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NMPOBJEMBI HEJAHEWHOTO AHAJW3A B HMHXKEHEPHBIX CUCTEMAX

MesxtyHapOIHBIHN KypHAT Kazann
Hcemunnas meopus o Eouncmeo — 6 pasnoobpasuu
He Modicem Oblmb JUHEHOU B.JIakmmukanTam

A.Dii i
OfiHITelH Ot Penakunonnoro Komurtera

MexnyHapoausiii XKypHan «[Ipo0GiaemMbl HEIMHEHHOTO aHAIM3a B MHXKEHEPHBIX CHUCTEMaxy —
Medcoucyuniunaproe O08yA3blyHoe HaydHoe nepuoaudeckoe M3paHue, IpencTaBisioliee
UCCIICIOBAaHMS 110 HEJIIMHEHHBIM Tpo0ieMaM BO BCEM pa3HOOOpazuu (hyHIAaMEHTAIbHBIX U
IPUKIIAIHBIX HAYK.

OrpoMHOE€ 3Hau€HUE B YCTAHOBIEHUM TECHOM MeNCOUCYUNTUHAPHAS  CBA3U  MEKIY
(dyHIaMEHTAIFHBIMU U TIPUKIAJHBIMA OOJACTAMH HAYKH B LIEJIOM M MEXAY €€ OTACIbHBIMU
JUCUMIUIMHAMU TNPUHAJUIEKUT, B TIIEepBYI0 ouepenb, Mexanuke. Hempexonsmas poib
Mexanuku Kak (yHIaMEHTaIbHONH 0a30BOM HAy4YHOW AMCHMIUIMHBI IS BCEX APYTHX
JUCUMIUIMH W JJIs Hamiero 3HaHUS B 1LI€JIOM SIBJISIETCS. HEOCHOpUMBIM (pakTomM. MexaHuka
cHa0XaeT Hac MOJEISIMU M METOIAaMU, NOKPbIEAIOWUMY 8Ce 00IACTU MeOpUU U UHICEHEPHOU
NPAKMUKU

«Hvromonosckas Mexanuka — nenpessotioenHoe oocmudicenue Qu3uku (HamypaibHol
Qunocogpuu), eceii ucmopuu yenoseueckou yusunuzayuu. Ona eeuna. Ha ee mocyuem Opege
NOAGNAIOMCSL HOGble U HOBble gemeu. Cpedu HUX — U 6emeU, blPOCIUUE U3 NPUBUMBIX HA MO
0pe6o 4epeHKOB-CadiceHyes, 63pPaeHHbIX 6 ToHe opyeux ecmecmeennvlx Hayky — I'.1.UepHsii,
Axanemuk PAH (Ilpencenarens Poccuiickoro HanmonansHoro Komurera o teopetrueckoi u
MPUKIIIHON Mexanuke, 2011r.).

e MexaHuKa — TIJIaBHBII MHCTPYMEHT B H3YYEHMM JBHKEHUS HEOECHBIX Tel U BCeX
IIPOLIECCOB B OKOJIO36MHOM IIPOCTPAHCTBE U B 1aibHeM Kocmoce;

e MexaHuka JaeT MOLIHBIM anmapar i ONKCaHHWs IPOLIECCOB Ha MUKPOYPOBHE; JUIS
KBAHTOBOM MEXaHWKH; JIJIsl OMCAHUS CJIOKHBIX IIPOLIECCOB BHYTPH 3€MJIU, B TCOJUHAMUKE;
B HCCJIEJOBAHUU IIPOLIECCOB BYJIKAHWYECKUX W3BEP)KCHUH, B IVUHAMUKE YparaHoB; B
ApPKTUYECKUX MCCIIEIOBAHUSAX;

e Mogenu u  MeToabl MexaHUKM  SABIAIOTCS  (QQPEKTUBHBIM  HMHCTPYMEHTOM B
MEXIUCIMIUIMHAPHBIX ~ MHXKEHEPHBIX NPUJIIOKEHHAX — B 00JacTd MEAMIIMHBL, B
poOoTOTEXHHKE, B OMOMEXaTPOHHUKE, B MEXaHUKE MaTepUalloB, B HAHOOMOTEXHOJOTHSIX,
JUIS  PELeHHs] CIOXHEMIIUX MHOTOJUCHMIIMHAPHBIX MpOo0JieM KOHCTPYHUPOBAHMS B
aBUAIIMOHHOM M a3POKOCMHUYECKOI 00acTu;

e MexaHuKa SBISETCS «OCHOBHBIM (YHIAMEHTOM» JUIl pa3BUTHUS BCEX CMEXHBIX
JUCUMIUIMH, B KOTOPBIX H3y4aeMble OOBEKTBl — MeHCOUCYUNTUHAPHbIE CUCTEMBI,
TpeOyrolue 3HaHUN W3 Pa3IUYHBIX HAayyHBIX 00JacTed; MMEHHO Ha CTBIKE Pa3iIMUYHBIX
JUCHMIUIMH TIPOUCXOJIUT 3apOKACHHE HOBBIX THUIIOTE3, OOECIEUMBAIOIINX TIIyOOKOE
IIO3HAHUE OKpy’Karomero Mupa, ¢ IOHUMaHUEM MPOUCXOASIINX IPOLIECCOB;

e be3 Mexanuku, 0e3 TECHBIX MEXAMCUUIUIMHAPHBIX CBA3EH MEXKIy TEOPETHUYECKUMHU U
NPUKIAJHBIMA 00JACTIMM, MEXIY pa3IMuHbIMU JUCHUIUIMHaMK Hayku HEBO3MOXHO
yrityOseHue Hamero 3HaHHs B 1IEJI0M.

bonee Toro, umenHo MEXAHUMKA cnocoOGCTByeT pa3BUTHIO «MAaTEMAaTUYECKUX MOCTPOCHUM
UCKJIIOYMTENBHOM KpacoThbl». TEOPUM JUHAMHUYECKHX CHCTEM, TEOpUU YCTONYHMBOCTH
AM.JIanynoBa (120-netue xotopoit Obuto otmeueHo B 2012 ropy),..., urpas B 3TOM
BakHelmyto ponb. [Ipu 3TOM, OOBENUHAS YCWUIHMS TEOPETHUKOB W TPUKIAJAHUKOB, OHA
oOecrieunBaeT pa3pabOTKy M CHHTE3 METOJOB B MEXKIUCIHUIUIMHAPHBIX cdepax HaykKH,
00pa30oBaHUs U MH)KEHEPHOM MPAKTUKH; B UCCIEIOBAHUSIX 10 HETUHEHHBIM MpoliiemMaM BO
BCEM pa3zHooOpa3uu (yHAAMEHTaJIbHBIX W MNPUKIAAHBIX HAYK, BKIIOYas JAUCLHUILIIMHBI
€CTeCTBEHHOTO M TYMAaHHUTapHOrO LMKIOB (Cpelu HHUX: MaTeMaTHKa, MeXaHHKa, (pu3Mka,
XUMHUS; WHXKEHEpHbIe, OMOJOrMYecKre, MEAMIMHCKUE, COIMAJIbHbBIC, MOJUTHUYECKUE HAYKH;
DKOJIOTHS,, KOCMOJOTHS; OHKOHOMHKAa M (uHAHCOBas MaTeMaTWKa; HaHOHAyKa U
HaHOTEXHOJIOTH; YCTOMYMBOCTh U MOIEP>KUBAIOIIEE PAa3BUTHE; MPOOIEMbI PUCKA U 3alUTHI
UH(pOpMAIUHU; TPOOIEMbI UCCIIEIOBAHUS ONIEPALH, ...).
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«...Teopus ycmouuueocmu u aHAIU3 OUHAMUYECKUX CBOUCME HENUHEUHbIX CcUucmem —
pockowHoe Oepeso, obnaoaroujee KiacCuyeckum CmeoaoM, 21y00KUMU NPOUYHBIMU KOPHAMU,
yxoosuumu 8 Mexanuky, ..., 8 8ajcHvle npuxiaousie 3adayu...» — B.M.MarpocoB, AkaieMuk
PAH (Ilpe3uaent AkaneMuun HeJIMHEHHBIX HayK, 2001r.).

B osrom HampaBieHuM cleayeT MOAYEPKHYTh HENpEXOoJsllee 3HaueHUue pPa3BUTOU
A .M.JIsnynoBsiM-H.I".YeTaeBbIM MeTOMOMOTHU AJi MPOOJIEM MOJACIMPOBAHUS U aHAIU3a B
MEXaHUKe, B UHKCHEPHOU MPAKTUKE U JJIsl paCIIMPEHUs Hallero 3HaHUs B 1IEJIOM; MIPU 3TOM
MMEHHO Teopus ycToiuuBoctu A.M.JIsmyHOBa 1aeT HaM KOHCTPYKTUBHBIA MaTeMaTHYECKUN
WHCTPYMEHT, TOATBEPK1as:

«MaremMatuka — 3T0 3((PEeKTUBHOE «TPAHCIOPTHOE» CPEACTBO, CHOCOOHOE OOeCreYnTh
CYIIECTBEHHBIH NPOPHIB B NMOHUMAHUM CYTH CJIOXKHBIX SBJICHUH OKpykaromero Mupa, ¢
rITyOOKMM TPOHMKHOBEHHEM €€ METOJIOB, CTeHEPHPOBAHHBIX MEXaHUKOW, BO Bce 00IacTH,
BKJIIOYAs U HETPAAULMOHHEIC JJIS HEe).

«../ 6cec0a eepun, umo obvexmuenviti xapakmep CamoopeaHuzayuu U
Heobpamumocmu  0ondcen  Oblmb  OCHOBAH HA  KAYECMBEHHLIX — XAPAKMEPUCMUKAX
Junamuku, ... Bcenennas — Kouncmpykyus 6 pazeumuu, ¢ xomopom Mul yuacmeyemy, —
W.ITpuroxxun, HoGeneBckuii Jlaypear.

B stoMm Bhinycke xypHana «[IpoOGreMbl HEJIMHEHMHOrO aHajdnM3a B MH)XCHEPHBIX CHUCTEMax»
(Ne2(44), 1.21, 2015) omyOiaMKOBaHbI CTAThbH, aHAIUTHYECCKHAE WCCICIOBAHHUS M aBTOPCKUE
pe3yabTaThl, HAYYHO-UH(POPMALMOHHBIE MAaTEPHUANIbI, OTPAKAIOIINE BUIACHUE CIEIHAIHNCTOB,
BBIJICJISIIONINE  HEKOTOpBhIE  aKTyaJbHBIE  NPOOJEeMBbl  HACTOSIIETO M OyayImiero
MeACOUCYUNTUHAPHO20 XaPAKTEPA.

Cpean HUX — CTaTb U 0030pbl O MeXCOUCUUNIUHAPHOU TEMaTUKe, TMOPOKIAeMOil
noTpeOHOCTIMU  (PyHAAMEHTAIbHOW HAyKH M HHXEHEpHBIX mnpuwiokenuil. Crarbu
MOJITOTOBJICHBI B pPa3BUTHE HCCIENOBAaHUM, 00CyXJaeMbIX Ha MeEXIyHApOIHBIX HAyYHBIX
dopymax u koH(pepeHIUAX, Ha MeXAyHapoaHBIX HaydHbIX CeMmMHHapax Mo mpodieMam
MOJICJIUPOBAHUSA U JAUHAMUKHU CIIOKHBIX MEXIUCUMUIUIMHAPHBIX CHUCTEM IMPUMEHUTEIBHO K
dbyHIaMeHTaIbHBIM 33/1a4aM TEOPUH U TTPAKTHKHU.

Temartuka, IpeICTaBICHHAA B 3TUX pabOTax, OTPaKaeT ATy MEKIUCIUTUIMHAPHOCTL: METOIbI
U MOJENU B TEOPUHM TEMHOM HSHEPrUM; M3Y4EHHME MOJENEH M METOJOB B 3ajadax A
TEPMOCTATHYECKUX TMOJIeH; METOAbl ONTHUMAIbHOTO YIPABICHHUS TPUMEHHUTEIBHO K
npobiieMaM NPOCTPAHCTBEHHOW OPUEHTALMU ISl KOCMHUYECKHX allllapaToB; HCCIEA0BaHUE
Mojzenel B 3amadye O JBWKEHUM caHed YamupirnHa (IPUMEHHUTEIBHO K OCOOEHHOCTSIM
MOATOTOBKUA CIIOPTCMEHOB K 3WMHMM Ommmnuiickum HMrpam); MeToasl ONTUMHU3AIUU B
3a/1a4ax ymnpaBJeHHs Aj1s 00eCleYeHUs SKOJIOTMUYECKH YUCTBIX 1IETI0YeK OCTaBOK; MPOOIeMbl
TEOpUU CaMOOPraHM3alMK NPeUIOOHBIX O0NacTell rOJOBHOIO MO3ra B 3ajladax pa3BUTHUSA
MHTEJIJIEKTa ¥ KOTHUTHBHOM JESTENbHOCTH, C QHAJIW30M B3aUMOCBSI3€d B MO3re, C
pa3paboTKON HOBOW HEUPOPUZHOIOTUUECKON MOIEITN a0CTPAKITUH.

Pa3zpabaTpiBaeMble MOJIENH, CIOCOOCTBYIOIIME OOBEAMHEHUIO YCHIUH TEOPETHKOB H
NPUKJIAJHUKOB, HANpaBleHbl HAa PAa3BUTHE W CHUHTE3 METOJOB IS pELIeHHs NpolieM B
MEXIMCUUIUTMHAPHBIX cepax HayKu, 0Opa30BaHUs U MHKEHEPHOMH MPAKTUKH.

Beinyck noarorosieH ¢ nogaepkkou Hamux [laptHepos, cpean KOTopeix: MexayHapoaHas
Oenepaunst HennHelHbIX AHAIUTUKOB, AKaJeMHs HEIMHEHMHBIX Hayk, MexayHapoHas
Hay4YHO-MCCIIeIoBaTeNIbcKasg Jabopatopuss 1o HaHo-OuotexHonorusM (INT), Kazanckwuii
(ITpuBomxkckuit) Qenepanbubiii  yHuepcurer (K®VY), MockoBckuil rocynapcTBeHHBIH
TeXHUYeCKUid yHuBepcurer uM. H.D.baymana, MOCKOBCKMII aBHAallMOHHBIA HHCTUTYT
(HaIMOHANBHBIM HCCIIeOBAaTENbCKUI YHUBEpCUTET), HCTUTYT mpoOieM YHpaBieHHUS HUM.
B.A.Tpane3nukoBa PAH, Beruncnurensusiii Lentp um. A.A.Jloponnunsina PAH, Konuepn
[ITH1UN Dnekrponpudop, ®I'YII HTHUNMam, Mexaynaponusiid LleHTp BBIYMCIUTENBHBIX
meto10B B kKoHCTpyupoBanuu (CIMNE)...
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B 3akiroueHue noguepkHeM: TEHAEHIMs, IPEBAIMPOBABIIAs paHee, — Pa3/IeIEHHOCTh MEXIY
JUCLUIUIMHAMY U yIiIyOJIeHHEe ClieNUalu3aluy [0 OTPacisiM 3HAHUM, - B HACTOSILEE BpeMs
HOCTENEHHO u3MeHserca. OTUyXIeHHE U pa3pblB MEXy pPa3HbIMHU AUCLUIUIMHAMH B HayKax
U HMCKYCCTBaX HEYKJIOHHO yObIBaeT. MjeanmoM, KOTOpBIA yKe ceifdac BBIPHCOBBIBACTCS B
00J1aCTH BO3MOJKHOI'O, SIBISIETCS OOBEAMHEHUE NPOAYKTHBHO U CEPbE3HO pabOTaroIUX
YUEHBIX B JBYX WM TPEX pa3HbIX, Ka3aJoCch Obl, COBEPLICHHO HE COINPHKACAIOLINXCS,
JUCLUIUIMHAX, TAKUX, KaK HalpUMep, MaTeMaTUKa U aHTPOIOJIOI s, OJIUTHYECKUE HAYKH U
MY3bIKa, XUMUS U HUocopus, ICTOPHS U MAaTEeMaTHKa, .. .

Koneuno, He00X0AMMO MPOAOIKATE YIIYOJATh aKaJeMHUYECKYH0 CHELHaIN3aliio, HO TaKXe
BOXHO padoTaTh W B HANpPaBICHUU uxmezpayuu 3HaHUS B 11eJI0M. BoccTaHOBIEHHE WCTHHHO
IIOJIHOT'O, COIVIACOBAaHHOI'O IMO3HAHUs KaK IJIABHOW CYTH HAayKH W 0Opa30BaHMs €CThb OBICTPO
pacnpoctpansitomasics uues. Cnenyer OTMETHTb, UMEHHO CTPEMJIEHUE MOHATh HETMHEHHBIN
MHp €CTh IOMUHHpYIOLIee B OOJIBIIMHCTBE pa3/ienoB Hayku. [Ipu aToM cnenupuyeckas poJb
NPUHALJIEKAT MeXaHHMKe B pEIICHUU NpoOJeM MOAETUPOBAHMS OKPYXKAIOIIEro MHUpa,
KOTOpasi BMECT€ C MAaTeMaTUKOH, daem Ham 3pghexmuenviti pabouuli uHcmpymeHm s
BO3MOXKHOCTH Yriyonenusi B Ilo3HaHme, paciiupsisi TpaHUIBI CBOETO NPHMEHEHHs Ha BCe
o0nacti 3HaHUA.

J10 - ocodass (PYHKUMA MeXaHUKM, VHUBEPCANbHOU HAYKU O MOOEIUPOBAHUU S6TIeHUl
OKpyJlcalouje2o mupa, KOTOpas CHa0XaeT HAac  KOHCTPYKTUBHBIM  HMHCTPYMEHTOM JUIs
paciMpeHus Halero 3HaHus B LIEJIOM, C paclipOCTPaHEHUEM TI'PaHMIl CBOErO IPUMEHEHUSI HA
BCe 00J1aCTH HAayKH. DTO MoHMMaHue Obl1o nmoarBepxaeHo Ha XI Beepoccuiickom Chesne o
dyHIaMeHTaTFHBIM MPOOJIEMaM TEOPETUYECKO W mpukiaaHoi mexanuku (20-24 aprycra
2015r., Kazanp). B mpuBerctBennbix BoicTyruieHusx Ha X| Cwvezne  [Ipod. U.P.I'adypos,
Pextop KO®VY; Ilpod. H0.®.I'opreimos, IIpesupent KHUTY-KAW; Unen-xopp. PAH
J.A.I'yoaiinynnun, Hupextop MHcturyra Mexanuku u mamuHoBeneHus KasHI[ PAH,...
BECbMa IOJHO BBICBETUJIM 3Ty BeAYUIYI0 POJb MEXaHHUKH JIsl MeKIUCHUIINHAPHBIX
HccJIeI0BaHMii BO BCEM MHOT000pa3uy €CTECTBEHHO-HAYUHBIX U T'YMaHUTAPHBIX AUCIUIUIUH.
He nepeuncnss 3nech Bcex HMeH, cBsizaHHbIX ¢ Kazanckumu Illkonamu MexXaHHMKOB, B
3akirodeHue (0 posid U Mecte MeXaHHKH) OTMETUM JIUIIb:

BBIJICJISAIOT JBE «3MOXW» B pa3BuThu KasaHckoro yHuBepcutera, Hayku B Kazanu: snoxy H.U.
JloGaueBckoro, pekTopa yHMBEPCUTETA, BEIMKOTO MaTeMaTHKa, KOTOPbIM YUTA JIEKUUU IO
MEXaHUKE - TEOPETUYECKOH MEeXaHUKe, TMIPABIHMKE, APYIMM pa3zesaM MEXaHUKHU, U 30Xy
M.T. HyxwuHa, pekTopa YHHUBEPCUTETa, CIECIHAINCTAa B O0OJACTH MeXaHUKH. JlereHaapHbIN
pextop Kazanckoro ynuepcutera mpodeccop M.T. Hyxun rosopun: «MexaHuka - 3TO
CIUIaB MaTeMAaTHKH CO 37paBbIM CMbICIOM». bosee Toro, kak roBopuI B CBO€ BpeMsI BETUKUI
N.HbI0TOH: «8csi mpyonocms cocmoum 6 mom, Ymoobl N0 AGNEHUAM OBUNCEHUS PACNO3HAMNb
CUTbL NPUPOObL, A NOMOM NO SMUM CULAM U3BLACHUMb OCMANbHble AeneHus». V1 uMeHHo
Mexanvka, (pyHOaAMeHmMAnIbHAA HAYKA 00 UCKYCCMEe MOOeauposanus 0 1ooou odbracmu
3HnaHus, TO3BOJISET OBIA/IETh ITUM UCKYCCTBOM, 3TUM YMEHUEM. ... ..

«Teopernyeckass MexaHuka - QyHIAMEHTAJbHAS HAYKa; OHA SIBJSIeTCHA KJIIOYEeBbIM
NnpeaIMeToM B NOArOTOBKE HMHKEHEPOB, MAaTEMATHKOB, NPHUKJAJAHUKOB U (PU3HKOB--
TEOPEeTUKOB,.../[J11 MH)KEHepPOB OHA SIBJIETCS OCHOBOI HX CHeUMAJBbHBIX HAYK; JJS
MAaTeMaTHKOB — J0POroi K COBPeMEHHBIM 00001IeHUAM; I (PU3UKOB - «IpeJIIoaue» K
TeOpHHU OTHOCUTEIbHOCTH, K CTATUCTHYECKOH U KBAHTOBOW MeXaHHKe), —

R.Xill. Principles of Dynamics, Oxford, 1964.
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True theory cannot be linear Unity in Diversity
A.Einstein V.Lakshmikantham

From Editorial Board

International Journal “Problems of Nonlinear Analysis in Engineering Systems” is an
interdisciplinary bilingual scientific periodical Edition, which represents the research of
nonlinear problems in general, in the whole diversity of fundamental and applied sciences,
including the disciplines of natural science and the Humanities.

Note, close interdisciplinary relation between the fundamental and applied fields of science,
between different disciplines has vital importance for the development of our Knowledge in
whole. Fundamental science “MECHANICS” and its sections play an important role from
this point.

Prominent role of Mechanics as a fundamental basic scientific discipline for all another
disciplines and for our Knowledge in whole is unquestionable. Science “Mechanics” is
investigating the motion and interactions of objects; and “Mechanics” supplies us with models
and methods that are covering all areas of theory and engineering:

“Newtonian mechanics is an unequalled achievement of physics (natural philosophy),
the whole history of human civilization. It is everlasting. Its powerful tree is sprouting more
and more branches. Among them there are the branches that have grown from scions grafted
on this tree and cultivated in other natural sciences”, - G.G.Chyorny, Academician of Russian
Academy of Science (Chairman of Russian National Committee on theoretical and applied
mechanics, 2011).

e Mechanics has been the main tool for the research of celestial bodies and all the processes
in near-Earth and outer Space.

e “Mechanics” provides powerful tools for description of processes at micro level; also — for
description of complex processes inside the Earth, in geodynamics; in the study of
volcanic eruption processes, hurricane dynamics; in Arctic exploration,...

e Methods and models of Mechanics are giving very effective approaches for
multidisciplinary engineering applications, including various domains: medicine, robot-
technique, biomechatronics, mechanics of materials, nano-biotechnology, complex
problems of designing in aviation and space technique, ...

e The Mechanics is «the main foundation» to development of all adjacent disciplines, in
which studied objects are the interdisciplinary systems requiring knowledge from various
scientific areas. Exactly on boundary between different disciplines the new hypotheses are
generated, that providing deep knowledge of World around, with understanding of
occurring phenomenas.

e Without Mechanics, without close interdisciplinary relations between theoretical and
applied areas, between different disciplines of the Science, the deepening our Knowledge in
whole is impossible.

Moreover exactly Mechanics is promoting the development of “mathematical constructions of
exclusive beauty””: the dynamic systems theory, A.M.Lyapunov stability theory (which 120-th
Anniversary was celebrated in 2012).... And it plays in all this the major role, with uniting
efforts of theorists and engineers, with development and synthesis of methods for the solving
problems in interdisciplinary spheres of a science, education and engineering practice, in the
research of nonlinear problems in general, in the whole diversity of fundamental and
applied sciences including the disciplines of natural science and the Humanities
(mathematics, mechanics, physics, chemistry; engineering, biological, medical, social,
political sciences; ecology, cosmology; economics and financial mathematics; nanoscience
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and nanotechnology, stability and sustaining development, problems of risk and information
security, operational researchs, ...).

“... The stability theory and dynamic properties analysis of nonlinear systems — it is
magnificent tree, possessing the classical stem, the deep strong roots from Mechanics, ..., from
important engineering problems,... ”, - V.M.Matrosov, Academician of Russian Academy of
Science (President of Academy of nonlinear sciences, 2001).

In this direction it is very important the A.M.Lyapunov-N.G.Chetayev methodology,
developed for problems of modelling and analysis in Mechanics, in Engineering practice
and for extending our Knowledge in whole. The A.M.Lyapunov stability theory is giving
for us the constructive mathematical tool, and it is confirming:

“mathematics is an effective “transport” which is able to provide significant
breakthrough in understanding of the essence of Environment, with deep penetration of its
approaches, generated by mechanics, into all the spheres including the unconventional ones”.

“...I always believed that the objective character of Self Organization and
Irreversibility should be based on some qualitative properties of Dynamics; ...Universe is a
construction in progress, in which we participate ”, - 1.Prigogine, Nobel Laureate.

The current issue of “Problems of Nonlinear Analysis in Engineering Systems” (Ne2 (44),
1.21, 2015) carries articles, analytical researchers and authors results, scientific and
information papers that reflect the views of specialists and highlight some topical
interdisciplinary problems of present and future.

Among them it is presented the papers and reviews of interdisciplinary subjects, scientific
research and interdisciplinary spheres generated by the needs of fundamental science and
engineering applications. These articles are prepared in the development of the researches
results discussed at the International scientific forums and conferences, years); at International
Scientific Workshops on problems of modelling and dynamics of complex multidisciplinary
systems.

The subjects represented in these works is reflecting this multidisciplinarity: methods and
models in dark energy theory; the study of models and methods in problems for thermostatic
fields; optimal control methods for spacecrafts spatial orientation; the investigations of
models in problem about Chaplygin sleigh motion (with reference to the peculiarities of
training of the athlete to Olimpic Winter Games); optimization methods in management
problems for providing of “green” supply chain; the problems of self- organization of brain
pre-frontal areas for development of cognitive activity and intellect level, with analysis of
novel neurophysiologic model of abstraction .

The submitted articles will undoubtedly promote the cooperation of specialists in theory and
applications, support the synthesis of approaches to the solution of problems in
interdisciplinary spheres of science, education and engineering practice.

The issue is prepared with support of our Partners: International Federation of Nonlinear
Analysts, Academy of Nonlinear Sciences, International Nano-biotechnology Center (INT),
Kazan Federal University (KFU), N.E.Bauman Moscow State Technical University, Moscow
Aviation Institute (National Research University),V.F.Trapeznikov Institute of control
problems of RAS, A.A.Dorodnitsyn Computing Centre of RAS; Concern CSRI Elektropribor,
JSC; TsNIlImash., CIMNE (International Center for Numerical Methods in Engineering).
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In final remark we note : the passing Century’s dominating trend consisting in separateness
between the disciplines and deepening specialization in spheres of knowledge, is gradually
changing. The gap and separation between different disciplines in science and arts steadily
diminish. The ideal which can already be real consists in joining of productively and seriously
working scientists from two or three absolutely different disciplines (for instance,
mathematics and anthropology, political sciences and music, chemistry and philosophy,
history and mathematics).

Of course, it is necessary to keep on extending academic specialization but it is also important
to integrate Knowledge in general. The reconstruction of perfectly entire, coordinated
Knowledge as the main essence of science and education is a quickly spreading idea.
Moreover, the tendency to understand nonlinear World is prevailing in the majority of
mathematical sections. In this Mechanics has the specific role that in solving problems of
modelling different processes jointly with ~ Mathematics will dominate in the coming
Century, with extending the borders of its application to all spheres of Knowledge.

The special “function “of Mechanics in solving of the problems of modelling surrounding
world, which together with mathematics gives us efficient “worker instrument “for possibility
of the deepening of our Cognition in whole, with increasing borders of its using on all area
of the Knowledge, was confirmed also on XI All-Russian Congress on fundamental problems
of theoretical and applied mechanics (the August, 22-26, 2015r., Kazan). In welcoming
Speeches Prof. I.R.Gafurov (KFU Rector); Prof. Yu.F.Gortyshov(the KNRTU-KAI
President); the Corresponding Member of RAS D.A.Gubaidullin (Director of the Institute of
mechanical engineering and machine-building of Kazan Scientific Centre of RAS) were
reflecting in the whole fullness the leading role of Mechanics for interdisciplinary
investigations, in all variety of naturally-scientific and humanitarian disciplines.

Not enumerating here all names, relating to Kazan scientific Schools of Mechanics, as
conclusion about the leading role of Mechanics we note only :

In Kazan Science, in Kazan University it is selected two "Epochs™:

Epoch of N.I. Lobachevskiy , the rector of the University, great mathematician, which
lectured for students on mechanics - a theoretical mechanics, hydraulics, the other sections of
mechanics;

and Epoch of M.T. Nuzhin, the University rector, specialist in the field of mechanics. The
brilliant rector of Kazan University, Professor M. T. Nuzhin spoke: "Mechanics is “an alloy”
of mathematics with good senses”. Moreover, in due course great Isaak Newton noted:
“...the all difficulty in whole is contained in what, that it is necessary on motion phenomena
to understand the forces of Nature, and after on these forces — to explain the another
phenomena”. And exactly Mechanics, a fundamental science on ART of Modelling for any
area of the Knowledge, allows to possess this Art, this “know-how”...

"Theoretical mechanics is a fundamental science; it is a key subject in training
engineers, mathematicians, physicist-applied oriented and physicist-theorist...

For engineers it is a base of their special sciences;

for mathematicians it is “way” to modern generalizations;

for physicists — it is "prelude™ to theories of relativity, to statistical and quantum
mechanics "', —

R.Xill. Principles of Dynamics, Oxford, 1964.
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B 2015r. B )KYPHAJIE OITYBJIMUKOBAHO

Nel(43), 1.21, 2015
I1.:x.Bep6oc. CBsi3u MeXAy CO3HAHUEM M (PU3UKOI BpEMCHH.
J.JeTombe, I'.-B.Bebep. HoBbie 06nacTy B TeOpHH Olepanuii: METOIOIOT sl COLIMANIBHOM CII0KHOCTH M TEOPUSI
onepanui A pa3BUTHSL.
A.B.Baxyp. Opraan3aioHHO-yIIpaBIeHYECKas METOJOIOTHS — OCHOBA Pa3BUTHS CPEJCTB aBTOMATH3ALNH
MPOEKTUPOBAHHUS.
I.Mugaa, M.Caeunayk. StaffLogic — nporpamma ormrrumu3ammu paGoTsl IEPCOHANA 0 aJITOPUTMY KOJIOHHH
MYpPaBbEB.
P.T.®eppeiipa. HoBble HHCTPYMEHTHI M Pe3yIbTaThl B UCCICJOBAHUN OOTEKaHUS CIUIOIIHOTO KOHYyca
CBEPX3BYKOBBIM ITOTOKOM.
B.B.YekannH. Pa3BuTre cTaTUCTUYECKOTO METO/A JUIS aHAJIN3a SKCIIEPUMEHTAIBHBIX JaHHBIX C IPeIeIbHON
TOYHOCTBIO.

HAYYHO-UHO®OPMAILIMOHHBIN PA3JIET
. A.I'y6aiinynnun. IIpoOaeMbl MeXaHUKH CIUIOMIHON cpensl (Hayynoiii cemunap u Umoezosas nayunas
konghepenyus 2014 200a, Kasamnw, 2014-20152.).

Ne2(44), 1.21, 2015
M.C.Exa Hajimu. MatemaTuyecKkue MOJENN U METObI B TEOPUM TEMHOM 3HEPTUU: TeopeMa J[BOopenkoro;
a¢p ekt Kazummupa; reomerpus Mebuyca.
A.N.I'pe6ennukoB. Mnentudukanys pacupeneeHus TepMOCTATHUECKOI0 HCTOYHUKA B TNIOCKOW
HEOJHOPOIHOM 00TaCTH METOJOM 00OOIIIEHHBIX JIyYeH.
M.B.JIeBckuii. O6 01HOM MeTO/IE pEIICHHUS 3a1a9 ONITUMAIFHOTO YIIPABICHUS IPOCTPAHCTBEHHOM
OpHEHTAIeH KOCMUYECKOT0 anmapara.
P.J1.MomkuH. YpaBHenus [lyankape u a1eMeHTbl Teopuu rpynn JIu B 3agauax o ABM>KEHUU caHell Yamibiruxa.
C.C.Asm. ONTHMHU3AIMOHHBIN TTOJIXO0]] B YIIPABICHUH «3€JICHBIMIY IIEMOYKAMH ITOCTABOK C OOPATHON CBS3BIO.
A.I'.I'panmone. AGCTpakuus Kak METOJT CaMOOPTaHKU3aIMK IPeUIOOHBIX 00J1acTel TOJIOBHOTO MO3Ta.
JL.JIotepo, . neab Po3apmuo, I'.-B.Bedep. MeTo b1 icceI0OBaHUS ONIEpaIii Ul GyHIAMEHTATBHBIX MIPOOIeM
teopuu u npakTaku (EURO 2015).
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Mathematical models and methods in dark energy theory:
Dvoretzky’s theorem, Casimir effect, Mobius geometry

M. S. El Naschie

University of Alexandria,
Alexandria, Egypt.

We give several simple derivations for the 96% volume concentration of Banach spaces based upon
Dvoretzky’s theorem as well as various other general theories including E-infinity. The results are
interpreted in a “physical way” and related to the measurements of COBE, WMAP and type la
supernova. It is concluded that the cosmological dark energy density of almost 96% is due to the
phenomena of volume concentration at the surrounding boundary of the compactified Klein-Penrose
holographic and projective linear Lie symmetry group boundary of our actual spacetime bulk which
resembles a Banach-like convex spaces underpinning Dvoretzky’s theorem. In addition we conjecture
a deep relation between the exophysical Casimir effects and the endophysical dark energy. This leads
naturally to an extension of the boundary of a boundary equal zero proposal of J.A. Wheeler to explain
the observed accelerated expansion of our universe via the internal pressure due to the accumulation of
dark energy at the ultimate one sided Maobius-like edge of our cosmos. The paper closes with
reflection on the possible harnessing of Casimir-dark energy via nanotechnology.

Key words: dark energy; Banach space; Universe expansion.

1. Introduction

The present work is really a bird’s eye “synthesis”, rather than simply a “view” of various
fields of science bringing together results and theorems that at first sight may seem to be
unrelated [1-62]. In the first instance our aim is to give logical, physical and mathematical
arguments in support of the conjecture that the almost 96% dark energy density found in
accurate cosmological measurements [33,34] leading to the COBE Nobel Prize and later on to
the 2011 Nobel Prize in Physics for WMAP and type 1a supernova [33] may be understood in
terms of geometrical measure concentration based on Dvoretzky’s celebrated theorem [1-4].
However this situation could also be viewed as a consequence of E-infinity theory’s
dissection of Einstein’s famous equation E = mc? into a quantum particle part representing the
measurable ordinary energy E(O) = mc? and a second quantum wave part representing the
dark energy which we cannot measure because of wave collapse E(D) = mc?(21/22) where
E(O) + E(D) are again equal to Einstein’s miraculous formula [7]. In addition we feel strongly
that the quantum wave endophysical energy [14—18] must be subtly related to the exophysical
quantum vacuum Casimir wave energy [22—26] behind the exophysical Casimir effect [6][19-
21]. The fact that ordinary energy of the quantum particle is related to a Renyi type of non-
additive, in fact multiplicative entropy [23] while dark energy of the quantum wave is
additive, gives additional insight supporting our conjecture [35-39]. Our somewhat ambitious
investigation did not stop at that but moved on to link our result to Wheeler’s boundary of a
boundary is zero and extended it to mean that the edge of the boundary of the holographic
boundary of our spacetime is an one sided empty set producing internal dark energy pressure
which is responsible for the accelerated cosmic expansion. In other words we utilize the basic
idea of the Casimir quantum wave effect of the vacuum and link it to the fact that the totally
empty boundary of the universe is a one sided Ma&bius-like geometrical structure and contain
only quantum wave dark energy to explain the so created internal pressure causing the
surprising relatively recently observed acceleration of our universe.
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The author fears it may sound immodest when he says that he would like to think of the
present paper as a precursor into an era which may be christened post modernistic physics
where sound mathematics and correct physics are one and the same thing. To that end we
must admit that we perceive the following theorem from the field of persistent topology and
simplification [61] as tantalizing.

Theorem.

There are no non-empty 3-cycles and no non-empty 3-boundaries so that Z3 = B3 = (<) and
the boundary of a vortex is consequently empty. Noting how many galaxies in our universe
are vortex-like, the reader will clearly see the connection.

The paper is organized as follows:

After this short but comprehensive introduction, we will introduce in Section 2 all that we
need to carry out our analysis. Section 3 gives a detailed account of the derivation of the 96%
measure concentration based on Dvoretzky’s theorem. In Section 4 we give a somewhat
unexpected derivation of dark energy density using Einstein’s general relativity. Section 5
obtains the same results mentioned above using bosonic strings. Section 6 relates it all to the
Weyl scaling of ‘tHooft’s renormalon. Section 7 sheds bosonic string light on dark energy.
Section 8 shows the fallacy of any claim that our result could be numerical coincidence
[54-57]. Section 9 ponders the deep relation between dark energy and Casimir energy as well
as our extension of the Wheeler zero boundary proposal and its implications when linked to
one sided Maobius-like geometry and finally Section 10 is the conclusion and outlook for
possible technological harnessing of dark energy [6, 10, 19+21].

2. A particle physics realistic conception of quantum entanglement, dimensional
regularization, dark energy and Dvoretzky theorem

2.1. E-infinity, noncommutative geometry and Hardy’s quantum entanglement

One of the most important results of modern quantum mechanics is undoubtedly Hardy’s
entanglement in which the calculated the quantum probability for entanglement using
orthodox Dirac’s quantum theory and found it to be exactly equal to the golden mean
o= (J§+1)/2 to the power of five [37-39]. To appreciate the impact of this result on high
energy physics and quantum cosmology one needs to subdivide it into three main steps. First
Hardy’s gedanken experiment and its exact solution using Dirac’s formalism. Second to
realize that the result of about 9% quantum probability for two quantum particle entanglement
is really an approximation to the golden mean to the power of five. Third and finally to
realize that this result can be inferred directly from the work of A. Connes and the present
author on the noncommutative fractal Cantorian nature of quantum spacetime and that the
building blocks of this Cantorian manifold are simply random Cantor set with a Hausdorff
dimension equal to the golden mean to the power of n where —o <n<-o0 encompasses all
natural integers. Seen that way Hardy’s result P(Hardy)=¢" is a consequence of two
Cantor-fractal ‘points’ correlated inside a Cantorian space made of infinitely many Cantor
sets. The number of points in a single set is, on the other hand, uncountably infinite, i.e. «”
many points. Consequently the total number of points in this Cantorian space is

(oo°O )oO +oo(oo°°) (Alef )Oo . 1)

Although the above symbolic equation is at first sight of no practical value and allows no real
computation, it is extremely useful in finding a road to a practical computation as we will
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demonstrate momentarily. Since the Hausdorff dimension of a single Cantor set living in zero
topological Menger-Urysohn dimension is ¢ = (J§+1)/2 and since the Hausdorff dimension

in n dimension is given by von Neumann-Conne-El Naschie bijection-dimensional function
equation [9,30]

D=a+h¢ (2

where a,beZ and ¢ = (\/§+1) /2 and the E-infinity equivalent form

1 n-1
dmW =1 = 3
: (;,J ©

d9>=(%J_ -4 @)

1 -1-1 1 -2
dé”)z - | Z| =4? 5
) G- &

For two ‘particles’ in a single Cantor set the topological probability of ‘coinciding’, i.e. for
entanglement is

and the empty (n=-1) set is

P=(g)g)= ¢ (6)
On the other hand for the space itself, we have a dimension
1
d.) = =4+¢° (7)
e #1-9)
and consequently an intrinsic probability of
1
Py=—~=¢ (8)

The joint probability is consequently

P(total) = (R)(P,) = #°(4") = ¢° (9)

which is Hardy’s probability. Incidentally the above is the probability of finding a point in a
fractal Witten M-theory [23,38] which is

DY =11+;=11+¢ (10)

1

11+

11+

That means [37,38]

1 1
P(total) = — = ——— = ¢° 11
(otal) = 55 = 77 57 =¢ (1)

On that count alone one can see the importance and partial reality of Witten’s M-theory
[23,38]. In addition and more importantly, we see that we have been following mathematical

3



M. S. El Naschie

logic with no weirdness at all. In other words quantum physics may well be unintuitive but it
does not have a different logic because there is only one logic which is sound, namely the
logic of mathematics.

2.2. Ordinary energy and dark energy as a result of quantum entanglement

It is not particularly difficult to see from the above that the share of each particle in the Hardy
scenario must be ¢° /2 and that this can be extended to n number of dimensions. Thus for n

dimensions the entanglement share would be ¢° /n. This leads to a reduction of n— n(gé5 /2)

and it is the ratio between the non-entangled part to the complete set of dimensions which
leads to a reduction factor equal to the dark energy density as will be reasoned in more detail
later on. Thus we have [38-41]

_n=(@1n _n-@-(#12) _, (#)_2+k (12)
. 0 2 )" 21k

where k =2¢°. As we never tire of reminding ourselves and the readers, the result is in full
agreement with cosmic measurements and does not stand there as an idle fancy theory. It will
be our aim to reason that ¢° /2 could be viewed as an entanglement messenger particle which

we will call entanglion and that the renormalon k is made topological from such 4
entanglions. This Kk is the fixed perturbation parameter in the well known ‘tHooft-Weltmann-

Wilson dimensional regularization (renormalization) method, i.e. D= 4—(5 = k) method
[35]. In fact equation 12 shows even far more because it could be written as

(1} 1 1
~|< +
y) #)) (»(0)

following Dunkerley theorem on multiple eigenvalue problems which was used in
conjunction with the idea of phase locking and applied to quantum spacetime by the present
author [58-60] as well as Slovanian mathematician L. Marek-Crnjac [58]. This then implies
that there is a corresponding quantum Hamiltonian which is bounded from below and that this
last equation (13) is a statement about the conservation of energy where the missing amount
needed for the sign of equality is exactly equal to the dissipation involved. The good news of
this immensely important and fundamental result is that our preceding dissection of E = E(O)
+ E(D) indicates squarely that we can have a dissipative dynamics, and in the sense of modern
nonlinear dynamics, deterministic quantum mechanics in full agreement with the normed
equation as well as the result obtained based on Dvoretzky’s theorem [2]. Said in a different
way, Cantorian-fractal quantum mechanics proposed by El Naschie and Ord as well as
deterministic quantum mechanics proposed by Nobel Laureate G. ‘tHooft [62] are in fact
nothing but two sides of the same coin.

7(D)

(13)

2.3. Dvoretzky theorem and E-infinity measure concentration

It is important now to discuss a vital question related to the way y(Dark) leading to

E = y(Dark) = m¢® = mc®(21/22) is distributed which is a subject closely connected to the

essence of Dvoretzky’s theorem and its implications [1-7]. To find out about that we need
two additional pieces of information. First that Hardy’s n entangled particles is given by [41]
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P(Hardy) = RR, = ¢"¢* = ¢"" (14)

Second we need to know that the Klein-Penrose tiling is a fiber bundle manifold which
represents the holographic boundary of our E-infinity Cantorian fractal space. Consequently
the boundary of the boundary found by Wheeler long ago to a zero set can be logically
extrapolated to the empty set of dark energy of the ultimate boundary at infinity of the
holographic boundary followed by the totally empty set where the Menger-Urysohn
dimension starts with minus one and a corresponding Hausdorff dimension ¢° and ends with

a Menger-Urysohn topological dimension equal minus oo and an absolute zero as the
corresponding Hausdorff dimension. In the middle of our holographic boundary on the other
hand, the Menger-Urysohn dimension is zero while the Hausdorff dimension is ¢ . The
ultimate boundary of our universe is thus one sided, having an inside but not outside like a
Mabius strip. The union of both dimensions for both relevant parts is thus

0-1=-1 and ¢ +¢p=1. (15)

By contrast the intersection leads to (—1)(0) =0 and ¢°¢=¢>. This way we are led to a
Bernoulli process (1, 0) as well as an anti-Bernoulli process (1,0,—1) like in the spiral model

of G. Ord and the Hausdorff of these processes is simply a fractal ¢° inversely corresponding

to a spacetime Hausdorff dimension equal 1/ ¢° = 4+ ¢° = 4.23606799. From the above we

see that dark energy is concentrated at the surface of our spacetime Cantorian manifold at
infinity which explains why the splitting of Einstein’s formula into ordinary energy E(O) =
mc?/22 + k and dark energy E(D) = mc?(21 + k/22 + k) is not observed except when we
observe and measure the entire universe, i.e. endophysically as is the case with COBE,
WMAP and the Planck measurements and in contrast to the Casimir experiments as well as
the conventional local tests of special relativity theory [33-39].

The preceding arguments for the concentration of dark energy may seem slightly over the top
and contrived for those readers not familiar with E-infinity nor fractals. However we assure
the reader that there are watertight mathematical theorems which assert what follows:
Theorem.

Ninety six percent of the volume of a spherical ball of sufficiently high dimensionality is
concentrated at the surface of the sphere [1-4].

In the next section we will demonstrate the correctness of the above assertion using two
different lines of mathematical reasoning.

3. Measure theoretical derivation of the volume concentration
implied by Dvoretzky’s theorem.

3.1. Conventional derivation

We begin with the Euclidean ball. Using conventional notation [1-4] we have

BQ:{XGD“:fosl}. (16)
1

In this case the volume is given by the well known formula [1-4, 6]
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B (ﬂ_)n/Z
vol(n) = r(n/2+1) a7

Here I' is the generalization of the factorial function (n!) to non-integer and n is the
dimension. For large n we can use the Stirlings approximation formula and find the volume

to be roughly given by [1-4]
vol(n) :[ /%J , 18)

Note that a sphere of radius r = 1 is the surface of the ball and denoted S"* and that the value
of r given above is rather unexpectedly in fact counter intuitively large. This shows that
within the realm of high dimensional geometry and topology, intuition can be quite
misleading [1-4]. Our next task is to look at the distribution of the mass of the ball. For this
purpose we have to estimate first the n—1 dimensional volume of a slice at the center of the
ball of volume 1 where the ball radius is given by [1-4]

1
Jvol(n) '

Thus the slice is an n—1 dimensional ball of the above radium and a volume given
approximately using agin Stirling’s formula for large n, to be [1-4]

vol(n-Dr"* = e . (20)

Consequently the n—1 dimensional volume of the parallel slices at distance x from the center

r= (19)

is a n—1 dimensional ball whose radium is v/r> —x? and therefore the volume of the smaller
slices is approximately given by

vol(1) = Ve exp(-rex?) . (21)

Projecting into a single direction one finds the Gaussian (gamma-like) distribution which we
investigated in previous publications on COBE and sphere packing [37-39]. The variance of
this distribution is again surprisingly independent of n and given by var=(1/27ze). It is

definitely counter intuitive but true that although the radius of a ball of volume equal 1 grows
according to +/n/(2ze) almost all this volume is within a slab of certain width [1-4]. In
particular and using the previous equation, one can see that for the slab given by [1-4]

1 1
M—=<x <= 22
freor:-Lans1) -

about 96 percent of the volume of balls of different dimensions is concentrated within this
slab. This is easily shown explicitly by evaluation vol(1) for x = 1/2 then multiplying with
the volume of the five dimensional ball. Inserting x = %2 one finds [1-4]

vol(1) = (1.64721281 )(0.11825244 ) = 0.194786946 (23)
and
vol(2)vI(B,) = vol(1)(4.9348) = 0.96123 = 96% (24)

which proves our main assertion.
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3.2. Short derivation of volume concentration using E-infinity

The preceding approximation could easily be made exact using the method of transfinite
correction of E-infinity theory [9,13]. It is easily seen that the following transformation is the
required one, namely [9,13][35-39]

1) k+1
vmm-{ﬂ(ﬁ] (25)
when
1
= 26
Je - y (26)
and
exp(—zex?) —>(k1—J(r)l) : (27)
Consequently
54° ) (21+k)
(5)(V0|(1)):>( 5 ]— (221K) (28)

This is the exact value for dark energy density found previously using a variety of methods
[36-39].

4. Dark energy density from the basic mathematical structure of general relativity

It may come as a slight surprise that we could determine the ordinary energy density of the
cosmos directly from the basic mathematical formulation of the general theory of relativity
[19-54]. To do that we start from twice the number of components of the Riemannian tensor
in four dimensions. These are given by (4)* = 256 and therefore we have [53-54]

N = (2)(256) =512 (29)

This is a number which is comparable to |E8 E8| = 496 of superstring theory [8,9] as well as
528 of Witten’s 5-D Branes model in eleven dimensions [45-48] and the 504 of Heterotic
superstring theory [45]. Now to derive E = mc? Einstein used a 4D spacetime so that we are
left with 26 —4 =22 bosonic string dimensions. These 22 have to be weighted against the
512 minus 20 dimensions representing the degrees of freedom of the vacuum or pure gravity
for D = 8 super space. Consequently we are left with [45-48]

N(y) = 512 - (20 + 8) = 484 (30)

dimensions or quasi degrees of freedom. The ratio constituting the Lorentz factor or
equivalently the energy density and is given therefore by [45-48]
26-4 2 1

y= = 2 = -0.04545 (31)
512-(20+8) 484 22

exactly as expected. We note on passing that |E8 E8| = 496 is also equal to the dimensionality
of a second order anti-symmetric tensor and SU(32) given by
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R (32)(32)

d(yi...,i=2) = A2 2 = 496 (32)
In other words we have [45-48]
qo-32) _ (n)(g—l) _(32)2-1 _ 496 (33)
while for the corresponding symmetric case we have [45-48]
oo OO _ @D _ g (3

This last value gives us the number of killing vector fields for n = 32, i.e. the maximal central
charge and matches exactly Witten’s model [46]

a (11} (11} (11
NK? =" J#| 7, || g | =11+55+462 =528 (35)

5. The exact limiting integer value of the total dark energy density
from critical Bosonic strings dimensionality

The following analysis to obtain an integer dark energy density which is exactly equal to that
found from the integer master equation [6,7][54,55]

ic?i =100 (36)

is quite interesting from several aspects. In particular the limit taking for k >0 is
noteworthy. We recall that in Bosonic string theory we have two critical spacetime
dimensions for a ghost free theory. These are D = 26 and D = 25. The corresponding
transfinite values are obviously D = 26 + k = 26.18033989 and D =25 + k = 25.18033989
where k = ¢*(1—¢%) is ‘tHooft’s renormalon. Nothing that in both cases D = D(Einstein) = 4,
we clearly see that y(D) of total dark energy, i.e. both dark energy and dark matter is given
by [54-55]

_(B+K)-4  21+k

7O = o4 24k

(37)

which is the exact transfinite value. To obtain the normal integer ratio we simply put k =0
and find the previously established known value
y(D) = % =0.954545 =95.45% (38)

However there is a more subtle way of obtaining not only an integer ratio but the exact integer
value (D) =96 which is consistent with the normed master equation

4
> a, - DY =100 — 4 = 96% (39)
1
To do that we do not subtract D(4) from our (D) ratio and write

8
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_25+k

7(D) ” = 0.9618033989 (40)
In other words we have
k
D)=0.96 + — 41
7(D) (10’ (41)
Letting now k — 0 one finds
y =0.96 =96% (42)

in full agreement with the normed equation as well as the result obtained based on
Dvoretzky’s theorem [2]. In fact we could apply a number theoretical anatomy to the norm

5 4

D =143+22+4T4=) "y, =4+22+74 (43)
1 1

and notice that it may be written in terms of prime numbers

Zslyi =1+3+2(11) +(2)(37) (44)

1

where 1 + 3 + 11 + 37 = 52 and the exceptional Lie symmetry group dimension is exactly
equal |F4| = 52. Taking the transfinite exact value 52 + k = 52.3606799 into consideration the
entire number theoretical cosmic symphony becomes visible.

6. The renormalon sequence

In what follows we will analyse the up scaling, i.e. the quasi integration of ‘tHooft’s
normalon (k =¢°(1-4%)).

Ly (45)
(k)[;j n=1 0.18033=k

n=2 029179

n=3 0472135

n=4 0.7638320334

n=5 1+¢°

n=6 2 World sheet

n=7 3+¢° Fractal 3D space

n=8 5+¢° Fractal Kaluza-Klein

n=9 847..

n=10 a,/10

n=11 2/¢°=(2)11+¢°)

no1p SL@DARVHIK oo aagcny

D(10)
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where 070 is the inverse electromagnetic fine structure constant, 2(11+¢°)=22+k is the

inverse ordinary energy density of the cosmos, R® =20 are the degrees of freedom of
Einstein’s super symmetric vacuum in D = 8 dimensions or pure gravity and 358.88544 are
the compactified degrees of freedom of the holographic boundary plus the 20 of Einstein’s
pure gravity which is numerically equal to R®” = 20, namely the number of independent
components of the Riemannian tensor in D = 4. The reader can see that there is really an
impressive wealth of interconnectivity in the above which is equally simple and mind

boggling.
7. The Bosonic strings light to dark energy

It seems that string theory has an inbuilt mathematical sensor that anticipates the existence of
two different types of spacetime containing different types of energy. This is definitely an
unexpected interpretation of some facts well known to everyone familiar with the initial
development of string theory [45, 46]. The point is that Bosonic strings have not only one
crucial dimension which precludes negative norm but two [45]. This first is the familiar D =
26 for which the Love Lace conditions [45] vanishes identically, provided the intercept a is
equal unity (a =1). However there is also a well known second alternative condition, namely
[45] D < 25 and a < 1. Thus the maximal dimensions possible without introducing
unphysical states is D = 26 and D = 25. It is the interplay between these two curled
dimensions and the four visible Einstein spacetime dimension D = 4 which corresponds to the
two fundamentally different types of energy densities discovered by COBE, WMAP as well
as type la supernova cosmic measurements and analysis leading to the 2011 Nobel Prize in
Physics [33-39].

In a nutshell Einstein’s E = mc? is based on D = 4. However we also have D = 26 and D = 25
which were not known at Einstein’s time and consequently the ‘real’ energy which is
measured in 4D is a subset of the part of energy connected to D = 26 and D = 25. The exact
energy density must therefore be

1 1
7(0) = %4 2 4.5% (46)
and
25-4 21
7(D) =m=§ =95.5% (47)
where
7(O) +y(D) :i+§ =1= y(Einstein) (48)
2 22

Within the above integer theory we could also estimate pure dark energy to be equal to the
ratio of the 25 curled dimensions minus the 6 dimensions of a Calabi-Yau manifold to the
larger curled dimension 26. Thus, and without going into the detailed elaboration, the pure
dark energy density is given by
25-6 19
D-pure)=———=—=73% 49
y(D - pure) % 26 0 (49)
in fair agreement with measurements. Before moving to the next section let us give briefly
the mathematical physics behind the existence of the two curled dimensions. This is all
contained in the following condition [8,45]

10
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<0u»=é%d%D—DQ6—D) (50)

Thus the dimension of spacetime cannot exceed 26 or else negative norm states will exist as
part of the physical states. In general we find that the spacetime of string theory is ghost-free
if the dimensions of spacetime are less than or equal to 26. That means [45]

a=1 D=26 (51)
a<l, D<25.

8. The almost zero probability that y(0O) =0.045 and y(D) =0.955
may be numerical coincidence

Some members of the voluntary opposition to any truly new idea or discovery are never tired
of invoking the cheap accusation of numerology whenever it serves their agenda. The present
theory did not escape these ‘slings and arrows’. However it is really relatively easy and in
fact trivial to sweep these cheap shots completely away without huffing or puffing. Our
argument goes as follows:

1. First our result is in complete accordance with experiments and observations. We can
point to at least 4 major experimental collaborations arriving at practically the same
conclusions, namely COBE, WMAP, type 1a supernova and Planck. If there is a 50% chance
that any of the four experiments are flawed then the total probability that all of them are
flawed is theoretically no more than 6.25%.

2. Considering the theoretical derivation we have the following situation. For almost three
years now we have applied at least 25 different theories and distinct methods ranging from the
ad hock to the mathematically pure and found almost the exact result in full agreement with
measurements and observations. Again assuming a 50% chance that any of these results are
flawed then we have a maximal probability of (0.5) to the power of 25, i.e. a probability of
(2.9)(10) " ® that our result is a mistake or pure numerical coincidence.

3. Taking the final result of actual measurement and theoretical derivation, the maximal
chance of error or numerical coincidence is (0.0625) (2.9)(10)- 8 @(1.86)(10) - 9, that
is to say smaller than the diameter of a hydrogen atom measured in centimetres and
taken as a pure number.

9. Ordinary energy and dark energy are radically different
at the limit of infinitely many dimensions

If we are to compare Casimir effect with dark energy then we must keep two vital facts in
mind all the time. First the basic foundation of both types of energy is exactly the same,
namely the supposedly empty vacuum [10,11,21] and second the disparity of the order of
magnitude is horrendous and truly astronomical. For these reasons it is vital that we look at
the n— oo limit of ordinary energy density y(O) and dark energy y(D) where n is the
formal number of dimensions of Cantorian spacetime [6-9]. Thus we have a radically
different limit, namely [6-9]

n

y(0) = % n— oo, Zero (52)

11
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while

ng’ e
y(D):T, n — oo, infinity. (53)

Here we have ignored the fact that we have an intrinsic ¢* for spacetime itself as irrelevant or
not comparing »(O) with (D) in the limit of » —». In other words there is a real chance

that at the boundary of the universe volume concentration and holography can produce a
vastly large energy density out of the feeble Casimir effect at our low dimensional
‘laboratory’ space and time where all Casimir experiments were conducted so far. In fact if
we take 5 + 72, i.e. the fractal Kaluza-Klein dimensionality instead of 5 in g(D) then dark

energy would attain a maximum equal to Einstein’s energy density because [22—-32]
7e(D)=(6+¢°)(¢") /2= (5¢"12) +(#°/2) = y(D) + 7(0) =0.954545 =1 (54)

This shows the incredible role of the fine structure of a Cantorian-fractal spacetime. However
we have to admit that on its own alone, this does not explain why we can measure the feeble
Casimir energy directly but can reason the existence of dark energy only indirectly although
both energies are due to quantum wave phenomena [6,9,21].

10. Conclusion

In the present work we argue using a host of different fundamental theories including string
theory, general and special relativity and foremost the volume concentration phenomena
based on Dvoretzky’s celebrated theorem that [2]:

1. The almost 96% dark energy density found in cosmological measurements and
observations may be understood as a geometrical reflection of volume measure concentration
or equivalently as the kinetic energy of the supposedly energyless quantum wave.

2. Dark energy which is an endophysical phenomena encompassing the entire universe may
have its local exophysical manifestation in the Casimir energy. Consequently if this is true
and we think it is true, then we would have at long last found the real scientific way to infinite
free energy rivalling the scientific dreams of N. Tesla but without crossing the line between
fact and fiction.

3. The boundary of a boundary equal zero idea propagated by J.A. Wheeler has found in the
present work a sweeping extension leading to the conclusion that the boundary of our
universe is layers of empty sets ending with an absolute empty set which is one sided in a way
not dissimilar to a Ma&bius strip. That way the Casimir-like dark energy exerts a single force
causing pressure from the inside not balanced by anything of the nonexistent outside and
consequently producing the negative gravity behind the observed accelerating cosmic
expansion.

4. The rationale behind the mechanism creating the boundary of a boundary with an
absolute empty boundary may be understood in an elementary way which is effectively
classical in the following way: Recalling that the Casimir energy density is the difference
between the constrained energy density within the two Casimir plates of its original gedanken
experiment, as well as actual test and the free energy density of the entire space outside the
two plates, then we could see the total dark energy of the universe is corresponding to the
constrained energy while the outside free energy density is now an absolute zero of the
absolute empty set of the last boundary of a boundary. Consequently in a classical mechanical
limit the Casimir energy will be zero and therefore we will not measure Casimir energy nor
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dark energy. However we could infer the existence of this energy from the increased rather
than decreased acceleration more or less as argued in the previous point No. 3. Thus in
principle the dream of free energy is theoretically well justified and experimentally partially
established. What is still required is considerable technological effort and innovation
presumably via nanotechnology.
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MaTtemaT4yecKre MO/AeJIM U METOAbl B TEOPMH TEMHOM dHEPIUM:
Teopema /[Bopeukoro; 3¢dext Kazumupa; reomerpust Meduyca

M. C. Ea Haiimun

YHuBepcuter AJeKCaHIpUH,
Anekcannpus, Eruner

IIpuBOIUTCS HECKONBKO MPOCTHIX BBIBOAOB i 96% o0BeMHON KOHIEHTpannu baHaxoBbIX
IIPOCTPAHCTB Ha OCHOBE T€OPEMBI J|BOPELIKOro, a TaKXKe Pa3IMYHbIX APYIHX OOIIMX TEOPHH, BKIOYas
E-GeckoneuHocTh. Pe3ynmbTaThl HMHTEPHPETHPYIOTCS € TOYKH 3peHHss (U3MKA U CBSI3aHBI
c mmepenusimu  COBE, WMAP wu cBepxHoBoii Tuma la. Jlemaercss BBIBOJ O TOM, 4YTO
KOCMOJIOTHYECKasl IUIOTHOCTh TEMHOW SHEPrHH, paBHas mpakTudecku 96%, cBsi3aHa C SBICHUAMH
00BbEeMHON KOHIEHTPALMN Ha OKpYXarolled rpanuie KommaktuuuupoBanuoi Kielina—Ilenpoysa
ronorpaduyeckoil ¥ MPOCKTUBHOW JTMHEWHOW I'paHHIBI TPYIIBI CUMMETpUr JIu Hamero peanbHOro
IPOCTPAHCTBA-BPEMEHH, HAIIOMUHAIOIIETO MOA00HbIe baHaxXxoBBIM BBINYKJIBIE NPOCTPAHCTBA, HA
KOTOpPBbIX OCHOBaHa TeopeMa J[Bopemkoro. Kpome Toro, mpeamosaraercst riy0okas CBSI3b MEXIY
sk3o¢pusnueckumu dddexramu Kazummpa u sunodusnveckoil TemHoii sHeprueil. CnenoBaresbHO,
MOKHO HCIIOJIB30BaTh mnpeanoiokerne Jk.A. Yumepa (J.A. Wheeler) o rpanuie rpanuipt s
oOBsicHEeHHsT HaOJIOAaeMOT0 YCKOPEHHOTO pacIiMpeHrs Hamed BceneHHod npu momomtu
BHYTPEHHETO JABJICHUSA 3a CYET HAKOIUICHUS TEMHOM DSHEpPrMM Ha CaMOW JajbHEH TIpaHULe
OTHOCTOpPOHHEH TpaHHIBl (MO0 aHAJIOTMM C TeoMeTpuer Ttunma MeOuyca) Hamero KocMoca.
B 3aknrodeHne aBTOp BBICKA3BIBAET MBICIb O BO3MOXXHOM HCIIOJIB30BAHMU TEMHOM JHEPIHM 4Yepe3
HAaHOTEXHOJIOTHUH.

Krrouesvie cnosa: TemHast sHeprusi; baHaxoBo MpocTpaHCTBO; pacuiupenne BeeneHHoil.
1. BBenenmue

Jannas pabota npenctaBiseT coboil 06001eHre pa3InYHbIX 001acTe HayKH, pe3ylIbTaToB
U TEopeM, KOTOpble Ha MEepBbIA B3NS KaxyTcs HecBsizaHHbMU [1-62]. Ilpexxae Bcero,
Halllell 1eJbIo SBJISETCS JIOTHYecKoe, (PU3NYecKkoe U MaTeMaTH4YeCKOe JI0Ka3aTebCTBO TOrO,
YTO TOYTH 96% MIOTHOCTH TEMHOW IHEPIHH, YCTAHOBJIEHHON TOYHBIMU KOCMOJIOTUYECKUMU
usmepenusmu [33, 34] (npuBeaummmu k Hobenesckoit npemun 3a pesynbratel COBE u Takke
k HoGenesckoit mpemun 2011 r. 3a pesynbratsl ans WMAP u usmepenuit cBepxHOBO# Tuma
1a [33]). DT0 MOKET OOBICHSITHCS C TOUKH 3PEHUsSI KOHIICHTPAIMU C TEOMETPUIECKON Mepoit
Ha OCHOBaHHMM H3BECTHOH Teopembl J[Boperkoro [1-4]. OmHako 3Ty CHUTyalUI0 MOXHO
paccMaTpuBaTh M Kak ciefcTBre (13 Teopun E-GeckOHEUHOCTH) pa3ioKeHHs ISl U3BECTHOTO
ypaBHeHusa OifHiTeliHAa E = mc® Ha wacTs, COOTBETCTBYIOIIYIO KBaHTOBOW YacCTHIIE,
NPEJICTAaBISIIONIYI0O U3MEPUMYI0 OOBIKHOBEHHYI0 »sHepruto E(O) = mc®, W Ha wacTs,
COOTBETCTBYIOIYI0 KBAaHTOBOW BOJIHE, IPEICTABISIIOIIYI0O TEMHYIO DJHEPIHIO, KOTOPYHO
HEBO3MOKHO M3MEpUTh U3 Koitarca BoiaHbl E(D) = mcz(21/22). 3necy E(O) + E(D) onsrs
COOTBETCTBYIOT YyIMBHUTEIbHON (opmyne Oiinmreitna [7]. Kpome Toro, mpezncrasisercs
BECbMa BEPOSTHBIM, YTO SHI0(U3NYIECKast SHEPrusi KBaHTOBOW BONIHBI [14—18] nomkHa ObITh
KaK-TO CBs3aHa ¢ K30(hM3MUecKoll BOIHOBOM Heprueit Kasumupa KBaHTOBOTO Bakyyma [22—
26], nonoXxeHHO# B OCHOBY 9K30¢u3uueckoro 3¢pdekra Kazumupa [6, 19-21]. Tor dakr, uto
OOBIKHOBEHHAsI YHEPTUsl KBAHTOBOW YaCTHIIbI CBSA3aHA C HEAJIUTUBHON MYJbTHUILUIMKATUBHON
suTponueil Tuna Penbu [23], B TO BpeMs Kak TeMHas HEPrHs KBAHTOBOW BOJIHBI SIBJISICTCSI
aJZITATUBHOM, JaeT JIOMOJHHUTEIFHOE MMOATBEP)KICHUE Halero npeamnonoxenus [35-39]. Ml
HE CTaJM Ha 3TOM OCTAHABJIMBATHCS M PEILWIM CBA3aTh HAIll Pe3yJbTaT C IpaHULEH HYyleBOI
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rpanuinbl Yunepa (Wheeler) u Ha ee ocHOBe mpeanosoxuin, uto pedpo (edge) rpaHMIlbl
rojorpauueckoil TpaHULbl HAIIETO IPOCTPAHCTBA-BPEMEHU SBJISETCS OJHOCTOPOHHUM
MHO>KECTBOM, TCHEPUPYIOIIMM BHYTPCHHEE MABJICHHE TEMHOW JHEPIHH, OTBEUAIOIIee 3a
YCKOPEHHOE pacHIMpeHue KocMmoca. J[pyrumu cioBaMu, Mbl HCHOJb3YeM OCHOBHYIO HICHO
Kasumupa o KBaHTOBOM BOJTHOBOM 3((dekTe Bakyyma U CBSI3BIBaEM €€ C TeM (aKToOM, 4TO
MOJIHOCTBIO TycTasi rpaHuiia BceneHHON — 3TO OJHOCTOPOHHSSI TeOMETpUUYEecKas CTPYKTypa
tuna MebOuyca, cojepiKamiasi TOJbKO KBAaHTOBYIO BOJHOBYIO TEMHYIO JHEPTHIO, JUIS TOTO,
YTOOBl OOBSCHUTH IOJYYEHHOE TaKUM oOpa3oM BHYTpEHHEEe JaBJCHHE, BBI3bIBAIOIIEE
Ha0J0jaeMoe yCKopeHue Hatiei Beenennoil.

ABTOD omacaercsi, YTO MOKET MOKa3aThCsl HECKPOMHBIM TO, YTO OH CUHTAET JaHHYIO padoTy
MPEIIIIECTBEHHUKOM 3PbI, KOTOPYIO MOYKHO Ha3BaTh MOCTMOACPHUCTCKON (PU3UKOM, B paMKax
KOTOpPOI 00OCHOBaHHBIM MaTeMaTHYECKHI ammapaT U KOppeKTHas (pu3uka — 3TO OJHO U TO
’Ke. B CB3M ¢ 3TUM MBI TpHU3HAEM, YTO CUYUTAEM CIEAYIONIYI0 TEOpeMy U3 00JacTu
TOIOJIOTHH | yrpoieHue [61] mpuiekaTenbHbIMH.

Teopema.

He cymectByeT HemycThIX 3-MEpHBIX IUMKIOB U HEMYCTHIX 3-MEpHBIX TPaHUIl, TaK 4YTO
Z3 = B3 = (), cnenoBarenbHo, TpaHuila BUXps mycras. OTMmeuas, Kak MHOTO [ 'almakTuk
Halel BeeneHHOM HalOMUHAKOT BUXPU, YUTATEIb Cpa3y IMOUMET CBA3b.

CraThsi OpraHu30BaHa CJIeIyIOIUM 00pa3oM:

[Tocne KOpOTKO#M, HO COJEp>KaTEIbHOM, BCTYNMUTENbHONW YacTW MPEACTaBIeH paslen 2, B
KOTOPOM COJICPIKUTCS BCe HEOOXO0IMMOE JIJIsl BEITIOJHEHUS aHam3a. B pa3aene 3 mpuBoasTcs
MOJIPOOHBIE PACCYXIEHUS O BbIBOJAE 96-TIPOIEHTHONW KOHIIEHTpAIMM C MEpPOW Ha OCHOBE
teopembl [[Boperikoro. B pazaene 4 mpuBOAUTCS B HEKOTOPOM CTENIEHU HEOKHIaHHBINA BBIBOJ]
IUIOTHOCTH TEMHOM 3HEpPruH MpU MOMOIIU OOIIEH TEOpUU OTHOCUTEIBHOCTH ODWHINTEWHA.
B pasnene 5 momydeHbl Te K€ Pe3yNbTaThl, YTO U YIIOMSHYTBIC, IPH TOMOIIH OO030HHBIX
cTpyH. B pazzgene 6 310 BCE CBs3bIBAETCS C BEHJIEBCKUM MacIITaOMPOBAHHEM PEHOPMAIOHA
‘T Xoodta (‘t Hooft). B paznene 7 Ha ocHOBEe O030HHBIX CTPYH NMPUBOAATCS Pa3bsICHEHUS MO
TEOpUHU TeMHOU dHepruu. B paznene § mokazaHa ommO0OYHOCTH JIF0OOT0 3asBICHHS O TOM, YTO
Halll pe3yJbTaT MOXKET OBbITh YUCICHHBIM coBmaneHueMm [54-57]. B paznmene 9 obcyxmaercs
r1yOoKas CBA3b MEXKIy TEMHOU dHeprueit u sueprueit Kasummupa, a Takxke paccMaTpuBaeTcs
HaIlle TPeVI0KEHUE O PACIIPOCTPAHEHUH MPEATIOIOKEHH YUiepa 0 HyJleBOl IpaHUIe U eTo
MOCJIEJICTBHSI B CBSI3U C OJIHOCTOpOHHEH reomerpueil Tumna Mebuyca. Hakoner, B pa3aene 10
JIaHbI BBIBOJIBI U MEPCIIEKTUBBI BO3MOYKHON TEXHOJIOTHH MCIIOJIb30BAaHMS TEMHOM sHepruu [6,
10, 19-21].

2. PeanmcTnyeckoe npeacraBjieHne 0 KBAHTOBOM 3alIyTAHHOCTH, Pa3MepPHOM
peryJasipu3anu, TEMHOM JHEPIruu U Teopeme /[Bopenkoro B (pu3uKe 4acTHI

2.1. E-0eckOHeYHOCTh, HEKOMMYTATHBHASI FeOMeTPHsI U KBAHTOBasl 3allyTAHHOCTb Xapau

be3ycioBHO, 01MH U3 HanboJiee BaKHBIX Pe3yIbTaTOB COBPEMEHHOW KBAHTOBOW MEXaHUKHU —
3alyTaHHOCTh Xapau, B KOTOPOM pacCuMTaHHAas KBAaHTOBAas BEPOSITHOCTh JAJIS 3aIlyTaHHOCTH
TOYHO paBHA 30JI0TOMY CpEIHEMY @ = («/5 +1)/2 B crenenu nath [35-39]. UToOBI OlICHUTH
3HaYMMOCTb 3TOT0 pe3yJibTaTa JUis (PU3UKH BBICOKMX SHEPrHi M KBAaHTOBOW KOCMOJIOTHH,
HEO0OXOUMO Pa3/IeTUTh €ro Ha TPU OCHOBHBIX IIara. Bo-nepBbIX, yIPOIEHHBIH MbICIEHHbBIN
HKCIEPUMEHT Xap/1 U ero TOYHOe pelieHne npu nomoinu ¢popmanusma Jupaka. Bo-BTopbIx,
HAJ0 MOHATh, YTO pe3ynbTaT B 9% KBAHTOBOM BEPOSTHOCTU Ui 3alyTaHHOCTU JIBYX
KBAaHTOBBIX YaCTHUI[ — 3TO, Ha CAMOM JIEJI€, alllIPOKCUMALUs 30JI0TOTO CPEIHETO B CTENEHU
nsATh. B-TpeTbux, HaJ0 MOHATH, YTO 3TOT PE3yJbTaT HANPSMYIO CIEIyeT U3 pe3yJbTaToB,
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nosyueHHbIXx A.KoHHecoM M aBTOpOM [JaHHOW CTaTbu B paboTe, MOCBSIIEHHON
HEKOMMYTaTUBHOU ()paKTaibHOI KaHTOPOBOM MPHPOJIe KBAHTOBOIO IPOCTPAHCTBA-BPEMEHH,
U 4TO CTPYKTYPHBIE DJIEMEHTBHI 3TOr0 KaHTOPOBA MHOr000pasusi — 3TO INPOCTO CIIydaiiHOe
KaHTOPOBO MHOXXECTBO C XaycJOp(poBOHl pa3MEpHOCTbIO, PABHOM 30JI0TOMY CpEIHEMY
B CTElEeHU N, rae —oo<N<+00 COAEPKUT B ceOe Bce HaTypalibHble Lieible yucia. C aToi
TOuKM 3peHMs pesynbTar Xapam P(Hardy) =¢° — 510 cienctBue M3 JBYX KaHTOPOBO-

(GpakTanbHBIX «TOYEK», KOPPEIMPYIOLIMX B KAaHTOPOBOM IIPOCTPAHCTBE, COCTOALIEM W3
OECKOHEYHOr0 4Hncia KaHTOPOBBIX MHOeCTB. C Jpyroil CTOPOHBI, KOJUYECTBO TOUYEK B

OJTHOM MHOXECTBE OCCKOHEYHO BEJIMKO, T.C. OHO COACPKUT o~ Touek. CiemoBareibHO,
o0I1ee KOJIMYEeCTBO TOYCK B KAHTOPOBOM IPOCTPAHCTBE

(oo“o )OO +oo(oo°°) (Alef )Oo . 1)

HGCMOTpfl Ha TO, YTO 3allMCAHHOC BBIIIC CHUMBOJIMYECKOC PaBCHCTBO, HA HGpBBIfI B3TJI54, HE
HMCCT IIPAKTHYCCKOI'0 IMPUMCHCHHA M HC IIO3BOJIACT IIPOBOAWTL PCaJIbHBIC PACUCTbI, OHO
'-Ipe3BBI‘IaI>iH0 IMOJIC3HO JIs1 ITOHMCKa crocoba MPAKTUYCCKUX PaCyYCTOB, YTO MBI ceiiuac u

nokakeM. T.K. xaycnopdoBa pa3MepHOCTh ¢ = (\/g +1)/2 wu xaycnopdoBa pasMepHOCTh B N

U3MEPEHUU 3alKChIBacTCs ¢ MoMolnblo ypaBHeHuss Heiimana — Kone - En Hoitmm s
B3aUMHO-0/THO3HAYHOU pazmepHor pyukmu [9, 30]

D=a+bg @)

rae a,beZ u ¢= («/g +1)/ 2, a E-0eCKOHEYHOCTD 3aIMCHIBAETCS SKBHBAJIEHTHO

n-1

1

e =| = ©
¢
Torpa orcroga cieayer, 4To HyJleBOe MHOKeCTBO [9, 30]
n-1
1
d =|=| =¢ (4)
¢
a mycroe (N=-1) MHOXXeCTBO
-1 -2
a0 == =[2] =4 ©)
¢ ¢

I[J'ISI ABYX «HacCcTUI» B OJHOM KAaHTOPOBOM MHOXCECTBC TOIIOJIOTUYECKAA BCEPOATHOCTD
«COBIMAaACHUA», T.C. AJId 3allYyTAHHOCTH:

P=(¢)g)=¢ (6)
C z[pyroﬁ CTOpOHBI, AJId caMoro HpOCTpaHCTBa HUMEECM pa3MepHOCTL
1
d)=—F"<=4+¢° (7
(de) #(1-¢)
H CJICO0BATCIIbHO, BepOSITHOCTL
1
P=rr=¢ (8)
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CJICI[OB&TCJIBHO, COBMCCTHAs BEPOATHOCTD:

P(total) = (R)(P,) = #°(4°) = ¢° 9)

4TO SIBJISIETCS BEPOSITHOCTBIO Xapau. Kpome Toro, 3To SIBISIETCS BEPOSTHOCTBIO HAXOXKACHHS
TOYKH BO (ppaktanbHoil M-Teopuu Burrena [23, 38]:

DY :11+#:11+¢ (10)
1
11+ —
11+
Oro 3nauwnr [37, 38]
1 1
P(otal) = —=———=¢° 11
(total) DY 1144 ¢ (11)

Tonpko ¢ ydeTom 3TOro y)Xe MOXKHO TOHSTh 3HAYMMOCTh M YaCTUYHYIO pPEabHOCTh M-
teopun Burrena [23, 38]. Kpome Toro, u 310 eiie BakHee, Mbl BUIHM, YTO B 3TOM CIy4ae
MaTeMaTH4ecKasl JIOTMKa Obula BIIOJHE TPaIUIMOHHOW. [lpyruMu cioBamu, KBaHTOBas
¢u3uKa MOXKET OBITh HE MHTYHTHUBHO TOHSATHOM, HO JIOTUKA y Hee Takas *ke, T.K. TOJIbKO O/IHa
€/IMHCTBEHHAs JIOTHKAa 000CHOBaHHA, 8 UMEHHO — MaTeMaTHYECKasl JIOTHKA.

2.2. OObIKHOBEHHASI JHEPTUsl U TEMHAsI JHEPTUs KAK Pe3yJIbTAT KBAHTOBOI 3aIlyTAHHOCTH
W3 nmpuBeaeHHOr0 BhIIIE HETPYAHO BUIEThH, YTO JIOJISI KAXKIOW YACTHUIIBI B CIICHAPUH Xapau
JOMKHA OBITh ¢° /2, U ee MOKHO PacHpOCTPaHUThL HA N u3Mepenuil. Takum o6pazoM, mpu N

U3MEPEHUSX JI0JI 3aIlyTaHHOCTH OyIeT ¢5 /n. D10 BeAeT K COKpAIICHHIO N— n(¢5 / 2), a 3To

OTHOILIEHHE MEXIY HE3aIyTaHHOW YacThIO W TIOJHBIM MHOXKECTBOM M3MEPEHUH, YTO BElET K
KO3 QUIIMEHTY NpHUBEIEHHs, PAaBHOMY IUIOTHOCTH TEMHOH 3HEepruu, 4yro OyJaeT mojpoOHee
JIOKa3bIBaThCs HIDKE. TakuM oOpa3oM, nmeem [38—41]

_n=(@/n _n-@-(12) _, (#£)_21+k (12)
n

D _2+k
7(D) n 2 | " 24k

rie K =2¢°. Mbl He ycTaeM HamOMMHATH ce0e U 9UTATENsAM, UTO STOT Pe3yIbTaT MOTHOCTBIO
coriacyercsi ¢ KOCMHUYECKUMH M3MEPEHUSMU U HE SBIsSeTcs (PaHTaCTUYECKOW Teopuei.
[MocTaBuM nepesi coOoii Ienb J0Ka3aTh, YTO ¢° /2 MOXKHO CUMTATh YACTHUIIEH- BECTHHKOM

3alyTaHHOCTH, MbI Ha3blBaeM €€ OHTAHIJIMOH, M 4YTO PEHOPMaloH K Jemaercs
TOIMOJIOTHYECKAM M3 YEThIPEX TAaKUX JHTAHTIHOHOB. DTOT K — (DMKCHPOBAHHBIA TapameTp
BO3MYIICHUH B M3BECTHOM METOJ€ pa3MEpHOW peryisipuzaiu  (peHOpMallu3alum),

D:4—(g:k) [35]. Paktuuecku, ypaBHeHue (12) maer gaxke OoJsiblle, T.K. €0 MOXXHO

3almcaThp Tak:

1 1 1

< +
y) (©) (»(0))

B COOTBETCTBHHM C TeopeMoil JlaHKepiu O KpaTHBIX COOCTBEHHBIX 3HAUCHHSX, KOTOpas
UCIIOJTb30BaIach BMECTe C ujeel 0 (a30BOH CHHXPOHH3AIMH B MIPUMEHEHUH K KBAaHTOBOMY
NPOCTPAHCTBY-BPEMEHU Kak aBTOpPOM JaHHOW pabGoTel [58-60], Tak u MmaremaTHKOM
JI.Mapekom-Iprxakom [58]. Otcroma cieayer, 4TOo €CTh COOTBETCTBYIOUIHM KBAaHTOBBIM

(13)
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raMUJIbTOHHAH, OTPaHUYEHHBIN CHU3Y, U ATO nocneaHee ypaBHenue (13) npencrasnsier co0oit
YTBEPkKACHUE O COXPAHEHUH SHEPTUH, B KOTOPOM OTCYTCTBYIOIIAs YacTb, HEOOXOUMas IS
3HaKa pPaBEHCTBA, TOYHO PaBHA UMEIOLIEHCS TUCCUIIALMKU. B OTHOIIEHUU 3TOTO BaKHEUIIETO
pe3yibTaTta XOopolllas HOBOCTh COCTOMT B TOM, 4To Hamie pasinoxkenue E = E(O) + E(D)
HETOCPEACTBEHHO YKa3bIBAET, YTO MOXKHO IMOJYYUTh AMCCUIATUBHYIO TUHAMHKY, & C TOUKU
3peHUs] COBPEMEHHOIN HENMHEWHON JUHAMHUKH — JEeTePMUHUPOBAHHAs KBAHTOBAs JMHAMHKA
OyZeT TOJHOCTBIO COTJIACOBBIBATHCS C HOPMHUPOBAHHBIM YPaBHEHHEM W PE3yJIbTaTOM,
NOJyYeHHBIM Ha OCHOBe Teopembl JlBoperkoro [2]. Jlpyrumu cioBamu, KaHTOPOBO-
¢pakranbHas KBaHTOBas MEXaHWKa, npemiokeHHas En  Hoiimm wu  Opaom, u
JEeTepMUHUPOBAHHAs KBAaHTOBas MeXaHUKa, MpenjokeHHas HoOeneBckuM mnaypeatoM T
Xoogrom [62], — dpakTHUECKH, BCETO JIUIIIb JBE CTOPOHBI OHON Meaau.

