bmds  obobwgdgds  dobbgo  syEoggogmdom  doddygemo  Lobgmoms
A5 gbmdom, saools Bodo go - 53 swaomol Igdoglgdgero Lobgaol Godom. - oI
(3690900L  Loxydggerbyg (o®dmgdbyeo 3gangggdom ©os@aobos, G®MA >s@OLgdom sby N
Lobganl 14 6@9bgs oJ3l. dsm No, Nol, Nobggb, Nolgsb, Nobmgol, Nom, Nowsb, NU.
Ndo, by, o, 03y, oob, do 609bgzgdl gyfmwgdbom. sdsbmsb, dGYbgdol oI
LobBgdol Bggb @mao0s96 d@G9bgdol g9Fmegdm?d owaobos olog, G®d Jo@mgmols
Jo@gyen  bofogdo oby dbmamdomn dOgdo asdmoymazs m goblbgoggdyamo Lobols
V_gdsbo. gligbos: [VIIND=t],..., [V (Ny,....Nm)=t] (N&{No, Nol, Nols 396, Nolasb, Nobogol,
Nowm, Nowsb, NU. Ndo, Nbg, Now, Nodwpg, Noob, Nds, 39, g6}, k=1,...,m). sdsbmsb, hggb

6 o, F3M0g0 oMol sOSFMOm, PoBs myY oMs  JoGms  Fm@obo  JodoMmgdom  gOmIsbgomaliyob
356bbgoggdgao  bdbydo Rm@dgdol gBmmdmomds. - 569, gg9dEbmdon @s IFgMogol oF ganobogy® aoggdol,
4mggmmagodo  gigol go®gdg golodygmgom, @md hggbl dogd bgdmm Fomdmpagboamo 7 gm@ds >@ Ygodamgds o6
0J69L 3o9Mmosbgdyemo g@hm Jmeosh I 3@H0gd0.

7 bobaolbsldgamos, @md 03 oT3ods  3Mobiodgmo  aoblbgaggdgdol Jogbgosge®, o3 Jodoygm  ©s
0bmgzAm3gam Yommgdgdl dn@obss, peglbsg 3o, Jodmygamo gbol Labgmam gdsds@ogzol g9@dldo, S0l Jglobgd
>MoxgM0s bomdgsdo.

8 Lolgmmm a@ods@ogom JodmgmPo ostol 7 dégbgo [11]. dompsb 6 hggbmobsgos.  g-7-5 d@ubgss -
Jopgdomo hggbmgols dd9bgs o6 oMol, GoEysh o@ 5@lLgdmdlL olgmo mbGmdomo Fobswswgds, Gmdgamdos ®

Foeds sgzomgoge Fozdb odegge.
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V_g6obgdl  aobgobogsgn  Gmgm@  bomdg@ogom  gsdmbsmdgsdmns  Lboddsgmgl.?
390dmE,  ©oEaobos, @OmMI  s@OLgbomo  Lobgangdols  Bod@ybgdgero  Jm@ggdgdom
@9o0bgdgeos Holidol m3g@s@m@gdo, @mdegdo 33 o dgb boigomlabgangdby
960dbmss  doddyabo. gl YbOYbggagmgls  0dsl, @™  bsigomlsbgmgbo  ©o

N-g3@obgdo dmdgogdgh @o V-gmsbgdoby dmddgogdol dgogase olgg V=—3@sbsl
0dgnggosb, @o3 od ImJdggdol Jodo@mn V—-g@sboms m3g@scoyge  hHoggdommdsls
AbOYb3myo3L.

hggbo bgwgom, Jo@myado, bgolbo®meg (pobdsbmyswgdga) by A (Q) Lobgenls
odglb 3 ddybgs. glgbos: Ai (Qo), A- (Q-), Ama (Qma) d69bggdo. @G 9bgdswo A (Q)
Lobgangdo  s@obodbgds A*-Ti (Q*-Ti). sdobmob, swyobs, Gmd A (Q) Lobgangdols
d®9bgoll  bodbgbom  Jomo  goblobrg@ol  s@ggdo  dmyg9gds. 3oy, Ao s Qo
0390530900l aoblobwg®ols s@gs {No, Nol, Nolggbh, Noligsb, Nobogol, Noom, Nowsb}, A-
©s Q- m39M530980L - {NU. Ndo, Nbg, Now, Nodwg, Nosob}, Ads da Qds m3g@sizogdols jo -
{N3s}. owgobps olboi, @md Ao, A-, Ads, A* (Qo, Q-, Qds, Q) ImJdgwgdgb o
2obLobeg®ol os®gdo Jgdogogr s dom oMy gbog gobmogligdbyen No—@Godol Gmdgerody
ANo—9305bobg  dgegao o0derggosb Na—@odol ANo—g3@sboli (QNa—g@sbsl), @i
b 9bggeymxl o3 m3gmsiogdols dods@m {No, Nol, Nolzgb, Nolgsh, Nobmgol, Noow,
Nogwosb, NUi. Ndo, Nbg, Now, Nodwg, Nosb, Ndo} godms Lod@sganols hsjg@ogomdsl.

sdggomo, hggbo 3gamggol 3owgy gOm-gOmo doMomswo dgogao obss, GMI 9339

53900 Jodmygao  gbol  dodgyeo  bofogol  0bmdm@gygmo  omgds@osy®o
0 gMA0s, O®MIEols sagsdg@os:

1. N @osols bodyggdo: No; Nols; Nolggb; Nolgseb; Nolmgol, Nom, Nowsb, N. N'do, Nbg,
Now, Nodwpg, Novsb, Ndo;

2. A Bodol Lodyggdo: A—, Ao, Ads, A%

3. Q @030l Lodyggdo: Q—, Qo, Qds, Q%

4. oMol boigomlsbgagdo: dg, dgb;

V' $o3dol Logygggoo: [VI(Ni,....Nm)=t] Nke{No, Nol, Nolggb, Nolgob, Nolmgols, Noom,

Nowsb, NU. NTdo, Nbg, Now, Nodwpg, Nosb, Nds, dg, dgb}, gmggero k=1-m)
Jodmyamo gbols dodgyao bofogol o3 0bmIMOFY JomgdoBogy® mgm@osls

h3gb Jodmyao gbol @maoig®o a@sds@ogol Logydgmse asbgoboaosgm s ol

9 gL Loddogamg @myoga® aMsd3sG0gsdo olgmogg Gmml msdsdmdl, @s Gmalsi dngao @oibggdo

h39amgd@og s@omdgdogodo 2]
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69bgd@ogo Jodmygaro gbol dodggmo bofogols dybgd@og @myogel gafmwgdm. - o3
dgegaol  dbodgbgermdsl  PR@m  mgoabshobml  bpoli ol, ®md o3  0gm@osby
34HObmdom gobgomemgdbymo dowamdomn LYo Ingymdon [yogds Jodmyeno
960l dodgyemo bsfomol domgdo@dogy® 9bsbg og@™IsGy®o  modadbols 3G Mbengds,
@53 mobodg@mgg @obygolBogol - dybgdb@ogo gbgdol crmpogzol s bybgd@ogo
96960L ©sd9doggools Loggobdm Lsgombos. 39@dme, o3 doamdon 9339 >3909e0os [2]:
L. 3omB0g30 Jodmygmo mbOmdomo [obswomgdgdol domgdodogyn®d gbosby m@Ib®og
53G™IsG®o dnsmadbgamo Loigmo Loldgds;
2. Jodoygmo @maozgdo sdmEebgdol sdmdblbgero (d9ddm{dgdgero) Lsiogero Lol gds,
AOmdgeoi  odmobsl 839 doggdl  dobo  Fobslfe®o  Fomgds@ogy®o  mos®adsbols
bog9930e0bg;
3. Jodomyga-0bymolig@-a9@dsbymmo m@db@og s3@mds@Gyase dms®ydbgamo Lsiogao
LoliGgds, MMAgeroi domgds@ogzg®o gbol o569 50 gdo@oiyn®o mo@madsbols Lodygsdogenm
dobsFomgmdoon do@Bog mbOmbom [oboswswgdgdl ms@adbol Jo®mygano, dglsdsdobow
0ba@oliyg@o, dgbodsdobow 9@dsbyemo gbgdowsb wsbomhgh m@do;
4. Jodomygao gbol do@gyeo bofomols @mgeo s ds®Bogo mbOmdomo Fobswswgdgdbom
529090 B9JbBYool  LobGoJlydow  dosbsgrobgdgeno o dgddm[dgdgemo  Logwgeno
Lobi@gds, ®mdgeoE, dogbgoegs®  0dolbs, @M Jodogemo  LobdsJluydo  do@mmnendfg@ols
o900l s3mebs 40 Fganbg dgBos ofBremy@  dymds®gmdsdo  0dymezgds, o3 Bodol
3003900 S5 X JOXJNMd0m gOMogAmno LobEgdss.