2.3. Teopema /[Bopenkoro u KoHueHTpauus Mmepbl E-6eckoHeuHocTH

Tenepb HEOOXOAMMO OOCYTUTH BaXKHEHIIIMI BOIIPOC, CBSI3aHHBIA C TEM, KaK pactpe/emseTcs
7(Dark) , u3 xotoporo nonyuaercs E = y(Dark) =mc® =mc?(21/22), - 5ToT Bompoc TecHo
CBSI3aH C CyTbIO Teopembl J[Bopenkoro u ee ciueactBusMu [1-7]. UToObl 3TO BBISICHUTD,

HeoOxoauma uH(popMalus euie o JAByX acrnekTax. Bo-mepBbIX, N CBA3aHHBIX YacTHI] Xapau
3alMCBIBAIOTCS TaK:

P(Hardy) = RR, =¢¢" = ¢"" (14)

Bo-BTOphIX, HE0OX0AMMO 3HaTh, uTO Mo3auka KieitHa-IleHpoy3a — 3TO pa3BeTBISIOITUICS
«BOJIOKOHHOONITUYECKUN KTYyT», MPEACTABISAIOMUNA €000 Trojorpauueckyro TpaHHILy
Haimrero E-OecKoHeYHOro KaHTOpoBa (paKTaIbHOTO MpocTpaHcTBa. Clie0BaTebHO, TPAHUITY
TPaHULbI, HAWJIEHHYI0O YHIEPOM [UIsl «HYJIEBOIO MHOXECTBa» MHOTO JIET Ha3aj], MOXHO
JIOTUYECKH 3KCTPANOJUPOBATh YyCThIM MHOKECTBOM TEMHOW SHEPruu HauboJiee yJaleHHON
IpaHUbl HAa OECKOHEUYHOCTH TOJOrpaduyecKoil TpPaHUIBl C MOCIEAYIOUIUM IOJHOCTHIO
MMyCTBIM MHOKCCTBOM, I'IC Pa3MCPHOCTH MGHFCpa-ypI)ICOHa HAa4YMHACTCA ¢ MUHYC CAVMHUIBI
W COOTBETCTBYIOMIEH XaycnophoBol pa3MEpHOCTH ¢° M 3aKAHUMBAETCA TOMOIOTHYECKOM
pa3MepHOCThI0O MeHrepa-YpbIicOHa, paBHOM MUHYC oo M aOCONIOTHBIM HYJIEM B KauecTBE
COOTBETCTBYIOIICH xaycaopdoBoit pasmepHoctd. C apyroil CTOpPOHBI, B CEepeUHE HaIIeH
rojorpauueckoil rpaHMIbl pa3MepHOCTh MeHrepa-YpbrICOHa paBHA HYJIO, a Xaycaopgosa
pasmepHOCTh paBHa ¢ . Hanbonee ynaneHHas rpanuna Hameil BeeneHHoM, Takum oOpazom,
ABJIIETCS OJJHOCTOPOHHEM, T.€. UMEET TOJIBKO BHYTPEHHIOI CTOPOHY M HE MMEET Hapy KHOH,
0 aHaJIoruM ¢ JeHTor Mebuyca. O6benuHss 00e pa3MepHOCTH 00eUX YacTeil, UMeeM

0-1=-1 = #+p=1. (15)

B T0 e Bpems, npoussenenne naet (—1)(0)=0 u ¢°¢=¢°. Tak MBI IPUXOIUM K TIPOLIECCY
bepuymmn (1, 0) u antu-bepuymmn (1,0,-1), kak B cnupansHoi Mmonenu JIx.Oppa.
MuoxectBo Xayciaopha ITHX IIPOIIECCOB — TIPOCTO (pakTan ¢°, B CBOIO odepenb
COOTBETCTBYIOIIMI IMPOCTPAHCTBY-BPEMEHH Xaycaop(hoBOil pa3MEpHOCTH IMPOCTPAHCTBA-
BpeMenn 1/¢° =4+¢> =4.23606799. M3 BBINIECKA3aHHOTO BHAHO, YTO TEMHAs SHEPrus

CKOHIIEHTPUPOBAaHA Ha IOBEPXHOCTH KAaHTOPOBA MHOIrooOpas3usl HaIIero MpOCTPaHCTBA-
BpEMEHHM Ha OECKOHEYHOCTH, YTO OOBSACHSET, moueMy pa3OueHue popmyssl DifHIITEHHA Ha
00bIKHOBeHHYI0 dHepruto E(O) = mc?/22 +k u TeMHY10 3Hepruto E(D) = mc?(21 + k/22 + k)
He HaOII0JaeTcs 3a UCKITFOUYEHUEM CITydasi, KOT/Ia MBI HCCIIelyeM H u3MepseM BceneHnyro B
HenoMm, T.e. sHao¢u3ndecku, kak B caydae ¢ COBE, WMAP u usmepenusimu [lnanka u B
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OTJIMYHE OT IKCIIepuMeHTOB Kazumupa u TpauinOHHBIX JOKAIBHBIX TPOBEPOK CIEHUATBHOM
TeopuH oTHOCHTENbHOCTH [33-39].

BbiensnoxkeHHble  YTBEP)KACHUSI O KOHIIGHTPAIlMM TEMHOH SHEPrUM MOTYT IOKa3aThCs
HECKOJIbKO ~ HEIPABIONMOMOOHBIMA TEM YHTATEIsIM, KOTOphle HE 3HakoMbl ¢ E-
OeCKOHEYHOCThI0 M (pakTamamMu. OJHAKO MBI 3aBEpPSEM YUTATENs, YTO CYHIECTBYIOT
HeonposepaIcuMble MAaTEMaTHYECKIE TEOPEMBI; CPEIN HUX, HAIIPHUMEP:

Teopema.

JIeBSIHOCTO 1IIeCTh MPOLEHTOB oO0beMa CQEepUyYecKoro miapa JOCTAaTOYHO OOJBIION
Pa3MEpHOCTH CKOHIIEHTPHPOBAHO Ha IOBEPXHOCTH cepshl [1-4].

B cnemyromieM pasene Mbl MOKaKEM MPABHIBHOCTh STOTO YTBEPXKIACHHUS MPH MOMOIIHU JIBYX
Pa3INYHBIX [ETOYECK MATEMAaTUICCKUX PACCYKICHHIA.

3. TeopeTnueckoe OTKJIOHEHHE C MepPOil 00beMHOIT KOHIIEHTPANH
mo reopeme /IBopenkoro

3.1. TpaauumoHHBII BHIBOJ

Bosbmem eBknnioB map. M3 tpagunmonHoi popmsl 3anucu [1-4] umeem

B =ixel": ) x’ <1t. (16)

1

B atom ciydae o0beM 3amaercst u3BecTHO# hopmyoii [1-4][6]

(ﬂ_)n/2

VOI(n) = m

A7)
3nmech I' — obOoOmenne ¢ynkuu ¢akropuana (nN!) mo Hemenmoro, N — u3Mmepenue. s
0onbIIMX N MOXHO HCHOJB30BaTh (GopMynny anmpokcumanuu CTHpIIMHTA, OTKyda 00beM
NpUOTMKEHHO paBeH [ 1-4]

n

vol(n) = % . (18)

3ametuM, 4To cdepa paarnycom =1 — 3To MOBEPXHOCTH IIapa, KOTopasi 0003HauaeTCs S"t a
BenMYMHA I, PaKTUYECKU, HEOXKUIAHHO 00JIbIasi. DTO JOKA3bIBAET, YTO B 00JIACTU TEOMETPUU

M TOIIOJIOTHH BBICOKHX I/I3MepeHHI>'I HHTYUIUA MOXKCET IIPUBOAWUTHL K HCBCPHBIM PE3YyJIbTATaM
[1-4].

Hameil cnenyromeil 3anaueil siBnsercss oOpaTUTh BHUMaHHWE HA pPacHpelesieHHe Macchl B
mape. Iy 3TOro HeoOXOAMMO CHadaia OmpeAenuTbh N—1l-MepHbId 00BEM ClOsl B LIEHTpPE
mapa o0beMoM 1, e paauyc mapa 3aaaercs kak [ 1-4]
1
=—— (19)

JVvol(n) '

Takum o6pazoM, cioit — 3To N —1-MepHBIH map pagnycoM, Kak MOKa3aHo BHIIIE, 1 00HEMOM,
NPUOIMKCHHO TTOCUYMTAHHBIM, OIATH ke, 10 popmyse Ctupiunra asst 6onpimx n [1-4]:

vol(n-)r"t=+e. (20)
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COOTBCTCTBGHHO, n —1'MepHBII71 00BeM napayiCJIbHBIX CJIOCB Ha paCCTOSAHHH X OT LICHTpaA —

310 N-—1-MepHBI map pamuycoM F°>—X°, TOITOMy 00BEM MEHBIIMX CIIOEB
IPUGIN3UTENEHO PABEH

vol(1) = Ve exp(-rex?). (21)

[Ipoenupys Ha OJIHO HampaBJeHHE, TOJIYYUM raycCoBO pacipeieieHne (aHaJOTHYHOe TaMMa-
pacmpeieNieHuio), KOTOpoe MbI H3ydainu B mpenasiaymux mnyonukamusx no COBE wu
chepuueckort ykmanke [37-39]. ducmepcust 3TOro pacmpeneieHus, OMATh JKe, UTO
YIMBHUTEIBHO, HE 3aBUCHT OT N W 3amuchkiBacTcs kak var =(1/2ze). Hecmotps Ha TO, YTO

panuyc mapa oobemoM 1 pacter kak /N /(27€), mo4TH Bech 3TOT 00BbEM 3aKIIOYACTCS B

M0JIOCE OMNpEeNIeICHHON UpHUHbI [1—4]. DTO yTBepkKAeHHE MPOTUBOPEUUT UHTYULIMHU, HO OHO

BepHOeE. [IpuMenss npeapiayniee ypaBHEHHE, MOKHO YBUAETh, YTO VIS MOJIOCHI, 3aaBaEMOM
[1-4]

1 1
0M:—=<x <= 22
fret*s-Lensl] -

0K0JI0 96% o0bema MapoB Pa3IMYHOIO YMCIIa U3MEPEHUI COCPEIOTOYCHO B MpEeNax dTou
MOJIOCKI. DTO JIeTKO Moka3aTh oreHkou VOI(1) miast X = Y, ymHOXas 3aTeM Ha 0O0beM
nsTuMepHoro mapa. [oacrasiss x = Y4, monyyaem [1-4]

vol(1) = (1.64721281 )(0.11825244 ) = 0.194786946 (23)

vol(vI(B,) = vol(1)(4.9348) = 0.96123 = 96% (24)
YTO AOKA3bIBACT HAIII OCHOBHOI1 TE3HC.

3.2. KopoTkuii BbIBOJ KOHIeHTpanuu o0bema npu nomouu E-6eckoneunocTn

[Ipenpinymiee npudIMKEHHE JIETKO CAEIaTh TOYHBIM MPU MOMOIIU METOJla TPaHC(PUHUTHON
koppekiun E-Oeckoneunoit teopun [9, 13]. Jlerko BHIETh, YTO HEOOXOAMMO CIEAYyOILEE
npeobpaszoBanue [9, 13, 35-39]

Vol(l) —» (a(kl—gl) (25)
npu
Je »é (26)
"
exp(—zex?) a% . (27)
CrienioBaTebio
(5)(Vol()) = (5‘52 J _ 8; '8 . (28)

OTO TOYHAs BEIWYMHA IUIOTHOCTH TEMHOW OJHEPrHH, KOTOpas paHee OblIa HakjcHa
paznu4yHbIME MeToamu [36—39].
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4. T1.1I0THOCTH TEMHOM HEPrUM HA OCHOBAHUU (PyH/IaMEHTAJILHOI MaTeMATH4eCKOM
CTPYKTYPbI 00111eii TeOPUH OTHOCUTEJIbHOCTH

MoskeT TIOKa3aThCsi YAWBHUTEIBHBIM TO, YTO MBI CMOTJHM OINPEACTUTh IUIOTHOCTh
OOBIKHOBEHHOM 3Hepruu kocmoca [19-54] Hanpsmyro M3 MaTeMaTH4eCKOH (OPMYIHPOBKH
obrmieli Teopun OTHOCUTETbHOCTH [52]. J[st 3TOro Mbl CHavajga B3sUIM JIBOMHOE YHCIIO
KOMIIOHGHTOB TeH30pa PuMaHa B uerhipex m3Mepenmsix. OHM 3ajaforcs Bemmumuoii (4)* =
256, moatomy umeem [53, 54]

N = (2)(256) =512 (29)

Orto uucio comocraBuMo ¢ |E8 E8| = 496 u3 teopuu cymepctpyn [8, 9], 528 u3z momenu
nATUMEPHBIX OpaHoB Burrena B 11 m3mepenusx [45-48] u 504 u3 rerepoTHYECKONU TCOPHU
cynepctpyH [45]. Ipu BeiBozEe E = mc? Ditnurreiin paccMatpuBai 4-MepHOE MPOCTPAHCTBO-
BpeMs, IOATOMY Mbl UMeeM 26—4 =22 uzMepeHus: 0030HHBIX CTPYH. JTU 22 U3MEPEHUS
HE00X0IMMO TpoaHaIM3upoBaTh ¢ TOYKH 3peHust N = 512, 3a Beryerom 20-TH M3MepeHUid,
IPEJICTABISIONINX CTEIEHH CBOOOIBI Bakyyma WM abcomoTHON (pure) rpaBUTAlMU IS
cymep npoctpanctea D=8. CiemoBarenbHo, numeem [45—48]

N(y) = 512 - (20 + 8) = 484 (30)

U3MEpPEHNI MM KBas3H cTeneHedl cBoOoabl. OTHOLICHME, IpeAcTaBisomee codoil JlopeHu-
(bakTOp UM IIIOTHOCTH SHEPIUHU, 3aIIMChIBAETCS B BUJIE

26-4 22 1

y = = =— =0.04545 (31)
512-(20+8) 484 22
B TOYHOCTH, Kak M oxupganoch. Jlamee 3amerum, uto |[E§ E8| = 496 Ttaxxke paBHseTCs
pa3MepHOCTH aHTUCUMMETPUYHOTO TeH30pa BToporo nopsaaka u SU(32):
y= Bt 2 140 (30)
512-(20+8) 484 22
JNpyrumu cioBamu, umeem [45-48]
qoon_ (MO-D) _ @)@2-D _ @)
2 2
JUTSE COOTBETCTBYIOIIETO CHMMETPUYHOTO CiIydast umeeM [45-48]
Jon_ (D=1 _ (@21 _ -~
2 2

[locnennee 3HaueHWe JaeT YUCIO BEKTOpHBIX mnoned Kwmmmara s n=32, T.e.
MaKCHUMaJIbHBIN [IEHTPAIBHBIN 3apsi1, U B TOYHOCTH COBIAIACT ¢ MOJIeibi0 BurreHa [46]

ap (11} (11) (11
Ny~ = 1 + 5 + c =11+55+462 =528 (35)

5. TouHoe orpaHuYUBaOUIee HeI0e 3HAYeHHe 001ell MIIOTHOCTH
TeMHOM HePruu U3 KPUTHYECKOl pa3MepHOCTH 0030HHBIX CTPYH

Hanee nonyyaem 1EI0YUCIEHHOE 3HaY€HUE TUIOTHOCTU TEMHOM SHEPTrUuu, KOTOPOE B TOYHOCTH
paBHO 3HAUEHUIO, HAMICHHOMY TT0 OCHOBHOMY IICJIOYHUCIICHHOMY YpaBHEHHIO [6, 7, 54, 55]
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io_ti =100 (36)

OTO BeChbMa MHTEPECHO B CBA3M C HECKOJIBKHUMH acleKTamMH. B 4acTHOCTH, CTOMT OTMETHUTb
npenen npu kK — 0. BecmomauM, 4T0 B TeOpur O030HHBIX CTPYH MMEETCS JIBE KPUTHUECKUX
pa3MEpHOCTH MPOCTPAHCTBA—BPEMEHHU B Teopuu «0e3 ayxoB» (ghost free theory). 3to D=26 u
D=25. CootBeTcTBYIOIME TPAHCPUHUTHBIC 3HAYCHHS, OYEBUIHO, COCTABIAIOT D = 26 + k =

26,18033989 u D = 25 + k = 25,18033989, rne k =¢*(1—-¢°) — penopmanon ‘T Xoodra
(‘t Hooft). Otmeuast, uro B 06oux ciydasx D = D (Einstein) = 4, Bugum, uto y(D) cymmaphoii
TEMHOM PHEPTUH, T.€. U TEMHOW SHEPIrUU, U TEMHON MaTepuH, faercs B [54, 55] kak

25+Kk -4 21+k
7(D)=( )4
(26 +k)—-4 22+k

a 3TO TOYHas TpaHC(PUHUTHAS BeTMYMHA. YTOOBI MOIYYUTh HOPMAJIBHOE 1IEJI0€ OTHOLIEHUE,
npumeM k=0 u HaiiieM paHee yCTaHOBJICHHOE U3BECTHOE 3HAYCHHE

7(D) = % = 0.954545 = 95.45% (38)

(37)

OI[HaKO CYHICCTBYCT 0ojiee TOHKHH CIIOCOO INOJIYYUTb HC TOJIBKO HEJI0C OTHOIICHHEC, HO U
TOYHOC INCJI0C 3HA4YCHHC ]/(D) =96 , corimacyromieecas € HOPMHPOBAHHBIM OCHOBHBIM

YpaBHCHHUEM

4
> a,—D™ =100 -4 =96% (39)
1
Jliist aTOTO HE HYXHO BhluMTaTh D(4) U3 oTHOMICHUs ¥(D). 3anuceiBacm
/(D) = 22K _ 0 9618033089 (40)
26 +k
Hpyrumu cinosamy,
k
D)=09%+— 41
7(D) (10’ (41)
Teneps mycts kK — 0, Toraa
y =0.96 = 96% (42)

OTO MOJHOCTHIO COIJIACYETCSI ¢ HOPMUPOBAHHBIM YPABHEHUEM U PE3YJIbTaTOM, MOJIYYE€HHBIM
Ha OCHOBe TeopeMbl JIBoperkoro [2]. dakTuuecku, MOKHO IPUMEHUTH TEOPETHKO-YHCIOBYIO
«aHAaTOMHIO» K HOPME

5

4
D =1+3+2+T4=) y, =4+22+74 (43)
1

1

" 3aMCTUTH, UTO JaHHOC BI)Ipa}KeHI/Ie MO>XHO HepeHI/IcaTI) HpOCTBIMI/I qucjiamMun
5
3, =1+3+2(11) + (2)(37) (44)
1

rne 1 + 3 + 11 + 37 = 52 u pa3MepHOCTh UCKITIOUUTEILHON TPYIIBI CUMMETPUH JIM TOYHO
paBusiercss |F4| = 52. Ecnu yuuThiBaTh TpaHCUHUTHOE TOUYHOE 3HaueHue 52 + k =
52.3606799, TO CTaHOBHUTCS BUJMMON TEOpETHYECKas KOCMHYecKas rapMoHus (COSMIC

symphony).
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6. Psin penopMmasioHoB

Jlaniee BBINOJHEH aHaIM3 OCPEIHEHHUS, T.€. KBa3W HMHTErpUpOBaHHs HOpMajoHa ‘T XoodTa

(k=41-9)).

(k)[%) n=1 0.18033=k (45)
n=2 029179
n=3 0472135
n=4 0.7638320334
n=5 1+¢°
n=6 2 World sheet
n=7 3+¢° Fractal 3D space
n=8 5+¢° Fractal Kaluza-Klein
n=9 847..
n=10 a,/10
n=11 2/¢°=(2)11+¢°)
no1p SL@DARDHIK oo aagcny

D(10)

7€ ¢, — 0OpaTHAs HIEKTPOMATHUTHAS MOCTOSHHAS TOHKOH cTpyKTyphl, 2(11+¢°) =22+k —

oOpaTHasi IUIOTHOCTh OOBIKHOBEHHOH O3HEPTHH KOCMOCA, R® =20 — crenenu cBOGOIBI
CYNEepCUMMETPUYHOr0 Bakyyma DHHIITeHHa B D=8 u3MepeHusx uiam B abCOMOTHOM (pure)
rpaButanuu, u 358,88544 — koMmakTUQUIMPOBAHHBIE CTENEHU CBOOOABI rojorpapuueckoin
rpasuibl wioc 20 ot DUHIITEHHOBCKOM aOCOIIOTHON IpaBUTALlMU, KOTOpask YMCICHHO paBHA
R® = 20, a umenno YHCIy HE3aBUCUMBIX KOMIOHEHT TeH3opa Pumana B D=4. Yurarens
MOJKET BUJIETh, YTO CYLIECTBYET HAa CAMOM J€JIe TECHAas! B3aMMOCBSA3b IIPUBEIECHHOTO BBILIE, U
3TO OJTHOBPEMEHHO MPOCTO JJIs1 IOHUMAaHUS U HEBEPOSITHO.

7. bo3oHHas CBA3bL CBE€Ta U TEMHOH JHEPIruu

Kaxercs, yTo Teopusi cTpyH 00Ja/aeT BCTPOCHHBIM MaTeMaTHYECKUM CEHCOPOM, KOTOPBIH
NPEJBUINT CYIIECTBOBAHHE JIBYX Pa3IMYHBIX THIIOB MPOCTPAHCTBA-BPEMEHH, COAEPIKAIIETO
pa3iNyYHbIe TUIIBI YHEPTHHU. DTO, HA CAMOM Jielie, HEOKUIaHHAsT HHTEPIPETAIUs HEKOTOPBIX
(aKTOB, XOPOIIO M3BECTHBIX TEM, KTO 3HAKOM C HAYAJILHBIM JTAllOM Pa3BUTHs TEOPUU CTPYH
[45, 46]. Cmbicnt B TOM, 4TO OO30HHBIC CTPYHBI HMEIOT HE OJIHO, a JBa M3MEPEHUSI, KOTOPbIC
UCKIJTIOYAIOT OTpHIlaTteinbHyio HopMmy [45]. TlepBoiii — 310 3Hakomoe D=26, mpu KoTOpOM
ycnoue Jlamnerica (Love Lace) [45] ToxmecTBEHHO wuCUe3aeT, €CIUM OTPE30K «a Ha
KOOPJMHATHOW OCH paBeH eauHuIle (a=1). OqHako CymecTByeT U U3BECTHOE aTbTEPHATHBHOE
pemierne, a umeHHo [45] D < 25 m a < 1. Takum 00pa3oM, MaKCUMaJIbHO BO3MOXKHBIC
u3MepeHuss 0e3 BBeAcHHMS Hedusmueckux cocrosHud D=26 w D=25. Umenno
B3aUMOJICHICTBHE MEXIy ATHUMHU JIBYyMsS H3MEPEHUSMH C 3aBUXPEHHOCTHIO U YETHIPbMS
BUAMMBIMH W3MEPEHUSMH TPOCTpPAHCTBa-BpeMeHH OiiHmrTeliHa D=4 cooTBeTcTByeT ABYM
NPUHIUIHAIBHO Pa3IMYHBIM TUIIAM IJIOTHOCTH 3Hepruu, ooHapyxenunsiM COBE u WMAP,
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KOCMUYECKHUMH HW3MEPEHUSIMU C8epXHO8ol muna la M aHanu3oM, pe3ylbTaThl KOTOPOTO
ynocrouauch HobeneBckoii mpemun o ¢pusuke [33-39].

Ecnu He BnaBatbess B moapoOHOCTH, TO Gopmyna DiiHmTeiiHa E = mc? oCHOBBIBaETCS Ha
D=4. Onnako ObBaet 1 D=26, u D=25. O06 3TOM BO BpeMeHa DHHIITEHHA U3BECTHO HE OBLIO,
CIIEIOBATENIbHO, «peajbHas» dJHEprus, Koropas wusMepsiercss upu 4D, sBuasercs
MOJIMHOXKECTBOM 4YacTW B3Hepruu, cpszanHoi ¢ D=26 u D=25. Torma TouyHOe 3HaueHue
IUIOTHOCTHU YHEPTHH JIOJKHO OBITH

1 1
7(0) = %_4 = 2 =4.5% (46)
u
25-4 21
7(D) =m=z=95.5% (47)
rue
7(0) + (D) =i+§ =1= y(Einstein) (48)
2 22

B paMkax yka3zaHHOW BBILIE LIEJIOUUCIICHHON TEOPHUH MOYKHO TaKXKE BBIICHUTB, YTO YUCTast
TEMHasi DHEPrUsl PaBHSETCS OTHOLIEHUIO 25 M3MEpPEHUN C 3aBUXPEHHOCTHIO 3a BBIYETOM
HIecTy u3MepeHuit npocrpanctsa Kanabu-5y k pazmepHocTy, paBHOH 26 ¢ 3aBUXPEHHOCTBIO.
TakuMm oOpa3om, He BAaBasCh B MOJPOOHOCTH, IJIOTHOCTh YUCTON TEMHON IHEPTUU

H-6_1_ (49)
26 6

YTO XOPOIIO COTIAaCyeTcsi ¢ n3MepeHusiMu. [lepen TeM Kak MepexoauTh K CIIeAYIOUIeMy paszery,
KPaTKO PacCMOTPUM CYIIECTBOBaHWE IBYX HM3MEPEHHI C 3aBUXPEHHOCTHIO C TOYKH 3PCHHUS
MaremaTrdeckoi pusuku. OCHOBHOE 3/71eCh 3aKTI0UYAETCs B CIIEAYIONIEM yCioBuH [8, 45]

(D — pure) =

<9u»:§%d%0—nee—oy (50)

TakuMm 00pa3oM, y MpPOCTpAaHCTBA-BPEMEHU HE MOKET ObITh Ooiblne 26 M3MEpeHUi, HHaue
OyIyT CYIIECTBOBATh COCTOSIHUSI OTPHUIIATEILHON HOPMBI KaK 4acTh (PU3MUECKUX COCTOSTHHI.
B nenom, B Teopur CTpyH B IPOCTPAHCTBE-BPEMEHH «TyXOB» (IMOOOYHBIX BO3ACHCTBUII) HE
CYIIIECTBYET, €CIU Y TPOCTPAHCTBA—BPEMEHH MeHee 26 WM POBHO 26 W3MEpeHHil. ITo
o3HavaeT [45]

a=1 D =26, (51)
a<l D<25.

8. ITouTH HyJieBasi BepoSITHOCTH TOro, 4To »(0) =0.045 1 y(D)=0.955
MOT'YT ObITh YHCJIEHHBIM COBNAIeHUEM

Bcerna ects nmrobutenn 6e30CHOBATENHLHO OOBHHATH TOTO, KTO TMpeJIaraeT JACHCTBUTEIHHO
HOBYIO HJICI0 WJIM JIEJIa€T OTKPBITHE, B «TaJaHWM MO YHuclamy». J[aHHas Teopus Takke He
n30exana moJJ00HOH HeapryMEeHTHPOBAaHHON KpUTHUKU. OJHAKO COBCEM HE TPYIHO OTMECTH
9TH HEOOOCHOBaHHbBIE OOBHUHEHUS. [IpuBeneM crneayronme apryMeHThI:

1. BO-HepBBIX, HaIla pe?,y.]'II)TaT ITIOJIHOCTBIO COOTBGTCTByeT BKCHepI/IMeHTaM 158 Ha6J'IIOJIeHI/I$IM.
MoXHO yKazaTb Kak MUHUMYM 4 DJKCHEPUMEHTATbHBIX MPOEKTa, B KOTOPBIX IOTYYECHBI
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npaktudecku te ke pesyiabrarel: COBE, WMAP, cBepxHoBas la Tuna u usmepenus [lnanka.
Ecnu ectb 50% BepOsTHOCTH TOTO, UTO KaKOM-TUOO M3 YEThIpEX SKCIIEPUMEHTOB HEBEPHBIH,
TO BEPOSITHOCThH OIMIMOOYHOCTH BCEX YETHIPEX HE MpeBbimact 6,25%.

2. YuuThiBas TEOPETUUYECKUN BBIBOJ, MPUXOAUM K CileIylolleMy. 3a MOYTH TPU rojia MbI
UCIIONIb30BAJIM, MO KpalHel Mepe, 25 Teopuid W pa3IMYHBIX METOJOB, HAuWHAS OT
CHEIHANIbHBIX JI0 YUCTO MaTeMaTUYecKuX. B UTOre Mbl MOMy4niIM MOYTH TOYHBIN PE3yNbTarT,
IOJIHOCTBIO  COIJIACYIOIIMKCA €  M3MEpeHMssIMM U HaOmogeHusMu. Omnsrb, 1pu
npennoyniokeHud o 50% BEpOSATHOCTU TOTO, YTO 3TH PE3yJAbTaThl OIMIMOOYHBI, HWMEETCS
MakcumaibHasi BeposiTHOCTh (0,5) B cTeneHu 25, T.e. BEPOATHOCTD (2,9)(10)'8 TOr0, YTO HaIll
pe3yNbTaT — OIMOKa WM YUCIEHHOE COBIA/ICHUE.

3. Eciam B3STh pe3ynbTaT W3MEPEHUS M TEOPETHYECKOE OTKIOHEHHE, TO MaKCHMalbHas
BEPOSTHOCTh OWMOKM WIM YHCICHHOro coBmajeHus cocrasasier (0,0625)(2,9)(10)% @
(1,86)(10) " °, T.e. MeHee aumaMeTpa aToMa BOZOPOIA, €CIIH U3MEPUTH €rO B CAHTUMETPax U
B3S5ITh KaK OTBJIEYEHHOE YUCIIO.

9. OObIKHOBEHHAasl JHEPIrUsi M1 TEMHAasi JHEPIrus B npeaesie 0eCKOHEYHO 00JIbIIOr0 YHUCIA
H3MepeHHil COBePIIEHHO PA3IUYHbI

Eciu cpaBauBaTh 3pPext Kasumupa ¢ TeMHOH dHEprueid, He0OX0IMMO BCE BpEMS YUUTHIBATH
JIBa BOKHEHIINX MOMEHTa. Bo-miepBbIX, OCHOBa 00OUX TUIOB YHEPTUU OJAMHAKOBA, 2 UMEHHO:
npexanonaraeMeii mycroit Bakyym [10, 11, 21]; BO-BTOpBIX, HECOOTBETCTBHE MOPSIKOB
BEJIMYMHBI TIPOCTO OTPOMHOE. B CBSI3M € 3TUM HYKHO OOpaTHTh BHUMaHHE Ha Ipezes N — oo
IUIOTHOCTH OObIKHOBeHHOM 3Hepruu y(O) u temuoit sueprun y(D), rae n — gopmansHOE

YHUCIO HM3MEPEHHI KaHTOpPOBa MPOCTpaHCTBa-BpeMeHu [6-9]. Takum oOpaszom, umeeM
COBEPILICHHO JAPYIo# mpejes, a iMeHHO [6-9]

/0=, nom, zero 52)
B TO JK€ BpeMs
ng’ e
y(D):T, n — oo, infinity. (53)

MbI 37ech He YUYMTBHIBATM TOT ()AaKT, 4TO MBI HMEEM XapaKTepHOEe ¢° i CaMoro
npoctpancTBa-BpemMenn 6e3 cpaBuenus y(0) ¢ g(D) B mpenene n-—oo. JpyruMu cioBamy,
CYIIECTBYEeT peajbHas BEpOSATHOCTh TOrO, 4YTO Ha rpaHune BcenenHoit o0bemHas
KOHLEHTpalus U ronorpadus MOTyT IPUBECTH K OTPOMHOM IJIOTHOCTH SHEPTUU B PE3yJIbTaTe
spdexta Kazumupa B HalleM MajaopasMEpHOM «I1a00paTOpPHOM» MPOCTPAHCTBE U BPEMEHH,
/1€ 10 CUX MOp IPOBOAMIMCH BCe IKCIIEpUMEHTHI 1o 3pdekty Kazumupa. daktuuecku, eciau
npuHATh 5 + £°, T.e. PpakTanpHyro pazmepHocTh Kanyssr-Kieiina BMecto 5 B g(D), TO TeMHast
SHEPIUs JOCTUTHET MAaKCUMYyMa, PAaBHOTO TUNIOTHOCTH SHEPruU DWHINTEHHA, T.K. [22—32]

7e(D) = (5+¢°)(#°)/2=(5¢"12) +(¢°/2) = (D) + (0) = 0.954545 =1  (54)

OTUM JIEMOHCTPUPYETCS BaKHEWIIast pojib TOHKOM CTPYKTYpbl KaHTOpPOBa (paKTaIbLHOTO
npocTpaHcTBa-BpeMeHu. OHAKO ClIeayeT NMpH3HATh, YTO OHA caMa Mo cebe He OOBSACHSET,
OoYeMy MbI MOXKEM H3MEpSTh HHUUYTOXKHYIO 3Hepruto Kasumupa HampsMyro, HO MOXEM
00OCHOBATh CYIIECTBOBAHWE TEMHOW SHEPTHH TOJBKO KOCBEHHO, HECMOTpS Ha TO, 4TO 00a
BUJIa SHEPTHHU CBSI3aHbI C KBAHTOBBIMU BOJHOBBIMH siBJIeHUsIMH [6, 9, 21].
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10. BeiBoanbIl

B nannoil paGoTre Ha OCHOBE pa3lWYHBIX (YHIAMEHTAIbHBIX TEOPH, BKIIOYAs TEOPHIO
CTpyH, OOIIyl0 ¥ CIEUUAIBHYIO TEOPUI0 OTHOCUTEIILHOCTH, SBJICHHS OOBEMHON
KOHIICHTPAIIMK, OCHOBAHHbIC Ha yKa3aHHOH TeopeMe J[BOpenKoro, Mbl Toka3biBaeM, 4To [2]:
1. Ilpaktuyecku 96% mNIOTHOCTM TEMHOH AHEPrUM, OOHAPYKEHHOM B KOCMOJOTMYECKHX
U3MEpPEHUSIX U HaOIOICHUAX, MOKHO MIOHUMATh KaK F€OMETPHUUECKOe OTpakeHHne 00beMHON
KOHLEHTpAalluu  MEpbl WIM KaK  KHHETUYECKYI0  OSHEPrui0  KBAHTOBOM  BOJIHBI
C IIPEeAIoIaraéMbIM OTCYTCTBUEM SHEPTHUU.

2. TemHuast sHeprust — YHA0(U3HUECKOE SBIICHUE, UMEIOIIee OTHOIIICHHE KO Bcell BceeneHHow,
MOKET MMETh JIOKaJIbHbIE 3K30(U3WYecKUue TMposiBieHus B dHepruu Kaszumwpa.
CrnenoBarenbHO, €CJIM 3TO BEPHO, U Mbl CUMTAEM ITO BEPHBIM, TO B KOHEUYHOM MTOIE€ MBI
HalJeM pealbHBbIM HayYHBIH MyTh K OCCKOHEUHON CBOOOJHON SHEPTHH, KOHKYPUPYIOIIUN C
HayuyHbIMHA MedTamu H.Tecibl, HO He TTepeceKaroiil rpaHuily MeKay hakTamu U (haHTa3ueH.
3. Unea Jx.A.Yunepa o «rpaHulle T'paHUIbl, paBHOI HYIO», B JaHHOW padoTe BeAeT K
BBIBOJly, UTO IpaHMIla Halled BceneHHON — 3TO CJIOM MYCTBHIX MHOXKECTB, 3aKaHYMBAIOLIUECS
a0COTIOTHO MYCTHIM MHOKECTBOM, KOTOPOE SIBJISIETCS OAHOCTOPOHHUM 10 aHAJIOTUHU C JICHTON
Mebuyca. B 3ToM cwmblicie: B pe3ynbTare HJIMYUS TEMHOW JHEPIMM TUIA Ka3MMHUPOBOMU
obecreunBaeTcs COCPEJOTOYCHHOE YCHIIHE, B PE3YNIbTaTe KOTOPOTO MOSBISETCS aBICHHUE C
BHYTPEHHEN CTOPOHBI, HE YPaBHOBEILLIEHHOE YEM-JIN0O CHapYXH (/i€ HUYETO HE CYLECTBYET),
CIIeIOBATeNbHO, TOSBISETCS OTpULIATENbHAS TpaBUTALMs, BBI3BIBAIOIIAS HAOIIOAaEMOE
YCKOPSIOILIEECs paclIMpeHne KOCMOoca.

4. PazymHOE 00BSICHEHHE MEXaHW3Ma 00pa30BaHUs «TPAHUIIBI TPAHUIIBI C ADCONIOTHO MYCTOMN
IpaHuLIeN» MOXKHO Ha IpocTeiiieM (M 0JJHOBPEMEHHO KJIACCUUYECKOM) YPOBHE MIOHUMATh TaK:
BCIIOMHUM, YTO IUIOTHOCTh 3Hepruu Kasumupa — 3TO pasHuMI@a MEXAY IUIOTHOCTHIO B
npenenax AByX IutacTuH Kasumupa B MBICJIEHHOM U PEaJbHOM 3KCIEPUMEHTE U INIOTHOCTH
CBOOOJHON HEPTUM MPOCTPAHCTBA B IIEJIOM 3a MpeleiaMH ABYX IUIACTHH, TOTJa MOHSTHO,
YTO CyMMapHasi TEMHasl SJHEprus Hauleil BceneHHOM COOTBETCTBYET OIpaHMYEHHOM SHEPIUM,
B TO BpeMs KakK IUIOTHOCTh CBOOOHON SHEPIHM CHApYKU Telepb paBHA aOCOIIOTHOMY HYIIO
a0COIOTHO IYCTOIO MHOXECTBAa <«I1OCJIE€IHEN TIpaHulbl rpaHunb». ClenoBaTeNbHO, B
npezene KiacCU4eckod MexaHuku sHeprus Kasummpa Oyner HyneBOH, MOITOMY MBI He
CMOXXEM u3MepuTh HHM OdHepruto Kaszumupa, HuU TeMmHYyI0 »HHepruto. OAHAKO MOXKHO
3aKJII0YUTh, YTO OTa DJHEPIHUsl CYLIECTBYET, CyIsd II0 YCKOPSIOUIEMYCS pacCIIUPEHHUIO
Bcenennoii, o yem rosopwioch Bbiie B 1.3. Takum 00pa3oM, NPUHUMIHAIBHO MeUTa O
CBOOOJHOW  HSHEPrMM  TEOpPeTHYECKHM  OOOCHOBaHA M  YaCTHMYHO  IOJATBEP)KACHA
JKCIEepUMeHTaIbHO. Ha naHHbIN MOMEHT TpeOyIOTCS TEXHOIOIMH U MHHOBAILIUU, BEPOSATHO, U3
00JacTl HaHOTEXHOJIOTUH.

Jlureparypa

1. Y. Godon. Gaussian processes and almost spherical sections of convex bodies. Annals of
Probability, 16(1), 1988, pp. 180-188.

2. A. Dvoretzky. Some results on convex bodies and Banach spaces. Proceedings
International Symposium on Linear Spaces, Jerusalem. Jerusalem Academic Press, Jerusalem,
Israel, 1960.

3. T. Figiel, J. Linden Strauss and V. Milman. The dimension of almost spherical section of
convex bodies. Bulletin American Mathematical Society, 82(4), 1977, pp. 575-578.

4. T. Figiel. A short proof of Dvoretzky’s theorem on almost spherical sections of convex
bodies, 33(3), 1970, pp. 207-301.

29



M. C. En Hatimm

5. J.P. May. E-infinity ring spaces and E-infinity spectra. Lecture Notes in Mathematics.
Springer Verlag, Berlin, Germany 1977.

6. Mohamed S. El Naschie. Casimir-like energy as a double Eigenvalues of quantumly
entangled system leading to the missing dark energy density of the cosmos. International
Journal of High Energy Physics, 1(5), 2014, pp. 55-63.

7. Mohamed S. El Naschie. From E = mc? to E = mc?/22 — A short account of the most
famous equation in physics and its hidden quantum entanglement origin. Journal of Quantum
Information Science, 4, 2014, pp. 248-291.

8. M. Kaku. Introduction to Superstrings and M-theory. Springer, New York (1999).

9. M.S. El Naschie. A review of E-infinity and the mass spectrum of high energy particle
physics. Chaos, Solitons & Fractals, 19, p. 209-236 (2004).

10. R. Lomas. The Man Who Invented The Twentieth Century. First published by Headline
Book Publishing 1999. This edition is by QCS e-Books 2011.

11. J. Schwinger. Casimir energy for dielectrics. Proceedings of the National Academy of
Science, Vol. 89(9), 1992, pp. 4091-4093.

12. O.E. Réssler. Endophysics. World Scientific, Singapore, 1998.

13. M.S. El Naschie. On a general theory for quantum gravity. In ‘Science of the Interface.
Editor H. Diebner, T. Druckrey and P. Weibel. Genista Verlag, Tiibingen, Germany, 2001.
14. O.E. Rossler. Boscovich’s observer-centered explanation of the nonclassical nature of
reality. In Symposium on the Foundations of Modern Physics, Joensuu, Aug.13-17, 1990
(K.V. Laurikainen, org.), Extended Abstracts, pp.153-156. Turku. Report Series, Publications
of the Department of Physical Sciences, University of Turku 1990.

15. O.E. Rossler. A possible explanation of quantum mechanics. In “Advances in
Information Systems Research” (G.E. Lasker, T. Koizumi and J. Pohl, eds.), pp. 581-
589. Windsor: The International Institute for Advanced Studies in Systems Research and
Cybernetics 1991, pp. 581-589.

16. O.E. Réssler, Endophysik. Die Welt des inneren Beobachters (ed. by Peter Weibel).
Berlin. Merve Verlag, 1992.

17. O.E. Rossler and J.O. Rossler. The endo approach. Applied Mathematics & Computation
56, 281-287 (1994).

18. O.E. Réssler and M.S. ElNaschie. Interference through causality vacillation. In.
Symposium on the Foundations of Modern Physics 94, Helsinki, June 13-16, 1994
(T. Hyvonen, org.), Extended Abstracts, Turku. Report Series Publication of the Department
of Physical Sciences, University of Turku, 1994.

19. A. Wilson, C. Johansson et al. Observation of the dynamical Casimir effect in a super
conducting circuit. Nature, Vol. 479(7373), 2011, pp. 376-379.

20. R. Caldwell. A phantom menace? Cosmological consequences of a dark energy component
with super negative equation of state. Physics Letters B, Vol. 45(1-2), 2002, pp. 23-29.

21. J. Cugnon. The Casimir effect and the vacuum energy-duality in the physicl
interpretation. Few-Body Systems, Vol. 53(1-2), 2012, pp. 181-188.

22. M.S. El Naschie. A topological Magueijo-Smolin varying speed of light theory, the
accelerated cosmic expansion and the dark energy of pure energy. Applied Mathematics,
Vol. 5, 2014, pp. 1780-1790.

23. M.S. El Naschie. Cosmic dark energy from °‘thooft’s dimesnionl regularization and
Witten’s topological quantum field pure gravity. Journal of Quantum Information Science,
vol. 4(2), 2014, pp. 83-91.

24. M.S. El Naschie. Logarithmic running of ‘tHooft-Polyakov monopole to dark energy.
International Journal of High Energy Physics, vol. 1(1), 2014, pp. 1-5.

30



MaremaTtudeckue MOaSIN U METOIBI B TCOPUU TEMHOU OHEPIruu...

25. M.S. El Naschie. The quantum gravity Immirzi parameter — A general physical and
topological interpretation. Gravitation and Cosmology, Vol. 19(3), 2013, pp. 151-155.

26. M.C. En Hoitmm. K Teopun TeMHO# 3HEprHH Ha OCHOBE MOJIEIIH MPOCTPAHCTBA—BPEMEHU
Koccepa. [IpobieMbl HeTMHEHHOTO aHAIKM3a B HHXKEHEPHBIX cucTemax. Ne 1(41), 1. 20, 2014,
c. 99-120.

27. M.S. El Naschie. The theory of Cantorian spacetime and high energy particle physics (An
informal review). Chaos, Solitons & Fractals, VVol. 41(5), 2009, pp. 2635-2646.

28. M. S. El Naschie, S. Olsen, J. H. He, S. Nada, L. Marek-Crnjac, A. Helal. On the need for
fractal logic in high energy quantum physics. International Journal of Modern Nonlinear
Theory and Application, Vol. 1(3), 2012, pp. 84-92.

29. Mohamed S. El Naschie. A Rindler-KAM spacetime geometry and scaling the Planck
scale solves quantum relativity and explains dark energy. International Journal of Astronomy
and Astrophysics, Vol. 3(4), 2013, pp. 483-493.

30. A. Connes. Noncommutative Geometry. Academic Press, San Diego, USA, 1994.

31. M.S. El Naschie. From classical gauge theory back to Weyl scaling via E-infinity
spacetime. Chaos, Solitons & Fractals, Vol. 38, 2008, pp. 980-985.

32. L. Marek-Crnjac. The mass spectrum of high energy elementary particles via El
Naschie’s E-infinity golden mean nested oscillators and the Dunkerley Southwell eigenvalue
theorems and KAM. Chaos, Solitons & Fractals, Vol. 18(1), 2003, pp. 125-133.

33. S. Perlmutter et al. Supernova Cosmology Project Collaboration. “Measurements of
Omega and Lambda from 42 High-Redshift Supernova”. Astrophys. J. Vol. 517, pp. 565 —
585. Astro-ph/9812133, 1999.

34. R. Panek. Dark Energy: The Biggest Mystery in The Universe. The Smithsonian
Magazine. http://www.smithsonianmagazine.com/science-nature/Dark-Energy-April, 2010.
35. Mohamed S. EI Naschie. On a new elementary particle from the disintegration of the
symplectic 't Hooft-Veltman-Wilson fractal spacetime. World Journal of Nuclear Science and
Technology, Vol, 4(4), 2014, pp. 216-221.

36. Mohamed S. El Naschie. Pinched material Einstein space-time produces accelerated cosmic
expansion. International Journal of Astronomy and Astrophysics. 4(1), 2014, pp. 80-90.

37. M. A. Helal, L. Marek-Crnjac, Ji-Huan He. The three page guide to the most important
results of M. S. El Naschie’s research in E-infinity quantum physics and cosmology. Open
Journal of Microphysics, Vol. 3(4), 2013, pp. 141-145.

38. L. Marek-Crnjac, Ji-Huan He. An invitation to El Naschie’s theory of Cantorian space-
time and dark energy. International Journal of Astronomy and Astrophysics, Vol. 3(4), 2013,
pp. 464-471.

39. Mohamed S. El Naschie. A Unified Newtonian-Relativistic Quantum Resolution of the
Supposedly Missing Dark Energy of the Cosmos and the Constancy of the Speed of Light.
International Journal of Modern Nonlinear Theory and Application, 2(1), 2013, pp. 43-54.

40. Jean-Paul Auffray. E-Infinity dualities, discontinuous spacetimes, Xonic quantum physics
and the decisive experiment. Journal of Modern Physics, Vol. 5(15), 2014, pp. 1427-1436.

41. Mohamed S. El Naschie. Quantum entanglement as a consequence of a Cantorian micro
spacetime geometry. Journal of Quantum Information Science, Vol. 1(2), 2011, pp. 50-53.
42. L. Amendola and S. Tsujikawa. Dark Energy. Theory and Observations. Cambridge
University Press, Cambridge 2010.

43. M.S. El Naschie. A resolution of the cosmic dark energy via quantum entanglement
relativity theory. Journal of Quantum Information Science, Vol. 3(1), 2013, pp. 23-26.

44. M.S. El Naschie. Coupled oscillation and mode locking of quantum gravity fields, scale
relativity and E-infinity space. Chaos, Solitons & Fractals, vol. 12(1), 2001, pp. 179-192.

31


http://www.scirp.org/journal/articles.aspx?searchCode=Mohamed+S.+El+Naschie&searchField=authors&page=1

M. C. En Hatimm

45. M. Kaku. Strings, Conformal Fields and M-Theory. Springer, New York, USA, (2000).
46. M. Duff. The world in eleven dimensions. 1OP Publishing, Bristol, UK. (1999).

47. Mohamed S. El Naschie. Nash embedding of Witten’s M-theory and the Hawking-Hartle
quantum wave of dark energy. Journal of Modern Physics, Vol. 4(10), 2013, pp. 1417-1428.
48. Mohamed S. El Naschie. Entanglement of ESE8 exceptional Lie symmetry group dark
energy, Einstein’s maximal total energy and the Hartle-Hawking no boundary proposal as the
explanation for dark energy world. Journal of Condensed Matter Physics, Vol. 4(2), pp. 74—
77,2014,

49. W. Rindler. Relativity (Special, General and Cosmological). Oxford University Press,
Oxford. 2004.

50. T. Padmanabhan. Gravitation, Foundations and Frontiers. Cambridge University Press,
Cambridge. Revised Edition. 2010.

51. J.B. Hartle. Gravity. An Introduction To Einstein’s General relativity. First Edition.
Pearson Education Ltd., Einbrugh Gate, Harlow, Essex, England, 2003.

52. M. Tegmark. Our Mathematical Universe. Allen Lane, Penguin Books, London 2014.
53. E. Gourgoulhon. Special Relativity in General Frames. Springer, Berlin, 2013.

54. Ting Zhong. From the numeric of dynamics to the dynamics of numeric and visa versa in
high energy particle physics. Chaos, Solitons & Fractals, 42, 2009, pp. 1780-1783.

55. M.S. El Naschie. On the vital role played by the electron-volts units system in high
energy physics and Mach’s principle of ‘Denkokonomie’. Chaos, Solitons & Fractals, 28,
2006, pp. 1366-1371.

56. M.S. El Naschie. The unreasonable effectiveness of the electron-volt units system in high

energy physics and the role played by a, =137. International Journal of Nonlinear Sciences
and Numerical Simulation, 7(2), 2006, pp. 119-128.

57. L. Marek-Crnjac. A short history of fractal Cantorian spacetime. Chaos, Solitons &
Fractals, 41(5), 2009, pp. 2697-2705.

58. L. Marek-Crnjac. The mass spectrum of high energy elementary particles via El
Naschie’s E-infinity golden mean nested oscillators and the Dunkerley Southwell eigenvalue
theorems and KAM. Chaos, Solitons & Fractals, VVol. 18(1), 2003, pp. 125-133.

59. M.S. El Naschie. The brain and E-infinity. International Journal of Nonlinear Science &
Numerical Simulation, 7(2), 2006, pp. 129-132.

60. M.S. El Naschie. Coupled oscillation and mode locking of quantum gravity fields, scale
relativity and E-infinity space. Chaos, Solitons & Fractals, vol. 12(1), 2001, pp. 179-192.

61. H. Edelsbrunner, D. Letscher and A. Zomorodian. Topological persistence and
simplification. Discrete and Computational Geometry, 28(4), 2002, pp. 511-533.

62. M. S. El Naschie. Deterministic quantum mechanics versus classical mechanical
indeterminism. International Journal of Nonlinear Science & Numerical Simulation, 8(1),
2007, pp. 1-10.

Moxammen C. Ea Haitum, [p., IIpod. Oun pommics B Kaumpe (Erumer). B 2012 r. on
OannmorupoBaics Ha BeiOopax [Ipesunenra Erunra. o 2012 r. cHayana oH 6611 B ['epmanmy,
rae moiydwsi oOpasoBaHue B ['aHHOBepe B CpenHel mikoie W yHHBepcutere. [lomyduB
JMIUIOM TI0 CTPOMTENFHOW MEXaHWKE M MpOpad0TaB HECKOIBKO JIET HHKEHEPOM-
KOHCYJIBTAaHTOM, OH Tepeexan B BemukoOpuTanuio, TAe mony4ywi crenenb PhD B
Yuusepcuterckom kosutemke Jlonmona (University College London) mox pykoBojacTBoM
npodeccopa, wiena Koponesckoro odmecta J[»x.M.T.Tomcona u cran uineHom ['pymmsl mo
uccnenoBanuio ycronunoctu (Stability Research Group), ocnoBannoit nopmom ['enpu
YunsepoM. Ilocnenyrommue BaxkHeWlne MOMEHTHl Ouorpaduu: 3BaHuEe Mpodeccopa B

32



MaremaTtudeckue MOaSIN U METOIBI B TCOPUU TEMHOU OHEPIruu...

yauBepcurete kopossi Cayma (Kind Saud University), mnpurnameHHbiii npodeccop B
Kopnene, HayuHbIii COTpYIHHK U TMpuUINamieHHbId mnpodeccop B KeMmOpumxckom
yauBepcurere. CoTpyaHuyan ¢ HoOeneBckuM Jaypeatrom Mibeit [IpuroxuHeiM, cipom
I'epmanom bonau, npodeccopom C. Anbp Aten, muauctpom Hayku CaymoBckoil ApaBuu. 3a
BpeMsl CBOCH JUIMHHON Hay4HOU Kapbepbl podeccop En Hatimm omybnaukoBan 6osee ThICIIn
paboT B 00JIaCTH WMHXKEHEPHBIX HAayK, MAaTEMaTHKH, TEOPETHYECKON (PU3MKH, KOCMOJIOTHUH,
MOJINTOJIOTUM, HCTOPUM M HCKYCCTBAa. B TeueHume HEKOTOpOro BPEMEHM OH BEJl CBOKO
eXKEHEeIENbHYIO0 HAYYHYIO Mepe/layy Ha €rUIeTCKOM TEJIEBUACHUM U €KEAHEBHYIO KOJIOHKY B
xypHaiie Rose Al-Youssef. ITpodeccop En Haiimm gonroe Bpems ObUT HAyYHBIM COBETHUKOM
npaButenabcTB Erunta m CaynoBckoit Apasuu. [Ipodeccop En Hoaitmm cumraercs oqHuM w3
TPEX OCHOBOIOJIOKHHUKOB (DpaKTaIbHON TEOPHH MPOCTPAHCTBA-BpeMeHH (BMecTe ¢ ['apHeToM
Opaom u Jlopentom Hotranem). OH sBusercs co3matenem Qusnueckod Teopuu E-
0ECKOHEUHOCTH B (PM3MKE BBHICOKHX SHEPIHid. 3a CBOM JOCTHKEHHS OH YAOCTaWBaJCS Harpaj
B CaynoBckoii ApaBuu, ['epmanun, CIIA. WU30pan geiictBurensHbiM ulieHOM MHCTHTyTa
¢u3uku B BemukoOpuranuu (Institute of Physics). B 'epmManun yIocTOCH YeCTH MOTYYUTh
TUTYN 3acinyxeHHoro wieHa @paHkpypTckoro obmecTBa GyHIaMEHTAIBHBIX UCCIeI0BAaHUI
(Frankfurt Association for the Advancement of Fundamental Research) ®paukdyprckoro
yauBepcuteTa uM. Moranna Bonbdranra ['ete. B HacTosiiiee Bpems pazpadaThiBaeT peakTop,
IpeIHAa3HAYEHHBIH I WCIOJIB30BAHMSL UM YCWIEHUS IPOCTPaHCTBEHHO-BPEMEHHBIX
Tonojoruueckux 3¢ dekros, Hanpumep, 3pdexra Kazumupa u temuoit sneprun. En Hoitmum
HEJAaBHO MPEI0KUII HOBOE COJIEpKaTelbHOE 00bsiICHEHHE (hopMyJibl DiHINTeHA E = mc?, B
KOTOPOM ITOKA3aJI, 4T0 OHA HMeeT KBAHTOBBIC KOPHH, a mMeHHO E = mc?/22 u E = mc?(21/22).

33



Problems of nonlinear analysis
in engineering systems. No. 2(44), vol. 21, 2015 Kazan

Identification of thermostatic source distribution
in heterogeneous plane region by general ray method

A.l. Grebennikov
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CP 72570, Puebla, Pue., México

A new fast method for identification of source distribution in heterogeneous plane domain is
proposed. Its mathematical model is constructed on the basis of general ray principle, proposed by
the author for distribution of different fields, in particular — thermostatic field. Proposed model leads
to the new general ray method that use explicit formulas with classic inverse Radon transformation.
Method is realized as fast algorithms and programs in MATLAB system and illustrated by
numerical experiment.

Key words: thermostatic field; identification; Radon transformation.

1. Traditional statement of a problem

In some applied problems, related to engineering investigations [1-9], it appears the necessity
to recognize of the source distribution of thermostatic field [1]. In a plane case it can be
mathematically described as an inverse problem for recuperation of the right hand side of the
Poison equation

V(e(xy)Vu(xy))=f(xy), (xy)e (1)

where, O — some limited region on a plane, &(x,y)>0 is a known thermostatic
characteristic of the material, u(x, y) is an unknown distribution of temperature; the function
f = f(x,y) characterizes desired source distribution of the thermostatic field.

In traditional statement [2] it is supposed also that functions J (X, y), u®(x,y) are known on
the boundary curve T and the next boundary conditions are satisfied:

s(x,y)%:%(x,y) (x,y)el, 2
u(x,y)=u’(xy), (xy)el, (3)

where aﬁ is the normal derivative in the points of the curve T .
n

Equations (1) — (3) serve as the mathematical model for solution of described problem, when
there is known a family of boundary conditions that corresponds to different parameters of
measurement scheme.

We will name this problem as identification of source distribution (ISD). Traditional approach
for solving I1SD leads to ill-posed problem. A lot of investigations are dedicated to existence,

34



Identification of thermostatic source distribution in heterogeneous plane region by general ray method

uniqueness and construction of numerical solution of this problem [2], but up to now there are
not sufficiently general theoretical and constructive results. Known numerical schemes are
difficult in computing realization.

Here we propose a new approach for construction of the mathematical model of ISD based on
the general ray principle [3] that require some different input data, but give possibility to
construct fast algorithms for numerical solution of ISD.

2. General ray principle and new mathematical model for ISD

General ray principle [3] consists in considering of physical field as a stream flow of
“general rays”. Each one of these rays corresponds to some straight line |.The
mathematical part of the general ray principle consists in reduction a partial differential

equation (PDE), to which satisfies the function u(x,y), to a family of ordinary

differential equations (ODE). Such ODE describes the distribution of the characteristic of
the field on the segment of the straight line. To construct the mentioned family of ODE
we will use the family of all straight lines | that intersect the domain Q. Let the line |
has the parametric presentation:

X=pcos¢—tsing, y=psinp+tcose,

where |p| is a length of the perpendicular, passed from the centre of coordinates to the line

I, ¢ is the angle between the axis X and this perpendicular, t — numerical parameter,
changing in limits defined by boundary of the domain [4]. Then, using the Radon idea [4],
we shall consider for each linel equation (1) that describes the characteristic u(x, y) of the

field with corresponding functions &(x,y), f(x,y) for (x,y)el using one dimensional

functions (traces) U(t), g(t) and f(t) of variablet. In our case the equation (1) for

variable t in one dimensional domain (segment [a, b] of a straight line 1) can be written in
the next form:

(50T (1)) = F@®). telab]. (4)

For simplicity of the next explication let suppose that domain is the circle of radius r. Hence,
we have for every fixed angle ¢ and given p the next formula for limits of the segment [a, b]

at each line:

a=-b=—\r’-p’.

We suppose that functions v(p,¢) and J(p,$) are given for o e[0,n],—-r< p<r and we
can write boundary conditions

(a)t (a)=3(p.0), 5)
a(b)-u(a)=v(p.9). (6)
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Equations (4) — (6) are considered as the new type of basic mathematical model for ISD.

3. General ray method for solution of ISD

Integrating the equation (4) we obtain the consequence of relations

t

(1) (1)-5(a)5 (a) = [ F(e)de,

QD

0, —E(a)u' a t
(-5 5 @)= g()£ (),
_ _ _ _ b 1 _b t
u(b)—u(a)—e(a)t(a)gmdt—l%(){ ()2t ™
Let us define the function
f(t)= }f‘(a)da (8)

Clear that there exists one function f,(x,y),(x,y)eQ, for which it is fulfilled:

f.(t)=f(xy).(xy)el.

We also define function

f,(xy)= f.(xy),(xy)eQ, 9)

1
e(X,y)

for which obviously the next relation is fulfilled

We shall consider further extensions of functions f(x,y), f(x,y)and f,(x,y) out of the

domain Q as zeros. So, we can use the traditional Radon transform R and write the right hand
side of equation (7) as

b 1 o
! o j f(e)de)dt = RIf, (x, y)I(p.¢) (10)
Using relations (5), (6) we can write the left hand side of (7) in the next form:
NN v 1
u(b)-u(a)-z(a)m( { 0 (p)—(b—a)J(p,(p)R{m] (11)
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and for variable p ¢[-r,r]we use extension of this function as zero. So, substituting formulas
(10) — (11) to (7), we obtain equation

1
RLf, (% Y)I(p. ) =v(p.¢)—(b—2a)d (p,@)R !
[f,(x ¥)I(p.@)=V(p.0)-(b-2a)I (p.¢) L(x,y)}

from which and formula (9) we have formula for the function f,(x,y):

f1<x,y):a(x,y>R-1[v<p,<p)—<b—a)a(p,cp)F{ }], 12

e(x,y)
where R is the inverse Radon transform operator [5].

Hence, we can calculate values of function f_l(b) for every angle ¢ and variable p. From

formula (8) it follows that f_l(b) coincides with the direct Radon transform of the

desired function f(Xx,y). So, the final formula of general ray method (GRM) for solution
of ISD is:

f(x y)=Rf,(b)] (13)

GRM gives the explicit solution of the ISD problem for considering case. It can be
generalized and applied also for any convex domain. The numerical realization of formulas
(12) — (13) can be constructed as fast algorithm, because it does not require solving any
equation and the Radon transform can be inversed by fast manner using discrete fast Fourier
transform algorithm [6].

At the same time, formulas (12) — (13) are unstable with respect of the data perturbation. This
instability is initiated by application of two inverse Radon transform and is equivalent to
double differentiation [5]. So, in numerical realization of constructed variant of GR-method it
IS necessary to use some regularization [6]. Most simple and fast in its realization is recursive
spline smoothing method, based on cubic local basic splines, which guarantees regularization
effect for considering case [6].

4. Numerical experiment

Let us consider model numerical example with domain as unit circle and all known functions
in equation (1):

g(xy)=1, u(xy)=1-x*—y*, f(x,y)=—4.
In this case functions corresponding of the boundary conditions are the following:

v(p.9) =0, J(p,¢) =2y1-p*, 9e[0,n], -1< p<1,

We used discreet values of exact functions v(p,¢) and J(p,¢) at the net with 21x21 nodes as
input data. Even for exact input data it was necessary to use regularization with Recursive
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Spline Smoothing to obtain appropriated result. At Fig.l are presented: (a) — exact
function f (X, y) ; (b) — reconstructed function.

(a) exact function {b) reconstructed function
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Fig.1. Results of numerical experiment.
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Nnentudukanusa pacnpenesieHusi TEPMOCTATHIECKOT0 HCTOYHHKA
B IVIOCKOH HEOJTHOPOIXHOM 00/1aCTH METOI0M 0000IIIEHHBIX JIy4eil

A.U. I'pebeHHUKOB
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IIpemmaraercss HOBBIN OBICTPBIA METON JUISI WACHTH(GHUKAINHA PaCIpenciieHUs TEePMOCTATHIECKOTO
UCTOYHMKA B HEOAHOPOAHOM IUIOCKOW o00jacTh. MaremaTuueckas MOJIENb IOCTPOCHA HAa OCHOBE
MIPUHLMTIA O0OOIIEHHBIX JIydeH, MPeUI0KEHHOTO aBTOPOM JIJIsl paclpeelieHus] pa3InvHbIX MOoJeH, B
YaCTHOCTH - TepMocTaTuueckoro mojs. IIpeanaraemass Mozenp NOpUBOOUT K HOBOMY METOAY
00OOIICHHBIX JTy4el, KOTOPBIA HCIONB3yeT KIACCHUYSCKUE sIBHBIE (QOPMYNIBI ¢ OOpaTHBIM
npeoOpa3zoBanreM Pagona. Meros peasnm3oBad B BUAE OBICTPHIX alTOPUTMOB M IIPOTPAMM B CHCTEME
MATIJIADB u mpomILIFOCTpUPOBAH YHUCICHHBIM SKCIIEPHUMEHTOM.

Knrouesvie cnosa: TepMOCTaTHUECKOE 110J1€; UACHTU(UKALNS paclipeiesieHus; mpeoOpa3oBanue PanoHa.

1. TpagunuoHHAasi MOCTAHOBKA 3a1a4H

B HEKOTOpBIX 3a7ayax, CBS3aHHBIX C HCCICIOBAaHHSMHU B pa3iuuHbIX oOmactsax [1-9],
HOSIBIISIETCS HE00XO0UMOCTh uAeHTU(PUKALIUY HCTOYHUKA pacnpenenenus
TepMocTaTHueckoro noud [1]. B ciydae mmockocTu 3T0 MOKET MaTeMaTUYECKU OMUCHIBATHCA
Kak oOpaTHas 3aj1a4a JUIs BOCCTAaHOBJICHHS MTPABOIl YaCTH ypaBHEHUS

V(e(xy)Vu(xy))=f(xy), (xy)e (1)
rac Q - HCKOTOpas OIpaHUYCHHAasd obnacTh Ha IIJIOCKOCTH, S(X, y)>0 — H3BCCTHAaAiA
TCPMOCTATUYCCKAA XapaKTCPpUCTUKA MATCpUalia, U(X, y) — HCU3BECTHOC PaCIpPCACICHUC

temneparypbl; Gyakuus f = f (X, y) XapaKTEepU3yeT PACIpPEACIEHUE UCKOMOTO MCTOYHUKA
TEPMOCTAaTHYECKOTO TIOJIS.
B TpaguumoHHOM nocTaHOBKE [2] mpesronaraeTcs TakKe, 4TO U3BECTHBI QyHKIMH J | (X, y) ,

u® (X, y) Ha TpaHU4HOM KpuBOW I M coOMI0IEHBI CleAYIONIME TPAaHUYHBIE YCIIOBUS:

a(x,y)%ﬁ’y):‘]n(x,y) (x,y)el, 2
u(x,y)=u’(xy), (xy)el, (3)

rae n HOpPMAaJIbHAsI IPOM3BO/IHAsA B TOYKaxX KOHTypa [ .
n

Coornomenus (1)—(3) ciayxar MaTeMaTHYeCKOH MOJEIbIO JJIS PEIICHHS ONMHCAHHOU
npo0IeMbl, KOTJa U3BECTHO CEMENUCTBO IPAHUYHBIX YCIOBHM, COOTBETCTBYIOIINUX PA3IUYHBIM
rapamMeTpaMm CXeMbl U3MEPEHHUS.

Mpbl Ha30BeM 3Ty 3ajady MpoOsieMoi HIeHTUHKAanuu pactpenenenus ucrounuka (MPUN).
TpamunwoHHpd TOAXxom sl pemeHus mnpodrembl «MPU» Beger K  HEKOPPEKTHO
IIOCTaBJICHHOM 3a1aye. MHOTO HCCIIeJ0OBaHUM ITOCBSILEHO CYLIECTBOBAHUIO, €UHCTBEHHOCTH
¥ TIOCTPOEHUIO YUCJICHHOTO PEIICHHS 3TOW MpoOsieMbl [2], HO A0 CHUX MOp HE CYIIECTBYET
JIOCTaTOYHO OOIIMX TEOPETUYECKHX U KOHCTPYKTHUBHBIX Pe3yabTaToB. MI3BECTHbBIE YHCICHHBIE
CXEMBI TPYJIHBI B PEATH3ALUN BBIYMCIICHHUM.

40



Wpentndukarms pacnpeneneHns TePMOCTATHYECKOTO HCTOYHMKA B TUNIOCKOH HEOTHOPOJHON 00IacTH ...

371eck Mbl IIpejiaraéM HOBBIM HOJXOJ JUIS MOCTpOoeHUs mareMarudeckod monenu «PW»,
OCHOBaHHbBIM Ha MpUHIMIE 0000IIeHHbIX Jydel [3], KoTOpbIii Tpedyer mpencTaBICHUS
BXOJIHBIX JITAaHHBIX B HECKOJBKO HHOH (hopMme, HO JaeT BO3MOXKHOCTh CO3/1aBaTh OBICTpHIC
AJTOPUTMBI JIJ11 YMCIIEHHOTO pemeHust « P»

2. llpunnun o0001eHHBIX Jy4Yeii 1 HOBass MaTeMaTHuyeckasi Mmojeab « APU»

[Tpuniune 0600mEeHHBIX JTydei [3] COCTOMT B pacCMOTPEHUHN (PU3HUECKOTO OIS KaK IMOTOKa
«0000IICHHBIX JTydei». KakIplif U3 3THX JIy4el COOTBETCTBYET HEKOTOPOU MPsAMOM JTUHUH | .
MaremaTtnueckass 4YacTh MPHUHIMIA OOOOMICHHBIX JIydel COCTOMT B MPeoOpa3OBaHHUH

VYpaBHeHUs B 4yacTHBIX Mpou3BoAHbIX (YUII), KOTOpOMY YAOBICTBOpPSIECT (QDYHKIIHS u(x, y), B

CeMECTBO OOBIKHOBEHHBIX Jauddepenumanbibix ypaBHenuin (O/1Y). Kaxmoe Takoe
cemeiicteo OJIY omnuchiBaeT pacnpenesieHue XapaKTEPUCTHUK IMOJs HAa CErMEHTE MpsMOM
auHuM. {1 KoHCTpyupoBaHHUsS yrnomsiHyToro cemeiictea OJlY mbl OyneM HCIOJIB30BaTh
ceMeiicTBO BcexX MpsMbIX JuHUE |, mepecekaromux obmacte . Ilycts nunus | umeer
[IapaMeTpUYECKOe MPECTaBICHNUE:

X=pcos¢—tsing, y=psinp+tcose,

riae | p| JUTHHA TIEPIICHIUKY/IAPA, TPOXOISIICTO OT IIEHTPa KOOPAUHAT K jiuHuu |, ¢ 310 yrou

MEXAYy OCbl0 X ¥ 3THM MEpIeHAUKYJISIpoM, - YHCIIOBO mapameTp, MEHSIOIIUIcS B
npejenax, onpeaesieMbIx rpanuiiei oomactu [4]. 3arem, ucnonb3ys uaeto Pamona [4], Mer
paccMoTpuM s Kaxaoud suHuu | ypaBHenue (1), KOTOpOE ONMMCBHIBACT XapaKTEPUCTUKY

u(x,y) mons ¢ coorsercryrommmu dynkmmsavu &(X,y), f(x,y)ms (x,y)el, ncnonssys
onHoMmepHble (yHkimu (traces) U(t), g(t) u f(t)mepemennoii t. B Hamem ciyuae

ypaBuenue (1) s nmepemenHoi tB ogHOMEpHOM obacTu (Ha otpeske [a, b] npsmoit nuHuN
| ) MoskeT OBITH 3amKcaHo B cieyroleii Gpopme

(50T (1)) = F®), tefab]. (4)

I[J'IH MMPOCTOTHI MOCICAYIOMIETO M3JIOKCHHUA IMPEATIOIOKUM, YTO 00JIacTh SBISCTCS Kpyrom
pamuycar. CHGHOB&TGHBHO, JJIA KaXKa0ro (bHKCHpOBaHHOFO yriia (I) M 3aJaHHOT'O P MBI UMEEM

CIEIYIONIY0 (OpMYITy IS TPECTIOB cerMeHTa [a, b] Ha kax o THHUH:
a=-b=—r’-p*.

MBeI nipeamnosnaraem, uto 3aaanbl yaknun V(P,¢) u J(p,¢) mist ¢ €[0, 7], —r < p<r u MbI
MOYKEM HAIMCaTh TPAHUYHBIC YCIOBHSI

e(a)u (a)=J(p.¢). (5)
u(b)-u(a)=v(p.9). (6)

VYpaBuenus (4) — (6), paccMaTpUBaIOTCsI KaK HOBBIM THIT 0a30BOM MAaTEMaTHYECKOW MOJETH
g « APy,

3. MeTon 06001eHHBIX Jydeii 1 pemenus « APW»

WnuTerpupys ypaBHeHue (4), Mbl [10JIy4aeM MOCIE0BATEIbHOCTh COOTHOILIEHUI
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dt = [ (== [ T(exext. ™
Onpenenum QyHKIIHIO

f.(t)=[ Fe)de. (8)

a
SlcHo, uto cymectsyer oxna dyukmms f (X, Y),(X,y) €, 11s KOTOPOi BBIIOMHEHO:

f.(t)="f(xy),(xy)el.

Mgl Takke orpeaenuM QyHKIIHIO

1
fz(X,Y):m

I[J'ISI KOTOpOﬁ, OYCBUIHO, BBIITIOJHCHO CJICAYIOMIECEC COOTHOMICHUC

B()=2g R0, (xy) et

Ms1 nanee Oynem paccmarpuBaTh pacumpenus ¢yakuuid f(X,y), f(x,y) n f,(X,y)BHe

f.(xy),(xy)eQ, 9)

obnmactu (2, momnaras uX paBHbIMH Hymi0. CleqoBaTenbHO, MBI MOXEM HCIOJIb30BaTh
TpaAUIIMOHHOE NpeodpazoBanue Pagona, 0603HauMB npeoOpazoBaHre CUMBOJIOM R, 1 MoxkeM
3amucarth MpaBylo 4acTh ypaBHEHUS (7) Kak

b 1 t _
! (% j f(&)de)dt=RIf,(x ¥)I(p.¢) (10)

Ucnone3ys cootHomeHus (5) u (6), Mbl MOXEM 3alucaTh JIEBYIO 4acTh ypaBHeHus (7) B
crenymouei popme:

dt:v(p,(p)—(b—a)J(p,(p)R{ } (11)

e(x,y)
U JIIsL TIEpEeMEeHHOW P ¢ [—r,r] MBI ucnonb3yeM pacmmpeHue 3Tod QYHKIUH PaBHOE HYJIIO.
Urak, noactasisist popmysst (10) — (11) B (7), Mbl osyyaem ypaBHEHHE

RLT, (x, y)](p,@:v(p,<p>—<b—a>a(p,cp)R[

)
e(xy) |

13 KoToporo 1 Gopmyisl (9) Mel umeeM dopmyiy s ynkimu f (X, y):

£ (% y) = 60 YRV ( pro) ~ (0—2)J (p,cp)F{ 12)

1
e(x,y) }]’

rie R™ ecth omeparop o6patHOro npeobpaszosanus Panona [5].
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CrnenoBatenbHO, MBI MOXKEM BBIYHCIATH 3HAUCHUS (PYHKIUU fl(b) JUISL KaX10T0 yriaa ¢ u

nepemenHoi p. U3 popmynsr (8) cnemyert, 94To l?l(b) COBIAJIACT C MPSIMBIM MTPEOOpPa30BaHUEM

Pagona ucxkomoit ¢yukumu f(X,y). Takum oOpa3om, okoHYarenbHas (opmysia MeToaa
0606mienubIx aydeit (MOJI) s pemenus «MPN» cremyromas:

f(x y)=Rf,(b)] (13)

MOJI naer siBHOE perrerne mipodiembl «MPW» s paccmatpuBaeMoro ciydas. MeToa MOKHO
0000IIMTh ¥ MIPUMEHSTH TAKXKE 151 JTFOO0M BBITYKJION oOnacty. YncneHHas peanmsanys Gopmyi
(12)(13) moxeT OBITh MOCTPOCHA KaK OBICTPBII AITOPUTM, TIOTOMY YTO OHA HE TPEOYyeT pereHus
HHUKAKUX ypaBHEHUi 1 npeoOpa3zoBaHue PagoHa MoxeT ObITh MHBEPTUPOBAHO OBICTPHIM CLIOCOOOM
C UCTIONIb30BAaHUEM JIMCKPETHOT'O AJITOPUTMA OBICTPOro rpeodpazoBanus Dypee [6].

B 1o ke Bpems dopmynsr (12) - (13) sBISOTCS HEYCTOWYMBBIMH COOTHOIICHHSMH
OTHOCHUTEIIFHO BO3MYIIEHUH B WMCXOJHBIX J@HHBIX. JTa HECTAOWILHOCTh HHUIIUUPYETCS
NpPUMEHEHHEM JBYX OOpaTHBIX mpeoOpazoBanuii PajgoHa u »KBHUBalleHTHa JABOWHOMY
muddepenmpoBanuio [5]. CrenoBarenbHO, B YMCICHHON pean3alui CKOHCTPYHPOBAHHOTO
Bapuanta MOJI HeoO6X0oAMMO HCIMONIB30BaTh HEKOTOpPYIO peryispusanuio [6]. CambiM
MPOCTBIM M OBICTPBHIM B PEATM3AIMH SBJISCTCS METOJ] PEKYPCHBHOIO CIUIAHH CTIIaKWBaHUA,
OCHOBaHHBIM Ha KyOMueckuii Oa3UCHBIX CIUIaliHaX, KOTOpBIA rapantupyer 3ddext
peryJsipu3aluy Ui PaCCMOTPEHHOTO ciydas [6].

4. YncJieHHBII YIKCIIEPUMEHT

PaccMoTpuM MoaenbHBIN YUCICHHBIN TPUMEP € 00J1acThiO0 B (hOpME €IMHUYHON OKPYKHOCTU
U CO BCEMU U3BECTHBIMH (PyHKIMSMU B ypaBHeHUH (1):

e(x,y)=1,u(x,y)=1-x>-y*, f(x,y)=—4.

B »srom cj1ydac q)YHKHI/ISIMI/I, COOTBCTCTBYIOIIMMH T'PAHUYHBIM YCIOBHAM, SABJIAIOTCA
CIICAYIOIIUC:

v(p,$)=0, J(p,d) =21-p*, 9[0,n], 1< p<1.

(a) exact function (b) reconstructed function
. -3 .
. 32
-3.2
. , 3.4
3. 3.4 3.
. 36
35 L 136 -3.5 -
L {38
r1-3.8 4.
4. L 14g
o4 4.5 | .~
F 442
4.5 . : ’ F 4.2 5.
o F 4.4
-5 \\\ - 5.5
1 4.6 1 4.6
1 - 1 4.8
o o _4_-8 0 “
0 0 5
-5

-1 1 -1 1

Puc. 1. Pe3y'J'ILTaTLI YHUCJIICHHOT'O 3KCIICPUMCHTA.
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MpbI MCIOJIB30BAIM JTUCKPETHBIC 3HAYCHHs TOYHBIX (QyHKIuA V(p,¢)u J(p,d) Ha ceTke ¢

21x21 y3mamMu B Ka4eCTBE BXOJHBIX JTaHHBIX. Jlae UIsi TOUHBIX BXOJHBIX JaHHBIX OBLIO
HEOOXOAMMO MCIOJIb30BaTh peryispuzanuio ¢ PexypcuBHpiM Cruiaiin CriakxuBaHueM Jist
MOJIydeHHUsT mpuemiieMoro pesyibrata. Ha puc.l mpencraBiensl: (a) — To4yHas (QyHKIUs
f(x,y); (b) — BoccranoBneHHast QyHKI[HSL.
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Anexkcanap HWBanoBuu I'peGeHHMKOB, JOKTOp (QHU3MYECKO-MAaTEMaTHUYECKUX HayK,
npogeccop Gakynprera (HU3MKO-MATEMAaTHYSCKUX HAyK ABTOHOMHOTO YHHBepcutera (T.
[Tys6ma, Mekcuka). Haydnble WHTEpechbl: CIUTaliHBI, 00pabOTKa JaHHBIX; OOpaTHBIC W
HEKOPPEKTHO IIOCTABJEHHbIE 3aJaud; OBbICTPbIE AalrOPUTMbl YHCICHHOTO aHalu3a H
IPUIIOKEHUS.
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00 oqHOM MeTO/Ie pellIeHUd 3224 ONTUMAJILHOT0 YIIPaBJIEeHU S
NPOCTPAHCTBEHHO OPUEHTALMEH KOCMUYECKOr0 anmnapara

M.B. JleBckui

HUU Kocmuueckux Cucrem ['KHIIL um. M.B. Xpynuuesa,
141092, Poccus, r. FOOuneitHpiii MockoBCKo# o0nactH, yi. TuxoHpaBosa, 27

[IpeanaraeTcs yHUBEpCAIBHBIN MOIXOA K PELICHUIO 3a/1a4 ONTHMAaJIbHOTO YNPaBICHHUS OPHEHTAIMEH
kocmudeckux anmapatoB (KA) Ha ocHoBe mpuHuuna makcumyma llonTpsirnna. JleMoHcTpupyercs,
YTO B CJIy4asiX, KOrJa KpUTEpuil ONTHUMAaIbHOCTH (MUHUMM3UPYEMbIN (YHKLIHMOHAI) HE COAEPKUT B
SIBHOM BHJI€ YIJIOBBIX KOOPAHMHAT (IIapaMETPOB IMOJIOKEHUS), OKOHYATEIbHOE PEIIEHHE U ONTHMAalb-
Hoe apmwxeHrne KA He 3aBUCAT OT BU/a KWHEMaTHUYECKUX YpaBHEHUH (OT THIIA MapaMeTpOB, OMHUCHI-
BaroIux yrioBoe moioxxeHne KA B mpoctpancTtBe). CompspkeHHas CUCTeMa ypaBHEHHH, COOTBET-
CTBYIOIIAs KMHeMaTuke BpameHus KA, mpuBoIuTCS K KaHOHHYECKOMY BHIYy. OmnpeneieHbl Takue
YHU(UIUPOBAHHBIE XapaKTEPUCTUKU (QHAJIOTH COINPSIKEHHBIX TEPEMEHHBIX), KOTOpPhIe TO3BOJISIOT
3aMucaTh HEOOXOIUMBIE YCIIOBUSI ONTUMAILHOCTH OE30THOCHTEIIFHO CIIOCO0a ONMHMCaHMUsI KUHEMaTHKH
Bpauenus: KA. JlaeTcs cpaBHUTENBHBIN NPUMEpP MIOCTPOSHHS ONTUMAILHOIO YIIPABICHUS IJIS1 Pa3HbIX
BapUaHTOB BBIOOpa CUCTEMBl KHHEMAaTHUYECKUX MapamMeTpoB (HANPABISIONINE KOCHHYCHI, KBATEPHUO-
HBI U Hp) HpI/IBO)Z[I/ITCﬂ PEHICHUEC U3BCCTHBIX 3aa4 OINTUMAJILHOI'O YIPABJICHUA ABUXCHUEM KA pas-
paboTaHHBIM METO/IOM.

Ilon ympaBiieHHMEM HPOCTPAHCTBEHHON IMEpEOpUEHTAEeld MOHMMAETCS NPUBEIEHHE CBS3aHHBIX C
KopmycoM kocMmuueckoro ammapara (KA) oceit OXYZ u3 01HOTO U3BECTHOTO YIIIOBOTO IOJIOKECHIUS B
Jpyroe u3BecTHOE (0OBIYHO 3a1aHHOE) yIiIoBoe mosoxenue [1]. [Ipu 3ToM yriioBasi OpueHTaIHs Ipa-
BOI MPSAMOYTONBHOH cucTembl koopauHaT OXYZ (paBHO kKak ee HadanbHOe OXiYqZy M KOHEUHOE
OXtY+Zs TIONOXKEHHMSI) OTIPEACISACTCSI OTHOCUTENILHO BBIOpaHHOrO onopHoro Oazuca |. B pabore pac-
CMaTpUBAeTCsl HauOoJIee PacIpOCTPaHSHHBIN Cy4ai, KOorja OIMOPHOM SBISETCS WHEpIUalbHAs CH-
crema koopauHaT OXi,YinZin (MCK). Hmxe moka3aHa BO3MOXHOCTB peIIeHHUs 3a7ad ONTHMAabHOTO
yHpaBJieHHs] MPOCTPAHCTBEHHOM opueHTtanueil KA ¢ moMoIipio eAMHBIX MaTeMaTHYecKuX MPUEMOB
HE3aBUCUMO OT BBIOOpa KMHEMAaTHUYECKHX MapaMmeTpoB, 3aJal0lIUX YTIIOBOE MOJO0KEHHE TBEPIOro
TeJIa OTHOCUTEIBHO MHEPLUHUATBLHON CHUCTEMbI KoopauHat (onopHoro 6asuca). HeoOxonnmslie ycioBus
ONTUMAJILHOCTH (OPMYJIUPYIOTCS B COOTBETCTBUH C IPUHIMIIOM MakcuMyMma lloHTpsiruHa.

Kniouesvie cnosa: onTUMaibHOE yIpaBJIEHHE; IPOCTPAHCTBEHHAS OPUEHTALMS; IPUHLUI MaKCHMyMa
[TonTpsiruna

1. O6umasi nocTaHOBKA 321a4M M YPABHEHUSI IBHKEHHSA

[penmonaraercs, 4To yrnpaBlieHHE YIIOBBIM MojoxeHneM KA ocymiecTBisieTcs: mocpeicTBOM
HCIIOJIHUTCIIBHBIX OpPraHOB CHUCTEMBI OpHUCHTAUWH, CO3AAOIINX MOMCHTBI OTHOCHUTCIIBHO
TTIaBHBIX LEHTPaJbHBIX oceil mHepunu KA. YpaBHeHus BpamarensHoro nprkeHns KA kak
TBEPAOTo Tena uMeroT Buj [1, 2]

oy + (I3 = T w3 =M, J,0, +(J1—J3)a)la)3 =M, , oy
33@3+(32—31)a’1602 =M;

rae Ji — TiaBHBIC IEHTpaTbHbIE MOMEHTHI uHepiu KA, M; — mpoekiuu rimaBHOrO MOMEHTa
cuil M Ha riaBHbIE HEHTPAIbHBIE OCH dJuIuIiconia nHepunn KA, @i — nmpoekium BeKTopa
a0COIOTHOW YTTIOBOM CKOPOCTH Ha OCU CBsi3aHHOTro Oasuca E, oOpa3oBaHHOTO TIIaBHBIMU
HCHTPAIBbHBIMU OCSIMU 3Jutunicona uepuuu KA (i=1,2,3).

Jns onucanusi npocTpaHnCcTBEHHOTo ABMkeHUs1 KA BOKpyr 1eHTpa Macc MOT'YT MPUBIIEKAThCS
pa3IMYHBbIE CHCTEMBI MapaMeTpoB — yriibl Dinepa (uiu KpeioBa), HampaBistomue KOCHHY-
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CBl, KBaTepHHUOH (mapameTpsl Pogpura-I'amunbrona) u ap. Hanbonee ynobHbMu Ui perie-
HUS 3a71ay yIPaBJICHUS] OPUEHTALMEH SABIISIOTCSA HAIPABISAIOIINE KOCUHYCHI JMOO KBaTEPHUO-
HBI, TaK KaK B 000MX CIy4asx KHHEMAaTHYECKHE ypaBHEHHUS MMEIOT JUHeWHyo Gopmy. Pac-
CMOTpEHHE HauHEeM ¢ KBaTepHHOHOB [3], kak HauboJee MpoCTOro BapruaHTa, UMEIOIIET0 MH-
HUMAJIBHYIO Pa3MEPHOCTb CUCTEMbl KHHEMATHUECKUX YPAaBHEHUM JBUYKEHUS (MCIIOJIb3YIHOTCS
YeThIpe MepeMEHHBIC BMECTO JIeBATH). [IBrmkeHue cBsi3anHOro Oasuca E oTHOCHTENBHO Omop-
Horo Oasmca | Oynmem 3anmaBath kBarepHHOHOM A. s ompenenenHoctu 6asuc | cumtaem
MHEpLHaIbHBIM. B 3TOM citydae cripaBeisIuBbI CIEAYIOIUE KHHEMATUYECKAE YPABHECHHUSA:

WM B KBATEPHUOHHOH popme: 2A = Ao [3], rne 4; — komnonents! katepurona A (j=0,

1,2,3), npudeM Aj + A7 + A3 + A3 =1 (KBaTepHHOH A CUMTAaeTCs HOPMHPOBAHHEIM [3]).