@B IH>GYOS
L. g9bogadg, abobys, dybgddogo  Jodmyemo Lodgdyggem  gomgyeol bgds  ©o
Joomygao dBsgoembdmgebo djombggemo LobEgdol odggdo Igmmegdols s oy9d0l
dobbgdol  dodmboangs,  Jodmygao  gbol  Fgdbm@myobgdol  396@®ol  @m™Igdols
30900, 3321-40, 2011;
2. g9bogadg,  dhodgobody,  Jodmyamo  Fo®Bogo s  Gmygmo  Fobopowgdgdols
@ma03900 LobGodbobs s Jo@mnygao do@mned(gmols 83900 Jgmmegdol ©s oy9d0l
dobbgdol  dodmbogngs, Jo@myemo  gboli  Fgdbmmmaobgdol  396@¢@o0l  dGMIgdols
30900, 3341-70, 2011;
3. Pkhakadze K., Chichua G., Vashalomidze A., Abzianidze L., Maskharashvili A., The Georgian
Reader-Listener System with User’s Possibility to Build in an Own Synthetic Voice, REPORTS of
Enlarged Sessions of The Seminar of I. Vekua Institute of Applied Mathematics, Volume 23,
pp.100-104, 2009;
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4. Pkhakadze K., Abzianidze L., Maskharashvili A., Georgian Language’s Theses, Seminar of I.
Vekua Institute of Applied Mathematics REPORTS, Vol. 34, pp. 108-121, 2008;

5. Pkhakadze K., Chichua G., Abzianidze L., Maskharashvili A., About 1-Stage Voice Managed
Georgian Intellectual Computer System, I.Vekua Institute of Applied Mathematics, Vol. 34, pp. 96-
107, 2008;

6. 39gbogody, 0 MA0379M0 d@ybgdobss ©S e0bg g0l Y@ dodo®m gdgdols
Logombolomgol Jo@myaTo, ,,Jo@mgemo gbs @s armpogs®, N1, “9bogg@logo”, 43.19-
77, 2005;

7. 38bogodg, (obodg bdby@o Lgdsb@ogyn®o gomgyeol 36gds, 30®ol bodsbms
Lbogombo, 0b@ga@smy@o s 5@50b@ga®oyo aoggdol bdby®o Lo@ygs-doboss®ligdo
s Jodmygamo  bdbol  s@olidyeo  s5byy  3odggero  LgdsbGogydo  ganslbogogsos,
»960390 bogro®, 83.72-152, 2004

8. Pkhakadze K., Chankvetadze G., Tibua L., Ivanishvili M., Lekiashvili L., Soselia E., About the
Main Ideas of the Direct Formal-Logical Description of the Georgian Natural Language System
Through the Examples, Proceedings of the V Thbilisi Symposium on Language, Logic and
Computation, ILLC, pp.129-137, 2003;

9. o@bbhodmdogs, dodBogo  [oboswswgbols  3OMbengds  Jo@myendo, Igi3bog@gdoms
Sgogdos, 1961, o4.1-295;

10. ITxaxagze III.C., Hexoropsie Bompocst Teopunu O6osmauenwuit, TI'Y, c.1-195, 1977;

11 5.9560dy, Jodmgeo gbol a@sdo@dogzol Loggydgmgdo, mliy, 1980, g5. 1-671;

12. Harris A.C., Georgian Syntax - A Study in Relational Grammar,Cambridge University Press,
pp.327, 1981;

13. B. Partee, A. Meulen, R. Wall, Mathematical Methods in Linguistics, pp.1-663, , 1990;

14. Taylor P., Text-to-Speech Synthesis, Cambridge University Press, pp.627, 2009.

K.ITxakanze, [.Unuya, M.YukBunuaze, A.MacxapanBuiu

Hamu enu, Metoast U Pesynbrarsl [1o [Tytu IToctpaeHus Jlormueckoii I'pamatuxu ['py3uHckoro
S3pika

Pesrome:

B crarbe kpaTka U310KeHbI HAILU LEJIM, METO/IbI U PE3Y/IbTaThI [0 MYTH MMOCTPACHUS JIOTUUYECKON
rpamMatuku  [py3uHckoro s3pika. [lpu  3TOoM, moOCTpaeHHE COBpPEMEHHOM  MaTeMaTHYecKOM
rpaMMaTuyeckoil Teopur ['py3MHCKOro s3plka, T.e. IMOJHOE IOCTPAcHHE JIOTHYECKOW IpaMMAaTHKH
I'py3uHCKOrO s3bIKa, HAMEYEHAa KaKk Hallla OCHOBHAs HaydHas Ie€Jb, a OCMBICIEHHE HAaIero

€CTCCTBCHHOI'O, T.C. IIOACO3HATCIIBHOI'O 3HAHUS pr3HHc1<oro A3bIKA U €ro MareMaTu4CCKOC OIMMCaHUuC C
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NOMOLIBI0  (hopMalibHO  pasBuBaroliero marematudeckoro ssbika III.C.IIxakam3e Hama OCHOBHas
Merononorus. Kpome 3Toro, B cTarbe KOPOTKO ONMCAHBI Psii HAIIMX OCHOBHBIX pE3yibTaroB. B
YaCTHOCTH, IPEJICTOBIICHBI HOBBIE B3TJISIIBI:

1. OO0 a30yke I'py3uHCKOI YCTHOM peYH U O CTPYKTYpPE CJIOT;

2. O cymIecTBOBaHMM HENIEPHBAIIMOHHBIX M HE(JIEKTUBHBIX Mopdem B I'py3MHCKOM s3bIKE,

KOTOpBIE KIaCU(ULIUPYIOTCS KaK COKPAILAIOLIE MOP(HEMBI;
3. O crpusKeHUH I1arojioB U CKJIOHEHUN UMEH [ py3MHCKOTO S3bIKa;
4. O maremaTHyecKol CTPyKType I py3MHCKOro AeKIapaTUBHOIO NPEIIOKEHNS;

5. O maremarudeckoii Teopuii 130Mop(HOI OCHOBHO# YacTH I py3MHCKOTO S3bIKA.

Konstantine Pkhakadze, Giorgi Chichua, Merab Chikvinidze, Aleksandre Maskharashvili
Our Aims, Methods and Results To The Way Of Construction Logical Grammar Of The Georgian
Language

Summary:
In the paper shortly, there is overviewed our aims, methods and results toward the construction Logical
Grammar of the Georgian language. Herewith: the complete construction of the logical grammar of the
Georgian language is declared as our main scientific aim; the understanding of in us naturally and
unconsciously exiting knowledge of the Georgian language and its description by the help of the
Sh.Pkhakadze’s formally developable mathematical language is declared as our main methodology. In
addition, in the paper, there are shortly overviewed some of our new views as the main results of our
researches. They are related to:

1. The Georgian speech alphabet and syllable structure;

2. The existence of contracting morphemes which exist in the Georgian language and which are

neither derivational nor inflectional ones;
3. The declination and conjunction in the Georgian language;
4. The mathematical structure Georgian declarative sentences;

5. The isomorphic mathematical theory of the core part of the Georgian language.
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BPAIIIEHUE IPOBOISIIEN )KUJIKOCTH B KOJBIIEBOM 3A30PE
IIPU HAJIMYUU TTONEPEYHOI'O MATHUTHOTI'O ITOJIA
B. H. Hyuxupunze, JI. A. l:zkuknaze
I'py3uHCcKMil TeXHUYeCKUIl YHUBEpPCUTET

yi. Kocrasa, 77, 0175, Tounucu, I'py3us

1. BBEJAEHHUE

KonblieBas reomerpusi kaHaja OKa3bIBaeTcsi HauOoJee BHITOJHON M YI0OHOM B 3KCIUTya-TalluH
pazmuuHoro poga MI'JI- ycrpoiicB (apocceneii, HacocoB U p.). Bormpoc o TedeHnn 31eKT-ponpoBOIHON
KHUJIKOCTH B KOJIBLIEBOM 3a30p€ B MAarHUTHOM TIOJIe€ pacMmarpuBaics B paborax [2,5,7,8,9].
Hcrionp30BaHNEe MArHUTHOTO TIOJIS JJISI OTMCAHUSI YTIPOIIAOIINX MOACITBHBIX (DYHKIHIA MOXKET MIPUBECTH
K 3HAYUTEITHbHOMY UCKKEHHUIO UCTHHOTO XapakTepa TeueHust xuakoctu [1,3,6,10].