VpaBisieMbIM TPOLIECCOM PAacCMaTpUBaeM MOBOPOTHBINA MaHeBp [1]. I'paHuuHbIC yCIOBHUS
3aJja4y ONTUMAJIbHOTO Pa3BOPOTA 3a7a/IUM CIIETYIOIIMMH PaBEHCTBAMMU:

AQ) = Agt, A(T) = As 3

0(0)=wy, o(T)=or (4)

rae 7' — BpeMsi OKOHYaHMsI IPUBEJICHUS CBSI3aHHOTO 0a3uca B TpeOyeMoe MOJI0KEHUE.
B cratbe uccnemyercs ciydail, Korja KpUTEpUH ONTHMAIBHOCTH, OTPAXKAIOUIMNA (PU3MUECKHIA
CMBICJI OIITUMU3AIHU, ONPCACTIACTCA HHTCIPAJIbHBIM (1)yHKIII/IOHaJIOM

T
G = [ gar )
0

r7e g — HeoTpuuareiabHas (yHKINS BpeMEHH, He 3aBUCSINas sIBHO OT nojoxeHus KA.

3ajauy ONTUMAIBLHOTO YIpaBieHUus cHOpMyIUpyeM CIEAYIOIIMM 00pa3oM: HEOOX0IUMO Tie-
peBecti KA 13 COCTOSIHHUS, COOTBETCTBYIOLIETO HEPBOMY YCIOBHIO (3), B COCTOSIHHE, COOT-
BETCTBYIOIIEE BTOPOMY ycioBuIO (3), B cooTBeTcTBUU ¢ ypaBHeHHsMH (1) u (2) Tak, 4TOOBI
3HaueHue QyHkuuoHana (5) ObuT0 MUHHManbHBIM. Kpome TOro, B MOCTAaHOBKE 3aavd, Kak
NPaBUJIO, UMEETCS OTPAHUYCHUE NSl YIIPABISIONUX EPEMEHHBIX — M UM @ B 3aBHCUMO-
CTH OT THUIIa pelaeMoi 3aja4yn (IMHAMHYECKash WM KHHeMaTHYecKas 3aja4da pazopora [3]).
Cunraercs, 4TO yNpaBiSIOLIME MEepeMEHHbIE MPHHAIEKAT KIAcCy KyCOYHO-HENpPEepPhIBHBIX
¢yukuuii. Ecnu pemaercs nuHaMuyeckas 3aj1aya pa3BopoTa, B KOTOPOH YIIpaBJIEHUEM SIBIISI-
eTcs MOMEHT cuil M, To chopMyIMpPOBAHHYIO BBIIIE 3a/a4y ONTUMAIBHOTO YIpaBJICHUS
HEOOXOIMMO JOTIONHUTD YCIOBHIMU (4).

Takast MOCTaHOBKa OXBAaTBIBAET JIOCTATOYHO OOJBIIONW NEpeyeHb pa3HOOOpasHbIX 3a/1ad; K
HUM OTHOCSITCS KaK 3aJjauil MaKCUMaJIbHOTO ObIcTpoeicTBus (mpuBeaeHue KA B Tpedyemoe
OPUEHTHPOBAHHOE TOJIOKEHHE 32 MUHUMAJIBHOE BpPEMsl), TaK U ONTHUMHU3AIMOHHBIE 33/1a4H C
MUHHMH3AIKEH BETMYUHBI WM CYMMapHOTO Pacxoja YIPaBISIONINX pecypcoB. B wacTHO-
CTH, B 3aJia4e ONTUMAILHOTO ObicTpojeiicTBuss O =1, a s 3amaun yrnpaBieHUst ¢ MUHH-

ManbHbIMK SHeprosatpatamu § =g(M,, M,, M;) — nonoxurensuo-onpenenennas GyHk-

st MoMeHTOB M (i = 1,3). Bo3MOXHBI U Ipyrue BapraHThl (Hanpumep, Koraa g ecth GyHK-
sl YTIIOBBIX CKOPOCTeH @; W UX mpou3BoAHbIX). Ciyuau, koraa kputepuii (5) u GyHKIHs ¢
3aBHCST OT YTJIOBBIX KOOPJMHAT, 37IeCh HE PACCMAaTPUBAIOTCA.
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2. MeTtoaojorus PeUICHUSA 3aJaYd YIIPABJICHUA opneHTauneifl

Hanwuue vHTErpanbHOro mokaszarelsis ontUMaibHOCTH (5) MO3BOJSIET PEIIUTh 3a/1a4y OINTH-
MaJILHOTO YIPABJICHUs ¢ moMoInbko npuHiuna makcumyma JI.C. Tlontpsiruna [4] u Beinucathb
HEOOXOMMBIC YCIOBUS ONTHMAIBHOCTH B KOHEYHOW (hopme — B Buae ypaBHeHUU (mudde-

pEeHIMAIBHBIX U anreOpandeckux). Benem compspkenHble nepemennsie ¢, (=1, 2, 3), coot-
BETCTBYIOIME MEPEMEHHBIM @;, U Y, (j=0, 1, 2, 3), COOTBETCTBYIOIIME KOMIIOHEHTaM KBa-
Tepuuona A;. ®ynkuus [amunbrona (ramunbronuan) umeer Bua: H =-g+Hy, +Hy,,

IJIe cllaraeMoe § Ha30BEM PACXOHOW YacThio (YHKIUMU [ (OHA COOTBETCTBYET BHIOPAHHOMY
KPUTEPHIO ONTUMAIILHOCTH), OF /81 j =0; Hgin — nunamuueckas u Hyjn — KUHEMATHYECKAs

YacTH.
H.in :_'//0(21601 + A0, +13w3)/2+ l//l(ﬂ“oa)l + A, w3 _230)2)/2"'
+W2(ﬂowz + A0 —210’3)/2+ Wa(ﬂows + Ao, _2“2601)/2;

M, J,-J M J.—-J M J, —J
H_ — 714_2&) w + 72_}_!6060 + 734‘172600) .
din (P{ J, J, W3 | TPy 3, 3, W3 (T D3 1, 1, W3

3anuieM ypaBHEHHUs ISl CONPSUKEHHBIX IEPEMEHHBIX @; U [4].

¢; =—0H /0w, (i=13) (6)
y,=—0H /8%, (j=03),

WJIH B pa3BepHYTOI Gopme

o = —(Wo +w,0, +waw) 2, vy = (W + w0, —waw,) 1 2, (7
Vo = (o, + W@ —y,@,) 12, yis = (Wo@; + 10, —y,0,) 1 2

Hpe06pa3yeM (I)YHKI_II/IIO Hkin y BBIICJIUB B AIBHOM BHUJC YIIJIOBBIC CKOPOCTHU @i, U ITOJTYUYUM

Hyin = oy (Ao + Ay — Ao — ) | 2+ @0, (A, + s = Ao — Awn) [ 2+
+ @, (A + Ly — AW — AW,) [ 2= oy p + w,p, + oy ps
rue
P1=Aowy + AW, — o —ws) 1 25 py =(Aows + s — oo —Aaw1) 1 2;
p3 =(AoWs + Ay —Aayo —Ay,) 1 2.

Bynem nonarate, 4to p;1 , p2 , p3 €CTh MIPOEKIIUU HEKOTOPOTO BEKTOpa [P Ha OCHU CBA3AHHOTO
6asuca E. U3 ypaBuenuii (7) cieayer, 4TO COBOKYITHOCTh MIEPEMEHHBIX Wy, W1, Yo, W3 00ma-
JTae€T CBOMCTBAMM KBATEPHUOHOB. Jlamee MpUHUMAeM, YTO COIPSKEHHBIE NEPEMEHHBIE U,
W1, W2, W3 SIBISIOTCS KOMIIOHEHTAMH HEKOETO KBaTepHUOHa W, /Isi KOTOPOTO CrpaBeiIiBO
coornomenne 2¥W=Y¥o®. Torga BBeJEHHBLI HAMH BEKTOP P MOXKET OBITH 3allMCaH B KBa-

TepHHOHHOH (hopme P =VeCt(AoW)/2, a xuHemarndeckas yacth QpyHKUMU H TpUHHMaET
Bux H,,,=®-p. 3nece vect(e) — omepamus BbIIEICHUS BEKTOPHON YacTH KBaTepHHOHA [3],

A — KBaTepHHOH, CONPSHKEHHBIN KBATEPHUOHY A.

Cucrtembl ypaBHeHwHi (2) U (7) UMEIOT OTMHAKOBYIO CTPYKTYPY U SIBJISIOTCS KHHEMATHYECKH-
MH ypaBHEHHSIMU U OJJHOM W TOH K€ YIJOBOW CKOPOCTH . PelreHus: KMHEeMaTHYeCKHX
ypaBHeHui (2) Ui mepeMeHHbIX A u ypaBHeHUH (7) A7 CONMPSIKEHHBIX MEPEMEHHBIX I OT-

47



M.B. JleBckuit

JMYAI0TCs HayalbHBIMU YCIOBUSIMH, @ caMHU KBaTepHUOHB! ¥ 1 A oTiIMYaroTCsl HA KOHCTaHTY
(mocrosinHbIi kBaTepHHOH). Y =C. oA, rae C, =CONSt — MOCTOSHHBIN KBaTepHUOH. Jli1s
COBMECTHON HEBBIPOXICHHOCTH cUCTeMbl ypaBHeHud (2), (7) HE0OXOAMMO M IOCTATOYHO,
uTo0Bl VECtC, #0 (B HPOTHBHOM Cllydae ¥, A, =y, 4 =y, 4, =y, 4, ypaBHeHus (2) u
(7) ve OynyT He3aBucuMbIMU, p = 0 U perieHue 3aaa4u TepseT cMbic). [loaToMy, Ui ONTH-

MaJIbHOT'O YIpaBIECHUsI KBaTEPHUOHbI A U W cunmTaroTcss HEe TOXKIECTBEHHBIMU ((DYHKLIUU Y
HE IIPONOPLUHOHANBHBI IEPEMEHHBIM 4 ), U pacCMaTPUBAETCs TOJIBKO BapUaHT, koraa p # 0.

Tiuddepenuupyst Beipaxkerust st pi (1= 1,3) U BBIYUCINB IpOM3BOAHbIC (GYHKIHT A IR

(j=0,3) cormacuo (2) u (7), momyuum HeoOXoaMMbIe AU depeHIMATbHbIC YPABHCHNS IS
BpeMeHHBIX (pyHKIUH pj. I3MeHeHrne BeKTOpa p onpenenseTcs peleHneM YpaBHeHHN

DI =W3Dy —WrD3 , Dy =@ D3 — @D, D3 =W, P — O P> (8)
WIIH
p=-oxp 9)

r7e Pi — IpOeKLUH BEKTOpa P Ha OCH CBsi3aHHOrO Oasuca E, « x» — cuMBoI onepanuu Bek-
TOPHOTO Tpou3BeaeHUs BeKTOpOB. [loiyuenHoe auddepenuumansroe ypapuenue (9) st Bek-
TOpa P OTPa’KaeT €ro BpallleHHE C YIII0BOM CKOPOCTBIO —( OTHOCUTEIBHO CBSI3aHHOIO Oasuca
E. B cBoro ouepens cam cBs3aHHBIN 0a3uc E coBepmiaer yrioBoe NBM)KEHHE OTHOCHUTEIHLHO
onopHoro 6a3uca | ¢ yrioBoil CKOpOCTbIO @, B pe3yJIbTaTe BEKTOP P ABISAETCS HENOIBUKHBIM
B OIIOPHOI#1 crcTeMe oTcueTa (10 TeopeMe CIIOXKEHUst ckopocteit). OueBuaHO | p |= const .

Taxkum o6pazom, 3a1a4a oNpeieeHUs] ONTUMAIBHOTO YIPABICHUS CBOAUTCSA K PELICHUIO CH-
crembl ypaBaenwuii (1), (2), (6) u (8) npu ycioBuu, 4To camMo yrpaBJieHUE BHIOPaHO U3 TPeOO-
BaHUsI MaKCUMM3allU{d raMMibTOHUaHa H. I'paHuYHbIe 3HAUYEHUS IO YIJIOBOMY MOJIOKEHUIO

Agt u Af onpenensiror cemeiicTBo perenuit  P(t), kotopoe nmeer Bug [3] p=AcC. oA, rae

Cc = A, op(0) o A, =const . HanpaBneHne Ce 3aBHCUT OT HAYAILHOTO M KOHEYHOTO IOJI0XKe-

it KA. 3anavya Hax0KJIeHHsI ONTHMAaIbHOTO YIIPABICHHUS COCTOHUT B UCCIICOBAaHUH THHAMHU-
4yecKux ypaBHeHHH Diinepa (1) u conpspkeHHBIX UM ypaBHeHHit (6) mpu yKa3aHHOM JIBHKeE-
HuM Bektopa p (cornacuo (9) wm (8)). Cucrema nuddepeHunansubix ypaBuenuii (8) u (6),
eciu (6) mpUCYTCTBYIOT (MCXO/S U3 TIOCTAHOBKH 33/a4H), COBMECTHO C TPeOOBAaHHEM MaKCH-
ManbHOCTH (yHKIMH ['amMuibToHa H SABISIOTCS HEOOXOIUMBIMU YCIOBUSMHU ONTUMAIIEHOCTH.
3uauenue P(0) (emy coorBercTByeT KkBaTepHHOH W(0)) paccuuTbiBaeTcsi Tak, 4TOOBI KpacBas
3aja4ya IPUHIUIIA MaKCUMyMa MMeJla pelleHue. YPaBHEHUs CBS3U BBIPAXAIOTCS CUCTEMaMH
ypaBuenuii (1), (2) ¢ OJHOBpEMEHHBIM BBIITOJHCHHEM OTPAHWYCHHS, HAKJIaJbIBAEMOTO Ha
nBkenne KA (Ui ka0 KOHKPETHOH 3a7jauu OHO cBoe). [ paHMUYHBIE YCIIOBUS U YCIIOBHS
MakcuMyma QyHKIMM H (B pamMKax JONYCTUMBIX YIPaBIEHHUI) ONpenestoT ONTHMaIbHOE
newkenne @(t); HadaabHOEe Ag M KOHeuHOe Af monokenus KA ompenensior ¢pyukimu A(t) u
p(t).

Jlnst nepeMeHHbBIX ¢ BBeieM BekTop @ ={ @1, ¢, @3 }. KpaeBas 3aga4ya npuHIMna MaKCHMY-
Ma 3akitodaercs B onpenenenun ¢ (0) u p (0), mpu KOoTOphIX pemierne cucteMsl AuddepeHIm-
anpHBIX ypaBHeHwuii (1), (2), (6), (8) ¢ ogHOBpeMeHHOW MaKCHMHU3U3aIMeH B KaXKIbIi MOMEHT
BpeMeHH QyHKIMH ["ammibToHa H yI0BIETBOPSIIO YCIOBUSIM pa3Boporta (3) (1 paBeHCTBY (4)
JUIs TUHAMHWYECKOH 3aJjauu pa3BopoTa). Tak Kak perraemasi OoNTUMHU3AMOHHAas 3a/1a4a pa3Bo-
poTa — 3TO 3a/1a4a ONTUMAIILHOTO YITPABIICHHS C 3aKPETUICHHBIM IPaBbIM KOHIIOM, TO YCIIOBHSI

TpaHcBepcanbHOCTH uMetoT BUI @i (T)=Vi, yj(T) =Vj+a (i= 13,j=03), tme Vi, Vo, ...
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V7 — 4hClia OTHOBPEMEHHO HE paBHbIe HYIO [4]. Mcxoas U3 TOro, 4To CONMpsKEHHBIC Tepe-
MEHHBIE I/ ABJIAIOTCS KOMIIOHEHTaMM KBaTepHuoHa ¥, a Hopma KBaTepHHOHA H‘PH =const=0

(3TO yTBepiKAEHHE CIieAyeT M3 CBOWCTB PEUICHUS ypaBHEHWil (7)), IPUXOIUM K BBIBOIY O
TOM, YTO YCJIOBUS TPAHCBEPCAIBHOCTH BBIIIOIHSAIOTCS.
J1J1s1 HOBBIX NTEpPEMEHHBIX j YCIOBHsI TpaHCcBepcaabHOCTH npuHuMatoT Bua | p(7') [> 0. Panee

MBI OTOBOPHJIN, YTO ONITUMAIILHOE PEUICHHE 3a7a4ll pa3BOpOTa CTPOUTCS mpu ycioBuu p =0 .
OTIMYUTETBHBIM CBOWCTBOM BEKTOPA P SABJISETCS MOCTOSIHCTBO €r0 BEIMYHMHBI | P |= const (B

CUIIy Hanuuus ypaBHeHHil (8), Kak HEOOXOIMMOIO YCIIOBHS ONTHMAlbHOCTH). IlosTOMY
|p(T) |=| p(0) |> 0, uro yka3sIBaeT Ha BBITOJHEHHUE YCIOBHI TPAaHCBEPCATbHOCTH.

[Ipu moctpoeHun onTuMaibHbIX pereHuil p(t), () ompenensromuM sABISETCS 3HAYCHUE

BekTOpa p B MoMeHT BpemeHH t=0. [lo HauanbHOMY Agt U KOHeUHOMY A mosioxkeHusiM KA
OTIpEeIEeTIIeTCsl BEKTOP YIpaBJieHUsI Ha Havano pa3Bopora Po = p(0). Pemas cormacuo ypaBHe-
HUSIM (2) KpaeByIo 3aj1ady MPUHIKMIIA MAKCUMYMa, MIOJYYUM pacuyeTHOE 3HaYeHHe BEKTopa Po

U COOTBETCTBYIOIINN €My BEKTOp C. = A, 0P, o Ay =CONSt . 3HaueHue BEKTOpa P Ha MOMEHT
OKOHYaHMs Pa3BOPOTa HAXOAUTCS 10 GopMyIie

P(T)=A;oAgoPyoAgoA =Aop(0)c A, ,tae A; =Ag o A; — KBaTEPHHOH Pa3BOpOTA.
KonkperHslii Bu QyHKIUN § 3aBUCUT OT THIIA PEIIaeMOH 3a/1a4i ONTHMAIBHOTO YIPABICHHS
¥ UCIIONB3yeMBIX cucTeMol opueHTannu KA ucnonHuTensHbIX opranos. Hamwaune (mmm oT-
cyrcTBue) mepeMeHHBIX @i (i=1,2,3), COOTBETCTBYIOIINX HMEPEMEHHBIM @, H JUHAMHYE-

ckoit yactu Hyj, B pynkmum ['amunbToHa H 3aBHCHT OT TOTO, pemaeTcs 1M KHHEMAaTHIeCKast
3a/7ladya OpMEHTalMM WIM JUHaAMU4YecKas 3aaada. MHorooOpasue 3ajnad yIpaBiI€HUS IPO-
CTPaHCTBEHHOU OpHeHTanueil 00yCcIOBIEHO BCEBO3MOXKHBIM COUYETAHUEM Pa3IMYHBIX KpUTE-
pHEB ONTUMAJIBLHOCTH M OTPAaHUYCHUM, HAKJIABIBAEMBIX Ha YIPABIAIONINE MEPEMEHHbBIE (a B
HEKOTOPBIX HMCKIIIOUUTENBHBIX CIy4asx ¥ Ha (asoBble mepemeHHbIe). [Ipu mpounx paBHBIX
YCJIOBHSIX 3a/1a4yi MAaKCUMAJIBHOTO OBICTPOACHCTBHUSI OKa3bIBAIOTCS 0OJiee MPOCTHIMH; 0COO0M
AKKypaTHOCTH TPeOyIOT 3a/1ayi, B KOTOPBIX KPUTEPUN ONTUMATBHOCTH BKIIIOYAET YIJIOBYIO
ckopocth KA.

B nonasnisiromeM yucie caydaeB B 3a/1adax Ha ObICTPOJEHCTBUE CUMTAETCS, YTO YIPABISIIONINE
MIePEeMEHHbIE OTpaHWueHbl (WK Ha JBKeHHe KA Hallo)kKeHO Kakoe-TO JAPYroe orpaHHueHUE,
(dbopMaTu30BaHHbII BUJI KOTOPOTO 3aBUCUT OT KOHKPETHOTO COJEpKaHMs (PH3UUECKOM MmocTa-
HOBKH 33J1aud yTpaBJieHUs opueHTtanueit). IMeHHO ucxois U3 3Toro yciuoBus (Ha MHOXKECTBE
BO3MOXKHBIX YIPaBJICHUN), UIIETCS MaKCUMYM (GYHKIMH ['aMUIbTOHA U COOTBETCTBYIOIIEE EMY
ontuMainbHoe perrenne — M(t) 1 tuHaMUYecKuX 3a1au yrpasieHus u o(t) 11t kuHemaTHye-
CKHX 3a/a4 yrpaBieHusa. B mobom ciydae knHemMaTHdeckas yacTh PpyHkiuu ['amunibroHa n
COOTBETCTBYIOIIAS €l COMpsbkeHHast cucreMa nugdepeHnalbHbIX YpaBHEHUH (KaKk OJHO W3
HEOOXOIUMBIX YCIIOBUI ONITUMAILHOCTH) OCTAIOTCS HEM3MEHHBIMU. BBEICHHBIN BBIIIIE BEKTOP
P B 3TOM CMBICII€ CTAHOBUTCS YIOOHBIM MaTeMaTHUYECKUM HWHCTPYMEHTOM, a €r0 UCIOIb30Ba-
HHE JleNiaeT cucteMy ypaBHeHuit B hopme (8) (nnm (9)), oTBeuaromyro 3a KHHEMATHKY Bpallie-
Hust KA 1 reomeTpruyeckre CBOMCTBA ONTUMAIbHOTO IBUYKEHUS, YHUBEPCAIBHOM.

3. Cxema pelieHus 3a1a4 ONTHMAJBLHOIO YIIPABJIEHUS OpPHEHTalel
€ NCNIO0JIb30BAHHEM MATPHIBI HANPABJISIIOIINX KOCHHYCOB

PaccmoTpum Temnepp ciiydail, KOrja OTHOCHUTEIBHOE IOJO0KEHUE CBSI3aHHOM W OMOPHOM
(MHEepIMAIBbHON) cCHCTEM KOOpJWHAT OIpeNesseTcss MaTpUlleld HAMPaBIISIOMIUNX KOCHHYCOB.
JI1st HanpaBJISIOIIMX KOCHHYCOB CIPaBeUIMBO ClIEyIollee ypaBHeHue [2]:
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A=-Q-A,
rne A= H aikH — MaTpUIla HANPaBJSFONMX KocuHycoB (1= 1,3, k=13);
0 -w, o,
Q=| o, 0 —w, | —MaTpuIa yriIoBbIX CKOPOCTEH B CBSI3aHHOM CHCTEME KOOPJANHAT
-0, o 0

(CCK); aik — xocunyc yria mexay I-it ocbto CCK u k-it ocsto ICK (omopHoro 6asuca).

-1 T
YpaBHEHHE CBSI3H BBINISAAT ciieayrommm oopasom: A™* = AT rae AT — tpancrnionnpoanHas
10 OTHOIIEHHIO K A MaTpuna. B pasBepHyToil Qopme KHHEMATHYECKHE ypaBHEHHS IS
HaIIPaBJISAIOIINUX KOCUHYCOB BBITJISAIAT TaK

Ay = W38y, — 0,385, , Ay =W3dy — WAz , A3 =W3dy;; — Wyrag (10)
Ay = @85 — W38y, , Ay =W8z — W38y , Ay = W dzz — W33
Q31 = 0,8, — @8y, Az =W,r81) — @Ay , 8zz =Wra;3 — Wydy;

10 u3BecTHBIC ypaBHeHus [lyaccona [5].
['paHnYHbBIE YCIOBHS 331a9U ONMTUMAIBLHOTO Pa3BOPOTa aHATOTHYHBI (3)

A(0)=Ast, A(T)=As 11)

BBeeMm conpsikeHHbBIC TIEPEMEHHBIE Djk, COOTBETCTBYIOIIUE IMEPEMEHHBIM djk . B Hampasiis-
IOIUX KOCHHYCaX KHHEMaTHuecKas 9actb Hy GyHakmun ['aMriIbTOHA BBITISIUT TaK

Hy =Dy, (0,8, — m,85) + by, (0,8, — 0,85,) + By 3(@0,8; — ,353) +
+0,, (w85, — wsay,;) + by, (0,8, — @,3,,) + by (w855 — w3ay5) +
+0,, (0,8, — @3,,) + by, (w,8), — w,,,) + by (0,8, — 0,353)

Pacxonnas u quHamuyeckas (€ciy oHa HeoOXoauMa) yacTu (yHKIMK ['aMuIbTOHA OCTaroTCA
0e3 3MEeHEeHUH (TaKk Kak OHU HE 3aBUCAT OT KHHEMATHYECKUX MapaMeTpPOB MO MOJOKEHHIO);
0g/0ay =0, OH;, /0a; =0. BelnuieM cOnpspKeHHYIO CHCTeMY ypaBHEeHHIT [4]

b, =—0H/da, (i=13,k=13), a B pa3BepHyTOM BHIE
bll = wy,, — w,by, blz = w3by, — @,bs, l:.)13 = 3,3 — w,04, (12)
by, =0y —@3b,, , by =wbg, —awsby, , by = @by —wsbyg

l:.)31 =w,b, —awb,, , b32 = w,0y, — by, | b33 = w,Dy3 — @)0,5

3alMIlIeM CHCTEMY YPaBHEHM U CO-

O0benuHMB iepeMenHbie by B matpuny B = H bikH 3>

NPSKEHHBIX EPEMEHHBIX B MATPUYHOM BHJIE
b, b, by 0 w, —o,||b; b, Dby
by by, by |=|-w; 0 o |'|Py By by oy B=-Q-B ,

by, by, Dby W, —o 0 by, by, Dby
rae () — MaTpuIa yIrJIOBBIX CKOPOCTEH, PaCKpHITas BBIILIE.
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13 nomy4yeHHON cucTeMbl Tu(PepeHINATBHBIX YPaBHCHUH BHUIHO, YTO TIEPEMEHHbIC Dik Mo-
T'YT OBITH NIPUHATHI 32 BEJIMYMHBI, IPOMOPIHOHAIBHBIE HAIPABIIAIONIMM KOCHHYcaM. Tak Kak
ypaBaenus (10) mis (a3oBbIX nmepeMeHHbIX @ik U ypaBHeHHs (12) ans conpspKeHHBIX mepe-
MEHHBIX Djk OJJHOTHUITHBI U SIBISIFOTCSI KHHEMATHYECKUMH YPAaBHEHHUSIMH JJIsI OJHOW M TOW Ke
YIJI0BOM CKOpOCTH @ (B mpaBbix vacTsx ypaBHenwii (10) u (12) ¢urypupyer omHu U TE ke
GYHKIMM @;), TO MaTpULBl A ¥ B OTIMYAIOTCA HA MOCTOSHHYIO Marpuiy C, KoTopast HE Me-
HJETCS CO BpEeMeHeM. PelieHue compsokeHHOH cucteMbl ypaBHeHud (12) wmmeer BHI

B=A-C, rae C=const (C=|¢

,kH a3 Cik = const ). CrpynnupoBaB | BBIZECIUB B SBHOM BH-

Jie MHOXKMTEIH IPU @; , IpeAcTaBuUM GyHKuuIo Hy B Buge: H, = ol + w,l, + w,l; , rae

n =bya;, + 0,585, + D583 —byia,, — b3, —byza,;
r, =058, +bs,8,, +by58,,;, — b3, —ba, —bsa;;
;= blla21 + b12a22 + b13a23 - b21a11 - b22a12 - b23313 :
Jist cymecTBOBaHMSI HETPHUBHAIBHOTO PEIICHHUsI HEOOXO0MMO, 4T00BI mpH JitodoM t [0, T]

HE BBINOJHSUIMCH paBeHCTBa &, = X0, () — HEkoTopas cKajspHas BEJIWYMHA), MOTOMY HYTO

npu ux BeinonHenun I, =TI, =, =0 u nansHeiiee pemenue 3a1aun TEPSET CMBICIL.
W3yuum cBoiictBa pemenust B(t) cucremsl conpsukenusix ypaBHenuit (12). U3 pusmueckoro

CMBICTIA CIIEAYeT, YTO COINpPSDKCHHBIC MEPEMEHHbIC Djx ecTh uucia, MpONOpIHOHATBHBIC
HANPAaBISAIONIMM KOCHHYCaM MeXIy ocsiMu KA U MONOXUTENbHBIMU HAMpaBICHUSIMH OCEH
HETMOABMXKHON (3aMKCUPOBAHHON B MHEPIMATIHLHOM IMPOCTPAHCTBE) CUCTEMbI KOOPAMHAT, a
Marpuiia B, COCTaBIeHHas U3 3JIEMEHTOB Djy, — MaTpuIia mepexoja OT KaKoi-TO He Bpallaro-
mieiicst (o CyTH MHEPIMAIbHOM), HO HE COBIAJIAIONICH ¢ OMOpHOHU |, CHCTEMBI KOOpAMHAT K
cBs3aHHOM ¢ KA cucteme KkoopaMHAT, yMHOKEHHAsI HA TOCTOSTHHBIA MHOXKUTENb. EcTecTBeH-
HO, MaTpullbl A u B paszubie, B # A . Cuctemsl ypaBHenuid (10) u (12) oqHOTHITHBI OTHOCH-

TEIbHO KOIP(UIMEHTOB M1, 7, 3. Pelnenus kuHemaTndeckux ypaBHenuit (10) ms mepe-
MeHHbIX aik ¥ (12) 1 mepeMeHHBIX Dk OTIMYarTCs HAYallbHBIMU YCIOBHSMH, & CAMU Mat-
punbl A u B orauyarorcs Ha mnocTtosHHyo Martpuny B=A-C, rme C=const
(B=A-C=—Q-A-C=-Q-B).

[Tpu onpeneneHUy ONTUMAJIBLHOTO YIPAaBJIEHUS MATpUllbl A U B cUMTaloTCA HE TOXKIECTBEH-
HbeIMU (QyHKIHH Di HE MPOMOPIMOHANBHBI IEPEMEHHBIM  djk ), © PACCMATPUBACTCS TOJIBKO

BapuanT I #0. Jlupdepenuupys 1o BpeMeHn pasenctsa mis i (i = 1,3) U HOACTABIAS B HUX

BBIpaXeHns i @&, u D, , momyunm auddepeHnnanbable YpaBHEHUs LIS BDEMEHHBIX (QYHK-
wii ri (t). Tak, B utore OyJaemM UMETh

f1 = b21d31 +by,a, + bzzdsz +0,,a,, + b23d33 + 05, — b31d21 —bya,, - bszdzz -
—by,a,, - b33d23 —bya,,=w,(0,a, +b,,a, + 0,50, b0, — b0, — b a00) +
+ @,y (033, + B350, + D05 — By 1a5) — b ,a5, — B a55) = o, —,r;

AHAJIOTHYHBIE BBIPAXKEHUS TOJYYMM W IS TIEPEMEHHBIX Ip, I3. V3MeHeHume BekTopa
r={ry, ry, rs} onpenensercst peuicHUEeM CUCTEMbI YPaBHCHUI

=wl,—w,r, I, =oL-w, L=o0,-or, (13)
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WM B BEKTOpPHOU (hopme
r=-oxr (14)

rae Iy — IpOeKIHUU BEeKTOpa I Ha OCH CBSI3aHHOM CHCTEMbI KOOPJMHAT.

[Monydyennoe muddepeHimanbHoe ypaBuenue (14) mias BeKTopal yka3blBacT Ha BpalCHHE
€ro ¢ yrJIOBOM CKOPOCTBIO —@® OTHOCHUTEIbHO CBSI3aHHOM CHCTeMbl KoopauHar (6asuca E). B
CBOIO Oouepeqb caM cBsi3aHHBIN O0a3uc E moBopaunBaeTcss OTHOCUTENBFHO WHEPLHMATIBLHOTO 0a-
3uca | ¢ yrioBodl CKOpOCTBIO ®, B PE3yJbTaTe YEro BEKTOpP I OCTAETCA HENOABM)KHBIM B
MHEPLUHMAILHON cUCTEME OTCYeTa (COrIacHO TEOopeMe CIIOXKEHHs CKopocrei) m | I |=const .

Vpasuenus (13) u (14) monHocTeio aHamoruunsl ypasaeuusm (8) u (9) mist Bekropa p.

Takum 00pa3oM, U B CiIydae HCIOIb30BAHUS HAMPABJISIONINX KOCHHYCOB 3aja4a OIpeere-
HUS ONTHMAJIBHOIO YIPABICHHS CBOAUTCS K pelIeHHI0 cucteMsl ypaBHenwmii (1), (6), (10) u
(13) mpu yciioBUH, YTO CaMO YIpaBiCHHE BbIOMpAETCs W3 TpeOOBaHMS MaKCHMaJIbHOCTH ra-
MIJIbTOHHAHA. [ paHUYHbIC YCIOBHS MO YIJIOBOMY MOJOkKeHUIO (MaTpuibl Ag= A(0) u

A¢=A(T)) omnpenemsitor cemeiictBo pemennii r(t), xoropoe mmeer Bux r(t)=Ac,, rue
¢, =AT(0)r(0) =const ; AT — TpaHcOHHPOBAHHAs 1O OTHOIICHHIO K A MaTPHIIA.

Kpaesast 3a1aua mpUHIIKMIIA MAKCUMyMa COCTOUT B HaxoskaeHuu Takux 3HaueHuid @ (0) u r(0),
KOTOpBIC OY/y4d NPUHSITHI 32 HAYAJIbHBIC YCIOBHS BMECTE C MepBbiM paBeHcTBOM (11) (u (4)
JUT TMHAMHUYECKOW 3aJaui pa3BopoTa) MPUBOJIAT JIBMKeHHE cucTeMbl ypaBHenuit (1), (10),
(6), (13), ymoriieTBOpSIOIICE B KaXK/IbIi MOMEHT BPEeMEHH  yCIIOBHSIM MakcCUMyMa (pYHKITUU
['amunbrona H, x BeIMONMHEHUIO BTOporo paBencTsa (11) (a Takke paBencTsa (4), eciu pemia-
eTCsl TMHAMUYECKas 3a/1aua pa3Bopora). | paHUYHBIC YCIOBHS M yCIOBHS MakCHMyMa (DyHK-
i H (B paMkax JOMyCTHMBIX YIPaBICHHI) OMPENENAOT ONTHMalbHOe aBHkeHHe ®(t);

HauanbHOe Agt M KOHeUHOEe Af m0j0keHus onpeneisioT pemenus A(t) u r(t). Kak u panee,
BekTOp-DyHKIHs F(f) momkua ynosiaeropsath pasenctBy F(T)=AAlr(0)=Ar,, rae

: T . .
ro=r(0); A, =A;A; — marpuia HaNpaBJIAIONIMX KOCUHYCOB OCEN CBA3aHHON CHCTEMBI KO-

OpJIMHAT B KOHCYHBII MOMEHT BPEMEHHM OTHOCHTEIBHO MOJI0KEHHs CBA3aHHON CHCTEMBI KO-
OpIMHAT B HaYaJbHBI MOMEHT BpeMeHH (BepXHHI MHAEKC T 03HayaeT, 4To MaTpuIa TPaHC-
MOHUPOBAHHAs).
B cuy Toro, 4ro pemraemas 3agada ONTHMHU3ALMH Pa3BOPOTa — ITO 3ajada ONTHMAJIbHOTO
YIPaBJICHUSI C 3aKPEIUICHHBIM TMPaBBIM KOHIIOM, YCJIOBHUS TPAaHCBEPCAILHOCTH HMMEIOT BH]T
@i(T)=wi, bk (T)=wj+3 (k= 13,1= 1,_3), e Wi, Wy, ... Wiy — 9iClia OJJHOBPEMEH-
HO He paBHbIe HYO [4, 6]. ConpsukeHHbIe TepeMeHHbIe Dy | MPOMOPIHOHAIBHBI HEKOTOPHIM
HAaIpaBJISIOIIM KOCHHYCaM (MMEIOT CBOWCTBA HAINpPABISIOMINX KOCHHYCOB), H IMO3TOMY BCE
bk He MOTYT OBITh OJTHOBPEMEHHO PaBHBI HYJIO, B TOM YHCJIC U Ha KOHCYHBIII MOMEHT Bpe-
Mmenu t = 7' (3T0 yTBEepIKICHHE CIIeAyeT 13 CBOMCTB pelieHus ypaBuenuit (12)). B urore, ycino-
BUS TPAHCBEPCAILHOCTH BCET/Ia BBITIONHSIOTCS. Y CIIOBHS TPAHCBEPCATIBHOCTH JJISl HOBBIX TI€-
pemennbIxX I npuanmaror Bug | F(7) > 0. Belme MBI OrOBOPHUIIH, YTO ONTHMAILHOE PEIIE-
HHE 33a7]a4¥ Pa3BOPOTa CTPOUTCS Npu ycioBuu I # 0. KitoueBbIM CBOWCTBOM BEKTOpA I SIBIISI-
€TCs TIOCTOSIHCTBO €0 BENWYMHEI | I |= CONSt (B cuuly HaaMuus HEOOXOIMMOIO YCIOBHS OITH-
manbHOCTH B Busie ypasHenuit (13)). Ilostomy | r(7) |= r(0) |> 0, u nonmonnurensHei anamms
BBITIOJIHCHUS YCIIOBHI TPaHCBEPCATBHOCTH JJIsl IEpeMeHHBIX I (1u Dy ) He TpeOyercs.
[Monyuniim HEOOXOUMBIE YCIIOBHUSI ONITUMAIBbHOCTH U COOTHOIICHUS JUISl IEPEMEHHBIX I, aHa-
JIOTUYHBIC TE€M, YTO MMEJIM MECTO MPHU PEIICHUH 33/1a4i ONTHMAJILHOTO YIIPABJICHUS OPUCHTA-
el KA Ha 0a3e kBarepHHOHOB. CpaBHMBAs KMHEMaTHUECKHE YacTH (QyHKUIUH [ 'aMUIIbTOHA,
3alMCaHHbIC B KBATCPHUOHHBIX MEPEMEHHBIX U B HANIPABJSIFONIMX KOCHHYCAX, & TAK)KE YIUThI-
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Bas muddepenmanbabie ypapaenus (8), (13) aist BEeKTOpoB P U I, IPUXOIUM K OJTHO3ZHAYHOMY

BbIBONlY — (hyHKIMU ["amunbToHa Hj, (3amucanHas Juis kBaTepHuoHa A) u Hy (3anucanHas st
MaTpHIBl A HaNPaBISIOIIUX KOCHHYCOB) TOKJIECTBEHHBI, €ClIi cuuTaTh I' = P. Takum oOpasom
JI0Ka3aHO, YTO JJIS 33a]1a4, B KOTOPBIX ONTUMHU3UPYEMbIN (DYHKIIMOHAN HE COJIEPKUT B SIBHOM
BUJIC TIO3UIIMOHHBIX KOOPIUHAT, BUJ] KMHEMaTHu4Yeckoi yactu GpyHkuu ['amMunpToHa (a 3HAUUT
u camoil ¢pyHkuuu ['amMunbTOHA) HE 3aBUCHUT OT THUIA NMEPEMEHHBIX, KOTOPHIMU OMUCHIBAETCS
IIPOCTPAHCTBEHHOE I0JIOKEHNE CBSI3aHHON CHCTEMBl KOOPAMHAT OTHOCUTEIBHO ONOPHOW CH-
CTeMbl KOOPJMHAT U ompejenserca kak H,, =®-r He3aBUCUMO OT (OpMbl KHHEMATHYECKUX
YPaBHEHUH, I/€ BEKTOp I HENOJABMKEH B MHEPLUUAIBHONM CUCTEME KOOPAMHAT, TaK Kak
r+oexr=0.

CrenoBatenbHO, ONTUMANbHOE yIpaBiieHHe u JBmwkeHne KA Bokpyr meHTpa macc (Kak pe-
3yJabTAT MPUMEHEHUS MIPUHIIMIIA MAKCUMYMa) HE 3aBUCIT OT (OPMbI KHHEMATHYECKUX ypaB-
HEHUil (T.e. OT BbIOOpA MEPEMEHHBIX, 3aJal0IINX ABUKEHHUE CBSI3aHHBIX OCEH OTHOCUTEIBHO
ornopHoro 6aszuca). BBeeHHbIN BEKTOp I, HEMOIBUKHBINM B HHEPIIUAIBHON CUCTEME KOOPIU-
HAaT, SIBJIIETCS YHMBEPCAJIbHBIM, @ €T0 KOMIIOHEHTHI Ij MOTYT paccMaTpUBaThCs KaK yHHUBEP-
CaJlbHbIE COIPSKEHHBIE IEPEMEHHBIE NPU PEUICHUH 337a4 ONTHUMAJIbHOTO YIPABIEHUS Bpa-
LICHUSIMM TBEPJOrO Teja C MOMOIIbIO MPHUHIMNA MakcuMyma. Vcmonb3oBaHue BekTopa I
MO3BOJIIET HATH HE TOJBKO HEOOXOAMMBIE YCIOBHS ONTUMAIBHOCTH U (hOpMaIn3oBaTh HX,
HO U OIPEIENNUTh XapakTep (KJIIOUEBbIE CBOWCTBA) ONTUMAJIBHOTO YIPABJIEHUS U MOCTPOUTH
onTUMaibHOE JBMKeHUe ®(t), OTBeUarolee 33 JaHHOMY KPUTEPHIO ONTHMAILHOCTH.

TakuMm 00pa3oM, pelieHne 3ajaur ONTUMAIBHOTO YIpaBiieHus opueHTanueir KA cBoautes
pEIICHUIO 3aMKHYTOH CUCTEMBI T depeHIINATFHBIX YPaBHEHHH, BUJ] KOTOPOI HE 3aBUCUT OT
TUTA KUHEMAaTU4YeCKUX MapaMeTpoB (0yap TO KBATEPHUOH WIIM HAMPABJISIONINE KOCUHYCHI), U
MHTETPUPOBAHUIO CUCTEMbl KHHEMATHUECKUX ypaBHEHMH JIBHxkeHUSI KA OTHOCUTENBHO LEH-
Tpa Macc, 3allMCaHHOW B TOM BHJIE, KOTOPbIH Hanbojee ynoOeH Aisi perieHus KOHKPETHON
3amaun. YHuUIMpoBaHHas (00I1as) 9acTh CHCTEMbl YPAaBHEHHI OCHOBBIBACTCSI HA HCIOJb-
30BAHHUHU NEPEMEHHBIX [j — COCTABIIAIOIINX BEKTOpa I, ONPEAEIAIOIErO0 OCHOBHBIE CBOWCTBA
ontuManbHOro nBrkeHus ®(t). CTpykTypa ONTHMAIBHOTO YIPABICHHS ONMPEICISCTCS OIHO-
3HaYHO peIlIeHHEeM 3aMKHYTOW CHCTEMBI JIE€BATH — Ul JAWHAMHUYECKOW 3a1auM (MJIM TpeX —
JUIsl KHHEMaTH4YecKol 3aiaun) nud@epeHuanbHbIX YpaBHEHUH, IPU KOTOPOM COOTBETCTBY-
fortas ¢pyHkuusa ['amunbroHa H MakcHUMalbHa;, MMEHHO YCIOBHE MAaKCUMAaJIbHOCTH (DYHKIMU
["amunbpTOHA JENaeT CUCTEMY AEBATH (WU Tpex) nuddepeHanbHbIX YpaBHEHUN 3aMKHYTON
U J1aeT YPaBHEHUE CBSI3U YIPABISIOMINX NEPEMEHHBIX C ()a30BBIMH (MJIM CONPSHKEHHBIMHU) KO-
opauHatamMyu. KOHKpeTHOe ONTHMaibHOE PELIEHUE 33JaYd NEepeopUeHTAMH (ONTUMaIbHOE
3HaueHUe Fy U onTuManbHble QyHKIUK @(t) U r(t)) onpenensroTcs penieHueM KHHEMaTH4e-
ckux ypaBHenuit (A(t) mim A(t)), yAOBIETBOPSIONIMM HAYaTbHOMY ¥ KOHEYHOMY TTOJIOKCHH-
SIM CBS3aHHOW CHUCTEMbI KOOP/IHMHAT.

CTpyKTypa CUCTEMbI ypaBHEHUH, ONpeAesstouX ontuMaibHoe (1o [ToHTpsruny) pemenue,
cxeMaTnyHo m3oOpaxeHa Ha puc.l. CTpykTypHas cxema B BepxHeil yacTu puc.l cooTBer-
CTBYET KMHEMAaTHUYECKON 3a/1aye OpHEHTAIMH, a B HIDKHEH yacTu puc.l — nuHamuyeckoit 3a-
nade opueHTanuu. sl KWHeMaTu4ecKon 3a1aun yIpaBisitomend (QyHKITUEH CIIyKUT BEKTOP-
dynkus o(t) € ®, roe ® — 06IacTh AOMYCTUMBIX JBWKECHUI; A AMHAMUYECKOH 3a/1a4M —
BekTop-pyukius M(t) e U, rme U — o6macth BO3MOKHBIX yIpaBiieHH#. B 00oux ciydasx

onTHMalbHOE JBIKeHHe M(t) onpenernsercs 0MHO3HAYHO (B CTydae pelIeHUs TMHAMHYECKON
3a71a4d ONTHMAIBHOTO YIpaBiieHHs onTUManbHas QyHKIusS () BBIUMCIAETCS MyTeM IMOj-
craHoBkH HaijeHHoro pemennus M(t) B ypaBHenus (1) m uHTerpupoBanuem cuctems (1) ¢
HavaTbHBIMH yCIOBHSIMU (0), KOTOPBIC 33/1aHbI MO YCIOBHUSIM HCXOIHOM 3a1a4H yIPaBICHUS
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opueHTauueir KA, u mosToMy OHU W3BECTHBI). Buj KMHEMaTHYeCKUX YpaBHEHHH BIIHSICT
JMIIb Ha BBIOOp criocoba perieHust KpaeBoi 3ajjauu NpUHLUIIA MaKCUMyMa (B YacTH yZOBJe-
TBOPEHHUS TPAHUYHBIM YCIIOBUSAM IO MOJIOXKEHHIO). PellieHne ocHOBHOM 3a/auu — Ompenese-
HUE ONTUMAJIbHBIX YHPABISIOMMX (QYHKIMHA — HE 3aBUCUT OT THUIIA KMHEMAaTHYECKHX Iapa-
METPOB JIBIXKEHHUSI BOKPYT LIEHTpa Macc, a onTuMmaibHoe Bpamienue KA onpenenstor tpedo-
BaHME MAaKCUMAJIbHOCTU (YHKUMHU ['aMHJIBTOHA M 3aMKHYTasl cUCTeMa Tpex ([Ulsl KUHeMaTH-
YEeCKUX 33Ja4 OPUEHTALMH) WU JACBIATH (U1 TUHAMUYECKUX 3a7ad opueHTanun) auddepen-
LUaJIbHBIX YPaBHEHU, KOTOpbIE UMEIOT YHUBEpCAIbHYIO (hopMy. MHTErpupoBaHue 3aMKHY-
TOW CHCTEMBbI ypaBHEHHI JaeT ONTUMaJbHOE NBMKeHHE ®(t), KaueCTBEHHBIH BHJ KOTOPOTO
MHBapUaHTEH OTHOCUTEIbHO (POPMBbI KMHEMATUYECKUX YPaBHEHMH, OMMUCHIBAIOIIUX YIJIOBOE
nemkenne KA.

B 3apauax ynpasnenus, korga ¢yHkuus ¢ B uHTErpaie (5) He 3aBUCUT SIBHBIM 00pa3oM OT
YIJIOBBIX CKOPOCTEH @j, CONPSHKCHHBIE YpaBHEHMS (6) MOTYT OBITh MEPEIUCAHBI TAK:

D1 = =N, Q) — 0,N;05 — 1y, @) =—W;N P — O NP5 — T, (15)
Py =—@,N P, — O N, P, — T,

rne n,=(J,-3,)/3,, n,=(3;-3))/J,, n;=(J,—J,)/ J; ecTb NOCTOSIHHBIE KOI(DDUIIUEHTHI.

HpOI[eMOHCTpI/IpyeM TEXHUKY IIOCTPOCHUSA OUTHUMAJIBHOI'O YIIPABJIICHUA OpHeHTaHHGﬁ KA,
OCHOBAHHYIO Ha MCHOJb30BAHNH YHHUBCPCAIBHBIX IICPEMCHHBIX [, HA KOHKPETHBIX IIPUMEpax.

4. TlpuMep pelieHHsi TUHAMHYECKOH 32/1a4d Pa3BoOpoTa

PaccmoTpuM 3amady onTHManbHOTO yrpaBieHus: pa3BopotoM KA w3 ogHOro crabuimmsupo-
BaHHOTO IOJIOKEHUSI (COCTOSIHMSI TIOKOsI) B JIPYroe CTaOMIM3UPOBAHHOE MOJIOKEHUE, KOraa
yhpasiaeHUeM (T.e. ynpaBisitolieid (yHKIHel) sBiasercss MOMeHT ciil M (B 3TOM cilydae B
ycioBud (4) 3Hadenust @p =0 u @7 = 0). [TycTh HEOOX0 MO MUHUMHU3UPOBATH BETHYHHY

]
J(ME+M3+M3)dt (16)
0

a 00macth U BO3MOXKHBIX ynpaBJ’IeHI/Iﬁ OIIMCBIBACTCA HEPABCHCTBOM
2 2 2 2
M +M; +M35 <m (17)

rme Mg = const >0 — MakCUMAJIBHO JOITyCTMMasl BEIMYNHA YIPaBIAIOMEr0O MOMCHTA M.
Oyuknuonan (16) siBaseTcs TUIIOBBIM U XapaKTepHU3yeT paboTy YIPABIAIONINX CHIL.
JIBMOKEHHUE CBSA3aHHOW CHCTEMBI KOOPAMHAT OTHOCHTEIBHO WHEPIHATLHOW CHCTEMBI KOOPH-
Hat (omopHoro 6asuca) 3amaauM kBatepHroHOM A(t). KoHKpeTHas mOCTaHOBKA 3a/aud OITH-
MaJIbHOTO YIPAaBJICHHS COCTOUT B cieayromieM: HeoOxoaumo KA mepeBecTd U3 COCTOSHUS,
COOTBETCTBYIOIIECTO TIEPBOMY YCIOBHIO (3), B COCTOSIHUE, COOTBETCTBYIOIIEE BTOPOMY YCIIO-
Buio (3), B coorBeTcTBUU ¢ ypaBHeHusiMu (1), (2) npu Hamuuwmu orpanuyenus (17) u paBeHCTB
(4) Tak, uToObI 3HaYeHUE QyHKIMOHANIA (16) OBUTO MUHMMATBHBIM.

Kputepuii onTHMaIbHOCTH B SIBHOM BHJI€ BKIIOYaeT MOMEHTBI Mj, MO3TOMY pa3MEpHOCTb
KpaeBoO# 3aJau MPHUHIIMIIA MAKCUMyMa HanOOJIbIIasi U paBHA TPUHAIIATH (ITPHU MCITOJIb30Ba-
HUM HaMPaBJISIONUX KOCUHYCOB OHA OOJIbIIIE — BOCEMHAANATh). CONpsKeHHBIC TIEPEMECHHBIC
@; (1I=1,2,3) COOTBETCTBYIOT NMEPEMEHHBIM @; BEKTOPA COCTOSHHUS JUHAMHUYECKOW CHCTEMBI,
a conpsbkeHHble nepeMeHHbIe ¥ (J =0, 1, 2, 3) cOOTBETCTBYIOT KOMITIOHEHTaM KBaTePHHOHA J; .
3anumieM ¢pyHknuto ['amMmunnbroHa s perraemont 3aaauu (1)—(4), (16)—(17).
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H = Hdin+Hkin_(M12+M§+M3?):
= Ml(Dl/‘J1+ M,p,/J, + Ms(Ps/Js_Mlz _M22 _M§ +H;

inv?

rae H,,, = o p, +®, P, + @, P;; Hiny He 3aBuCHT siBHO OT ynpasistomux Gynkmmit M; (1 =1,3).
Pemenne M (t) wmmercs B Kiacce KyCOYHO-HENPEPHIBHBIX (DYHKLUI, yIOBICTBOPSIOIINX
ycnosuio (17). Cnena 3ameHy nepeMeHHbIX u; =@, / J, , npencraBuM Gpyakuuio H B Bujie

H=M-p-M’+H,, =[M[(p|cosy—|M]|+H,

v’
rne w={uu, o, i3}, y— yron mexay Bekropamu M u .
®yukuust Famuwisrona H npu orpanndennn | M [< M, npuHEMaeT MakcuMaabHOE 3HAYECHHE,
ecmu =0, Bektopel M W W OIMHAKOBO HAIpABJIEHBI, 4 BEJIMYMHA MOMEHTA M| paBHa
Mo, ecom |p| >2m, , uin | u|/2 , ecian || <2m,. Puc.2 HAMIAAHO MOSCHAET CKA3aHHOE
(Makcumym ¢ynkuuu H mo mapamerpy M= | M| nmercs na orpeske 0< m <mg). Onru-
MaJIbHOE yIPABICHUE UMEET BUJL

M=myp/|p|, ecnn |p| 22m,; mmu M=p/2, ecmu |p| <2m;, ;

a a1 MOMCHTOB

My @; )
M; = i 9] 3] 95 3]+ /3] 2 4mg (18)
‘Ji\/(ol /31 +(02/Jz + @3 /‘Js
M=, 1(23;), i @f [37 +¢F |35 +¢% /3% <4m{

[TockonbKy MUHUMH3MPYEMBIH (QYHKIHOHaN (16) He 3aBHCAT SBHBIM 00pa3oM OT YIJIOBBIX
CKOpocTel ®;, TO ypaBHeHus (6) npunuMaroT Gopmy (15), B KOTOpBIX I = pj. OnTUManbpHOE
peleHne onpeaeseTcs 3aMKHYTO# cucteMoit ypasuenuit (1), (2), (8), (15) u (18). B obmiem
BUJIC PCUINTh €€ HE TPEJCTABISLCTCS BO3MOXKHBIM, HHTETPUPOBAHUE ITOW CHUCTEMbI ypaBHE-
HUI HaTaJKUBAeTCsl HA MAaTEMAaTHYECKHE TPYAHOCTH U COIPSDKEHO CO 3HAYUTEILHBIMH BBI-
YHUCITUTENFHBIME 3aTpaTaMu. TUI pa3BOpPOTa JOCTATOYHO CJIOXKHBIA U HE UMEET aHAIUTHYE-
CKOTO OnucaHus (B BUAE KOHEYHBIX ypaBHeHHH). [l03TOMY KpaeBas 3ajada MPUHIMIIA MaK-
cumyMma (onpezeneHue yucieHHbIx 3HaueHuil p(0) u @(0)) MokeT OBbITh perieHa UCKIIOUU-
TENLHO YUCICHHBIMU METOZaMH (HApUMep, METOZOM MPOTOHKH [6] u 1p.).

Jns wactHoro ciydasi, koraa Ji = Jo = J3, cyliecTByeT aHaJMTUYECKOE pelieHne copmynm-
poBanHoit 3amaun (1), (2), (3), (4), (16), (17) u 370 pemicHHe eTUHCTBEHHO. B 3TOM Ccityuae
N1 =nNn2=n3=0 u cucremsr ypaBuenuii (1) u (15) cyiecTBeHHO yIPOIIAIOTCA — OHU CTAHOBST-
sl IMHEMHBIMA U TiproOpeTaroT B o, = M, /J; u ¢; = —p, . Pemenne nociexunx mudde-

PCHIMATIBHBIX YpaBHEHUH COBMECTHO ¢ ypaBHeHHsMU (8), (18) u paBeHcTBOM (4) MMeeT B
@ =a(t)p; (19)

e a(t) ckamspuas gyHkms Bpemenn (i=13).

Pemenne (19) enuncTBeHHO. O003HAYMM € — Yroi Mexay Bekropamu p u @ (0<e<m). U3
(18) cnenyer, uTo BekTOpsl M M ( UMEIOT OJJMHAKOBOE HampaBiieHHe (Tak Kak J; = Jp = J3).
Ecmu e20 u e#m, o d |®|/dt >0 Bcernma, Ha Bcem oTpeske Bpemenn 0<t < T, Bxarouas

t=T. B Takoii curyanuu rpaangaoe ycinoue ®(T)=0 He Oyaer BHINOIHEHO. 3HAYHT JTH000E
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pemeraue, mpu kotopom € =0 u e=n (1.e. @(0) = a p(0), rae a — HEKOTOPOE YKCIIO), HE JIO-

CTHTHET IieNii pa3Bopota u He npuBeneT KA B tpebyemoe cocrostane (T) =0, A(T) = As.
Ocraercst equHcTBeHHOE pemienne @(t) = a(t)p(t) , yaoBnerBopsromiee HEOOXOIUMBIM yCIIO-
BusM ontuManbHoCcTH (8), (15), (18) (B COOTBETCTBUHU ¢ MPUHIIMIIOM MaKCHMyMa) W TPaHHY-
HbIM ycioBusM (3), (4) ms pemenns o(t), A(t) ypaBuenuit nemwxenus (1), (2).

[MoacraBum GyHKIMU @, BeraucieHHbIe 10 Gopmynam (19), B ypaBHenus (15), npuHsB BO
BHHMaHMe. B pesyibrare momyunm cootsomenus a=—1 u P, =0 ms Becex i=13 (a cuemo-
BaTeNbHO, |Pp |= const ). [yis atoro goctarouno npoandGepeHIupoBaTh JIeBbIC U MPaBbie Ya-
ctu paBeHcTB (19), B34Th KBaapaThl OT JICBOW M MPaBOil YacTeil mojaydeHHoro mocie audde-
PEHIIUPOBAHYSI PABEHCTBA M BMECTO P, MOJICTABHTH MPABbIC YaCTH ypaBHEHHiA (8).

a’+a’(p; +p; + p3)(pr + ps + p3)=1

910 nepBoe ypaBuenue (HaroMHuM p # 0 ). Tenepb yMHOXKUM ypaBHEHHsT Pa+ p.a=—p, Ha

Pi CJICBaA U cnpaBa H CIIOXKUM HOJ'Iy‘leHHBIe paBeHCTBa. HOJ’Iy‘II/IM BTOpOG ypaBHeHHe
2 2 2\A 2 2 2
(pi +p; +ps)a=—pi —p; —p;

oTKyna a=-1, a u3 nepBoro ypasuenus p; + ps + p; =0, uT0 BO3MOXKHO TONBKO, ecim P, =0.
Canyuait e =t (@(0)-p(0) <0) He paccmarpuBaercs, Tak Kak Toraa B cuiy (15) BekTop @ Oy-

JIET BCE BpeMsi UMETh OJHO U TO K€ HalpaBlieHUE, IPOTUBOIOIOKHOE HAIIPABICHUIO BEKTOPA
P, ¥ IIpH 3TOM Bo3pacTtaTh 1o BenuuuHe (Kak cienyeT u3 (15)). Moment M takke Oyzaer B
3TOM cllydyae MMETh MOCTOSHHOE HampaBleHHE M BO3pacTaTh IO BEIMYMHE (C HAYaJIbHOTO
YPOBHSI JIO IOPOTOBOTO 3HAYCHHS My ), U TPAHUYHOE YCIIOBHE 3a1a4u (4) He CMOXKET OBbITh BbI-
IIOJIHEHO, a 3HAYUT TAaKOE€ PELIEHHE HENOIMYCTUMO. B mMTore onTuManbHOE pelIeHHEe Uil CO-
IPSDKEHHBIX TIEpeMeHHBIX ¢ nepenmieM B Buze ¢ (t)=(a(0) —t)p,, roe p; =const = p,(0) .

VYuutsiBast cootHouieHus (19), cBA3bIBarOIIME CONPSIKEHHBIC TIEPEMEHHBIC ¢ H pj , U YCIIO-
Bue (18) makcumyma ¢yHkimu ['aMHIBTOHA, ONTHMANIBHOE yrpaBieHue (MoMeHThl M) yro-
BJIETBOPSIET YPABHEHUIO

M=y t)pi, i=13 (20)

rae y (t) — ckansapHas QyHKIMS BpeMEHH, OTBEYaromast HepaBeHCTBY — My < y(t) <m, .
Pa3Bopor KA ocyiectisieTcs: U3 cOCTOsIHUSI TOKOs. Pemmast tuddepeHnnanbabie ypaBHEHUS
(1) comectHo ¢ paBerctBamu (20), Oynem umets J,w, = x(t)p;, i=13.

Pemenne o(t) moaydyaercss MHTETPUPOBAHUEM TMPHBEIACHHON CHCTEMbI TU(GEpEeHITHATEHBIX
ypaBHeHwHi ¢ yuetoM (8) u ¢ HauanpHbIME yenoBusMu @(0) =0. B okpectHocTr Toukm t = 0
oyner J,w;, = J,0,dt = ydt p;. JlanbHeiiniee HHTErpUPOBAHUE YKA3aHHOM CHCTEMbI ypaBHEHHI

COBMECTHO ¢ cucteMoi (15) nst HavanbHbIX yenoBuil @i (0) =0 mpUBOIUT K PaBEHCTBY
t
Jiow; = piJ.th'
0
JleficTBUTENIbHO, MOJCTAaBIsA yKa3aHHOE PAaBEHCTBO B IOCIEIHIOI CHCTeMY AuUGQepeHIn-

t
aJbHBIX YPAaBHEHHIL, MOJIy4UM TOXKAECTBA J 0, = pij;(dt +px=px=M, =l (i=13).
0
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t
Umes B Buny, uto Jo, =L , |[L|= \/lea)f +J20ws +J20? | a det = f(t) — ectp ckanspuas

BEJIMYMHA, 3aKII0YaeM, YTO TPU ONTUMAILHOM JBMkeHUH L || p 1 o] p (Tak kak J; = Jy = J3).
Ecnu B HavanmbHbiii MOMeHT Bpemenu a(t) >0, To ¢ momenTa t =0 BekTOpbl @ U P OyayT
UMETh OJMHAKoBOe HampasieHue. B cuity (15) mist mepeMeHHBIX ¢ HEOOXO0IUMO, Y4TOOBI
a<0. INosromy a(0) >0 (B nporuBHOM ciryuyae Sign (M -p) =const u ycinosue ®(T)=0 ne
CMOJXKET BBINOJIHUTHCS HUKOTA). TakuM 00pa3oM J10Ka3aHO, YTO B ONTHMAIBHOM IO KPUTE-
puto (16) maBmwxenun chepuueckn cummerpudHoro KA Bekrop L KuHETHUECKOro MOMEHTa
UMEET MOCTOSHHOE HAIlPaBJICHUE, a BEJIMYMHA €0 MEHSICTCS C HYJIS 0 MaKCUMAaJIbHOTO 3Ha-
yeHus: U oOpatHO 10 Hyis1. KA Bpamaercst BOKpyr ocu Ditiepa ¢ U3MEHSIONIEHCs 110 BEIH-
YHHE YIJIOBOW CKOPOCTHIO (HAINpaBlICHHE BEKTOPA YIIIOBOH CKOPOCTH OCTAETCSl HEM3MEHHBIM).
VYri0BOE yCKOpEeHHE MaKCHMMAJIbHO B Hadalie Pa3BOpOTa, 3aT€M OHO YMEHBINACTCS 10 HYJIS,
MEHSIET 3HAaK U HAYMHACT TaCUTh YITIOBYIKO CKOPOCTh C HapacTalolleii MHTCHCUBHOCTHIO (YBe-
JIMYUBACTCS 110 MOJYJIIO, TOCTHIasi MAKCHMAJIbHO OTPUIIATEIBHOTO 3HAUCHHS).

Ananusupys HeoOxouMble ycinoBus ontumainbHocTH (8), (15), (18) coBmMecTHO ¢ ypaBHEHUSI-
mu aerkenus (1), (2) npuxoauM K BbIBOLY, 4TO (hOpMaIbHO B pamkax perreHus (19) Bo3Mox-
HbI 1Ba coyetanust Gynkiwmii ¢ (t), pi(t), Mi(t), @i (t). B nepBom ciyuae Bpaienue KA u3 mo-
JOXKeHUsI Agt B MOJIOXKEHUE Af NMPOUCXOJUT B HANPABICHUM MUHHMAIBHOTO YIJIa pa3BopoTa

(o(t) - vect(Ay, o A;)sign (sgal (A o As)) =2 0). Hanmcanue sgal(e) o3nauaer omepanuio BbIIe-

JIeHHsI CKaJISIPHOM YacTu kBaTepHuoHa [3]. Bropas xomOuHarust ¢;(t), pi(t), Mi(t), e (t) co-
OTBETCTBYeT 110BOPOTY KA 13 nonoxenns Ag; B 11010KeHUHE Af B HAIPAB/ICHHH, IIPOTHBOIIO-

JIO’)KHOM MHUHHMAaJIbHOMY yriy pas3Bopora (o(t)- VeCt(A o A;)sign (San(A o /A)) <£0). Oue-
BUJTHO, OCJICIHUIN CITydail He MOXKET CUMTAThCS ONTUMAIBHBIM, TAK KaK [PU OJHOM U TOM Ke
BpeMeHHU pa3BopoTa T morpedyercs: Ooblias CpeHssi CKOPOCTh BPAIICHHS, a 3HAYUT 3HAYC-
Hue mnokasarens (16) Oymer 3aBemoMo Oosblle, 4YeM B IEPBOM cilydae, Korja
o(t) - vect(A, o A;)sign (sgal (A, o A;)) = 0. Takum obpasom, penrenue 3amnaun (1)—(4), (16),

(17) — maganbubie ycnosus pi(0), @(0) u ontumansubie pynkimu ¢ (t) , Mi(t), a (t) — onpe-
JIEJSIeTCSl OJTHO3HAYHO (OHO €AMHCTBEHHO JJIA 3aIaHHBIX 3HaueHuH Ag, As, Mg, Ji, T). Ilo-
ATOMY ONTUMAIILHOE 3HAYECHUE p(O) TMPUHIMACM PaBHBIM

p(0) =sign (san(A oA ))vect(A o A¢)/ | vect(A oA¢)| (3mecw vect(A oA¢)#0, unaue

Agt=Af ¥ pa3BOpOT HE HYXKEH, ONTHMalIbHOE ynpasieHue — M =0).

Bosee moxpobHOe M3ydeHne mporpaMMHbIX (yHKIui M;(t) ¥ CBOWCTB ONTHMAIBLHOTO JBH-
xeHust @(t) (B TOM Ynciie BpPEMEHHBIX XapaKTepUCTUK) — OT/ENbHAS TeMa U TpeOyeT caMo-
CTOATENIHON JIeTalabHOM npopaboTku. CKakeM JIMIIb, YTO B 3aBUCUMOCTH OT YCJIOBUH pa3Bo-

pora (yriia KoHeyHOro noBopoTta 3 = 2arccos(sdal(Ag, o A¢)), Bpemenu pazBopota 7' U cOOT-

HOIIIEHUSI MaKCUMAalIbHOTO MOMEHTa My K MoMmeHTy uHepiuu KA J;= Jy= J3) BO3MOXKHBI
TPU BapHaHTa ONTUMAJILHOTO YIIPABJICHHS U, COOTBETCTBEHHO, TPU ONTUMATBHBIX JIBHKCHHUS:
1) BpauieHne ¢ MakcuMaibHBIM MOMeHTOM M =M P, HanpaBieHHBIM MO MONOKUTEILHOMY
HATPaBIEHUIO OCH Diyiepa; 3aTeM ABM)KCHHUE C JTMHEWHO YMEHBIIAIOMIMMCS 10 BETUYHHE (C
Mo 10 HyJs1) MOMeHTOM M, HampaBJIE€HHBIM O BEKTOPY ® aOCOJTIOTHOW YTIIOBOM CKOPOCTH
(M-®>0); nanee nBuKeHHE C JTUHEHHO YBEIMYUBAIOLIMMCS 10 BEIMUYHUHE (C HYJIS 0 Mp)
MOMEHTOM M, HO HMMEIOUUM MPOTHUBOIIOJIOKHOE C YIJIOBOM CKOPOCTBIO (0 HAaIpaBJICHHUE
(M-®<0); u nocneansis ¢asza — BpalleHHE ¢ MaKCHMMAIbHO BO3MOXXHBIM MOMEHTOM
M =—-m,p, HanpaBIeHHBIM IPOTHBOIIOIOKHO MOIOKUTEITFHOMY HAIPABICHHUIO OCH Diinepa.
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2) BpalllcHHEe C JMHEHHO YMEHBIIAOIIUMCS 10 Moayto (¢ Hekotoporo M (0) mo Hyist) mo-
MEeHTOM M, HampaBJICHHBIM T10 MOJIOKHUTEIILHOMY HarpaBieHuto ocu Jitniepa (M -p>0), u

3aTeM BpAILCHUE C JIMHEHHO YBETUUUBAOMMMCS 1Mo mMoayito (¢ Hyns g0 m(0)) momenToM
M, HO UMEIOIIMM POTHUBOIMOJIOXKHOE C YIJIOBOW CKOPOCThIO @ HamparieHue (M -p <0);
m(0)<mg.

3) BpalleHre ¢ MAKCHMAIbHO BO3MOKHBIM MOMeHTOM M = M P, HanpaBIeHHBIM [0 TTOJI0KH-
TEJIbHOMY HalpaBICHUIO OCH Diijepa, a 3aTeM BpaleHUE ¢ MAKCHMaJIbHO BO3MOYKHBIM MO-
MeHTOM M =—-M P [pOTHBOMNOIOKHOTO HANpaBJICHHs. JTO — PEJICHHOE YIPABICHUE, H OHO

COOTBETCTBYET MaKCUMaJbHOMY ObIcTpoieicTBUIO (pa3BopoTy KA 3a MUHHMMAaIbHOE BpeMs).
OnucanHbIe TUIBI Pa3BOPOTA HATJSIIHO OTpaXkaeT puc.3. 37ech MPeAroaaraeTcs, 4To yrnpas-
JISIFOIIMIA MOMEHT TpeJicTaBlicH B Buae M =s(t)p, rue S(t)— ckanspHas GyHKIMS BpeMeHH, a
|p|=1. BepxHsas dacTe puc.3 COOTBETCTBYET MEPBOMY THUITy ONTHMAIBHOIO JBMKEHUS (JIU-
HEelfHOe ympaBlieHUE C HACHIIICHUEM), CPEIHsS 4acThb — BTOPOMY TUIlYy (JIMHEHHOE ymIpaBiie-
HUE) U HWKHSS 4acThb — TPETbeMY TUILY (pelelHOMY yIpaBiieHu0). i HyJIeBbIX TPAaHUYHBIX
yraoBeix ckopocteit (0(0) = o(7) = 0) BpemeHa ty, t; yI10BIeTBOPAIOT ypaBHEHHIO t +t, =T .
Bropoii Tun yrmpaBieHus peanusyeTcs B ciydae, eciu 3aJaHHoe 1 BelIHKO (pa3BOpPOT COBEp-
IIAETCSl C OTHOCUTEIBHO MAJIOH YIIIOBOI CKOPOCTBIO).

Jns Bcex Tpex TUIOB YIpaBJIEHUS CMEHA HalpaBieHUs MOMEHTa M IpOUCXOAUT B TOUKE
t=T/2. Ecin Bemmanna MomentTa | M | JIMHEHHO U3MEHSETCS, TO B MOMEHT BpeMeHu t=T/2
MomeHT M paBer Hymo (M(7/2)=0). Ecnu peanusyercs peneiiHoe ynpasienue (7 — MUHU-
MaJIbHO BO3MOXKHOE 3HAUCHHE), TO MOMEHT BpeMeHu t=T/2 — Touka nepekioueHus (B 3TOT
MOMEHT BpPEMEHH Bce Tpu yrpaBisitomue GyHKUUA M; MEHSIOT cBOW 3HAaK Ha OOpPATHBINM).
Crenyer moIuepKHyTh, YTO HE BCEr/a IPH 3aJIaHHbIX 3HaUeHUsIX Ast, Af, Mo, Ji MOXKHO oCy-
IIECTBUTH Pa3BOpOT 3a oTBeAeHHOe Bpems 1. Ecnu cootHomenune mapamerpoB O, 7, Mg, Ji
TaKOBO, YTO PELICHHE 3a/1a4d ONTUMAJBHOrO OBICTpOeiicTBHs npHu orpaHuueHun (17) maer
3HaueHue Tt > T, rie T — 3alaHHOE BpeMs pa3BOpOTa, TO peaau3anus MaHeBpa pa3BopoTa ¢
TaKUMHU MCXOJHBIMHU JTAaHHBIMH Agt, Af, Mo, Ji, 7 HEBO3MOXKHA, M MOCTABJICHHAs 3ajaya OIl-
tUMasbHOTrO yrpasienus (1)—(4), (16), (17) ve umeer perenust. [I[puHumasi BO BHUMaHHUE JTH-
HENHBIA XapakTep U3MEHEHHUsS] MOyl YIJIIOBOM CKOPOCTH INPHU YIpPaBJIEHUH MaKCHUMaJIbHOIO
OblcTpOneHcTBYS, BpeMs Trst HaxoauTcst u3 ypasHeHus T, =4J,9/(mTg,). Ortcroxa,

T?=4J,9/m, — ycnoBue 0CyIIECTBUMOCTH Pa3BOPOTA.

B paccMOoTpeHHOM IpuMeEpe BEKTOp P ONpeaessieT MOJI0KUTEIbHOE HalpaBiIeHUEe Ocu Die-
pa. B apyrux ciydasix ONTHMAaabHOTO pa3BopoTta [7] BEKTOp P MHTEPHPETHPYETCS KaK OpPT
KuHeTndeckoro MomeHTa KA Bo Bpems pazBopora (3aMeTuM, 4To i c(hepruueckn CUMMET-
puuHbIX Ten Ji1 = Jp = J; HampaBlieHHME€ KMHETHMYECKOTO MOMEHTAa COBIIAJIA€T C TOJOXKHUTEIb-
HBIM HalpaBlIeHUeM ocu Diliepa).

Ecnu pemraercst kuHemMaTudeckas 3ajiada pa3BopoTa, TO MOCTPOCHUE ONTHUMAIBHOU TTporpam-
MBI YTIPaBJIE€HUS 3HAYUTENIBHO YIPOLIAETCS — Pa3MEpPHOCTh KpaeBOW 3aJaud MPUHIUIIA MAK-
CHMyMa CHIDKAETCS C BOCEMHAANATH (I JMHAMHUYECKOM 3a/1aur pa3BOpOTa) 0 JBEHAIATH
(11 KUHEMAaTUYeCKOU 3a/1aul Pa3BOPOTA), €CIIH MCIONB3YIOTCS HAMPABISIONUE KOCUHYCHI, U
C TPUHAIATH JI0 CEMH, €CIIM MCTOb3yeTCs KBaTepHUOHHAs (OpMa 3alMUCH KHMHEMATHIECKUX
ypaBHeHul nBukeHus KA Bokpyr uenrpa macc. PasmepHOCTh 3aMKHYTOM CHUCTEMBI ypaBHE-
HUW YMEHBIIIACTCS C JIEBSATH J0 TPEX, YTO MO3BOJSET BO MHOTHUX CIIy4asX JOBECTH pEIICHUE
ONTUMU3ALMOHHOMN 331a4 10 KOHEYHBIX COOTHOLIEHUN U MOJIYYUTh UCKOMOE PEIICHHE B BU-
Jie KOHKPETHBIX MaTEeMaTHYE€CKUX 3aBUCUMOCTEH.

58



006 oIHOM METO/E PEIICHNUS 33/1a4 ONTUMAIBHOTO YIIPABICHHS TPOCTPAHCTBEHHON OPHEHTAIHEH . . .

5. 3akaouyenue

B craTbe BBISBIEHBI COOTHOILEHUS M YPABHEHUS, KOTOPBIE SIBJIAIOTCS OOIIMMU IIPU pELICHUN
C ITIOMOUIBIO NPUHIUIIA MAKCUMYyMa 3a71a4 ONTUMAJIBHOTO YIPaBJIEHUS! OpUEHTALMEN TBEp10-
ro tena (4, B yacTHOcTH, KA) He3aBUCHMO OT (hOpMBbI ONKMCAHUS KWHEMATUKU BpalleHuH (uc-
H0JIb3YS HATIPABIISIONINE KOCHHYCHI, KBATEPHUOHBI | T.1.). [Ipeamnonaraercsi, 4To onTHMatb-
Has [IpOrpaMMa YIpPaBJIEHUs CTPOUTCS HAa OCHOBE NpuHLUINA MakcuMmyma Ilontpsruna. [le-
MOHCTPUPYETCS, YTO HE3aBUCUMO OT THIIA UCIOJIb3YEeMbIX MMapaMeTpOB IBIKEHHS U (HOPMBI
IIPEICTaBICHUs. KUHEMAaTHYECKUX YPaBHEHHMH CYILECTBYIOT TaKHWE€ YHHMBEPCAJIbHBIE COIpS-
JKCHHbIE TIEPEMEHHbIE, KOTOPbIe MIPUBOAAT K OJHOMY M TOMY K€ BHY 3anucH (pyaxmun I a-
MUJIBTOHA U JIENA0T €AUHBIMU TE€XHOJIOTHIO U AITOPUTM IIOMCKA PE3yIbTHPYIOIIErO pele-
HUS, ONITUMAJIBHOTO 110 HA3HAYEHHOMY KPUTEPHUIO.

[Tpennoxena 3aMeHa MEPEMEHHBIX, C IIOMOIIBIO KOTOPOU CONPSKEHHAs CUCTEMA ypaBHEHUH,
COOTBETCTBYIOIIAasl KUHEMATUYECKUM IapameTpam BpaiueHus KA, npuBoaurcs Kk KaHOHHUYeE-
CKOMY BUJY — JMHEWHOW OJHOPOJHON cUcCTeMe OOBIKHOBEHHBIX TU(P(PepeHINaIbHbIX ypaB-
HEHHH, B KOTOPOWH KOX(PPHUIMEHTAMU SBISIOTCS KOMIIOHEHTHI BEKTOpa YIJIOBOH CKOpPOCTH
KA. Iloka3zaHo, 4TO A peUIeHMs] MHOTMX 3aJad ONTHMAJIbHOIO YIIPABICHUS INPOCTpaH-
cTBeHHOW opueHTtanued KA (kak TBepaoro Tena) ocTaercs CIpaBeIIMBON NpeiokKeHHAs
cucTeMa ypaBHEHMH M CTPYKTypa QyHKUMHU ['aMHUiIbTOHA HE3aBUCHMO OT BbIOOpa KMHEMAaTH-
YECKUX [1apaMeTPOB, 3aJal0IIUX YIJI0BOE IOJOKEHUE CBA3AHHBIX OCEH OTHOCUTENBHO OIOP-
HOW cucTeMbl KOOpAMHAT. Twul u cBoMcTBa OoNTUMaIbHOro ABMkeHUs KA mosHocTsIO ompe-
JIEJISIFOTCS] PEILIEHUEM 3aMKHYTON CUCTEMBI IEBITH (11 TMHAMUYECKON 33a4u OpUEHTAaLUH,
rae M; — ynpasisionye nepeMeHHble) WK Tpex (A1 KUHEMaTHYeCKOW 3a/laud OpHEHTAlUH,
I7ie @ — YHpaBISIOIIME TepeMeHHbIe) (g QepeHInaTIbHbIX YPaBHEHHHA, NCTIONB3Yysl KOMIIO-
HEHTbl YHUBEPCAJIBHOIO BEKTOpa I' (HEMOJABUKHOTO B MHEPLUAIBHON CUCTEME KOOPAMHAT),
HE3aBUCHMO OT BBIOOpPAa KMHEMAaTHYECKUX YPABHEHUH, ONMUCHIBAIOIIMX YIJIOBOE JIBUXKECHUE
cBsa3aHHbIX oceil KA. Jlns HarmsiiHOCTH NPUBOIUTCS IPUMEP IOCIIEA0BATENBHOIO IPUMEHEe-
HUS ONIMCAaHHOW TEXHOJIOTMH PEIICHHU 33/1a4 ONTUMAJIBHOTO YIIPABJICHUS.
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of spacecraft spatial orientation
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Universal approach to solving optimal control problems concerning spacecrafts attitude on the basis
of the Pontryagin maximum principle is offered. It is shown that in cases when criterion of optimality
(the minimized functional) does not contain explicitly angular coordinates (position parameters) re-
sulting solution and optimal motion of a spacecraft not depend from a form of kinematic equations
(from type of the parameters describing angular position of a spacecraft in space). The conjugate sys-
tem of the equations corresponding to kinematics of spacecraft rotation is led to the canonical form.
Such unified characteristics (analogues of conjugate variables) which allow to write the necessary
conditions of optimality independently from the way of description of kinematics of spacecraft rota-
tion are defined. Comparative example of construction of optimal control for different variants of a
choice of system of kinematic parameters (the directing cosines, quaternions and so forth) is present-
ed. Solving known problems of optimal control concerning spacecraft motion using this designed
method is demonstrated.

We mean that control of spatial reorientation is a transfer of spacecraft-fixed axes OXYZ from one
known angular position into another known (usually given) angular position [1]. Angular orientation
of the right-hand rectangular coordinate system OXYZ (as well as its initial and final positions, OX-
YsZst and OXsYiZy) is defined relative to a chosen reference basis 1. In this paper the most popular
case is considered: when the reference basis coincides with inertial coordinate system OX,YinZin
(ICS). Possibility of a solving of optimal control problems for spacecraft's spatial orientation with use
of uniform mathematical tools independently from a choice of kinematic parameters defining angular
position of solid body relative to inertial coordinates system (reference basis) is shown further. Nec-
essary conditions of optimality are formulated according to Pontryagin's maximum principle.

Key words: optimal control; spatial orientation; Pontryagin's maximum principle.

1. General statement of the problem and the equations of motion

It is assumed that the spacecraft attitude control is made using executive devices that generate
torques relative to principal central moments of inertia of the spacecraft. The equations of ro-
tary motion of a spacecraft as a solid body have the form [1, 2]

oy + (I3 — Jo Joy3 = M J2@2+(J1 _J3)501(03 =M, , 1)
Jatg +(Jp = J1 Jmyw, =M3

where J; are the principal central moment of inertia of the spacecraft, M; are projections of the
principal moment of the forces onto principal central axis of the spacecraft’s ellipsoid of iner-
tia; w; are the projections of absolute velocity vector o onto the axes of spacecraft-fixed basis
E formed by the principal central axes of spacecraft’s ellipsoid of inertia (i=1, 2, 3).

In order to describe three-dimensional motion of a spacecraft around a centre of mass can be
used various systems of parameters — Euler's angles (or Krylov), the directing cosines, the
quaternion (Rodrigues-Hamilton parameters), etc. Most convenient for solving the problems
of attitude control are the directing cosines or quaternions because in both cases the kinematic
equations have the linear form. Consideration we will begin with quaternions [3] as the most
simple variant having the minimum dimension of system of the kinematic equations of mo-
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tion (four variables instead of nine are used). The motion of spacecraft-fixed basis E relative
to reference basis |1 we will specify by quaternion A. For the sake of definiteness we consider
that basis I is inertial. In this case, the following kinematic equations [3] are fair:

or, in the quaternion form: 2A=Aoo [3], where A are components of quaternion A (j=0,
1,2,3),sothat A3 + A7 + A3 + A3 =1 (quaternion A is assumed to be normalized [3]).

We consider that controlled process is rotary maneuver [1]. We will give boundary conditions
of a problem of an optimal turn by the following equalities:

A0) = Ast, A(T) = As ©)

and
®(0) =y, o(T)= o7 (4)

where T'is the time of transfer finishing of spacecraft-fixed basis into prescribed position.
In article the case when the criterion of optimality reflecting physical sense of optimization is
defined by integrated functional

G= ]: gdt (5)

is investigated, where g is nonnegative time function not depending from spacecraft position.
We will formulate optimal control problem as follows: it is required to transfer the spacecraft
from state corresponding to the former condition (3), into state corresponding to the latter con-
dition (3) in accordance with the equations (1) and (2) so that value of functional (5) was mini-
mum. Besides, at problem statement, as a rule, the constraint is present for the controlling vari-
ables M; or w; depending on type of a solved problem (a dynamic or kinematic problem of a
turn [3]). It is considered that controlling variables belong to a class of piecewise-continuous
functions. If the dynamic problem of a turn in which control is the moment of forces M then it
is necessary to add conditions (4) in optimal control problem formulated above.

Such formulation covers enough the big list of various problems; them concern a problem of
the fast response (transfer of a spacecraft into the required orientated position at minimal
time) and optimization problems with minimization of volume or total expense of the control-
ling resources. In particular, in the problem of the time-optimal control we have ¢ =1, and

for the control problem with the minimum energy consumption g =g(M;, M,, M,) is a

positive defined function of moments M; (i = 1,3). Other variants are possible also (for exam-

ple when g is the function of angular velocities @; u and their derivatives). Cases when crite-
rion (5) and function g depend on angular coordinates are not considered here.