B nannoii paboTe paccMOTpHUBaeTCs TeUEHHUE IIEKTPOMPOBOAHON KUIAKOCTU B KOJBIEBOM
3a30pe B OJHOPOJHOM MAarHUTHOM IOJi€, HAWJEHHOM U3 PELICHUS 3aJayd C YYETOM HHAYLHPO-

BaHHBIX TEKYILIUMU B )KHJKOCTHU 3JIEKTPUUECKMMH TOKAMU MarHUTHBIX nojeit (Rm # 0).

2. OCHOBHAA YACTDH
1. IlocranoBka 3aamuu. PaccMoTpuM ycTaHOBUBIIEECS ABWKCHHE BS3KOW MNPOBOASIIECH
HEC)KMMAaEeMON KHUJKOCTH B MPOCTPAHCTBE, 3aKIIOYCHHOM MEXAY JBYMS OCCKOHEUHBIMH
HUTUHIPAMH paguycoB a u b (a<b).
IIpenmnonoxum, 4TO HENMPOBOIALUIUN BHYTPEHHMM LIWJIMHIP BPAIACTCA C MOCTOSIHHOW YI-

JIOBO# CKOpPOCThIO W, a BHEIITHUI OUIMHAP HECIIOABUIKCH, NPUYCM MMECTCS BHCIIHEC OAHOPOJHOC

—

MAarouTHOC I10JIC HO , ICPICHAUKYJIIAPHOC OCU HUJIIMHAPOB.

IIpy yka3zaHHBIX YCIOBUSAX B KMAKOCTH BO3HUKAIOT JJICKTPUYECKHE IOJSA U TOK, HAIPaB-
JICHHBIE 10 OCU CHCTEMBI, a TAK)K€ MOHIECPOMOTOPHBIE CUIIBI, IEHCTBYIOIIHME B IUIOCKOCTH, IEPII-
EHAMKYIApHON ocu. Hapsiny ¢ 3TuM, TOKM CO3JAa0T MHAYLIMPOBAHHOE MATHUTHOE IIOJIE B TOW XK€

IUIOCKOCTH. TakuMm 06pa30M, B paCCManHBaeMOfI 3aJa4yC HCU3BCCTHBIMH BCIWMYMHAMU ABJIAIOTCA

- -
COCTaBJISIIOUINE BEKTOPOB CKOpPOCTH V(r,) u MarHuTHOrOo monus H(r,@), pacmoioXeHHBIX B
MJI0CKOCTH, MEPENEeHAUKYISIPHON ocu z (7, ¢, z -UWIHHIPUYECKUE KOOPIUHAHTHI).

3aMeTuM, 4TO U3 ypaBHEUs
N
rotE =0, (1.1)
cpa3y BBITE€KaeT, 4ro E =FE_=const. B panpneiiliem npuHumaerca £, =0, 4To mO3BOJISIET

MIOHU3UTH NMOPSI0K YPAaBHEHUI MarHUTHOM T'MAPOAMHAMUKH [ 1], M mpuBeCTH UX K BUIY
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th:‘”szxH, divH =0, divl =0, (1.2)
C
p(VVjV:nAV—Vp+lJ><H, J="rotH,
c 4z

rie O - MPOBOAMMOCTH JKUAKOCTH, 77- KO3(PHUIMEHT BAZKOCTH, p - MIOTHOCTh, C- CKOPOCTb

N
CB€TAa, J- BCKTOP IJIOTHOCTHU 3JICKTPUYCCKOI'O TOKA, p - JABJIICHUC.

BBenem Ge3pa3mepHbIe BETUYHHBI

- H - V
h:—, u=—, qzia Voza)aa p:pvga (13)
H, Vo Py
H
Rzﬁvoa, Rm=4”—20voa, M = Oa\/g.
7 c c \n

3neck R - uucno PeiiHonmbaca, R, - MarHuTHoe uucio PeitHonmpaca, M - uymcno I'aptmana.

Hcnons3ys cooTHOLIEHUE

ypaBHeHHUs (1.2) MOKHO IPUBECTU K BUY

roth=Rmuxh, divh=0, divu=0, (1.4)

Au= RHZVJZ+ Vq}LM{hz Z—(ZZ)Z]

3neck nuddepeHIMaNbHbIC ONepaly MPOU3BOIATCS 1O Oe3pa3sMepHO MepeMeHHOW x=r/a,
MeHsroIIeics B ipeaenax 1<x<A=b/a.

Cucrema (1.4) conepxut ueTbipe HeussecTHble QyHKUMU U, (7,¢0), u,(r,9), h.(r,p),
h,(r,@) u TpedyeT JUIsk CBOECH pa3pelIiMOCTH BOCbMHU ITPAHUYHBIX YCIIOBHH.

quLIpe YCJI0Bd, CBA3aHHBIC C MPHUJIMIIAHUEM JKUIAKOCTHU K CTCHKAaM, OUCBUIAHBI 1 UMCIOT BU/J|

=0, u| =1 (1.5)

x=A Plx=2 ?1x=1

Jlnst mosy4eHus: OCTalbHBIX KPAaeBbIX YCIOBUM CIEAYET PA3PEIIUTh YPAaBHEHUS DJIEKTPO-

TUHAMUKHA

- -
roth=divh =0, (1.6)
BoOmactsax x<1u x> A ¥ OCTaBUTh YCIOBHS HEMEPEPHIBHOCTH

— p(@) — p(@) — A — p(a) —
h,=h", h,=h" npu x=1, h,=h", h,=h," npux=A41. (1.7)

b
Bnecs 4 u h'”) - maruuTbie mons B 00MaCTIX F<da U F>b COOTBETCTBEHHO.
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Haxanen, HeoOxamumo MoTpeGoBath, YToOB BekTop £\ ocTaBaics OrpaHUYEHHBIM IPH

(b
0 1 O g p®
r—>0, a BEeKTOp Ipy 7 —> 00U HMeIH COoCTaBisiolue 4, =sing, o =COSQ,

COOTBETCTBYIOLIUE 3aJaHHOMY OJHOPOIHOMY IIOJIIO.

2. IlpubéanxkeHHoe peumieHHe NpH MaJbIx 4yuciaax PeiiHoabaca m  TI'aprmana. bynem
TIPENoJIoraTh, 4To napameTpbl R, Rm, M’- Majble BETMYMHBI OJHOTO M TOTO e MOpAAKa. DTO
OyZeT MMeThb MECTO, HampuMep, B Cilydae OYeHb BSI3KOH, HO ciabo MpOBOIALIECH >KUIKOCTU U

JOCTaTOYHO CUNIbHOTO nous H ). Ilonoxum

R =¢, R=ae, M?*=p¢, 2.1)

m

rac & - Majlad BCJIM4YUHaA, & U ,8 - KOHCYHBIC BCIINYUHEI.

- -
Bynewm pa3bickuBaTh BEKTOpa /# U u , @ TAK)KE BETUUHUHY ¢ B BUJE PA3I0KEHUN

> o - - o -

h=ho+eh+..., U=uo+&ui+..., q=q,+q, +.. (2.2)

OueBUHO, YTO HYJIEBOE NPUOIUKEHUE AJII MATHUTHOTO TOJIs OyeT

hy, =sing, h,, =cose, (2.3)
BO BCeM mpocrtpaHcTBe. Jlanee, n3 ypaBHEHUiA
- 2 ou - u 2 0
(Auoj :A”or—ui{——z % _y), (Auoj :Auo(p_L;__z&:o’ (2.4)
. x° x° 0@ v X x° 0@
BBITCKACT HYJICBOE MTPUOIIMIKEHHHE [UISI CKOPOCTH
A —-x’
v, =0, v, =———, 2.5

0or 0p X(ﬂ,z _ 1) ( )

YIOBJIETBOPSIOLIEE BCEM TPAaHUYHBIM YCIOBHSIM U COOTBETCTBYIOILIEE YHCTO THUAPOJAUHAMUYECK-
oMy pexumy. [lepexonum Kk HaXOXKIACHUIO CIEAYIOLIETO MPUOTHKEHUS.

Y100BI OnpeaAcCIMTL B IICPBOM HpI/I6JII/DKeHI/II/I BJIAHHEC IIOTOKAa Ha MArHMTHOC IIOJIC, HAJ0

pELINTh YpaBHEHUS

rot hi =uox ho, divh =0, (2.6)
WIH B TIPOCKIIHSX

ah 2 92
A T li(xhl(p)—lah" -2 A sing. (2.7)
ox op X Ox x Op x( —1)

ITonaras
cos @ sin @
hy = ATy = BT 2.8)

HaxoauM u3 (2.7)
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xr A C 3x* A C
Ax)=——-—Inx+—+D, Bx)=——"~—+"—Inx+—-D. 2.9
(x) T 2 = (x) R = (2.9)

g onpenenenus noctostHHBIX C U D MCHONIBb3yeM PELIEHHs] OJTHOPOAHOM cucTeMsl (2.7)

BoOmactax x<lwm x> A

_p@ sin ¢ ®) _ C" cosg ®) _ C"” sing (2.10)

p@ — p@ 98P @ _
1 1 s 1 H 1 s
' v 1-A S X 1=

-2’
nHaiinem C, D, C” u D' wu3 ycnoswuii conpsxenns (1.7).