2. Methodology of the solving the problem of attitude control

Presence of an integrated indicator of optimality (5) allows to solve a problem of optimal con-
trol using Pontryagin's maximum principle [4] and to write out necessary conditions of opti-
mality in final form — in the form of the equations (differential and algebraic). For this pur-
pose we introduce conjugate variables ¢; (i=1,2, 3) (corresponding to variables o,) and
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(1=0,1, 2, 3) (corresponding to quaternion components 4;). The Hamilton function (Hamilto-
nian) has the form: H =-g +H,,, + H,,,, where summand g is named expense part of the
function H (it corresponds to a chosen criterion of optimality), 69/8/1]- =0; Hgin and H, are
dynamical and kinematical parts of the function H, respectively.
Hyin = W0y + A, + 450, ) 2+ vy (Ao, + Ay — A0, ) 2+
+ 15 (Ao, + A0 — Aw3) 2+ y3(Agws + Ly, — Aoy )1 2;

H, = —+ Wy, |+ —c 4 w0, |+ —+ W, |.
din (/’1( 3, 3, 203 | TPy 3, 3, D3 [T P3 1, 1, W3

Let’s write equations for conjugate functions ¢, u w ; [4].

@, =—0H /0w, (i=13) (6)
y; =-oH/ai (j=03),

or in the expanded form

vo = — (Wi + Y0, +w3) 2, vy = (Yoo +y,0; —y3m,) 1 2, ()

Wy = (Wow, +Wam —y,@,)1 2, yry = (Wo0; + 10, —y,m,) 2
Let's transform function Hyi, with grouping in an explicit form angular velocities o;; and we
get

Hyin = @ (Ao + Aayy — Ao — Aaa) | 2+ @0, (Agyr, + Ay — Ay — Agyy) 1 2+
+ @y (AgWs + Ay — Ao — A,) [ 2= o py + @, p, + @ ps
where
P = Aoy +AaW, = o —Aws) [ 2] py =(Aows + AW — o — Aaw1) 1 2]
P = (Aoys + Ay — Agyo — Ay, )1 2.

We assume that quantities pi, p,, ps are the projections of a certain vector p onto axes of
spacecraft-fixed basis E. From the equations (7) it follows that the ensemble of variables yp,
w1, W2, W3 possesses the quaternion properties. Next we assume that conjugate variables yp,
w1, Y2, w3 are the components of a certain quaternion ¥, for which the following relationship
is valid 2¥ =¥ o @. Then vector p introduced by us can be written in the quaternion form as
p = vect(Ao¥)/2, and kinematical part of function A takes on the form: H,;,,=®-p. Here
operator vect(e) designates separation of the vector part of a quaternion [3], A is the quater-

nion conjugate to the quaternion A.

Systems of the equations (2) and (7) have identical structure, and they are kinematic equa-
tions for the same angular velocity ®. The solutions to kinematic equations (2) for variables
4; and to equations (7) for variables y; differ by the initial conditions, and quaternions ¥ and
A themselves are distinct by a constant (constant quaternion): W=C,oA, where

C, =const is a constant quaternion. For joint nondegeneracy of systems of equations (2) and
(7) it is necessary and sufficient that wvectC,=0 (in the opposite case
Woildo=y =W, A =y, A, equations (2) and (7) are not independent, p =0 and to solve
the problem makes no sense). Therefore, when determining optimal control, quaternions A
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and ¥ considered not to be identical (functions y; are not proportional to variables 4;), and
only variant p = 0 is considered.

Differentiating expressions for p;i (i=13) and substituting into them equations for A and v;

(j=0,3) in accordance with (2) and (7), we get necessary differential equations for time func-
tions p; . Variation of vector p is determined by solving the following equations

DI =@3Dy =Wy D3y Dy =W Py — 3Py, Py =W, P — @Dy (8)
or
p=-wxp 9)

where p; are projections of vector p onto axes of spacecraft-fixed basis E, the symbol «x »
denotes the operation of vector product of vectors. Obtained differential equation (9) for vec-
tor p describes its rotation with angular velocity —w relative to spacecraft-fixed basis E. In
turn, the basis E itself executes angular motion relative to reference basis | with angular ve-
locity m; as a result, vector p remains immobile in reference coordinate system (according to
the velocity addition theorem). It is obvious that | p |= const .

Thus, the problem of determining optimal control is reduced to solving system of equations (2),
(8) provided that the control itself is selected based on the requirement of maximization of the

Hamiltonian H. Boundary conditions for angular position Ag and A¢ determine the family of
solutions p(t), which has the form [3]: p=Aocc. oA, where c.=A,p(0)e A, =const. Di-
rection of cg depends on the initial and final positions of a spacecraft. The problem of finding
the optimal control consists in investigation of Euler’s dynamical equations (1) and equations
(6) conjugate to them at the above motion of vector p (according to (9) or (8)). System of dif-
ferential equations (8) and (6), if (6) are present (it follows from problem statement), together
with the requirement of maximum of the Hamilton function H are the necessary conditions of
optimality. The value of p(0) (the quaternion W¥(0) corresponds to it) is calculated in such a
way that the boundary value problem of the maximum principle has a solution. The coupling
equations are expressed by systems of equations (1), (2) with simultaneous satisfaction of con-
straint imposed on the motion of the spacecraft (for each concrete problem this constraint is in-
dividual and specifically). The boundary conditions and the conditions of maximum of the func-
tion H (within the limits of admissible control) determine optimal motion @(t); initial and final
positions of a spacecraft (quaternions Agiand A¢) determine the functions A(t) u p(t).

Let’s introduce the vector o ={ @1, ¢, ¢ } for variables ¢;. The boundary value problem for
the maximum principle is to determine ¢ (0) and p (0) for which the solution to system of dif-
ferential equations (1), (2), (6), (8) with the simultaneous maximization of the Hamilton func-
tion H at each point in time satisfies rotation conditions (3) (and equalities (4) for dynamic
problem of a turn). Because optimization problem to be solved is an optimal control problem
with fixed right endpoint the transversality conditions have the form ¢i(T)=v;,
wi(T)=Vj+a (i= 1,3,j=0,3), where v1, vy, ... v7 are the certain numbers which not equal to
zero simultaneously [4]. The conjugate variables y; are the components of the quaternion ‘P,
and norm of quaternion is constant |\¥| = const = 0 (this equality follows from properties of so-

lution of equations (7)); therefore we conclude that the transversality conditions are satisfied.
For new variables p; the transversality conditions get to the form |p(7)|> 0. Earlier we have

stipulated that the optimal solution of the turn problem is constructed under a condition
p = 0. Distinctive property of the vector p is a constancy of its size |p |=const (owing to
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presence of the equations (8), as the necessary condition of optimality). Therefore
|p(T) = p(0) |> 0, and this inequality specifies on the satisfaction of the transversality conditions.

When constructing the optimal solutions p(t), o(t) the value of vector p at the beginning of a
turn t=0 is a decisive factor. The vector of control at the beginning of a turn po=p(0) is de-
termined by initial Ag and final Af positions of the spacecraft. After solving the boundary
value problem for the maximum principle, taking into account the equations (2), we obtain the
calculated value of vector po and vector c. = A, op,° A, =const corresponding to it. The
value of vector p at the moment of the turn end can be found from the expression

P(T)=A; oA, 0P, oA oA, =A,op(0)o A, , Where A, = A oA is the quaternion of turn.
Concrete form of the function g depends from type of a solved problem of optimal control and
executive devices used by system of spacecraft orientation. Presence (or absence) of variables
@i (i=1,2,3) corresponding to variables wj, and of dynamical part Hgi, in the Hamilton func-
tion H depends from fact — the kinematic problem of orientation or a dynamic problem is
solved. The variety of control problems of spatial orientation is caused by the many-possible
combinations of various criteria of optimality and the constraints imposed on the controlling
variables (and in some unusual cases — on phase variables also). Other things being equal, the
problems of the fast response appear more simple; the problems in which the criterion of op-
timality includes angular velocity of a spacecraft demands special attentiveness.

In overwhelming number of cases in problems of the fast response it is considered that the
controlling variables are limited (or on spacecraft motion any other constraint is imposed, the
formalized form of which depends from the concrete maintenance of physical statement of
attitude control problem). Going from this condition (on set of possible controls), the maxi-
mum of Hamilton function is found and the optimal solution corresponding to it — M(t) (for
dynamic problems of control) and w(t) (for kinematic problems of control) is computed. In
any case, the kinematical part of Hamilton function and conjugate system of the differential
equations corresponding to it (as one of necessary conditions of optimality) remain invariable.
In this sense, the vector p introduced above becomes the convenient mathematical tool, and
its use does system of the equations in the form (8) (or (9)), responsible for kinematics of
spacecraft rotation and geometrical properties of optimal motion, as universal.

3. The scheme of the solving problems of optimal control of attitude with
use of directing cosines matrix

Now we will consider the case when relative position of spacecraft-fixed and reference (iner-
tial) coordinate systems is determined by matrix of directing cosines. For the directing co-
sines, the following equation [2] is valid:

A=-Q-A,
where A= H aikH is the matrix of directing cosines (i= 1,3, k= 13);

0 -w, o,
Q= o, 0 —o, | is the matrix of angular velocities in spacecraft-fixed coordinate
-0, 0

system (SFCS); ajx is cosines of angle between i-axis of SFCS and k-axis of ICS (reference basis).

The coupling equations (conformity equations) are expressed by the form: A= AT where
AT is the matrix transposed in relation to matrix A. Kinematic equations for the directing co-
sines in the expanded form look like
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Q) = @38y — W83, 81y =038y — W83 , 813 =W38;3 — ®p833 (10)
Ay = @83 — W38y, , Ay =W 8z — W38y , A3 = W83z — W3a3
Q31 = 0,8)) — W8y, Az = W81 — W8y , Qg3 = W83 — W83
They are known equations by Puasson [5].
The boundary conditions of a problem of optimal turn are similar (3)
A(0)=Ast, A(T)=As (11)
Let us introduce conjugate variables bjx which correspond to variables aj . In the directing co-
sines kinematical part Hy of Hamilton function take the form
Hy =0y, (038, — 0,85,) + By, (w385, — 0,85,) + B3 (w3803 — 0,35;) +
+b,y (w8, — w33y;) + Dy (wdy, — m4a,) + byy(wd; — w;3,5) +
+ by, (way; — @3y,) + 05, (a1, — @,8,,) + By (@,8,, — w,ay;)
Expense part and u dynamical part (if it is necessary) of Hamilton function remain without
changes (because they not depend from kinematic parameters of position); dg/day =0,
OH i /0ay, =0. We write conjugate system of equations [4]
b, =—0H /8, (i=13,k=13), and in the expanded form
by, = @3y — @,0;, , By = @3hy) — @bz, , i3 = w3hys — @,ba (12)
b,y = @0y — 0,0y, By =0yby, — w3y, Byy = 0ybyy — w3byg

bs;, = @,b,;, —wb,, , By =@,b1, —wby, , Dyy = w,05 — @by

When uniting the variables by into matrix B=| b

|5 We write system of equations for con-

jugate variables in matrix form

bl‘u t?lZ t.113 0 w, -, (b, b, by

b, b, by|=|-@ 0 @ ||b, b, by| or B:_Q'B’

b, b, by o, -o 0 by, by, by

where Q is the matrix of angular velocities described before.

From the received system of the differential equations we can to see that variables bj can be
accepted as the parameters which are proportional to the directing cosines. Because the equa-
tions (10) (for phase variables aix) and the equations (12) (for conjugate variables bjx) have
identical structure, and they are kinematic equations for the same angular velocity @ (the
same functions @; appear in the right-hand sides of the equations (10) and (12)), the matrix A
and the matrix B are distinct by constant matrix C which no varies during a time. Solution of

conjugate system of equations (12) has the form: B=A-C, where C=const (C=|¢,, .

¢;, =const). Having grouped and having selected in an explicit form the multipliers for w;

we present the function Hy in the form: H, = oI, + w,r, + w,r, , Where

h= b21a31 + bzzasz + bzsass - b31a21 - baza'zz - b33a23 )
r,= b31a11 + b32a12 + b33313 - b11331 - b].2a32 - b13a33 J
= b11a21 + blzazz + b13a23 - b21a11 - b226112 - b23a13 :
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For existence of nontrivial solution it is necessary that at any te[0, T] equalities
a, =yb, were not carried out (y is same scalar value) because if they carried out then

I, =1, =1, =0 and the further a solving of a problem loses sense.

We will study properties of the solution B(t) of the system of conjugate equations (12). From
physical sense follows that the conjugate variables by, are numbers which are proportional to
the directing cosines between axes of spacecraft and .positive directions of axis of motionless
(fixed in inertial space) coordinate system, and matrix B formed by elements bj is the matrix
of transfer from any non-rotated (as a matter of fact inertial) but not coincided with reference
coordinate system | to spacecraft-fixed coordinate system, increased by a constant multiplier.
Naturally, matrixes A and B are different, B # A . Systems of the equations (10) and (12) are
same concerning coefficients w;, ®,, 3. Solutions of the kinematic equations (10) for varia-
bles aix and (12) for variables by differ by the initial conditions, and matrixes A and B are
distinct by a constant matrix B=A-C, where C=const ( B=A-C=-Q-A-C=-Q-B ).

At determining the optimal control the matrixes A and B are assumed non-identical (the func-
tions by are not proportional to variables aix ), and we consider the variant r =0 only. Differen-
tiating with respect to time the equalities for r; (i=13) and substituting into them expressions

for a;, and b, , we obtain differential equations for time functions r; (t). As result, we have
= by05, + 0515, + Doy, + 55055 + 10,5055 + Doy, — 010, — D10, —Byyay, -
— B3y, —Bs3tys —Dss1y; = 0, (0,101, + 000, + 0,50, — By —Bya5, —baays) +
+ 3 (D3, + 0301, + By — 0y a5, — b0, —biag) = w3t — oyt

Similar relationships we obtain for variables r,, r3 also. Variation of vector r = {ry, r,, r3} is
determined by solving the following equations

N=wl,—w,r,, I, =oL-w , h=0,-or, (13)

or in vector form
r=—oxr (14)

where r; are projections of vector r onto axes of spacecraft-fixed coordinate system.

Obtained differential equation (14) for vector r specifies its rotation with angular velocity —w
relative to spacecraft-fixed coordinate system (basis E). In turn, the basis E itself is rotated
relative to reference basis | with angular velocity w; as a result, vector r is immovable in iner-
tial coordinate system (according to the velocity addition theorem) and | r |= const . The equa-
tions (13) and (14) are completely similar to the equations (8) and (9) for vector p.

Thus, in case when directing cosines are used, the problem of determining optimal control is
reduced to solving the system of equations (1), (6), (10), and (13) provided that the control
itself is chosen based on the requirement of maximum of Hamiltonian. Boundary conditions
for angular position (matrixes Agst= A(0) and A¢= A(T)) determine the family of solutions
r(t), which has the form r(t) = Ac,, where ¢, = AT(0)r(0) =const ; AT is the matrix trans-
posed in relation to matrix A.

The boundary value problem for the maximum principle is to determine @ (0) and r (0) which
result motion of system of equations (1), (10), (6), (13), satisfying in each moment of time t to
conditions of a maximum of Hamilton function H, to satisfaction of the latter equality (11)
(and also equalities (4) if the dynamic problem of a turn is solved); searched values @ (0) and
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r (0) (they will found) together with the first equality (11) (and (4) for a dynamic problem of a
turn) are accepted as initial conditions for constructing motion of system of equations (1),
(10), (6), (13). Boundary conditions and conditions of a maximum of function H (within the
limits of admissible control) determine optimal motion e(t); initial and final positions (A and
Ay) determine solutions A(t) and r(t). As well as earlier, the vector function r(t) should satisfy
to formula r(T)=A;Alr(0)=Ar,, where ro=r(0); A, =AA], is the matrix of directing
cosines of axes of the spacecraft-fixed coordinate system at final moment of time relative to
position of spacecraft-fixed coordinate system at initial moment of time (upper index T means
that this matrix is transposed).
Because the problem of turn optimization to be solved is an optimal control problem with
fixed right endpoint the transversality conditions have the form @i (T) =wi, by (T) =W+ 3
(k=13,1=13), where Wi, W5, ... Wy, are the certain numbers which not equal to zero
simultaneously [4, 6]. The conjugate variables by, are proportional to some directing cosines
(they have properties of a directing cosines); and therefore all variables by, can not to be
equal to zero simultaneously, including final moment of time t =T (this conclusion follows
from properties of solution of equations (12)). As result, the transversality conditions are sat-
isfied. The transversality conditions for new variables r; get to the form |r(7)[> 0. Earlier
we have stipulated that the optimal solution of the turn problem is constructed under a condi-
tion r=0. Key property of the vector r is a constancy of its module | r |=const (owing to
presence of the necessary condition of optimality in the equations form (13)). Therefore
|r(T)|= r(0)|>0, and additional analyzing of satisfaction of transversality conditions for

variables r; (or bjx) is not required.

We have obtained the necessary conditions of optimality and dependences for variables r;
which are identical to that took place during the solving the problem of optimal control of
spacecraft attitude on quaternion base. When comparing kinematical parts of Hamilton func-
tion written for quaternion variables and for the directing cosines, and also taking into account
the differential equations (8), (13) for vectors p and r we come to an unequivocal conclusion
— kinematical part of Hamilton function Hyj, (written for quaternion A) and Hy (written for
matrix A of the directing cosines) are identical if we assume that r = p. Thus it is confirmed
that for problems when the optimizable functional not includes position coordinates (in an ex-
plicit form), the form of kinematical part of Hamilton function (and hence, itself Hamilton
function also) not depends from type of variables which describe spatial position of space-
craft-fixed coordinate system relative to reference coordinate system, and it is determined as
H,., = ®-r independently from the form of kinematic equations, where vector r is immovable

in inertial coordinate system because r +®xr =0,

Hence, optimal control and spacecraft motion around a centre of mass (as result of use of
maximum principle) not depend from the form of kinematic equations (i.e. from a choice of
the variables which describe motion of spacecraft-fixed axes relative to reference basis). The
vector r introduced by us (immovable in inertial coordinate system) is universal, and its com-
ponents r; can be considered as the universal conjugate variables at solving the optimal con-
trol problems concerning rotations of solid body using maximum principle. Use of vector r
allows to find not only necessary conditions of optimality and to formalize them but also to
specify character (key properties) of optimal control and to construct optimal motion w(t)
which corresponds to an assigned criterion of optimality.

Thus, a solving the optimal control problem concerning spacecraft orientation is reduced to
solving a closed system of differential equations the form of which not depends from a type of
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kinematic parameters (whether it be a quaternion or a directing cosines), and to integration of
the system of kinematic equations of spacecraft motion around a centre of mass written in
such form which is most convenient for solving concrete problem. Unified (general) part of
system of equations is based on use of variables r; — components of vector r defining main
properties of optimal motion w(t). Structure of optimal control is specified unequivocally
from solution of a closed system of nine (for dynamic problem) or three (for kinematic prob-
lem) differential equations at which the corresponding Hamilton function A is maximal; only
the condition of a maximum of Hamilton function does system of nine (or three) differential
equations as closed and gives the coupling equations between the controlling variables and
phase coordinates (or with conjugate variables). Concrete optimal solution of reorientation
problem (optimal value ry and optimal functions m(t) and r(t)) is determined by solution of
kinematic equations (A(t) or A(t)) which satisfies to initial and final position of spacecraft-
fixed coordinate system.

Structure of system of equations defining optimal solution (on Pontryagin) is schematically
presented on fig.1. Structure scheme shown at the upper part of fig.1 corresponds to a kine-
matic problem of orientation, and scheme illustrated by the lower part fig.1 corresponds to a
dynamic problem of orientation. For a kinematic problem, vector function, @(t) € ® is a con-
trolling function, where ©® is region of admissible motions; for a dynamic problem, vector
function M(t) € U is control which must be found, where U is region of possible control. In
both cases, optimal motion w(t) is determined unequivocally (in case of solving a dynamic
problem of optimal control, optimal function w(t) is calculated by substitution of the found
solution M(t) in the equations (1) and integration of system (1) with initial conditions @(0)
which are given by conditions of an initial control problem of spacecraft reorientation, and
therefore they are known). The form of kinematic equations influences exclusively a choice of
a method of a solving the boundary value problem for the maximum principle (regarding sat-
isfaction to boundary conditions with respect to for position). The solving the main problem —
determination of optimal controlling functions — not depends from type of kinematic para-
metres of motion around a centre of mass, and optimal rotation of a spacecraft is determined
by the requirement of maximum of Hamilton function and the closed system of three (for kin-
ematic problems of orientation) or nine (for dynamic problems of orientation) differential
equations which have universal form. Integration of the closed system of equations gives op-
timal motion e w(t), its qualitative form is invariant with respect to a form of kinematic equa-
tions describing angular motion of a spacecraft.

In control problems when function g in integral (5) does not depend in an explicit form from
angular velocities wj, the conjugate equations (6) can be written in the following way:

G, = =N, — NP3 — 1y, Py = =N Py — ON;Q; — Ty, Py =—@W,N P — NP, —T5  (15)

where n, =(J,-J3;)/J,, n,=(J,-3,)/J,, n,=(J,-J,)/J, are constant coefficients.
Further we will demonstrate technology of construction of optimal control of spacecraft orien-
tation based on use of universal variables r; for concrete examples.

4. Example of solving dynamic problem of a turn

Let’s consider the optimal control problem concerning spacecraft turn from one stabilized
position (state of rest) into another stabilized position when a control (i.e. the controlling
function) is moment of the forces M (in this case in condition (4) the values wo, =0 and
or=0). Let it is necessary to minimize the integral
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.
[(ME+MZ+M2)dt (16)
0

and the region U of possible control is determined by the inequality
MZ+MZ+MZ<mj (17)

where mg = const >0 is maximum-possible magnitude of control moment M.

The functional (16) is typical and characterizes a value of the work of control forces.

The motion of spacecraft-fixed coordinate system relative to inertial coordinate system (refer-
ence basis) is specified by quaternion A(t). Concrete statement of optimal control problem
consists in following: it is required to transfer a spacecraft from the state corresponding to the
former condition in (3) into the state corresponding to the latter condition in (3) in accordance
with equations (1) and (2) in the presence of constraint (17) and equalities (4) with the condi-
tion that functional (16) should have minimal value.

The criterion of optimality in an explicit form includes moments Af;, therefore the order of the
boundary value problem for the maximum principle have maximal size and it is equal thirteen
(at use of the directing cosines it becomes more — eighteen). Conjugate variables
@: (1=1,2,3) corresponds to variables w; of state vector of dynamic system, and conjugate
variables y; (j =0, 1, 2, 3) corresponds to quaternion components 4;. Let us write the Hamilton
function for the problem to be solved (1)—(4), (16)—(17).

H= Hdin"'Hkin_(Mlz"‘Mzz"'Ms*z):

mnv ?

where H,,, =, p, + ©,p, + @, P;; Hiny in an explicit form not depends from controlling func-

tions M; (i=13).
Solution M (t) is found in a class of piecewise-continuous functions satisfying to condition
(17). Passing to new variables x, =, /J;, we present the function H in the form

H =M-p=M? +H,, = [M] (|| cosy—| M| +H

nv !
where w={s, &, 13}, and y is the angle between vectors M and .
Hamilton function H with the constraint | M |[<m, takes on a maximum value, if =0, vec-

tors M and p have the same direction, and magnitude of control moment | M| is equal to mg,
if [m|>2m,, or |u|/2 , if |m| <2m,. Fig.2 visually explains the told (maximum of func-
tion A on parameter m = | M| is found within the interval 0< m <mjg). Optimal control has

the form
M=myp/|p|,if |p|=22my; or M=pn/2,if |p| <2m,;
and, for the torques
My @; .
M; = i 007403 0] 053] = amE (18)
Ji\/(Pl/Jl JrCl)z/‘lzJF(/)?,/Ja

M, =o,1(23,), it o 37 +9% )35 +9% /35 <4m{

Because the minimized functional (16) in an explicit form not depends from angular veloci-
ties w;, equations (6) take the form (15), in which r; = p;. Optimal solution is determined by
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the closed system of equations (1), (2), (8), (15), and (18). In general case, we not may to
solve practically this system of equations; integration of this system of equations encounters
mathematical difficulties and demands considerable computing expenses. Type of a turn is
difficult enough, and it has no analytical description (in the form of the final equations).
Therefore the boundary value problem for the maximum principle (determining the numerical
values p(0) and ¢ (0)) can be solved exclusively numerical methods (for example, a prorace
method [6], etc.).

For specific case, when J; = J, = J3, analytical solution of formulated problem (1), (2), (3),
(4), (16), (17) exists, and this solution is unique. In this concrete case n; = n,=n3=0 and sys-
tems of equations (1) and (15) have considerably simpler form — they become linear and
transform to the form «, =M,/J, and ¢; =—p,. Solution of last equations together with

equations (8), (18) and equalities (4) has the form:
@ =a(t)p, (19)

where a(t) is a scalar function of time (i=13).

Solution (19) is unique. Let us designate as ¢ the angle between vectors p and ¢ (0<e < m).
From (18) follows that vectors M and ¢ have the same direction (because J;=J,=J3). If €20
and e=m, then d |o@|/dt >0 always, within all interval of time 0<t<T, including t=T. In
this situation, boundary condition @(T)=0 will not be reached. Hence, any solution at which
e#x0and ezn (i.e. @(0)=ap(0), where a is some number), not satisfies to purpose of a
turn and not transfers the spacecraft into the required state o(T) =0, A(T) = As. Only de-
pendence ¢(t) = a(t)p(t) remains such one solution which satisfies to necessary conditions of
optimality (8), (15), (18) (in accordance with Pontryagin's maximum principle) and to the
boundary conditions for solution @(t), A(t) of equations (1), (2).

We will substitute functions ¢ calculated using the formulas (19), in equalities (15), taking
into account the values n,=n, =n,=0. As result, we obtain the relations a=-1 and
p, =0 for all ;=13 (and hence, |p |= const ). For this purpose it is sufficient to differentiate

with respect to time the left-hand and right-hand sides of equality (19), to take squares from
the left-hand and right-hand sides of equality received after differentiation, and then, to sub-
stitute the right-hand sides of the equations (8) instead p, .

a’ +a’(p; +p; +p3)(p; +p; +p3)=1
It is the first equation (we remind that p=0). Now we will increase the equations
p,a+ p,a=—p, on p; atthe left and on the right, and we will combine the received equalities
(we add this equations). We have obtained the second equation

(Pl +p;+p3)a=-p—p;-p;
whence we have a=-1, and from first equation will be p? + p5 + pZ =0 what is possible
only if p, =0.
The case when e == (@(0)-p(0) <0) not considered because, in this case, vector ¢ has the
same direction for any moment of time (because (15) presence) opposite to a direction of vec-

tor p, and magnitude of vector ¢ increases (it follows from (15)). In this case, moment M also
will have constant direction and its magnitude will increase (from initial level to threshold

71



M.V. Levskii

value mp), and boundary condition (4) of control problem cannot be satisfied, and hence such
solution is inadmissible. In final, we rewrite optimal solution for conjugate variables ¢ in the
form ¢ (t)=(a(0)—-t)p,, where p, =const = p,;(0).

Taking into account expressions (19) connecting the conjugate variables ¢ and p; , and the
condition of maximum of Hamilton function (18), we conclude that optimal control (moments
M;) satisfies to the equations

M=y @t)pi, i=13 (20)

where y (t) is scalar function of time satisfying to an inequality —m, < y(t) <m,.
Turn of a spacecraft is executed from a state of rest. Solving the differential equations (1) to-
gether with equalities (20), we will have J.o, = x(t)p,, i=1.3.

Solution @(t) is obtained by integration of this system of equations with accounting for equa-
tions (8) and with initial condition ®(0)=0. In the neighborhood of point t=0 we have
J.o, = J,o,dt = ydt p,. Further integration of this specified system of the equations together

with system (15) for initial condition @; (0) =0 gives the equality
t
Jioy = pi_[)(dt-
0
It is valid, substituting the above equality into the last system of differential equations, we get

t
identities J,c5, = p, [ xdt+ px = px =M, =3 (i=13).
0

t
Taking into account J.o =L, , | L] :JJfa)f +Jiw5 +J2w? | and det = f(t) is scalar val-
0

ue, we conclude that at optimal motion L|| p and @] p (because J; = J,=J3). If at initial mo-
ment of time a(t) > 0 then vectors @ and p will have same direction since the moment t =0.
Owing to (15) for variables ¢ it is necessary that a<0. Therefore a(0)>0 (otherwise,
sign (M -p) =const , and the condition «(T) =0 cannot be never satisfied). Thus, we have

proved that at optimal motion of spherical-symmetric spacecraft, with respect to the criterion
(16), vector L of angular momentum has a constant direction, but its module varies from zero
to maximum value and back to zero. Spacecraft rotates around the Euler axis with angular ve-
locity changing on magnitude (the direction of a vector of angular velocity remains invaria-
ble). Angular acceleration is maximum in the turn beginning, then it decreases to zero, chang-
es a sign to the opposite one and damps angular velocity with accruing intensity (it increases
on the module, reaching as much as possible negative value).

Analyzing the necessary conditions of optimality (8), (15), (18) together with equations of
motion (1), (2) we come to conclusion that formally for solution (19) two combinations of
functions ¢; (t), pi(t), Mi(t), a(t) are possible. In the first case rotation of a spacecraft from

position Ag into position Af occurs in the direction of minimal angle of a turn
(m(t)-vect(xstoAf)sign (sqal(xstoAf))ZO). The designation sqgal(e) means operation of
separation of the scalar part of a quaternion [3]. The second combination ¢; (t), pi(t), Mi(t),
a; (t) corresponds to turn of a spacecraft from position Ag into position Af in the direction

opposite to the minimal angle of a turn (®(t)- vect(/~\St o A;)sign (sqal(/-iSt o /A;)) <0). Obvi-
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ously, last case cannot be considered optimum, because for same time of turn 7 the big aver-
age velocity of rotation is required, so value of an index (16) will be obviously more than in
the first case, when o(t)-vect (A o A;)sign (sqal (Ay o A;))>0. Thus, the decision of a
problem (1)—(4), (16), (17) — initial conditions p;(0) , @ (0) and optimal functions ¢; (t), M;(t),
a; (t) — is determined unequivocally (it is unique for given values As, As, Mo, Ji, T). There-
fore, optimal value p(0) is accepted by the equal

p(0) = sign (sqal(/~\St o A¢ ))vect(/~\St oA/ | vect(/~\St oA;)| (here vect(/~\St oA;)#0, other-

wise Ag=Ag, and a turn is not required, optimal control is M =0).

More detailed studying of programmed functions A (t) and properties of optimal motion @(t)
(including time characteristics) is a separate problem, and it demands independent investiga-
tion in detail. We will tell only, that in dependence from the turn conditions (from the angle of

final turn 9 = 2arccos(sgal(A o A;)), time of turn 7 and parity of the maximal moment mq
and moment of inertia of the spacecraft J;= J,= J3) are possible three variants of optimal
control and, accordingly, three optimal motions:

1) rotation with the maximal moment M =myp directed in a positive direction of the Euler
axis; next motion with linearly decreasing on magnitude (from mgy to zero) moment M di-
rected along vector @ of absolute angular velocity (M- ® > 0); further, motion with linearly
increasing on magnitude (from zero to mg)moment M which have the direction opposite to
angular velocity o (M-® <0); and last phase — rotation with the greatest possible moment
M = —m,p opposite directed to positive direction of the Euler axis.

2) rotation with linearly decreasing on module (from some m (0) to zero) the moment M di-
rected along positive direction of the Euler axis (M -p >0), and then rotation with linearly
increasing on module (from zero to m(0)) moment M, but its direction oppositely to angular
velocity@ (M -p<0); m(0)<mg.

3) rotation with the greatest possible moment M =m,p directed along positive direction of

the Euler axis, and then rotation with the greatest possible moment M =-myp with opposite
direction. It is relay control, and it corresponds to the maximum fast response (to a turn of a
spacecraft for minimal time).

The described types of a turn are explained visually by fig.3. Here it is supposed that the con-
trolling moment is presented in the form M =s(t)p, where s(t) is scalar function of time, and
|p|=1. The upper part of fig.3 corresponds to the first type of optimal motion (linear control
with saturation), the middle part — to the second type (linear control) and the lower part — to
the third type (relay control). For zero boundary angular velocities (w(0) = @(7) =0) times
t1, to satisfy to the equation t, +t, =T . The second type of control is realized in the case when
the given time T is great (a turn is made with rather small angular velocity).

For all three types of control, change of a direction of moment M occurs at the point t=T/2.
If magnitude of moment | M| varies linearly, moment M is equal to zero at the moment of
time t=T/2 (M(T/2)=0). If relay control is realized (7 is minimum possible value), time
moment t=T/2 is point of a switching (in this moment of time, sign of all three controlling
functions M; is changed to the opposite). It is worthwhile to note that not always it is possible
to carry out a turn for the assigned time T, having the preset values As, Af, Mg, Ji. If a parity
of parametres 9, 7', mg, J; (them combination) is such at which the solving of a problem of
optimal fast response at constraint (17) gives value Tt.st> T, where T is the given time of a
turn, the realisation of maneuver of a turn with such original data As, As, Mo, Ji, 7 IS impos-
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sible, and the formulated problem of optimal control (1)—(4), (16), (17) has no decision. Tak-
ing into account linear character of variation of angular velocity module during control of fast
response, the time Ty is found from expression T, =4J,9/(m,T,,). From here,

T2 =4J,9/m, is the condition of practicability of a turn.

In the considered particular example the vector p determines a positive direction of the Euler
axis. In other cases of optimal turn [7], the vector p is interpreted as the unit vector of angular
momentum of a spacecraft during a turn (we will notice that for spherical-symmetric bodies J; =
J, = J3 the direction of angular momentum coincides with positive direction of the Euler axis).
If a kinematic problem of a turn is solved then a constructing the optimal program of control
becomes considerably simpler — the order of the boundary value problem for the maximum
principle varies from eighteen (for a dynamic problem of a turn) to twelve (for a kinematic
problem of a turn) if are used the directing cosines, and from thirteen to seven if we use qua-
ternion form of representation of a kinematic equations of spacecraft motion around a centre
of mass. The order of the closed system of equations decreases from nine to three, and, in
many cases, this fact allows to lead up solution of optimization problem to final relationships
and to obtain the required solution in the form of concrete mathematical expressions.

5. Conclusion

In this article, relations and equations which are general at the solving the optimal control
problems concerning orientation of solid body (and, in particular, a spacecraft) with use of
maximum principle independently from a form of description of rotation kinematics (using
the directing cosines, quaternions, etc.) are revealed. It is supposed that the optimal program
of control is constructed on basis of maximum principle by Pontryagin. It is demonstrated
that independently from type of the used parameters of motion and from a form of representa-
tion of a kinematic equations there are such universal conjugate variables which lead to same
form of the writing of the Hamilton function, and they made technology and algorithm of
search of resulting solution, which is optimal in sense of an assigned criterion, as uniform
technics.

Variables replacement with help of which the conjugate system of equations corresponding to
kinematic parameters of spacecraft rotation is led into a canonical form — linear system of the
ordinary differential equations in which coefficients are components of angular velocity vec-
tor of a spacecraft, is offered. It is shown that for the decision of many optimal control prob-
lems of spatial orientation of a spacecraft (as solid body) an offered system of the equations
and structure of the Hamilton function are valid independently from choice of kinematic pa-
rameters specifying angular position of spacecraft-fixed axes relative to reference coordinate
system. Type and properties of optimal motion of a spacecraft are completely determined by
solution of the closed system of nine (for a dynamic problem of orientation, where A; are the
controlling variables) or three (for a kinematic problem of orientation, where o, are the con-

trolling variables) differential equations, using components of universal vector r (motionless
in inertial coordinate system), independently from choice of kinematic equations describing
angular motion of the spacecraft-fixed axes. For visual representation, example of consecu-
tive use of the described technology of the solving the optimal control problems is given.
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IIpobnemul nenuneiinozo ananusa
6 unscenepuvix cucmemax. Ne2 (44), rom 21, 2015 Kazann

YpasHenus Ilyankape u 3jieMeHThI Teopuu rpynn Jiu
B 32/1a4ax 0 ABHKEHUHU caHeHd YanibIruua

P.I1. MomkuH

MockoBckuii ['ocynapctBennbiii yausepcutreT uM M.B. JlIomoHOCOBa
119991, Poccusi, Mockga, Jlenunckue ['opsr, 1. 1

[Ipy mOATOTOBKE K CHOPTUBHBIM COPEBHOBAaHMSIM M ONMMOMHCKUM 3UMHHM WrpaMm ¢ moMomisio
KOMIIBIOTEPA M CHEIHANbHBIX JAaTYNKOB HMUTATOPA ABIKEHUS, IPUKPETJICHHBIX K Ty CIIOPTCMEHa,
paccunTHIBalOTCA HamOollee ysA3BUMBIE (XOKKeW) W Hambollee Harpy)kaeMble JJIEMEHTBHI — MBIIIIIBI
CIOPTCMEHA, HEeCYIIHe OCHOBHYIO HArpy3Ky (JbDKHBIA cropT). CIOpPTUBHBIE CHApSbI, KaK MPaBHIIO,
M3TOTaBIMBAIOTCS WHANBUAYAIBHO O «CIEMKY» Tella CIIOpTCMEeHa (CaHW, KOHBKH) W TPOIYBAIOTCS B
CIEIMAIFHOW  a’poArHAMUYecKkoi TpyOe. Hampumep, Tpu W3rOTOBIEHWH KIIOMIEK B XOKKee
YUUTBIBACTCA CUJIa yaapa U I/I3FI/I6 caMoOM KITIOIIIKH Ipu yaape B TPE€X OCHOBHBLIX MECTaxX: OCHOBAHUEC U
TE€ MECTa, 32 KOTOpbIe PyKaMH JCP KUTCS HEMOCPEACTBEHHO caMa KITIOIIKa. B 0CHOBHOM, yYUThIBaeTCS
COTIPOTHBIICHHUE BO3/IyXa U HAIIPABIICHUE BETPA, & TAKIKE TEXHUIECKUE XapaKTEPUCTHKH, TIOTyICHHBIE
OTBITHBIM MYTEM MPH TMPOXOXKICHHH CHOPTCMEHOM caMOW Tpacchl. Tak, CaHW HM3TOTaBIMBAIOTCS
TakuM 00pa3oM, 4TOOBI MOBOPOT Ha Tpacce MPH CKOpocTH cBbimie 130 KM/4 OCYymIECTBISIICS
MIPUIIOHATHAEM 1 OJHOBPEMEHHBIM ITOBOPOTOM T'OJIOBHI M IPUIIOAHITHEM HOTH.

Ho npu »TOM B mporecce MOATOTOBKM K COPEBHOBAHHIM, KaK IIPABHIIO, HE HCIIONB3YIOTCS (DHU3HKO-
MAaTCMaTHYCCKHUE aCIICKThI, MOACIN U paCyY€Thl B TOM BHUAC, B KOTOPOM OHHU JOJI’KHBI npeo6na,uaTb Ha
camMoM Jene, o0ecreunBas KBATH()HIMPOBAHHYIO TOANEPKKY IS CHOPTCMEHA. Y paBHEHUS
Ilyankape-UeTtaeBa mO3BOJISIOT 3TO CAEIATS.

Knrouesvie cnosa: OMAMIMICKUE WIPHI, TBEPJAOE TEJNO, MEXaHHYECKas CHCTEeMa, aireOpandyecKue
ypaBHenus I[lyankape—UeraeBa, o0oOmiennas QyHkius Jlarpanxka, quHerHble nuddepeHiuaibHbie
(bopMBI, CTPYKTYpHBIE KOA(pGUIHMEHTHI, HHOUHUTE3UMAIbHBIC JHHEHHbIC ONepaTophl, 0000IIeHHAas
HETOTeHINAIbHAS CHJIA

1. ITocTanoBKa 3aa4u B ciiy4dae caHeil YanJbIruiHa HA MJI0CKOCTH

[Tycts TBepaoe Teno B ¢opMe IUIACTMHKHM ONMUPACTCS HAa HAKIOHHYIO IUIOCKOCTH OCTPBIM
MOJIYKPYTOBBIM JIE3BHEM, KECTKO COETUHEHHBIM C IacTHHKOM. [Ipeanonaraercs, 4To Touka
OTIOPBI JIE3BHSI MOKET CBOOOJIHO JIBUTaThCs MO MIOCKOCTH BJIOJIb KacaTeabHOM K JIE3BHIO, HO
HE MOXKET NepeIBUTAThCS B MEPHEHIUKYISIPHOM HAIIPaBICHUH; TPOSKIUS IEHTPa TSHKECTH
IUIOCKOCTH IIYCTh COBIAJaeT ¢ TOYKOM omopbl S ne3Busa. CocTaBUM YpaBHEHHS JIBUKECHUS
MOCTPOEHHON MEXaHMYEeCKOH CHCTEMBI, HCHONb3ysl 0000mmeHHyo ¢yHKiuo Jlarpanka,
nuHelHble TuddepeHnnanbable GOpMbI, CTPYKTYpHbIE KO3(DPUIIMEHTHI, 3aMKHYTYIO CUCTEMY
MH(OHHUTE3MMAJIbHBIX TMHEHHBIX OMEPAaTOPOB U 0OOOIICHHYIO HEMOTEHIHAIIBHYO cuity [1-7].

PaccmoTtpen ocHOBHOW mpumep — caHu YarbpirMHA Ha HAKJIOHHOW TUTIOCKOCTH [5-6].
Hcnonb3yrorcst 00001menHble ypaBHeHus [lyankape u UetaeBa it HETOJOHOMHBIX CUCTEM B

ciydasix Cpp =const,Q; =0:

*

Eizcgnr &.,_ Xsl—*:
dt on, on

m

r,s=1..1, m=1..k
rie L - 060o6mennas pynkuus Jlarpamxka, 1, - TuHelnble Auddepenimansubie GopMbl, Cfr -

CTPYKTypHbIE KOd(D(UIMEHTBI, X, - 3aMKHyTas CUCTeMa MHQUHUTE3MMAIBHBIX JTHHEHHBIX

orepaTopoB, Q

. - 00001IeHHas HenoTeHanbHas cuina. Haxonutes oOmiee pemienue [1]:
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ino .
—c+ 28 0Lsmq), N, = ® = Const, ¢ = ¢, +ot, C =const,
(V)

gnoc

X= x0+ (sm<|> sing,) + ——— (cos 2¢,, —cos 2¢),

ma gsina

(sin2¢, —sin2¢) + t

Y=Y, +E(cos¢0—cos¢ )+
()]

O6o03HauuM yepe3 X,y KOOPAMHATHI TOYKU S B CUCTEME KOOpIMHAT, KECTKO CBSA3aHHOM C
HAKJIOHHOM IIOCKOCTBIO (OCh X HallpaBJI€HA BJOJb JUHUM HAKJIOHA BHMU3), ¢ - YrOJl MEXIY
OCBI0 X M KacaTelbHOU K JIe3BHIO (CM. puc. 2). B 3Tux koopaunatax ¢pyHkuus Jlarpamka u

HCTOJIOHOMHAasA CBA3b UMCIOT BU/I:

L:g(xz+y2)+|§d>2+mgxsina ,

M, =—Xsing+ycos¢p=0, T.x. O, L N < —XSindp+ ycosp =0 — HerosloHOMHas CBSA3b.
[Tycts Mmacca m =1, o - yros HakioHa K ropu3oHTy. Toraa ¢pynkius Jlarpanka umeer BU/I;

L=%()’(2+y2)+lzd>2+gxsinoc (1)
O ) R SR
ox ay o0
rae
i—X cosd— X, sin ¢;
ox * S 2)
0 .
_:Xl Xz ;
Y sindg+ X, cosd
9 _
op

[TojicTaBiss 3HAYEHHS YACTHBIX MIPOM3BOAHBIX M3 chucTeMsl (2) B (1), momyyum:
X(X,cosp— X, sing) + y(X,sind+ X, cosd) + X, =
= X, (XCos ¢+ ysin ) + X, (—Xsin ¢+ ycos¢) + X;¢.
| | I

U N, LE
Taxum o6pa3zom,
M, = XCOS ¢+ ysin ¢; (3)
M, =—Xsind+ycos¢ (resas uacme necononommoil cessu);

N3 = (I)
Orcroga
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X =m,C05p—,Sin¢; (4)
YZThSin¢+nzCOS¢;
d>=713
Tak xak
% =b,()n,, s=01..k i=0L..,n by =3,

Xsf:bisi, s=0,1...,k, f(x)eC2
OX

[X, X ]f =X X -XX f=coX,f, mr,s=01..k

U3 cucremsl (2) umeem
X, = cos<|)2+sin 4)2;
OX oy

. 0 0
X, =-SiIndp—+Ccosp—;
, ==sing— +cos¢

oy
O6o6mmennas pynakius Jlarpamka:
L*:%(X2+y2)+|§¢>2+mgxsina:{ m=1}=
_ N7 €os” @ — 2n,1, COS @SiN @ +n3 sin” @ +n? sin® @+ 2n,m, COS@Sin @ +n; Cos” @ N

2
+ln§ +gxsina :i(nf +n§)+ln§ +gxsina,
2 2 2

Bremumem cko6ku Jlu:

0 . B o . _
— =X, c0s¢— X, sin¢; Xl—COSd)&-FSInd)&,
9. X, sind+ X, cos¢; = X, :—sin¢£+cos¢i;
oy X oy
2y X -0

o o0

OkoHUaTeIBHO
[ X, X,]=0;

[X,, X3]:—sin¢§+cos¢%= X,
X

o . , 0
[Xs, XZ]_—cosq)&—smq)@_—Xl.
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Takum o6pazom,

[X0 X,]=0; (5)
[ X Xs] =X,;
[X5 X,] ==X,
3aMKHYTas CHCTEMa HHPUHUTE3MMAIbHBIX TMHEHHBIX OMIEPATOPOB
Xsfzhy%?,S:OJW”K f(x)eC?, ©6)

s
ONpCAC/IAOIINX BUPTYAJIbHBIC U HeﬁCTBHTeHBHBIe NepeMCIICHUSA CUCTCMbI

& =, X, f, r=L..k df=nXfdt, s=01..Kk, )

COOTBETCTBEHHO, e o, =a,;(X)0% (i=1..,n, r=1..K)u m, SBIAOTCA mapaMmerpamu
BUPTYAIbHBIX H JCHCTBUTEIILHBIX IIEPEMEIIICHHIA, BBEICHHBIMU [IyaHKape.

Cucrema orepaTopoB SIBIISIETCSA 3aMKHYTOM CHCTEMOM B TOM CMBICJIE, YTO €€ KOMMYTaTOp
(ckoOka Ilyaccona) umeer Buf

[X, X ]f=X X f =X X f=ciX,f, mrs=01..k (8)
CymmupoBanue o M B (8), rae CTpyKTypHbIe KO3(QPHUIUEHTH OMpeaesitoTes popMyiaMu
oa, . ob. ob.
C:E = _ml_% bisbjr :amj bir . _bis . ) i’ J =0,1,...,n ) (9)
0% 0X Xi OX
npudem C, =—C; (m,r,s=0,1,...,K).
B HameMm ciydae
X, = cos<|)2+sin 4)2;
OX oy
X, =-sin ¢£+cos¢i;
OX oy
-
od

CrnenoBaTeiabHO,

[Xl,X2]=0:C112X1+0122X2+0132X3 = C11220122:C132:O;
[Xl,X3]=X2=0113X1+0123X2+Cl33x3 = C1132013320’ C123 =1
[X3,X2]=—X1=C§2X1+C322X2+C§'2X3 = Cézz_l' 0322022:0.

Tax kak c =—ci (m,r,s=0,1,...,k), 1o ¢; =-1, ¢, =1,

3

3 1 2 3 1 2 1 1 2 3
21:C31:C312C23:C23:C112C112011:C22:C22:C22:C33:C33:C33:O'

1 a2
C21 - C21 =C
Bcero 27 xoaddummenTos.

YpaBHEeHUs IBUKEHUSI HETOJIOHOMHON CHCTEMBI
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P.I1. Momkua

*

i@_L =Crr211r a_LJr xs|_*,
dt on; on

rae
L = % (S +m,%) +12n32 + gxsino. — obobmenHas Gynkius Jlarpamka.

[TepBoe ypaBHeHue npu S =1 (Bcero 9 ciaraemsix ¢ Ci, ):

ia_l_*—' —Cl —*+C1 a_E+C1 a_E+C2 a_L*_|_C2 a_E+

dt on, N =C¢aMy on, 2112 on, 31713 on, 1111 on, 2112 on,

+C2M, ——+CM, a, com, a, cons —+ X,L' =-n;n, + gcososina,
on, ong o8 oy

rae ¢5 =—1, ocTanbHble KO3QQUIMEHTHI Clt paBHbI 0.
Takum oOpazom,

M, =-MNsN, + g Ccossina .

Bropoe ypaBaenue npu S =2 (Bcero 9 cnaraembix ¢ Cy, ):

da _. =c a—L*+cl 8_I_*+Cl 8—L*+c2 P +c2 o +
dt on, My, =GNy on, 2212 on, 32T3 on, 12Tp on, 2212 on,
oL oL oL L . ) )
+C§2n3 —_— +Cf’2n1 —+ ngnz —+ 0332113 —+ X,L =-myn, —gsingsina,
on, on, o, N,

e C;, =—1, ocTanbHble KO3(pPUIUENTEI C|y paBHbI 0.
Takum oOpazom,

M, =My, —gsingsina.

Tpetbe ypaBHenwue npu S =3 (Bcero 9 ciaraemsix ¢ Cp, ):

* * * * *

ia_l_*—| —ct £+C1 %4_(:1 %4_(:2 i_kcz i.}.
dt on, Nz = C3MNy on, 23112 on, 33M3 on, 13T on, 2312 o,

* * * *

, oL s OL s OL 3 L .
+CyMs —— +Cay —— +CoMy —— +CyMNs —— + XL =mpyn +nyn, =2npn,,
on, on; ong on;

e C, =1, ¢ =1, ocTanbHble K03 dUIMEnRTH CT paBHbI 0.
Takum oOpazom,

I, =2nn,.
B utore, umeem cucremy u3 3-x ypasuenuit (1), (11)u (11):
M, =-MN3N, + g cosodsina;
1, =—ngn, —gsingsino;
In, =2nm,.
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VYpasuenus [lyankape u anemeHTs Teopuu rpynin JIu B 3aa4ax o ABMKCHUU caHel Yaribiruaa

Ho n, =0, cm. HeronoHoMHy1o cBs3b; M, = 0.
Takum obpazom, M, =gcos¢sina, n, =0, n; =0, X=n,C08¢, y=n,SiN¢ u ux obuiee
penieHue ectb [2]:

sina .
n1:C+g o sin o, nzzoozconst, (p=(p0+0)t, C =const,
X=X +E(sin(p—sincp )+m(0032cp —C0S 20),

0 o 0 40)2 0

3 C gsina , . . gsino
Y=Y, +g(c05(p0 _COS(PHF(S”] 2ch —sin 2¢)+Tt'

ITpumep.

B kauectBe mpumepa paccMmarpuBaeTCs HETOJIOHOMHas cucrteMa (puc. 1), Moaenupyromnias
KaueHHe TUIOCKOTO TBEPAOro Teja — caHed YarubirMHa HAa HAKJIOHHOW MIIOCKOCTH (pHC. 2),
cdepe (puc. 3), amuncousie BpamieHus (puc. 4) 1 KOMOMHMPOBAHHON BOTHYTO-BBIIYKJION
HETJIaJIKOW IMOBEpXHOCTH (pHC. 7).

[TocranoBka 3amaun. Kak mpumep ucrnonbp3oBaHuss HOBOH (hopMbl ypaBHeHuid [lyaHkape
paccMaTpuBaeTcs IBMKCHHE — KaueHHe caHel YaruibirHa 1Mo HaKJIOHHOM IJIOCKOCTH (pHC.
2), chepe (puc. 3) u amnuncouny BpameHus (puc. 4). CinoxxHoe ABMKeHUE caHell Yarblruia
C HEYICPKUBAIOIIUMH CBsA3IMHU (KaK pe3ysibTaT CYyMEpPIO3HIMU TEPBBIX TPEX Cly4yaes)
IIPEACTABICHO Ha puc. 7. g BbIBOJA YpPAaBHEHWM JBW)KCHHMS IPU JIBHJKCHHHM CaHEW
YannplriHa Ha HAKJIOHHOM IUIOCKOCTH 3amuchiBaloTcs ypaBHeHus [lyankape. B pabote nns
IBUKeHHS caHed YarubirnHa Ha cdepe U Ha DILTUIICOUE BpanieHus (puc. 8) 3amuchIBAIOTCS
ypaBHEHUS AT, ONPEACNICTCs YHEPTUS YCKOPSHHIA.

BeiBon. Hannume B ypaBHEHHSX ABM)KCHHS OTHOCHTENBHO X,Y OyHKumid Sing u COS¢

O6’L$[CH$ICT, YTO ABHIXCHHEC — KaUCHHC 0e3 IMPOCKAJIb3bIBAHUS, CKOJIBXKCHUC I10 IINIOCKOCTH
MMpoOuCXoauT HE I10 HpHMOI\/JI, a Mo CHHYCOUWOAJIbHOMY 3aKOHY: BHH3-BJICBO-BIIpaBO, 4YTO
06y0J’IaBJ’II/IBaCTCH IMPOU3BOJIBHOCTBIO BLI60pa KOHTYpa IIJIOCKOT'O TBEPAOI'O TECJIa.

) E(cozp,sinw, bl
_,"]“;’h_ i V. ( G
h
= Al a7
Puc. 1. Herononomnas cucrema Puc. 2. Cann Yamplrnaa Ha HaKJIOHHOM

IJIOCKOCTH. YpaBHeHus [lyankape
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P.I1. Momkua

Puc. 3. Cann Yameirnna Ha cdepe.
VYpaBHenus Anmnens. DHEprus yCKOPEeHUM

Cutyauuma Nel. OTpbiB

2,'0 Cs Orpuis

n(-sinp,cos @,h)

Cy Orpris

> mbc} = min,m —macca Touek Tena
i

Heynepxwupatomue cBsizu. Heo6xoanmo npaBHiibHO
MOCYNTATh SHEPTHUIO yCKopeHHi. TpuBHanbHbIil (akT.

Puc. 7. Caan YaruisirnHa Ha HAKJIOHHOM

Puc. 4. Caun Yannplruga Ha DIJUIAIICOUIE
BpalleHus. Y paBHEHUs AMIesns. DHeprus
YCKOpEHUI

Cutyauna Ne1. OtpbiB

CutyaumnaNe2. KayeHue

Puc. 6. Pemenue /i peajibHOTO yTH

Puc. 8. IlocraHoBka 3aaun B ciryyae caHen
BOTHYTO-BBIITYKJION HETJIAIKON OBEPXHOCTH  YaribiriHa Ha cepe U SIUTUTICOH/IE BPAICHUS



VYpasuenus [lyankape u anemeHTs Teopuu rpynin JIu B 3aa4ax o ABMKCHUU caHel Yaribiruaa

Bo BTOpOi1 yacTu paboThl pacCMOTPEH IpUMEpP — IBUKEHUE caHel YariplrnHa Ha HAaKJIOHHOU
BOTHYTO-HEBBIITYKJIOW HEINIaAKOM MOBEpXHOCTH. Mcmonb3yrorcs ypaBHeHus Amnmnens Ha
cdepe ¥ ATUICONIE BpalleHUs. BRIUCHIBAaeTCA YHEPTUs YCKOPEHUH.

2. [TocTanoBKka 3a1auM B cjiydyae caHeii Yanipirnna Ha cgepe

PaccMOoTpUM TBEpO€ TeNlO, MOJYUHEHHOE CIIEAYIONIMM CBS3SAM: TOYKA Tejla OCTAaeTCs Ha
noBepxHoctd (11); Beixomsamuii u3 Toukd O (PUKCUPOBAHHBIN B Teje Jy4 COBMEIIACTCS C
HOpPMaJIblo €; ckopocTh Touku O coxpansier B Tene Hampasienue (puc. 8). Takoe Tesno
Ha3oBeM caHsMu Yaruieiruna [5, 6].

Benencreue atux cpsseit 6asuc O, , HEM3MEHHO CBsI3aH C TEJIOM M ONPE/CICHHBIA BbllIe

e
BEKTOP ®ecTh abcoitoTHas yrioBas ckopocTh caHeil. [lycte M — macca caneii, ® — TeH30p
uHepuuu caneil B Touke O, a BEKTOp

C=Ce +C,e, +Ce

npoBezieH u3 Toukn O B IEHTp Macc Tena. YpaBHEHHS JIBMIKCHHUS Tella 3amuiieM B (gopme
ypaBHEeHHIA Anmens. 3a MceBAOCKOPOCTH BBIOEPEM MEPEMEHHBIE L U ©.

DJIeMeHThI TeOpHH NOBePXHOCTel

HonaraeM, 4UTO KOOpAMHATHAas CCTh Ha ITIOBEPXHOCTHU

r=r(c,,,) (11)

COCTaBIJICHA W3 JUHUM KpUBHU3HbI, UMCHOIIIUX B Ka)K,Z[Oﬁ TOYKEC HAIIPpABJICHUS, YKA3bIBACMBIC
CAWHUYHBIMH BCKTOPpaMU

040 ,) = 92(2) = T (50)=5, (12)

1.0 o
h oq, , 0d,
3necs h (0,,0,),h,(0,,0,) - napamerpst Jlame:

or :
hi(qpqz):a ' =12

BekTop €= [31 X 92] HopMasieH K noBepxHoctH (11) B Touke (0,,0,) -
O6o3navas wepe3 K (0,,0,), (i=12) rnaBuble kpuBu3HBI MoBepxHocTH (11), MMeeM Mo

teopeme Ponpura
oe oe
—=-hkps, —=-hk,s,.
aql hl 171 aqz 273272

KunemaTnuyeckne COOTHOIIEHUS

Ha HpI/IHa,Z[He)KaH_ICﬁ HOBCpXHOCTI/I TpaCKTOpI/Iﬂ
0, =6 (t) ) g, =40, (t)
oIpeziesieHa CKOPOCTh TOUKH

., or . or . )
V:r:a_qlch"'a_qzqz:hlq131+h2%32-
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P.I1. Momkuxa

BBenem yka3bIBarolMil HAIIPABJICHUE CKOPOCTU €AMHUYHBINA BEKTOP
e =23,C0SG+9,Sind.
Torpa v =ve, u, cinegoBarensHoO,
qlzlcos¢, qzzlsinq).
h, h,
Beeznewm erie BekTop
e, =—9,SIN$p+2,C0SP.
ITpon3sBoHas €IUHUYHOIO BEKTOpA €, paBHA
{¢+(ism¢ o cosd)J } e, + (K, cos® ¢ +k,sin* ¢ ) ve
g, . hh,
a MPOU3BOJIHAS €AMHUYHOTO BEKTOPAa HOPMAJIM paBHA
=—(k cos” g+k,sin’ o) ve, + (k, —k, ) vsinpcos e,
BekTop
0 =0e +0,e, +ne,
OTPENIETTUM TaK, YTOOBI
& =[wxe], é=[wxe]
Toraa BEKTOp ® MMEET KOMIIOHEHTHI:

=(k,—k,)vsingcosp, ,=—(k cos’¢+k,sin’¢)v

o=+ [8 sing— o cos<|>}
00, 0, hh,
JHeprusi yCKopeHuii
SHCpFI/IIO y'CKopeHI/Iﬁ ,Z[aHHofI CHUCTEMBI BBIYUCINUM I1O (I)OpMYJ'IeZ

S =%\72 +%(8-®8)+(8-[mx®m])+M (V-[oxV])+

+M (\'/-[8><C])+M ([coxv]-[sxc])+M (\'/-[(nx[(nxc]]).

3n1ece € - YIJIIOBOE YCKOpPEHHE caHel, ® — TeH30p MHEpPLUM Tejla B TOYKE NPUKPEIIICHUS
JIE3BHUSA:

A B B
®=|B A B,
B B, A
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VYpasuenus [lyankape u anemeHTs Teopuu rpynin JIu B 3aa4ax o ABMKCHUU caHel Yaribiruaa

B o6miem ciydae 3Heprust yCKOpeHUN UMEET OueHb TpoMO3IKuid BuI. [103TOMY B SIBHOM BHIE
3alMIIeM €€ TOJbKO Il 4YacTHbhIX ciydaeB. lIpu 3TOoM cumTaem, 4TO IBHMKEHHE CaHEH
MPOUCXOAUT 110 UHEPIIUH.

JHeprusi yCKOpeHUid M ypaBHeHNs ABHKEHUS B ciydae caHell Yamuibirmua Ha cepe
OHeprus yCKOpeHUuH:

S==|M+ A2 _pMey, —iJrMc2 v+ Do +
2 R R 2

(—+|\/|Cj —(—+MC jcozv+£203\/\'/—32v2(5).
R R

YpaBHEHUS IBUKEHHUS:

M+—2— o Mely +Mc - 5+Mcl c02+£2(ov:0,
R R R R
(—+ Mc j\'z+(%+ Mcljoav—%v2 =0.

YpaBHEHHMS IBHKEHHUS JIOITYCKAIOT HHTETPal SHEPTUH:
H==|M+ A; Zm 2 - &-FMCz vco+éc02=h
2 R R R 2

BriepBeie MHTErpUpyeMOCTh JaHHOM 3afaun Oblia ycraHoieHa B pabote JI.LH. Opeuikunoii
[6], a monpaBka BHeceHa A.C. KynemoBeim [5].

CraumoHapHoe IBHKeHHE

B cucreme cymecTByeT cTalluOHapHOE ABUKEHUE:!
B B,
v=const, m=const, —v=| —+Mc, |
R R

Du3ndecKuii CMBICI JAaHHOT'O YCJIOBH: MPOCKIHA HAa HAIPABJICHHUEC JIC3BUS KHHCTHYCCKOI'O
MOMCHTaA T¢€JIa, B3ATOI'0 OTHOCUTCIIBHO LICHTPA C(l)epbl, JOJDKHa 06pau1aTLc;1 B HOJIb.

BriBOA

Hanmuuue B ypaBHEHHSX IBWKCHHS OTHOCHUTEIBHO X,Y QYHKIMUA SING U COS$ OOBSCHSAET,

YTO JIBIJKEHHE — KaueHue 0e3 MPOCKaIb3bIBAHMS, CKOJIbKEHUE M0 chepe MPOUCXOIUT HEe TIO
npsIMOM, a MO0 CHHYCOMJAIBHOMY 3aKOHY: BHHU3-BII€BO-BIIPABO, YTO OOYCIABIMBAETCS
IIPOU3BOJIBLHOCTBHIO BHIOOPA KOHTYpA INIOCKOTO TBEPJOTO Tea.

3. IlocTaHoBKa 3a7a4M B c1ydae caHell Yan/bIrnHa Ha YJITUIICOU/e BPallleHUsl

B Ttperbeii uwactm paboThl OBIJIO MPOBEACHO HCCIENOBaHME (374€Ch HE IIOKa3aHo)
YCIIOKHEHHOTO JABWKEHUS — Ka4eHMs IUIOCKOIO TBEPAOrO Teja MO AIJUIAIICOMIY BpalICHUS.
Hcnone3ytoTcss ypaBHEeHUsI Amnensi, cuuTaeTcs sHeprust yckopeHuil. I[locranoBka 3amaun u
KMHEMAaTU4YeCKHE COOTHOLIEHHUS B cllydae caHell YarulblrnHa Ha 3JUIMIICOUE BPALleHUs TAKUeE
Ke Kak U B ciydae caHeil YarmumbirmHa Ha cdepe, HO IPHU pacuyeTe SHEPruu yYCKOPEHHWH U
BBIBOJIa YpPaBHEHWH JBWKCHUS YYHUTBHIBAIOTCS KPHBU3HBI TOBEpXHOCTH Ki u Ky,
COOTBETCTBEHHO CIUTIOIIEHHOTO U BBITSHYTOT'O 3JIJIUIICOMI0B BPAILIEHU.
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BriBOA

Hanmuuue B ypaBHEHHSX IBWKEHHS OTHOCHUTEIBHO X,Y (QYHKIHU SING U COS$ OOBSCHSET,

4TO JBWKCHUE — KauyeHHE 0e3 MPOCKAIb3bIBAHUS, CKOJBKEHHUE IO IUIMICOUIY BPAIICHUIO
IPOUCXOMUT HE IO NPSAMOH, a MO CHHYCOMJAILHOMY 3aKOHY: BHH3-BJICBO-BIIPABO, YTO
00yCIaBIMBaeTCs IPOU3BOJIBHOCTBIO BEIOOPA KOHTYpA IJIOCKOTO TBEPJIOTO Tella.

4. O0uwmii BHIBOJ U TeopeMa

Teopema. B obuiem ciydae, ABM)KEHHE — KaueHUE O€3 MPOCKaJIb3bIBAaHUS, CKOJBKEHHUE IO
TUIOCKOCTH, Cepe U IUTHIICOUTY BPAIICHUIO, a 3HAYUT, W TI0 HAKIIOHHOW BOTHYTO-BBITTYKJION
HErNaJKOM TOBEPXHOCTH (pUC. 7) MHPOUCXOAUT HE MO MPSAMOH, a IO HEKOTOPOMY
CHUHYCOM/IAJIbHOMY 3aKOHY: BHH3-BJIEBO-BIIPAaBO, YTO OOYCJIaBIMBAETCS IPOU3BOJIBHOCTHIO
BbIOOpA KOHTYpa IJIOCKOTO TBEPAOIO Tea.
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Poincare equations and elements of Li group theory
in problems of Chaplygin sleigh motion

R.P. Moshkin

M. V. Lomonosov Moscow State University
119991, Russian Federation, Moscow, Leninskie Gory, d. 1 (Main Building)

At preparation for sporting events and Olympic Winter Games with a computer and special simulator
motion sensors attached to the athlete body, we can calculate the most vulnerable zones (hockey) and
most tired zoned in the athlete muscles bearing the basic load (skiing). The apparatus is usually made
individually by the cast athlete body (toboggan, ice skates) and purged in a special wind tunnel. For
example, impact force and stick curve is considered at hockey stick manufacture by impact in three
key areas: base and place for hands at the stick. In general, the air resistance and wind direction are
taken into account in such calculations, as well as technical specifications empirically obtained when
passing the sport track. So, due to specific toboggan construction, the athlete performs uplift and
simultaneous rotation of the head and uplift of the leg on the track at speed over 130 km/h.

But, as a rule, sport does not use physical and mathematical aspects and calculations in the form, in
which they should prevail in reality. Poincare and Chetayev equations allow doing this.

Key words: Olympic Games, rigid body, mechanical system, Poincare and Chetaev algebraic
equations, generalized Lagrange function, linear differential forms, structural coefficient, infinitesimal
linear operators, generalized nonpotential force

1. Problem statement in the case of Chaplygin sleigh on a plane

Let a rigid body in form of plate leans on an inclined plane by the sharp half-round blade,
which is rigidly attached to the plate. We assume that the blade support point can freely move
along the plane tangent to the blade, but it cannot move in perpendicular direction; let the
projection of the center of gravity coincide with the plane though the support point S of the
blade. Let us find the equations of motion of the created mechanical system using generalized
Lagrange function, linear differential forms, structural coefficients, closed system of
infinitesimal linear operators and generalized nonpotential force [1-7].

Let us consider a basic example - Chaplygin sleigh on an inclined plane [5, 6]. We use
generalized Poincare-Chetayev equations for non-holonomic systems in cases

cr =const,Q; =0:

*

Eizcgnr é_,_ XsL*'
dt on, on

r,s=1..,1, m=1..k

where L - generalized Lagrange function, m,- linear differential forms, ¢! - structural

coefficients, X, - closed system of infinitesimal linear operators, Q. - generalized non-
potential force. We find a general solution [1]:

n1:C+gsmasin¢, n,=w=const, ¢=¢,+owt, C=const,
C, . . gsina
X=X, +—(sindp—sin¢d,) + >— (C0s 2¢, —cos 2¢),
® 4o
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gsina
A’

Let x,y stand for coordinates of the point S in the coordinate system rigidly attached to the

inclined plane (axis x is directed down along the line of inclination)), ¢ - the angle between

the axis x and tangent to the blade (see. Fig. 2). In these coordinates, the Lagrange function
and non-holonomic constraint have the following form:

in
gsi o

(sin2¢, —sin 2¢) +

Y=Y, +9(c03c|>0 —Cos¢ )+
()]

m l . .
L=—(X*+y?)+=4*+mgxsina,
5 (X +9) 5§ +mg
n, =—Xsing+ycos¢=0, because v, LN<-Xsing+ycos¢=0 — non-holonomic
constraint.

Let the massm =1, a - the angle of inclination to the horizontal. Then, the Lagrange function
has the following form:

L=%(X2+y2)+12¢2+gxsinoc (1)
e oy, 0 .0 .0
X Y,0)=X—+y—+0o—,
0%y 0) =X— py ¢a¢
where
0 .
&:chosd)—xzsmq); (2)
ﬁzx sinp+ X, cos¢;
ay 1 2 !
2 _x.
o

Substituting the values of partial derivatives from the system (2) into equation (1):
X(X,cosp— X, sing) + y(X,sind+ X, cosd) + X, =
= X, (XCos ¢+ ysin ) + X, (—Xsin ¢+ ycos ¢) + X;¢.
| | |

U N M
In this way,
1, = XCOS ¢+ ySin ¢; 3)
M, =—Xsing+ycos¢ (left part of non-holonomic); constraint
LE :(i)
Wherefrom
X =m,C0Sp—n,Sin¢; (4)
y=n;sin¢+mn,cos¢;
(i): LE
As
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% =b,()n,, s=01..k i=01..n by =3,

Xsf:bisi, s=0,1...,k, f(x)eC2
OX

S

[X, X ]f =X X0 -XXf=coX,f, mr,s=01..k
From system (2) we obtain
Xlzcos¢g+sin¢g;
OX oy

0.

X, =-sin ¢£+cos¢
OX oy

The generalized Lagrange function:

L =%(>‘<2 + y2)+|5<'p2 +mgxsina={ m=1 }=
_ n?cos’ @—2n,m, oS @Sin @ +mn; sin® @ +m? sin’ @+ 2nm, COS@Sin @ +nj cos’ ¢ .
2

I N O P A I .
+§n3+gxsmoc_5(nl+n2)+§n3+gxsma

Let us find the Lie bracket:

0 : O ing 0.
— = - . X, =C0S¢p—+Sindp—;
> X, cosd— X, sin¢; 1 ¢8X (I)ay
0 . .0 0
szlsln(l)JerCOS(I); = X2:—Sln(|)&+COS(|)—;
2y, X -2
o0 o0
Finally,
[Xl,X2]=0;
[Xl,xs]:—sin¢£+cos¢izxz;
OX oy
o . ,0
X5 X, [=—Cc0s¢p——sinp— =—X,.
[ 3 2] q)ax (I)ay 1
In this way,
[X,, X,]=0; ®)
[Xl,XS]zxz;
[X5, X,]=-X,
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The closed system of infinitesimal linear operators:

A -0k f(x)eC? (6)

S

X f=b,

determining the virtual and real system displacements
of =o X, f, r=1..,k df=nXfdt, s=01..Kk, @)
respectively, where o, =a,;(x)ox, (i=1..,n, r=1..K)u n, are parameters of the virtual

and real displacements introduced by Poincare.
The system of operators is the closed system in the sense that its commutator (Poisson
bracket) has the following form:

[X, X, ]f=XXf-XXf=ciX,f, mrs=01..k (8)
Summation by m in (8), where the structural coefficients are defined by the formulas
oa. : ob. ob.
chn=— _ By bb, =a b —--b—-1 ij=01..n, 9)
ox o . " ox OX,

besides c;, =-c; (m,r,s=0,1,...,k).
In our case

X, = cos¢g+sin <|>3;
OX oy

. 0 0
X, =-SiIndp—+CcoSp—;
; =—sing— +cosg

oy

Consequently,
[Xl’ Xz] :0:c112Xl+c122X2 +0132X3 = C112 :C122 :C132 =0;

[X11X3]:X220113X1+C123X2+033X3 = Cllschszoi C123:1;

1 2 3 1 2 3
[X3,X2]=—Xl=C32Xl+C32X2+032X3 = 0322—1, C322032:O

As ¢, =—c; (m,r,s=0,1,..,k), then

rs
¢t =-1 c, =1,
1 2 3 1 3 2 3 1 2 3 1 2 1 2 3
Cy1 =Cy =Cy =C5 =C5 =Cp3 =C3 =C; =C; =Cp; =G, =Cy, =Gy =C33 =C33 =Cy3 =0.

There are 27 coefficients.
The equations of motion of non-holonomic systems

*

i@_L =Crr2ﬂr 8_L+ xs|_*,
dt on, on

m

where
L = % (S +m,) +12n32 +gxsina - generalized Lagrange function.
The first equation ats =1 (only 9 summands with c, ):
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ia_l_*—' —Cl a_E+Cl 8_E+C1 a_E+CZ a_L*+C2 a_E+
dt on, N =My on, 2112 T 31113 on, 1171 on, 211 o,

0
+C2M, ——+CM, a, com, a, coMs a, X,L' =-nmgn, + g cosdsina,

* *

on, ong oM oM
where cZ = -1, the remaining coefficients ¢! are equal to 0.
In this way,
M, =—N3N, + g cososina (n
The second equation at s=2 (only 9 summands with c; ):
ia_l_*—' —Cl a_L*+C1 a_L*_|_Cl a_L*+C2 a_L*+C2 a_L*+
dt o, N, = 6Ny on, 227> on, 32113 on, 1271 on, 221> on,
; oL oL oL . o
+C§2n3 P 0132111 -t ngnz ——t 0332113 —+X,L =—nm;n, —gsinésina,
on, oy o o
where c;, =-1, the remaining coefficientsc are equal to 0.
In this way,
M, =-NyN, —gsindsina ()

The third equation at s =3 (only 9 summands with c, ):

E_GL* =1n —Clln a—I:+C1 n a—lj+cln a—L*+Cfn _6L* +C2n _é’L* +
dt ans 3 3'11 anl 2312 anl 3313 anl 3'11 anz 2312 a ,
; oL oL oL .
+CigMs =+ CiyMy = + CoaM, —— +CagNy — + XL =, +npm, = 2nym,,
on, on, on, oN;

where c;, =1, ¢/ =1, the remaining coefficients c; are equal to 0.

In this way,
In, =2nm, ()
As a result we have a system of 3 equations (1), (11) u (IIT):
fl, = -MyM, + g CosPsina; (10)
N, =-NN, —gsinésina,
I, =20y,

But n, =0, see non-holonomic constraint; n, =0.
In this way, 7, =gcosé¢sina, n,=0, n,=0, Xx=n,cos¢, y=n,sin¢ and their general
solution is [2]:

gsmasincp, N, =o=const, ¢ =@, +ont, C=const,

n,=C+ ®

C . , sina
x:xo+6(sm<p—sm(p0)+{17(c052(po—cosZ(p),
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gsina

y:y0+9(cos%—c03(p)+ o (sincho—sinz(p)er
() ()]

20

t

Example.

As an example, we consider the non-holonomic system (Fig. 1). Rolling of a planar rigid body -
Chaplygin sleigh on an inclined plane (Fig. 2), on a sphere (Fig. 3), on an ellipsoid of rotation
(Fig. 4) and on a combined concave and convex non-smooth surface (Fig. 7).

Problem statement. A new form of Poincare equations is applied as an example for
consideration of motion - rolling of the Chaplygin sleigh on an inclined plane (Fig. 2), on a
sphere (Fig. 3) and on an ellipsoid of rotation (Fig. 4). The complicated motion of Chaplygin
sleigh with unilateral constraints as a result of the superposition of the first three cases shown
in Fig. 7. The Poincare equations are used to derive the equations of motion when the
Chaplygin sleigh moves on an inclined plane. The Appell equations are applied when the
Chaplygin sleigh moves on a sphere and ellipsoid of rotation (Fig. 8) and at the same time,
acceleration energy shall be calculated.

Conclusion. Availability of sin¢ and cos¢ functions in the equations of motion with respect

to the x,y coordinates explains that the motion - rolling without slipping, sliding on a plane

occurs not along the straight line but in a sinusoidal manner: down-left-right, which is caused
by arbitrary choice of the planar rigid body contour.

Fig. 2. Chaplygin sleigh on an inclined
plane. Poincare equation

Fig. 3. Chaplygin sleigh on a sphere. Fig. 4. Chaplygin sleigh on an ellipsoid
Appell equation. Accelerations energy of  rotation. Appell equation.
Accelerations energy.
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Situation No.1. Separation Situation No. 1. Separation

A 2 Y ¢, Separation

(-sinp,cos @,h) .
c, Separation

AAAAL NN NN M NANNANANNNY

Fig. 7. Chaplygin sleigh on an inclined Fig. 8. Problem Statement in the case of
concave and convex non-smooth Chaplygin sleigh on a sphere and
surface ellipsoid of rotation

In the second part, we will consider the following example: the Chaplygin sleigh on an
inclined concave and non-convex non-smooth surface. Here we use Appell equations on a
sphere and ellipsoid of rotation. Acceleration energy shall be calculated.

2. Problem statement in the case of Chaplygin sleigh on a sphere

Let’s consider a rigid body subordinated to the following constraints: the body point remains
on the surface (11); the beam fixed in the body emerging from the pointO is aligned with the
normal e ; velocity of the point O saves direction in the body (Fig. 8). Such body we call the
Chaplygin sleigh.

Due to such constraint, the basis O, is invariably attached to the body and the defined
above vector o is the absolute angular velocity of the sleigh. Let M - the sleigh mass, ® - the
inertia tensor of the sleigh at the point O, and the vector

C=Cg +C,e, +Ce
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is traced from the pointO to the center of body mass. The equations of motion of the body,
we write in the form of Appell equations. We choose the variables v and ® due to their
pseudo velocity.

Elements of the theory of surfaces

We believe that the coordinate net on a surface
r= r(Ql’ qz) (11)

is composed of lines of curvature having directions at each point, which are indicated by the
unit vectors

1 or 1 or
’ =T ’ ) =" ’ i :8i' 12
2,(41,95) h oq, 2,(41,95) h, oa, (o 31) i (12)
Hereh (0,,0,),h,(0;,0,) - Lamé parameters:
or .
hi(ql’qz):a_ . 1=12

The vector e :[91 ><32] is normal to the surface (11) at the point (q,,q,) .

Denote k. (g,,0,), (i=1,2) for the principal curvatures of the surface (11), and by Rodrigues

formula, we have the following
oe oe
—=-hkp, —=-hk,s,.
20, hk;o, o, HK29;

Kinematic relations
At the path belonging to the surface

0 =0 (t), d,=0,(t)
is defined a velocity of the point

v=r =%ql+aa—(:2q2 =hq,3 +,4,9,.

We trace the unit vector indicating the direction of velocity

€, =9,C0S0+9,Sin¢.
Then v =ve, and, consequently,

A% . vV .
=—C0SQ, =—sing.
G h ¢, G, h, ¢

We trace one more vector
e, =—3,SiNd+9,C0S¢.

The derivative of the unit vectore, is equal to
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{dﬁ(%ﬂn(b oh, COS(I)] hlhj 2ju(klcoszcl)+k2 sin2¢)ve

1 2
and the derivative of the normal unit vector is equal to
—(k, cos? ¢+, sin’ o) ve, +(k, —k, ) vsin ¢ cos e,
Vector
O =0 +m,e, +0e,
we define so that
¢ =[wxe], é=[oxe]
Then the vector o has components:

=(k,—k,)vsingcosp, ,=—(k cos’ p+k,sin’)v,

o=+ (qusmd) ;Hcosd)]hh

2

Acceleration energy
Acceleration energy of this system, we calculate by the formula:
M 1
S=—V+=(e-0¢)+(e-[oxOw])+M (V-[oxVv])+
2+ (2-08) +(o-[x@0]) + M (1-0xV)

+M (\'/~[8><C])+M ([wxv]-[sxc])+M (\'/{wx[meH).

Here ¢ - the angular acceleration of the sleigh, ® - the inertia tensor of the body at the point

of blade attachment:
A B B

®=|B A, B,
B B, A

In general case, the acceleration energy has very cumbersome appearance. Therefore, in the
visible form, we write it only for special cases. However, we assume that the motion of the

sleigh is inertial.

Accelerations energy and equations of motion in the case of Chaplygin sleigh on a sphere

Accelerations energy:

S= (M Ag ij —(iJrMczj(b\ﬂré(szr
2 R R R 2

+(5+ Mcljmvd)—(i+ Mcljoaz\'/+£2co\/\'/—£2v2cb.
R R R R
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Equations of motion:

(M +i2_2mj\',_(i+ Mczjc'o—(5+ Mcljco2+£2(ov:0,
R R R R R

Ad)—(§+ Mczjv+(i+ Mcljcov—izv2 =0.
R R R
Equations of motion allow the energy integral:

HoL Myl Moy . i+MC2 vo+2e?=h
2 R R 2

Firstly, integrability of this problem has been defined in the paper of L. N. Oreshkina [6], and
amendments were made by A.S. Kuleshov [5].

Stationary motion
The system has a stationary motion:

v =const, o=const, EZV:(E-F Mcljoa.
R R

The physical meaning of this condition: the projection to the blade direction of the angular
momentum of the body positioned with respect to the center of the sphere, shall go to zero.

Conclusion

Availability of sin¢ and cos¢ functions in the equations of motion with respect to the x,y
coordinates explains that the motion - rolling without slipping, sliding on a sphere occurs not
along the straight line but in a sinusoidal manner: down-left-right, which is caused by
arbitrary choice of the planar rigid body contour.

3. Problem statement in the case of Chaplygin sleigh on an ellipsoid of rotation

In the third part of the paper, we consider the complicated motion - rolling of planar rigid body
on an ellipsoid of rotation. Here, we use Appell equations and calculate acceleration energy.
Problem statement and kinematic relations in the case of Chaplygin sleigh on an ellipsoid of
rotation are the same as in the case of Chaplygin sleigh on a sphere, but in calculation of
acceleration energy and derivation of equations of motion are taken into account the surface
curvatures ky and ko, i.e. prolate and oblate ellipsoid of rotation, respectively.

Conclusion

Availability of sin¢ and cos¢ functions in the equations of motion with respect to the x,y

coordinates explains that the motion - rolling without slipping, sliding on an ellipsoid of
rotation occurs not along the straight line but in a sinusoidal manner: down-left-right, which is
caused by arbitrary choice of the planar rigid body contour.

4. General conclusion and theorem

Theorem. In general case, motion - rolling without slipping, sliding on an plane, a sphere and
an ellipsoid of rotation, and, consequently, on an inclined concave and convex non-smooth
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surface (Fig. 7) occurs not along the straight line but in a sinusoidal manner: down-left-right,
which is caused by arbitrary choice of the planar rigid body contour.
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The green supply chain management has been emerging as an important new innovation that is being
used by organizations to develop strategies in order to achieve objectives worldwide. Green supply
chain management (GSCM) is popularly regarded as a management mode that comprehensively
addresses environmental influences and utilization of resource efficiently. Organizations are using the
issues of GSCM as an opportunity to be seized in demonstrating their good practice in terms of the
green agenda. Environment concerns have put organizations under great pressure to take back their
manufactured product/products after its usage, so that the product or its parts may be reused, recycled
or appropriately disposed. Closed-loop supply chain management is an efficient, effective and
economical strategy aimed at sustaining environmental practices in the manufacturing industries.
Logistics network of returned goods from end users back to manufacturers usually involves multiple
and conflicting goals. Technological advances, economic activities and prosperity demand mobility of
goods and people from one part of the globe to another. Increased mobility demands increased
transport, which leads to increased issues of fuel-efficient driving, CO, emissions and challenges of
minimizing carbon footprint. As these emissions have strong impacts on climatic change in our world,
on humans, on food production, on the sea, on everything so ensuring sustainable growth has therefore
become an important and complex challenge for the organizations around the globe.

This paper examines the relationship between the operations of forward and reverse logistics and the
environmental performance measures like CO, emission in the network due to transportation activities
in closed loop supply chain network design with the location selection optimization in order to
integrate the environmental issues into a traditional logistic system.

So, we present an integrated and a generalized closed-loop network design, consisting of four echelons
in forward direction (i.e., suppliers, plants, and distribution centres, first customer zone) and four
echelons in backward direction (i.e., collection centres, dismantlers, disposal centres and second
customer zone) for the logistics planning by formulating a cyclic logistics network problem. The
model presented is bi-objective and captures the trade-offs between various costs inherent in the
network and emission of greenhouse gas CO..

Model is validated through a real life case, based on home appliance manufacturer based in Delhi and
NCR and the result shows that the proposed model is able to support the logistics decisions in a closed
loop supply chain efficiently and accurately.

Key words: green supply chain management, carbon emission, closed loop supply chain
management.

1. Introduction

Our planet is metamorphosing from a land of abundant and affordable source of energy to a
world of polluted, scarce and immoderate or uneconomical energy. It is imperative for its
inhabitant to become aware about the challenges and the repercussions they have to face in
case of impending energy shortage scenario. The scarcity of resources, global warming and
pollution are attention needing issues these days. Stakeholders are becoming interested in
what companies do to greenify their supply chain to have sustainable business. This requires
definite and conscious interventions to be taken in order to keep our system and its processes
under control. Supply chains are becoming complex and business environment is changing
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with enormous speed. Though India is still a developing nation, it is keen on maintaining a
balance with environmental protection; hence it has increased its emphasis on economic
development. This balancing act, very importantly includes India’s manufacturing industry and
supply chains. Every organization in the system may be big or small is engaged in activities
which demand the consumption of energy and resources. There is constant demand of energy
and resources and that too at an affordable price and for which the supply seems deficient. This
requires the attention of logistics and supply chain managers to protect and preserve lead
resources; to balance efforts to reduce costs for the maintenance of good environmental
(ecological) performance.Most of the modern organizations are contemplating the integration of
environmental practices compulsory regulations, voluntary environmental programs into their
strategic plans and daily operations(Pagell , Yang , Krumwiede, and Sheu 2004).

1.1. Green supply chain management

Although an objective of every business is to maximize profit, in order to survive in today’s
economic climate, organizations have to take serious considerations of sustainability issues for
the continuous supply of resources required to produce products and fulfill demands. Imminent
threat of global warming has drawn the attention of researchers towards green supply chain
management (GSCM). Green Chain management is the inclusion of environmental concerns
into our supply chain management right from product design, supplier selection and material
sourcing, manufacturing processes, product packaging, delivery of the product to the
consumers, and end-of-life management of the product after its use (Srivastava 2007 ; Beamen
1999; Zhang et al.1997; Lintona et al. 2007). Detailed planning and execution of our entire
supply chain right from the beginning of a green product design to a closed loop product return
processing, is essential for the success of Green supply chain. The study of GSCM has helped
the firms in creating value in supply chain relationships by increasing the benefits of the product
for the customers, reducing the costs of the product, improving delivery service, or reducing the
time of delivery (Christopher, 2005;Ulaga, and Eggert, 2006).

1.2. Sustainable management

Sustainable businesses have become the prime topics of discussion among the government,
customers and organization due to awareness about green and sustainable environment. The
contribution of sustainability in supply chain management is enormous, especially when it
minimizes the carbon emission renewable energy, and management of waste to avoid landfills
and incinerations. Looking at the current situations of resource scarcity , exhausted land for
landfills , and the pressures to reduce the carbon footprints globally , sustainability efforts are
no longer optional or unimportant (Srivastava 2007). By injecting sustainability into the core
business, a firm can achieve full efficiency and reduced environmental impact. In fact, green
supply chain management (GSCM) has become a great concern for business organizations,
particularly in logistics in the 21st century (Diabat and Govindan 2011). This is largely due to
the stringent laws and regulations governing the product take back such as the introduction of
Waste Electrical and Electronic Equipment (WEEE) directive (Prahinski, C. and
C. Kocabasoglu 2006). In addition, countries across Asia are a little bit slow in responding to
the sustainability concerns (Johannesburg Summit, 2002).

1.3. Reverse logistics

Social and environmental activists, government legislations and awareness campaigns are forcing
organizations to supply environmentally harmonious products and at the same time also to be
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more responsible for the returned products.We need to adopt the concept of ‘reuse and
remanufacture the used product’ or in other words Gr. SCM, in order to economize the
consumption of resources. Kannan, Sasikumar, and Devika (2010) reducing their carbon
emissions with the help of green supply chain has gained importance among other issues for
the firms and their customers (52). In 1987, the Brundtland Commission defined the term
‘sustainable development’ as the development that “meets the needs of the present without
compromising the ability of future generations to meet their own needs”.

Looking at the definition, given by Zhu and Sarkis, (2006) that environmental impacts take
place at all stages of a product’s life cycle from the raw material extraction to
manufacturing, use and reuse, final recycling, or disposal, namely from cradle to grave, it
appears that the ultimate objective of environment protection can be achieved through
CLSCs (Andig , Yurt, and Baltacioglu 2012).

Hence, the sustainability endeavours are pushing the organizations to seriously consider the
application of the CLSC concept (Beamon 1999 and Seuring 2004). The emerging demand
for sustainable supply chain required an identification of the closed-loop supply chain
model (Solvang, Deng, and Solvang 2007). The sustainability approach seeks to combine
the present industrial development with the requirements of future generations (Wilkinson
et al., 2001).

A GrSC aims at confining the waste within the industrial system in order to conserve energy
and to prevent the dissipation of dangerous materials into the environment (Johnny et al.
2009). Its clear that there is a focus for GrSCM which ranges from reactive monitoring of
general environmental management programs to more proactive practices such as Re’s (e.g
recycling, reclamation , remanufacturing , reverse logistics) of environmental management
and incorporating “innovations”.

1.4. Closed loop supply chain management

The concept of GSCM requires the organizations to extend the ‘forward supply chain’ one
step further up to the collection, dismantling, reworking, material extraction and proper
disposal of products ,which is achieved through processes such as repair, remanufacturing
and recycling, which, combined with all the associated transportation and distribution
operations, are collectively termed as Reverse Chain activities. In reverse logistics there is a
link between the market that releases used products and the market for ‘‘new” products.
When these two markets coincide, it is called Closed Loop Network (Krikke et al. 2004).
Thus the supply chain in which forward and reverse supply chain activities are integrated is
said to be closed-loop, and research on such chains have given rise to the field of closed-
loop supply chains, CLSCs, and this process alternatively is known as closed loop supply
chain management, CLSCM. Closed-Loop Supply Chain Management includes processes
and operations that can not be found in conventional supply chain management. Guide and
Van Wassenhove (2003) further add that the additional activities the reverse supply chain
includes comprise product acquisition, reverse logistics, test, sort, disposition, refurbish as
well as distribution and marketing. CLSC is therefore seen as a strategy towards achieving a
green supply chain (Olugu and Wong 2012).

CLSCs can be defined as the integration of forward and reverse logistics whereby the
returned products are recovered and reinserted back into traditional forward flow,
establishing a continuous supply loop (Wells and Seitz 2005) that aims for economic,
environmental, and social accomplishments (Giovanni 2011). By looking at the definition, it
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appears that the ultimate objective of environmental protection can be achieved through
CLSCs (Andig,Yurt, and Baltacioglu 2012).

A closed-loop logistics management ensures the least waste of the materials by following
the cradle to cradle principle and conservation law along the life cycles of the materials. In reverse
logistics used products, either under warranty or at the end of use or at the end of lease, are taken
back, so that the products or their parts are appropriately disposed, recycled, reused or
remanufactured. In closed-loop supply chain, the original equipment manufacturer (OEM)
collects used products from customers and further processes them to the dismantlers to do the
sorting or the disassembling for recovery, reuse or disposal (Rogers and Lembke 1999) to
make a profit or reduce their environmental impacts. Closed-loop logistics consists of two
parts: forward logistics and reverse logistics. The product recovery is reverse logistics. Roger
and Timber- Lembke (1999) define reverse logistics as, “The process of planning,
implementing, and controlling the efficient, cost-effective flow of raw materials, in-process
inventory, finished goods, and related information from the point of consumption to the point
of origin, for the purpose of recapturing value or proper disposal. Reverse logistics options
consist of reuse, resale, repair, refurbishing, remanufacturing, cannibalization, and recycling
(Krikke, Bloemhof-Ruwaard, Wassenhove 2003). With well-managed reverse logistics, 3R of
reduce, recovery and reuse for environmental protection can be achieved with cost savings in
procurement, disposal and transportation (Fleischmann, Beullens, Bloemhof-Ruwaard, and
Wassenhove 2001). The design of reverse logistics network has been subject to recent
research. Due to the differences in the characteristics of flow between the forward and reverse
channels, the design of reverse logistics network attracted some of the research effort.
Multiple case studies in different fields: automotive industry (Schleiffer, Wollenweber, and
Sebastian 2004; Schultmann, Zumkeller, and Rentz, 2006), electric appliances industry (De
Brito, Flapper, and Dekker 2003; Ciupek, Franke, and Seliger, 2003), paper recycling
(Fleischmann, Beullens, Bloemhof-Ruwaard, and Van Wassenhove 2001; Chan, Chan and
Zhang 2006), carpet recycling (Helm and Harvani 2006) have been conducted to the end
of designing an efficient reverse network capable of dealing efficiently with the reverse flow
to the end of achieving sustainability. Besides, they are explicitly focused on significant sources
of greenhouse gas emission, and one of those sources is transportation. CO, is very prominent in
its hazardous consequences on human health. Transport is the second-largest sector of global CO,
emission. CO, constraints in logistics markets will need to be realized in the near future as it was
enforced by protocols, and a shift in freight transportation could be expected to reduce the CO,
emissions within the reasonable cost and time constraints (Piecyk, Alan and McKinnon 2010).

1.5. Current focus

This paper attempts to design a CLSC based Green Supply Chain Management model that
would minimize the issues involved with economical and environmental impacts
simultaneously, and integrate forward and reverse logistics with the aim of reducing waste.

In this study, we model and analyse a CLSC for its operational and environmental performances,
i.e., a multi echelon forward-reverse logistics network model is described for the purpose of
design with the reflection of the effects on environment of greenhouse gas emission. Objectives of
the model is to maximize the total expected profit earned and minimizing CO, emission due to
transporting material in forward and reverse logistics networks with the use of different type of
vehicles for transport, each of which has its own emission rates and transportation costs. Using the
proposed model and a case illustration result of computational experiments shed light on the
interactions of various performance indicators, primarily measured by cost.
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1.6. Green scenario in developing countries
1.6.1. Green production/SCM and developing countries

The concept of green production carries the promise of a new economic growth paradigm that
is friendly to the earth’s ecosystems and can also contribute to poverty alleviation. Green
initiatives adopted by most of the organizations around the globe are playing pivotal role in
reversing the climatic changes, in reducing the Greenhouse gas emissions, in preserving the
limited natural resources. Organizations around the globe are opting for cradle to cradle
products that are more energy efficient and environmental friendly. By implementing
practices like recycling, kitchen-waste diversion, waste-disposal, retro-fitting energy efficient
lighting, rain-water harvesting, community outreach programs and buying green power, they
are trying to reduce the detrimental effects caused by non-sustainable practices.

A large proportion of the population in developing countries lives on under $1 or $2 per day.
The poor spend a large proportion of their incomes on food, may lack access to basic
infrastructure, and own few productive assets. A third of children under five in developing
countries show evidence of long-term malnutrition and are increasingly susceptible to many
other diseases. In India, majority of organizations have put in place various initiatives for
creating a sustainable environment. This includes not only making employees, suppliers,
business partners and customers environmentally-conscious but also encouraging all
stakeholders to choose approaches that support sustainable environment. Various regulatory
bodies have brought forth innovative practices to have mandatory provisions for protection of
the environment. Number of acts and rules for Water (Prevention and Control of Pollution),
Air (Prevention and Control of Pollution), Wildlife (Protection), Forest (Conservation), and
Environment (Protection), Hazardous Waste (Management & Handling) formulated since
1970 to present day are being implemented.

1.6.2. Green production/SCM and competitive advantage

The overall aim of green production is to minimize the environmental impact of a product’s
manufacture. Sustainable consumption means satisfying a maximum of consumer needs and
wants while minimizing the environmental impacts of products and services. By taking the
idea of ‘doing more with less’, organizations are carefully devising preventive environmental
management approaches to renovate their production processes from design and manufacture
through use and disposal. Careful analysis is done during the production process to help
reduce the environmental impact of individual products over their entire life cycle of design,
production, usage, maintenance and developing standard screening processes for final
disposal of the product. The focus is on building a sustainable value chain through responsible
use of resources by maintaining cordial relationships with suppliers- downstream, upstream
and cross-stream for which we may need some expert opinions and advice. In 2003, IFC
committed a loan of $75 million to Power links Transmission Limited, a joint-venture
company, to construct power transmission lines to carry hydropower from Bhutan to northern
and eastern states in India leading to the creation of about 9,700 direct and indirect jobs over
the 25-year life of the project. In addition, the second-order growth effects of the increased
supply of power and its improved reliability have generated 75,000 jobs from 2006 to 2012,
of which 4600 jobs were created in West Bengal.

Due to lack of experts, particularly in developing countries, training programs have not yet
caught on and also there is feeble willingness to finance cleaner production due to financial
institutions” misconceptions. There is a dire need to encourage shared understanding of
problems — not only production issues but also social, environmental and economic challenges.
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The scenario is particularly true in the case of agriculture, where green technologies tend to
improve the agricultural productivity of rural smallholders. One of the most serious potential
effects of global warming is the lower productivity of agriculture in developing countries. For
the same reason, however, poor rural communities are also among the main beneficiaries of
the green economy. Sustainable agricultural production methods have great mitigation and
adaptation potential, particularly with regard to topsoil organic matter fixation, soil fertility
and water-holding capacity, and increasing yields in areas with medium to low-input
agriculture and in agroforestry.

1.6.3. Green production/SCM and development advantage to developing countries

Green SCM helps in using alternative renewable resources for becoming self-sufficient, in
gaining a competitive edge over the market, in saving money and finally aids us in saving
earth from gravest and greatest crisis that has resulted from insensible use of science and
technology and has endangered species for our future generations. Many organizations have
expanding environmental portfolio which offer relevant answers to the nation’s energy and
sustainability challenges. Apart from allowing customers to enjoy the benefit of lower energy
costs, higher productivity and profitable businesses, the society benefits through improved
environmental care and living standards. Many organizations have been continuously working
towards improving business processes by innovation and feedback for making them more safe
and eco-efficient in the usage of resources and management of facilities. This is an important
measure to promote sustainable development. It includes regulation, pricing policies, taxes
and subsidies to limit pollution and emissions and to control over-exploitation of natural
resources and making prices better reflect environmental values, as well as mainstreaming
environmental criteria in government procurement policies.

‘Attero’ has developed a recycling technology to extract metals and plastics from e-waste,
such as computers and mobile phones. In the process it has created jobs, reduced pollution
and conserved metal resources. The organization also focuses on educating low-skilled
workers who collect and informally recycle most of India’s e-waste. The same scenario can
also be seen taking shape in the case of agriculture, where green technologies tend to improve
the agricultural productivity of rural smallholders. One of the most serious potential effects of
global warming is the lower productivity of agriculture in developing countries. For the same
reason, however, poor rural communities are also among the main beneficiaries of the green
economy. Sustainable agricultural production methods have great mitigation and adaptation
potential, particularly with regard to topsoil organic matter fixation, soil fertility and water-
holding capacity, and increasing yields in areas with medium to low-input agriculture and in
agroforestry. The innovative practices adopted by ‘Jain Irrigation’ have achieved water
savings equal to the annual water consumption of more than 10 million households. Through
this initiative, 16,300 small farmers have raised annual incomes by up to $1000. Tata Group
has also taken initiatives to develop strategy to improve water efficiency in their operations,
across 11 Tata group companies. This will set the paradigm of water conservation in
industries for India.

1.6.4. Green production/SCM: clean and healthy production leads a clean and healthy
life

The term “cleaner production” was formally adopted at the Canterbury seminar. It was
defined as “the continuous application of an integrated preventive environmental strategy to
processes, products, and services to increase overall efficiency, and reduce risks to humans
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and the environment™" Cleaner production plays a critical role with respect to influencing

changes in consumption and production patterns. Experience with cleaner production
programs reveals that a 20% reduction in waste and emissions is achievable with no new
investment. A further 10-20% reduction is possible if minor investments are made, with a
payback period of less than six months®

Meeting consumer needs and desires, while promoting cleaner production and sustainable
consumption, is one of the greatest challenges facing humankind. Addressing poverty and
environmental degradation requires changing how goods are produced, distributed and
consumed. It also requires conservation and more efficient use of resources such as energy,
together with action-oriented thinking. Developing countries around the world need to
implement some effective national programs which would include labeling environmental
friendly products, programs encouraging cleaner production and schemes involving ‘eco
management’ and ‘audit of environment’. Governments of these nations need to introduce
principles for concluding voluntary agreements and should prepare a methodology for
implementing life-cycle assessment (LCA) for enterprises.

Difference between developed and less developed counties

Developed Countries

s Developed Countries

Road transport Higher ownership Significantly less car ownership
Cars dominant Mixture of two-/thre ers

Higher vehicle kilometres travelled per person Lower vehicle kil

avelled per person

Newer fleet, lower emissions Older fleet, high
Road surfaces maintained Poorly maintained v

Low maintenance of local roads
Distribution of sources Industry normally segregated from residential areas Industry in close proximity to residential areas
Emissions Reliable emissions in parts Large uncertainties, greater understanding is needed
Heating/cooking fuel Usually gas, electricity, but others used Coal, wood, oil, biofuels, gas

Reliant on local sources
Pollutants of concern PM, . PM, ; O, NO, Additional pollutants: SO,, VOCs and Pb
Infrastructure for air pollution control Well developed in some regions, stringent Less developed, fragmented, poorly controlled emissions
Economic Loose dependence of economy on polluting industry Strong coupling (e.g. local jobs depend on polluting industry)
Implementation of legislation Robust Can be poor
Urban planning, governance Links becoming stronger Fragmented, patchy

Pollution monitoring Well structured in parts Requires firmer coordination

Source: World Atlas of Atmospheric Pollution - Page 20 - Google Books

We take forward this discussion by first evaluating the previous work done by the researchers in
this field in the following section. We proceed further to define the problem and focus of our
study and propose a model for a single product, with the underlying assumptions and hence
present Real life case studying section 3. Section 4 describes the methodology used for goal
programming. In Section 5, we present the numerical implementation of real life case study in
order to highlight the features of the proposed model. The paper ends with concluding remarks.

2. Literature review

GSCM is becoming increasingly important for Indian manufacturers due to increased
awareness about business and environmental performance and corporate responsibility.
Organizations have started focusing their attention on issues like minimizing the generation of
hazardous waste, recovery of valuable materials from the waste and preventing the
environmental deterioration (Kannan, Sasikumar, Devika 2010). GSCM has been discussed by
the researchers in context of problems in the supply chain, like hazardous waste and sewage
spill, industrial waste, carbon emission or environmental concerns and these issues have
highlighted the importance of a proper design of the distribution and reverse logistics
network. The design of the distribution and reverse logistics network has to fulfill the
different objectives from the economic, social, and environmental perspective (Hamdy, Fors,
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Harraz 2007). Recently, customers have attached greater value to less obvious dimensions,
such as low-risk supply chains (45), better visibility across supply chain (Wagner and Bode
2008), socially responsible supply chains (Boyd, Spekman, Kamauff and Werhane 2007), or
green supply chains (Neto et al. 2008). A major issue in the reverse distribution is integration
of forward and reverse supply chain. Returns information captured should be integrated with
forward supply chain information to achieve optimum planning and reduction of costs. The
whole support network can then be designed in such a way that it can service both the forward
and reverse logistics processes efficiently. This is in line with the concept of a closed-loop
supply chain design. In recent years, there has been increasing interest in closed loop supply
chains. Many authors have addressed the issues on closed loop supply chain for different
cases.

Collection and recycling of product returns has gained increasing importance as a profitable
and sustainable business strategy due to growing green supply chain management concept
practices [ ]. Organizations worldwide have adopted different strategies to implement these
practices. Verstrepen et al. (2007) assumes that a proper supply chain structure has to be
formulated to minimize the system-wide cost (or to maximize profit) by best-planned
movements of goods within the supply chain as the physical structure of a supply chain
clearly will influence its performance, and it is very important to design an efficient supply
chain to facilitate the movements of goods. Saman and Guoging (2012) proposed a network
and a mathematical model to maximize the total cost savings by determining the quantity of
parts to be processed at each remanufacturing facility, and the number of purchased parts
from external supplier. Salema, P’ovoaand Novais (2007) developed a conceptual model for
simultaneous location—allocation of facilities for a cost effective and efficient reverse logistics
network.

A closed-loop structure of a network was proposed in order to integrate the environmental
issues into a traditional logistics system by Kim et al. (2006). The researchers proposed an
integer linear programming model based on decisions for selecting the places of
manufactures, distribution centers, dismantlers and cost with special concerns on operations
of 3R in the green supply chain logistics and the location selection optimization. Fleischmann,
Beullens, and Bloemhof-Ruwaard, and Wassenhove (2001) highlighted the importance of
increased segregation at the source and environmental benefits through increased wastepaper
recovery by putting the focus on the formulation of a mixed integer goal programing model
for proper management of recycling logistics. Researchers also suggested a model for
remanufacturing that determines the location of remanufacturing/distribution facilities, the
transhipment, production, and stocking of the optimal quantities of remanufactured products
and cores (used parts), Francas and Minner (2009). Since few studies have addressed the
problem of determining the number and location of initial collection points in a multiple time
horizon, while determining the desirable holding time for consolidation of returned products
into a large shipment, Ulaga and Eggert (2006) have suggested a mixed-integer, nonlinear
programming model and a genetic algorithm that can solve the reverse logistics problem
involving both spatial and temporal consolidation of returned products. A mathematical
model has been proposed by Pishvaee, Farahani and Dullaert (2010) for design of a RL network
with deterministic parameters in a nine-echelon network for an integrated closed- loop supply
chain in which the returned products need to be consolidated in the warehouse before they are
sent to reprocessing centres for inspection and dismantling; this model assumes that the
dismantled parts are either sent for remanufacturing or to the secondary market as spare parts,
or are recycled or simply disposed of. An RL network consisting of collection centers and two
types of rework facilities set up by original equipment manufacturers (OEMS) or their
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consortia for a few categories of product returns under various strategic, operational and
customer service constraints in the Indian context has been discussed by Pati, Vrat, and Kumar
(2008). A network design of recovery network by formulating a mixed-integer linear program
(MILP) for single-product two-echelon forward and reverse supply chain model has been
proposed by Salema, P’ovoa , and Novais (2009) in which the researchers have highlighted
the importance of forward facility location model appropriate logistics structures for the
arising flows of used and recovered products in context of copier remanufacturing and paper
recycling. Aras, Boyaci, and Verter (2010) developed a MILP for a multi echelon, multi period,
multiproduct closed loop supply chain which integrates strategic network design decisions
with operational decisions related to procurement, production, distribution, and end of life
disposal, and solved it using a genetic algorithm. Jayaraman, Guide J, and Srivastava (1999)
have also experimented with a model for the integration of macro level strategic network design
decisions with micro level tactical decisions including production, storage, and distribution
planning by taking the concept of macro and micro timescales into consideration. A study on
model for remanufacturing that determines the location of remanufacturing/distribution
facilities, the transhipment, production, and stocking of the optimal quantities of
remanufactured products has been taken up by Francas and Minner (2009).

A closed loop of flow of material from customer to the remanufacturer and vice-versa (Mutha
and Pokharel 2009) and the capacity decisions and expected performance of two alternative
manufacturing network configurations when demand and return flows are uncertain have also
been taken for study by researchers. An integrated, reverse logistics supply chain planning
process with modular product design that produces and markets products at different quality
levels to maximize profit by considering the collection of returned products, the recovery of
modules and the proportion of the product mix at different quality levels is required for
overall planning process. Lee, Gen and Rhee (2009) focussed on a single supplier for
minimizing shipment costs of a CLSC and opening costs of disassembly centers and
processing centers and which could determine the optimal numbers of disassembly and
processing centers without including inventory costs such as holding costs (Wang , Hsu 2010).
A general closed loop network based on return - recovery pair and product life cycle to
optimize the closed-loop network and to determine the units of products to be produced,
disassembled, repaired and purchased from external suppliers while maximizing the profit has
also been designed by Meixell and Gargeya (2005). Researchers have paid attention to
environmental issues within CLSCs and offered a comprehensive mathematical model which
minimizes costs associated with distribution, processing and facility set-up Thirie (2000) and
supports both product design and logistics network, simultaneously. The list of environmental
performance metrics of a supply chain including emissions, energy use and recovery, spill and
leak prevention is discussed in study by Srivastava (2007). Factors such as the used-product
return ratio and corresponding subsidies from governmental organizations for reverse logistics
have been discussed to improve the chain-based aggregate net profits by 21.1% (Krikke,
Bloemhof-Ruwaard, and Van Wassenhove (2003)). Issues like Legislation,
environmental consciousness, take-back policy, warranty returns, and economic aspects
involved in reverse logistics have also managed to capture researcher’s attention (Elwany,
Fors, Harraz 2007). But Hervani, Helms, and Sarkis (2005) argue that organizations are focused
on the design of supply chains of production, purchasing, transportation and profit and have
neglected the environmental aspects. Beamon (1999), described the current state of the natural
environment, investigated the environmental factors, presented performance measures for the
GrSC and discussed the procedure to achieve it.
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Through another study, it was observed that greening the various phases of the supply chain
leads to an integrated green supply chain and hence it leads to competitive and economic
performance (Rao and Halt 2005). Sarkis (2003) focused upon the major components and
elements of GrSC management and how they can serve as a decision framework foundation.
He proposed ANP based dynamic non-linear decision model, for GrSC decisions making.
Meixell and Gargeya (2005) proposed decision support models to assess and fit well between
the research literature and related practical issues of the area. To deal with the integrated
logistics operational issues of GrSCM, an optimization based model was proposed. A multi-
objective linear programming model is used to optimize the integrated logistics and used
product reverse logistics systematically in a GrSCM. There is a growing need for integrating
environmentally sound choices into supply-chain management research and practice.

Based on the above literature, it is identified that there is a research potential to make use of
closed loop supply chain network for the case of Toaster to recover material like steel, brass,
safety bolts, heating elements etc. to convert it into a raw material. Reviewing the above
mentioned literature on closed-loop logistics, it is noted that the existing models did not
mention the problem of greening the CLSC in the way it is introduced in this study by
considering the different mode of transportation with the help of 3PL in forward and vehicle
routing problem, VRP, in reverse chain of the CLSC. The purpose of this research work is to
develop an integrated, multi objective model for multi echelon CLSC to optimize the
distribution and minimize the effect on environment due to transportation related activities.
The modelling of this closed loop supply chain network is done in the context of 6 bread
Toaster. This paper is different from previous approaches because it considers the minimal
use of vehicles (using full truckload transportation in forward chain and less than truck load in
reverse chain) and its impact on the design of a closed-loop supply chain, where products are
remanufactured to usable functionality and re-enter the primary market.

3. Problem definition and model description

The CLSC problem discussed in this paper is an integrated multi-objective multi-echelon problem
in a forward/reverse logistic network, which requires more efforts to analyse than both forward
and backward logistic simultaneously. Here we are considering the flow of a product in the
network. The model considers modular product structure and every component of the product has
an associated recycling rate, specifying the rate at which the component can be recycled. For
instance, a rate of 100% indicates that the used product can be fully recovered or transformed into
a new one, whereas a rate of 50% denotes that the product can only be partially recovered. In the
network suppliers are responsible for providing components to manufacturing plants. The new
products are conveyed from plants to customers via distribution centres (d/c) to meet their
demands. Returned products from customers are collected at collection centres where they are
inspected. After testing in collection centres, the repairable and recyclable products are shipped to
plants and dismantlers respectively, afterwards they satisfy the demand of secondary market of
used products. At plant repairable used products are repaired and supplied back to distribution
centres as new product. Dismantled components at dismantlers are driven back to suppliers if they
are repairable else to disposal site to be disposed of.

The company chosen for this study is Electric home appliance manufacturing company, for
Toaster, located in Delhi. The main scope of this study is to estimate the feasibility of
reclaiming the components and recycling the materials from end of life or used Toaster of the
company itself. To design the GSCM for the company, we structure the following CLSC
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network: Chain members are classified into two groups namely forward supply chain
members and the used product reverse supply chain members. A four layer forward supply
chain is proposed in corresponding layers, including raw material supply, plants, distribution
centers and end-customers respectively. Similarly a 5 layer used product reverse supply chain
is specified, which includes regional collection centers, repairing centers, a dismantling point
operated by the company itself, for the company products only, a spare market zone, single
decomposition center working for all suppliers and a disposal location of waste respectively.

prd
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PLANT |ENERGY ENERGY ENERGY | DISMANTLE B> CENTRE
J/ \L ENERGY CENTRE
PROCESS_} - \l/ CUSTOMERS I N DISPOSAL
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Fig.1. Close loop supply chain network

In the forward supply chain, for manufacturing new Toaster, major raw materials are procured
from different suppliers. Once the Toaster is produced in different plants, it has to be
distributed to the customers through the distribution centres. The products offered are given
with a warranty and in case of some problem the product is repaired with in the warranty
period. After its end of life, customer returns the product at their regional collection centre.
The used Toaster collected at the collection points are transhipped to centralized dismantling
centre where returned products are dismantled into its components. These components are
then inspected for quality failure and sorted for potential repair or recycling. After inspection,
the reusable components after repairing at repairing centre are sold in the spare market while
the remaining components are transhipped to the decomposition centre to extract the material
which can be recycled and the useless material (not able to recycle) disposed of . In the
forward supply chain, we have considered that a decision maker would rent full trucks for
forward flow from 3PL whereas transportation in reverse logistics is to be carried out by
company owned vehicles. Stages in the reverse chain are single echelon except the multiple
regional collection centres and therefore the transportation of returned products from multiple
collection centres to the company’s centralized dismantler centre is modelled in order to
minimize the total distance covered by vehicle while collecting goods from more than one
collection centre in proper manner, satisfying space capacity limitation. Rest of the
transportation related activities between two stages are carried by company owned vehicles
accordingly.

The proposed model is a multi-objective problem addressing a multi echelon, single product,
single period closed loop supply chain. Here we try to maximize revenue incurred by selling
finished product and repaired components in spare market and profit earned by using recycled
material, minimize the total supply chain cost comprising purchasing, production,
distribution, collection, disposal, disassembly, recycling cost and transportation related costs
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and last objective is to minimize the number of trucks used in forward supply chain and
distance travelled in reverse logistics. To specify the study scope and facilitate model
formulation, assumptions are postulated below:

Demand at customer end is deterministic; hence there is no shortage of the product.

Locations of suppliers, facilities, distributors, disassemblers, and redistributors are known and
fixed.

The flow is only allowed to be transferred between two consecutive stages. Moreover, there
are no flows between facilities at the same stage.

Costs parameters (material, manufacturing, transportation, recycling, repairing, disassembly,
and disposal costs) are known for each location.

All operations of CLSC are under capacity limitations.

Supplier plantDistribution Centres
- !
m F‘i \
Remanufacture
Customer
S \
f-/- l=\—_r—. _
= e )
5 EiEaa
Recycle HE N

Collection| centre

Fig.2. Pictorial representation of organization flow

The sum of disassembly and recycling costs of parts is less than purchasing cost of new ones.
Single unlimited capacity centralized dismantling centre is maintained by the industry itself.
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The un-recyclable returned material will be sent to the disposal site after some pre-treatment
process. Pre-treatment cost for the disposable materials are included in the disposal cost itself.
Buy back cost given to end customer on returning a used product will remain same for all

customers irrespective of used products condition.

Transportation cost of collecting returned products from collection centres is borne by the

company and is directly proportional to the total distance covered.
The estimated emission rate of CO,, for all type of vehicle available is known

Sets:

S set of component’s suppliers index by s, s=1, 2... S

P set of manufacturing plants index by p, p=1, 2... P

K set of distribution centers (d/c) index by k, k==1, 2... K

E set of first market customer zones index by e, e=1, 2... E

C set of collection centers (CC) index by ¢, c==1, 2..,C

M set of dismantlers (d/m) position index by m, m==1, 2... M
H set of second market customer zones index by 4, h=1,2,....H
F set of disposal sites (d/p) index by f, /=1,2,....F

A set of sub-assemblies index by a, a=1,2,...,4

N set on nodes in the network (N =sUPUK UEUCUM UH UF)
Parameters:

sc,,  Unit purchasing cost of sub assembly a by supplier s

pc,  Unit production cost of product at manufacturing plant p
oc,  Unitoperating cost of product at d/c k

IC, Unit inspection cost of product at collection centerc

rec,  Unit repairing cost of used product at manufacturing plant p
pmc,, Unit dismantling cost of product at d/m position m

RCCgy Unit recycling cost of sub assembly a at supplier s

DPC,, Unit disposal cost of sub assembly a at disposal site f

. Demand of product at first customer e
Dy, Demand of used product at second customer h

TPC™  Unit transportation cost per mile of product or component shipped from
one node to another via type of truck t

Dj  Distance between any two nodes i, je N of given CLSC network
car,, Capacity of supplier s for sub assembly a

pcap,  Production capacity of plant p

kcap,  Capacity of distribution center k

ccar,  Capacity of collection center ¢

mcar, Capacity of dismantler m

Fcap;  Disposal capacity of disposal site f
RPCAP, Repairing capacity of plant p
rccar, Recycling capacity of supplier s
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PF,
PF

PR

PR,

ERt

Rr
Rca,
Rp
W
Wa

Ua

Unit profit made in the network from recycling component a

Unit profit made in the network from repairable product
Unit price of product at customer e

Unit price of product at customer h

Per mile emission rate of CO, gas from the type of transportte T
Return ratio at the first customers

Recycling ratio of component a

Repairing ratio

Weight of product in kg

Weight of component ac A in kg

Utilization rate of componentac A

Decision variables:

t
%ija

t_
]

{

Quantity of components a shipped from node i to node j, i,je N in the

network via transport of typet e T
Quantity of products shipped from node i to node j, i,j € N in the network

viatransport of typet € T
Weighted quantity transported from node i to node j, i,j € N in the network

via transport of typet e T

1, iffacilityi, ie POK UCUM) is opened
{0, otherwise
1, if atransportation link is establishedbetween any two locations i and j, i, j € N via mode t
0, otherwise

Model
Maximize, Zy=

:ZZZX:@PRe+ZZZX2hPRh+ZZZZPFaX:nsa+ZZZPFX:;p_(Zzzzxgpascsa—i—
k e t c h t c pt s p at

m s a t

c pt cmt

+X ¥ X, PCo+ XYY %,0C, + XY % IC + X XY x RPC +¥ 3> ¥ x;, DMC_ +
p k t k e t e ¢t

+2 XYY X ,RCC, + XYY ¥ X ,DPC, + X > > TPC'D_x{, + =X > TPC'D,, X!, +
ms a t m f a t p k t

s pt

cpep

+ZZZTPCtDkex§e +ZZZTPCtDecx;C +Y 33 TPC'D_ X! +ZZZTPC‘D€mx§m +
k e t e c t cmt

c pt

+ZZZTPCtDchXéh +ZZZZTPC‘DmSXfma + ZZZZTPCtDmf x:nfaj
c h t

ms at m f a t

Minimize, Z,=

-y ER @% D, LN+ Dy, LW+ E D, LW, +E 5 DLW +

+Z z Dcp tpvvctp +z z Dcm Ltcchtm + z Z Dch I—tcthth +Z z Dms LtmsWrr:s +z z Dmf Ltmen:f j
cp cm c h m s m f

Subject To
(Flow balancing Constraints)
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Y
IXh=XIX,
I3x, >=D,
>¥x. =Rr*D,
c t
%; x;, <= D,
S5, ~RpH (K T X, |
pt e t h t
ST K, = (1-Rp)(ZK -E X, |
23 Xa = RC, MU *E XX,
s t c t
szrtnfa = (1_ RCa)*Ua *sztt)m
fot c t
Capacity constraints
33X, <=CAP,
s t
%;tik <=PCAP *X
> ¥ %, <= KCAP*X,
e t
> Y% <= KCAP*X,
e t
ZZXE,, <=RPCAP*X
c t
> ¥ x<=MCAP *X_
c t
>¥x ., <= RCCAP,
m t
%%;x}m <= FCAP,
\N;p = % X;pa *Wa
Wy = Xg W
W = X, W
Wi = X *W
W, = X W
W(t:h = Xéh*W

t Ut
Wcm - Xcm*vv
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t
ertﬂS = Z Xmsa *Wa
a

t
Vv:nf = % mea *

Maximum number of activated locations constraints

W,

a

Linking- shipping constraints

t t
Lsp <= Za: Xspa

t ot
ka <= X

t Ut
Lke <= Xke

t t
LEC <: XEC
t Ut
Ltp <= X
t t
Lch <= Xch
t t
Lcm <= Xcm
t t
Lms <= mesa
a
t t
me <= Z mea
a
Shipping linking constraints
t - x|t
%x <=MI*L,

spa

t - *|t
X, <= MI*L,

X, <= MI*L,

X <=MI*L,
X, <=Ml *L,

t _ x|t
XL <= MI*LL

t _ x|t
X, <= MI*L%

t t
g: XmSa <= MI * I_mS

> X

t
mfa

<=MI*L

2X,<=P
p
> X, <=K
k
2 X, <=C

>X, <=M
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Xt xt>=0

ijar Nj 7
X, L, {01}

The first objective is to maximize the total profit including the total income and profit obtained by
introducing recycled materials back into the (forward) supply chain (which is used as an incentive
for the companies to choose and use recyclable products) minus the total cost which includes cost
of purchasing components from suppliers, production cost incurred at plants, operating costs
incurred at d/c, inspection cost for the returned products in collection centres, remanufacturing
cost of recoverable products in plants, dismantling cost in dismantling the product, recycling cost
at supplier and disposal costs for scrapped products. Second objective is to minimize the CO,
emission by choosing various available type of transport.

Constraints are divided in five sets: first set is consisting of flow balancing constraints. Constraint
(1) assures that the flow entering in the manufacturing plant is equal to the flow exit from it.
Constraint (2) is for d/c. Constraint (3) insures that demands of all first customers are satisfied.
Constraint (4) insures the flow entering in collection centre through a customer will be equal to
demand of the customer multiplied by return ratio. Constraint (5) insures that flow to each second
customer from all collection centres does not exceed the second customer demand. Constraint (6)
and (7) imposes that, the flow exiting from each collection centre to all plants and dismantler is
equal to the amount remaining at each collection centre after satisfying second customer demand
multiplied by the repairing ratio and (1- repairing ratio ) respectively. Constraint (8) and (9) shows
that the flow exiting from each dismantler to supplier and disposal sites is equal to the flow
entering from all CC multiplied by recycling ratio and (1- recycling ratio) respectively. Constraint
(10)-(17) insures that flow either exiting or entering at any facility does not exceed the respective
facility capacity. Constraints (27)—(30) limit the number of activated locations, where the sum of
binary decision variables which indicate the number of activated locations, is less than the
maximum limit of activated locations. Constraints (31)-(39) insure that there are no links between
any locations without actual shipments during all periods. Constraints (40)-(48) ensure that there
is no shipping between any non-linked locations.

4. Multi-objective methodology: goal programming

The basic approach of goal programming is to establish a specific numeric goal for each of the
objectives, formulate an objective function for each objective, and then seek a solution that
minimizes both positive and negative deviations from set goals simultaneously or minimizes the
amount by which each goal can be violated. There is a hierarchy of priority levels for the goals, so
that the goals of primary importance receive first priority attention, those of secondary importance
receive second-priority attention, and so forth.

Generalized model of goal programming is:

mina = {91(;1;1) O« (772;2)}

st fi(x)+n-p=b  Vi=12..m

X,1,p20;
X; is the j™ decision variable, a is denoted as the achievement function; a row vector measure of

the attainment of the objectives or constraints at each priority level, g, (;,;) is a function
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(normally linear) of the deviation variables associated with the objectives or constraints at priority
level k, K is the total number of priority levels in the model, b; is the right-hand side constant for

goal (or constraint)i, f, (x_) is the left-hand side of the linear goal or constraint i.

We seek to minimize the non-achievement of that goal or constraint by minimizing specific
deviation variables. The deviation variables at each priority level are included in the function

g, (7_7,5) and ordered in the achievement vector, according to their respective priority. Algorithm

of sequential goal programming:

Step 1: Set k = 1 (k represents the priority level and K is the total of these).

Step 2: Establish the mathematical formulation as discussed above using positive and negative
deviations for priority level k only.

Step 3: Solve this single-objective problem associated with priority level k. and the optimal
solution of g, (7_7/_3) is a*.

Step4: Setk=k + 1. If k> K, go to Step 7.

Step 5: Establish the equivalent, single objective model for the next priority level (level k) with
additional constraint g, (77,0) =a, .

Step 6: Go to Step 3.
Step 7: The solution vector x*, associated with the last single objective model solved, is the
optimal vector for the original goal programming model.

5. Numerical illustration

In this section, a numerical example is presented in order to demonstrate the applicability of the
model. In considered CLSC, a product which is made up of six components.

Table 1. Data for various rates

Components 1 2 3 4 5 6
Utilization rates 1 4 1 2 1 3
Recycling rate 1 0.5 7.5 1 0.3 0

1,2, 3, 4,5 and 6 with respective utilization rate of 1, 4, 1, 2, 1, and 3 and recycling rate of 1, 0.5,
7.5, 1, 0.3 and O flows between various facilities. In forward direction, there is a set of 3 suppliers
that can provide components to 2 potential locations of manufacturing plants. 3 potential location
of d/cs are there in the network to cater the demand of 2000, 2700, 3250, 2550 and 2700 units
from respective 5 zones of first customer market at a unit selling price of 11000, 10500, 10000,
10750, and 10500. In backward direction, potential locations of CC, dismantlers and disposal sites
are 3, 2 and 1 respectively. Besides, the demand for 500, 350 and 550 units of used product from
respective 3 zones of second customers can be satisfied at unit selling price of 7500, 8000 and
7000. As for transportation, road-based transportation is used to carry out the shipping operations,
for which there are three types of trucks available which are 0-3, 4-7 and 8-11 years old,
respectively. We assume that the older the trucks, the cheaper their rental fees, but, at the same
time, the greater their CO, emissions, due to decreasing engine efficiency. Unit transportation
costs for the different types of trucks used are 1, 0.85 and 0.70 for truck types 1, 2 and 3,
respectively. Emission rate of CO, found to be 1.3, 2.8 and 3.1 grams/ mile for truck types 1, 2
and 3, respectively. Profit raised in the network by repairing the product is 5500/unit and by
recycling a unit of component 1, 2, 3, 4 and 5 are 250, 50, 90, 55 and 300 respectively.
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Table 2. Information relating to the transportation

Truck types | Number of operational years | Unit transportation cost | Emission rate of CO,
1 0-3 1 1.3 gms/mile
2 4-7 0.875 2.8 gms/mile
3 8-11 0.70 3.1 gms/mile

Other parameters are set as follows: Rr = 0.60, Rp= 0.25 and Rc, = (1, 1, 1, 1, 1, 0). Set of unit
purchasing costs of components (in order) from supplier 1,2 and 3 are (460, 0, 190, 125, 0, 80),
(480, 120, 200, 150, 650, 100) and (470, 95, 0, 0, 620, 90) resp. Unit recycling costs of
components (in order) at supplier 1, 2, and 3 are (20, 0, 60, 10, 0, 0), (25, 90, 55, 20, 390, 0) and
(0, 65, 0, 0, 380, 0) respectively. Price 0 means that component service is not provided by
respective supplier. 2500 and 3000 are unit production cost, and 1500 and 2200 are unit repairing
costs of the product at plant 1 and 2 respectively. Unit operating costs at d/c 1, 2 and 3 are 500,
550 and 600 respectively. Unit Inspection costs at collection centers 1, 2and 3 are 100, 100 and
120 respectively. Unit dismantling cost at d/m 1 and 2 are 125 and 110 respectively. Unit disposal
cost of component 6 is 15.

S1

S2 S3

N

/

P1

P2

/ e \
T

D/Cs 1 T

D/Cs3

\ ‘l’ Yy \l/ \L y J(
Demand? Demand3 Demand4 Demand5
2700units 3250units 2550units 2700units

Paremeters

Fig: 3. Forward Flow diagram of the company

Rr=0.60,Rp=0.25and Rc,=(1,1,1,1,1,0).
Price 0 means that component service is not provided by respective supplier
Unit production costs of the product at plant 1 and 2 respectively-2500 and 3000
Unit repairing costs of the product at plant 1 and 2 respectively-1500 and 2200
Unit dismantling cost at d/m 1 and 2 are 125 and 110 respectively.
Unit disposal cost of component 6 is 15.
Unit operating costs at d/c 1, 2 and 3 respectively -500, 550 and 600
Unit Inspection costs at collection centers 1, 2and 3 respectively-100, 100 and 120
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Table 3. Various cost involved in the flow

Supplier | Set of unit purchasing | Unit recycling cost of | Unit operating | Unit inspection
cost of components components cost at d/c cost
1 (460, 0, 190, 125, 0, (20,0, 60, 10, 0, 0), 500 100
80)
2 (480, 120, 200, 150, (25, 90, 55, 20, 390, 550 100
650, 100) 0)
3 (470, 95, 0, 0, 620, 90) | (O, 65,0, 0, 380, 0) 600 120

Data on capacities at various facilities are as follows: Supplierl can supply at most of 8000, O,
9000, 12000, 0 and 14000 units of component 1,2,3,4,5 and 6 resp. Capacity of suppliers 2 and 3
of components are (7500, 40000, 5000, 27000, 7700, 15000) and (0, 20000, O, 0, 7500, 1400)
resp. Recycling capacities of supplier 1, 2 and 3 are (3000, 0, 2900, 4000, 0, 0), (2000, 15000,
2000, 6000, 2500, 0) and (0, 8000, 0, 0, 2500, 0) resp. Production capacities of plants are 8000,
7500 and repairing capacities are 2000, 1800 resp. Capacities of d/c’s are 4800, 5000 and 5500, of
CC’s are 3500, 3000 and 2500; of dismantlers are 5000, 5000 and of disposal site is 250000.

Data on distance (in miles) between any two facilities is as follows:

Dij: {D11, D12, D13,..., D21, D22, D23,.....}

Dsp = {200, 190, 310, 350, 290, 280}, Dy= {120, 100, 135, 170, 190, 200},

Dwe=424, 17, 22,21, 18, 29, 19, 21, 20, 31, 33, 25, 28, 15, 28},

De.={6,9,8,85,7,10,11, 12, 13,9, 8,9.5, 11, 9, 8}, D¢, = {150, 120, 135, 110, 130, 100}
Den={8.5, 9, 11, 12, 10, 11}, Dsn= {15, 21, 19, 24, 16, 18, 20, 22, 21}

Dms = {100, 150, 120, 95, 154, 130}, Dy¢ = {80, 75}

The above data is employed to validate the proposed model. A LINGO code for generating the
proposed mathematical models of the given data was developed and solved using LINGO11.0 [20].
Problem is solved individually with each objective subject to given set of constraints. Thus, profit and
amount of CO, emission would be 66625630 and 252121600 resp. They are set as the aspiration levels
for profit and emission functions. Then multi-objective programming problem combining all the
objectives and incorporating the individual aspirations is solved which results in infeasible solution
hence goal programming technique has been used to obtain a compromise solution to the above
problem. Giving weightage 0.5 and 0.5 to profit and CO, objective resp., a compromise solution of
allocation of facilities and transporting vehicle is obtained. Total profit thus generated in the network
is Rs. 55454580 and amount of CO, emitted is 10681.55. The flow between facilities using different
type vehicles is given below.

t .2 2 2 2 1 1 1 2 2
Xopa - X411 = 2499, X153 = 3499, X34 =10002 , Xj3g = 14000, Xipq = 5501, Xpp3 = 5501, Xjp4 =198, Xp; = 3570, Xy, = 4552,

2 2 1 1 3 1 3 2 2
Xp13 = 2570, Xopq = 2136, Xopy = 21728, Xpoy = 4202, Xyp, = 4802 Xppg = 4070, Xopg = 15000, X315, = 19724, xgc = 6069 ,

2 1 3 1
X316 = 4207 X3y = 276 Xgo5 = 1431 Xgoe = 1503

t
pk
t 1 1 1 1 3 3 3

X © X3 = 2100, xj5 = 2700, Xp1 = 2000, Xp3 =900, X35 = 2700, Xg3 = 250 , X34 = 2550

t .3 1 3 3 1 1 3
Xec | Xqp = 1200 , Xy = 1620, X33 =1950, X,y =150, X;, = 1380, Xgq = 1070, Xg3 = 550

t .1 1 2
Xep 1 X1 = 255, Xp3 =750, X3 =625

t .3 3 1
Xem ¢ X1 = 765, Xpq = 2250, X3 = 1875

Xt -2 3 3
S Xq1 = 4800, xjp = 2900, X,g = 5500
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t .2 2 2

Xoh & X1 =500, Xp =350, X3 = 550

t 1 3 3 3 3 3 3 3 3

Xmsa - X111 = 2890, Xjq3 = 2890, Xjq4 = 3780, X;51 = 2000 , X5y = 11560 , Xpg = 2000 , X5, = 6000, Xpe = 2390, X 3, = 8000,

3 t 3
X35 = 2500 X X, = 14670

mfa

6. Conclusions, managerial implications and future research

One of the important planning activities in supply chain management (SCM) is to design the
configuration of the supply chain network. Besides, due to the global warming recently attention
has been given to reverse logistic in SCM. Modelling of a CLSC network design problem can be
a challenging process because there is large number of components that need to be incorporated
into model. Here in the paper, trade-offs between operational and environmental performance
measures of transportation product were investigated. Due to global warming, this paper focused
on CO, emissions. One of the main findings of this paper is that costs of environmental impacts
are still not as apparent as operational measures, as far as their relative importance in a emission
rate function is concerned. Operational costs of handling products, both in forward and reverse
networks, seem to be dominant ignoring emissions rate. Another interesting result is relevant to
the promotion of reusable products, the use of which seems to lessen the operational costs of the
chain, but places a burden on the environmental costs. Through this study we would like to distil
the key ideas and procedures that can help organizations to work out on their transport issues and
do even better in terms of CO2 emissions and costs. This research has been limited to a fixed
entity with a limited scope. This research could easily be extended for flexible or variable
demand. The scope of study could be considered from regional perspective also, since we have
focussed our research in Delhi /NCR area. Future research could also be carried out in other parts
of India. We have recommended the use of CNG three-wheelers for the environmental safety as
well as cost efficiency. The availability of CNG is a limitation in India, since it is only available in
metro cities and not in other parts of India. Further research is also recommended for the scope
and benefits of CNG trucks for longer distances for commercial purpose.
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OHTI/IMHBaIII/[OHHblﬁ MoJAXO0a B YIIPABJICHUH «3€JICHBIMH

HEMoOYKaMM MMOCTABOK C OﬁpaTHOﬁ CBA3BIO
(Ha mpuMepe HHIUHCKONH KOMIIAHNH)

C.C. Ammn

Fortune Institute of International Business
VasantVihar, New Delhi, 110057, India

VYrpaBieHle 3KOJIOTUUECKH YUCTBHIMU («3€JIEHBIMHM») LIENOYKaMH ITOCTABOK — Ba)KHEHINIAs MHHOBALWS,
KOTOpasi Ha CEroIHSLIHMN NeHb BHEIPSETCS B OPraHM3aLMsIX 10 BCEMY MHpPY C LENbi0 pa3paboTKu
CTpaTeruid MOCTHKCHHS ITOCTABIICHHBIX IIeNIel. YTIpaBicHHE 3eJIeHBIMU IteroukaMu moctaBok (Y3LIIT)
OOBIYHO OTIpefiesIsieTcs KaK THI yNpaBIeHHs, KOTOPBIA 3(QQEKTUBHO YYHUTHIBAET BCE IKOJIOTHUYECKUE
aCIIeKThl M YTHIM3ALMIO pecypcoB. Oprannzanuu npuMersaoT Y 3L, 4To6sl mporeMoHCTpUpOBaTh, YTO
OHH TNIPUAEPKUBAIOTCSA NPABUIBHBIX MPUHLIMUIIOB padOThl B OTHOLIEHHH 3KOJIOTHH. Bompocs! sxonorun
OKa3bIBalOT OOJIBIIOE JABJICHUE Ha OPTraHU3alliu, 3aCTABISIS HX, HAIIPUMED, IPUHAMATE POU3BEICHHYIO
HUMH IIPOAYKIHWIO ITOCJIC UCTCUCHUA CPOKa CHY)K6I)I JJIs1 TIOBTOPHOI'O0 MCIIOJIB30BaHUs, nepepa60TK1/I niIn
NPaBUJIBHOTO YHHUUYTOXKEHHSI BCEr0 NMPOAYKTA WIM €ro 4acTed. YIpaBleHHWE LENOYKaMHU IOCTaBOK C
oOpaTHOW CBs3bI0 — J(dexTHBHAs, pe3yabTaTUBHAs W OSKOHOMHYECKH OINTHMAIIbHAs CTpaTerHs,
HaleJICHHAasA Ha HNOAACPKAHHC ISKOJIOIMYCCKU YUCTBIX METOAOB pa6OTI>I B IPOMBINIJICHHOM CEKTOPE.
Jloructuueckass ceTh BO3BpAILCHMS] TOBapa OT KOHEYHOIO IOTpPEeOHTENss OOpaTHO HPOWU3BOIUTEISIM
OOBIYHO CBSI3aHA C MHOTOYMCIICHHBIMHM HPOTHBOPEYAILMMHU IPYr IPYyTy 3aJadaMu. |eXHOIOTHYecKHe
yCIIEXH, SKOHOMHYECKasi AEATEeIBHOCTh W TpOLBETaHHE TpeOyIOT MOOWILHOCTH TOBapOB W JIIOACH
MEKAY Pa3HBIMH YacTsIMU cBeTa. [1oBbIIeHHAass MOOMIBHOCTD MIPEABSIBISAET MOBBIICHHBIE TPEOOBAHUS K
TPaHCIIOPTUPOBKAM, YTO BEJET K MOBBIIICHHIO aKTyaJlbHOCTH TAaKUX BOIPOCOB, KaK SKOHOMHUS TOILJIMBA
MPYU BOKICHUM aBTOMOOWIIS, CHIbKeHHE BbIOpocoB CO, M MHUHHMMH3AIMsS BBIOPOCOB yriiepoaa. DTH
BBIOPOCHI HMMEIOT OTPOMHOE BIIMSHME Ha H3MEHEHHE MHPOBOTO KIMMaTa, Ha YeJIOBEYECTBO, Ha
MPOU3BOJCTBO NPOAYKTOB MUTAHUS, HA MOPS, HA BCIO OKPY)KAIOIIYIO HAacC CpPely, I0ITOMY yCTOHYMBOE
Pa3BUTHUE CTANO BAXKHON KOMILIEKCHOM 3aaueil 17151 BCEX MUPOBBIX KOMITaHUH.

Hannas pabota TMOCBSIIEHA WCCICIOBAHUIO CBS3M MEXKAY JIOTHCTUYECKUMH OIEpalsiMA 110
NEPEMELLEHNIO TOBapa K MOTPEOUTENI0 U 00pPaTHO MPOU3BOAMTEINIO, @ TAKKE TAKUM 3KOJIOTHYECKUM
NoKa3aTensM, Kak BeIOpocsl CO, TpaHCTIOPTHBIX CPEACTB B CXEME CETH LIEMOYEK IMOCTABOK ¢ 00paTHOM
CBA3BIO C ONTHUMU3AIMEl BBIOOpA PACTIONIOKEHUS C IENbI0O BKJIIOYEHHS BOIMPOCOB 3KOJOTHH B
TPaZUIMOHHYIO JIOTHCTHYECKYIO CXEMY.

Utak, B paboTe mpeacTaBieHa MHTETPUPOBaHHAs U OOOOIIEHHAs! CXeMa CeTH C OOpaTHOW CBSI3BIO,
UMCIOIIad 4YC€ThIPpE 3BC€HA B MPAMOM HaIIPaBJIICHUU (HOCTaBIIII/IKI/I, 3aBOAbl MW CKJIaAbl TOTOBO
HPOJYKIMH, 30HA «IIEPBOTO MOKYMATENs») U YeThIpe 3BeHa B 00paTHOM HarpasieHuu (LeHTpbI cOopa,
IYHKTBI pa3000py/10BaHuUs, YTHIN3AIUOHHBIC IEHTPhI U 30HA «BTOPOTO MOKYMATEIs»), IPHYEM MIPH
IUIAHUPOBAHUHM  JIOTUCTHKH  (OpPMyNupyeTcs 3ajavya [MKJIMYECKOW  JIOTUCTUYECKOW  CeTH.
[IpencraBieHHas MOJIEIb UMEET JIBOMHYIO LEIb U MTO3BOJIIET HAWTH KOMIIPOMUCC MEXY Pa3IMYHBIMU
3aTparaMH B JaHHON CETH U BBIOpOCaMu MapHUKOBBIX Ta3oB COy,.

[IpaBuIbHOCTE MOAETM MOATBEPXKIACTCS. HAa MNpPUMEpPE M3 pealbHOM JKU3HH: paccMaTpUBAETCs
MIPOM3BOANTENH OBITOBBIX AJIEKTPONIPHOOPOB B Jlenun u cTonmnYHOM pernoHe. B pesynbTare mokasaHo,
YTO TPEUIOKEHHAs MOJIENb CHOCOOHAa OKa3biBaTh J(G(EKTUBHYIO TOAAEPKKY JIOTHCTUYECKHX
peLIeHNH B IEMOYKE ITOCTABOK C OOPaTHOM CBA3BIO.

Kniouegvle cnoea: yrpaBlieHHE 3€JCHBIMU IETIOYKaMHU ITIOCTaBOK, BBIOPOC yIiiepoja, YIpaBieHUE
IIETTOYKaMH TIOCTABOK ¢ 0OpaTHOM CBSI3BIO

1. BBenenune

Hama nnmanera mpeBpamiaercs u3 00Oraroro MCTOYHHKA HEAOPOTOW SHEPTUU B HCTOUYHUK
3arpsi3HEHHOM, CKY/THOW DHEPTUH, KOTOpas pacXoayeTcss HEAKOHOMHO W HepeHTalenpHO. JlJis
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TE€X, KTO JKMBET HA HAalleHd IUIAHETE, YpEe3BBIYAaMHO BaXXHO 3HATh O TPYIAHOCTAX H
NOCIIEACTBUSX, C KOTOPBIMU UM NPUIETCA CTOJIKHYTHCA B CIy4ae peain3aliid BO3MOXKHOIO
CIIeHapHsI HeXBaTKu sHeprun. HenmocraTok pecypcos, riio0anbHOE MOTEMJICHUE U 3arpsi3HEHHUE
cerogHss TpeOyloT K cebe MOoBbIIEHHOro BHuUMaHMs. Crelkxonaepsl Bc€ Ooblie
3aMHTEPECOBAaHBl B TOM, YTO KOMIAHWU AETAIOT IS TOTO, YTOOBI CAENaTh CBOIO IIETIOUKY
IIOCTaBOK 0oJiee SKOJIOTMYHOM M, B LEJIOM, cenaTb OusHec Oojiee palMOHAIbHBIM. OTO
TpeOyeT ONpPEEIEHHBIX CO3HATENIBHBIX IaroB 10 yIPaBICHUIO BCEH CUCTEMOM U IpolieccaMu
B pPaMKax 3TOM cuctembl. l[enoYky MOCTaBOK YCIOXKHSIOTCS, a YCIOBUS BeleHUs Ou3Heca
MEHSIOTCS O4eHb ObIcTpo. HecMoTpst Ha TO, uro MHIUS BCe emle sBIsSCTCS pa3BUBAIOLICHCS
CTPaHOH, OHAa 4YpPE3BBIYAHO 3aMHTEPECOBAaHAa B MOJACPKAHWM DPABHOBECHA C 3aILUTON
OKpYXarollel cpeapl, AJAsS 4Yero ObUI CAENaH YHOp Ha 3KOHOMHYECKOE pa3BUTHE. OTO
paBHOBECHE BKJIIOYAET B ce0sl MPOMBIIUICHHOCTh U LEMOYKM MocTaBok B Mumuu. JlroGas
OpraHu3alys B paMKax JaHHOW CHCTEMbI, MAJICHbKasg WK OO0JblIast, MOTPEOISET SHEPTHIO U
pecypcsl. iMeeTcs mocTossHHAs MOTPEOHOCTh B SHEPTUU U pecypcax 10 JOCTYIHON LIeHe, HO
¢ aeduuuroM nocraBok. Ha 3To creumanuctel MO JOTMCTUKE M MEHEKEphl IENOYeK
IIOCTaBOK JOJDKHBI oOpamarb oco0oe BHUMAaHHE M CTPEMHUTbCS K COXPaHEHHIO U
cOEepeKEHUIO0 OCHOBHBIX PECYpCOB, K CHM)KEHHUIO CTOMMOCTU IPU COXPAHEHMHM XOPOIIUX
9KOJIOTMYECKHUX II0Ka3arened. BoJpIIMHCTBO COBPEMEHHBIX OpPraHMU3alMi paccMaTpPHUBAIOT
BO3MOYKHOCTh MHTETPUPOBAHHSI COBPEMEHHBIX 0053aTEIBbHBIX K MCIIOJHEHHIO YKOJOTHUECKUX
pErJIaMeHTOB U JI00pPOBOJIBHBIX HKOJOIMUYECKUX HMPOTrpaMM B CBOM CTPaTErHyecKHe IUIaHbl U
exxenneBHbie npoueaypst (Pagell, Yang, Krumwiede, Sheu 2004).

1.1. YnpagJiieHue 3eJIeHbIMH HeNOYKaAMHU MOCTABOK

Hecmotpss Ha TO, 4TO mENbIO JTIOOOTO OM3HEcA SBISIETCS MaKCHMallbHAs NPUOBUIB (IS
BbDKMBAHMSI B COBPEMEHHOM SKOHOMHYECKOH CHUTyalluu), OpPraHU3aLUsAM HPUXOIUTCA
CEpbE3HO MOJAXOIUTh K BONpPOCAM CaMOJOCTATOYHOCTU M YCTOWYMBOCTU B HEIPEPBIBHBIX
MOCTaBKaxX pecypcoB, TpeOyeMbIX Ul MPOM3BOJCTBA MPOIYKIMH U BBINOJIHEHUS BCeEX
TpeboBanuii. Haasuraromiasics yrposa ria00aqbHOTO TOTEIJICHUS TPUBJIEKIAa BHUMaHHUE
YUEHBIX K YNpaBlIeHHIO 3eleHbIMH lenoukamu mnoctaBok (Y3LII). Ympasienue 3eneHbiMu
LENOYKaMH MOCTaBOK — 3TO BKJIFOUEHHE SKOJIOTMYECKUX aCMEKTOB B YIPABICHHUE LIENOYKAMU
IIOCTaBOK, HAuMHas HETMOCPEICTBEHHO C NPOEKTUPOBAHUS NMPOAYKLMHU, a TAKKE Ha JPYTUX
JTanax: BbIOOp MOCTAaBIIMKA W MOAOOp MaTepHajoB, MPOLECC MPOU3BOJCTBA, YIAKOBBIBAHUE
NPOJIYKIIMH, JOCTaBKA MPOAYKIMU A0 MOTPEOUTENs, YIpaBiIeHUE NMPOAYKIHMEeH B KOHIE CPOKa
ee cnyxObl mocie wucrnonb3oBanus (Srivastava 2007; Beamen 1999; Zhang et al. 1997,
Lintonaet al. 2007). ITompoOHOE IUIAaHUPOBAaHUE W pEATH3alMsi BCEH LEMOYKH MOCTaBOK,
HauuHas C «3€JIEHOr0» IPOEKTUPOBAHUS MNPOAYKLIMU U JI0 BO3BPALLCHUS HPOAYKIUH C
OOpaTHOM CBS3bI0, YPE3BBIUAMHO BaXHO JUI YCIEMIHOTO (DYHKIIMOHMPOBAHUS 3€JICHOU
nernodykn moctaBok. MccmemoBanme Y3IIII momoraer kKoMImaHwsM cO3/1aBaTh CTOMMOCTH B
LIENOYKaX IOCTaBOK, YBEIMYMBAs MPEMMYIIECTBA MPOLYKIMH B IJ1a3ax MOKYMATENs, CHHUXKas
CTOMMOCTH NMPOYKIIMH, COBEPUICHCTBYSI YCIIYTH 110 I0CTaBKE WJIM COKpalllasi BpeMs JOCTaBKH.

1.2. YcroiiunBoe ynpasjieHHe

Bormpochl, cBsi3aHHBIE C YCTOWYMBBIM OH3HECOM, OOCYKTAIOTCS B YHCIIE BaXHEHUITUX
BOIIPOCOB B IPABUTEIbCTBEHHBIX Kpyrax, Cpelu IOKyNaTeled U B KOMITAHUSAX BCIEIACTBUE
HIMPOKOTO0 PACHpOCTPAHEHUs] TAKMX MOHATHM, KAK <«BEJICHOE» W YCTOWYHMBOE pPa3BUTHE.
BnusiHMe yCTOWYMBOCTM Ha YHOPABJIEHUE LIETIOYKAMU IIOCTABOK TPYAHO IEPEOLIEHUTD,
O0COOEHHO KOTJa YJaeTcsi CHU3UTh BBIOPOCHI YIJIepoja WM MPeAoTBpalllaTh IMOSBIECHUE
CBAJIOK M CXKHUIaHue Mycopa. B cBeTe TeKylled CHUTyallud C HEAOCTAaTKOM pEeCYpCOB,
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HEJOCTATKOM MECTa TOJ| CBajJK{, a TakKe B YCJIOBHUSX OKa3bIBAEMOrO MaBJICHUS 3a
r100anbHOEe  COKpallleHHe BBIOPOCOB IMAPHUKOBBIX Ta30B YCHIHA IO 0OECIEYCHHUIO
YCTOHYHMBOW JEATEIBHOCTH B 3TOW cdepe Ooubllie HENb3s Ha3BaTh HEOOS3aTENbHBIMH WU
HecymecTBeHHbIME (Srivastava 2007). Breapsis yCTOHYHMBOCTE B OCHOBY CBOEro OHM3HECa,
KOMIIAHUSI MOXET JOCTUTHYTh BBICOKOW J(QQGEKTUBHOCTH W CHU3UTHh HETAaTHBHBIE
9KOJOTHYECKHE MOCIeACTBUS cBoel aesrenpHocTH. Paktryecku, Y3LII cramo BakHeHnm
BOIPOCOB OpraHu3anuu OusHeca, ocobeHHo B joructuke 21 Beka (Diabat, Govindan 2011).
B Oounbmieit crenmeHu 3TO MPOM3ONUIO Ojarofaps CTPOTMM 3aKOHaM U IMOCTaHOBIEHUSM,
perynupyomuM oOpaTHBIN MyTh MPOAYKIMK (Hanmpumep, BBoaHas yacTh upekrussl EC 00
YTWIM3AIMA  OTPa0OTAHHOTO 3JEKTPHUYECKOTO W 3JEKTpOHHOro obopymoBanus (Waste
Electrical and Electronic Equipment (WEEE) directive)) (C. Prahinski, C. Kocabasoglu
2006). loOGaBuM TakKe, YTO a3MaTCKHE CTPaHbl HEMHOI'O 3ala3[blBalOT C peakiuel Ha
npodaemsl yeroitunoctu (Johannesburg Summit, 2002).

1.3. O0paTHas JOrucTUKA

AKTHBHUCTBI B COIMAIBLHON 00JIaCTH M 00JIACTH SKOJIOTHH, TOCYJapCTBEHHBIE 3aKOHOIATEIIbHbIC
aKThl U MH(OPMALMOHHBIC KaMIIAaHUW TPHHYXIAIOT OpraHU3alliH IOCTABIISITH AKOJIOTUYECKU
0e30MacHyI0 MPOAYKIHNIO, a TAKXKE HECTHU OOJbIIEe OTBETCTBEHHOCTH 33 BO3BpAIAEMYIO ITOCIIE
UCTEYEHHSI CPOKa CIYKObI Hpoaykuuoo. Ham HEoOXoaMMo MpPUHATH NPHHIMI «IIOBTOPHOTO
UCIIOJIb30BaHUsI M MTOBTOPHOTO IPOW3BOJICTBA OTPAOOTABIICH MPOAYKIMK», YTOOBI COKPATUThH
norpebienue pecypcoB. B 1987 r. Komuccus BpyHarnann onpenenuia TEpMHH «yCTOHYHBOE
Pa3BUTHE» KaK Pa3BUTHE, «YIOBJIETBOPSIONIEE MOTPEOHOCTH HBIHEITHETO IMOKOJIeHUs Oe3 yiepoa
JUTSL BO3MOKHOCTH OY/TYIIIMX MTOKOJICHUH YIOBIETBOPSTH CBOM COOCTBEHHBIE IIOTPEOHOCTH.

Ecnu B3rsiHyTh Ha onpenenenue Zhu, Sarkis, (2006) o ToM, 9T MpoayKIMs OKa3bIBaeT BIMSHHUE HA
9KOJIOTHIO Ha BCEX ATarlax CBOETO JKM3HEHHOTO IUKJIA, HAYMHAS C JOOBIYU CBIPbsI, UCIIOIB30BaHUS 1
MOBTOPHOTO ~ WICTIONIG30BAaHUS  MPOAYKIMM, OKOHYATEeJIbHOW MepepaboTK WM YTHIIH3AlUH,
OKa3bIBAETCsl, YTO KOHEYHAs 1IeNb 3allUThl OKPYKAOLIEH Cpeibl MOXKET OBbITh JIOCTHIHYTA 33 CUET
HEMOYKH TocTaBok ¢ ooparHoi cBs3bio (LITTOC) (Andig, Yurt, Baltacioglu 2012).

Yeunus mo o6ecreyeHnIo yCTOMUYMBOCTH 3aCTaBIIAIOT OpPraHU3allii CePbe3HO PacCMaTpUBAaTh
npumenenne npunimna LIIOC (Beamon 1999, Seuring 2004). [MosiBieHue moTpeOHOCTH B
YCTOMUYMBBIX LEMOYKaX MOCTAaBOK 3aCTAaBMIIO JaTh ONpEAeNICHHE MOAETH LEMOYeK MOCTaBOK C
obparnoii cesa3pio (Solvang, Deng 2007, Solvang 2007). B pamkax mojaxoma oOecriedeHus
YCTOMUYMBOCTH MOJIPa3yMEBAETCs COUYETaHHE CYIIECTBYIOLIETO MPOMBIIIJICHHOTO Pa3BUTHUSA C
notpedHocTsaMu Oynymmx nmokoienuit (Wilkinson et al., 2001).

3enenas nenouka noctaBok (3LII) Hamenena Ha ynep)kaHMe BceX OTXOJOB B Ipezenax
COOTBETCTBYIOIIEH MPOMBIIIICHHON CHUCTEMBI, YTOOBI OOECHEUNUTh COXPaHEHHE DHEPTUU U
IpeIOTBPATUTh YTEUKY OMACHBIX BEIIECTB B OKpyskarolyto cpeay (Johnny et al. 2009). Scho,
yto cdepa Y3LII npoctupaercs OT MOHUTOPUHIAa MEPOIPHUATHI 10 OXpaHE OKpYyKarolen
cpemsl B LeNOM J0 Ooliee aKTHBHBIX [eWCTBUil (HampuMep, MOBTOPHOE HCIIOJIb30BaHHE
MaTepHajoB, BOCCTAHOBJICHHE, JIOTHCTHKA OOPATHOTO TYTH MPOAYKIMH) MPH YIPaBICHHH
OXpaHOH OKpY)KalIlel cpeapl U BHeApeHMHM «uHHOBaumi». 3LIII cTpemutcs ynep:aTh
OTXOJBI B TIpeJieNiaXx KOHKPETHOW TPOMBINIICHHOW CHCTEMBI, YTOOBI COXPAHHUTh SHEPTHIO U
NPeJ0TBPATUTh YTEUKY OTACHBIX BEILECTB B OKpyskatoinyto cpeay (Johnny et al. 2009).

1.4. YnpagJiieHHe HeNO4YKaMH NOCTABOK C 00PaTHOH CBA3bIO

[Mpunmun Y3UII Tpedyet, uToOBl OpraHU3alMK yUIMHSIN «IIPSIMYIO» LEMOUYKY ITOCTaBOK Ha
OJIMH IIar, T.e. BKJIOYalu B Hee cOop orpaloTaBIIel MPOAYKIHMH, pa3dop e€e Ha 4acTw,
BOCCTaHOBJICHHE, H3BJICUEHUE MAaTEpHANIOB, MPAaBUJIbHYIO YTHJIU3ALUIO MPOJYKLUHU, YTO
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JOCTUTAETC TAaKUMH TPOLECCaMHU, KaK PEMOHT, IMOBTOPHOE MPOM3BOJCTBO, NepepaboTka,
KOTOpBIE B COUYETAHUHU CO BCEMHU HEOOXOJMMBIMH TPAHCIOPTHBIMH U paclpeaeTuTeIbHBIMU
ONEepalMsIMU HA3bIBAIOTCS 0OOpaTHOM 11eoYKoi. B joructruke oOpaTHOM LIETIOYKU CYIIECTBYET
CBSI3b MEXKJy PBIHKOM, Ha KOTOPOM MOSBISiETCS OTpaboTaBIlas MPOAYKIUS, U PHIHKOM JJIs
«HOBON» npoxaykuuu. IIpu coBmageHuUM 3THX PHIHKOB MOKHO T'OBOPUTH O TaK Ha3bIBAEMOU
3aMKHYTON cetu (cetu ¢ obparHoii cBsa3bio) (Krikke et al. 2004). Takum oOpa3om, Iiermodka
MIOCTaBOK, B KOTOPOW COCYIIECTBYIOT IpsMasi M OOpaTHas LETOYKH, HA3bIBACTCS LIETIOYKON C
oOpatHoii cBs3bi0. MccneqoBanue Takux HENOo4YeK BBUTHIOCH B OT/AEIbHYIO 00J1acTh — 00J1acTh
UCCIIC/IOBAHMS YIIPABJICHHS LEMOYKaMU TOCTaBOK ¢ oOparHo#t cBszpio (YLIIIOC). YUITIOC
BKJIIOYAET B ce0s MPOIIECCHI U ONEpaliy, KOTOPhIe OTCYTCTBYIOT B TPAIUIIMOHHOM YIIPaBICHUU
nernoukamu nocraBok. Guide Wassenhove, Van Wassenhove (2003) yTBepXkmaroT, dTO
oOpaTHasi IernoYka IOCTaBOK, B YHUCIIE MPOYMX, BKIIOYAET B ceOs 3aKyNKH, JIOTUCTUKY
OOpaTHOM ILIEMOYKH, MPOBEPKY, COPTUPOBKY, pa3MeEIIeHHe, OOHOBJICHHE, a TaKXke
pacripenienieHue U MapkeTuHT. TakuMm 00pa3oM, MOXKHO MPEINOJOXKHUThb, YTO YIPABICHUE
IITOC xak cTpaTerus criocoOHO NMPUBECTH K 3es1eHoM 1enouke rnocraBok (Olugu, Wong 2012).
LITOC MOXHO OmpeneNuTh KaKk UHTETPalMi0 JIOTUCTUKUA MPSMOM U OOpaTHOW IIeroyeK, B
KOTOpOH BO3Bpamiaemasi TMPOJAYKIHsS BOCCTAHABIMBACTCS W BO3BpAlIaeTCs OOpaTHO B
TPAIULMOHHYIO MPAMYIO IIETIOYKY, CO3/1aBasi TEM CaMbIM HENPEPBIBHBIN LHKI MOCTaBOK
(Wells, Seitz 2005), nHanpaBjeHHBI Ha 3KOHOMHUYECKHE, SKOJIOTHYCCKHE W COIHAIbHbBIC
nocrmkenus (Giovanni 2011). Eciu mocMoTpeTs Ha OnpeecHHe, TO MOXKHO IPEANOIOKUTh,
YTO KOHEYHOW LENH B OOJIACTH 3aIIUTHl OKPYKAIOMIEH CPelbl MOXKHO JOCTHYB C MOMOIIBIO
LITOC (Andig, Yurt, and Baltacioglu 2012).

VYipaBieHue JOTMCTUKOM C OOpaTHOM CBA3bIO OOECHEYMBAET MUHUMAJIBHYIO 3aTpary
MaTepuaioB 3a CYET CJEJOBaHHS MNPUHIMIAM «OT KOJBIOETH [0 KOJBIOETW» U 3aKOHY
COXpaHEHHsI Ha MPOTSDKEHUH BCETO KM3HEHHOTO IMKJIa MaTepuanoB. B oOpaTHOM orucTuke
WCIIOJIb30BaHHAs MPOAYKIus (1100 HA rapaHTuH, TM00 B KOHIIE CPOKa HCIIOIb30BaHUS, JTHOO
B KOHIIE apeH/Ibl) 3a0MParoTCs, a 3aTeM MPOAYKIUS MM €€ YaCTH MPABUIBHO YTHIIN3UPYIOTCS,
nepepadaTbIBalOTCs, MOBTOPHO HCHOJIB3YIOTCS MM MOBTOPHO MNpoU3BOAATCA. B memnouke
MOCTAaBOK C€ OOpaTHOM CBS3bI0 TPOM3BOJUTENH HUCXOJHOM MPOAYKIIMH  3a0upaer
UCIIOJIb30BaHHYIO MPOIYKIUIO Y NTOTpeOUTeNeH, epeiaeT ee Janblie Ha pa30oop, HOBTOPHOE
ucrosp3oBanue wim yruwimsauio (Rogers, Lembke 1999) ¢ nenbio monyuuts NpuObLIs WK
CHHM3UTb BpEIHOE BO3JIEHCTBHE Ha OKpYXamllyio cpeny. Jloructuka ¢ oOpaTHOM CBS3bIO
COCTOUT U3 JIBYX YacTEH: MpsIMOM U 0OpaTHOM JOTUCTUKH. BoccTaHOBIIEHHE TTPOTYKIIMHA — 3TO
oOparnas sioructuka. Roger, Timber- Lembke (1999) onpenensitoT 00paTHYIO JOTHCTUKY KakK
«TIporiecc TUTaHNPOBAHUS, BHEPEHUS, YIpaBieHNus d()()EKTUBHBIM PAlMOHATIBHBIM TTOTOKOM
CBIPBSI, MPOJYKIIMU B TMpOIEcCe MPOU3BOJCTBA, TOTOBOM MPOAYKIMU M CBSI3aHHOU C ATHUM
UHPOPMAIIUK HAYMHAS C TOUYKH MMOTPEOICHUS IPOIYKIIMH 0 TOYKH €€ TPOU3BOJICTBA C IIEITBIO
«BO3BpaTa CTOMMOCTH WIIM TPaBWIBHON yTUIU3allMu». BO3MOKHBIE AEUCTBHUS B paMKax
00paTHOW JIOTUCTHKH BKIIIOYAIOT B Ce€0Sl MMOBTOPHOE HCIIOJIb30BAaHKE, MMOBTOPHYIO MPOIAXY,
PEMOHT, OOHOBIJIEHHE, TOBTOPHOE TPOM3BOJACTBO, pPa3yKOMIUIEKTOBaHHME, MepepaboTKy
(Krikke, Bloemhof-Ruwaard, Wassenhove 2003). Eciu ympasienue o0paTHOW JTIOTHCTHKOMN
BEJIETCS MMPABUWIBHO, TO NIPU COKPAIEHUH BPEIHBIX BHIOPOCOB, BOCCTAHOBIEHUU U TOBTOPHOM
WCTIOJI30BaHUU TIPOJIYKTa B IIENISAX 3aIIUTHI OKPY)KAIOMIEH Cpelbl MOXHO TOOUTHCS H
COKpAIlleHUs] 3aTpaT TMpH 3aKylKaX, YHUUYTOKEHUU U TPAHCHIOPTHPOBKE MPOIYKIIUU
(Fleischmann, Beullens, Bloemhof-Ruwaard, and Wassenhove 2001). IToctpoeHne cxembl
CeTH OOpaTHOM JIOTUCTMKH PAacCMOTPEHO B HEJAaBHO OIyOJMKOBaHHBIX paborax. I3-3a
pa3n4mii B XapaKTEPUCTUKAX TOTOKA MEXAY MPSIMBIM M OOpaTHBIM KaHAJIaMH TIOCTPOCHHE
CeTH OOpaTHOU JIOTUCTHKH CTaJl0 MPEIMETOM HCCIIe0BaHMs. BhIMOIHEHB MHOTOUHCIIEHHBIE
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paboThl B  pa3IUYHBIX 00JacTsAX: aBTOMOOWIbHAs mpombiiuieHHOCTs  (Schleiffer,
Wollenweber, Sebastian 2004; Schultmann, Zumkeller, Rentz, 2006), mpou3BoaCTBO
anexktponpudopos (De Brito, Flapper, Dekker 2003; Ciupek, Franke, Seliger, 2003),
nepepabotka makyiarypel (Fleischmann, Beullens, Bloemhof-Ruwaard, Van Wassenhove
2001; Chan, Chan, Zhang 2006), nepepabotka koBpoBbix mokpsitTaii (Helm, Harvani 2006).
Ilenpro maHHBIX paboT ObLIA pa3pabOTKa CETH OOPATHBIX MOCTABOK, CIIOCOOHON 3 (HEKTUBHO
paboTaTth ¢ 0OpaTHBIMHU TIOTOKAMHU M JOCTUTATh YCTOWUMBOCTH. Kpome Toro, B 3TuX paborax
yrensieTcsi BHUMaHUE MCTOYHUKAM OOJIBIIOrO KOJUYECTBA MAapHUKOBBIX ra3oB, a OJHUM M3
TaKUX MUCTOYHUKOB siBisieTcs: TpancnopT. CO, OKa3bIBaeT CHIILHOE HETaTUBHOE BO3/CHCTBUE
Ha 3/I0pOBbE UeJOBeKa. TpaHCHOPT — BTOpPOM MO oObeMaM HMCTOYHUK BbIOpocoB COs.
Orpannuenns Ha CO; Ha pHIHKE JOTUCTHKHU JOJDKHBI OBITH YIOBJIETBOPEHBI B ONMOKalIIeM
OynymeMm, T.K. 3TH OTpPaHHYEHHUs 3aKpEIUIeHbl B MPOTOKONax. MOXXHO O0XHAaTh, YTO B
rpy30mepeBo3kax OyayT U3MEHEHHSI, KOTOPbIe CHU3ST BBIOpOChl CO, Mpu pa3yMHBIX 3aTpaTax
neHexHbIX cpeacts u Bpemenu (Piecyk, Alan and McKinnon 2010).

1.5. Heab nanHoi padorsl

[IpeanpunsaTa NONBITKAa pa3paboTaTh MOJAEIb YIPABICHUS 3€JIEHBIMU LIEIIOYKAMHU I1OCTABOK
Ha ocHoBe L{ITOC, koTopas M03BOJIUT MUMHUMU3UPOBATh HETAaTUBHBIE MOCIIE/ICTBUS B 00JIaCTH
SKOHOMHUKM U DSKOJIOTUM U OOBEAMHUTh HPSAMYI0 U OOpaTHYIO JOTMCTHKY C LEJbIO
COKpAILLEHUS OTXOIOB.

B nanHol pabore Monenupyrorcss (pyHKIHMOHAIbHBIE M SKOJIOTMYECKHE XapaKTePUCTUKU
LITOC, T.e. MOAENb JTOTUCTUYECKOI CETU MPSIMOTO U 0OPAaTHOTO HANIPABJIEHUS C MHOKECTBOM
3BEHbEB C LIEJIbI0 YYECTh Ha ATalle MPOEKTUPOBAHUM BIHSHUE BHIOPOCOB MAPHUKOBBIX I'a30B
Ha OKpyxaroulyro cpeny. llenb paHHOM Moaenu — MaKCUMalbHO IOBBICUTH OOIYIO
OKUaeMYI0 TpHOBUIL M MHHUMHU3UPOBaTh BbIOpockl COz 3a cyeT TPaHCIOPTUPOBKU
MaTepUajoB B JOTUCTUUYECKON CETHU MPSIMOro W OOpaTHO HamNpaBiCHUS MPU MOMOIIU APYTUX
TUIIOB TPAHCIOPTA, KaXAbIl CO CBOMM XapaKTEpPHbIM YPOBHEM BBIOpPOCA U CTOMMOCTBIO
nepeBo3ku. Pe3ynbrarhl pacueTa MO3BOJWIM HPOJUTH CBET Ha pAa3jIMYHbIE IOKa3aTeau
3¢ (HeKTUBHOCTH.