B pe3ynbpTare BIUUCICHUIN TOTYyYUM

e ey
A(x)=l w172 +/1—21n£, B(x)z—l 352 22/1 +ﬁ(1—ln£j, (2.11)
8 2 x 8 2 X

x’ X
4eM U XapaKTepU3yeTcs NMepBoe NPUOINKEHHUE ISl MArHUTHOTO MOJIS.
OOpatuMcs Tenepb K ONpeesIeHUI0 B IEPBOM NPUOIMKEHUH BIUSHUS MArHUTHOTO I0JIs Ha
JBIKEHUE KUIKOCTU

Oyukuui u,, (x,9), u,,(x,0) ¥ ¢,(X,9) NOIKHBI ObITh HANUICHBI U3 CHCTEMBI AU(EPEH-

LHUATBHBIX YpaBHEHUH [4]

ou ul 8
Aulr—u—‘;—% A e T —£u0¢sin2go,
x> x° 0@ X Ox
(2.12)
u 0 ou
Au,, -2 %—8”“ - ﬁﬂ+£uo¢, (1= 08 20) (v, )+ 2o — g
x° x" 0p xOp 2 ox op
MIPU TPAHUYHBIX YCIOBUAX
u,=u,=0 mupu x=1lu x=41. (2.13)
Pemenue cucremsr (2.12) Oynem uckarhb B BUIE
ulr = ﬂR(xaq)) b ul(p = ﬁW(x) + ﬁq)(xa ¢) s QO = Z()C) + %f(xaw) . (214)
Oynkuuu ¥ (x), R(x,9), O(x,p) u f(x,) yIOBICTBOPIOT YPaBHEHHUIM
L u
Lieyy - ¥ toe (2.15)
x X 2
M—%—%%—af % sin2¢,
x° x 0p ox 2
g(xR)+a£=O, (2.16)
ox op

u
A®—22+£8—R—11—ﬁ0052(p.

x> x* Op Cxox 2
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Oynuknuu ¥, R u ® mommkHbl oOpamartbest B Hyab Ipu x =1 u y =4, a yHkmus y(x) omp-

enensiercst opMyIoit:

2
u
' _ 0(/,
X (x)=—, (2.17)
X
U OYEBHAHO, TIPEACTaBsET COOOW YacTh JABJIICHHS, YPAaBHOBEUIMBAIOIIAS IIEHTPOOEKHBIC CHIIBI,

BO3HHUKAKOIHUE OT CKOPOCTHU uo(p .

OyHkIusA W (x) HAXOOUTCS 0€3 TpyAa U UMEET BUJ

! @A -Dx’ Inx—(x* DA InA]+ (A = 1)(A* —x*)(x* =1)}. (2.18)

V=162 21)

Huddepennupys nepBoe u3 ypaBHeHuid (2.16) mo ¢, ymHOXast BTopoe ypaBHeHUE (2.16)

Ha x u guddepeHIUpys TMO X, BBIYUTAS M3 TEPBOrO pe3ylbTaTa BTOPOH M TPUCOCTUHSS
nocienHee ypaBHeHue (2.16), moydaem CUCTEMY JIBYX YPaBHEHHH C HEU3BECTHBIMHU ()YHKIIH-SIMHU
R v ®. Ecnu nonoxure

R = y(x)sin2¢p, O =Z(x)cos2¢p, (2.19)
BBIIETIUTh YAaCTHOE pEUICHHE IOJy4yaeMOW IMpU 3TOM CHUTCEMBbl OOBIKHOBEHHBIX AuddepeHna-

JIBHBIX YPaBHEHUH U UCKIIOYUTH Z , TO ISl PYHKIMHU ¢ = Xy TOJIy4aeTcs ypaBHEHUE

2t +2x%" —9xt +9t =0 (2.20)
C O0IITUM UHTETPAIOM
2 4 C
t=Ax"+Bx"+—+D. (2.21)
X

OnpeneneHne TMOCTOSHBIX M3 TPAHUYHBIX YCIOBHM MPHUBOIUT TOCIE BBIKIANOK K
cnenyomuMu Gopmyam:
/12

y(x):m{ﬂl (X —1) [ﬂ, (l +1)—2X ]lnﬂ,—2x (l —1) Inx —
— (A =D =D = x)[x(A+1) =227}, (2.22)
7 202 2092 2 A2 A2 13 _
Z(x)—m{(/l (X =D +D(x*+1)—4x*]InA-x*(A* =1’ Inx

— (A =D =D = xHA (> +D)+x7]}. (2.23)
Ocraercs u3 ypaBHeHuii (2.16) onpenennts coctapnsomue of /Ox u x ' 0f / O¢ rpamuenta

JABJICHHS, YeEM M 3aKaHYUBAETCs PELICHUE 3a/aud B IIEPBOM MPUOIMKEHUHU.
AHaIOrMYHBIM  00pa30oM MOXKHO TMONBITAThCSI HAWTH CIENYIOIIUE MPHOMKEHHS, OIHOKO,
(akTHYeCKOe TPOBEACHHE BBIKJIAJOK OKAa3bIBAaETCS JOCTATOYHO CIOXKHBIM JIaXe [UIi  BTOPOTO

TIPUOITVKEHHUSL.
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3. Bbluncienue Bpamamwiiero MomeHTta. lcnons3yem mnonydeHHblE pe3yibTaThl IS
BBIYHCIICHHS BPAIAIOIIEr0 MOMEHTa, KOTOPBI HEOOXOIMMO MPWIOKHUTh K IHIIMHIPY, YTOOBI
MPEO0JI0JIETh CUIIBI BA3KOIO TPEHUS U CO37aTh PAaBHOMEPHOE BpalllCHHE.

Iomb3ysCh BEIpaYKEHUEM I HAPSDKEHKA TPEHUs. F, Ha IIOBEPXHOCTHU BPAILIAFOLIErOCs IIMIMHIPA

ov, v
Fa =— _¢__¢+l% , (3.1)
o r rop)
HaXO01UM
F, M? . ,
o =15 (4 =Dy (D +Z (Hcos2¢]. (3.2)
3nech
2 o BA DX -D)-44InA
=T = : 33
a a /12_1 W() 8(/12_1)2 ( )
2 2 _ 2 _ 2
7=z 20 +2)1n/12 (13 DA +1)
(12 - 1)
npuyem F” ecTh HamUpsKeHHe TPEHHA NPH F =a B COOTBETCTBYIONIEH 3amade OOBIYHOI
r'HaApOoAHAMHKHU.

MOo3KHO MOKa3aTh, uto ans Beex A > 1 Bemmuuna y (1) +z (1) <0, npuuem z (1) > 0.

[Monw3ysich (3.2), momydaem GopMyIty JUIsl BpalaloIero MOMEHTa:

2

L
cor SIEMESA), L) = dmmga (3:4)

a

npuyeM (QyHKIHS

B I /G Y L )

S = 1622 (2% —1)

(3.5)

ULt Bcex A >1 ocraercs IMOI0KUTEILHOM.
[MpuBomuM Taxke GOpMyNbl AN HANPSHKCHWsT M MOMEHTA TPEHUS Ha HEMOABM)KHON

MMOBEPXHOCTH ¥ = b

F, M? . , nv, 2
—1- -1 AN +z (A)cos2p], FO=-1L2C ,
Fb(o) 2 ( )[W( ) Z( ) ¢] b a /12 —l
(3.6)
L, ) A =1-42 1
b 1ML (A), f,(A)= , LY =-L.
LE,O) fb( ) fb( ) 16(2,2—1) b a
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3necy Bemmuuubl z (1), W (A)—z(A) u f,(A) OyayT NONOKHTENLHBIMH TIPH BCEX

3HaueHusax A >1. Ot1o O3Ha4vacT, 4YTO Ha HCHOHBH)I(HOﬁ IMMOBEPXHOCTU HAJIMYKUC MArHUTHOI'O IT0JIA

BBI3BIBACT YMCHBIICHUC TPCHUA.