1.6. «3esienblii» cueHapuil B pa3BMBaIOIIUXCS CTPaHAX
1.6.1. «3enenas» npoaykuus / Y3LII u pazBuBaionmecst CTpaHbl

ITpyHIMI «3€I€HO0M» MPOAYKLNHU JTAET NEPCIEKTUBY HOBOI'O SKOHOMHMYECKOIO pOCTa, KOTOPBII
HE HAHOCUT BpeA OKpyXarolleil cpeae U CIOocoOeH YMEHBIINTh YPOBEHb O€IHOCTH.
MepornpusaTs, KOTOPbIE CHIKAKOT HAHOCUMBIM OKPYXKArOUIEW Ccpene Bpel, BBIIOJIHIEMbIC
OOJIBIIIMHCTBOM OpraHM3alMii MO BCEMY MHpPY, WIPAIOT KIIOYEBYIO pOJIb B OOpalleHHH
M3MEHEHUs KJIMMaTa, COKpallleHUH BbIOPOCOB MApHUKOBBIX I'a30B, COXPAHEHUH OTPAHUYEHHBIX
NpUPOJHBIX pecypcoB. Kommanuu mo BceMy MHpY JenaioT BBIOOp B IMOJNb3Y MPOAYKIHH C
3aMKHYTBIM IIMKJIOM (pereHepatuBHbI mnpuHimn — cradle to cradle) xak OGornee
HHEProdPPEeKTUBHOW M HSKOJIOTHUECKH Oe3omacHOM. BHenpss moBTOpHyI0 mepepaboTKy,
COPTUPOBKY M  YTWIHM3ALUI OTXOAOB, I€peoOOpPYAOBAHUE OCBEIIEHHS C  LENbIO
sHEprocoepexeHus, coop J0KIAECBOM BOJIBI, MPOrpaMMbl MO PabOTe C HACENCHHEM, MOKYIKY
«3EJICHON» YHEPTHH, OHU CTAPAIOTCSI COKPATUTh HETATHBHOE BIIMSHUE HA OKPYXKAIOIIYIO CPENY.
bonpuias yactb HaceneHUs B Pa3BHUBAIOIIMXCS CTpaHax >KUBET Ha 1-2 nosnapa B JIEHb.
benubie cnou HaceneHUs TPATAT OOJIBLIYIO YAaCTh CBOETO JOX0/1a Ha MPOAYKThl MUTAHUS, OHU
MOTYT HE MMETh JIOCTyNa K OCHOBHOW HMH(PACTPYKTYpEe M HE MMETh NPOU3BOJCTBEHHOTO
KanuTaia. B pa3BHBaIOIUXCSA CTpaHAaX TPETh JETEH 0 MATH JIET HEJOCTaTOYHO XOPOIIO
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NUTAIOTCA M YPE3BBIUANIHO BOCHPUUMYMBEI KO MHOTUM OonesnsM. B MHanu OONbIIMHCTBO
OpraHu3alil peaqn30Bald MEPOIPUATUS IO CO3JIaHHIO YCTOHUMBOM OKpYy)Karolled cpemsl.
OTO O3HAa4YaeT HE TOJBKO TO, YTO COTPYAHHMKH, TOCTABIIMKH, MApTHEPHl MO OH3HECY U
HOKYyHaTeau cTaiu Ooliblie 3a00TUThCs 00 OKpY’Karollel cpesie, HO U TO, YTO CTEHKXOJAEPhI
TENeph CTPEMSTCS BHIOMPAaTh METOABI PA0OTHI, KOTOPHIE CIIOCOOCTBYIOT YCTOHYHBOMY
pa3BUTHIO. PaznuuHble peryiupyronye opraibl BbIIBUHYIM WHHOBALMOHHBIE IPEIJIOKEHUS,
B KOTOpBIX 00S3aTENIbHO YYMTBHIBACTCS 3allUTa OKpYXaromed cpensl. Bueapsercs psin
IOCTAaHOBJIEHUH U HOPM I10 3alLIUTE OT 3arps3HEHUs BOJbI, BO3/1yXa, AUKON MPHPOJIbL, JIECOB,
0 3aIUTe OKPYXKAIOIIEH Cpebl B LIEJIOM U 10 00pabOTKe BPEIHBIX OTXOA0B, KOTOPbIE ObLTH
npuHsTh ¢ 1970 r. 110 ceit AeHb.

1.6.2. 3esienast mpoaykuusi / YIIII n KoHKypeHTHOE PenMyIIecTBO

Llenbto 3eMeHON MPOAYKUMU SIBISETCS MUHUMHU3ALMS HETaTUBHOTO BIUSHUS IPOM3BOICTBA
OPOAYKIIMHM Ha OKPYXKAIOIIYIO cpeay. YCTOWYMBOE MOTpeOJieHUE 03HAYAeT YAOBIETBOPEHUE
MaKCHUMAaJIbHOTO YUCJIa TOTPEOHOCTEHN U JKeJIaHUM MOTPEeOUTENs MPU MUHUMAIBHOM BIUSHUU
OPOAYKIMHM U yCIyr Ha OKpyKarollyio cpeny. [IpuHuMas Ha BOOpY>KEHUE HJICI0 «CHIETaTh
OoJbpIIee 3a MEHbIIEE», KOMIIAHWU TIIATEIBHO Pa3padaThIBAIOT METOABI YIPABIICHUS, HE
HAHOCAILIME BPEJl OKpY)KaroIlel cpesbl M MO3BOJSIOLUME OOHOBUTH IPOLIECC IPOU3BOJCTBA
OPOAYKIMH, HAuWHAas OT dSTama MPOEKTUPOBAHMUS U TMPOU3BOACTBA M 10 HCIOIH30BAHUS
MPOIYKLIUU U €€ yTUin3aluu. B mpoiiecce mpou3BOACTBA BBINMOIHSAETCS TIIATEIbHBIN aHATU3
C LIETIBI0 COKpAIICHHs BIUSHUS KOHKPETHBIX BUAOB MPOAYKIIMHU HA OKPYXAIOIIYIO CpPely B
TEUEHUE BCEr0 IKU3HEHHOTO0 IMKJIA MPOAYKIUH (IIPOCKTUPOBAHHME, TMPOU3BOJICTBO,
MCIIOJIb30BaHUE, DKCITyaTallMOHHAS TTOAICPKKA) U pa3paldaThIBAIOTCS CIIEIUATBHBIE METOIbI
yrunuzanud. OCHOBHOE BHUMAHHE YAEINSETCS MOCTPOCHUIO IIENOYKHU YCTOWYMBOM CTOUMOCTH
3a CUET OTBETCTBEHHOTO OTHOIIEHHUS K HCIOJIb30BAHUIO PECYPCOB, MOAAECPKUBAS XOPOIINE
OTHOIICHHUS C MTOCTABIIMKAMHU (B HAIIPABICHUU «BBEPX», «BHU3» U «moriepek»). B 2003 r. IFC
npejocTaBuia KpeauT B 75 MWIIMOHOB JOJJIAPOB COBMeCTHOHM Kommanuu Power links
Transmission Limited Ha CTpOUTENBCTBO JIMHHUU SJICKTPOIEPENauM, MPEAHA3ZHAYCHHON ISt
nepenayu SHepruu, BeipabareiBaemoii I'DC, B ceBepHble W BocTouHble mTaThl Munuu. [Ipu
3TOM 3a 25 JIeT peajau3aluy IMPOeKTa HEMOCPEACTBEHHO M KOCBEHHO OBLJIO CO3/1aHO OKOJIO
9700 paboumx mectT. Kpome Toro, BropocteneHHbie (PaKTOpbl, CBS3aHHBIC C IMOCTaBKaMU
SHEPTHUH U €€ MOBBIIIEHHON Ha/lexKHOCThI0, cozfaanu 75000 pabounx mect ¢ 2006 o 2012 rr.,
u3 koTopbix 4600 pabouux MecT ObLIO cO3/1aHO B 3anaaHoi benranuu.

B cBs3u ¢ HEZOCTAaTKOM JKCIEPTOB, OCOOCHHO B PAa3BHUBAIOIIMXCS CTpPaHAX, MPOTPAMMBI
0o0ydeHUs1 TaM TIOKa HE MPUXKWINCh, a KPOME TOTO, M3-3a PA3JIHYHBIX 3a0TyXKICHHUI
(UHAHCOBBIX HMHCTUTYTOB MPAKTHUYECKU OTCYTCTBYET TOTOBHOCTh (UHAHCHpPOBaATh Ooee
OKOJOTHYHYIO Tpoaykiuioo. KpaitHe HeoO0X0oauMO TMOBBIIATh HHGOPMUPOBAHHOCTH O
npobiieMax, MprUYeM He TOJIBKO B 00JIaCTH MPOM3BOJCTBA, HO U B COIMAIBLHOU cdepe, chepe
OKPYKAIOIIEH CpeIbl U SKOJIOTUH.

Takass cuTyanus OCoOEHHO OCTPO CTOMT B OOJACTH CEIbCKOTO XO3SIMCTBA, T/ 3€lIeHBIE
TEXHOJIOTHMHM HAMPAaBIICHbl Ha TOBBIIIEHUE MPOIYKTUBHOCTH CEIIbCKOTO XO3SIMCTBA MEIKUX
depmepoB. OmHO U3 CaMBIX CEPHhE3HBIX MMOTCHIIMANBHBIX MOCIEJACTBUI TI006AaTBLHOTO
MOTETUICHHUS] — TTOHM)KEHHAs! TTPOTYKTUBHOCTh CEIHCKOTO XO3SMCTBA Pa3BUBAIOIIUXCS CTpaH.
[To Toii ke mpUYUHE, OJTHAKO, OCTHBIE CENbCKUE KUTENU SIBISIFOTCS OJHUMH M3 TE€X, KTO B
MEPBYIO OYEpEelb BBIMTPBHIBAET OT 3€JIEHOM HOKOHOMHMKH. Y CTOMYMBBIE  METOJIbI
CEJIbCKOXO3SHUCTBEHHOTO TMPOM3BOJACTBA 00MAAAOT OOJBIIMM IMOTSHIIMAIOM, OCOOEHHO B
OTHOIIIEHUN YKPETUICHHWs] OPTaHMYECKUX BEIIECTB IJIOIOPOTHOTO CJIOS TIOYBHI, TIOJIOPOIUS
MOYBHI M BOJIOY/IEPKUBAIOIIECH CIIOCOOHOCTH MOYBBI, OHU MO3BOJISIOT MOTyYaTh MOBHIIICHHBIN
ypoKail B HU3KO- U CPEHE3aTPATHOM CEITLCKOM XO0341CTBE U arpojeCOBOICTBE.
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1.6.3. 3esienoe nmpou3ssoacTo / YIIII u npeumMyiecTBo B pa3BUTHH /ISl PA3BUBAIOIIUXCS
cTpaH

3enenoe YIIII moMoraer npuMeHsTh aJbTEPHATUBHBIC BO30OHOBIISIEMbIE HCTOYHUKHU SHEPTHU B
Hensx o0ecneyeHus: YCTOMUMBOCTH, IMOBBICUTH CBOK) KOHKYPEHTOCIIOCOOHOCTh Ha pPBIHKE,
SKOHOMMTDH JCHEKHBIE CPEJICTBA U B KOHEYHOM WTOre — CIACTH 3EMJII0 OT Y)KAaCHEHILEero
KpHU3HCa, KOTOpPBIA IIOCHENOBal B pE3yJbTaTe€ HEPa3yMHOIO HCIOJIb30BAHUS HAY4HO-
TEXHUYECKUX JOCTH)KEHUI M IOCTaBWI IO YIpO3y HCYE3HOBEHHSI OMOJIOTMYECKHE BHJIBL.
MHorue opraHuzanuy pacuMpsoT JMHEHKY SKOJIOTMYHOM IMPOIYKIMH, YTO IIO3BOJISET pelarh
B)KHEHIIIME BOMPOCHI B 00JIACTH DHEPreTUKU M YCTOHYMBOCTH Ha TOCYAAPCTBEHHOM YPOBHE.
[Tomumo TOrO, 4TO NOTPEOUTENIN B 3TOM CIIydae MOIy4aroT SHEPIHUIO IO OoJiee BHITOTHOM LIEHE,
a MPOM3BOJAMTEIILHOCTh W BBITOJIA BEJACHUS OM3HECA IMOBBIAIOTCS, TMOBBIIIACTCS M Ka4eCTBO
3paBOOXPAaHEHUS] M YPOBEHb >KW3HU. MHOrme opraHu3alud IOCTOSHHO paOoTarT Hal
YIy4IIEHUEM MIPOLIECCOB BeIEHUSI OM3HEcCa 3a CUeT BHEAPEHUs] MHHOBALMI U OOpaTHOM CBA3H,
Jenas 3TH Ipouecchl Oojee 0e30HacHBIMH M 3KOJIOTMYECKH 3()(EKTUBHBIMU B 001acTH
NPUMEHEHHS PECYpCOB M YIIPABICHUS MaTepHaNbHOW 0a30i. DTO OJHA W3 KIIIOYEBBIX Mep,
HalpaBJIeHHBIX Ha olecredeHue ycTtonunmBoro pas3ButHs. Croja BXOJIT HOPMATHBHBIE aKThI,
MOJIMTUKA IIEHO00Pa30BaHMsl, HAJIOTH U CYOCHINPOBAHUE B IIETISIX OTPAaHUYCHUS 3arpsI3HEHUH U
BBIOPOCOB, IPEJOTBPAILIECHHUSI UYPE3MEpHON SKCIUTyaTallud HPUPOJIHBIX pecypcoB U Oosee
aJIeKBaTHOTO OTOOpPaKEHUS MPUPOJHON IIEHHOCTHU TPH IIEHOOOPa30BaHMH, & TAKXKE aKTHBHOTO
BHEJIPEHUSI HKOJIOTMYECKUX KPUTEPUEB B IIPOLIECC BEACHUS FOC3aKYIIOK.

Kommanust Attero paspaborana TEXHOJOTHIO MepepabOTKH, MO3BOJSIONIYI0 H3BJICKAThH
METaulbl M IJIACTUK M3 OTpaboTaBILEH 3JIEKTPOHUKU (HAampuMep, KOMIIBIOTEPOB U
MOOWIBHBIX TenedoHoB). [Ipu sTom ObuM co3manbl paboune Mecta. TexXHONIOrus Mo3BOJISIET
CHIDKaTh 00bEM 3arps3HEHUIl U palMoHalbHEe MCIOJb30BaTh 3anackl MeTauioB. Komnanus
oOpamaer ocoboe BHHUMaHHE Ha OOydeHHE HHU3KOKBATU(HUIIMPOBAHHBIX PAaOOYMX, KOTOPHIC
cOOMparoT U nepepadaThIBAIOT OOJIBLIYIO YaCTh OTXOAOB OT JEKTpOHUKU B Muauu. Tot xe
ClEHapull HayMHAeT PpEealn30BbIBATHCA U B O0JIACTU CENbCKOTO XO3SMCTBA, I/I€ 3€JIEHBIE
TEXHOJIOTUH MOBBIIIAIOT MPOJTYKTUBHOCTh MENKUX (pepMepcKux Xo3sicTB. OIHO M3 caMbIX
CEpbE3HBIX MOCIEACTBUM, K KOTOPHIM MOXXET MPUBECTU IJI0OATBbHOE MNOTEIJIEHHE, — 3TO
CHIDKEHHasl MPOJYKTUBHOCTh CEJIbCKOTO XO34HCTBa B pa3BHBaroluxcs crpaHax. ITo Toif ke
npuunHe O€qHBbIE CEJIbCKUE JKUTENHU OOJIbIIE OCTAIbHBIX BBIMTPBIBAIOTCS OT BHEIPEHUS
3€JIEHOM SKOHOMMKH. MeTOo/bl YCTOWYUBOIO CEIBCKOXO3SMCTBEHHOTO MPOU3BOACTBA MOTYT
CYILIECTBEHHO CHMU3UTh BPEIHOE BJIMSHUE Ha OKPYXKAIOIIYI0 cpeAy U 00yagatoT OOJbLIMM
NOTEHIMAJIOM aJanTalii, B OCOOEHHOCTHM B OTHOIIEHUM 3aKPEMJIeHHs OpraHuyecKou
MaTepUH BEPXHETo CJ0s TMOYBBI, IUJIOJAOPOAHOCTH U BOJOYAEPKHUBAIOLIEH CHOCOOHOCTH
MOYBBI, TMOBBIIICHUS YPOKaHHOCTHM B pallOHaX C HU3KO- U CpeIHEe3aTPaTHBIM CEIbCKUM
XO3SIICTBOM M arpoJ€COBOACTBOM.

WNunoBanmu kommnanuu Jain Irrigation mo3Bosumy JA0CTHYB YKOHOMHH BOJHBIX PECYpPCOB,
paBHbIE TOJOBOMY IMOTpeOsieHnto Oonee 10 MIIIMOHOB /IOMOXO3SMCTB. 3a CyeT 3TOM
uHumaTuBel 16300 Menkux ¢epMepoB MOBBICHMIM CBOM TOJOBOW JTOXOJA MPAKTHUECKU HA
$1000. 11 xommanmii Tata Group Ttaxke pa3pabaThIBa€T CTPATETHIO SKOHOMHH BOJHBIX
pecypcoB B cBoeil paboTe. DTO MO3BOJUT YCTAHOBUTH MApaJUrMy COXpPAHEHHs BOIHBIX
pPECYPCOB B MHAMNCKON MPOMBIIIIJIEHHOCTH.

1.6.4. 3enenoe npousBoactso / YIII: yncrast u 310poBasi NpoAyKIUsI BeAeT K YUCTOH U
310POBOM KU3HU

[TonsiTue «Oosiee yucTas NPOAYKIUS» OPUIMANIBHO MOSBIIIOCH HA ceMuHape B Kenrepbepu.
OHo ObIIO ONpEIENeHO KaK «HEMPEePbIBHOE UCIOIb30BaHUE HHTETPUPOBAHHON IPEBEHTHUBHOMN
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HKOJIOTUYECKON CTPATETruu B MPOU3BOJICTBEHHBIX MPOIECCAX, MPOAYKIIMH U YCIyrax B IEJsIX
MOBBIIMICHHUS 00MIeH Y(PPEKTUBHOCTH W CHUKEHHUS PHUCKOB IS YEJIOBEKAa M OKPYKAIOIICH
cpeﬂm»l. Bonee uncroe mpom3BOJACTBO UrpaeT KIIOYEBYIO POJIb B U3MEHEHUH CTPYKTYPhI
noTpebaeHuss u mpousBojacTBa. ONBIT HMCHOJB30BaHUS 00JIE€ YHUCTOTO TMPOU3BOJICTBA
MOKA3bIBAET, YTO MOXHO CHH3UTh KOJHMYECTBO OTXOAOB M 00beM BBIOpocoB Ha 20% 06e3
HOBbIX nHBecTHIMH. Eme 10-20% cHuXEHUsS 0TXOJ0B M BHIOPOCOB MOXHO JIOCTHYb 3a CUET
MUHHUMAJIBHBIX JIOMOJIHUTEIBHBIX 3aTpar, MPUYEM CPOK OKYMaeMOCTH OyAeT COCTaBISATh
MmeHee 6 MeC}II_[eBl.

Pazmuuns MCKAY pa3BUTBLIMU U MCHCC PA3BUTBIMU CTPAHAMU

Pa3Butsle cTpaHbl MeHee pa3BUThIE CTPaHbI
ABTOMOOMJIbHBIE TIEPEBO3KH MHoro BiaebLeB aBTOMOOHIICH CyIecTBeHHO MEHbIIIE
BJIafIeJIbLIEB aBTOMOOMIIEH
[IpeobnanatoT aBTOMOOMIN Coueranue JIBYX- u
TPEXKOJIECHOI'O TPAHCIIOPTA
Bonpme km/genoBeka MeHbI1e KM/4eIoBeKa
Bonee HOBBII aBTOmapk, CHMKEHHBIE | bosee cTapbli aBTOMApK,
BEIOPOCHI TIOBBIIIICHHBIE BEIOPOCH
Hopoxxnoe MOKpbITHE | XyJIIee COCTOSHUE TPAaHCIIOpTa
MOAJIEP>KUBACTCS B XOopoleM
COCTOSIHUM IInoxoe cocrosiHue 1opor
Pacnipenenenye HCTOUHUKOB IIpoMbllIIEHHBIE PAMOHBI TECHO
OOBIYHO TPOMBILUICHHBIE PAaHOHBI | COCEICTBYIOT C )KUJIBIMU
Bri6pocsr PAacCIIOJIOKEHBI BAAIM OT JKHIIBIX HeompeneneHHOCT B JaHHBIX,
HanexxHble naHHble 1Mo BRIOpocam TpebyeTcs JTy4lliee TOHUMaHUE
Hctounuk  sHeprum s VYros, JpeBeCHHa, Macio,
npuroToBieHnss ~ mumu W | OOBIYHO Ta3, AMEKTPUIECTBO, JP. OmoTOrNIMBO, Ta3. 3aBHUCUT OT
OTOIUICHHUS MECTHBIX PECYpCOB
3arps3HsOLIUE BEIIECTBA, Ha Homomanrensro: SO, rneryume
KOTOpBIe cienyeT obOpatuts | PMyg, PM; s, O3 NO, opranudeckue coeauHenus, Pb
ocoboe BHUMaHHE
WudpactpykTypa  KOHTpOIA Menee pa3Burasi, pparmeHTapHas,
3arps3HEHUS BO3TyXa Xopomo pa3BuTass B HEKOTOPHIX | BBIOPOCHI IMJIOXO KOHTPOIUPYIOTCS
DKOHOMUKA peruoHax, ®ecTkue TpeboBaHus CunbHas CBSI3b (manpumep,
Cnabast 3aBHCHMOCTh SKOHOMHKH OT | pabounme MecTa  3aBHCAT  OT
3arpA3HAOIIEH POMBIIIJIEHHOCTH 3arpsA3HsAoLIeH
Peamuzanus MIPOMBIIIJICHHOCTH)
3aKOHOJATEILCTBA Hanexnas Mosxet OBITE ci1aboit
I'paponnanupoBaHnue, CBs13U CTaHOBATCS CUJIbHEE ®parmeHTapHoe,
yIpaBJlieHue HECUCTEMAaTUYECKOE
MOHUTOPHHT 3arpsA3HEHUA XopouIio CTpyKTypUpPOBAHHBII Tpebyet Ooxee CTporoi
KOOpJUHAIIMH

HMctounuk: World Atlas of Atmospheric Pollution - Page 20 - Google Books

O}IHOI\/JI M3 CaMbIX BAXXKHBIX 3a/ia4, CTOAIIUX NIEPEa YCIIOBEUCCTBOM, SABJISACTCA YAOBJICTBOPCHUC
noTpeOHOCTEH U JKeNnaHuil moTpeduTeNs, MPOJABUras MPH 3TOM 0o0Jiee YUCTYIO MPOIYKIHIO U
ycroiunBoe mnotpedinenue. s GoppObl ¢ OETHOCTHIO M YXYALIEHHEM HKOJIOIMYECcKOi
CUTyallud HEOOXOJUMO MEHSATh CIIOCOO MPOM3BOJICTBA, PACHPOCTPAHEHUS M IMOTPeOICHUS
npoaykuuu. Kpome Toro, Tpedyercs paliioHaIbHO MCIIONIb30BaTh TAKHE PECYPChl U SHEPTHUIO,
a TakXe COBEPILIEHCTBOBATh MPAKTUYECKOE MbIlUIeHUE. Pa3BuBaromrecs CTpaHbl MO BCEMY
MUPY JTOJKHBI BHEAPATH 3(PPEKTUBHBIE TOCYIApPCTBEHHBIE MPOTrPAMMBI, MOApa3yMeBalolIe
CHelMaNbHble OTMETKH Ha <«3eJeHON» MNPOAYKIMH, IMOOHIPEHHE 3KOJIOTUYECKH YHUCTOTrO
IPOU3BOJICTBA, «IKO-MEHEIKMEHTa» U ayAnpOBaHME OKpykaromei cpeapl. IlpaBurenscTBa
3TUX CTpaH JIOJDKHBI BHEAPATH MPUHLUIBI JOOPOBOJBHOTO  COTJIAIICHHS — MEXIY
TOCYAApCTBEHHBIMU TPHUPOAOOXPAHHBIMHU OpraHaMi W Y4YaCTHUKaMU HpOH3BOJICTBeHHOI>’I
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JESTEIIbHOCTH, a TaKXKe pa3padoTaTh METOJOJIOTHIO BHEIPEHUS OIEHKU JKU3HEHHOTO IUKIIA
JUISL IPEITPUATHIA.

Hanee mnpexacraBieH JIUTEpaTypHBIM 0030p MO JaHHOW TEeMaTHUKe. 3aTeM OmNpenesieTcs
npobiemMa U OCHOBHAS 1eJIb Halllel CTaThH, MPeIaraeTcsi MOJIeNIb KOHKPETHOTO IPOIyKTa MpU
OTpECNICHHBIX JTOMYIICHUSX, paccMaTpuBaeTcs peaiibHast cutyauus (pasznen 3). B paznpene 4
OIHCBHIBACTCS METOJIONIOTHS, MpHUMEHsieMas B IIEJIEBOM IporpammupoBanud. B pazpene 5
MPUBOJUTCS YWCIICHHAs] pealn3alusl KOHKPETHOTO Cliydas W3 pPETbHOM >KU3HHU, YTOOBI
MOTYEPKHYTh XapaKTEPUCTUKU MPEUIOKEHHON Mozienu. B 3akiitoueHre npruBoASTCS BBIBOJIBI.

2. O030p JIMTEPATYPBI

VY3LII nmpuobperaer Bce Oosbliiee 3HAYCHUE I MHAMKUCKUAX MPOU3BOAMTENCH, Omaromaps
WH(OOPMUPOBAHHOCTH O OW3HECE H OKOJOTHU W KOPIOPATHBHOW OTBETCTBEHHOCTH.
OpraHu3anuu ctajiv oOpaiiaTh BHUMaHHE HAa TaKHE BOIPOCHI, KAK MUHHMM3AIIUS BPEIHBIX
OTXOJIOB, BOCCTAHOBJICHUE IIEHHBIX MATEPUAIIOB U3 OTXOJIOB U MPEIOTBPAIICHUE YX Y IIICHHUS
sKkojoruyeckoir obcraHosku (Kannan, Sasikumar, Devika 2010). V3III paccmatpuBaioch
UCCIIEIOBATEIsIMH B KOHTEKCTE NpoOJeM B OONACTH IIETIOYEK IOCTaBOK, BPEJOHOCHBIX
OTXOJIOB, Pa3JIiBa CTOYHBIX BOJI, MPOMBINUICHHBIX OTXOJOB WU 3KOJOTMYECKHX MPOOJICM.
Bce 5T0 momyepkuBaeT 3HAYMMOCTH IPABHIBHOTO IIOCTPOCHUS CXEMBI paCIpeIeICHUs
NPOAYKIIMK U CETH 0OpaTHO# JorucTuku. [locTpoeHue cXeMbl pacipeesieHus! MPOIYKIUU U
CeTH OOpaTHOM JIOTHCTUKH JIOJDKHO YOBIIETBOPSATH PA3IUYHBIM IENISIM ¢ SKOHOMHUYCCKOM,
colpanbHOM | 3konormyeckoi mosummii (Hamdy, Fors, Harraz 2007). B nocnensree Bpemst
NOTPEOUTENN CTal OOJBIIIE IIEHUTh MEHEEe OYEBUIHBIC (PAKTOPHI: MAIOPHCKOBAHHBIC ICTIOYKH
nocraBok (Boyd, Spekman, Kamauff and Werhane 2007) unu 3eneHble EMOYKH IMOCTaBOK
(Neto et al. 2008). BaxxHbIM BOIIPOCOM B OOpPAaTHOM PACHPEICICHUH SIBIISETCS WHTETpPAIHs
npssMOl M OOpaTHOM Iernouyek mocTaBok. MHQopmaius oT oOpaTHON LENMOYKH JIOJDKHA
WHTETPUPOBAThCA C WHGpOpManueld OT TMNPSAMOM IEMOYKH C IIeNIbI0  ONTHMAIBHOTO
TUTAHUPOBAHMS M CHIDKEHUS CTOMMOCTH. Torja BCS IEMOYKa CHUCTEMBI MOAJEPKKH MOXKET
OBITH BBICTPOEHA TaK, 4TOOBI 3(h(PEeKTUBHO paboTaTh U C MPSAMOM, U C OOPATHON JIOTHUCTUKOM.
DT0 cornacyercs ¢ IPUHIIMIIOM CXEMBI IIETIOYKH MMOCTAaBOK C 00PaTHOM CBs3b10. 3a MOCIeIHNE
TOJIbl BO3POC MHTEPEC K IIETIOYKaM TIOCTaBOK C 0OpaTHOM CBs3bI0. MHOTHE aBTOPHI M3Yy4YalOT
[ENOYKH MTOCTABOK C OOPATHOM CBSI3BIO JIJISl PA3TUYHBIX CIy4aceB.

Co6op u mepepaboTKa BO3BpAIaeMOl MPOAYKIIUU MPUOOPETn OOJbIIOE 3HAYCHHE B KAa4eCTBE
BBITOJIHOM M YCTOMYMBOM CTpaTeruy BedeHUs Ou3Heca BCIEACTBHE pPacIpOCTPaHEHHS
NPUHIUITOB YIIPABJICHHS 3€JIEHBIMHU IIEMTOYKaMK MOCTABOK [ |. Iyt BHEAPCHHMS STOW MPAKTUKA
OpraHu3alluy 1Mo BCEMYy MUPY TOJIB3YIOTCS pa3HbiMH cTparerusMu. Verstrepen et al. (2007)
MPEJIoJIaraeT, 4T0 HEOOXOJAMMO BBICTPOUTH MPABWIBHYIO CTPYKTYPY IEMOYKH ITOCTABOK,
YTOOBl MUHUMHU3UPOBATH CTOMMOCTh B MacIiTabe CUCTEMBI (MJIM MAaKCUMH3UPOBATH IPUOBLIH)
3a CYeT IUIAaHWPOBAaHUS TepeMEINIeHHsI TOBAapOB B TMpeJesiaX IEMOYKHA ITOCTABOK, T.K.
duznyeckas CTpyKTypa IEeTMOYKH MOCTaBOK Oy/leT, OYeBUIHO, BIUATH Ha €€ YPPEKTUBHOCTD,
IIPH 3TOM YPE3BBIYAMHO BaXKHO CIPOCKTHPOBATh 3PPEKTUBHYIO IEMOYKY MTOCTaBOK. Saman,
Guoqing (2012) npeanoxuim ceTh 1 MaTEMAaTHYECKY0 MOJICNb JIJIi MUHUMHM3AIIUY 3aTpar 3a
CYET OTpPENENICHUsI TOTO, KAKHUE YacCTH TMPOIYKTa MOJIEKAT MepepadoTKe B KaXKIOM IIEHTpPE
BOCCTaHOBJICHHUS, a KaKue CJIEeIyeT JOKYyNaTh Y BHENIHUX MocTaBimkoB. Salema, P'ovoa and
Novais (2007) pa3paboTanyu KOHIENTYaIbHYIO MOJEIb OJIHOBPEMEHHOIO pa3MelICHHUs/
pacnipeneneHus: MeHTpoB uid dG(HEKTUBHON M Pe3yIbTaTUBHOW CETH OOpaTHON JIOTUCTHKHU.
CrtpykTypa ceTH ¢ OOpaTHOW CBSI3BIO TPEJIOKEHA C ILENbI0 WHTETPAUU KOJIOTHYECKHX
aClieKTOB B TPaJMIMOHHYIO Joructuyeckyro cucremy (Kim et al. (2006)). VYuensie
NPEIUTOKIII  MOJZIENb  [IEJIOYMCIIEHHOTO JIMHEHHOTO TPOTpaMMUpPOBAHUSI, OCHOBAaHHYIO Ha
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pelieHnd O BBIOOpE MeCTa pACIHOIOKEHUS TPOM3BOJACTBA, PAaCHpPENCIUTENbHBIX IIEHTPOB,
JIEMOHT@)KHBIX IIEHTPOB M BBIOOpE IIEHBI, NMPUYEM 0CO0OE BHHMAHHUE Y/ENSETCS CHIDKCHHIO
KOJIMYECTBA OTXOJI0B, BOCCTAHOBJICHHIO M TIOBTOPHOMY HCIIOJIB30BAHHUIO B JIOTHCTUKE 3€JICHON
IICTMIOYKH ITOCTaBOK M omnrumu3zauu pasmernenus. Fleischmann, Beullens, Bloemhof-Ruwaard,
Wassenhove (2001) momuepKuBarOT 3HAYUMOCTH COPTHPOBKHM OPraHMYECKHX/HEOPTaHMUYECKHX
OTXOJIOB U TIOJIOXKUTEIIBHOE BIMSIHHE HAa OKPYXKAIOIIYI0 Cpedy MOBTOPHOTO HCIIOIb30BAHMS
MaKyJaaTypel. ABTOpBl YACISAIOT 0co0€ BHUMaHHE (OPMYIMPOBKE CMEHIaHHOW MOJENH
IEJIOYMCIICHHOTO IIEJIEBOTO NPOTPAMMHUPOBAHUS 11 KOPPEKTHOTO YIPABJICHHS JIOTHCTUKON
nepepaboTKH. YUeHbIe TakXKe MNPEWIOKIWIM MOJENb TepepaboTKy, KOTOpas —OIpenernseT
MECTOPACHOJIOKEHHE  LIEHTPOB  TTOBTOPHOTO  IPOM3BOJICTBA/PACIIPEICIICHUS],  TPAH3UTHYIO
NEPEBO3KY TPYy30B, MPOHM3BOJCTBO M XPaHEHHE ONTUMAIBHOTO KOJMYECTBA BOCCTAHOBJICHHOM
IPOAYKIIMK M MCIIOJIb30BaHHbIX deMenToB Francas and Minner (2009). Pa6oT, mocBsIIIEHHBIX
OTIPENICJICHNIO KOJIMYECTBA W PACIOJOXKEHHS IYHKTOB cOOpa ¢ JIOOBIM KOJHYECTBOM
BPEMECHHBIX TOPH30HTOB, OIYOJMKOBAaHO Mallo, HO NP O5TOM B HHUX OINpPEIEISAeTCS
KeNaTeIbHOe BPeMsl XpaHeHHS BO3BPAIlaeMOil MPOIYKIIMU B LENAX 00bEAMHEHUS TPOTyKIINN
B Kpynnyto napruro. Ulaga, Eggert (2006) npeanoXuian 4acTHYHO-IIETOYUCICHHYIO MOJIEIb
HEJIMHEWHOTO MPOrpaMMHUpPOBAaHUs U T'€HETUYECKUI alfOPUTM, KOTOPBIM crocOOeH peuiarhb
oOpaTHYIO 3ajgady JIOTUCTUKA C MPOCTPAHCTBEHHBIM M BPEMEHHBIM OOBEIMHECHHEM
BO3Bpamiaemoir  mpoaykuuu.  Pishvaee,  Farahani, Dullaert (2010) mnpemioxunu
MaTEeMaTUYeCKyl0  MOJENb JUIi NPOCKTUPOBAHUS CETH OOpaTHOM  JIOTUCTHKU  C
JeTEPMUHAPOBAHHBIMHU TIapaMeTpaMu B 9-3BEHHOH CETH Ui MHTETPUPOBAHHOHN IICTIOYKH
IIOCTaBOK C OOPaTHOM CBsI3bI0, B KOTOPOH BO3BpaIaeMasi IpoIyKIus JOJDKHA COOMPAThCs Ha
CKiaze B OOJbIIME TApTHH, a 3aTeM OTIPABIATHECA B 00pabaThIBAIOIIUE ICHTPHI IS
IPOBEPKH U pa3dopku. B Mozxenu cumraercs, 4To Bce YacTH MPOAYKIHMHU TOCIE ee pa30opKu
1100 TepechUIaloTCsl Ha TOBTOPHOE IMPOU3BOACTBO, JIMOO OTIPABISIOTCS HA BTOPUYHBIN
PBIHOK KakK 3amyact, JU0Oo mepepabarhiBatoTCs, JUOO MPOCTO yHUuTOXatorcs. Pati, Vrat,
Kumar (2008) paccMarpuBaroT ceTh 0OpaTHOW JIOTMCTHKH, COCTOSIIYIO M3 IIEHTPOB cOOpa u
JIByX THUIIOB LIEHTPOB BTOPUYHOI IepepaOOTKH, OpPraHW30BAaHHBIX MPOM3BOIUTENEM WM
O00BETMHEHHBIM TIPOM3BOJNTENEM, JUISI pa3IMYHBIX KaTeropwid BO3BpaTa NPOAYKIHH U
Pa3MUYHBIX CTpaTerH4ecKuX, (YHKIMOHATBHBIX HIM IMOTPEOMTENLCKUX OTPAaHHUYCHUSAX B
npenenax Mugun. Salema, P'ovoa, Novais (2009) cnipoekTupoBaiu ceTh BOCCTAHOBJICHHUS
HOPOAYKIMH C TOMOIIbI0 YaCTHYHO-IEJIOUMCIIEHHON JIMHEHHON mporpamMmsl Ajs MOJAEIH 2-
3BEHHOW MpsIMOM U OOpaTHOM MLEMOYKM TIOCTAaBOK OTJENbHOIO MPOAYKTa. ABTOpPBI
HNOJUYEPKUBAIOT 3HAYMMOCTh IPABUIBHOM JIOTUCTHUECKOM CTPYKTYphl Ui TIOTOKOB
UCTIOJIF30BaHHOW M BOCCTAHOBJICHHOH NMPOIYKIMK Ha TPUMEpPEe MOBTOPHOTO MPOU3BOCTBA
KOIUPOBAIBHBIX YCTPOICTB u mepepaboTku Makynatypel. Aras, Boyaci, Verter (2010)
pa3paboTaii  4aCTUYHO-IEJIOUHUCICHHYIO JIMHEHHYI0 MporpaMMy sl MHOTO3BEHHOM,
MHOT'ONIEPUOHOW MHOTONPO(UIBHOM 1IEMOYKH MOCTaBOK C OOpaTHOM CBs3bIO, KOTOpas
o0beMHsAeT B cede CTpaTerHvecKue NMPOEKTHBIC pelleHus W (yHKIHOHAJIbHBIC pEIIeHHUS,
CBSI3aHHBIE C 3aKyIKaMH, MPOU3BOJCTBOM, pacHpeieieHHEeM U yTUIM3alMed, U MOJydyuIn
pelicHre ¢ TOMOIIBI0 TeHeTHYeCcKoro aiaropurma. Jayaraman, Guide J, Srivastava (1999)
TaKKe HKCIIEPUMEHTUPOBAIN C MOJIETIBIO C IIEIbI0 OOBEIUHUTH CETEBbIE MPOEKTHHIE PEIICHUS
MaKpOYPOBHSI C TaKTHYESCKUMH DPEIICHUSIMH MHKPOYPOBHS, BKJIIOYAs BOIPOCHI MPOU3BOJICTBA,
XpaHeHUs1, TUIAHUPOBAHMS, PACTIPENIETICHHs, C YIE€TOM IMPUHIMIIA MaKpo- U MHKPO MaciuTaboB
Bpemenu. Francas, Minner (2009) uccnemoBanu Moieib MOBTOPHOTO MPOU3BOJCTBA, KOTOPAs
ompenieNsieT  pacloloKeHHE  LEHTPOB  IOBTOPHOTO  IPOM3BOJCTBA/pacrpesieieHus,
TPAH3UTHBIX TIEPEBO30K, TIPOM3BOJICTBA, CKJIAJAUPOBAHUS ONTHMAIBHOTO KOJMYECTBA
MOBTOPHO TPOU3BEJCHHON MpOIyKIMHU. J[BH)KEHHE MaTepHalloOB MO 3aMKHYTOMY IUKIY OT
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HOKyMaTelis Ha TMOBTOPHOE Mpou3BoacTBO M Haobopot (Mutha and Pokharel 2009), a taxke
peLeHHsI O BBIPAOOTKE MPOIYKIIMH U 0XKHIAEMON MPOU3BOIUTEILHOCTH BYX Pa3HBIX CTPYKTYP
NPOU3BOJICTBEHHOW CETH TIPH HEOIPEIEICHHOM CIPOCe W OOpaTHOM IOTOKE MPOAYKIIMU
UCCIIEIOBaHbl MHOTMMH y4eHbIMH. [l mpoliecca IUTaHUPOBaHHUS B LEJIOM Tpedyercs
MHTETPUPOBAHHBIA TPOIECC IUIAHMPOBAHMS ILIENOYKH IIOCTaBOK OOpaTHOW JIOTUCTHKH C
MOJIyJIbHON CTPYKTYpPOU MPOIYKIMH, KOTOPBIA MPOU3BOJUT U BBHIBOJUT HAa PHIHOK MPOAYKIUIO
Pa3IUYHOTO YPOBHS KadecTBa C IENbI0 MaKCHMHU3UMPOBAaTh NpUObUIL 3a cueT cOopa
BO3BpAI[aeMOil MPOIYKIIMHU, BOCCTAHOBJICHUS MOJIYJIEH M MPaBUIBHOIO COOTHOILEHUS B
acCOPTUMEHTE TPOAYKIIMM Ha pa3lIMuHbIX YpoBHsX KauectBa. Lee, Gen, Rhee (2009)
paccMaTpUBaIOT OJHOTO MOCTABIIMKA B LENIAX MUHUMM3AIUU crouMoctu foctaBku B LITTIOC u
CTOMMOCTH OTKPBITHSI TIYHKTOB pa3zobopynoBanusi u nepepadorku. Meixell, Gargeya (2005)
pa3paboTaii OOILIyI0 3aMKHYTYIO CETh, OCHOBAaHHYIO Ha TMape BO3BPAT-BOCCTAHOBJICHUE U
[UKJIC KU3HU TPOAYKIMHU, C LEIbI0 ONTUMH3ALUKN CETH C OOPaTHOM CBSI3bIO U ONpEEeNCHUs
€IMHUL] TIPOIYKIIMH, KOTOPYIO HYKHO MPOU3BECTH, Pa300paTh, OTPEMOHTUPOBATh U KYIHUTH Y
BHEITHUX TIOCTaBIIMKOB IpH MakcuMu3amuu npuOsum. MccnenoBatenu Takke oOpaTwin
BHUMaHKE Ha Bompockl skosioruu B pamkax LIICC u mpemioxuiyn NoJHyr0 MaTeMaTHYeCKYIo
MOJIeTIb, KOTOpass MUHHMH3UPYET 3aTpaThl, CBA3aHHBIE C paclpenesieHueM, oOpadoTKoW u
opraam3anueii 1eHtpoB (Thirie (2000)) u OJHOBPEMEHHO MOXET HCIIOIL30BATHCS IIPH
NPOEKTUPOBAHUY TPOIYKIUHU M JIOTHCTHUYECKOH ceTH. CHcTeMa HKOJOTMYECKUX IOKa3aTeeH,
BKJTIOYAIOIIasi B ce0s BBIOPOCHI, HCIIOJIb30BaHUE U BOCCTAHOBIICHUE YHEPTUH, TPEAOTBPAICHUE
yTe4YeK W Pa3IMBOB, paccMaTpuBaercst B padore Srivastava (2007). Takue mokaszarenu, Kak
KOO PHUIMEHT OKYINAaeMOCTH HCIIOIB30BAaHHON MPOMYKIIMH M COOTBETCTBYIOILINE CYOCHINH OT
TOCYAAapCTBEHHBIX OpraHU3alMii HAa OOPATHYIO JIOTUCTUKY OOCYKIAIOTCS C LIENBIO TTOBBIIICHHS
COBOKYITHOM YHCTOM MpUOBLIM 3a c4eT mermoukd moctaBok Ha 21,1% (Krikke, Bloemhof-
Ruwaard, Van Wassenhove (2003)). Takume BOmpoChl, KaKk 3aKOHOJATEILCTBO,
UHGOPMHUPOBAHHOCTh B OTHOILEGHUM SKOJIOTUH, TMOPANOK YTHIU3AIMH, PEeKIaMallMOHHbBIN
BO3BpaT M KOHOMHYECKHE aCHEKTHl 0OPaTHOH JIOTUCTUKU TAKXe OTPAKEHBI B ITyOIHMKAITUIX
(Elwany, Fors, Harraz 2007). Omnako Hervani, Helms, and Sarkis (2005) ytBepskmatot, 4to
OpraHU3alyi CKOHIIEHTPHPOBAINCH HA Pa3padOTKe HENOYeK MOCTABOK MPOIYKIIHH, 3aKyIKaX,
TPAaHCIIOPTUPOBKE M MpUOBUIM M MpeHeOperarwT BompocaMu 3Kojoruu. B pabGore Beamon
(1999) onuceiBaeTcst TEKyIIEe COCTOSHUE OKPYKAIOIIEH CpPebl, HCCIAEAYIOTCS SKOJIOTHIECKUE
(axTopsl, mpezacTaBieHsl kpurepun padotsl LT 1 06cy)kaat0Tcss METOIbl MX JOCTHXKEHus. B
Jpyroi paboTe 0TMEUAETCsl, YTO «O3EJICHEHHE» PA3IMIHBIX YIaCTKOB IETIOYKH TIOCTaBOK BEJET
K UHTEIPUPOBAHHOM 3€I€HOM 1eTI0UKe MOCTaBOK, a CIeA0BATENbHO, K KOHKYPEHTOCIIOCOOHOCTH
U XOPOIINM 3KOHOMHUECKHM Mokaszarensm (Rao, Halt 2005). B padote Sarkis (2003) octoBHOe
BHUMaHHE YJAENSETCs TJIaBHBIM KOMIIOHEHTaM M COCTAaBJISIOUIMM YIPaBICHUS 3€JIeHbIMU
[IETIOYKaMH TIOCTaBOK M TOMY, KaK OHHM MOTYT CIY>KUTh B Ka4eCTBE OCHOBBI JIISI CTPYKTYPHI
npuHATUS pemieHuil. g npunsatus pemeHuit B ortHomeHuu 3LII o npemmoxun
UCTIONIb30BATh JIMHAMUYECKYIO HEJIWHEWHYI0 MOJIENIb TPWHSATHS PEHICHHH, OCHOBAaHHYIO Ha
anammse cereit (ANP). Meixell, Gargeya (2005) npeyioxuiin MOACIH TOJICPKKH TPUHSATHS
pelIeHuil, KOTOphIe MOXHO HCIIOIh30BaTh LIS MPUHSTHS PEHICHUH U KOTOPBIE 3aHUMAIOT CBOIO
HUIY MEXJy HAay4yHOH JIMTEpaTypoill M COOTBETCTBYIOUIMMH MPAKTHUECKUMHU 3agadamu. J[ms
paboThI ¢ BompocaMu (DYHKIIMOHUPOBaHUS WHTErprupoBaHHOM joructuku Y 3L npemnokena
ONTUMHU3ALMOHHAsA MOAedb. MHOTOKpUTEpUalIbHas 33Jada JIMHEHHOTOo MpOrpaMMHMpPOBAHHS
CHCTEMaTHYECKH TPUMEHSETCS U ONTUMH3AIMN WHTETPUPOBAHHOHN JIOTUCTUKA W O0OpaTHOU
JIOTUCTUKN MCIIONIb30BaHHOM mnponykuuu B Y3LII. B u3yueHwe u mnpakTuueckue 3agadn
yIIpaBICHUST IIETIOYKAMH TIOCTABOK Bce damie TpeOyeTcss BCTPaMBaTh JKOJIOTHUYECKH
000CHOBaHHbIE AJIbTEPHATHUBHI.
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Ha ocHOBe npuBeAEHHBIX BBILIE JIUTEPATYPHBIX JaHHBIX MOYKHO CIEJIAaTh BBIBOJI, YTO UMEETCS
HNOTEHIMA] A MCCIEeNOBaHMA M CO3JaHUS LEMOYKH IOCTAaBOK C OOpaTHOM CBsI3bIO B
OTHOLIEHUH TOCTEPOB, YTO IO3BOJIUT MOBTOPHO MCIIOJIb30BaThb MarepHalbl (CTallb, JIATyHb,
IPEJOXPaHUTEIM, HarpeBaTeIbHbIE 3JIEMEHTHI U IIp.), MpeBpalias ux B ceipbe. Kpome Toro,
MOKHO OTMETHTb, YTO CYILECTBYIOLIME MOJEIU HE yuuThIBatOT «o3eseHeHue» LIIOC, kak
9TO OIUCBIBAETCA B JIaHHOW paboTe, — HAa OCHOBE JAPYI'MX BHJIOB TPAHCHOPTHPOBKH IPU
nomomu 3PL B mpsmoii 3amaue o BHIOOpE TPAHCIOPTHBIX MAapIIPYTOB, B OOpaTHOHM Iienu
LITOC. Ilenp maHHOW paboOTBHl — pa3paboTaTh HMHTETPUPOBAHHYID MHOTOKPHUTEPHATBHYIO
Mozenb uist MHorozseHHod UIIOC st ontuMu3anuu pacnpeneieHuss U MUHUMH3ALUU
BIUSHUS HA OKPYKAIOILYI0 Cpely OT TPAaHCIOPTUPOBKM M COIYTCTBYIOIIUX IIPOLIECCOB.
JlaHHas ceTh LIETTOYKU MOCTAaBOK C OOPATHOM CBSI3bI0 MOJICIUPYETCS HA IPUMEPE TOCTEpa IS
6 KyckoB xjeba. PaboTa oTiMuaercs OT npeaplIyliux TeM, YTO UCIOJIb3yeTCs] MUHUMAIbHOE
KOJIMYECTBO TpaHCHIOPTa (II0JIHAs 3arpy3Ka TPAHCIIOPTa B IPSIMON LIENOYKE U MaJIOTOHHAXKHAasI
OTIIpaBKa B 0OOpaTHOW) U paccMaTpUBAaeTCs €ro BIUSHHUE Ha CTPYKTYPY LIETIOYKH IOCTaBOK C
00paTHOHN CBSI3bI0, B KOTOPOH MPOAYKLHUS IPOU3BOJUTCS 3aHOBO U MOBTOPHO BBIXOJIUT Ha
OCHOBHOH PBIHOK.

3. IlocTaHOBKA 3a71a4M M ONHMCAHHE MO EIH

3amaua LIIOC, xoTopas paccMaTpuBaeTcs B JaHHOM paboTe, — 3TO UHTErPUPOBAHHAS
MHOTOKPHUTEpUAIbHASsT MHOTO3BCHHAS 33/1ada B MPsSMOI/00paTHOM JiorucTudeckoi cetu. J{is
ee pelleHus He0OXOANUMO MPEANPUHATH OOJbIIE YCUITUH, YeM Ui PEeUIeHUs 3a/1a4 MpsSMOi 1
00paTHON JIOTUCTHKH BMECTE B3SITHIX. MBI paccMaTpWBacM TIOTOK MPOIYKIIMH B CETH.
Mogenb y4uThIBAE€T MOIYJIBHYIO CTPYKTYP MPOIYKIUHU, a KKIbIH KOMIIOHEHT MPOIYKIIHH
MMEET COOTBETCTBYIOIIYIO CTeneHb nepepadborku. Hampumep, crenens 100% yka3piBaeT Ha
TO, YTO HCIOJIb30BaHHAs MPOAYKIMS MOXKET OBbITh IOJHOCThIO TepepaboTaHa WU
npeoOpa3oBaHa B HOBYH, cTeneHb 50% yka3plBaeT Ha TO, 4YTO MPOAYKIHMIO MOXHO
BOCCTAHOBUTH JIMIIb YacTUYHO. B ceTH TOCTaBIIMKKM OTBETCTBEHHBI 3a IOCTaBKY
KOMITIOHCHTOB Ha 3aBOJbl. HoBas MpOMYKIMs TMepemaaeTcs IMOTPEOUTEN0 TOCPEICTBOM
pacnpenenuTenbHbIX 1eHTpoB (d/C) mis ymoBiaeTBOpeHHs WX 3ampocoB. Bosspariaemast ot
OTpeOHTENs MPOAYKIUS cCOOMpaeTCs U OIICHUBAETCS B IMEeHTpax cOopa. [Tocie mpoBepku Ta
YacTh MPOIYKIIMH, KOTOPYIO MOXHO OTPEMOHTHPOBATH WM TMepepadoTaTh, OTHPABISETCS HA
3aBOJIBI M B ITYHKTHI pa3000pyI0BaHUS, COOTBETCTBCHHO. 3aTeM OHA yJIOBJICTBOPSIET CIIPOC HA
BTOPUYHOM pBIHKE TpOoAyKUuU. [Ipoaykiusi, KOTOPYHO OTHpaBHIM Ha  PEMOHT,
PEMOHTHPYETCSI U TIOCTABIIICTCS 00OpPaTHO B paclpee/ITEbHbIC IIEHTPHI B Ka4eCTBE HOBOM
npoaykuuu. Pa3oOpaHHbIE KOMIIOHEHTBI, €CIM OHU TIONeKAaT  BOCCTAHOBJIICHHIO,
OTIIPABJISAIOTCS TIOCTABIINKAM, €CITH HET — Ha YTHIIU3AIIHIO.

Jlns uccnemoBanuii BeiOpana kommnanus «Electric home appliance», npousBomsiias Tocteps
(r.lenmu). OcHOBHas 3aja4ya JaHHOW pabOTHl — OIEHUTH PAIMOHAIBHOCTH BOCCTAHOBJICHUS
KOMIIOHEHTOB M TMepepadOTKH MaTepHalioB TOCTepa B KOHIIE WM IIOCIE Haudajga Cpoka
cyx0b1. UtoOwr pazpabotars Y3l mns kommanum, crpoum ciuenyromyio cets L{ITOC:
3BEHbSl IENH KIacCU(PHUIMPYIOTCS HA JBE TPYNIBI — 3BEHbS MPSIMOW IEMOYKH U 3BEHBS
00paTHO¥ IEMOYKH MCIOJIb30BaHHON mpoaykmuu. [Ipemmaraercs deTpIpexciioiHas Ienoyvka
NPsIMBIX TIOCTABOK, BKIIOYAs TOCTaBKY CBIPBS, 3aBObI, paclpeneTuTelbHbIe IEHTPHl U
KOHEUHOTO moTpedurtens. Jlaercs ompeaeneHue S5-CIOWHON 0OpaTHOM IETOYKE MMOCTABOK
UCIIONIb30BAaHHOW TPOAYKIIMH, BKIIOYAIONIEH pEerHOHANbHBIE IEHTPHI cOOpa, PEMOHTHBIE
IEHTPBI, TYHKTBl Pa3000pydOBaHMs, KOTOPBIC YIPABISIOTCS W  OKCIUTYaTHPYIOTCS
UCKITIOYUTENFHO CaMOil KOMITAHUEH, PHIHOK COBITAa U OJIUH IEHTP Pa3000pyI0BaHUS, KOTOPBIH
paboTaeT Ha BCeX IMOCTABIIUKOB, U YTHIIM3AIUIO OTXOJIOB.
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NEPEPABOTKA
3ABOJ LHEHTP
HEHTP PA3- PA3JIEJIEHUS

raspasorka PHEPTHSA OHEPTHS SHEPTUSA ____SHEPIMsI, | OBOPYIOBA

TITPOIECCA " HUSI .

MPOAYKIUH « | W

¢ A YTUWIA3ALUSA
1 3ABOJ PACHPEJEJ LEHTP
CBIPBE — UTEJbHBIN NOTPEBMTEJN CEOPA MOBTOPHOM
——> LIEHTP HCIOJIb30BAHUE
BTOPHY. PBIHOK

A ~

LEHTP
OTXOIbl ———> OTXOJbl ——> OTXOAbl —= OTXOABl > OTXOJBl —> PEMOHTA

3AKYIIKU MPOU3BOACTBO PACIPEJEJEHUE

Puc.1. CeTpb 1enouku nocTaBok ¢ 0OpaTHOM CBSI3bIO

B npsiMmoii 1emoyke mocTaBoOK, MPH MPOU3BOJCTBE HOBOTO TOCTEPA, OCHOBHAS YaCTh CHIPHS
MOCTYMAET OT Pa3IMYHBIX MOCTABIIUKOB. Kak TOIBKO TOCTEp MPOM3BENCH, €ro HEOOXO0IMMO
JIOCTaBUTH JI0 MOTpeOUTENsT 4Yepe3 pacmpelenuTenbHble HeHTphl. [Ipoaykuus mponpaercs ¢
rapaHTUHHBIM CPOKOM M B ClIy4ae BO3HUKHOBEHHUS IpOOJEM B 3TOT MNEPUOA IOJJIEKUT
OecraTHOMY peMOHTY. [Tocnie okoHYaHMs cpoKa CiIy>KObI MOTPEOUTENb BO3BpAIIAET MPOTYKT
B PETHOHAIBHBIN IIEHTp cOopa. Vcrmonp30oBaHHBIE TOCTEPBI COOMPAIOTCS B IMYHKTaX cOopa H
TPAHCIIOPTUPYIOTCS B LEHTPATU30BAaHHBIA MYHKT pa3o00pyIOBaHUs, Tlie pa3OuparoTcs Ha
JeTainu. 3aTeM 3TU JETalu MPOXOJAT INPOBEPKY KadecTBa U COPTUPYIOTCS B 3aBUCUMOCTH OT
BO3MOXKHOCTH HX OTPEMOHTHpOBaTh WM mepepaboTars. [locie mpoBepkd KOMIIOHEHTHI,
KOTOphIE MOXXHO HCIOJB30BaTh TOBTOPHO, PEMOHTHPYIOTCS B PEMOHTHBIX IIEHTpax u
MOCTYIAIOT B MPOJIAXKy, a OCTaBIIMECS — MEPEBO3ATCS B LIEHTP Pa3000pyAOBaHUs, I7le U3 HUX
U3BIICKAIOT MaTepHuaibl Ui TMepepaboTKu, a T€ MaTepuaibl, KOTOphle HE MOMJIeKaT
nepepaboTKe, YTWIN3UPYIOTCs. B mpsiMoli nienoyke nocraBok Mbl CYUTAEM, YTO MPUHUMAETCS
pelIeHue O IMOJHOM 3arpy3Ke HaHSATOro I'py30BOIO TPAHCIOPTa, a B OOPAaTHOM JOTUCTHUKE —
KOMIaHHsl OOXOAMTCS CHJIAMH CBOETO COOCTBEHHOI'O aBTONApKa. JTambl 0OpaTHOW LEMOYKH
SBJISIIOTCSI OJHO3BEHHBIMHM 32 UCKJIIOUEHHEM pPErHOHalbHBIX IIEHTPOB cOOpa, TMO3TOMY
TPaHCHOPTUPOBKA  BO3BpalllaéMON  MPOAYKLUMHM W3 MHOXECTBa LIEHTpOB cOopa B
[EHTPAIM30BAaHHBIM IMYyHKT pa3o00pyIOoBaHUsS MOJENUPYETCS C Y4EeTOM MHHHUMHU3ALUU
paccTosiHUs, NPOMJIEHHOrO TPAHCIOPTOM TMpH cOOpe MPOAYKIMH U3 PAa3HBIX LEHTPOB
COOTBETCTBYIOLIMM 00pa3oM, IIPH 3TOM YAOBJIETBOPSIIOTCS OrpaHUYeHust Ha 00beM. OcTanbHbIe
OTlepallry, CBSI3aHHbIE C TPAHCTIOPTUPOBKOM, BBITTOJIHAIOTCS aBTONAPKOM KOMIIAHHH.
[TpemioskeHHass MoJeNb — 3TO MHOTOKpUTEpUalbHas 3a/ada, CBsI3aHHAs C MHOTO3BEHHOM
LITOC otnenpHOro MpOAYKTa 3a paccMaTpyBaeMblil mepro. Mbl IbITaeMCsl MAKCUMU3UPOBATh
JIOXOJ] OT MPOJAKU 3aKOHUEHHOTO TIPOAYKTa M OTPEMOHTHPOBAHHBIX KOMIIOHEHTOB M MPUOBLIH
OT WCHOJIb30BaHUS MepepabOTaHHBIX MaTepUanoB, MUHUMHU3UPOBATh CyMMAapHBIE H3JIEPHKKH,
CBSI3aHHBIE C IIETIOYKOM MOCTAaBOK, BKJIIOYAsl CIIEAYIOIIME 3Tallbl: 3aKyIKY, MPOU3BOJICTBO,
pacmpezenenue, coOop, yTUIM3aIuioo, pa3zdoop, mepepadoTKy M TpaHCIOpTHPOBKY. Hakowerr,
MOCJIETHEH LIENbI0 SBISETCS MUHUMHU3AIIMS YKCIa TPY30BBIX aBTOMOOWIICH, 3aeiCTBOBAHHBIX
B MPSIMOM IIEMOYKE TIOCTABOK, U PACCTOSIHUS, MPOUICHHOTO TP TPAHCIIOPTUPOBKE B 0OPATHOM
JIOTHCTUYECKOH 1ernouke. Hibke TpUBOMATCS MOMyIIeHUS Tpu (OPMYITHPOBKE MOJCTH U
0003HauyeHa 00JIaCTb UCCIIEI0OBAHNS:
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R, o

TTocTaptiuk /I\SaBOI[ PacnpenenutenbHbie HEHTPHI

1 9
[ToBTOPHOE TPOU3ZBOACTBO

IToxynarens

&

HOBTOpHOG HCIIOJIB30BaHHUC

LenTp pazobopynoBanus LleHTp pemonta
Yrummzanus

Puc. 2. Cxema 1moToKoB

Cripoc co cTOpOHBI MOTPEOUTENS SIBIISETCS IE€TEPMUHUPOBAHHBIM, CJI€0OBATENIbHO, NePHUIINTA
HNPOLYKIIUH HET.

PacnionoxeHne MOCTAaBIIMKOB, pacHpeAeTUTEeNbHBIX LEHTPOB, IUCTPUOBIOTOPOB, LEHTPOB
pa3000py10BaHMsl, IIEHTPOB TOBTOPHOT'O PaCIpEAEICHNUS H3BECTHO U IIOCTOSIHHO.

[ToTok MOXET MATH TOJNBKO MEXAY JABYMs IOCIEAOBaTeNbHBIMU 3Tanamu. bonee Toro, Ha
OIHOM M TOM 3Tall€ OTCYTCTBYIOT ITOTOKH MCKAY HCHTPAMU.

[Tokazarenn cTOMMOCTH (CTOMMOCTh MAaTE€pPHAJOB, MPOM3BOJCTBA, TPAHCHIOPTUPOBKH,
nepepaboTKH, peMOHTa, pa3000pyA0BaHuUs, YTUIN3ALUN) U3BECTHBI JIS1 KaXK/10T0 O0BEKTA.
Bcee onepanuu LHITOC ynoBieTBOPSIOT OrpaHHUUYEHHSIM I10 MPeIeIbHBIM BO3MOXKHOCTSIM.
CyMMmapHasi CTOMMOCTH JieTaeil, OIy4eHHBIX MociIe pa3dopa n mepepadoTKH, MEHBINE, YeM
CTOMMOCTb HOBBIX JIeTalei.

[lenTpann3oBaHHBI TYHKT pa3000pyJAOBaHHUS C HEOTPAHUYEHHBIMH BO3MOXKHOCTSIMHU
NPUHAIEKUT U SKCIUTYaTUPYETCS CAaMHUM MPEIIPUSTHEM.

Marepuainel, KOTOpbIE HE MOJUIeKAT IMepepadoTKe, OTCHUIAIOTCA Ha YTWIM3AIMIO I0CIe
HEKOTOPO mpeaBapuTeNbHOW MOArOTOBKU. CTOMMOCTH 3TOH IOATOTOBKH BKIIIOYEHA B
CTOMMOCTh YTHIIU3AIIH.
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CrouMoCTh BBIKYIIa MCIOJIb30BAHHOW MPOAYKLHU OCTA€TCSl MOCTOSHHOM HE3aBUCHMO OT
COCTOSIHMS MCTIOJIb30BAHHOM MTPOAYKIINH.

CToMMOCTh TPaHCHOPTUPOBKH COOPAHHBIX BO3BPAIIAEMBIX MPOIYKTOB M3 IIEHTPOB cOOpa
OIUTAYMBACTCS CAMOW KOMITAHHEH M IPSMO IPOIOPIHOHANIBEHA PACCTOSHHIO.

VYposens Beiopoca CO; 1 BceX BUIOB TPAHCIOPTA U3BECTEH.

HMHIEKCHI, OTHOCSIIKECS K ITOCTaBIIIMKAM KOMIIOHEHTOB S, S=1, 2... S

HHJICKCHI, OTHOCSIIIKECS K 3aBOAaM-IIpou3BoauTesim by p, p=1, 2... P

MHJICKCBI, OTHOCSIIMECS K 1ieHTpam pacrpeaeneHus (d/c) k, k==1, 2... K
WHJICKCBI, OTHOCSIIIMECS K 30HE IIEPBUYHOIO phiHKa €, €=/, 2... E

WHJIEKCBI, OTHOCSIIMECS K IIeHTpaM coopa C, ¢==1, 2.., C

WHEKCHI, OTHOCSIIIMECS K pazodopyaoBanuto M, m==1, 2... M

MHJICKCBI, OTHOCSIIIMECS K 30HE BTopuuHOro peiaka h, h=1,2,... . H

WHJIEKCBI, OTHOCsIIMecs K yrimsanuu f, f=1,2,...,F

MHEKCHI, OTHOCSIIIIMECS K MPEIBAPUTEIBHO COOpaHHOMY dJieMeHTy 8, a=/,2,...,A
MHJICKCBI, OTHOCSIIHECS K y371aM ceTH (N = SUPUK UEUC UM UH UF )
ITapamerpsbi:

EnuHuvHas cTOMMOCTh NMPHOOpPETEHHsT MPEABAPUTEIBHO COOPaHHOTO 3JIEMEHTa a Y

Z>PTIZOMRODOY
~—+
wn

SCSa
IIOCTaBIIHKA S

PC, CrorMOCTh IPOU3BO/ICTBA €IUHUIIBI MPOTYKIIMU Ha 3aBOJIE [
oc, EnuvHu4Hast CTOMMOCTD OEPAIMK € MPOAYKIKEH B PaclpeeIUTEIbHOM IIeHTpe K
CTouMOCTb IPOBEPKH €AUHUIIBI TPOAYKIIMHU B LIEHTpe cOopa C

CronMOCTh PEMOHTA €IMHUIIBI UCTIOIB30BAHHOM IPOAYKIIMHU Ha 3aBOJIE P

CronmMocTh pa3000pyI0BaHMs €JMHUIIBI TIPOAYKIMHU B IICHTPE Pazo00py1oBaHHs M
Rcc; CTOMMOCTB TIEPEPAOOTKH €IMHUYHOTO INPEABAPUTENBHO COOPAHHOTO JIIEMEHTa a Y

IIOCTaBILMKA S
pPC, CTtonMoCTh yruwim3anyuu 1IpeaBaprUTECIIbHO CO6paHHOFO 3JJEMCHTa a B ILCHTPEC

yrunu3anu f

D Crpoc Ha IPOYKIMIO y TIEPBOTO MOKYNATENs €

e

Dy Crpoc Ha BTOPUYHYIO TIPOAYKIIMIO Y IIEPBOTO MOKytaTesst h

TPC! CTOMMOCTB TPaHCIIOPTUPOBKU CAUHUYHOTI'O MMpOaAYKTa Ui KOMIIOHCHTA,
AOCTABJIIEMOI'0 U3 OJHOT'O ITYHKTA B I[perfI C IOMOIIBIO THIIA T'PY30BOI'O TPAHCIIOPTA t

Djj Paccrosnue Mex1y 1BYMst OOBIMHU y371aMH |, j € N st narsoii cern LIITOC

cAp Bo3Mo)kHOCTH TIOCTaBIMKA S /IS PEBAPUTEIHHO COOPAHHOTO DJIEMEHTA a

sa

rcwr,  1IPOM3BOJICTBEHHBIC MOIHOCTH 3aBOZA P

keap,  [IPOM3BOIMTENBHOCTD PACHPEIETUTENLHOIO HEHTPa K
con,  1IPOM3BOJIMTENBLHOCTH LIEHTPa cOopa C

wcan,  IIPOM3BOIMTENBEHOCTL HEHTPA Pa3000pyA0BaHKA M
Foap, ~ BO3MOXKHOCTH YTHIIM3ALHOHHOTO rientpa f

RPCAP, Bo3moskHOCTH 3aBOJ1a 11O PEMOHTY P

recap,  BO3MOXKHOCTH IIOCTaBIIMKA IO TIEPEPAOOTKE S
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PF, [TpuObLIF HAa €AUHUILY IPOYKIMHU, OTYYSHHAsI B CETH OT IepepadOTKU KOMIIOHEHTA a

PF [TpuObUT HAa eAWHUIY NPOAYKIMH, TOJy4eHHass B CETH OT PEMOHTOIPUTOIHOTO
MIPOAYKTa
PRy [lena equHULIBI TPOAYKLINH /1711 TOKYTIATEIS €

PR, IleHa eaMHMIIBI TPOAYKIIUH /1S TOKYyTaTesis h

ER! Yposens BeIOpocoB raza CO, Ha MIITIO OT TpaHcnopTta Tuna te T
Rr KoagduimenT okymaeMocTi Ha ypOBHE IEPBbIX MOKYIaTeei
Rca  Crenenb nepepaOOTKH KOMIIOHEHTA &

Rp CreneHb peMOHTOIIPUTOJHOCTU

W Bec npoxyxkiuu, kr
W, Bec xommonenTa ac A B K

U, Crenenb yTuin3upyeMOCTH KOMIIOHEHTa € A

HepeMel—[HbIe IPpH NPUHATHY PEeILICHUA

t . ..
Xja ~ KONMYECTBO KOMIIOHEHTOB & , OTNPABISICMBbIX U3 y31a | B ysen J, 1JeN B certn npu

noMou TpaHcrnopra tunat e T

t
Xi ]
Tpancnopra Tuna t € T

KoJsmuecTBO mpoayKiyu, OTIpaBisseMoi U3 y3ia i B y3en J, i,j € N B ceTu pu moMoriu

t . ...
W;j B3BeIIeHHOE KOIMYECTBO, TPaHCIOpTHPYeMoe U3 y3ia | B y3en J, 1,Je N B cern mpu momomu

Tpancnopratunat € T

X _{1, eciu ieHtTp i, (ie PUK UC UM) is oTkphIT

0, unaue
L 1, ecinu ycraHOBIIEHA TPAHCIIOPTHAS CBSI3b MEXJLY JIFOOBIMH JIBYMsl TOUKaMmH iH J, i, j € N mocpencrsom t
' 10, unaue
Moaean

Maxcumuzuposams, Zy=

=¥ > > %.PR, +ZZZXchPR +2 22> PF, msa+ZC:Z§I;PFX£p—(gZ%;xgpaSCsa+

k e t ms a t

+ZZZkaPC +ZZZXkeOC +ZZZXec|C +ZZZchRPC +Y Y3 x. DMC_+

cmt

+X¥Y¥>Ix _RCC,, +ZZZZmeaDPC +Y > Y TPC! D, Sp+ZZZTPC D

ms at s pt

+ZZZTPC Dkexke+ZZZTPC D, X, +ZZZTPC DCp o +Y Y >TPC'D,, X, +

cmt

+> ¥ >TPC'D, X}, +ZZZZTPC D, X +>>>>TPC'D,, mfaj

c h t s m f a t

Munumuszuposamo, Z;=

=3 ER' (zz D, LW, +£3D, LW +ZED, LW, +>> D, LW, +
s p p e e ¢

cp —cp

+ZZ D. L Wt +>>.D,, Ltcth +>>D, LtchWCth +>.>. D, LtmsWt +>.>. D, Ltment]f )
c cm ¢ h m s m f
Iloo eoaoeﬁcmeuem
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(Orpannyenust 1Jisi 6aj1aHCa OTOKOB)

z;x;pﬁz;x;p *Ua=%;x‘pk *U, vV p,a 1)
%;XLF%%X& v ok )
>3 X, >=D, Ve 3)
k e
>3 =Rr*D, Ve (4)
c t
) X, <=D, v h (5)

EEX, ~RpH(ZIX T X, | Ve ©)
p e

ST X, =(1-Rp)EEX 22X, | Ve )
szrtnsa = Rca *Ua*zzx(t:m v m,a (8)
s t c t
Zf:;xrtnfa :(l_ RCa)*Ua*Z;XEm vV m,a (9)
Or PAHUYCHUSA HA leOI/I3B0)II/ITeJILHOCTL/ BO3MO2KHOCTH
Y3 X <=CAP, vV s,a (10)
s t

ggx;k <= PCAP,*X, v p (11)

Y X, <= KCAR*X, Ve (12)

e t

Y'Y X <= KCAR*X, Ve (13)

e t

TEX, <=RPCAP*X, v p (14)

Y X <=MCAP, *X_ v m (15)

c t

>¥x ., <= RCCAP, vV s,a (16)
m t
ZZ;Xfma <=FCAP, v f 17
\N;p = %X;pa *Wa v S, p!t (18)
Wy = X, W v pkt (19)
W, = X, *w vV et (20)
Wi, = X, *W v k,et (21)
W, = X, *W Vv ¢, p,t (22)
W, = X}, *w Vv c,h,t (23)
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W, =X, *W vV ¢,h,t (24)
Whe =3 Xy W, v s,mt (25)
Whe =2 X * W, v om, ft (26)
MaxkcuMaJsibHOE YMCJI0 OTPAHMYEHUA HA MECTOI0JI0sKEHUEe

X, <=P (27)

p
> X, <=K (28)

k

> X, <=C (29)
> X, <=M (30)

OrpanuyeHust Ha COeJUHEHHE - IEPEBO3KY
L, <= %x;pa Vs, pit (31)
Ly <= X Vv p,k,t (32)
L, <= X, vV ket (33)
L, <= X, vV e,c,t (34)

t t

Lep <= X Y ¢, p,t (35)
L, <= X, vV c,h,t (36)
L, <= X, v c,m,t (37)
L. <=>X vV s,m,t (38)
L. <=>X. v om,f,t (39)

OFpaHI/I‘leHI/Iﬂ Ha MEPEBO3KY - COCIMHCHUE

t t

%Xspa <= MI *LSp v s) pyt (40)
Xy <= MI*L, v p.kt (41)
X, <= MI*L,, Vv k,et (42)
X, <= MI*L;, vV et (43)
Xy <=MI* L v ¢, pt (44)
X <=MI*L v c,m,t (45)
X, <=MI*L, vV c,h,t (46)
X <=MI*L vV s,mpt (47)
X <=MI*L v m,ft (48)
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Xjar % >=0
X;,L; €{0,1}

[lepBasi 11enp — MAaKCUMHU3UPOBATh OOLIYI0 NMPUOBLIb, BKIOYAs OOUIMIA JOXOA U MPUOBLIb,
IOJydeHHbIE BBEAECHUEM IepepadOTaHHBIX MaTepHaloB OOpaTHO B (IPAMYIO) LIEMNOUYKY
MIOCTAaBOK (/11 KOMIIaHUM 3TO BBICTYIIAET B KAUE€CTBE CTHMYJa K 3aKyIIKE€ U MCIOJIb30BAaHUIO
MaTepHaoB, MPUTOAHBIX Ul BTOPUYHOW NepepaboTKH), MUHYC CyMMapHasi CTOUMOCTb,
BKJIIOYAOMmasi B Ce0S CTOMMOCTh 3aKyNKH KOMIIOHEHTOB Yy IIOCTABUIMKOB, CTOMMOCTH
IPOM3BOJICTBA HAa 3aBOJIAaX, CTOMMOCTb YCIYI PaCHpPEIEeTUTENbHBIX LEHTPOB, CTOUMOCTh
OLICHKHM BO3BpalllaéMOM MPOJIYKIMHU B LIEHTpax cOOpa, CTOMMOCTh IOBTOPHOI'O IPOU3BOACTBA
Ha 3aBOJAX, CTOUMOCTh pa3000pyIOBaHUSA, CTOMMOCTb IEpepabOTKU y IOCTaBLIMKA WU
CTOMMOCTh yTWJIM3allUK 3a0pakoBaHHOW MPOAYKUWH. Bropas memnb — MHUHUMH3HPOBATH
BbIOpockl CO; 3a cueTr BbIOOpa pa3IMyHbIX JOCTYIIHBIX BUJIOB TPAHCHIOPTA.

OrpaHudeHus MoApa3JeNsIOTCs Ha MATh IPYIIL: IepBas IPyINla COCTOUT U3 OrpaHUYEHUH,
ypaBHOBeUIMBaOIMUX NMOTOKU. Orpannuenue (1) odecrieunBaeT paBeHCTBO TOTOKOB Ha BXOJI€
U BBIXOJI€ 3aBOoJa-nponsBoautessi. OrpanndeHue (2) HakIaabIBa€TCs HA paclpeaeTuTeIbHbII
neHtp. Orpanuuenue (3) obOecreunBaeT YJOBJICTBOPEHHE BCEX MOTPEOHOCTEH MEpBBIX
NoKymareynen. 3a cyer orpaHuyeHus (4) MOTOK Ha BXOJE B LIEHTP cOOpa uepe3 MOKymaTess
paBeH MOKYMNAaTEeIbCKOMY CIIPOCY, YMHOKEHHOMY Ha K03 duuueHT okynaemoctu. biaronaps
OrpaHUYeHUIO (5) MOTOK K KaXIOMY BTOPOMY MOKYIATEII M3 BCEX IEHTPOB cOOpa He
IPEBBILIAET CIIPOC BTOPOro Nokynarenis. B coorBercTBuu ¢ orpannueHusiMU (6) u (7) MOTOK,
BBIXOJSIIIMN M3 KaXAOTO IEHTpa cOOpa KO BCEM 3aBOAAM M IyHKTaM pa3o00pyaoBaHUS,
paBeH KOJMYECTBY, OCTAIOIIEMYCs B KaKJOM LIEHTpe cOopa Iocie yAOBIETBOPEHHUS CIpoca
BTOPOTO TMOKYMaTeNsi, YMHOXXEHHOMY Ha KOX(QQHUIMEHT peMOHTOmpuromgHoctd u (1—
KO3 (UIIMEHT PEMOHTONPUTOTHOCTH), COOTBETCTBeHHO. OrpanunueHus (8) u (9) moka3pIBaioT,
YTO IOTOK, BBIXOJSIIMM M3 Ka)J0ro LEHTpa pa3o00pyAOBaHHS K IOCTAaBLUIMKY M MECTY
yTWIM3allUM, PaBEH IOTOKY OT BCEX LEHTPOB cOOpa, YMHOXEHHOMY Ha Ko3(dduiumeHt
nepepabotku u (1- ko3 duiment nepepadotku), coorBerctBeHHO. Orpanuuenus (10)-(17)
rapaHTUPYIOT, YTO IOTOK Ha BXOJ€ WJIM BBIXOJE€ W3 JIIOOOrO IyHKTAa HE IPEBbIIIACT
COOTBETCTBYIOILIME BO3MOXKHOCTH 3TOro nyHkra. Orpanuuenus (27)-(30) orpaHuyuBaroT
YHCJIO aKTUBHUPYEMBIX ITYHKTOB, B KOTOPBIX CyMMa I€PEMEHHBIX albTEPHATUBHOIO PELICHMUS,
yKa3bIBaIOL[asi HAa YHCJIO AaKTHUBUPYEMBIX ITYHKTOB, MEHbIIE MaKCHUMAaJbHOTO Ipejaesna
aKTUBUpPYEeMbIX MyHKTOB. Orpanuuenus (31)-(39) obecreunBaloT OTCYTCTBHE CBS3EH MEXIY
M00BIMU MyHKTaMHM 0€3 aKTyaldbHBIX MEPEBO30K BO BCe NEpUOAbl BpeMeHH. OrpaHuyeHUs
(40)-(48) obecrieunBarOT OTCYTCTBUE MEPEBO30K MEXKY JTFOOBIMH HECBSI3aHHBIMH ITYHKTAMHU.

4. MHOFOKPI/ITepI/IaJIbHaH METO0JI0THS: HEJIE€BOEC IPOrpaMMHUPOBaAHUE

CyTh 1eeBOrO IMPOrpaMMHUPOBAHUS 3aKJIIOYAeTCsi B IOCTAHOBKE 0COOOro I1€IeBOro
YHCJICHHOTO 3HAYeHMsI Ui KaXJO0W 1elu, B (POpMYTUpPOBKE 1eJeBOH (YHKIMU IS KaKION
eIy, a 3aTeM — B IIOUCKE pEeIIeHHs, KOTOopoe Obl MHUHMMH3UPOBAJIO OJHOBPEMEHHO H
MOJIOKUTEIBHOE U OTPULIATEIbHOE OTKJIOHEHUS OT 33/IaHHBIX 3HAYEHUH WM MUHUMHU3HUPOBAJIO
Obl BO3MOXXHOE OTKJIOHEHHE Ka)KJOro LeJeBOro 3HayeHus. JIus 1eneBbIX 3HAuYeHUH
CYILLIECTBYET UEPApXUsi NPUOPUMEMHBIX YPOBHEl, TAK YTO NIEPBOOYEPEAHBIE LIEJIEBbIE 3HAYCHUS
paccMaTpUBarOTCs B IIEPBYIO OUEPEb, @ BTOPUYHBIE — MTociie HUX. M Tak nanee.

OGo01IeHHas: MOJIETh 1IEJICBOTO MPOrpaMMHUpPOBaHus: Mina = {gl (;l, ;1) e O (772, /72)}
st f, ()_()+77i—,Oi =b Vi=12,..,m X,1,p20;
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X. —

;— OTO J-i TepeMeHHas peleHus, @ — (YHKUMA JOCTHXEHHS; Mepa BEKTOPa-CTPOKH

JOCTHKEHHS LIeJIed MM OTPaHMYEHUM Ha KaKJIOM YPOBHE NPHOPHTETA, g (;7, p) — GyHKIUA
(0ObIYHO NMHEIHAS) IEPEMEHHBIX OTKJIOHCHUS, CBSI3AHHBIX C LENSMH WM OTPaHUYCHHUSIMHU Ha
ypoBHe npuoputeTa K, K — 00l1iiee KOIM4ecTBO YpOBHEH MPUOPUTETA B MOJIEIH, b — mocTosiHHAast
B IPaBOil 4acTH JUIS LIEJIEBOro 3Ha4YeHus (nim orpanmdenus)i, f,(X)— meBas yacTh JHHEHHOTO

LEJICBOI0 3HAYCHHUS U1K OI'PaHUYCHUS i
Mmu1 CTPEMHUMCSA MHUHHUMHU3UPOBATH HCAOCTHIKCHUC J3TOr0 ILCJICBOrO 3HAYCHUA WU
OrpaHU4YCHH 3a CUCT MUHHUMHU3AINU IICPEMEHHBIX OTKJIIOHCHHS. HepeMeHHHe OTKJIOHCHUS Ha

KaXJOM ypPOBHE IIPHOPHTETA BKIIOYCHBI B (QYHKIUIO (, (77, p) ¥ YIOPSJIOYCHBI B BEKTOPE
JOCTHXKCHUI B COOTBETCTBHHM CO CBOCH 3HAYMMOCTBIO. AJITOPUTM MOCJIEAOBATEIBHOTO
1€JIeBOT0 IPOrPaMMHUPOBAHHUS:

Ilar 1: [Tycts k=1 (kK — ypoBens nproputera, K — ux obuiee 3HaueHue).

Hlar 2: 3anumeM MaTeMaTHYecKyro (HOPMYIHMPOBKY, KaK IOKa3aHO BBIIIE, MPH HOMOIIH

MOJIOXKHUTEIBHBIX U OTPUIATEIbHBIX OTKIIOHEHHUH TOJBKO JUIsl YPOBHS ITpHopuTeTa K.
Ilar 3: Pemum 3amady ¢ OJHMM KPHTEPHUEM, CBA3aHHYIO C YpOBHEM Ipuopurtera K.

OnTuManpHOE pemeHue 1 g, (ﬁ, ,5) — 9710 a*.

Ilar 4: ITycts k = k + 1. Ecu k>K, nepexomum k Llary 7.

Hlar 5: 3amumeMm S5KBUBAICHTHYIO OJHOKPUTEPUATIBHYIO MOJENb JUIS CJIEAYIOLIEr0 YpOBHS
nproputera (ypoBHs K) ¢ rononHuTenbHbM orpanudennem g, (77,0) = a. .

Iar 6: Ilepexoaum k [lary 3.
Ilar 7: Bextop pemenust X*, CB3aHHbBIH € MOCIEAHEH PEIIEHHONW MOJIEIIBIO C OTHUM KPUTEPUEM,
— 3TO ONTUMAJIbHBIN BEKTOP U1 HCXOAHOM MOJIEIH LIENIEBOTI0 IPOrpaMMHUPOBAHUSI.

5. UncJieHHBIA IpUMeEp

B nmaHHOM pasznene NpenacTaBi€H YHUCICHHBIM NPUMEpP € LENbK IOKa3aTh NPUMEHUMOCTb
mozenu. B paccmarpuaemoii LITOC nponyKuus COCTOUT U3 IIECTH KOMIIOHEHTOB.

Ta6auna 1. JlanHsple 171 pa3nuyHbIX KOXPPHUIIMEHTOB

KommoHeHTBI 1 2 3 4 5 6
Koa¢dummenT ncnons3oBanus 1 4 1 2 1 3
CrerneHp rnepepadoTKH 1 0.5 7.5 1 0.3 0
S1 S2 S3
/
/
\ <\
P1 P2
V2 =
D/Cs 1 D/Cs D/Cs 3
vV v v v vV Vv
Demand?2 Demand3 Demand4 Demand5
2700units 3250units 2550units 2700units
20N 20N 20N 200
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Puc. 3. JluarpamMma npsiMoro rnoToka B KOMIIaHUU

1,2, 3,4, 5 u 6 c cooTBETCTBYIOIIMM KO3 UIMeHTOM ucnoip3oBanus 1, 4, 1, 2, 1, u 3, u
creneHb nepepadborku notokos 1, 0.5, 7.5, 1, 0.3 u 0 Mexy pa3nMyHbIMU IMyHKTaMd. B npsimom
HAIpaBJICHUU UMeEeTCs 3 TMOCTaBIIMKA, KOTOPbIE MPOJAIOT KOMIIOHEHTHI TBYM MOTEHIMAILHBIM
3aBOJIaM-TIPOM3BOAMTEISIM. B ceT mMeercss Tp MOTEHIMAIBHBIX MyHKTa PacIpeieTICHUs IS
o0CITy>)kKUBaHUSI TTOTpeOHOCTEH B 2000, 2700, 3250, 2550 wu 2700 emuHMmax w3
COOTBETCTBYIOIIMX 5 30H PhIHKA NEPBBIX MOKYIATeNel npH ieHe peanusauun Ha exunauiry 11000,
10500, 10000, 10750, u 10500. B oOpaTHOM HampaBJICHWH TOTCHIMAIBHOE PACIIOJIOKCHHE
LIEHTPOB cOOpa, pa3o0opya0BaHMs U yTWiIM3aluu — 310 3, 2 u 1, coorBercTBeHHO. Kpome Toro,
norpedHocTh B 500, 350 u 550 emuHUIAX MPOIYKIMHA U3 COOTBETCTBYIOIIUX TPEX 30H BTOPOTO
MOKYIIATEIS MO>KHO YIOBJIETBOPUTD IPH LIEHE peaIM3aluy Ha equHuLy npoaykuuu 7500, 8000 u
7000. Yrto kacaercs TpaHCHOPTHUPOBKH, TO ONEpAIMU JOCTABKHU BBINOJIHSAIOTCS HPU MOMOIIU
TPY30BOI0 aBTOMOOWJILHOTO TPAHCIIOPTA, IPH 3TOM JIOCTYITHBI TPHU THIA TPY30BHKOB, BO3PACT
KkoTtopeix cocrtaBnsier 0-3, 4-7 u 8-11 ner, cooTBeTcTBEHHO. MBI CuMTaeMm, 4Tto Oosee crapbie
TPY30BbIC ABTOMOOWIIM XapaKTEPU3YIOTCS HE TOJBKO MEHBIICH CTOMMOCTBIO apeHNbl, HO U
OJHOBpeMeHHO OonblMu BbiOpocamu CO, 3a cyeT MeHblero K asurarens. CTOMMOCTh
TPAHCIIOPTHUPOBKH CIMHUIBI MPOAYKIMHA JUIA PA3IMYHBIX THIIOB HCIIOIB3yEMBIX TPY30BBIX
aBTromooOuiel cocrtapiser 1, 0.85, 0.70 ans TumoB rpy30BUKOB 1, 2 U 3, COOTBETCTBEHHO.
VYposens BbiIOpocoB CO; cocraBun 1.3, 2.8 u 3.1 r/mMuns aist TUTIOB TPY30BUKOB 1, 2 u 3,
cooTBeTCTBEHHO. [loBbIIeHHEe TMPUOBLTM B CETH 3a CYET PEMOHTA MPOAYKIIMU COCTaBISET
5500/em, 3a cuer nepepabOTKK qMHUIHOTO KoMItoneHTa 1, 2, 3, 4 u 5 — 250, 50, 90, 55 u 300,
COOTBETCTBEHHO.