3. 3AKJIIOYEHUE
Takum 00pa3om, MarHUTOTHApOAMHAMUYEeCKHEe Y(h(PEKTHI B JTaHHOU 3a/1aue Bceraa
BBI3BIBAIOT YBEJIMUYCHUE TPEHUS Ha BpAIIAOIIEHCs TOBEPXHOCTH, KaK M JIOJKHO OBITh, TaK KaK B

PacCMOTPEHHOM CIIy4ae OTCYTBYET AIEKTPUUYECKOE ITOJIE.
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PE3IOME

BPAIIIEHUE ITPOBOISIIEN )KUJIKOCTH B KOJIBIIEBOM 3A30PE ITPH
HAJINYUU TIONNEPEYHOI'O MATHUTHOI'O TOJIA

B. H. Hyuxupuase, J. A. Jlxxukuaze

B cratbe paccMOTPEHO TedeHHE BS3KOM HECKUMAEMOW JJIEKTPOIPOBOAAIICH JKUIKOCTH B
MIPOCTPAHCTBE, 3aKJIIOUCHHOM MEXy IBYyMsI OECKOHEYHBIMH IIJIMHIPAMU paanycoB a u b (a<b),
MPU HaJIWYMU BHEIIHErO0 OJHOPOJHOTO MarHUTHOro mojs. [lomydeHo To4yHOE pelleHue 3agauud B
o0IIieM BHUJIe ¥ €T0 MPEAeTHbHBIN CTyJai.

KiroueBbie ciaoBa: Bpamenue, 3a30p, IpOBOAUMOCTb, CKUMAeMOCTb, OJHOPOAHOE MAarHUTHOE

I10JIC, JKUIKOCTD.

SUMMARY

ROTATION OF THE CONDUCTING LIQUID IN THE CIRCULAR GAP IN THE
PRESENCE OF THE CROSS MAGNETIC FIELD

Tsutsikiridze V.N. and Jikidze L.A.

The article deals with the flow of a viscous uncompressable liquid in the space confined by two
infinite cylinders of the a and b radii (a <) in the presence of an internal uniform magnetic field.
The exact solution to the problem in a general form and its extreme case were obtained.

Keywords: rotation, gap, conductance, compressability, uniform magnetic field, liquid.
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SUMMARY

TKIBULI COAL WASHING PLANT AND ITS ROLE IN DEFINING THE POSSIBILITY OF
USING TKIBULI-SHAORI COAL IN DIFFERENT INDUSTRIAL FIELDS OF GEORGIA
MAKHARADZE S.

Technological scheme of Tkibuli coal washing plant is discussed in the article; also Tkibuli-Shaori coal
washing process is described in it; there are shown experimentallydefined meanings of raw and washed
coal main physical and chemical parameters and other contented elements, also the parameters of the
elements received after burning of raw and washed coal. Based on the analyses of the above-mentioned,
there are made conclusions and recommendations for using washed coal and also coal discard in different

industrial fields of Georgia.

PE3IOME

OBOTATHUTEJLHASI ®ABPUKA TKUBYJM M EE POJIb B YCTAHOBJIEHUM
BO3MOKHOCTH HMCIIOJIb30BAHUSI KAMEHHOI'O YIJISI TKUBYJIU-IIAOPCKOT'O
MECTOPOKJIEHMS B PA3JTMYHBIX OTPACJISIX TPOMBIIIEHHOCTH T'PY3UHA
MAXAPAJ3E C.JI.

PaccmoTpena TexHonmorudeckas cxema TKHOYIbCKOW oOoraTuTenbHON (HaOpHUKW; OMKCAH IPOIIECC
oboramieHuss KaMeHHOro yriast TkuOymm-Illaopckoro MecTOpoKIeHHs; TIPUBEICHBI PE3YJIbTaThI

OTIpe/ieNIeHNs] OCHOBHBIX (PH3UKO-MEXAHHMUECKHUX IapaMeTpOB M COCTABHBIX SJIEMEHTOB JI0 U IOCTE
o0oraieHus ChIpOro yIiis, a TakKe TeX K€ MapaMeTpoB B CHIPOM COCTOSHMU U TOCNE CHKUTAHMs, Ha

OCHOBC aHaJIM3a KOTOPBIX CACIaHbI BBIBOAbLI U PEKOMEHAAINHN 10 IMMPUMCHCHUIO O601"3H.[€HH01"O yriei, a

TaKXKe «XBOCTOBY (OCTAaTKOB MOCJIE 00O0TaIleH!s1) B Pa3IMYHbIX OTPACIISIX B MPOMBIILIEHHOCTH [ py3un.
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K BOIPOCY ONPEAEJEHUSI MECTOPACIHIOJIOKEHUA ITPOMEXYTOYHBIX
HACOCHBIX CTAHIHMU B MHOTI'OCTYHNEHYATBIX 'NIPOTPAHCIIOPTHBIX
CUCTEMAX, PABOTAIOIIUX BE3 PA3PBIBA CINVIOIIIHOCTH ITIOTOKA

Maxapanze JI.U., I'enamBuau B.Jl., CtepsikoBa C.HU.

I'py3uHCcKkHMii TEeXHUYECKUI YHUBEPCUTET
I'opublii uacTUTYT M. I'. Hyayknaze

MHorocryneHyarble  THAPOTPAHCIOPTHBIE ~ CUCTEMbl  IIMPOKO  HUCHOJNB3YIOTCA IS
TPaHCTIOPTUPOBAHUS PA3TUYHBIX TBEPABIX CHITYYHX MaTEpHaIoOB MOCPEICTBOM SHEPIUH IOTOKA KHIKON
Hecyllel cpenbl, KaKk MpaBHJIO BOJbI, BO MHOTHX OTpPACisSX MPOMBIIUICHHOCTH OCOOCHHO B TOPHOM,
TOPHOPYAHOM, CTPOMTEIBHOM M JHEPreTHYECKOW. MHOrOCTYIEHYAaTOCTh IPEIOIPENEICHAa TEM
00CTOSITENIBCTBOM, YTO IIEHTPOOEKHBIE HACOCHI (TPYHTOBBIE HACOCHI, 3€MJIECOCHI, YIIIECOCHI, TIECKOBEIC
HACOChl), TPUMEHSIEMble B OCHOBHOM JUIA I[OJayd THIPOCMECEeH, M3-3a OCOOEHHOCTEH CBOMX
KOHCTPYKTHBHBIX BBIIOJHEHUH, SIBJISIFOTCS] HU3KOHATIOPHBIMHU.

Ha nmpakthke, TO ecTh B pealbHBIX TNPOMBIIUICHHBIX YCIOBHAX, (DYHKIMOHHPYIOT
MHOTOCTYIIEHYAThIE THAPOTPAHCIIOPTHBIE CUCTEMBI C Pa3pbIBOM CIUIOMIHOCTH IOTOKA TUIPOCMECH B
MeCTax pa3MeIIeHus MPOMEeKyTOuHbIX HacoCHBIX craHimii (ITHC) u 6e3 pa3peiBa CILIOIIHOCTH MTOTOKA
TUAPOCMECH TIO CXEME «HACOC B HAacoCy (TIOCIIe0BaTeIbHOE BKITIOUEHHE B TPYOOIPOBOAHON MaruCTpau
HECKOJILKUX HacocoB) [1-3].

B uckimounTenbHbIX ClTydyasx, Korja JUIdHa TOAAaYd TUAPOCMECH 3HAYMUTENbHAs], MPUMEHSIOT
ClIapuBaHUE JBYX HAaCOCOB Ha OJJHOW HACOCHOM CTaHUMM (MX BKIJIIOYAIOT MOCIENIOBATENbHO 10 CXEMe
«HACOC B HACOC)) TOJBKO JIMIIIb B CITy4ae MOTyYeHHUs pa3pelieH s Ha 3TO 3aB0JIa U3rOTOBUTENS HACOCOB.

[[upokomacmitaOHble  UCCIENOBAaHMs, MPOBEJCHHbIE HAMM HAa  MHOIOCTYIIEHYATHIX
TUAPOTPAHCTIOPTHBIX CUCTEMAX KPYITHBIX MPOMBIIUICHHBIX 00BEKTOB, ()YHKIIMOHUPYIOIIUX B PA3INIHBIX
OTpacysIX MPOMBIIUIEHHOCTH Pa3iMyHbIX peroHoB CoBerckoro Coro3a Mokas3aid, YTO M3-3a MHOTHX
HEOCIIOPDUMBIX ~ TPEMMYLIECTB,  HauOosiee  MEepCIeKTUBHOM  fABISETCS  MHOTOCTYyIEHYaTas
TUAPOTPAHCIIOPTHAST CUCTEMa, padoTarolias 0e3 paspbiBa CIUIOMIHOCTH MOTOKa ruapocmecu Ha [THC,
paccpeoTOYeHHO (HAa ONpEAeNEeHHBIX PACCTOSHUAX JpPYyr OT Jpyra) paclolOKEHHbIX MO0 JJIMHE
TpyOompoBoHON MarucTpam [1-4].