Taomuua 2. Undopmanus, cBA3aHHAS ¢ TPAHCTIOPTHPOBKOI

Tumbl rpy30BBIX Cpok CTOMMOCTh TPAaHCIIOPTUPOBKU |  YPOBEHb BHIOPOCOB
aBTOMOOMIICH AKCIUTyaTaIlluu €IMHUIIBI IPOTYKITUI CO,

1 0-3 1 1.3 r/muns

2 4-7 0.875 2.8 r/muis

3 8-11 0.70 3.1 r/munst

Jpyrue mapametpsl 6epytes B ciaeayromem Buae: Rr = 0.60, Rp =0.25u Rcy,=(1,1,1, 1, 1, 0).
CTOMMOCTh 3aKYIKH €IUHUYHOTO KOMIIOHEHTa y moctaBmmka 1, 2 u 3 cocrasmser (460, 0, 190,
125, 0, 80), (480, 120, 200, 150, 650, 100) u (470, 95, 0, 0, 620, 90), COOTBETCTBEHHO.
CronMOoCTh TepepaboTKH KOMITOHEHTOB Y mocTaBiuka 1, 2, u 3 cocrasmser (20, 0, 60, 10, 0, 0),
(25, 90, 55, 20, 390, 0) u (0, 65, 0, 0, 380, 0), coorBercTBeHHO. CTOMMOCTh O O3HAYAET, YTO
00CTy>)KUBaHHE KOMIIOHEHTA COOTBETCTBYIOLIMM MOCTABIIMKOM He BbInoHseTcs. 2500 u 3000 —
CTOMMOCTh TIPOM3BOJICTBA equHUITBI Tipoaykimy, 1500 u 2200 — cTOMMOCTh PEeMOHTA €MHUIIBI
MPOIYKIMU Ha 3aBojax 1 u 2, cooTBeTCTBEHHO. CTOMMOCTh PabOThI C €MHUIICH MPOIYKIIUU B
pactpenenurensHoM 1ieHTpe 1, 2 u 3 cocrarister 500, 550 n 600, coorBeTcTBeHHO. CTOMMOCTH
MPOBEPKU E€IMHMIIBI TMPOAYKIMK B IeHTpax cbopa 1, 2 u 3 cocraBuser 100, 100 u 120,
cooTBeTcTBEHHO. CTOMMOCTh  pa3o0OpY/JOBaHWS  CAMHUIBI  MPOAYKIMH B  IICHTpE
pazobopynoBanust 1 u 2 cocraeusier 125 u 110, coorBercTBeHHO. CTOMMOCTH YTHIIM3AIUU
€JIMHUIIBI IPOTYKIIMK KOMIIOHEeHTa 6 cocTarisieT 15.

Iapamerpsl

- Rr=0.60, Rp=0.25u Rc,=(1,1,1,1,1,0).

- CroumocTh 0 03HayaeT, 4To 00CITyKMBaHHE KOMIIOHEHTa COOTBETCTBYIOIIUM MOCTABIIMKOM HE
BBIIIOJTHSIETCSL.
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- CTOMMOCTh IIPOM3BOACTBA €IMHMILIBI IPOAYKIMH Ha 3aBojax | u 2, coorBercTBeHHO: 2500 1
3000.

- CTOMMOCTb PEMOHTA €AMHULIBI TPOAYKIMHU Ha 3aBoJax 1 u 2, coorBercTBeHHO: 1500 1 2200.

- CrouMocCTh pa3000pyAOBaHUS €IUHUIIBI NPOAYKIMU B LEHTpe pazo0opymoBanus 1 u 2,
cooTBeTcTBEHHO: 125 1 110.

- CToMMOCTb yTUIM3ALMU €IMHUYHOTO KOMITIOHEHTa 6 cocTasiser 15.

- CrommocTh pabOTHl C €IUHUIECH NPOAYKIMH B paclpeneiuTeabHoM IeHtpe 1, 2 u 3,
coorBerctBeHHo: 500, 550 u 600.

- CTOMMOCTh TIPOBEPKU €AMHHIIBI TIPOAYKIMH B IeHTpax cbopa 1, 2 u 3, coorBercrBenHo: 100,
100 u 120.

Tabauna 3: cTouMOCTb, Y4aCTBYIOIIAsl B IOTOKE

Ilocra Enuananas Enunanunas crommocts | CromMocTh pabotel | CTOMMOCTH
BIITUK CTOMMOCTb 3aKyIKH nepepaboTKH C euHUILEeH MIPOBEPKU
KOMITIOHEHTOB KOMIIOHEHTOB MIPOAYKIIUU B €IUHUIIBI
pacripesienuTeNb- | IPOIyKIHH
HOM LICHTPE
1 (460, 0, 190, 125, 0, | (20,0, 60, 10, 0, 0), 500 100
80)
2 (480, 120, 200, 150, | (25, 90, 55, 20, 390, 0) 550 100
650, 100)
3 (470, 95, 0, 0, 620, 90) | (0, 65, 0, 0, 380, 0) 600 120

JlaHHBIE O BO3MOJYKHOCTSIX Pa3JIMYHBIX OOBEKTOB: MOCTABIIMK | MOXKET MOCTaBUTh MAaKCUMyM
8000, 0, 9000, 12000, 0 u 14000 eguumuyHBIX KOMIIOHEHTOB 1, 2, 3, 4, 5 u 6, COOTBETCTBEHHO.
Bosmoskroctu nocrasmukos 2 u 3: (7500, 40000, 5000, 27000, 7700, 15000) u (0, 20000, 0, O,
7500, 1400), coorBercTBeHHO. Bo3MoskHOCTH TIepepaboTku B myHKTax 1, 2 u 3: (3000, 0, 2900,
4000, 0, 0), (2000, 15000, 2000, 6000, 2500, 0) « (0, 8000, 0, 0, 2500, 0), cOOTBETCTBEHHO.
[TpomsBoacTBerHble Bo3MoxkHOCTH 3aBojoB: 8000, 7500, coorBercTBeHHO. BO3MOXKHOCTH
BeimosHeHus: pemonTa: 2000, 1800, cooTBeTcTBeHHO. BO3MOXKHOCTH LIEHTPOB paclpeesieHus
4800, 5000 u 5500, ieaTpor coopa: 3500, 3000 n 2500; neHTpoB pazodopynosanus: 5000, 5000,
nyHkTa yruimzaruu: 250000.

JlaHHBIE O paccTOSHUM (B MUJISIX) MEXKITY ABYMSI JTFOOBIMU OOBEKTaMHU:

Dij: {Dlll D12, D13,...,D21, D22, D23,.....}

Dsp= {200,190,310,350,290,280}, D= {120,100,135,170,190,200},

Dwe= {24,17,22,21,18,29,19,21,20,31,33,25,28,15,28},

De.= {6,9,8,8.5,7,10,11,12,13,9,8,9.5,11,9,8}, D, = {150,120,135,110,130,100}
Dem={8.5,9,11,12,10,11}, Dep= {15,21,19,24,16,18,20,22,21}

Dins = {100, 150, 120, 95, 154, 130}, Dy = {80,75}

[IpencraBieHHbIe BBINIE JaHHBIE TPUMEHSUIACH JUISL TIPOBEPKH TPEITIOKESHHOW MOJIEITH.
Paspaboran u ¢ momomsio LINGO11.0 [20] pemer LINGO kox st reHepariyu mpeyuioxKeHHbIX
MaTeMaTHYeCKUX MOJEIEH paccMaTpuBacMBIX JIAHHBIX. 3a/ladya pEIIaeTcsl WHAWBHIYAIBHO,
OpUyYeM KaXJIoe LEeNeBoe 3HaueHHe MMeEeT 3aJlaHHbli HaOop orpaHuyeHuil. Takum oOpaszom,
npuOsUTE U pasmep BbIOpocoB CO, Oymyr 66625630 m 252121600, coorBercTBeHHO. OHH
CUHMTAIOTCS JKeJTaeMbIMH 3HaYSHUSIMU (PYHKLMI NpHOBLUIM M BBIOPOCOB. 3aTeM pelIaeTcs 3a1ada
MHOTOKPHTEPHAIBHOTO TPOTPaMMHPOBAHUS, COYETarolIass B ce0e Bce IIeIeBble 3HAYCHUS H
OT/ICNIbHBIE JKEJaeMble 3HAueHMs, OTKyJa TOJydaeTcss HEJOMyCTUMOE peIIeHHe, T.K.
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UCIIOJIb30BaHA METOJMKA IIEJIEBOTO IMPOrPAMMHPOBAHUS, C TOMOIIBIO KOTOPOW IONy4eHO
KOMIIPOMHCCHOE pemieHre 3amadn. Ecim BBectH BecoBble kKoddduimentol 0.5 m 0.5 mus
npubbsU 1 CO2, COOTBETCTBEHHO, MOIYYaeTCsl KOMIIPOMUCCHOE PEIICHUE JJISi PacIpe/leIeHus
00BEKTOB M CPENCTB TpaHcmopTa. Torma cymmapHas npuObuib B cetn RS. 55454580, oOobem
BeIOpocoB CO; cocramsier 10681.55. [ToTok Mexay oObEKTaMU MPU WCIIOIB30BAaHUHM PA3HBIX
TUIOB TPAHCHIOPTHBIX CPECTB MPUBEICH HUXKE.

t .2 2 2 2 1 1 1 2 2
Xspa X111 = 2499, X3 = 3499, X114 =10002 ;, Xyqg =14000 , Xqpq =5501, Xq53 =5501, X{oq =1998, Xy11 =3570, Xoq, = 4552,
2 2 1 1 3 1 3 2 2
Xo13 = 2570y Xpqq = 2136, Xppy = 21728, Xopy = 4202, Xppy = 4802 Xopr = 4070 ; Xypg =15000, Xg1, =19724 , Xz1c = 6069 ,
2 1 3 1
X316 = 4207 X300 = 276 X305 = 1431 X396 = 1503
t
ka
t 1 1 1 1 3 3 3
Xke D X3 =2100, x5 = 2700, Xpq =2000, Xp3 =900, X35, =2700, X33 = 250 , X34 = 2550

t .3 1 3 3 1 1 3
Xag - X1 =1200 , X5, =1620, X33 =1950, X4q =150, X4, =1380, xg; =1070, xg3 =550

t 1 1 2
ch D Xpq =255, Xpp =750, X3; =625

t .3 3 1
Xem - X171 = 765, Xoq = 2250, X5, = 1875

.2 3 3
Dxqq = 4800, X, =2900, Xyg = 5500

t 2 2 2

Xch © X1 =500, X5 =350, X3 =550

t 1 3 3 3 3 3 3 3 3

Xmsa - X111 = 2890,  Xy13 =2890, X34 = 3780, X151 = 2000 , X9y = 11560 , X5 = 2000, X;5, = 6000 , X 95 = 2390, X3, = 8000,
3

X{35 = 2500

t

3
mfa Xig = 14670

X

6. 3a1c.1110t1eﬂne, BBIBOJAbI ¢ TOYKH 3PCHUS YIIPABJICHUA, IEPCIIEKTUBLI HCCJICT0BAHU

B obnactu ympasnenust nenoukamu noctaBok (Y LIT) upe3BbiuaitHo BayKHO pa3padbOTaTh CETEBYIO
CTPYKTYpY LIENOYKHU MocTaBoK. KpoMe Toro, B CBsI3M C I7100aJIbHBIM MOTEIUICHUEM B MOCIIE/THEE
BpeMsi 0CO00€ BHHUMAHHUE YJIENAETCs JIOTUCTUKE oOpaTHOro mnotoka npoaykiuu B YIIII. 3amaua
mMozaenrposanust cTpykTypbl LIIICC MokeT oka3aTbesi Upe3BbIUANHO TPYAHOM 3ajadyeid, T.K. B
MOJIENIb HEOOXOJUMO BBOAMTH MHOKECTBO KOMIIOHEHTOB. B nmaHHON paboTe uccienoBaHbl
KOMIIDOMHMCCHBIE ~ COYETaHMs DKCIUIYaTAllMOHHBIX M DKOJIOTMYECKUX IIapaMETpoB  IIpU
TPaHCIIOPTUPOBKE MPOAYKLUMH. B cBs3M ¢ ro0aibHBIM MOTEIIEHUEM aBTOPBI COCPEIOTOUMIINCH
Ha BbIOpocax CO;. OQMH M3 OCHOBHBIX PE3YJIbTaTOB pabOThl COCTOMT B TOM, YTO, KaK OBbLIO
YCTAHOBJIEHO, PACXOAbI IO YCTPAHEHUIO HEraTUBHBIX 3KOJOIMYECKUX IOCIEICTBUI BCE €I HE
HAaCTOJIbKO OYEBUIHBI B CPABHEHHMH C JKCIUTyaTallMOHHBIMU PACXOAaMH, €CIIM paccMaTpuBaTh UX
3HAYMMOCTh KakK (PYHKIHMIO YpOBHS BbIOpOcOB. CTOMMOCTb 3aTpaT Ha padoThl ¢ MPOAYKIMEN B
OpsIMOM M OOpaTHOM HAIIpaBJICHUH MOCTABOK INMPeo0JIalaeT MO CPABHEHHUIO C pacxojaMu Ha
HOJJIEPKKY TpeOyeMOro 3KOJIOTMYECKOro YypoBHs. J[pyroil MHTEpecHBIN pe3ynbTaT CBs3aH C
NPOJBM)KEHUEM TPOAYKLMH, IOIEkKAIEH IOBTOPHOMY HCHOJIB30BaHMIO. (OHa CHMXKAeT
OIEPALMOHHBIE PACXO/bl B IEMOYKE, HO IMOBBIIIAET SKOJIOTMYECKYI0 Harpysky. IIpu momonm
JTAHHOM pabOThI MBI XOTENU OBl BBIACTUTH KIIOUEBbIE UJIEH U METOAUKH, KOTOPbIE MOT'YT TOMOYb
KOMIIAHWSIM PEIINTh BOMPOCHI TPAHCHOPTUPOBKM NPOAYKIMM M IPU ITOM JAXKE YIy4IIUTh
curyario ¢ BbiOpocamu CO; u 3arpatamu. OOnacTe HUcCCleAOBaHHS ObUIA CYIIECTBEHHO
OrpaHMYeHa, HO €€ MOXKHO JIETKO pacIIMpHUTh U yyecTh THOKHi cripoc. Kpome Toro, 3atpoHyTyro
0051acTh MOJKHO PACIIMPHUTh U 3@ CYET BKIIOYEHUS IPYIHX PETHOHOB, T.K. Mbl HCCIIEHOBAIIH
TOJNIBKO Jlenmn W HauMOHAIBHBIA CTOJIMYHBIA PETMOH. MBI PEKOMEHIOBAIM IPHUMEHEHHE
MOTOPHUKII C LIEJIbI0 CHUKEHUS BPEJHOIO BO3JEHUCTBUA HA OKPYKAIOLLYIO CPEAY U IOBBIILIECHUS
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sddexTrBHOCTH 3aTpar. OAHAKO MOTOPUKIIM JOCTYIIHBI HE BO BceX perroHax Muaumu. Mer
PEKOMEHJlyeM NpOBECTH JajbHEHIMe HCCIeOBaHusl OOJIACTU IPUMEHEHUS U BBITOABI
UCII0JIb30BAHUSI MOTOPHUKII-TPY30BUKOB Ha OOJIBIINX PACCTOSIHUAX B KOMMEPYECKUX LIETISIX.
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This paper proposes abstraction processes as self-organizations of pre-frontal areas neurons. To prove
it holon theory is applied to cortex histology by using cerebellum data integration system as base
model and by analyzing equalities and differences in involved Brodman’s areas. A brief study of
found correlations between distinct mind performances and distinct Brodman’s areas involvement
completes previous data, particularly, the relations between the frontal lobe, pre-fontal areas mainly,
and the so-called divergent thinking. But the fundamental data that permit the comprehension of brain
abstraction processes are the starts of distinct thalamic output ways: ovular for thalamus-parietal ways
and laminar for frontal ways, with suggestion of a perceptive parietal organization that is distinct as
regards of a perceptive frontal organization. In analogy with binocular vision that gives the vision
depth we can think that a bi-perceptive organization gives a depth too that may be the abstraction
whose geometric representation is similar to graphic perspective that, in fact, represents also the vision
depth in pictures. To strengthen this hypothesis, frontal-parietal brain interlinks are analyzed, after,
correlations between frontal lobe and problem solving. This data and the individual constant
uselessness in standard mathematical logic permit to propose a neurophysiologic model of abstraction.

Key words: abstraction; brain; frontal lobe; holon; neurology; neurosciences; complex systems

1. Preliminaries
1.1. Holons

A “holon” (Greek: 'olov, holon neuter form of 'olog, holos “whole”) is everything that is
simultaneously a whole and a part [1]. Arthur Koestler introduced this concept for two
observations:

the self-organization speed of any complex system increases if there are stable intermediate
forms present in that self-organizing process (cf. Herbert Simon’s parable of the two
watchmakers);

even though it is easy to identify sub-wholes or parts, wholes and parts in an absolute sense
do not exist anywhere.

Koestler affirms that holons handle contingencies autonomously but they are also subject to
control of some higher authorities. Thus he introduces the concept of “holarchy”, ie. a
hierarchy of holons that are contemporary manager of their parts, managed by higher levels
and in coordination with their environment.

Holons give a best representation of systems that have got an evolving self-organizing
dissipative structure of other holons, each of which has got a balance point between chaos and
order.

Finally, Koestler defines a holarchy as a hierarchy of self-regulating holons that function first
as autonomous wholes in supra-ordination to their parts, secondly as a dependent parts in
subordination to controls on higher levels, and thirdly in coordination with their local
environment.

Usually the following types of holons are described:

individual holon: it has got a dominant monad (a definable “I-ness”). It is discrete, self-
contained and has self-directed behavior. It is made up of parts that move themselves together
when holons perform their agency;
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social holon: it hasn’t a dominant monad, only a definable “we-ness”. It is made up of
individual holons. It possesses a “nexus agency’: e.g., a bee is an individual holon, a swarm is
a social holon;

artifact: anything is created by individual or social holons. To include individuals and social
holons in a comprehensive scheme that includes in their potential the ability to replicate
aspects and profoundly affect them (via, so to say, interpretation) Ken Wilber has introduced
this holon type [2]. Artifacts have not to feature agency, self-maintenance, I-ness, self-
transcendence of the previous two holons in their standard definition but artificial intelligence
has softened these differences. Finally, artifacts can are made up individual or social holons
(i.e. a house is made up of atoms).

heap: anything holon collection that is completely random, i.e. with no organizational
significance; e.g. a collection of heterogeneous names is a heap. The difference between
heaps and artifacts consists respectively in the absence or presence of intentionality in the
genesis of such a holon.

A very explicative example of program construction scheme by holons has been given in
Ulieru (2002). We report it in the following figure [3]:

Dynamic
Scheldule “irtual
Cluster

Grouping Configuration
(G T-hased Methods)

Meta-Acent

Enterptize
Level

Task-cliven
Machine
Groups
Identified by
GT-based
Methocs

Persistent Physical Manifactuing Resources Community

Fig. 1.

From Grobbelaar and Ulieru (2006) by kind permission of the publishers.
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1.2. Brief dictionary on holons

e Adaptive risk number Risk as leaving %, comparing the priority ratio of the holon to the
leaving ratios of holons in the same holarchic cluster (cf. below for definitions).

e Holarchic context Any information that can be used to characterize the situation of an
entity. An entity is a person, place or object that is considered relevant to the interaction
between a user and an application, including the user and application themselves.

e Holarchy  Hierarchy of holons.

e Holon It is a system (or phenomenon) that is a whole in itself as well as a part of a
larger system. It can be conceived as a set of systems nested within each other. Every system
can be considered as a holon, from a subatomic particle to the universe as a whole. On a non-
physical level — words, ideas, sounds, emotions, everything that can be identified — is
simultaneously part of something, and can be viewed as having parts of its own, similar to
sign in regard of semiotics. Since a holon is embedded in larger wholes, it is influenced by
and influences these larger wholes. And since a holon also contains subsystems, or parts, it is
similarly influenced by and influences these parts. Information flows bidirectionally between
smaller and larger systems, as well as rhizomatic contagion.

e Intended goal A goal which increases a holon’s autonomy, and hence increases its
ability to group freely with other holons on its level. It is associated to high priority. An
intended goal may sometimes coincide with a user’s goal or a holarchic goal imposed from
the higher levels.

e Leaving ratio The priority ratio of a holon at a time of leaving the holarchy.

e Prediction It is a representation of particular future event.

e Priority ratio The ratio(s) of Intended goal priority(s)/Imposed goal priority(s).

e Stigmergic holarchy A system of holons which belong to a holarchy and have
stigmergic properties (cf. below) and where user needs are translated into context to become
either intended or imposed goals.

e Stigmergy Method of communication in a system in which the individual parts of the
system communicate with one another by modifying their local environment.

1.3. Data integration in cerebral cortex
Observe this very simplified schema of cerebellum cortex:

-

b v v v

Granule Pu rkli;lj © Purkinje
Cell Ce Cell

Mossy Climbing Climbing Climbing
Fiber Fiber Fiber Fiber

4

Purkinje Purkinje Purkinje
Fiber Fiber Fiber

Fig. 2.
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This is a simple example of two data integration in the brain without information loss: we
have a one-to-one correspondence between every couple {mossy fiber, climbing fiber} with a
given Purkinje fiber that, in this way, transports either the whole information of its
corresponding mossy fiber or the whole information of its corresponding climbing fiber.
Observe that such an information sum is possible by the multiple horizontal connections of
the granule cells.

Consider now scheme of cerebral cortex:

This scheme permits us to suppose a most basic data integration very roughly similar, at least
of complex holarchies determined by columns, to cerebellum two data integration where
layers 1, II, 11l integrate data as cerebellum granule cells, layer IV get external data as the
terminals of mossy and climbing fibers, layer V, VI send data away as Purchinje cells.

Cerebral cortex structure
Outside

LayerI — i@
Layer II. — i

i | }Data integration

Layer IIT — ‘r

3

} Data input

, } Data output

Columns

Inside
Fig. 3.

As cerebral cortex has to be divided by Brodmann in numbered histologically homogeneous
areas, cortex layer analysis permits us to evaluate very roughly the specific function of such
areas. Consider Brodmann’s mapping as in Fig. 4:
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Consider histology of some Brodmann’s areas as in Fig. 5:

Area 4 (BA4) Area 17 (BA17) Area 39 (BA39)  Area 46 (BA46)
Fig. 5.

Observe the development of the integration data layers I, I, Il in frontal cortex (either
prefrontal association cortex (area 46) or primary motor cortex (area 4)) that decrease in the
parietal association cortex (area 39) and more in the primary visual cortex (area 17) . The
input data layer 1V is obviously maximal in a sensorial cortex as the primary visual cortex,
minimal in the primary motor cortex, intermediate in association cortex (either parietal or
prefrontal). The output data layers V, VI are obviously very developed in primary motor
cortex but also in parietal association cortex.

A cortical column, also called hypercolumn or sometimes cortical module, [4] is a group of
neurons in the brain cortex which can be successively penetrated by a probe inserted
perpendicularly to the cortical surface, and which have nearly identical receptive fields.
Neurons within a minicolumn encode similar features, whereas a hypercolumn “denotes a unit
containing a full set of values for any given set of receptive field parameters” [5]. A cortical
module is defined as either synonymous with a hypercolumn (Mountcastle) or as a tissue
block of multiple overlapping hypercolumns (Hubel & Wiesel) [6]. We agree with Hubel &
Wiesel’s definition because it permits us to define a useful holarchy “minicolumn >
hypercolumn > cortical module > Brodman’s area > cortex”.

The previous considerations in 1.3 permit us to consider Brodman’s areas as sets of cortical
modules that have the same cell distribution in the cortex six layers. Space contiguity and
histological similarity of the cortical modules of a same Brodman’s area is strongly
suggestive of an unitary function that can be managed in integrated and/or parallel mode.

1.4. Cognitive processes in terms of activation of Brodmann’s areas

Consider Brodman’s area activity that Lloyd has described in 2007 [7] in relation with the
execution of various performances. We present part of this data in the following table (Fig. 6):
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Fig. 6.

Prefrontal Brodmann’s areas 9 (BA9) and 6 (BAG6) participate to every cognitive
performance. Parietal Brodmann’s areas 40 (BA40) and 7 (BA7) act similarly. Other
Brodmann’s areas have not so a universal presence. We can start to assume that cerebral
cognitive performances are managed by two holons: a prefrontal holon and a parietal holon.

1.5. Frontal lobe and divergent thinking

Joy Paul Guilford distinguishes “convergent thinking”, i.e. ability to give the correct answer
to standard question without a significant creativity (essentially deduction capacity), from
“divergent thinking”, i.e. generation of creative ideas by exploring many possible solutions
[8]. Divergent thinking generates many ideas in an unorganized fashion. Many possible
solutions are explored in a short amount of time, and unexpected connections are drawn. After
the process of divergent thinking has been completed, ideas and information are organized
and structured using convergent thinking [9]. Psychologists have observed that standard 1Q
(intelligence quotient) isn’t capable to evaluate divergent thought. Non-conformism,
curiosity, willingness to take risk and persistence are characteristic traits of the personalities
that have a developed divergent thinking [10]. Also, musicians use both hemispheres and
more likely divergent thinking in their mind processes [11].
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Stuss (1985) has observed that frontal lobe damage has insignificant effect on traditional 1Q
testing [12].

Badre and others affirm: “Cognitive control permits us to make decisions about abstract
actions, such as whether to e-mail versus call a friend, and to select the concrete motor
programs required to produce those actions, based on our goals and knowledge. The frontal
lobes are necessary for cognitive control at all levels of abstraction. Recent neuroimaging data
have motivated the hypothesis that the frontal lobes are organized hierarchically, such that
control is supported in progressively caudal regions as decisions are made at more concrete
levels of action. We found that frontal damage impaired action decisions at a level of
abstraction that was dependent on lesion location (rostral lesions affected more abstract tasks,
whereas caudal lesions affected more concrete tasks), in addition to impairing tasks requiring
more, but not less, abstract action control. Moreover, two adjacent regions were distinguished
on the basis of the level of control, consistent with previous functional magnetic resonance
imaging results. These results provide direct evidence for a rostro-caudal hierarchical
organization of the frontal lobes.” [13]

Finally, Deric Bownds proposes these models of frontal lobe organization [14]:

reiat
~{(F1=F1)e(F1=F2))

Fig. 7.

The previous observation permits us to suppose that prefrontal holon that we assume in 1.4
(BA6 and BA9 and near zones) manages divergent thought by an holarchic structure and so
parietal holon has to manage convergent thought.
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1.6. Frontal and parietal thalamic afferences

Kievit and Kuypers have injected horseradish peroxidase in different parts of the frontal
cortex in 25 Rhesus monkeys. “The retrogradely labelled thalamic neurons formed
longitudinal bands, some of which crossed the internal medullary lamina, and extended from
one thalamic nucleus into another. On the basis of these findings the frontal cortex was
subdivided into seven transverse cortical strips which receive afferents from seven
longitudinal bands of thalamic neurons. The most rostral transverse strip receives afferents
from the most medial thalamic band which is oriented vertically and extends through the most
medial part of the MD into the medial pulvinar. Progressively more caudally located
transverse strips receive afferents from progressively more laterally located thalamic bands
which in part are situated in the VL and show an increasing tilt towards the horizontal.
Moreover, those parts of the various bands which are situated along the dorsal and lateral
margin of the thalamus project to the medial portions of the transverse cortical strips, i.e.
along the medial margin of the frontal lobe, while the other parts situated ventromedially in
the thalamus project to the lateral portions of these strips, i.e. along the lateral margin of the
frontal lobe. [...] These data provide an alternative view of the organization of the thalamus
and suggest that this structure contains a matrix of longitudinal cell columns which in some
cases extend across specific nuclear borders and may represent the basic thalamic building
blocks in respect to the thalamo-cortical connexions.” [15]

All anatomic observation have revealed until now that parietal thalamic afferences are instead
related to thalamus nuclei and not to thalamus strips and so elementar anatomy manuals
affirm now. It is evident a distinct integration of arriving sensorial data for prefrontal holon
and for parietal holon. If this last one manages convergent thought than we can suppose that
arriving sensorial data that are organized by thalamus nuclei are useful to integrate concrete
objects in parietal holons. As prefrontal holon manages divergent thought we can suppose that
arriving sensorial data that are organized by thalamus strips has to be useful to permit the
same divergent thought, i.e. also to define abstract categories and predicates instead of
concrete objects.

1.7. Frontal and parietal interlinks and parieto-frontal integration theory

Jung and Haier affirm: “Is there a biology of intelligence which is characteristic of the normal
human nervous system?" Here we review 37 modern neuroimaging studies in an attempt to
address this question posed by Halstead (1947) as he and other icons of the last century
endeavored to understand how brain and behavior are linked through the expression of
intelligence and reason. Reviewing studies from functional (i.e., functional magnetic
resonance imaging, positron emission tomography) and structural (i.e., magnetic resonance
spectroscopy, diffusion tensor imaging, voxel-based morphometry) neuroimaging paradigms,
we report a striking consensus suggesting that variations in a distributed network predict
individual differences found on intelligence and reasoning tasks. We describe this network as
the Parieto-Frontal Integration Theory (P-FIT). The P-FIT model includes, by Brodmann
areas (BAs): the dorsolateral prefrontal cortex (BAs 6, 9, 10, 45, 46, 47), the inferior (BAs 39,
40) and superior (BA 7) parietal lobule, the anterior cingulate (BA 32), and regions within the
temporal (BAs 21, 37) and occipital (BAs 18, 19) lobes. White matter regions (i.e., arcuate
fasciculus) are also implicated. The P-FIT is examined in light of findings from human lesion
studies, including missile wounds, frontal lobotomy/leukotomy, temporal lobectomy, and
lesions resulting in damage to the language network (e.g., aphasia), as well as findings from
imaging research identifying brain regions under significant genetic control. Overall, we
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conclude that modern neuroimaging techniques are beginning to articulate a biology of
intelligence. We propose that the P-FITprovides a parsimonious account for many of the
empirical observations, to date, which relate individual differences in intelligence test scores
to variations in brain structure and function. Moreover, themodel provides a framework for
testing new hypotheses in future experimental designs.” [16]

Colom and Haier affirm: “The parieto-frontal integration theory (P-FIT) nominates several
areas distributed throughout the brain as relevant for intelligence. This theory was derived
from previously published studies using a variety of both imaging methods and tests of
cognitive ability. Here we test this theory in a new sample of young healthy adults (N = 100)
using a psychometric battery tapping fluid, crystallized, and spatial intelligence factors. High
resolution structural MRI scans (3T) were obtained and analyzed with Voxel-based
Morphometry (VBM). The main findings are consistent with the P-FIT, supporting the view
that general intelligence (g) involves multiple cortical areas throughout the brain. Key regions
include the dorsolateral prefrontal cortex, Broca's and Wernicke's areas, the somato-sensory
association cortex, and the visual association cortex. Further, estimates of crystallized and
spatial intelligence with g statistically removed, still share several brain areas with general
intelligence, but also show some degree of uniqueness.” [17]

Jung, Haier and others affirm: “Creativity has long been a construct of interest to
philosophers, psychologists and, more recently, neuroscientists. Recent efforts have focused
on cognitive processes likely to be important to the manifestation of novelty and usefulness
within a given social context. One such cognitive process — divergent thinking — is the process
by which one extrapolates many possible answers to an initial stimulus or target data set. We
sought to link well established measures of divergent thinking and creative achievement
(Creative Achievement Questionnaire — CAQ) to cortical thickness in a cohort of young (23.7
+ 4.2 years), healthy subjects. Three independent judges ranked the creative products of each
subject using the consensual assessment technique (Amabile, 1982) from which a “composite
creativity index” (CCI) was derived. Structural magnetic resonance imaging was obtained at
1.5 Tesla Siemens scanner. Cortical reconstruction and volumetric segmentation were
performed with the FreeSurfer image analysis suite. A region within the lingual gyrus was
negatively correlated with CCI; the right posterior cingulate correlated positively with the
CCI. For the CAQ, lower left lateral orbitofrontal volume correlated with higher creative
achievement; higher cortical thickness was related to higher scores on the CAQ in the right
angular gyrus. This is the first study to link cortical thickness measures to psychometric
measures of creativity. The distribution of brain regions, associated with both divergent
thinking and creative achievement, suggests that cognitive control of information flow among
brain areas may be critical to understanding creative cognition (Hum Brain Mapp, 2010. ©
2009 Wiley-Liss, Inc.” [18]).

Johnson, Jung, Colom and Haier affirm: “There is increasing evidence relating psychometric
measures of general intelligence and reasoning to regional brain structure and function
assessed with a variety of neuroimaging techniques. Cognitive dimensions independent of
general intelligence can also be identified psychometrically and studied for any
neuroanatomical correlates. Here we investigated two such dimensions, rotation—verbal and
focus—diffusion. We used structural MRI and voxel-based morphometry (VBM) in two
independent samples to identify gray and white matter correlates of both dimensions. Based
on statistical conjunction of both samples, (N = 45; p <.001), there were correlations with
gray matter in Brodmann areas (BA) 20 and 9 involving the rotation—verbal dimension and in
BA 18 involving the focus—diffusion dimension. There were white matter correlations
involving the rotation—verbal dimension near BA 18, 40, 39, 10, 8, and 4 and involving the

155



A.G. Grappone

focus—diffusion dimension near BA 5 and the right sub-lobar amygdala. These correlations
may have implications for understanding individual differences in the manifestation of
intelligence.” [19]

1.8. Frontal lobe and problem solving

Dimitrov, Grafman and Hollangel affirm: “Everyday problem-solving involves both non-
social executive processes, social and emotional processes, and draws upon social and
practical knowledge. A series of studies including both adult-acquired lesions and
neurodevelopmental disorders is reviewed examining problem-solving on a real-life-type task
that involves generating a range of solutions to brief problem scenarios and selecting
preferred solutions to solve the problems. Impairments in problem-solving are described in
groups of participants with left anterior frontal lobe lesions, Tourette’s syndrome and
Asperger’s syndrome. By contrast, healthy older people did not show problem-solving
deficits on the same task. The possible contributions of non-social executive skills, social and
emotional skills, and knowledge acquired from experience are each considered in relation to
everyday performance. Multiple cognitive/emotional routes to the development of everyday
life difficulties pose a complex challenge both in understanding the nature of the relevant
processes and in developing adequate methods for management and rehabilitation.” [20];
“The prefrontal cortex plays an especially important role in human social-cognitive behavior.
It has been difficult to quantify deficits in this domain in patients with frontal lobe lesions
using standardized psychological instruments. We administered the Everyday Problem
Solving Inventory (EPSI), which is composed of a range of scenarios depicting everyday
social problems and their possible solutions, to a group of patients with frontal lobe lesions
who were required to rate each of 4 possible solutions to each problem for their effectiveness.
Our sample consisted of 27 normal controls (NCs), 33 patients with focal frontal lobe lesions
(FLL), and 3 patients with frontal lobe dementia (FLD). The performance of the FLL patients
on the EPSI instrument was also compared with their performance on traditional
neuropsychological tests. The results indicated that the FLD patients' EPSI rank ordering of
social problem solutions was uncorrelated with the performance of NCs and about half of the
FLL patients EPSI rank orderings of solutions also varied substantially from those of the NCs.
These same FLL patients also had the lowest scores, compared to FLL patients whose
judgements on the EPSI were similar to that of the NCs, on a set of neuropsychological tasks
sensitive to frontal lobe dysfunction. There was no obvious relationship between locus of
lesion within the frontal lobes and performance on the EPSI. These results suggest that some
patients with prefrontal lobe lesions may have impaired social judgement that can be directly
revealed through the use of a conventional psychological inventory such as the EPSI.” [21];
Sanchez-Benavides and others affirm: “Mild cognitive impairment (MCI) is considered a
transitional state between normal aging and Alzheimer disease. Most MCI subjects present
disturbances in multiple neuropsychological domains, including executive function. This
study aimed at exploring frontal lobe cortical thinning in MCI and healthy controls, and its
relationship with problem-solving abilities. Twenty-three MCI patients and 30 elderly
controls underwent MRI and neuropsychological assessment. Cortical thickness was
measured by means of FreeSurfer. Problem-solving was assessed by means of the Tower of
London (TOL) task. MCI showed a global thinning of the cortex. With regard to specific
regions of interest, a thinning in the left frontal lobe and the bilateral posterior cingulate gyri
was found. Partial correlations, after controlling for age, education, Mini-Mental Status
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Examination, and non-frontal mean thickness revealed negative significant correlations between
frontal lobe thickness and executive outcomes in the control group. This counterintuitive
relationship was not observed in the MCI group, suggesting that the frontal cortical atrophy
observed in MCI entails a specific pathology-related relationship with high-level executive
outcomes that is qualitatively different from that observed in healthy aging.” [22].

1.9. Non-necessity of individual constant in standard logic

Consider Mendelson formal theory K for first order predicative calculus whose model is
standard relation logic [23]. To represent use:

-The aIphabet: (, ), All, A12, ey Azl, A22, ey enes fll, f12, cees le, f22, ceey eee A1, Aoy .y X1, X2, L.~y D

- The syntax rules: 1) ay, ay, ..., X1, Xo, ... are terms; 2) if ty, ... t, are terms then f{(ty, ... t,) is
term; 3) if ty, ... t, are terms then Al(ts, ... t,) is sentence; 4) if a is sentence then (X))« is

sentence; 5) if a is sentence then ~a is sentence; 6) if a and g are sentences then aop is
sentence; 7) K sentences can be built only by 1), ..., 6).

- The definitions: D1) if a is sentence then let (Ex;)a be ~((xi)~a); D2) if o and S are sentences
then let avp be (~a)op; D3) if o and £ are sentences then let anp be ~(a>(~f)); D4) if a and
S are sentences then let anf be ~((aof)>(~(f>a))); D5) let X1, Xz, ... be variables; D6) Given
(), let (xi), xi, a be respectively universal quantifier, variable of (x;), scope of (x;); D7) Let
an occurrence of variable in a sentence be linked if is a variable of a quantifier or it is in the
scope of a quantifier; D8) let an occurrence of variable be free if and only if it is not linked;
D9) let a(xi,X;,...) mean that X;, X;, ... may occur freely in a; D10) let a term t;, be free for x; in
a(x;) if no free occurrences of x; in a(x;) are in the scope of a quantifier (xi) when X, occurs in
ti; D10) let a3, a,, ... be individual constants; D11) let f%, fi, e f%, f%, ..., ... be functional
letters and thus fi(ts, ... t,) an operation on ty, ... t, whose achievement is however a term;

- The axioms: Al) if o and S are sentences then a>(foa); A2) if «,  and y are sentences then
(a(B2y))2((ep)>(0y)); A3) if a and S are sentences then ((~f)>(~a))>(((~f)oa)p);
Ad) (X)a(x)>a(ty) if tj is free for x; in a(x;); A5) (X)(aop(X))>(a(X)A(X;)) if o hasn’t free
occurrences of X;.

- The inference schemes: MP) a, aof — f (read “—” “deduces”); Gen) a — (Xi)a.

Mendelson proves that every sentence of K is completely equivalent to another sentence of K
without individual constants and functional letters. [24] He gives the following statements to
eliminate individual constants and functional letters from a sentence:

a) If x; and Ajl don’t occur in an isolated sentence f(ax) then S(ay) is logically equivalent to
(EX)AT ()(EX) (A () AB());

b) If x; and A}Hl don’t occur in an isolated sentence S(f E(Xkl,...,xkn)) then p(f E(Xkl,...,xkn)) is
logically equivalent to (Exi)A]™ (XiXy- .. Xk ) DEX) (AT (XirXicgs- - - X ) ABXE).

The possibility to eliminate individual constant from a sentence and to use predicates or
relations in their place makes evidently easier the problem solving in standard logic. Consider
the possibility that the brain can use this strategy in problem solving when convergent thought
of Parietal holon isn’t sufficient. Frontal lobe is involved either in divergent thought (see 1.5)
or in problem solving (see 1.6). Thus a prefrontal holon may receive unsolved problems from
a parietal holon, then, it may replace individual terms of such unsolved problems with more
abstract predicate sets structured by logic relation as we have seen in standard logic, and
finally, it may restitute the unsolved problem to parietal holon in easier solving form. This
cycle may be iterative with more and more abstract terms until the problem is solved.
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2. Work hypothesis and some remarks

All the previous considerations permit us to formulate a work hypothesis on brain problem
solving. We summarize it in the following figure (Fig. 8).

A parietal holon (BA7, BA40 and so on) can be the top of recognition process of external
objects by the brain. To show the building of a concrete object by parietal holon from
sensitive thalamic pathways assume the following simplified figure (Fig. 9).

refrontal holon
(BAG, BA9, ..)

Parietal holon
(BA7, BA40, ..)

problem solving by
convergent thought

-4

Unsolved problems

divergent thought and
consequent holarchy of
more more abstract
objects

Unsolved Problems after that managed
objects are reformulated to a higher
abstraction level by convergent thought

Sengorial input orgamized
by nuelei to build
Sensorial input organized concrete objects
by strips to build abstract

objects: predicates,
categories, relations )
Problem solutions

Fig. 8.

We have seen that parietal holon can manage the built concrete object in problem solving by
convergent thought. QI test solving is typical example of work typology of this holon. If no
solution appears for an examined problem then we suppose an activation of Prefrontal holon
by pathways previewed by P-FIT (see 1.5) in the following figure (Fig. 10).

Thalamic pathways
dividedby —»
origin nuclei o

corpora genirulata)

Fig. 9. Fig. 10.

Prefrontal holon receives thalamus inputs by pathways divided by origin strips and not by
origin nuclei. We suppose that Prefrontal input pathways from thalamus are organized for
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strips and not for nuclei because their integration has to generate predicates, categories,
relation, abstract objects finally, but not concrete objects. The following figure (Fig. 11)
shows the known prefrontal input pathways from thalamus organized by strips:

There is a holarchy between the built abstract object in prefrontal holon that has an anatomic
equivalent. We have already observed in Fig. 7 this particular:

Observe that concrete feature localization in Fig. 12 corresponds roughly to the end of pathways
from parietal holon to prefrontal holon previewed by by P-FIT and shown in Fig. 11.

First arder, I
}uel:l;n;ﬁﬁ:\cﬁne‘ ¥

3 {eatures

. F1.F
Sacond order f‘

relationship
=((F1=Fij-(Fi1=F2))

Fig. 11. Fig. 12.

Observe too that first and second order relationships are located roughly at the end of pathways
from thalamus to prefrontal holon. This datum confirms the hypothesis of elaboration in abstract
objects of thalamic pathways organized by strips. Another confirm of supposed prefrontal
holarchy is in Badre: “Cognitive control supports flexible behavior by selecting actions that are
consistent with our goals and appropriate for our environment. The prefrontal cortex (PFC) has an
established role in cognitive control, and research on the functional organization of PFC promises
to contribute to our understanding of the architecture of control. A recently popular hypothesis is
that the rostro-caudal axis of PFC supports a control hierarchy whereby posterior-to-anterior PFC
mediates progressively abstract, higher-order control. This review discusses evidence for a rostro-
caudal gradient of function in PFC and the theories proposed to account for these results,
including domain generality in working memory, relational complexity, the temporal organization
of behavior and abstract representational hierarchy. Distinctions among these frameworks are
considered as a basis for future research.”[25]

Consider now an overlapping figure between Fig. 10 and Fig. 12:

L (9Y6

\1 0.(6 ?oncre?e'
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74745
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and between Fig. 11 and Fig. 12:

Fig. 14.

Fig. 13 and Fig. 14 confirm our work hypothesis.

Consider now the characteristic of Brodmann’s area 9 BA9: ... unlike Brodmann area 6-
19009, area 9 has a distinct internal granular layer (IV); unlike Brodmann area 6 or Brodmann
area 8-1909 its internal pyramdal layer (V) is divisible into two sublayers, an outer layer 5a of
densely distributed medium sized ganglion cells that partially merges with layer IV, and an
inner, clearer, cell-poor layer 5b; the pyramidal cells of sublayer 3b of the external pyramidal
(111) are smaller and sparser in distribution; the external granular layer (11) is narrow, with
small numbers of sparsely distributed granule cells.”’[26]. The distinct internal granular layer
(V) of BA9 that misses in BA6 suggests an important input function as regard the same BAG.
Thus BA9 may perform a first integration of the data of BA45, BA46, BA47 (concrete
features) with the data of BAL10 (second order relationships) and of BA32 (first order
relationships), instead BA6 may be the interactive target of BA9 to replace a concrete feature
with its equivalent description in terms of first and/or second order relationships.
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Brodmann’s area 6 is strictly related to primary motor cortex BA4 and perhaps, with large
consensus, it plays a role in the planning of complex, coordinated movements (does it apply
the found solutions?). For our purpose it is useful consider some known neuron pathways that
involve motor cortex in the following figure:

Our work hypothesis is perfectly compatible with these statements and the overlapping is very
interesting as the following figure shows:

Supplesentary W/ ~ Posterior
_~Note A( ea 4

) - 5. Prifary

"6;' [ Mojor Corte

\‘i' W\'Prem tor
S 94

Fig. 16.

Author invites: “Let us start the debate!”
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AOCTpakums Kak MeTOJ CAMOOPTaHU3alMH NMPeIT00HbIX
o0J1acTeil rOJIOBHOIO MO3ra

A.I'. I'pannone

Rome Second University — Tivoli Didactic Pole
via Carlo Dossi, 87 — 00137 Roma

HearenbHOCTb, CBsI3aHHAass C aOCTpakUWel, MpPEACTaBIsIeTCs KaKk CaMOOpraHW3alus HEHpPOHOB
npedpoHTaIBHBIX oOnacTeid. [yl Joka3aTenbcTBa aBTOP MPUMEHSIET TEOPUIO XOJNOHOB K THCTOJOTHUH
KOpBI TOJIOBHOI'O MO3I'a, MCIIOJIb3YsI CUCTEMY MHTETPALM JAHHBIX B MO3KEUKE B KAaU€CTBE OCHOBHOM
MOZEIM W AaHAIM3UpPysd CXOICTBA M pa3Nuuus B 3aJCHCTBOBAHHBIX MNOJIAX bpommana. [laHHble
JIOTIOJTHEHBI KPaTKUM HCCIICIOBaHHEM OOHApY)KEHHBIX KOPpEISIIUHA MEXAYy KOHKPETHBIMH BHIAMHU
MHTEIUIEKTYaJIbHOM AEATEIbHOCTH M KOHKPETHBIMM HOJISIMH bponmana, y4acTBYIOIIMMH B 3TOH
JESTeIbHOCTH, B YaCTHOCTH, ONMCAHA B3aMMOCBS3b IEPEIHEH MO0JH, B OCHOBHOM — IPe(pPOHTAIBHBIX
O6H3CTCﬁ — C TaK Ha3bIBA€MbIM JHUBCPIrCHTHLBIM MbIIIJICHUEM. OZ[HaKO (b}/HI[aMCHTaIILHBIG JaHHBIC,
MO3BOJISIIOIIME TIOHATh MPOLECCHl aOCTPaKUUH B MO3Te, CBS3aHBI (SBISSICH OCOOBIM «3aITyCKOM») C
HAaYyaJIbHBIMU YYacTKaMH OTBOUILIMX TalaMUYEeCKHX myTeil: oByaspHbiMu (Ovular) mms Tamamo-
TEMEHHBIX ITyTel 1 JJaMHUHAPHBIMH 17151 QpoHTAIBHBIX TyTel. [Ipu 3TOM mpeamonaraercsi, YTo TeMEHHAsS
OpraHuzalys BOCIIPHATHSI OTIMYaeTCs OT (PPOHTAIBHOM opraHu3anuu Bocrnpusatus. [lo aHamoruum co
CTEPEOCKONNYECKIM 3pEHHEM, O1aroaaps KOTOPOMY 3pEHUE UMEET «IIIyOHHY», MOKHO CKa3aTh, 4TO Ou-
BOCHPHUATUE TaKKe NPHIAET «IIyOuHY», KOTOpas MOXeT ObiThb abctpakumeil. Ee reomerpuueckoe
Npe/ICTaBIeHIE aHAIOTHYHO MEPCTIEKTHBE HA PUCYHKE ((paKTHUECKH, MEPCIIEKTHBA KaK pa3 v HepeaaeT
«ryOuHY» 3peHus). B momnepkKy 3TO# TUITOTE3HI IMOCIe aHaIH3a KOPPEISInid MeXXIy TIepeTHel Tomei
U PEIICHUEM 33a/1a4 MPOBEJCH aHaIH3 (PPOHTAIBHO-TIAPUETATBHBIX B3aUMOCBSI3€H B MO3re. DT JaHHBIE
u 6CCHOJIC3HOCTB WHIWBUAYAJIbHBIX KOHCTAHT B KJIACCUYECKOM MaTeMaTHYeCKOM JIOTHKE IT03BOJIMIU
MIPEJIOKUTh HOBYIO HEHPO(PHU3HOIOTHIECKYIO MOJIC)Ib a0CTPaKIIHH.

Knroueswie crosa: a6CTpaKI_IPI$I, MO3r, JToOHas A0JI51, XOJIOH, HEBPOJIOT' v, HeﬁpOHaYKH; CJIOXHBIC CUCTCMBI

1. Ucxoanble mos10keHus1 (HEKOTOPbIiA 0030p)
1.1. XoJ10HbI

Xomnon (rpeu. 'olov, holon cpennsisi dopma 'olog, holos “nenwiii”) — 310 BCE TO, UYTO
OJIHOBPEMEHHO SBJISETCS M LeTbIM, W 4YacThio uero-nubo [1]. Aptyp Kectrnep BBem 310
MOHSITHE U3 PE3YIHTATOB HAOTIOACHUIA:

- CKOpOCHb CaMOOP2aAHU3AUUY 110001 CTIONHCHOU CUCIeMbl 803pacmaem, eciu ¢ npoyecce
CAMOOPZAHU3AUUU UMEIOMCA yCMOUuUugble npomedcymounvie opmot (cm. Ilpumuy
I'epoepma Caiimona o 08yx uacoeujukax);

- HeCMOmpA HA MO, YMO GLIAGUMD YACMU Y1020, KA3aa0ch 0bl, J1€2K0, yenoe u 4acmu 6
adCconoOmMHOM cmblce c106a HU20e He CYuiecmeyrom.

Kectnep yTBepkmaer, YTO XOJIOHBI CHOCOOHBI CHPABJSITBCS C HEMPEIBUICHHBIMU
00CTOSITENECTBAMU CAMOCTOSITEIPHO, HO OHU TaKXKe SIBISIFOTCS U OOBEKTOM YIPABJICHHS CO
CTOPOHBI «BBILIECTOSIIIUX OpPraHoB». IIpu 3TOM OH BBOAUT MOHSTHE «XOJAPXUU», T.€.
HMepapXur XOJOHOB, KOTOPHIE OJTHOBPEMEHHO YIPABIISIOT CBOMMH COCTABIISIOIIMMH YaCTSIMHU
Y YNPABIIAIOTCS BBIIECTOAIIMMHU 3JIEMEHTAMU B COOTBETCTBUU C OKPYKEHUEM.

XOJOHBI Jy4llle BCETO OMHUCHIBAIOT CHUCTEMBI, OOJIAaroNMe pa3BUBAIOIICHCS CcaMo-
OpPraHU3YIOIIENUCs TUCCUIIATUBHON CTPYKTYPOU IPYTHX XOJIOHOB, KaK/JbIM U3 KOTOPBIX UMEET
TOYKY PAaBHOBECHS MEXJy Xa0COM U YIOPSACUYCHHOCTHIO (TTOPSIKOM).

Hakonen, Kectnep ompenenser XonapXxuio Kak UEPAPXHUI0 CAMOPETYIUPYIOIIUXCS XOJIOHOB,
KOTOphIe  (YHKIIMOHMPYIOT, BO-TIEPBBIX, KaK aBTOHOMHBIE II€JIOCTHBIE JJIEMEHTHI,
YOPABISIIONIUE JPYTUMU DJIEMEHTAMH, BO-BTOPBIX, KaK YacTH, 3aBHUCSIINE OT JJIEMEHTOB
0oJ1ee BEICOKOTO YPOBHS, B-TPETHUX, B COOTBETCTBHH C JIOKAJTLHBIM OKPYKEHUEM.
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OOBIYHO ONMKCHIBAIOT CJIEIYIOLINE TUIIBI XOJIOHOB:

- UHOUBUOYANIbHBLI XONMOH: WMEET JIOMHHAHTHYIO MoOHaay (ompenenumoe «S»). On
JUCKPETHBIN, aBTOHOMHBINA M XapaKTEPU3YETCsl CaMOYIIPaBIIIeMbIM ToBeieHneM. OH COCTOUT
U3 YacTel, KOTOpbIe ABUTAIOTCSA BCE BMECTE, KOT/Ia XOJIOHBI BBIMOIHSIOT CBOU (YHKITUH;

- COYUATLHBLIL XO0JI0H: UMEET TOMUHAHTHYIO MOHAIY, TOJBKO OmpeneauMoe «Mb». CocTouT
U3 MHJIMBUIYaJbHBIX XOJOHOB. OOnamaer «cereBoil» (ynkumei. Hampumep, muyena — 310
WHJVBHIyaJIbHBINA XOJIOH, 4 PO — COLMAJIbHBIN XOJIOH.

- apmeghakm: BCE, UTO CO3/1aeTCSl MHAMBHUIYAJIbHBIMH WM COLMAJIbHBIMH XoJIoHaMH. Ken
Yunbep [2] BBen 3TOT THII XOJOHOB IS TOTO, YTOOBI BKJIIOYUTH WHIWNBUAYAIbHBIC H
COLIMAJIbHBIE XOJIOHBI B OOIIYI0 CXEMYy, B KOTOPYIO MOTEHIHMAIbHO BXOIHUT CIIOCOOHOCTH
pa3MHOXaTh CBOMCTBAa XOJOHOB M CWIbHO BIMATH Ha HUX (Hampumep, IMOCPEICTBOM
TOJIKOBaHUSA). AprTedakTbl HE BBINOJIHIIOT (QYHKIMA, HE SBISAIOTCS CaMOMOAIEP-
YKUBAIOIUMHUCS, HE UMCIOT «S1», CaMO-TPaHCICHICHTHOCTH ABYX MPEIBIIYIIUX XOJIOHOB B HX
CTaHJapTHOM ONPEIECIICHUU, XOTS HCKYCCTBEHHBIH HWHTEIIEKT CIrIAAW 3TH pPa3Idyusl.
Hakonern, apredakTsl MOTYT OOBEAMHATHCS B WHIWUBUIYaTbHBIA WIA COLIUATBHBIA XOJIOH
(kak, HampUMep, TIOM COCTOUT U3 aTOMOB).

- Maccug: 1000€ MHOKECTBO XOJIOHOB, KOTOPOE SIBJISIETCS COBEPIICHHO HEYIOPSIOYCHHBIM,
HEOpraHMW30BaHHBIM. Hampumep, MHOKECTBO pa3HOPOAHBIX Ha3BaHWA — ATO MaccuB. Paznuia
MEXIy MaccMBaMH H apTreakTaMd COCTOUT, COOTBETCTBEHHO, B OTCYTCTBHM W HAJIMYUU
MpeHaMEPEHHOCTH B BOSHUKHOBEHUH TaKOT'O XOJIOHA.

OdYeHb HarJSAIHBIA TIPUMEP CXEMBl TOCTPOSHUS MPOTPaMMBI C IMOMOIIBIO XOJOHOB
npuBoautcs B padore Ulieru (2002). [IpuBenem ee Ha cneayroieM pucyHke [3]:

Schedule control cluster —
KJIACTep MPOTPaAMMHOTO
yHpaBIeHHUS
Dynamic virtual cluster —
JNIMHAMUYECKUH BUPTYaJIbHbBIN
KJIacTep
Dynamic mediator holon —
JMHAMHYECKHUM IPOMEKYTOUHBII
XOJIOH
Grouping configuration (GT-
based methods) — koudurypanms
rpynnuposanus (GT-meTozapr)
Meta-agent — meTaareHr
Grouping Confguration Enterprise level —
(GT-based Methocs) o
KOPIIOpaTUBHBIN YPOBEHD
Task-driven machine groups
identified by GT-based methods —
IPYIIIBl YCTPOKCTB,
yIpaBIsieMbIE 3a7ja4aMH,
onpenensiembie GT-MeTonamu
Persistent physical manufacturing
resources Community -
YCTOMYMBOE COOOIIECTBO
(1)I/ISI/I‘I€CKI/IX MIPOU3BOJCTBECHHBIX

pecypcos

Dynarmic

Scheldule Nirtial
Control Cluster

Cluster

Enterprise
Lewel

MWeta- Agent

Task-criven
Maching
Groups
Icientfied by
GT-based
Methods

Persistent Physical Manifaciuing Resources Cormrmunity

Puc.1. U3 padoter Grobbelaar and Ulieru, 2006 (pric. mpuBOIUTCS ¢ pa3peiicHus U31aTesci)
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1.2. KpaTkuii «c10Bapb» 10 X0JI0HAM

AanTHUBHBIA PHCK — pHCK mokumanuss (B %), KOTOpBIA comocTaBiseT KOO UIIUEHT
(oLleHKY) TIpUOpHUTETa XOJIOHA C KO3(ppuyuenmom nOKUOaHusi XOIOHOB B TOM IKE
xonapxuyeckom Kiactepe (CM. OIpeeIeHUs HUKE)

XosapxuyecKuii KOHTeKCT — mo0as mHpopManus, KOTOPYI0 MOXHO HCIIONIB30BaTh IS
XapaKTePUCTUKU KOHTEKCTa cyObekTa. CyOBhEeKT — 3TO YEJIOBEK, MECTO MU OOBEKT, KOTOPBIi
CUMTAETCS 3HAUYMMBIM [0 OTHOLICHHIO K B3aMMOJCHCTBHIO MEXAY IOJb30BaTelieM H
NPUII0KEHUEM, BKIIFOYAst CAMOT0 TI0JIb30BATENS U TPUIIOKEHUE.

Xoaapxusi — uepapxusi X0JIOHOB.

Xoa0H — 3T0 cuctema (WM SBJICHHE), KOTOpas cama Mo cele sBisieTcs IEJIOCTHOH U
ABTOHOMHOM M OJTHOBPEMEHHO — YacCThl0 0oJiee KPYMHOI cUcTeMbl. Ero MOXXKHO mpescTaBUTh
Kak Habop cucTeM, BIOKEHHBIX OfHA B APYry0. Kaxkayro cucteMy MOKHO CUUTATh XOJIOHOM,
HAa4YMHAS OT CyOaTOMHOW YacTHIel U J0 Bcenennoid B menom. Ha He ¢u3ndyeckoM ypoBHE
(cioBa, wmeH, 3BYKHM, IMOIMHU, BCE, 4YTO IMOJJIACTCS OIPEICICHUIO) BCE SBISCTCA
OJIHOBPEMEHHO YacThIO Yero-1udo U UMEET CBOM COCTABHbBIC YACTH 10 AaHAJIOTUU CO 3HAKOM B
ceMHoTHKe. T.K. XOJOH BCTpO€H B OoJjiee KpyIHBIE OOBEKTBHI, TO OH HAXOIHUTCSA TOJ HX
BIUSHUEM M OJHOBPEMEHHO BJIMSIET HA HUX caM. T.K. XOJOH TakXe COAEPKUT MOJCUCTEMBI,
WIM YacTH, OH caM TaKKe HAaXOJWUTCS TMOJ| WX BIUSHUEM, OJHOBPEMEHHO OKa3blBas CBOE
BausHUE Ha Hux. OOMeH uHopmaluell Mexay Oonee MEIKMMH M 0ojee KPYHNHBIMU
CUCTEMaMH MPOUCXOIUT B IBYX HaIIPaBJICHUSIX.

Ipexnamepennas (intended) mesb — 1enb, KOTOpas MOBBIIIACT aBTOHOMHOCTH XOJIOHA, a
CJIEZIOBATENILHO, €T0 BO3MOXXHOCTh CBOOOIHO OOBEIUHATHCA C IPYTMMHU XOJOHAMH HA CBOEM
ypOBHE. DTO CBSI3aHO C BBICOKHM MpHOpUTeTOM. lIpenHamepeHHas Leidb WHOTAA MOXKET
COBIAJAaTh C MEJIBbI0 TOJH30BATENS WM XOJAPXUYECKOHW IIeNblo, Ha3HAYCHHOH Ha Ooiee
BBICOKOM YpPOBHE.

Kosppuument moxkmaanuss — kod3pGUIMEHT NPUOPUTETA XOJOHA B MOMEHT IOKHIAHUS
XOJIApXHH.

IIporno3upoBanme — npeicTaBlIeHNe KOHKPETHOTO COOBITUS B Oy TyILIIEM.

Kos¢ppunmnent npuopurera — OtHowmenue(s1) [lpuopumema(os) npeonamepennou yenu/
Ilpuopumema(o6) HaznauenHou yeuu.

Crurmepruyeckasi XoJapxXus — CUCTEMa XOJIOHOB, MIPUHAITIEKALTUX XOJIAPXUU U UMEIOLTUX
CTHTMEpPrHYecKhe CBOWCTBAa (CM. HHWXKE), B KOTOpOHl MOTPEOHOCTH IOJIb30BATENS
npeoOpa3yroTcs 00 B npedHamepeHHble, U0 8 HA3HAYEeHHbIe Yelu.

Crurmeprusi — MeTOJ] KOMMYHHKAallUd B CHUCTEME, OTAENbHbIE YaCTH KOTOPOM 0OmIaroTCs
JIpYT C IpyroM NOCPEICTBOM U3MEHEHUS JIOKAIBbHOW OKPYKAOIIEH CPEbI.

1.3. UnTerpanus JaHHBIX B MO3rOBOM Kope

PaccMmoTpum ciienyronyro ynporieHHY0 CXeMy KOpbl MO3Keuka (puc. 2).

Bor mpocroii mpumep WHTErpanmuu JBYX MAaCCHBOB JIaHHBIX B Mo3re 0e3 moTepu
uH(pOpMallMK: UMEEM B3aUMHO-OJHO3HAYHYIO CBSI3b MEXJY KaXI0i mapoil {mimmcroe
BOJIOKHO, JIa3af011iee BOJIOKHO} U JJaHHBIM BoJIOKHOM [lypkuHbE, KOTOpOe mepeaaet J1udo BCIo
MH(OPMALIHIO CBOEr0 COOTBETCTBYIOIIETO MITHUCTOIO BOJIOKHA MU BCIO HH(OPMALIUIO CBOETO
COOTBETCTBYIOIIETO JIA3a0IIET0 BOJIOKHA.

OTMeTHM, UTO TaKasi «COBOKYITHOCTh)» HH(OPMAIIMH BO3MOKHA Oy1aroiapsi MHOTOYUCICHHBIM
TOPU30OHTAJIBHBIM CBA3AM I'PaHYJISIPHBIX KIICTOK.
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-4 >
v v v
Granule cell - rpanynspnas
KJIETKa
Purkinje cell — kinerka ITypkunbe
Mossy fiber — mircThIe BOOKHA
ol Purkinje Purkinjc Purkinje Climbing fiber — nasaromue
ool Cell Cell Cell BOJOKHA
(& .. .
Cell Purkinje  fiber -  Bomoxma
/ / / Ilypkunse
Mossy Climbing Climbing Climbing
Fiber Fiber Fiber Fiber
Purkinje Purkinje Purkinje
Fiber Fiber Fiber
Puc. 2.

PaccmoTpuM Tenepb KOopy rojIoBHOIO MO3ra:

Cerebral cortex structure

Outside

LayerI —— |

Layer II — i i Data integration
Layer ITT — | 4E18 9%

Layer IV — /J/H } Data input
Layer V. — AT [ }Data output
Layer VI — | &l i

ﬂaHHaﬂ CXEMa IMO3BOJIACT MPEAIIOIONKH

Cerebral cortex structure — cTpyktypa KOpbI
TOJIOBHOT'O MO3ra

Outside — BHewmHAg 00J1aCTh

Layer — cioit

Data integration — uHTerpanus qaHHBIX

Data input — BBO TaHHBIX

Data output — BEIBOT JAHHBIX

Columns - konoHkn

Inside — BHyTpeHHSIS YacTh

Puc.3.

Th, YTO WHTErpalusl JTAaHHBIX, MO KpalHEll Mepe,

NpUOJIM3UTENIEHO HATOMUHAET MHTETPALIMIO JIBYX MAaCCHBOB JJAHHBIX B MO3XeuKe, Ie clou I,
I, III wmHTErpuUpyIOT NaHHBIE KaK TpaHyJsIpHbIE KJIETKH MoO3keuka; ciod [V momydaer
BHEIIHME JAaHHbIE KaK KOHLIEBBIE YAacTH MIIMCTBIX M Ja3alolIMX BOJOKOH; cion V, VI
OTCHUIAIOT JaHHbIE KakK KieTkH [lypkunbe.

T.k. KOpy TOJOBHOTO Mo3ra CcleAyeT JeIuTh 10 bpoamMaHy Ha NpOHYMEpPOBaHHBIE
TUCTOJIOTMYECKH OJIHOPOJHBIE TOJISI, aHAJIU3 CJIO0EB KOPHI MO3BOJSET BeCbMa MPUOIHIKEHHO
OLIEHUTH (PyHKIMH, Tpucyiue Takum oM. [lons bpoamana npuBenens! Ha puc.4.

166



AOCTpaKIysa Kak METOJ CaMOOPTaHN3AINH TPETOOHBIX 00J1acTeil TOJIOBHOTO MO3Ta

Puc. 4.

L " .--r

ITone 4 (BA4)  Tlone 17 (BA17) Tlone 39 (BA39) Ilone 46 (BA46)
Puc. 5.

PaccmarpuBaercs passutue cnoeB I, II, III uHTerpamuu naHHbIX B JIOOHOW Kope (OO
npedpOHTAILHON acCOIMaTUBHON Kope (mosie 46), mu0o MEepBUYHON JBUTaTEIBHON KOpE
(mone 4)), KOTOpoe CHMXKAETCSI B TEMEHHON accollaTUBHOW kope (mone 39) u gamee B
nepBUYHON 3puTenbHOM Kope (mone 17). Cnoii BBoga maHHBIX [V, O4eBUIHO, SBISETCS
HanOONBIIMM (MaKCUMaJbHBIM) B CEHCOPHOH KOpe Kak IEepBHYHOM 3pHUTEIbHON KOpe,
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HaNMEHBIINM B TEPBUYHOM JBUTaTEIbHONW KOpE, MPOMEKYTOUHBIM B aCCOIIMAaTUBHON KOpe
(ubo B TemenHoM, b0 B mpedponTanbHON). Crnon V, VI BbIBOIa NaHHBIX, OYEBHIIHO,
Ype3BbIYaTHO PA3BUTHI B IEPBUYHOM JIBUTaTEIILHOM KOPE U B TEMEHHOM aCCOLMAaTUBHOU KOpE.
Kononka kopTekca, KOTOPYIO TakKe Ha3bIBaIOT TUIEPKOJIOHKON MIIM KOPKOBBIM MOAYJIeM [4],
— 3TO IpyIIa HEHPOHOB B KOPE TOJIOBHOI'O MO3Ia, KOTOPYIO MOXKHO IIOCIIEA0BATENbHO IPOHTH
JATYUKOM, YCTAHOBJICHHBIM MEPIEHIUKYISAPHO K KOPKOBOM IOBEPXHOCTH, U KOTOpHIE
00aafoT MPaKTHYECKH HMJICHTHYHBIMH pELEeNTUBHBIMH TONsSMH. B  HelipoHax B
MUHUKOJIOHKE 3aKOJMPOBAaHbl OJAMHAKOBBIE CBOMCTBA, B TO BpeMsl KaK THUIIEPKOJIOHKA «3TO
O00BEKT, COACpXAIUi IMOJHBIA MAacCUB 3HAUYEHUH [UIg JTI000r0 MHOXKECTBA MapaMETPOB
peuentopHoro mois» [5]. KopkoBelii MoOmyns ompenensieTcs MO0 Kak CHHOHUM
runepkoionkn  (MayHTkaci), MO0 Kak TKaHEBbI OJOK HM3  MHOTOYHCICHHBIX
nepeKpoiBaromux apyr apyra runepkosoHok (Hubel & Wiesel) [6]. Mbl cornacHsl ¢
onpenenenueM Hubel & Wiesel, T.k. 3T0 MO3BOJISIET HaM ONPEICNIATh TAKYH) XOJAPXHIO:
«MHUHHMKOJIOHKA > THNEPKOJOHKA > KOPKOBBI MOayJ/Ib > noJjie Bpoamana > kopay.
[Ipenpinymue paccyxaenus (paszaen 1.3) mo3BoNSIOT paccMaTpuBath mois bpoamana kak
MHO’KECTBAa KOPKOBBIX MOJYJEH, UMEIOIIHUX OJAMHAKOBOE paCHpE/EsIeHUE KIIETOK B IIECTU
cnosix kopsel. [IpocTpaHcTBeHHass GIM30CTh U UCTOPUUECKOE CXOJICTBO KOPKOBBIX MOMYJNEH
omHoro mousisi bponmana 3acTaBisieT MPENNoJOXKHTh, YTO B HMHTETPHPOBAHHOM H/MIIH
napauieIbHOM PEXKUME OHU MOTYT BBIIIOJHSATH €UHYIO0 (DYHKIIHIO.

1.4. KorHUTHBHBIE MPOHECCHI C TOYKHU 3PEHUA aKTUBAIlUU noJiei BpouMaHa

Paccmotpum paboty noneit bpoamana, kak ee onucsian Jinoiin (Lloyd) B 2007 . [7] B cBs3H
C BBIIOJHEHUEM pa3Iu4HbIX aAelcTBUi. B Tabnuue (puc. 6) 3T JaHHBIE IPUBOISATCS
yactuyHo. IIpedponransusie mons bponmana 9 (BA9) u 6 (BA6) ywactByrorT B 1r000M
KOTHUTUBHOM JesTenbHOCTH. Temenusie nons bponmana 40 (BA40) u 7 (BA7) neiicTBytoT
aHAJIOTMYHBIM oOpasoM. J[lpyrue monss bpoamana He HACTONBKO YyHHMBEpPCANbHBI. MBI
IpeoiaraeM, YTO MHTEUIEKTyalbHasl TIO3HABATENbHAS JIESTEIFHOCTh YIIPABISACTCS IBYMS
XOJIOHAMH: TTpe(PPOHTAIEHBIM ¥ TEMEHHBIM.

1.5. JloOHas 10J1s1 ¥ IMBEPreHTHOE MbILIJICHHE

Hxoit Tlon Tundopn (Joy Paul Guilford) paznuuaer «KOHBEPTE€HTHOE MBINIJIEHUEY, T.€.
CIIOCOOHOCTh JlaBaTh MpPaBWIBHBIA OTBET HA CTAHIAPTHBIM BOMpoc 03 CyIIECTBEHHOU
KpPEaTUBHOCTU (B OCHOBHOM JENYKIHS), U «INBEPT€HTHOE MBIIUICHHE», T.€. TEHEepaIlHs
KpEaTHBHBIX UJAEH TMOCPEACTBOM HCCIEIOBAaHUS MHOTHUX BO3MOXHBIX pemieHuit [8].
JluBepreHTHOE MBIIUIEHUE TEHEPHUPYET MHOXECTBO HAEH HEYNOpsSJOYeHHBIM o0pazom. 3a
KOPOTKOE BpEMsI HCCIEAYyeTCSI MHOXECTBO BO3MOXKHBIX PEIICHHN, MOTy4YaloTCs camble
HEOXHJIaHHBIE B3aUMOCBs3H. [lociie 3aBepiieHus mporecca JUBEPreHTHOTO MBIIUICHUS UIeH
U uHpOpMalMs YMOPAIOUYUBAOTCS U CTPYKTYPUPYIOTCS TpPH TOMOIIM KOHBEPTEHTHOTO
mpinuieHus [9]. Tlcuxonoru ormedaroT, 4to crangapTHbI [Q (ko3 duueHT yMCTBEHHOTO
pa3BUTHS) HE CHOCOOCH OIEHUTH AUBEPreHTHOE MbIUIeHHe. OpUTHHAIBLHOE MBIILICHHUE,
JFOOOIBITCTBO, TOTOBHOCTh PUCKOBATh, HACTOMYMBOCTD — 3TO XapaKTEPHBIC YePThI TINIHOCTEH
¢ auBepreHTHHIM MbInuieHreM [10]. KpoMe Toro, My3bIKaHTBI UCIIONIB3YIOT 00a MOTyIIapus
TOJIOBHOTO MO3Ta M, CKOpee, JUBEPTCHTHOE MBIIIIICHUE B CBOCH JesTeTbHOCTH [11].

Crycc (Stuss), 1985, [12] oTmeuan, 4YTO MOBpEeKIEHUE JOOHOM JOMM MO3ra HMeEET
HE3HAYNTENIFHOE BIMSHUE Ha PE3yNbTaThl TpaaunoHHOTO [Q-TecTa.

banpe u nap. (Badre) monrBepknaror: «KOTHUTHBHOE yIpaBieHHE IMO3BOJISIET MPUHUMATH
penreHus 00 aOCTPaKTHBIX JACHCTBHSIX, HAIPUMEP, IMO3BOHUTHL JPYTY WA OTIPABUTH €My
DIIEKTPOHHOE COoOoOIIeHne, b0 Kakue NporpamMmbl TpeOyeTcs BBIIOTHUTH  JUIS
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COOTBETCTBYIOIIMX JIEHCTBUI, HA OCHOBE HammMX meled u 3HaHuil. JloOHBIE moNH
HEOOXOIUMBI JUIsI KOTHUTUBHOTO YIIPABJICHHS HAa BCEX YPOBHSIX aOCTpaKIUu.

o = - v

w | & s leslz|¢15l=]l=]|é&
a = = B a3 8 ) S £ 5
e o @) o S s = a = 2. =
g | S 5 | & | & | & | & | o 2
g =1 L = - & o 8 0Q o )
=3 o = = g = "a" - z o) =
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7] = o = @, og =3
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Puc.6.

Brodmann’s areas — oyt bpoamana;

Inhibiction of action — moxasnenue nelicTBus;
Cognition — mo3uanwe;

Attention for cognition — BHUMaHHe K TO3HAHHMIO ;
Language: Orthography — si3e1k: opdorpadus;
Language: Phonology — s3bIk: doHOMIOTHS;

Semantic Processing — cemanTudeckas o0padoTka,
Synctactical Processing — cuaTakcuueckast 00paboTKa;
Working memory — kpaTkoBpeMeHHasi aMsITh;

Music processing — 00paboTka My3bIKH;

Cognitive reasoning — KOTHUTHBHBIE YMO3AKITIOUCHUSI.

169



A.Tl'. 'panmone

[locnennue naHHbIE HEMPOBH3YAIM3ALWU IO3BOJWINA TPEANONOXKUT, YTO JIOOHBIE 0NN
OpraHM30BaHbl B HEpapXuio, Onaronaps KOTOPOW yHpaBieHUE MOJJAEPKUBACTCA B
OmpelieNiCHHBIX  (KaynaJbHBIX) O0O0NacTsIX, KOIrJa peIICHUs NPUHUMAIOTCS Ha Oolee
KOHKPETHBIX YPOBHSX JeiicTBUA. Mbl OOHApY>KMIIH, YTO MOBPEXAeHUE PPOHTATIBHBIX 0OIacTeit
HETaTUBHO CKa3bIBACTCS HA MPHHATHH PEIICHUN O ACHCTBUU Ha ypOBHE aOCTPaKIMU, KOTOPBIN
3aBHUCUT OT JIOKAJIHM3AIMK MOBPEXIECHUs (OBPEXKICHHS BEpXHEil 006IacTu BIAMSIIOT OOJbIle Ha
abCTpakTHbIC 33/1a4H, KayJaJIbHbIC TOBPEXKICHHUS — Ha KOHKpETHBIE 3a1auu). Kpome Toro, 3To
OTPHILIATEJIbHO CKAa3bIBAETCS Ha BBINOJHEHUHM TEX 3aJady, KOTOpble TPeOyrT abCTpaKTHOrO
yrpaeieHus. Ha oOcHOBE ypOBHSI yIpaBJCHUS BBIABICHBI JIBE CMEXKHBIE OOJIACTH, YTO
COIJIacyeTcsi € TMOCIEAHUMU pe3yJbTaTaMyd (PYHKIHMOHAJIBHOIO MAarHUTHO-PE30HAHCHOTO
UCCIIEIOBAHUS. OTU PEe3yJIbTaThl HANpPSIMYIO CBUIETENBCTBYIOT O POCTpalIbHO-KaylalbHON
HepapXHUeCKON OpraHu3aiuy JOOHBIX aoiei» [13].

Hakonen, Hdepuk boynnc (Deric Bownds) mpemmoxxuin ciemyromme MOJSIH OpTraHH3aIiH
dbpoHTanbHBIX nonei [14] (puc. 7):

Puc.7 [14]

Domain-specific maintenance — cieruyanbie 1715 001aCTH 3a1a49K

Domain-general monitoring — o01uit MOHUTOPHHT 00JIACTH

Abstract plan/schema internal monitoring — BHyTpeHHHII MOHUTOPUHT a0CTPAKTHOW CXEMBI
Sensory control — opranosienTuueckoe yrpasieHHe

Contextual control — koHTeKCTyanbHOE YIIpaBICHHE

Episodic control — stu3oauueckoe ynpasienue
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Branching control — ynipasiierue ¢ pa3BeTBiIeHHEM
First order relationship — c¢Bs3b epBoro mopsimxa
Concrete features — KOHKpeTHbIE CBOICTBa

Second order relationship — cBsi3s BToporo mopsiaka
Response conflict — kordnukT peaxryii

Feature conflict — konguKT cBOWCTB

Dimension conflict — koHGIUKT pa3zMepHOCTH
Context conflict — koHTeKkcTyaTbHBIH KOHGIUKT

[Ipenpiaymuye paccyX AeHUs MO3BOJSIIOT MPEANOI0KHUTh, YTO MPEePpPOHTAIBHBIA XOJOH, O
KOTOpOM MbI ToBOpuM B 1.4 (BA6 u BA9 u Gmmkaiimue o6actu) yrnpasiseT AUBEPTEHTHBIM
MBIIUIEHUEM @PU IOMOIIM XOJIAPXUYECKOH CTPYKTYphl, IIO9TOMY TEMEHHOH XOJOH
BBIHY/ICH YIPABJISATh KOHBEPI€HTHBIM MBILUICHUEM.

1.6. ®pouTajbHasi M TeMeHHas TajJamuuyeckas adggepeHranusi

Kusut u Kyiinepc (Kievit and Kuypers) BIpbICKMBanu NMepoKCHAa3y B Pa3IUYHBIE YaCTH
bpoHTaNbHOM KOPHI 25 Makak-pe3yc. « PeTporpagno” noMeyeHHbIE TAIAMUYECKUE HEHPOHbI
00pa30oBaJId MPOJIOJIbHBIE TIOJIOCHI, HEKOTOPbIE U3 KOTOPHIX IEpeceKald BHYTPEHHIOIO
MO3TOBYIO IUIACTUHKY TajaMmyca M TAHYJIUCh OT OJHOrO sijpa Tajamyca no apyroro. Ha
OCHOBE JTHX pe3yJIbTaTOB (pOHTAIbHAs Kopa JAEJWIach Ha CeMb IIONEPEYHBbIX I0JIOC,
HOJYyYalomuX pa3Hylo addepeHTanuo OT CceMH MPOAOJIbHBIX IOJOC TalaMHUYECKHUX
HeiipoHoB. Camast BepXHssL IONepedHas Iojoca moixydaeT adgepeHTanuo OT CaMou
OJIVDKHEH K LIEHTPY TallaMU4eCKOH MOJI0Chl, KOTOpas OpUEHTUPOBAaHA BEPTUKAIBHO U TSIHETCS
IPAKTUYECKHU O Bceil cpenunHoi yactu MD BHyTpu Meaunanbhoil noxymiku. [lonepeunsie
IOJIOCBI, PACIIOJIOKEHHbIE B KaylaldbHOH oOmacTv, mnosydaroT ad¢epeHTanuo oT
TaJaMUYECKUX oJIoC ¢ OoJiee JaTepabHbIM MOJI0KEHNEM, KOTOPBhIE YACTHUHO PACIIOJIOKEHbI
B VL 1 1eMOHCTpUPYIOT YBEINUYMBAIOLINICS HAKIOH OTHOCUTEIBHO TOPU30HTAIBHON JTMHHH.
bonee Toro, 3T dYacTW pa3IUYHBIX TMOJOC, PACIOJOKEHHbIE BIOJIb JOPCATbHOW H
JaTepalbHOM TI'PAaHULBI TajlaMyca, MPOECLUPYIOTCS Ha MEAMAIBHBIE YYacTKH IONEPEYHbIX
KOPKOBBIX IOJIOC, T.€. BJOJb MEIUAIBbHON TI'paHUIbl (POHTAIBLHOM J0JHM, B TO BpeMs Kak
JpYTHM€ 4YacTH, pacIOJIOKEHHBIE BEHTPOMEAMAIBHO B TajJaMyce, MPOCLMPYIOTCS Ha
JaTepanbHble YYAaCTKH ATHX IOJIOC, T.€. BIOJb JIATEPAJbHOM TpaHMIIbl (POHTAIBHON J0IH
[...] OTM naHHBIE NO3BOJAIOT MO-APYrOMY B3IVISIHYTh Ha OpPraHU3aldl0 Tajlamyca H
IPEIIOJIOKUTh, YTO 3Ta CTPYKTypa COJEPKUT MaTpULly HPOAOIbHBIX KOJOHOK KIIETOK,
KOTOpBIE B HEKOTOPBIX CIIydasX IIEPECEKAlOT OINPEACIEHHbIE TPAaHULBl SAEP U MOTYT
IPEJICTaBIATh COO0N 0Oa30BbIE AJIEMEHTHI CTPYKTYpHl TajlaMmyca IO OTHOLIEHHIO K Tajlamo-
KOPKOBBIM CBs3sIM» [15].