OnHako, creyeT OTMETUTb, YTO BCE MPEUMYILECTBA PACCMOTPEHHONM CXEMbI B MOJIHOM 00beMe
MOYHO JJOCTUTHYTh JIMIIIH B CITy4ae 00eCIIeYeHHUs] HOPMATBHBIX PEKUMOB (MMEFOTCS B BUY ITEPEXO/THEIC
PEKUMBI M HEYCTAaHOBHBILIUECS TIPOLIECCHI) 32 BECh MEPUOJ] IKCIUTyaTaIlUU. UCXO/ISl U3 3TOrO aclieKTa, 3T
CUCTEMBbl B HEKOTOPOM CTEMEHH SIBISAIOTCA CIOXKHBIMU JUI OSKCIUTyaTalliy, 4YTO SIBISETCS HUX
OTHOCUTEJIbHBIM HEIOCTaTKOM. [l yCTpaHeHHs 3TOro OTHOCHTENIBHOTO HEJOCTaTKa, HEeOoOXOIUMO
00ecneynTh MaKCHMAlbHO IUIABHOE MPOTEKAHWE TMEPEXOJHBIX PEKMMOB TMPU 3allyCKe TOJOBHOM

HacocHOM craHumu (I'HC) m Beex IIHC, a Takke npu BO3SHMKHOBEHHMH IO JPYTUM IpPUYMHAM
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HECTAIIMOHAPHBIX NPOLIECCOB — MPSIMBIX U HENPSMBIX THIPABIMYECKHUX YIapPOB U COOTBETCTBEHHO PE3KUX
KojeOaHuil naBneHus. [t 9ToM 1eaM HeoOXOAMMO BHECTH KOPPEKTHBBI B METOJOJIOTMH pacuera H
MPOEKTUPOBAHUSI MHOTOCTYIEHUYATHIX THAPOTPAHCIIOPTHBIX CHCTEM, paloTarommx 0e3 paspbiBa
criomHoctd notoka Ha [IHC. B nmpoTtuBHOM ciiydae Aake TpH 3alJTAaHUPOBAHHBIX 3allyCKaxX H
OCTaHOBKAX, IPEIyCMOTPEHHBIX TEXHOJIOTMEN OSKCIUIyaTallid, MOIYT BO3HHMKHYTh 3HA4HTEIIbHbBIE
KOJIeOaHUs JIaBJICHUH M CJIEJ0BATEIBbHO HEXeNaTebHbIe MOCIESICTBHS, OTPUIATENHHO BIMSIOIINE Ha
HaJIe)KHOCTh M JIOJITOBEYHOCTh BCEM CHUCTEMBI, B 3HAYUTEIBHON CTENEHM YXYALIAIOLME MX TEXHUKO-
SKOHOMUYECKHUE U SKOJIOTUUECKHE MTOKA3aTENH.

M3BecteH crmoco0 TpaHCHOPTHPOBaHMS MHOTO(A3HBIX THApoa’spocMeceil B  HANOPHBIX
MarucTpajbHbIX ~ MHOIOCTYIEHYATbIX I'MAPOTPAHCIOPTHBIX  CHCTEMAax, KOTOpPBI  ONpPEAENseT
ONTUMAJIbHYIO TIOCJIEIOBAaTEIbHOCTh 3allyCKOB M OCTAaHOBOK IIOCIIEIOBATEIbHO BKJIIOYEHHBIX B
MarucTpaib IEHTPOOEKHBIX T'PYHTOBBIX HACOCOB, a TAKXKE ONTUMAJIbHBIE MHTEPBAIBI MEXKIY ITUMHU
oreparisiMia  [5]. OmHako 3TOT €rmoco0 HE YUYUTHIBACT: a) METOIUKY OIPEACTICHUS ONTUMAIBLHOTO
mectopacnionokeruss [THC mo mimHe MarucTpaibHOTOo TpyOOmpoBoaa; ©) €ro OCyIIeCTBICHHUE
1Ie7eCO00pa3HO TONBKO JIMIIb B CIIydae 3apaHee YCTAHOBJECHHBIX TII0 TPUHATOM TEXHOJIOTHUH
nocnenoBarenbHocTer 3amyckoB U octaHoBoK ['HC u ITHC. Tlpu ocTanbHBIX BO3BMOXKHBIX CITy4ailHBIX
npoueccax (MpM BHE3AaHOM MPEKPaAIleHUH SJIEKTPONUTAHHS [OCIIEI0BATEIbHO BKJIIOUEHHBIX B
MarucTpajib HaCOCOB MJIM 3a TEM TAK)KE BHE3AIHOW MOJIauM 3JIEKTPONUTAHMS 3a KOPOTKUN MPOMEXKYTOK
BpEMEHHM — JI0 3aTyXaHUs BOJHOBOTO Tporecca) oH He 3(PQeKTHBEH, TaK KaK HE IpeAoTBpalaeT
BO3HUKHOBEHHUE PE3KUX KOJIeOaHUI TaBJICHUSI.

Kak ObUI0 OTMEUYEHO BBIIIE, B HACTOAIIEE BPEMS METOJOJIOTHSl pacuera U MPOEKTUPOBAHMUS
MHOTOCTYIEHYAThIX THIPOTPAHCIIOPTHBIX CHUCTEM IIOCIIEOBATENHHO BKIIOYEHHBIMH LIEHTPOOEKHBIMH
HACOCaMH OCHOBBIBAIOTCSI HA TEOPETHUYECKHX M SMITMPUUYECKUX BBIKIAJKAX U rpado-aHATUTUIECKHUX
METOJIax OIpe/IeNieHNUs He0OXOIMMOro Hamopa JJisl TPaHCIIOPTUPOBAHUSI THIIPOa’dpoCcMeceil Ha JaHHbIE
pacCTOsHUSL, B COOTBETCTBHE KOTOPOTO YCTaHABIMBAETCS HEOOXOIMMOE KOJMYECTBO HACOCOB U HE
YUUTBIBAET BIMSIHUE IEPEXOAHBIX PEXKMMOB 1 HECTAIIMOHAPHBIX MporieccoB [1, 2, 7].

Hwxe paccmarpuBaercsi Npeajio)KeHHas HaMM METOJMKA, KOMIUIEKCHO YUYMTBIBAIOIIAS Kak
rapaMeTpbl YCTaHOBUBIIIETOCS, TAK M HEYCTAHOBHUBIIIETOCS PEKMMOB PaOOTHI.

Kak m3BecTHO, MO acreKTy YCTaHOBHUBIIErocs peKuMa paboThl TMAPOTPAHCHIOPTHOM CHCTEMBI,
KOJIMYECTBO HACOCOB, HEOOXOAMMBIX Ui TOJayd THAPOAIpOCMeceld Ha JIAHHOM PACCTOSHUM
onpenensercs ¢ yuetoM Q-H xapakTeprcTUK HacOCOB, I€0IE3MUECKOM BBICOTHI I10/Ia4H 1 IIOTEPh HAIIOPa

T0 JUTMHE TPYOOIIPOBOAHON MarucTpaiu, TO eCTh

_AH _ K;(Ah +Ah, +H )
II_H - H

H H

n

; (1)
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rIe ny — KOJIUYECTBO HACOCOB, HEOOXOIMMBIX MAJISi TPAHCHOPTHPOBAHUS THIpoa’pocMecei Ha
JAaHHOW JJIMHE TpPU KOHKPETHOM YCIOBUHU; H, - reoMeTpuueckas BbIcOTa Mojauu (Moabema)
ruapoal’pocMecu, M; H, — Hamop, pa3BuBaeMblil (o padoueit Q-H xapakTepucTrke) eTUHUIHOTO
HacocHoro arperata, M; 4H — monHas moTeps Hamopa IO Bcedl AmuHE TPYOOIPOBOTHON
MarucTpaiy, HeoOXoauMmas s TPEOJOJICHHS €ro THIPAaBINYEeCKOTO CONPOTHBICHHS, M;

Ah; — noTepst Haropa Ha MPSIMOJIMHEHHBIX YaCTAX TPYOOIPOBOIHOM MarucTpaiu, M;

L 2
Ahy =p=mm Y )
D 2g

D — BHyTpeHHUH TuaMeTp MarucTpallbHOro Tpybomposona, M; L, ,, - cyMMapHas (IOJHas JIMHA
MPSMOJIMHEHHBIX YacTell TPpyOONPOBOJAHOW MarucTpaiu, M; A — KOd(pPHUIIUEHT TUAPABIMYECKOTO
COTPOTHUBIICHUS TPSIMOJIMHEHHONW YacTe TPyOOTPOBOIHOW MAarucTpalid, V — CPeIHsss CKOPOCTh
MOTOKA TUPOAdPOCMECH B TPYOOTIPOBOIHON MarucTpaiyd NPy YCTAHOBHUBIIEMCS IBHKEHUU, M/C; &
— YCKOPEHHE CHIIbI TSDKECTH, M/C’; Ah, - nonHas (cymMMapHas) OTepsl Haropa, HeoOXoauMas Jyis

MIPEOJI0JIEHUS] MECTHBIX COTPOTUBIICHUH, BKIIFOUYEHHBIX B TPYOOIIPOBOIHOM MarucTpaiy, M;
v2
Ahy =xe Y 3)
2g
Y& - k03¢ pUIMEHT MECTHBIX CONPOTHUBICHHUN, BKIIOUEHHBIX B MAaTUCTPAIbHBIN TPYOOTIPOBO/I.

CoBmecTHBIM perieHueM (1) — (3) MOXKHO onpenenuTh Kak MOJIHYIO JITHHY TPyOOIpOBOTHOM
Maructpaiim (L), Tak u ontuMaibHble paccrosHus wMexay I[THC, paccpemoTodeHHBIX 1O

TpyOONPOBOIHOM MarucTpaiy, B YaCTHOCTH MOJTHAS JUIMHA

2
2¢DK, (AH—ZSC;— ~H,)

L= — )

K — xoapurment 3anaca Hanopa, y4UTHIBAIOIINIA OIPe/IeICHHBIN MO0 Ha BCACHIBAIOLIUX MaTpyOKax
IMTHC, HeoOXoauMBblii JUIs MperoTBpalieHHsl pa3pblBa CIUIOIIHOCTH TOTOKA T'HAPOA’IPOCMECH B ITHUX
YacTsAX (CEUEHHSIX) IPU HE3HAUMTEBHBIX HAPYIICHUSIX UX PEXUMOB PaOOTHI.

Hcxonst 3 atoro, mis o0ecreueHns YCTOMYMBOCTH PabOThl THIPOTPAHCIIOPTHOW CHCTEMBI

MIPU YCTAaHOBUBIIIEMCS PEKUME, HEOOXOIUMO COOJIOJICHUE YCIIOBHUS
2
2¢DK, (AH—Z@?;— ~H,)

L< — g , ()

Kak Oput0 OTMEYeHO BbIIIE, MPH MEPEXOJHBIX peXHMax (3allyCK M OCTaHOBKa

(mocnenoBaTeNbHO BKJIIOYEHHBIX B MAarucTpaib HEHTPOOEKHBIX HACOCOB) M HECTAlMOHAPHBIX
nporeccax (IpsMble U HENpsIMble THAPAaBIMYECKHUE yIapbl U JIpyrue KosiedaTenbHbIe MPOIECCHI)

MCCTO HMCECCT HU3MCHCHUC ,Z[aBJICHI/Iﬁ B 3HAQYUTCJIbHBIX HOpCAciiax, 4TO OTPULATCIbHO BJIMACT Ha
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paboTy rHAPOTPAHCIOPTHON CHCTEMBI B IIeJIOM. MaKCHMabHbIe 3HAU€HHS MTPEBBIIICHUI JTaBICHUS
(aMIIMTyga) M 4yacToTa KoJieOaHMM 3aBHCAT OT NPUYUH, YCIOBHI BO3HMKHOBEHMS U CKOPOCTH
Pa3BUTHA HCYCTAHOBUBIINXCS MMPOUCCCOB. Ot IMPUYUHBI U YCJIOBUSA MOTYT OBLITH CaMBIE pa3HbIC B
3aBUCHMOCTH OT KOHKDETHBIX YCIOBHH (CTPYKTYphl CHCTEMBI B IEJIOM, OT CXEMBI
TPAaHCIIOPTHPOBAaHMS, NPOQHUIS  TPyOONPOBOAHOW  MarucTpaid, BHAA H  KOJIMYECTBA
TpyOOIIPOBOTHOM apMarypsl, THAPOIUHAMUYECKUX [1apaMeTpoB TPaHCIIOPTUPOBAHUSA
ruapoa’pocMeceit u T.1.) [6, 7].

Hcxonss w3 mpupoabl HPOTEKAaHWS BOJHOBBIX IIPOLECCOB B TPYOONPOBOTHOW MAarvCTpasIH,
HECMOTpsI Ha TO, YTO B KaKOM CEYEHHMHM M IO KaKOW NPHUYMHE HE BO3HUKAIM HEYCTAaHOBUBIINECS
MPOLIECCHI, UMITYJIbC CO CKOPOCTh @ PACIIPOCTPAHSIOTCS TI0 00€ CTOPOHBI CEYEHHS €T0 BO3HUKHOBEHMS. B
TaKOM ciydae TonHas (asa KkojebaTenpbHOro mporecca (M3MEHEHHUs JABIICHUS) OINpPEAENsieTcs IO

3aBUCHUMOCTH

a-T
T'=— wm L=——7y, (6)
a 2

@ — CKOPOCTh pacrpoCcTpaHEeHHsI UMITYIIbca (Ko1e0aTeIbHOrO Tpoliecca) B TpyOOIPOBOTHON MarucTpaiu
— CKOPOCTb pacHpOCTPAaHEHHS! BOJIHBI, 3aBHCSAIIAs OT: T€OMETPHUYECKHX IapaMeTpOB TPyOONpOBOJa;
TUAPOAMHAMUYECKUX — TapaMeTpoB TMOTOKAa THIPOa’pocMecH;  (DU3MKO-MEXaHWYECKHMX  CBOWCTB
(mapameTpoB) TUAPOAdPOCMECH, TBEPABIX YACTHI, BO3[AyXa, MarepHaia M3 KOTOPOTO H3rOTOBIICH
TpyOONPOBOJ; KOHLIEHTPALMid  COCTaBJSIIOIIMX —THAPOa’pOCMECH  KoMIoHeHToB [1, 4], w/c;

T — mMakcuMasbHasl MPOAOIDKUTENBHOCTD (ha3bl MMITYIIbca (KoJiedaTenbHOro mpoiecca), ¢; L — monHas

JUTUHA TPYOOIIPOBOHON MarucTpajiy, B KOTOPOM MPOTEKAET BOJTHOBOM mporiecc (CM. puc.1), M.

~

Puc. 1. Cxema MHOTOCTYIIEHYATOW THIPOTPAHCIIOPTHON CHCTEMBI, pabOTAIOIICH MOCICI0BA-TEIBHO BKIIFOUCHHBIMH B
MarucTpaib [EHTPOOSKHBIMH HAcOCaMH IO cXxeMme «Hacoc B Hacocy». 'HC- romoBHas (BcachIBarollas) HacOCHas
craamus; [THC — mpoMexyTodHble HAacoCHBbIe cTaHmud: | — rosioBHas HacocHas ctanmus (THC); 2 — mepsas
npoMmexyrounas HacocHas cranmus (ITHC-1); 3 — Bropas mnpomexyrouHas HacocHas cranmus ([THC-2);
4 — BcacwBaImas Tpybda; 5 — ydacTok MaructpaimbHoro Tpybompomoma mexay ['HC m IMTHC-1; 6 — ywacTok
MaructpaibHoro Tpyoomnposoaa mexay [THC-1 u [THC-2; 7 — ygacTok MaructpainpHoro tpyoomnposoaa ot [THC-2 mo
MeCTa TOJadd THAPOA’POCMECH; § — MECTO MOJaud THUAPOA’dPOCMEcH (MECTO CKIIAAWPOBAHUS TBEPIBIX YaCTHIT
CBIMTyYero Matepuaia); 9 — mpueMHbIN 3yMIIQ
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Kakx BugHo u3 Qopmynbel (6), yem Oonblne uiHA TPYyOONMPOBOJHON MarucTpaiu, TeM
Oonbllle TMPONOJKHUTENBHOCT (a3l  KosebarenbHOro mpomecca. Mcexons u3 3Toro, mpu

OTpENCNICHUN PACCTOSHUNW MEXIy TMOCIeA0BATeIbHO BKIIOUEHHBIX HACOCOB, HEOOXOIMMO
al . " o
coOmroienne ycioBus L 37, 9TO0Bl 00ECIEeYUTh YCTOMYHMBOCTH BCEU THAPOTPAHCIIOPTHOU

CUCTEMBI NPH HEYCTAHOBUBIIUXCS peKMMax pabOThl MPU MX BO3SHUKHOBEHHH B JIFOOOM CEUYEHHHU.
[Ipu coOroIeHNN 3TOTO YCIIOBUS TPOU30MIET MAaKCUMAIbHO OBICTpOE 3aTyXaHHe KoJeOaTeIbHOTO
mporecca U COOTBETCTBEHHO YMEHbBILICHHE 3HAUYEHUS MPEBBINICHUs NaBieHuil. byner uckmodyeHa
TaKK€ BO3MOXXHOCTb BO3HUKHOBEHMS PE30HAHCHBIX SIBICHHH, TO €CTh HAaKJIaIbIBAaHUS
(cymMMupOBaHHs) BOJIH U COOTBETCTBEHHO YBEIMUYECHUSI 3HAUEHU I MPEBHIIICHUS JaBICHUN.

Onnako u3 ananu3a 3aBucumocteit (1), (4) u (7) coBepiIEHHO OYEBUAHO, YTO yBEIUUYEHHUE
paccrosauit Mexxay [THC u Bcelt JuinHBI TpyOOIIPOBOTHOW MarucTpajiv He JOMYCTUMO OJHO3HAYHO
MCXO0/S TOJBKO M3 OJHOTO ycioBus. OnpeneseHue uxX ONTHUMAalIbHBIX 3HAUYEHUH CIelyeT C yueToM
000MX YCJIOBUH, TO €CTh TaPAMETPOB KaK YCTAaHOBUBIIETOCS, TAK U HEYCTAHOBUBILETOCS PEXKUMOB.

B takom cnyqae

2
2¢DK 3 (AH-3&~— —H )
2g T-a
L< >—. (7)
Av? 2
B cooTrBeTcTBMM ¢ ONTUMAIBHOW TMOJHOW [JIMHBI MAaruCTPaIBHOTO TPyOONpoBOJA,

ompeneaeHHoO w3 ycnoBus (7), MO 3aBUCUMOCTH (4) ciemyeT OmpenesTh ONTHMaIbHBIC
paccrosinusa Mexay 'HC u [THC nocnenoBaTenbHO BKIIFOUEHHBIX B MAarkCTpallb 110 CXEME «HACOC B

HacocC», B HaCTHOCTHU

2
A%
2gDK; (AH—- (25 ——),—H )
0 < 28

v? ’ ®)

rae AH;-cymmapHnast (mosiHast) morepsi Harmopa, HeoOXoauMas Ui MPEeoJOJICHUS THIPABINYECKOTO

COTPOTHUBIIEHUS MpsMoauHeHOW vactu {; TpybompoBoma mexay ['HC u ITHC-1 (cm.puc.l), m;
V2
(X6 —)1 — cymMMapHas MOTepsi Hamopa Ha 3TOM >K€ y4yacTKe, HeoOXOoAuMmas Uil MPEeOJOJICHHUs
2g
MECTHBIX CONpOTUBIEHUH, M; Hr - reomerprueckas BbICOTa MOJa4u THIPOA3POCMECH HA ITOM XKe
y4acTKe, TO €CTh pa3HHIA MEeXAY Teofoe3nueckuMu otMmeTkamu pazmenienus I'HC u [THC-1, m.
AHAJIOTUYHBIM ~ METOJIOM  ompenensitorcs pacctostHuss £, €3 u  T.0. (B ciaydae
HeoOXxoauMocTH). B TakoM ciyyae Bcs THAPOTPAHCIOPTHAs cuUCTeMa OyAeT 3alluIieHa OT

BOJIHOBBIX TMPOIIECCOB TMpHU JIOOOM cllyyae HX BO3HHUKHOBEHHA. OTO OOBSCHSETCA TeM

00CTOSITETLCTBOM, UYTO MPU BO3HMKHOBEHHMH IO JI000W MpPUYMHE HECTAMOHAPHOTO Tpoliecca,
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HUMITYJIBC (BOJTHA) BO3MYIIEHHS PACIIPOCTPAHUTCS TI0 BCEH IITMHE TPYOOIIPOBOIHONW MarucTpaiu (B
00e CTOpPOHBI OT CEYCHMsI €ro BO3HMKHOBEHHS B 3aBHCHMOCTH OT TOTO B KaKOM €ro CEYeHUU
BO3HUKHET HECTAI[MOHAPHBIN MPOIIECC) U MPOU3OHAECT OTPAKEHUE BOJIH B KOHIIE MAarUCTPaIbLHOTO
TpyOompoBoja 7, TO €CTb B CEYEHHH, B KOTOPOM MPOUCXOJUT U3JIUB U3 HETO T'MAPOAIPOCMECH B
atMocdepy, a TaKkke y MPHEMHOro KjaraHa BcachIBaroOIIeH TPyObl 4, OMYyIIEHHOW B MPHEMHBINA
symndg 9, TO ecTb B CEUEHHHM, B KOTOPOM NPOMCXOJUT IMOCTYIJICHHE THIPOCMECH B
THJIPOTPAHCIIOPTHYIO cucTeMy (Bo BcacwiBatomiei Tpyoe I'HC) mnm B mpueMHOM MOAMIOPHOM
3ymride, mpu paboTe TOJIOBHOTO Hacoca ¢ MmoAnopoM. M3-3a Toro, 4to OyayT COOMIOAEHBI YCIOBHS
(4) u (5), mpom3oiiieT MHTEHCUBHOE 3aTyXaHHE KOJeOaTeTLHOTO Mpollecca W HE MPOM3O0MAET

MPECBLIMICHUC NABJICHUSA B 3HAUYUTCIIBHBIX IIPC/ICIax.
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PE3IOME

K BOIIPOCY OINPEAEJEHUSA MECTOPACIIOJIOXKEHHUSA ITPOMEXYTOUYHBIX
HACOCHBIX CTAHIIMA B MHOI'OCTYINEHYATBHIX THIPOTPAHCHOPTHBIX
CUCTEMAX, PABOTAIOIIMX BE3 PA3PBIBA CILJIOIIIHOCTHU ITIOTOKA

Maxapanze JI.U., I'enamBuau B. /., CtepsikoBa C.HU.

PaccmaTpuBaeTcss BOIPOC ONPEICICHHUS ONTUMAIBHOTO MECTOPACIIOIOKEHUS MPOMEKYTOUHBIX
HACOCHBIX CTAHLUMH B MHOTOCTYIEHYATHIX THUIAPOTPAHCIOPTHBIX CHcTeMax, paborarommx 0e3
pa3pbiBa CIUIOMIHOCTH IOTOKAa B MECTaX WX pa3MEIIEHUS IO TPYOONPOBOIHOW MAarucCTpalH,
O6OCHOBBIB3_CTC$I, qTO I[pUu OHIpCACIICHUU MCCTOPACIIOIOKCHUA NPOMCKYTOYHBIX HACOCHBIX
CTAHIIMK, HEOOXOIUMO YYECTh BIUSHUE THIPOJMHAMHUYCCKUX TPOIECCOB, TO €CTh B METOJ0JIOTHN
pacuera ¥ IPOCKTUPOBAHNS aHAJIOTMYHBIX CUCTEM, HApALY IPUHHUMAEMBIX B HACTOAILEE BpeMs IPU
pacdeTax OCHOBHBIX MapaMeTPOB YCTAaHOBHBIIETOCS (CTAI[MOHAPHOTO) PEKHUMA, CICIYeT YIeCTh H
napaMeTpbl HEYCTAaHOBHMBIIIMXCS PEKMMOB U Ha OCHOBE UX CPaBHEHHS ONPECIIUTh OKOHYATEIIbHOES
3HaUYEHHWE KCKOMOTO  TMapaMmerpa; IMPaBOMEPHOCTh JTOH  METOJOJIOTMH  yCTaHOBJICHA
ITMPOKOMACIITAOHBIMU SKCIIEPUMEHTAIBHBIMU HCCIICIOBAaHUSMH, IPOBEJICHHBIMA Ha KPYITHBIX
[POMBIIUIEHHBIX THAPOTPAHCIIOPTHBIX CUCTEMAX.

SUMMARY

LOCATIONS OF INTERMEDIATE PUMP STATIONS IN MULTI-STAGE
HYDROTRANSPORT SYSTEMS OPERATING WITHOUT FLOW BREAK
MAKHARADZE L., GELASHVILI V., STERYAKOVA S.

The problem of identification of optimal locations of intermediate pumping stations in multi-stage
hydrotransport systems operating without flow break in their placements along main pipelines is
considered; It is explained that when identifying locations of intermediate pumping stations, it is
necessary to consider the influence of hydrodynamic processes, i.e., in the methodology of
calculation and design of analogical systems, the parameters of non-steady (non-stationary) regimes
should be kept in mind in line with the basic parameters of currently applied steady (stationary)
regimes, while the final calculated parameter should be received on the ground of comparison
thereof. Validity of this methodology is proved by the wide range of experimental studies conducted
on major industrial hydrotransport systems.
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