AHaTOMHMYECKHE HCCIEOBAHMUS JO CHUX I[Op IOKa3blBaJd, HAMNPOTHB, YTO TEMEHHbIE
TaslaMuueckue addepeHTaly CBs3aHbl ¢ TAJaMUYECKMMHU SIpaMH, a HE ¢ TalaMUYECKUMU
MoJIOCAMM, U Tereph 00 3TOM HaNKMCAaHO B y4eOHHMKax MO OCHOBaM aHaToMuu. OueBUAHA
MHTETpals MOCTYNAIOIUX OPraHOJIENTHYECKUX MAHHBIX JAJS MPEPpPOHTATHHOTO XOJIOHA U
TeMeHHOro xoJjioHa. Eciu mocneaHuil ympaBisieT KOHBEPr€HTHBIM MBIIUIEHUEM, TO MbI
MOXEM MPEANOoJI0KHUTh, YTO TOCTYNAloIlas oOpraHojenTuyeckas WHOpMalus, KoTopas
OpraHM3yeTcsi sAapaMH Tajamyca, IOoJie3Ha [UIsi MHTErpallid KOHKPETHBIX OOBEKTOB B
TEMEHHBbIX XoJoHax.Tak Kak mNpeQpOHTANbHBIM XOJNOH YMNpaBISE€T JUBEPreHTHBIM
MBIIIEHUEM, MOKHO HPEINON0KUTh, YTO MOCTYIAa0Ias opraHojenTuieckas nHpopmarus,
KOTOpasi OpPraHM3yeTcs TaJlaMHYeCKUMH II0JIOCAMM, JOJDKHA OBITh MOJe3Ha JUIS TOTo Ke
JUBEPreHTHOTO MBINUIEHHS, T.€. TaKXKe JOJDKHA OINpeAeNsTh aOCTpaKTHbIE KaTeropuu M
IpPEIUKAThl BMECTO KOHKPETHBIX OOBEKTOB.
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1.7. (DPOHTZUILHLIC H TEMCHHBIC B3aUMOCBH3U U TCOPUH q)pOHTaHLHO-TeMeHHOﬁ HHTErpanuun

Otmetum, uto JkxyHr m Xaiep (Jung, Haier) moarBepkmaroT Bompoc: «CyIiecTByeT Jin
OMOJIOTHUSI HHTEJUIEKTa, KOTOpas XapaKTepHa i HEPBHOM CHCTEMbl HOPMAaJlIbHOTO
yeoBeKa? 3aech MbI paccMaTtpuBaemM 37 COBPEMEHHBIX HCCIIeI0OBAaHMI
HEHpOBU3yaJIU3allui, B KOTOPBIX CJE€JlaHa IIONBbITKA OTBETUTh Ha JAHHBIM BOIPOC,
nocrtaBiieHHbIH XancrenoMm (Halstead, 1947) Bo BpeMst U3ydeHHs CBSI3M MO3Ta U MOBEJICHUS
MOCPEACTBOM HMHTENIEKTa M  MBICIUTENBHBIX CHOCOOHOCTEH. W3yuass pe3ynbrarel
byHKUIHOHATBHON ((PYHKIIMOHABHOE MAarHUTHO-PE30HAHCHOE UCCIEeI0BaHUE, TO3UTPOHHO-
OMHUCCHOHHAs ToMmorpadus) H CTPYKTypHOH (MarHMTHO-PE30HAHCHAs CHEKTPOCKOMUS,
nu(hy3MOHHO-TEH30pHAsT METOAMKA BU3yallU3alliu, BOKCeNb-0a3upoBanHast MoppomeTpus)
HEHpOBU3yaJIU3allMM, Mbl OTMETHUJIM IIOPA3UTEIbHOE COBIAJEHUE, KOTOPOE I103BOJISAET
MPEANOJI0XKUTh, YTO U3MEHEHHS B PACIPEACIICHHON CETH MPOTHO3UPYIOT UHANBUIYalbHbBIE
pasznnuusi, OOHApy)KEHHbIE B 3aJadax IO MCCIEJOBAHUIO MHTEIUIEKTa U IOCTPOEHUS
JIOTUYECKUX PACCYKJEHUU. MBI OMUCHIBAEM 3Ty CETh KaK TEOpHUI0 (POHTAIHHO-TEMEHHON
uarerpauuu (TOTU). TOTU wmopens BriowyaeT mno bpoamany: mopcosiarepaibHYIO
npedpoHTanpHy0 Kopy (monst 6, 9, 10, 45-47), umwxkuioro TemeHHyw (mons 39, 40) u
BEPXHIOIO (10JIe 7) TEMEHHYIO M3BWJIMHY, NEPEJHION MOSACHYIO 4YacTh (moje 32), obiactu
BucouHor (mons 21, 37) m 3arbutouHoit (mons 18, 19) mosneit. BxirouaroTcs m oGmactu
Oenoro BemiecTBa (ayroo0pasusiii mydok). TOTU uzyyaercs B cBeTe OTKPBHITHI U3 001acTH
UCCJIeIOBaHUS TOBPEXKICHUN Tela, BKIIoUas paHbl OT MOMaJaHusl CHApP 0B, GPOHTAIBHYIO
J000TOMUIO/JIEHKOTOMHIO, BUCOUYHYIO JIOOOKTOMHUIO U MOBPEKACHUS, KOTOPHIE MPUBOIAT K
HapyUIeHUIo peun (ada3uu), U pe3ylbTaToB BU3YATH3allUU, B KOTOPBIX UACHTUDUIIUPYIOTCS
00J1aCTH MO3ra, KOTOPBIE YIPABIISIOTCS TeHETHYECKON nHpopManueit. B miemom, Mbl enaem
BBIBOJ, YTO C TIIOMOIIbIO COBPEMEHHBIX METOJOB HEWPOBU3yalH3allUd HAYMHAIOT
MPOSICHATBHCS BOIPOCHI OMoJIornM MHTENIeKkTa. Mbl npeanonaraem, uro TOTU yuuteiBaeT
MHOKECTBO  COBPEMEHHBIX  HAMIHMPUYECKMX  HAOMIOJEHHH, KOTOphIE  CBS3BIBAIOT
WHJMBUyalIbHbIE Pa3JNuMsl B TECTaX HA YPOBEHb MHTEJUIEKTA C PA3IMUYUIMH B CTPYKTYpe U
¢yHknusax mosra. boiee Toro, mojens Aaer cpeqy A IPOBEPKM HOBBIX THIIOTE3 B
Oynymux skcrepuMenTax» [16].

Konom u Xaitep (Colom, Haier): «Teopus ¢ponrambHo-TeMenHoi uHTerpauuu (TOTH)
Ha3bIBAET HECKOJIBKO pACIpPENENIeHHBIX MO0 MO3ry oO0jacTell CyIIeCTBEHHBIMH IS
UHTEIJIeKTa. DTa Teopus MoJyyeHa U3 paHee OlyOJIUKOBAaHHBIX MCCIIEI0BAaHUI MPU MOMOIIU
METO/I0B HEWpOBU3yalIM3allUd U TECTOB I103HABATEIBbHOW CHOCOOHOCTH. 34€Ch MBI
IpoBepsieM 3Ty TEOPHUI0O HAa OCHOBE BBIOOPKM MOJOJBIX 3J0POBBIX B3POCIBIX JHOACH
(N=100). IMony4eHbl MarHUTHO-PE30HAHCHBIC M300PaXKEHUS, KOTOPhIC MPOAHATU3UPOBAHBI
P MOMOUIM BOKCEb-0a3upoBaHHONH MopdomeTpuu. OCHOBHBIE Pe3YyIbTaThl COTNIACYIOTCS
¢ TOTH, noxnreepxaas, yTo OOIMNA ypOBEHb MHTEIUIEKTYaJIbHOTO Pa3BUTHUS 3aJ€HCTBYET
MHOT'OYHMCIIEHHbIE 00JIaCTU KOpHI M0 BceMy Mo3ry. KiroueBble 00jacTH BKIIOYAIOT B ceOs
JopcojiaTepalibHyl0 TnpedpoHTanbHYl0O Kopy, 1eHTp bpoka wu ob6macte BepHuke,
COMAaTOCEHCOPHYIO acCOLIMaTUBHYI0 KOpPY M BHU3YaJbHYIO0 acCOLMaTHUBHYI Kopy. [lanee,
OIICHKH KPUCTAJUIM30BAHHOTO U MPOCTPAHCTBEHHOTO MHTEIIEKTa, KOTOPbIE MOJYUYEHBbI IPH
CTAaTUCTUYECKU UCKIIIOUEHHOM YPOBHE MHTEJUIEKTYaJIbHOIO Pa3BUTHS, OTHOCATCS K OJHUM U
TEM >K€ HECKOJIbKUM 00JIaCTSM MO3Ta, YTO M OOLIUN YpOBEHb MHTEIJIEKTA, HO TAK)KE UMEIOT
HEKOTOpbIe ocobeHHoCcTH» [17].

Our, Xaitep u gap. (Jung, Haier) nmoarBepxknaroT: «KpeaTUBHOCTh NaBHO SBISETCS
OpeIMeTOM HCCleAoBaHus (HIOCO(OB, TICHUXOJIOTOB U CIEUUATMCTOB B 00JacTH
HelipoHaykn. B mocnegHee BpemMsi OCHOBHBIE pPa0OThI TOCBSIIAIOTCA KOTHUTUBHBIM
npoleccaM, KOTOpble, CKOPEE BCEro, BayKHBI I JEMOHCTPALlMA HOBU3HBI U IIOJIE3HOCTH B
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paMKax JaHHOTO COIMAJBbHOTO KOHTEKCTa. OAMH W3 TAaKMX KOTHUTUBHBIX HPOIECCOB —
TUBEPreHTHOE MBIIIJIEHHE — 3TO TMPOIECC, BO BpeMs KOTOPOro  IMPOUCXOAUT
HKCTPANOIUPOBAHNE MHOTHX BO3MOXKHBIX OTBETOB Ha HMCXOAHBIM CTHMYJ WM LIEJIEBOE
MHO>KECTBO JaHHBIX. MBI CTPEMHJIUCh CBS3aTh HM3BECTHBIE MOKA3aTENIH TUBEPIE€HTHOIO
MBIIIJIEHUS U KpEaTUBHBIE JOCTH)KEHMs (aHKETa TBOpUECKMX JocTikeHuil — ATJ) c
TOJIIMHON KOPBI y 3I0pOBBIX MoOJoAbIX jroned (23,7 £ 4,2 ner). Tpu He3aBHCUMBIX
JKCIEpTa OIICHUWBAIU PE3YIbTAaThl TBOPYECKOIO TPYAa KaXKIOTO W3 YYAaCTHUKOB MpHU
MTOMOIIM COTJIACOBaHHOM MeTonuKHu oreHKu (Amabile, 1982). B pesynbraTe ObUI MOJTyYeH
koMIiekcHbIH uHAeKe kpeatuBHocTH (KMK). C momomrsto ckanepa 1.5 Tesla Siemens Oputn
MOJIYYeHbl CTPYKTYpPHbIE MarHUTHO-PE30HAHCHbIE H300paxeHus. PEeKOHCTPyKIUA KOpPHI U
o0beMHas CerMeHTaIus BBIIOIHSIACH TIPU IOMOIIM MTPOrpaMMHOTO KoMmIutiekca FreeSurfer.
OGnacTe B mpenenax sI3bIYHOM HM3BHJIMHBI MMeNla oTpuIaTeabHylo koppensuuio ¢ KHUK.
[IpaBas 3a1Hs4 4acTh MOACHOM M3BHJIMHBI UMEJIA MOJIOKUTENBHYIO Koppensanuto ¢ KMK. B
otHomieHun ATJl — HIDKHSIS eBasi opOUTO-PppoHTaIbHAs 00J1aCTh COOTBETCTBYET JIYUIIUM
TBOPYECKUM JIOCTHIKEHUSIM; TOBBIIIEHHAs TOJIIMHA KOPBI COOTBETCTBYET 00Jiee BBHICOKHM
onenkam 1o AT/l B mpaBoii yrimoBoil u3BHJIMHE. DTO MepBas padoTa, CBS3bIBAIOLIAS
TOJIIIMHY KOPKOBOTO CIJIOSI C TCUXOMETPUYECKUMH HM3MEPEHUSMU KPEaTHBHOCTH.
Pacnpenenenue obnacteit Mo3ra, CBI3aHHBIX C IUBEPTEHTHBIM MBIIUICHHEM U TBOPUYECKHUMU
JOCTHIKCHHUSIMH, TIPEATIONaraeT, 4TO KOTHHTHBHOE YIPABJICHHE IOTOKOM HH(OPMAIUU
MeXay 00JacTIMU MO3ra MOXET UMETh KJII0YeBOE 3HAUCHHE ISl TOHUMAHHUS KPEeaTHBHOTO
no3uanus. (Hum Brain Mapp, 2010; 2009, Wiley-Liss, Inc.” [18])

xoncon, FOur, Komom u Xaiiep (Johnson, Jung, Colom, Haier) moarBepxknatoT: «Bce
Ooublliee TIOATBEPXK/ICHHE HAXOMUT CBSA3b ICHXOMETPHYECKHX HM3MEPEHHUI OOLIero ypOBHS
MHTEJUIEKTa M JIOTHYECKOTO MBIIUICHUSI C PETMOHAJIBHOM CTPYKTYpOM MO3ra U (PyHKIHEH,
OLICHMBAEMOM TMpH TIOMOIIM PA3IMYHBIX METOJOB HEHpoBH3yaim3aluu. KOrHUTHBHBIC
U3MEpEeHUs, He 3aBUCAIIME OT OOIIEro ypOBHS HMHTEIEKTa, MOXHO TaKXKe OIpPEIessTh
NICUXOMETPHYECKH U UCCIIeI0BAaTh Ha JIOOBIe HEMpOAaHATOMUYECKHE CBS3H. MBI MCCIe0BaIn
JBA TaKUX HW3MEpPEHHs: BpallaTenbHO-BepOanbHOe U (okyc-auddy3nonHoe. C MOMOIIBIO
CTPYKTYPHOI MarHMTHO-PE30HAHCHOW BU3YyaJU3al[M U BOKCENIb-0a3MpOBaHHON MOpPOMETpUN
UCCJIE/IOBAaHbl JIBE€ BBIOOPKHM C IEJIbIO ONPEAETUTh B3aUMOCBSI3b MEXIY O€NbIM U CepbIM
BEIIIECTBOM JUIS JBYX M3MEpPEHHiA. B COOTBETCTBUH CO CTATHCTHYECKUM COMPSHKEHUEM 00enx
BoiOOpok (N =45; p <0,001), cymiecTBYHOT KOpPpENSIIMK C CEepbIM BELIECTBOM B MOJISX
Bbponmana 20 u 9 (rme umeercs: BpamaTelbHO-BepOaibHOE u3MepeHue) u B nosie 18 (dokyc-
middysust). CymecTBYIOT Koppensiuu Oeroro BellecTBa € BpallaTelbHO-BepOaTbHBIM
nu3Mepenuem BOim3u noseit bponmana 18, 40, 39, 10, 8 u 4 u ¢ usmepenuem ¢oxyca-nuddysun
BOJIM3M MOJIS 5 U NIpaBoi Cy0-100apHOM MUHAAIHMHBL. DTH KOPPEJSHUU MOTYT CIIOCOOCTBOBATh
MOHMMAaHUIO MHIUBUAYaAJIbHBIX Pa3INyMil IpOsBICHUs UHTEUIeKTay [19].

1.8. Ilepennsisi 1015 U pelieHue 32124

HumutpoB, I'papman u Xommumken (Dimitrov, Grafman, Hollangel): «Pemenue
€XKEJIHEBHBIX 33J1a4 COMNPOBOXKIAECTCS HECOLMAIBHBIMM, COLMAIBHBIMM U AMOLUOHAIBHBIMU
IpoLeccaMy M MoJIaraeTcsl Ha CollalibHbIe M MpaKTUYecKue 3HaHus. BeinonHeH 0030p cepuu
UCCIICIOBAaHUM, 3aTParuBaloOIIUX MOBPEXKIEHUs, MPHOOPETEHHBIE BO B3pPOCIOM BO3pacte, U
HEHPONCUXUYECKUE PACCTPONUCTBA. DTU UCCIETOBAHUS ObUIH MOCBALIEHBI PELICHUIO MPOOIEM
B peaJbHBIX 3a/layax, KOTOpbIe BKIIIOYAIOT TE€HEepalfio psAja pelIeHud 3agauyd ¥ BBIOOD
MPEIOYTUTENbHBIX pelleHnid 3aaaun. Hapymienre GyHKIMM pelieHus 3a1ad ONHUCaHbl JJis
IpyNIbl MAIlMeHTOB C TMOBPEXACHUEM IepeaHei 1o0Hoi nonu, cuHiapomoM Typerta u
cuHApOoMOM Acmeprepa. B oTinuune oT HHX, 3/I0pOBBIE MOXKUIIBIE JIIOJU HE UMENN Mpo0iieM
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IIPU PELIEHUH TeX XKe 3a7ad. Bo3aMOXKHBIN BKJIaJ HECOLMAIBHBIX U SMOLIMOHAIBHBIX HABBIKOB
U 3HAaHUM, NPUOOPETEHHBIX U3 OIbITa, PACCMAaTPUBAIOTCS B CBSI3U C E€XKEAHEBHOU
NeSITeIbHOCThI0. MHOTOYHMCICHHBIE KOTHUTHUBHBIC/SMOIIMOHANBHbBIE IyTH pPEUICHUs 3a]ad
€XKEHEBHOM KMU3HU — CIIOXKHAs 3aJa4a U C TOUKU 3PEHUs NOHUMAaHUS IPUPOAbI BaXKHEHIINX
OpOIECCOB, W C TOYKH 3pEHUs pa3pabOTKM aJeKBaTHBIX METOJOB YIPaBICHUS H
BoccTaHoBieHUs» [20].

«[IpedponTanbHas Kopa HrpaeT OCOOCHHO BAXKHYIO pOJIb B COLUAIBHO-KOTHUTHBHOM
MoBe/IeHNH YesioBeka. KonnuecTBEeHHO ONpeneuTh HapyIeH!s B 3TOM 00JJacT y MallieHTOB
C TIOBPEXKICHUSAMU JIOOHOM J10JIM TIPY MTOMOIIM CTaHIAPTHBIX CPENICTB IICUXOJIOTHH 0Ka3aloCh
TPYAHO. MBI MONPOCHUIIU TPYNIY MAalUEHTOB C MOBPEKICHUSIMH JOOHOW [10JIM 3arOJHHUTD
OIPOCHHMK, COAEPXAIIUN Psiji CLIEHAPUEB, OTPAKAIOLINX €XKEAHEBHbIE COLUAIbHBIC 33a4l U
X BO3MOXHbIe perieHus. [lanMeHThl TOKHBI OBLIM PaHXKUPOBATh KXl M3 4YeThIpex
BO3MOXKHBIX CIICHAPUEB PEUICHMS KaKIOW 3a7add B 3aBHCUMOCTH OT uX 3(ddexkTuBHOCTH.
Breibopka coctosizia u3 27 3A0pPOBBIX PECIOHACHTOB, 33 MAllMEHTOB C OYaroBBIMU
noBpexaeHusiMu J1o0Hoi gonu (IUIJ]) u 3 mammenToB ¢ GpoOHTAIBLHO-IOOHBIM CIa00yMHUEM
(CJI). Ilokazarenm ompocHuka marmueHToB ¢ I1JIJ] cpaBHMBanmMCh ¢ WX TIOKa3aTelIsIMH B
TPaAULIMOHHBIX HEHPOIICUXOJIOTMYECKUX TeCTaxX. Pe3ynbTaThl MOKa3aau OTCYTCTBHE KOPPESALUN
pe3yabTaToB onpocHuka nanuentoB ¢ CJIJ[ u onpocHuka 310poBbIX Mroael. Kpome Toro, okoso
MIOJIOBUHBI OIIPOCHUKOB NaeHToB ¢ [1JIJ[ cyiecTBeHHO OTIMYaINCh OT OIMPOCHUKOB 3JJ0OPOBBIX
pecrionienToB. Te ke cample mamueHTsl ¢ [T/ momyumnm camble Hu3KHE pe3ynbTaThl (10
cpaBHeHuto ¢ nauueHtamu ¢ [1JIJ], ybKM OlEHKHM 1O ONPOCHUKY ObUTM aHAJIOTMYHBI OLIEHKaM
30POBBIX JIFO/IEH) B TPaJAUIUOHHBIX HEHPODU3MOIOTMYECKUX 3aJaHUSX, KOTOPHIC SIBIISUIUCDH
YYBCTBUTEJIFHBIMA K AUCOYHKIMU JTOOHOH momu. OyeBWaHAs CBS3b MEXKIY JIOKAIM3alUen
MOBPEXJICHUsI Ha NEpeAHEN J0JIe W pe3ysIibTaTaMU OIPOCHUKA OTCYTCTBYET. OTHU BBIBOJIBI
MO3BOJISIFOT TNPENONI0KNTh, YTO HEKOTOPHIE MAIMEHTHl C MOBPEXICHUSIMU NPePpPOHTAIBLHON
JIOJIA MOTYT MMETh HApYyIIEHHOE COLMAIBHOE MBIIUIEHUE, KOTOPOE MOYKHO HENOCPEICTBEHHO
OOHApPYXUTh IO pe3yslbTaTaM TPAJUIMOHHBIX IICUXOJIOTMYECKUX HCCIIEIOBaHMN Hamnoaooue
paccMOTPEHHOT0 ONPOCHUKa» [21].

Canue3-benaBunec u ap. (Sanchez-Benavides) moarBep:xknaroT: «YMepeHHbIE HapyIICHUS
korHuTUBHBIX (QyHKIUH (YHK®) cunTtaercst mepexoaHbIM COCTOSHUEM MEXIY HOPMalbHBIM
MpoIIeCCOM CTapeHuss W Oosie3Hblo Aublireiimepa. Y wmHorux mnamueHToB ¢ YHKO®
HaOJII01at0TCsl HApYIIEHUS! B MHOTOYHMCIICHHBIX HEHPO(MU3NOIOTHUECKUX 00JIaCTsIX, BKIIOUYas
CIIOCOOHOCTH K II€JICHAIIPABIIEHHON AedTenbHOCTU. JlaHHOE HcciieoBaHUE HalpaBlIe€HO Ha
W3Y4YE€HHE UCTOHYEHMsI KOPBI nepeanen noau y nauueHToB ¢ YHK® u y 310poBbIX mronel u
€ro CBSI3U CO CIIOCOOHOCTBIO pemaTh 3agaun. Helipopu3nonornyeckyro OleHKy 1 MarHUTHO-
pe3oHaHCHYI0 ToMorpaduro mpomuy 23 nanuenta ¢ YHK® u 30 moxuinsix npeacraButeneit
KOHTPOJIbHOM rpynmbl. TonmHa Kopsl oneHuBanack npu nomouu FreeSurfer. CiocobHoCTh
peliaTh 3a7a4u olleHuBanack mpu nomoiru tecta «Tower of Londony. ¥V manuentoB ¢ YHK®
0o0HapyXeHO I100albHOe UCTOHYEHHE KOpbl. B yacTHOCTH, 0OHapYyKEHO MCTOHYEHUE KOPBI
JIEBOW IEepelHEeN J0JM W 3aJHed 4YacTu MoscHOW wu3BwiIMHBL. [locie ydera Bo3pacra,
o0pa3oBaHMsl, MHUHU-AMATHOCTUKH TCUXMUYECKUX COCTOSIHUM, CpEIHEH TOJIIMHBI KOPbI
JPYTHUX J10JIEW YaCTHBIE KOPPEJSALMU NOKAa3aJIM CYIIECTBEHHbIE OTPULIATENIbHBIE KOPPEIALUN
MEXIy TOJIIMHON JIOOHOM MJOJAM M pe3ylbTaTaMu ILeJICHANPaBICHHON JAeSITeIbHOCTU
KOHTPOJILHOM TpyIIbl. DTa HEOKUAAHHAS CBsA3b He HaOmonanace y rpynmsl ¢ YHK®, gyro
MO3BOJISIET MIPEIIOJIOKUTD, UTO aTPOodHsi KOPBI JOOHOM JT0JIM TOJIOBHOTO MO3Ta y MAlUEHTOB C
YHK® BbI3bIBaeT OOYCIOBICHHYI MATOJOTHMEW CBSI3b C BBICOKMMHU pe3yJbTaTaMu
L[EJICHAIIPaBICHHON JEesTeNIbHOCTH, YTO KAa4eCTBEHHO OTJIMYaeTCs OT HaONoJeHU B
OTHOILIEHUH 3/I0POBBIX MOKUJIIBIX JIFOJIEN» [22].
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1.9. HeHy)KHOCTL nnnannyanbnoﬁ KOHCTAHThI B KJIACCHYECKOM JIOTHKeE

Paccmorpum dopmanbHyro Teopuro MenaenbcoHa K i ucumcieHus: NpeiukaToB IMEPBOro
HOPsIIKA, MOJICITIBI0 KOTOPOI SIBIISIETCSI CTaHAApTHAs JIOruKa B3aumocssieit [23]. [lycts

- AJI(I)aBI/ITZ (,), All, A12, ceey Azl, A22, ey ey fll, f12, ey le, f22, ceey eeey A1, A2, Ly X1y X2, L.~ D

- CuHTakcuveckue mpasuia: 1) ai, ay, ..., X1, X2, ... — WICHBI IPEIJIOKEHUS; 2) eciH 1y, ... th —
YJICHBI MPEAI0XKEHUS, TO f?(tl, ... t)) — umen mpemnokenus; 3) ecnu ty, ... ty, — WICHBI
npemtokenns, to Af(ty, ... t)) — OpemtoxkeHue; 4) ecim o — HpemIOKeHHE, TO (X)a —

NpeUIOKEHUE; 5) ecli o — MPeIUIOKEHUE, TO ~o — TpPeIJIoKeHHe;, 6) ecnu o u f —
NpeUIOKEHHs, TO aDf — mnpemnoxenue; 7) K mpemanoxkeHuii MOKHO MOCTPOUTH TOJBKO B
COOTBETCTBUHU C 1), ..., 6).

- Onpenenenus: D1) ecnu o — npemioxenue, To myctsb (EXj)a be ~((X)~a); D2) eciu o 1 ff —
HpPEeTIOKEHUs, TO MYCTh avfi 0yayT (~a)>f; D3) ecnu a u ff — NpeaaoKeHusi, TO MyCTh aAf
oynyt ~(a>(~p)); D4) ecnu a u f — npemioxenusi, To nyctb oAf 0yayt ~((aof)o(~(f>oa)));
D5) mycth X1, Xo, ... — nepemennsie; D6) Eciu gano (Xj)a, myctsb (Xi), Xi, @ — COOTBETCTBEHHO
KBaHTOp OOIIHOCTH, IIepeMeHHas BennuuHa (Xj), oomacte aeiicteus (X;); D7) ITomaraem, 4ro
MOSIBJICHUE TIEPEMEHHOW B TPEIJIOKEHUU SIBISCTCS CBS3aHHBIM, €CIM OTO IepeMEHHAs
KBaHTOpa OOILIHOCTH WJIM OHA MPHHAIJICKHUT 00JACTH IEHCTBUS KBaHTOpa obOmrHOoCcTH; D)
MyCTh TOSIBJICHUE MEPEMEHHOHN SIBIISIETCS CBOOOTHBIM TOTJIa M TOJBKO TOT/A, KOTJa OHO HE
sBisieTcs cBA3aHHBIM; D9) mycts a(X;Xj,...) O3Ha4daeT, 4ro Xi, Xj, ... MOTYT IIOSIBJIATHCS
cBo6ozaHO B a; D10) mycTs wieH tj cBoOOAHBIH 1714 Xj B o(Xj), €CIIM HET CBOOOJHBIX HOSBICHHI
Xj B a(Xj) B o0yacTH AecTBUS KBaHTOpaA 0OIIHOCTH (XK), Korna Xy mossisiercs B tj; D10) mycts
aj;, @, ... — WHIUBHAyaJlbHbIC KOHCTaHTHI, DI11) mycTh f%, f%, s f%, f%, eey eee —
(GYHKIIMOHATIBHBIC CHMBOJIBI, M, TAaKUM 00pa3oM, fin(tl, ... tn) — omepauus Ham ti, ... tp,
TOCTHKEHUE KOTOPOH SIBIISIETCS LIENbIO;

- Axcuombl: Al) eciu a u f — npeaioxkenusi, To ooO(f>oa); A2) ecnu a, ff v y — IPEIOKECHUS,
0o (ao(fo)))o((af)>(a>y)); A3) ecouf a w B —  TUpEMIOKEHHS, TO
(~B)2(~a))=(((~f)2a)2p); Ad) (X)a(X)>a(tj), ecnu tj siBaseTcss cBOOOIHBIM Juist Xj B a(X;);
AB5) (X)) (ap(X)))2(e(X;)B(X;)), ecitit o He UMeeT CBOOOHBIX TOSIBICHHUH X;.

- Cxembl ymo3akimoueHuit: MP) a, aof - f (‘" o3HadaeT «oTcrona ciemyer); Gen) o (Xi)a.
MeHIenbCOH JJOKA3bIBAET, YTO Kaxa0e MmpeuioskeHrne K moIHOCThIO SKBHBAJICHTHO JPYTOMY
npeioxkeHnto K 6e3 «MHIuBUAYaTbHBIX KOHCTAHT» U (DYHKIIMOHAJIBHBIX CUMBOJIOB [24]. OH
NPUBOJUT CIEAYIONINE YTBEPKACHUS UISI UCKIIOUCHHS «WHIMBHIYaJIbHBIX KOHCTAHT» W
(YHKLIMOHAIBHBIX CUMBOJIOB U3 MPEAJIOKEHHS:

a) Ecou xi u Ajl HE MOSIBJSIFOTCS B M30JIMPOBAHHOM TIpeIuiockeHnu [5(ak), To f(ak) Jorudecku
sxeuBaneHTHO (EXi)A] ()2 (EXi) (A () AB(X));

b) Ecnu X; u A,r1+l HE MOSIBJIIOTCS B M30JMpoBaHHOM TipetoskeHun f(f E(Xkl,. . Xkn))> TO

p(f E(Xkl,. . Xk;,)) JIOTHYECKHU SKBHUBAJIEHTHO

(EXDAT™ (%1 Xy - X DEX AT (X Xieg - X )ABX0)).

B03MOXKHOCTh UCKITIOUUTh «HHINBUAYATBHYIO KOHCTAHTY» U3 MPEIJIOKECHUS U UCTIOIH30BATh
OpeIUKaThl WIM CBSI3M BMECTO HHX, OYEBHJHO, CHUJIBHO YIPOIIAeT peIIeHue 3agad B
KJIACCUYECKOH JIoThKe. PaccMOTpUM BEpOSITHOCTH TOTO, YTO MO3T MOXKET MCIIOJIB30BaTh ATY
CTpaTeTHI0 NpPU pElIeHUM 3a/ad, KOrjJa KOHBEPreHTHOI'O MBIIUIEHUS TEMEHHOTO XOJIOHA
HepocTaToyHO. JIoOHas 1oy yyacTByeT MO0 B TUBEPreHTHOM MbIlUIeHUH (cM. 1.5), mbo B
pemwernn 3amad (cMm. 1.6). Takum oOpazom, mpedpOHTAIBHBIA XOJIOH MOXET MOJIy4aTh
HEepelIeHHBIE 3a/1a4d OT TEMEHHOTO XOJIOHA, a 3aTeM OH MOKET 3aMEHSTh OT/EIbHBIC YICHBI
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TaKMX HEPENICHHBIX 3a7ad Ha  Oolee  aOCTpaKTHBIE  MPEAMKATHI, JIOTUYCCKU
CTPYKTYpUPOBAaHHbBIE, KaK Mbl BUAEIU B KIACCHUYECKON JIOTUKE, U, HAKOHEI, OH MOXET
BO3BpallaTh HEpEIICHHYI0 3a7adyy TEeMEHHOMY XOJOHY B 0oyiee MPOCTOW A pEIIeHHS
dopMe. DTOT LUKI MOXKET HOCHTh HUTEPALMOHHBIA XapaKTep C pacTylluM YPOBHEM
abcTpakuuu, Moka 3aj1a4a He OyzeT pemeHa.

2. OcHoBHAasI TUIIOTE3A U HEKOTPbIC¢ BLIBOAbI

Bce BhIIenIpUBECHHBIE PACCYKICHUS TO3BOJSIOT CHOPMYIUPOBATH PAbOUyI0 THUIIOTE3Y
mpolecca pemieHus 3a1a4 B mosre. [IpuBenem ee B Bujie pucyHka (puc. 8).

refrontal holon
(BA6, BA9, ...)

Parietal holon
(BA7, BA40, ..)

problem solving by
convergent thought

-

Unsolved problems

divergent thought and
congequent holarchy of
more more abstract
objects

Unsolved Problems after that managed
objects are reformulated to a higher
abstraction level by convergent thought

Sensorial input organized
by nuclei to build
Sensorial input organized concrete objects
by strips to build abstract

objects: predicates,

categories, relations ]
Problem solutions

Puc.8.

Prefrontal holon (BA6, BA9, ...) — npedponTanbHsiii xoioH (BA6, BAY, ...)

Divergent thought and consequent holarchy of more more abstract objects —
JluBepreHTHOE MBINUIEHHE M CIEAyIolas W3 HEro Xojapxus Bce Oonee u Ooiee
a0CTpPaKTHBIX 0OBEKTOB

Unsolved problems — ueperernsie 3aaqu

Unsolved problems after that managed objects are reformulated to a higher abstraction
level by convergent thought — HeperienHbie 3amaun mocie npeodpa3oBaHus Ha Oojee
BBICOKHH YPOBCHb a6CTpaKL[I/II/I 3a CYCT KOHBCPICHTHOI'O MBIIIJICHUA

Parietal holon (BA7, BA40, ...) — TemenHoii xonoH (BA7, BA40, ...)

Problem solving by convergent thought — perrierie 3aiatu 3a c4eT KOHBEPreHTHOTO MBIILICHHUST
Sensorial input organized by strips to build abstract objects: predicates, categories,
relations — OpPraHoOJICIITUYCCKAA I/IH(l)OpMaLII/IH Ha BXOJC, OpraHM30BaHHAA IMOJIOCAMU IJId
MOCTPOEHUS a0CTPAKTHBIX OOBEKTOB: MIPEINKAT, KATETOPHil, CBA3EH

Sensorial input organized by nuclei to build concrete objects — opranonenTudeckas
HH(bOpMa]_[PIH Ha BXOJEC, OpraHU30BaHHAA AApaMU 1JI TOCTPOCHUSA KOHKPETHBIX 00BEKTOB
Problem solutions — permrenwst 3ama4q

Thalamus — tanamyc
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Temennoii xonoH (BA7, BA40 u T.1.) MOXeT OBITh BEpIIMHOHN Mpolecca pacro3HaBaHUS
MO3rOM BHEIIHUX OOBEKTOB. UTOOBI MOKa3aTh IOCTPOEHHE KOHKPETHOro OOBEKTa ¢
MOMOIIIBI0O TEMEHHOTO XOJOHa II0 CEHCHUTUBHBIM TaJaMUYECKHM IIYTSIM, TPUBEAEM
CJICYIOIINN YIPOIIEHHBIN pUCYHOK (pHC. 9).

Puc. 9.

Mpl BUzieNM, YTO TEMEHHOM XOJIOH MOYKET padoTaTh C KOHKPETHbIM OOBEKTOM IpPH PELEHUU
3a/laud IpU TIOMOIIM KOHBEPI€HTHOrO MbllUIeHHUs. PeleHue 3agay TecTa Ha ypPOBEHb
UHTEIUIEKTYaIbHOro pa3Butus (IQ TecT) — TUMUYHBIN TpUMep TUITOJIOTHH PA0OTHI 3TOTO XOJIOHA.
Ecnu He nosBisieTcst pelieHns: paccMaTpuBaeMo 3aauu, TO Mbl CUUTAEM, UYTO aKTUBU3UPYETCS
npePOHTAILHBIN XOJIOH T10 IYTSIM, TIOKa3aHHBIM Ha cienyromieM pucynke 10 (cm. 1.5).

Somatic sensory —
COMaTOCCHCOpHBIfI
Auditory — ciiyxoBoit
Visual — Bu3yasbHbIi
Thalamic pathways
divided by origin nuclei —
TaJJaMUYC€CKHUEC ITYTH,
Pa3aCIICHHBIC UCXOJHBIMU
sAApaMu

Thalamus (included
corpora geniculata) —
TajlaMyC (C KOJICHYAaThIMH
TEJTaMH)

Thalamic pathways B
dividedby —» ™
origin nuclei - ' -
alamu
(included
corpiora genicnlata)
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[IpedpoHTaNBHBIN XOJOH MOMyYaeT BXOJHOW CHUTHAI OT Tajamyca IO MYyTsSM, pa3iciieHHbIM
MoJiocaMM, a He siapamMu. MBI monaraem, 4Tto MyTH MepeAadd MpeppOHTAIBHBIX BXOIHBIX
CUTHAJIOB OT TajlaMyca OpraHM30BaHbl I10 I10JIOCAM, a HE IO sAApaM, T.K. UX HHTErpauus
JOJKHA TEHEepUpOBaTh MPEIUKAThl, KAaTErOpUH, CBS3U, aOCTpaKTHblE OOBEKTHl, HO HE
KOHKpeTHbIe 00beKThl. Ha cnemyromem puCyHKe IMOKa3aHbl HM3BECTHBIE IyTH Iepeaadyu
npe@pOHTATLHBIX BXOJHBIX JIaHHBIX OT TaJlaMyca, OpraHU30BaHHBIE O MOJIOCAM:
CymiecTByeT XOdapxXus Ijsi MOCTPOSCHHOTO a0CTPakTHOrO oOBeKTa B NpedpOHTAIHLHOM
XOJIOHE, KOTOpasi UMeeT aHaTOMUYECKUI SKBUBAJICHT. MBI y)ke Ha0Jt01alu 3TO Ha puc.7.
OTMeTuM, YTO JIOKAJIM3allisl KOHKPETHOTO CBOIMCTBA Ha puc. 12 MpHOIMKEHHO COOTBETCTBYET
KOHILY IIyTEH OT TEMEHHOTO XOJIOHA K Mpe)pOHTAIbHOMY XOJIOHY (puc. 11).

S

} First order, ) i
relationshi
F1=F1 >

1~""o..'El:ml:ri:'lrl
) laaturas
. F1,F
Sacond order J;‘
relaticnship
=[[F1=F1)=n{F1=F2))

Puc. 11 Puc.12.
First order relationship — cBsi3b mepBoro nopska
Concrete features — koHKpeTHBIE CBOICTBA
Second order relationship — cBsi3b Broporo nopsiaxa

OTmeTuM TaKXke, YTO CBS3U MEPBOrO M BTOPOTO MOPSAIKA PACIONOKEHBI MPUOIU3UTEIBHO Ha
KOHLIAX MyTed OT TajaMmyca K HpedpOHTAILHOMY XOJIOHY. OTH JlaHHbIE HOATBEPKAAIOT
TUIOTE3y pa3pabOTKU B aOCTPAaKTHBIX OOBEKTaX TaJlaMUYECKUX IyTeil, OpraHM30BaHHBIX
«mojockamu». Jlpyroe MOATBEp)KIEHUE TMpearnonaraeMoil nped@poHTaIbHOM  XOJNapXHuu
HaxonuM B cioBax baape (Badre): «KorHuTuBHBIM KOHTpOJb MOAJEPKHUBAET T'HOKOE
MIOBE/IEHHE 3a CUeT BhIOOpA IEHCTBUH, COrTTaCOBAaHHBIX C HALIMMU LIETSIMHU U COOTBETCTBYIOILIMX
HaleMy okpyxeHuto. [IpegpoHTanbHas KOpa BBINOJIHSET W3BECTHYIO POJIb B KOTHUTHBHOM
yIIpaBJICHNUH, a HMCCIIE0BaHWEe B 00NAacTH (PYHKIIMOHAIBHOM OpraHu3aluu MpedpoHTaIbHON
KOpbl JIOJDKHO BHECTH SICHOCTh B Hallle NpeACTaBiIeHHe 00 apXUTEKType YIpaBlICHUs.
[lomynsapHas B mocieaHee BpeMsl TUIIOTE3a 3aKIK0YAETCS B TOM, YTO POCTPaIbHO-KayJalIbHAs
OChb MPe(POHTAILHON KOPHI MOAJIEPKUBACT MEPAPXUIO YIIPABIECHUS, a TO BpeMs Kak 3aJiHe-
nepenHsas MpedpoHTaIbHAs KOpa SBISETCS MOCPEAHUKOM MPOTPECCHMBHO aOCTPAaKTHOTIO
ylpaBiieHusi Ha Oojiee BBICOKOM ypoBHE. B 3TOM 0030pe paccmaTpuBaeTcs MOJITBEPHkKACHUE
POCTpalIbHO-KAyIIbHOTO  TpajueHTa (QYHKIMM TpePpOHTAIBHON KOpbl M  TEOpui,
MPEJIOKEHHBIX IS ydeTa dTUX Pe3yIbTaToOB, BKJIOYast OONTHOCTH OOJacTell B OMepaTHBHOM
MaMATH, CJIOKHOCTb CBS3€H, BPEMEHHYIO OPraHM3aLUIO MTOBEJCHUS U aOCTPAKTHYIO HEPAPXUI0
npeAcTaBieHus. Pa3nuuuss MexIy STHUMU KOHILEMIUSMH paccMaTpUBAIOTCS Kak Oaza s
Oyaymumx uccienoBanui» [25].

Teneps paccMotpum coBmecTHO pucyHku 10 u 12 (puc. 13) u pucynku 11 u 12 (puc. 14):
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L (9)6.
‘1 O"(6 J EffontcreTe
"}4 ) eatures

Puc. 13. Puc. 14

Puc.13 u 14 noaTrBep)aar0T Halry pabodyro THIIOTE3Y.

Teneps paccmorpum onucanue noisi bpoamana 9 BA 9: «... B omnmune ot nois bponmana
6-1909, none 9 obnagaer 4eTKUM BHYTPEHHHUM TpaHyisipHbiM cioeM (IV); B oTinume ot mons
Bbpoamana 6 winu noss bpoamana 8-1909, ero BHyTpeHHU# nupaMuganbHbii cioi (V) MOKHO
pa3feNnTh Ha JBa MOJCIIOsN, BHEIIHUM CJION 5a U3 IJIOTHO YHAaKOBAaHHBIX CPEAHHUX IO pasMepy
TaHTJIMOHAPHBIX KJIETOK, KOTOPBI YacTUYHO CIUBaercst co cioeM IV, u BHyTpeHHHil Oomee
MPO3payHbli U ¢ MEHBIIUM YHUCIOM KIIeTOK cioi Sb. IMupamupanbHble KieTku moaciost 3b
BHEIIHETO0 mUpamMuaaibHOro ciost Il MeHblle 1mo pasmepy M pacnpeleseHbl MEHEE IUIOTHO.
Buewmnuii rpanynspHbiii cnoil Il y3kuii, ¢ MEHBIIMM YMCIOM TPaHYJSIPHBIX KJIETOK» [26].
UeTko BbIICIAOLIUICS BHYTpEHHUM rpany sipHblil ciaoit [V B mone BA9, kortoporo HeT B BA6,
npearnoaraeT BaKHYIO BXOAHYIO (yHKuuio Toro ke BA6. Takum oOpazom, BA9 moxer
BBINOJIHATh TEPBYIO MHTerpaunio AaHHbIX BA45, BA46, BA47 (koHKpeTHbIE CBOICTBA) C
nmanabiMiE BA10 (cBsizu BTOporo mopsinka) U BA32 (cBs3u mepBoro mopsiika). BA6 moxet
ObITh MHTEPAKTUBHOM 1enbto BAO s 3aMeHbl KOHKPETHOIO CBOMCTBA 3KBHUBAJIEHTHBIM
OIMCAHUEM C MO3UIUI CBA3U MEPBOT0 U/UIIM BTOPOTO MOPAIKA.

[Tone Bpoamana 6 cTporo cBs3aHO ¢ NepBUYHON ABUraTenbHON Kopoil BA4 u, ckopee Bcero,
OHO UTPAeT PoJib B IJIAHUPOBAHUM CJIOKHBIX KOOPAMHUPOBAHHBIX JBHKEHUN (IPUMEHSIOTCS
I TpU 3TOM HaijeHHble pemieHua?). [lone3Ho B3MISIHYTP HAa HEKOTOpPbHIE H3BECTHHIE
HEHUPOHHBIE ITyTH, KOTOPBIE 3aJ€ICTBYIOT JBUTATEIbHYIO KOPY:

Supplementary motor area —
JAOIMOJIHUTECIJIbHAA MOTOpHAaA o0acThb
Primary motor cortex — nepBuuHas
JABUTraTelibHas Kopa

Posterior parietal cortex — 3aunss
TEMCHHAas KOopa

Primary somatic sensory cortex —
NEpBUYIHAA COMATOCCHCOPHAA KOpa
Premotor cortex — mpemotopHas Kopa
Prefrontal cortex — mpedponTaapHas Kopa

Puc.15.
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Hama paGouast rumoresa MONHOCTBIO COTIACYETCS C STUMH YTBEpXKICHUSAMH. Upe3BbIuaitHO
UHTEPECHO «HAJIOKUTHY PE3YJIbTaThI:

SupplesseTitary \/ —Posterior

Puc.16.

ABrop npurnamaet: «Haunem oOcyxnenue!»
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Some recent Operational Research events that took place in Glasgow and Edinburgh, United
Kingdom, specifically those held during the EURO 2015 and two of its satellite events, Workshops:
the EUROPT Workshop on Advances in Continuous Optimization (EUROPT Workshop 2015) and
EURO Operational Research for Development — International Federation of Operational Research
Societies Workshop (EURO ORD - IFORS Workshop) show how Operational Research theory has
and is continuing to improve decision processes in a constantly changing and unstable World. The
entire conference season is dealt with, while paying particular attention to OR for development and
developing counties, continuous optimization and the social aspects of the various events.

Key words: operational research, optimization, developing counties, developed counties

1. Introduction

In addition to the challenges of big volumes of disparate data on one hand, and enhanced
technological and computational resources on the other, societies now have to deal with more
uncertainty in a rapidly changing environment. The usage of decision-making tools and
methodologies for a non-stable world has thus become a necessity for practitioners,
stakeholders, researchers and academics [1-3].

In an effort to provide a forum for discussing these issues, a series of conferences and
workshops dedicated to the theory and application of Operational Research methodologies in
uplifting living conditions in developing and developed countries, among others, had been
organized.

2. EURO Conference

The European Conference on Operational Research, organized by the Association of
European Operational Research Societies (EURO; https://www.euro-online.org/) within the
International Federation of Operational Research Societies (IFORS; http://ifors.org/ewg-ord/)
is @ major conference that gathers more than 2000 participants each year, between the IFORS
triennial conferences. For 2015, the EURO conference was held at the University of
Strathclyde in Glasgow from 12" to 15" of July 2015 and the main theme of the conference
was “Making an Impact”. This conference was prepared in conjunction with the OR Society
of the United Kingdom [4].

The conference program included excellent and worldwide known plenary speakers in
Operational Research. Ralph Tyrrell Rockafellar, designated as the IFORS Distinguished
Lecturer for the Conference, talked about risk and reliability in stochastic optimization. Sir
Alan Wilson gave an overview of the challenges in solving long-term complex problems in
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cities. Maria Grazia Speranza presented the history and trends in transportation and logistics.
All the plenary talks were given at the highly solemn Barony Great Hall with great success.
Keynote and tutorial speakers gave talks about diverse areas and trends of operational
research. These included: ‘“Automatic Algorithm Configuration” (Thomas Stuetzle),
“Business Analytics” (Michael Trick); “Regional Innovation Ecosystems” (Markku
Markkula); “The Relationship Between OR and the Government” (Tony O’Connor);
“Criterion Space Search Methods” (Martin Savelsbergh); “Modern Supply Chain Planning”
(Stefan Nickel); “Evacuation Planning Models” (Horst Hamacher); “Healthcare System
Optimization” (Eva K. Lee); “Behavioural Operational Research” (Raimo P. Hamaildinen);
“OR and Bioinformatics” (Jacek Blazewicz); and “OR Education” (Ariela Sofer).

A very interesting feature of the conference was the series of participative activities related to
Making an Impact, with the idea of making the practice of OR in the real world more
effective. Some of the activities included workshops, seminars and tutorials dedicated to the
practice of OR, and case studies in OR and analytics. Activities bridging the academic-
practitioner divide included poster and round table discussions, speed networking, mentoring
clinics featuring one on one sessions with experienced practitioners. In the area of practice,
the European Excellence in Practice Award (EEPA) was given to Jesse O’Hanley (University
of Kent, UK) for his work on Optimizing River Connectivity Restoration. The EURO Gold
Medal 2015 was awarded to Alexander Schrijver (CWI, Amsterdam, The Netherlands).

3. EURO working groups

The EURO association also has a remarkable number of different working groups devoted to
specific areas of Operational Research (https://www.euro-online.org/web/pages/1458/euro-
working-groups). Below are the highlights of two such workshops held prior to the main
EURO 2015 conference.

3.1. EUROPT Workshop

EUROPT is a EURO working group that aims to promote and facilitate communication links
among  researchers working in the area of continuous  optimization
(http://europt.iam.metu.edu.tr/). Since its founding in 2000, EUROPT has continuously
contributed to the international OR community.

The annual EUROPT Workshop on Advances in Continuous Optimization (EUROPT
Workshop) was held during July 8-10, 2015, in Edinburgh, Scotland
(http://www.maths.ed.ac.uk/hall/EUROPT15/), right before and under collaboration with the
main EURO Conference. At this opportunity, the workshop gathered some famous and
leading researchers in the field of mathematical optimization along with many specialists
from the different research areas as well as young academicians. EUROPT Fellow 2015
Panos Pardalos from the Department of Industrial and Systems Engineering at the University
of Florida addressed the history of the development of nonconventional computer models,
such as quantum or DNA computer architectures, as an attempt to solve some of the
intractable optimization problems. Serge Gratton from the University of Toulouse presented
some of the recent computational results on multigrid approaches for large scale non-convex
optimization problems, which make some of the large scale real-world problems arising in,
for example physics and industry, efficiently solvable. Lieven Vanderberghe from the
Electrical Engineering Department at the University of California, Los Angeles, spoke about
chordal graphs and their applications in sparse semidefinite programming. Sven Leyffer from
the Argonne National Laboratory tackled PDE-constrained mixed-integer programming
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problems that arise in various engineering applications, discussed the existing approaches to
solve these problems, and pointed out some of their emerging applications [5].

3.2. EURO ORD - IFORS Workshop

The purpose of the EURO working group on OR for Development (EWG-ORD;
https://www.euro-online.org/web/ewg/29/or-for-development-ewg-ord) is to help raise
consciousness and promote efforts towards the use of Operational Research to achieve the
goals of development. Since its establishment in 2006, it has organized annual workshops
intended to gather together experienced scientists, young scholars, and practitioners so that
they may share ideas and collaborate on projects devoted to the specific idea area of
development.

The EWG-ORD workshop for 2015 was held from July 9 to 10 at the University of
Strathclyde in Glasgow, Scotland (http://ifors.org/ewg-ord/). The Workshop, with the theme
“OR: Uplifting Living Conditions”, was jointly sponsored by EWG-ORD, IFORS and offered
in conjunction with the EURO conference.

This workshop aimed to bring together members of our European and worldwide OR
community who have utilized OR tools to address problems in education, health (e.g.,
epidemics), basic public services, water management, technology, use and reuse of resources
(physical or financial), infrastructure, agriculture, industries, environmental sustainability,
energy sector, unabated population growth and climate change.

The keynote speech was presented by Geoff Royston, former head of strategic analysis and
Operational Research in the Department of Health for England and Past President of The
Operational Research Society of the UK. He gave insightful comments and solutions that
have been implemented by the Department to solve some known and existing real-world
health OR issues. He also challenged the OR community to draw on a broader range of
analytical methods including the use of “Big Data” analytics to address the growing need for
better health in developing countries.

The presentations of workshop participants emphasized development issues from the
traditional OR applications (e.g., optimum allocation in forestry, improving service quality in
hospitals, supply chain management) and presented novel approaches to investigating issues
on uplifting living conditions by incorporating data or models from geo-informatics,
neuroscience, and non-parametric statistics [6].

4. Conclusions

The EURO Conference that took place in Scotland in 2015 catered to OR professionals
engaged in a wide variety of OR areas. In depth treatment and discussion of some of the
specific areas were possible through the Working Groups that EURO itself has established.
Two such groups that conducted their satellite conferences were in the methodological area of
continuous optimization and in the interest area focused on development and developing
countries. The active involvement of these OR professionals in the enrichment of theory and
continuing search for solutions to development problems is proof of the relevance of the
discipline and its role in improving decision processes in a rapidly changing unstable world.
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Hayunsie ¢opymsl no uccinenoanuto onepaiuii (MO), npomenmue B 2015 rony B ['masro u DnuH-
oypre (BenukoOpuranus), B TOM 4HCIe, B paMkax EBpomneiickoil KOH(GEPEHIUK MO UCCIICIOBAHHIO
oneparuii (EURO 2015) u comyrcrByrommux Cemunapax (EUROPT 2015 u EURO ORD - IFORS
Workshops), mokasbIBatoT, YTO TEOPHUS MCCIICIOBAHUS OMEPAIMi YCOBEPIICHCTBYET MPOIECC TPHHS-
THUS pEHICHUH B MOCTOSIHHO MEHSIOIIEMCSI HEyCTOWYHBOM MHpPE BO BceX oOnacTsx. B pabote paccmart-
PUBAIOTCS BCE aCTEKTHl KOH(GEPEHIINH 0 ATOH TeMaTHKe, MPOIISAIINX B TEUYSHHE TO/1a, IIPUIEM OCO-
0oe BHUMaHHE YJENSIeTCSl MCCIEeNOBAHHUIO OMEepaIili B IENAX YCIEITHOTO Pa3BUTHS UIA Pa3BHUBAIO-
HIMXCS CTPaH, HETMPEPHIBHOW ONTHMHU3AIMH U B PAMKaX COLMANBHBIX aCIIEKTOB Pa3InYHbIX COOBITHH.

Kriouesvie cnosa. HUCCIICAOBAHUC onepaumﬁ, ONITUMU3al K, PAa3BUBAIOIIHNCCA CTPAHBI, pa3BUTHIC CTPAHBI

1. BBegenue

Coueranue 601bIIMX 00BEMOB HEYNOPAJOYCHHBIX JAHHBIX, C OJJHOH CTOPOHBI, U COBPEMEH-
HbI€ TEXHHUYECKHE U BBIYHUCIUTEIBHBIE PECYPCHI, C APYIrOM CTOPOHBI, IPUBOAUT K TOMY, YTO
00IIeCTBO CTAJIKUBAETCSI C BO3pACTAIOLIECH HEOIPEJIeIEHHOCThI0 B OBICTPO HM3MEHSIOLIEeHCs
oOcTaHoBKe. Vcronb30BaHNe CHEUAIbHBIX WHCTPYMEHTOB JUIS MPUHATHUS pEIICHUI cTano
HEOOXOUMOCTBIO JUISl CIIEIUATIUCTOB, TEOPETUKOB U MPAKTUKOB, YYaCTHUKOB IIPOEKTOB, HC-
creoBareneil U HaydHbIX padoTHHKOB [1-3].

Cepusi KOH(epeHIMH M CEeMHUHApPOB, IOCBALICHHBIX TEOPUU M MPHIOKEHUSM METOJOB
VCCJIEIOBAHMS ONEPALMM B YIIYUIIAFOIIUXCS YCIOBUAX KU3HU B PA3BUBAIOIINXCSA U PA3BUTHIX
CTpaHax, OpraHM30BaHa B KaueCTBE IUIOIIAKH JUIsl 00CYKIEHUS ITUX BOIIPOCOB.

2. Kongepenunsa EURO

EBponeiickas koH(pepeHIus 1mo uccneaoBanuto onepaimii (European Conference on Operational
Research https://www.euro-online.org/), opranusoBanHas Acconuanuel eBpOrneHcKux oOIIecTB
no wuccnenoBanuo ornepanuii  (Association of European Operational Research Societies
http://ifors.org/ewg-ord/), MexayHapoaHoii demeparieii 00IIECTB O UCCIICTOBAHUIO OEPAIIHit
(IFORS) — s10 kpymHas KOH(EpeHIHs, B KOTOPOH exeromHo ydactByer Oosnee 2000 yenoBex.
Ona opranusyercsi B Te ToJibl, Koraa He npoxoaaT koHpepenuun IFORS, opranuzyemsbie pa3 B
Tpu roaa. B 2015 r. kondepentms EURO nmpoBoaunace B ynusepcurere Ctpartkiaiina, [ nasro, ¢
12 no 15 utona. OcHOBHOM TeMaTHKON KOH(epeHIMH ObLIM METOJbl MCCIIeIOBAHUs Oreparui
KaK KOHCTPYKTUBHBIM WHCTPYMEHT JJIsi TEOPETUKOB M MPAKTHUKOB, CPEeIH KOTOPBIX OJIHOHM H3
rmaBHbIX OblTa Tema «Hanpaeiennoe Bosaeiicteue» (“Making an Impact”). Koudepenmust
TOTOBHJIACh COBMECTHO ¢ bpuranckum OOIIecTBOM HCCIIeI0OBaHUS oneparuii [4].

B nporpaMmy KoH(epeHIMH BOIUIM JOKJIaJbl BCEMHPHO M3BECTHBIX OJIECTSIIMX
CIEIUATTICTOB B o0yacTu uccienoBanus onepaiuii. Paasd Tuppen Pokadennap (Ralph Tyr-
rell Rockafellar) moxmanpiBan o pruckax u HaJAEKHOCTH CTOXACTHUECKOW omTuMmuzaiuu. Cap
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Anan Ywicon (Alan Wilson) cneman o0630op mnpoGieM B 00JIACTH  JIOJITOCPOYHBIX
KOMIUICKCHBIX 3a/1a4, KOTOpPbIC CTOAT Iepe/l KpynHbIMU Toponamu. Mapust ['pana Criepanza
(Maria Grazia Speranza) pacckazaia 00 HCTOPHHM W TEHACHIMSX B TPAHCIOPTHPOBKE H
JorucTuke. Bee mieHapHbie TOKIIAAbI ObLIM CHETaHbI B TOPKECTBEHHON OOCTAaHOBKE B 3aJie
Barony Great Hall ¢ 60s1b1mmm ycrexom.

B riaBHBIX MPOTPaMMHBIX M OOYYAIOMIMX JOKJIaJax 3aTPardBaMCh pasliidHbie 00JacTH U
TCHJCHLIMM MCCIICOBAaHMs ONepaluii. bpilu clenanbl BBICTYIUICHHS 110 Pa3IHYHBIM TEMaM,
Cpelu KOTOPBIX: «ABTOMAaTHueckoe KoHpurypupoBanue aiaroputma» (Thomas Stuetzle),
«busnec-ananutuka» (Michael Trick), «PernonanbHble HHHOBAIMOHHBIC HSKOCHCTEMBI
(Markku Markkula), «B3zaumooTHoIIeHUsT Mexay crienuanuctamu mo MO u pyKoBOACTBOM
crpausD»y (Tony O’Connor), «MeToabl IIOKMCKA 0 MPOCTPaHCTBY KpuTepuen» (Martin Savels-
bergh), «CoBpemennoe mmanupoBanue nemnouku nocraBok» (Stefan Nickel), «Mopenu mia-
HupoBaHus 3Bakyauuu» (Horst Hamacher), «Ontummuzaiisi CHCTEMbI 3JpPaBOOXPAHEHUS
(Eva K. Lee), «HMccnenoBanue omepanuii B obnactu mosencHus» (Raimo P. Hamaildinen),
«MO u duonndpopmaruka» (Jacek Blazewicz), «11O u obpazosanue» (Ariela Sofer).
YpesBbIuaitHO BaXKHOW 0COOCHHOCTHIO KOH(PEPEHIIUU ObLIa CepHsi MEPOIIPUSATHIA, CBSI3aHHBIX
¢ temoit «Hanpasiennoe Bo3neiictBue» (“Making an Impact”), ocHOBHOM HJeel KOTOPBIX
ObuT0 TOBBIIIEHHE () (HEKTUBHOCTH HAaydHOTO HampasieHus no MO B peansnom mupe. Cpenn
9THX MEPOIPHUATHI ObLTM CEMHUHAPBI U OOYYAIOIINE CEKIMH, MOCBAIICHHBIC MPAKTHUYCCKUM
BOIIPOCAaM, CHUTYAIIMOHHBIM HCCIICIOBAHUSAM M aHAJUTUKE. YUYCHbIE M CIICIUAIKCTHl B
OPUKJIAIHON 00JaCTH ydYacTBOBAIM B CTCHIOBBIX JOKJIaJax, KPYIJIBIX CTOJAX, JEIOBOM
obmennu B popmate Speed Networking, macrep-kiaccax ¢ ONBITHBIMU MPaKTUKaMK. B mpak-
THUYEeCKOM obnactu Harpana European Excellence in Practice Award (EEPA) Gbiia npucBoeHa
Jlxece O’ Xomnnu (Jesse O’Hanley, yausepcuter rpaderBa Kent, Benukoopuranus) 3a pado-
Ty 10 ONTUMH3ALUN BOCCTAHOBIICHUSI PEK M BOJHBIX OacceiiHoB. [pyras Harpaaa — 30510Tas
menans EURO Gold Medal 2015 6suta npucyxaena Anekcanapy Illpmxsepy (Alexander
Schrijver, CWI, Amcrepaam, Hunepmanisr).

3. PaGouue rpynnsl EURO

Accommarisi eBpONeicKuX OOIIeCTB MO HccieaoBanuto onepaiuii (Accommarus EURO)
BKJTIOYAET B ce0sl 3HAUUTEIHHOE YUCIIO PA3IMYHBIX PA0OYHMX TPYIII, CHEIHATH3UPYIOIUXCS
B pa3IMYHBIX oOmacTsx uccienoBanus omneparmid (https://www.euro-online.org/web/pages/
1458/euro-working-groups). Huxe npuBoauTcs moapoOHast HHGOpPMAIUS O IBYX CEMUHApaXx,
cocTosBIIMXCA Nepes rnaBHoi koHpepenuueit EURO 2015.

3.1. Cemunap EUROPORT

EUROPT — sto pabouas rpynna EURO, nensto KoTopoil siBIsieTcs yCHIIeHUE CBA3EH Mexay
UcclieioBaTeIsIMM B 00JacTH HempepbiBHON onTummsanuu (http://europt.iam.metu.edu.tr/).
C natel cBoero ocHoBanus (2000 r.) EUROPT nenpepsiBHO paGoTaeT Ha Gyaro MexayHa-
poanoro coobmectsa o NO.

Exxeromnsnii cemunap EUROPT nposoguics 8-10 umronst 2015 1. B 1. DaunOypr, lotnanaus,
HEIOCPENICTBEHHO Tiepe] oCHOBHOM kKoH(pepennmeir EURO. B ceMunape ygacTBOBaM N3BECTHBIC
BEeNyIIME YyYeHble B O0JAaCTH MaTreMaTHYeCKOW ONTUMH3ALUHM W CHELHAIUCTBI U3 APYruX
obnacreid, a Takxke Monojiple yueHsle. Unen padoueii rpynnst EUROPT ITanoc IMapnanoc (Panos
Pardalos) ¢ xadenpbl TPOMBIIUICHHOW TEXHUKH W CHCTEMHOTO MPOCKTHPOBAHKS YHHBEPCHTETA
®dnopubl pacckazai 00 UCTOPUM Pa3BUTHS HETPAJULIMOHHBIX MAaTEMAaTHYECKUX MOJEINEH, TaKuxX
KaK KBaHTOBBIE MojienH Wi apxutekrypa JJHK-koMmbroTepoB, B CBeTe penieHust TPYIHbIX 3a1a4
ontummsatmu. Cepx I'parron (Serge Gratton) u3 ynuBepcurera r.Tymy3bl mpencTaBuil
NOCNITHUE PE3YJbTAaThl PAacyeTOB C MCIOJIb30BAHMEM MHOTOCETOYHBIX METOJOB B 00JaCTH
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KPYIMHOMACIITaOHBIX HEBBIMYKJIBIX 337a4 ONTHUMHU3AIMH, KOTOPHIE IMO3BOJSIOT 3(h(HEKTHBHO
pelars KpymHoMacTaOHbIe 3a/1a4M, BO3HUKAOIINE B PEaIbHOM MHUpPE, HapuMmep, B QU3UKE U
npombmuieHHocTH.  Jlokman Jluen BangepOepr (Lieven Vanderberghe) ¢ xadempsr
ANIEKTPOTEXHUKU YHHUBepcuTera Kamudopuuu, Jloc-AHmxkenec, ObII IMOCBAIICH XOPAOBBIM
rpadaM ¥ HUX MPUMEHEHUIO B PA3pPEKEHHOM IMOIYOIPENEeSICHHOM MporpamMmmupoBaHiu. CBeH
Jleiidpep (Sven Leyffer) u3 AproHHckol HallMOHAIBLHON JTAOOPATOPHH PELITHIT 3314l YaCTHYHO-
[EJIOYHUCIICHHOTO TIPOrPaMMHPOBAHKS ¢ YaCTHBIMH MPOU3BOTHBIMU B Pa3IMYHBIX WHIKEHEPHBIX
npunokeHusx. OH paccMaTpUBAeT CYIIECTBYIOLIME METObl PELICHUS ITUX 33/1ad M BbIIEISET
HEKOTOPbIE BHOBB MOSIBIISIOIIMECS 00J1aCTH MX IPUMEHEHUS [5].

3.2. Cemunap EURO ORD - IFORS

Lensio paboueii rpymmer EURO mo MO mst passutust, EWG-ORD (EURO working group on
OR for Development; https://www.euro-online.org/web/ewg/29/or-for-development-ewg-ord)
SBIISIETCS MOBBIIIEHUE UH(POPMUPOBAHHOCTU U paciipocTpanenue metoo MO 1is pa3Butus
pasBuBaromuxcs crpad. Co BpeMeHu cBoero ocHoBanusi B 2006 r. rpymnma opraHusyer
©XKErOJHbIE CEMUHApbl, Ha KOTOPHIC OIBITHBIE W MOJIOJbIE YUYEHBIE U CIICHUAIUCTHl B
MPUKIAIHBIX 00JacTSIX COOMPArOTCS BMECTE, NEISITCS CBOMMHU HICSIMH U COTPYJHHYAIOT B
00J1aCTH BBITIOJHEHHUS IIPOEKTOB, MIOCBSIIEHHBIX ONPEICICHHBIM 001aCTsIM pa3BUTHSI.
Cemunap EWG-ORD B 2015 r. npoxoaun 9-10 utons B yuusepcutete Ctparkiaiina, ['masro,
lornanaus  (http://ifors.org/ewg-ord/). Cemunap, kortopblii HasbiBajics «lccnenoBanue
OTlepalyii: MOBBIIICHUE YPOBHS >KU3HW», TpoBoawiics npu nojaep:xxkke EWG-ORD, IFORS
coBMecTHO ¢ koHpepenimeir EURO.

Llenpto TaHHOTO ceMHHapa Oblla OPTaHU3aIMs BCTPEUM WICHOB €BPOICHCKOTO M MEXTyHa-
poaHoro coobmiectBa MO, KOTOpble MPUMEHSIOT CBOM METOJBI U CPEJCTBA JIJIs PEIICHUS 3a-
nad oOpa3oBaHMs, 3/IpaBOOXpaHEHUs (HampuMmep, SMUAEMUIl), KOMMYHAJIbLHOTO XO3sICTBA,
UCTIOJIB30BaHUSI BOJHBIX PECYPCOB, TEXHOJIOTUU HCIIOJIb30BAHUS M MTOBTOPHOTO HCIOIB30Ba-
HUS pecypcoB (pusnyeckux U PUHAHCOBBIX ), UHOPACTPYKTYPHI, CEIHCKOTO XO34HUCTBA, MPO-
MBIIIEHHOCTH, BO30OHOBJISIEMOCTH OKPYIKAIOIICH Cpebl, YHEPTeTUIECKOTO CEKTOopa, Hecra-
JIAFOIIETO POCTa HACEICHUS M N3MEHEHHI KITMaTa.

BerynurensHoe cioBo npousnec [xodd Poiicton (Geoff Royston), ObiBIMii pyKOBOAUTEIH
CTPATETHYECKOI0 aHaJIn3a U MCCIEN0BaHus onepannii MUHHACTEPCTBA 34paBOOXpaHeHUsT AH-
IJIMU U 3Kc-mipe3ueHT oduectsa MO Benukobputanuu. OH moapoOHO pacckaszai o TeX Me-
pax, KOTopble ObUIM peaTn30BaHbl MUHUCTEPCTBOM IPU PELICHUHU CYIIECTBYIOIUX PEAIbHBIX
npobisieM ¢ nomoiuisio MerooB MO B obnactu 3npaBooxpanenusi. Kpome toro, oH npussai
coobuiectBo MO mpuBnekars 0ojee MUPOKUI CIEKTpP aHAIUTUYECKHX METO/O0B, BKIIOYas
AHATTUTHKY «OOJIBIINX TAHHBIX», TIPU PEIICHUH 33/1a4 PACTyIIe MOTPEOHOCTH B YITYUIICHHH
3/IpaBOOXPAHEHHSI B Pa3BUBAIOIINXCS CTpaHAaX.

B BBICTYIUIEHMSIX YYaCTHHKOB CEMUHapa 0co00e BHUMaHUE YIENAI0Ch BOIPOCAM Pa3BUTHS B
TpaJWLMOHHBIX o00nacTsXx npumeHenus MO (Hampumep, ONTUMaIbHOE pacHpelesieHue B
JIECHOM XO34HCTBE, IIOBBIIIEHHE KadyecTBa OOCIyXHBaHHUA B OOJbHMIAX, YIIPABICHHUE
LEMOYKaMH TOCTaBOK), @ TAKXKe MPEJCTABISUINCH HOBBIE METOJIbl MCCIEI0BaHMUs B 00JIacTH
MIOBBIINICHUS] YPOBHSI JKM3HHM, OCHOBAaHHBIE Ha JaHHBIX M MOJEISIX T'eOMH(POPMATUKH,
HENpOHAyKH U HENapaMeTPUIECKON CTaTUCTUKH [6].

4. BeIBOABI

Kongepenmus EURO (ILlotmanaus, 2015 1.) Obuta oprani3oBaHa B HHTEpECaX CHEIUAINCTOB
(TEOPETUKOB U MPHUKJIATHUKOB) B CAMBIX Pa3HOOOPA3HBIX 007ACTAX MCCIIEOBAHUS OEepaIHid.
[ToapoGHOE 00CYX)AeHNE HEKOTOPHIX YacTHBIX obmacteit MO cocrosiiochk B paMkax pabodmx
rpynn EURO. B yacTHOCTH, ABE Takue IpyIbl, OPraHW30BaBIINE CBOU KOH(PEPEHIIMH B pam-
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Kax OCHOBHOﬁ, paccMmaTtpuBaiid METOJ0JIOTHUIO HerepLIBHOfI OIITUMHU3AIIUHU, a TAKKC ocoOeH-
HOCTH PA3BUTHA IIPUMCHHUTCIIBHO K Pa3BUBAIOIHUMCA CTPpAaHAM. AxTuBHOC IMPUBJICYCHUC 3TUX
CIICOuaJIuCTOB B obnactu MO B Pa3sBUTHUEC TCOpPHUH ITOMCKa peI_HeHI/Iﬁ 3aJlad pa3BUTUA IIOMI-
TBCPIKAACT 3HAYNMOCTL MCTO/I0B 3TOM JAUCHUIITIMHBL U €€ POJIb B IMPOUCCCC NPHUHATHA pCHIC-
HUH B 6BICTpO MCHAIOIICMCA HECTAOMJIbHOM MUpCE.
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Jlaypa Jlorepo, corckarenb (POStdoc) B 00iacTi CHCTEMHOTIO IPOCSKTHPOBAHKS B YHUBEPCUTETE
Konmymoun (Universidad Nacional de Colombia), mouent ¢akynprera MNpOMBIIIICHHONR
texnojioruu yHusepcutera (Universidad Pontificia Bolivariana) B KoiymOuu. AKTHBHO y4acTByeT
B pabourx rpynmnax 1 KoHpepeHuusx, opranusyembix EURO u IFORS no Bcemy mupy.

dauca aeab Po3apuo, KOHCYJIbTaHT B 00JaCTH TOCYAAPCTBEHHOTO M HErOCYJapCTBEHHOTO
cekropa OumunnuH. OuHAHCOBBIA AUpeKkTOp cemeiiHoro ¢onaa (One Small Step Forward
Foundation, Inc.). 20 nmer pa6orama B San Miguel Corporation, mociemHsist 3aHuMaemast
JOJKHOCTh — Bule-nipe3uieHT obuiectBa MO. Uurana nekuuu A JOKTOPaHTOB B 00yacTu
TEXHUUYECKUX Hayk DuimunnuHCKoro yHuBepcutera u B pamkax MBA (nmporpammer BPO Op-
erations). OcHoBatenp U Tpe3uaeHT DUIMIIMHCKOr0 O0IIeCTBa HCCIEIOBAHUS OIEpalluii,
Npe3uACHT MeXyHapoaHou ¢peaepanuu obmects MO B 2007-2009 rr.

I'epxapa-Buabreansm Bebep, mpodeccop MHcTUTyTA NpUKIAIHON MaTeMaTUKH bimxHEBO-
CTOYHOTO TexHuyeckoro yHuBepcutera (Typuums). O6mactu uccinenoBaHus: (UHaHCOBas
MaTeMaTHKa, SKOHOMHKA, ONTHMH3ALUs U YIpaBJeHHWE, HAYKH O KU3HH, J00bIYa JTaHHBIX,
oOpa3zoBanue u pa3BuTHe. ColeiiCTByeT B OpraHM3allMd MHOTOYHMCICHHBIX MEXIYHApOIHBIX
KOH(pepeHIMHA. MIMeeT cTeneHu 1Mo MaTeMaTuke, 3KOHOMUKE, aIMUHUCTPATUBHOMY YIpaBiie-
HUIO, TonydeHHble B PeliHcko-BecTdanbckoM TexHHYEeCKOM yHHBepcuTeTe AXeHa, B
JlapMIITaATCKOM TEXHHUECKOM yHHBepcuTere. B Hacrosiee Bpemsi paboraer B MHCTUTYTE
NPUKIIAJHON MaTeMaTuku (AHKapa) B paMKax MmporpamMm (pMHaHCOBOH MaTeMaTWKH W Hay4-
HBIX pacueToB. YneH CoBETOB HEKOTOPHIX 00pa30BaTENBHBIX MIKOJ, HHCTUTYTOB U (aKyabTe-
TOB BIM)XKHEBOCTOUHOTO TEXHHYECKOTO YHHMBEpPCHTETA. PyKOBOIUTEIH-KOHCYIBTAHT KOH(e-
pernuit EURO, pykoBoaurens ornaitH-pecypca IFORS «MO asist pa3BHBarOIIUXCS CTPAH».
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NucTtutyTy npoduaem mexanuku um. A. FO. Mmmmackoro PAH
(MIIMex PAH) — 50!

Wuctutyr npodbrem wmexanuku uM. A.FO.MummHckoro Poccuiickoit Axamemun Hayk
(UITMex PAH) ormetun 50-netue cBoero co3nanus. MHCTUTYT ObLT OCHOBaH B siHBape 1945
r. IlepBeiM nupexkTopoM HMHCTUTYyTa ObLT akajgeMuk Asexkcannap OnbeBuu WnummHckui,
OpraHM3aToOp UHCTUTYTA, BBIAAIOLIUNCS YUCHbIN- MEXAHUK.

Wuctutyt npobnem mexanuku (MIIMex) Obut co3man Ha 06aze Mucrtutyra mexanukum AH
CCCP (opranmzoBannoro B 1939r.). Onaum u3 qupekropoB Mucturyra mexanuku AH CCCP
B CBOe BpeMms Obul OnecTsmuii MexaHuKk M MaTtematuk Huxomait ['ypreBnu Yeraes,
BeIyckHUK KI'Y (Ka3zaHckoro rocyapcTBEHHOTO YHUBEpCHUTETA), [ J1aBa M3BECTHOM HAYIHOM
Kaszanckoi YeraeBckor IlIkonsl MEXaHMKM M YCTOMYMBOCTH, OCHOBATElb - HHUIIMATOP
co3manus B 1932 r. Kazanckoro aBuanuonnoro uacrutyta (Hsine — KHUTY-KAN).

UIIMex PAH ceronuss — 3to u3zBectHass OteuectBeHHas lllkona, kpynHbli HaydHBIN LIEHTP
MHUPOBOTO MaciiTaba, CBSI3aHHBIM C KOMILJIEKCHBIMU HCCIEAOBAHUSAMH BO BCEX O00JacTAX
o0mield MEXaHWKH, Cpeld KOTOpBIX: (DyHIaMEHTaJIbHBIE TEOPETUUYECKUE M MPHUKIIAIHBIC
npo0JieMbl TUHAMHYECKHX CHCTEM; FaMIJIbTOHOBBI CHCTEMBI; TEOPUSI TUPOCKOMUYECKHX U
HABUTALIMOHHBIX CHUCTEM; MEXaHMKa TBEPIOTo Tena; (PU3MKO-MEXaHUYECKHE  IPOLIECCHI
neOpMUPOBaHUS M pa3pylICHUS; MEXaHWKa >KMJIKOCTH, Ta3a M IUIa3Mbl; MEXaHHKa
KOMIIO3UTOB M HAHO-MAaT€pUAIOB; T€OMEXaHWKAa W MEXaHUKa IPUPOJHBIX IPOLIECCOB,
BKJIIOUasi BCE OOJIACTH OKpY’KaloILIEH cpebl; MpoOJieMbl TEPMOTa30JMHAMUKU, TOPEHUS U
B3pBIBA; MEXIUCIUIUIMHAPHBIC TPOOJIEMBI aBHALIMOHHBIX U a3POKOCMHUYECKUX CHCTEM; a’po-
TEPMOJMHAMUKA; POOOTOTEXHUKA U MEXATPOHUKA; TPHUOOIOTHUS; BEIUUCIUTEIbHBIE TPOOIEMBI
B MmexaHuke. UIIMex PAH — ynukanbHblii OTeuecTBEHHBIH HAy4YHO- HMCCIIEA0BATENbCKUI
WHCTUTYT, 3aHUMAIOIINIICS KOMIUIEKCHBIMU Pa3padOTKaMH BO BCEX O0JIACTAX MEXaHUKH H
CMEXHBIX TUCLUIUIMH KaK (pyHAaMEHTaJIbHOTO, TaK U IPUKIIAJHOIO XapaKTepa.

Kak rocynmapctBennslii Hayunslii 1entp MWIIMex PAH  ocymectBiser  dyHkuum
MPOTHO3MPOBAHNS MEPCIIEKTUB Pa3BUTHUS B 00JIaCTH MEXaHUKH, C OIPE/ICTIEHUEM pPallMOHATIbHBIX
CXEMHO-KOHCTPYKTHBHBIX ~ PEIICHMH W  HAaydyHO- TEXHUYECKMX PEKOMEHJaUud Uit
MHIyCTPUAIBHBIX 33/1a4, C COBEPIICHCTBOBAHMEM METOIOJIOTUM Pa3pabOTOK B COBPEMEHHBIX
HKOHOMHYECKUX YCJIOBHUSX. YHHMKaJIbHAs Hay4dHas, METOJOJOTUYECKAs U HKCIIEPUMEHTAIbHAS
0a3a MHCTUTYTa MOJAJEPKUBAET BBICOKHI ypOBEHb HCCIIEOBAaHUI B 3TOM HalpaBiICHHUU:
pa3pabaTbIBalOTCd MOJICIUPYIOLIME KOMIBIOTEpHBbIE TMPOTPAMMBI, C HCIOJIb30BAaHUEM
CTEH/IOBOTO U UCIIBITATEILHOTO 000PYAOBAHHUS.

B HWIIMex PAH — MHOrOYHMCIEHHBId KOJJIEKTUB BBLAAIOUIUXCS YUYEHBIX, KOTOpBIE
BO3IVIABJISIOT BCEMUPHO U3BECTHbIE HayuHble LIIKkobl.

Ot nmeHn Bcex KasaHLEB, oT UMeHH YieHoB MexayHaponHoro Pepaknmonnoro Komurera
xenaeM BceM HammM Koineram u Bcemy komektuBy UlIMex PAH nanpHeimux ycrnexos u
YCOBEPLIEHCTBOBAaHMUSA IO BCEM HalpaBlieHHsM paboTbl B 3TOH TpyaHeHmei cdepe,
CBSI3aHHOM C Ba)KHEHIIMMHU MPOOIEeMaMU MEXaHUKH.

Mp1 xenaem Hamemy IlaptHepy — UTIMex PAH «ycToiiunBoCTH Ha O€CKOHEUHOM MHTEpBaJe
BPEMEHH TP BCEX MOCTOSHHO JEHCTBYIOIUX BO3MYIIEHHUIX)!

IIpesugent KHUTY-KAHU Co-Pepakrop MHK

10.® .I'opThiIOB JLK.Ky3bMuHa
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A.Yu.lshlinskiy Institute for Problems in Mechanics of RAS
(IPMech RAS) — 50!

A.Yu. Ishlinskiy Institute for Problems in Mechanics of the Russian Academy of Sciences
(IPMech RAS) has celebrated its 50™ Anniversary. The Institute was founded in January
1945. Its first director was academician Alexander Yuryevich Ishlinskiy, the Founder of the
Institute, an outstanding scientist in mechanics.

IPMech was established on the basis of Institute for Mechanics of AS USSR (founded in
1939). One of the Institute’s directors was a brilliant specialist in mechanics and mathematics
Nikolay Guryevich Chetayev, KSU (Kazan State University) graduate, Head of well-known
Kazan Chetayev Scientific School of mechanics and stability, Founder-Initiator of Kazan
Aviation Institute in 1932 (at present KNRTU-KAI).

IPMech RAS at present is a well-known National Scientific School, world-wide famous
major scientific center, which carries out complex research in all fields of mechanics,
including basic and applied problems of dynamic systems; Hamiltonian systems; theory of
gyroscopes and navigation systems; mechanics of solid bodies; physical and mathematical
processes of deformation and fracture; mechanics of fluid, gas and plasma; mechanics of
composite and nano materials; geomechanics and mechanics of natural processes in every
field of environment; problems of thermal gas dynamics, combustion and explosion;
interdisciplinary problems of aviation and aerospace systems; aerothermodynamics; robotics
and mechatronics; tribology; computational problems in mechanics. IPMech RAS is an
unique research institute involved in complex investigations in all the fields of mechanics and
adjacent disciplines both of basic and applied nature.

Being a National Scientific Center, IPMech RAS implements the prediction functions for
development trends in mechanics area, defines rational layout and design concepts, develops
scientific and engineering recommendations concerning industrial problems, and improves
methodology of developments in current economic conditions. Unique scientific,
methodological and experimental base of the Institute sustains high level of the research:
computer simulation software is developed with the using of test beds and equipment.

Many outstanding researchers work in IPMech RAS heading their worldwide famous
Scientific Schools.

On behalf of all the Colleagues from Kazan and Members of the International Editorial Board
we wish all our Colleagues and the whole team of IPMech RAS, our Partner, further success
and improvement in all trends of this complicated sphere of Knowledge dealing with the
important theoretical and applied problems of mechanics.

We wish our Partner, IPMech RAS, “stability on infinite time interval under all permanently
acting perturbations”!

President of KNRTU-KAI Co-Editor of 1SJ

Yu.F. Gortyshov L.K. Kuzmina
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Lyudmila.Kuzmina@kpfu.ru (7) (843) 236-16-48

International Scientific Edition

IFNA-ANS-AAAS-RAATSs - International Scientific Edition (ISE) is founded (1994) by Kazan Chetayev School of stability and
mechanics ,under the aegis of International Federation of nonlinear analysts and Academy of nonlinear sciences. This interuniversity non-
ordinary initiative raised by the intelligence of swiftly developing World brilliantly implements the objectives and goals laid in its
foundations which had been formed by the following provisions:

o “True theory cannot be linear” (A.Einstein); o “Unity in Diversity” (V.Lakshmikantham);
o “If to be, it is necessary to be the First” (V.P.Chkalov);

o “Newtonian Mechanics is an unequalled achievement of physics (natural philosophy), the whole history of human civilization. IT IS
EVERLASTING. Its powerful tree is sprouting more and more branches. Among them there are the branches that have grown from
scions grafted on this tree and cultivated in other natural sciences” (G.G.Chyorny);

¢ “Mathematics is an effective “transport” which is able to provide 51Fn1ﬁcant breakthrough in understanding of the essence of
Enwronment with deep penetration of its approaches into all the spheres including the unconventional ones”.

The period of effective and successful activities resulted in establishment of ISE as a bilingual interdisciplinary Scientific Edition
representing researches of nonlinear problems in all the diversity of basic and applied sciences. Structurally the Journal is organized as
periodic Edition in two series (Journals), with preparing invited articles (as problematic character surveys) and also special topical issues
on advanced scientific directions including natural sciences and the humanities (mathematics, mechanics, physics, chemistry, engineering
sciences, including aviation and aerospace technologies; biological, medical, social and political sciences; ecology, cosmology, economics;
nanoscience and nanotechnology, stability and sustainable development in economlcal social and polltlcal systems; problems of risk and
information protection, operational research, problems of higher engineering education, o)

Problems of nonlinear analysis in engineering systems (ISSN 1727-687X) http://kpfu.ru/science/journals/ansj/pnaes
Among the invited articles there are http://www.ken.ru/tat_en/science/ans/journals/ansj.html

— M.Shaimiyev, R.Khakimov. Tatarstan Republic: The model of stable development.

— A.Yu.lshlinskiy. Oblique vibration.

— A.G.Butkovsky. Some Principal Features of “Unified Geometric Theory of Control”.

— P.J.Werbos. Brain-Like Intelligent Control: From Neural Nets to True Brain-Like Intelligence

— S.Santoli. Information-driven nonlinear nanoengine hierarchies for biomimetic evolware.

—P.J.Werbos. Order from chaos: a reconsideration of fundamental principles.

— P.Marmet. The overlooked phenomena in the Michelson-Morley experiment.

— AN.Panchenkov. The entropy model of hydrodynamics.

— G.A.Kamenskiy Direct approximate methods of solving variational problems for non-local functionals (survey)
— A.A.Shanyavskiy. Synergetic concept of metals fatigue.

Among the topical issues there are the special issues on the following topics:

No.3(19), 2003 — Special issue. In memory of Nobel Prize Laureate Professor Ilya Prigogine.
No.2(21), 2004 — Special issue. Contact Mechanics.

No.1(22), 2005 — Special issue. Integrability Problem.

No.2(23), 2005 — Special issue. Advances in Nanoscience and Nanotechnology.

No.3(24), 2005 — Special issue. Operations Research Approaches in transitional economics.
No.1(29), 2008 — Special issue. Advances in Nanoscience and Nanotechnology.

Actual problems of aviation and aerospace systems (ISSN 1727-6853) http://kpfu.ru/science/journals/rasj/apaas
Among the invited papers there are http://www.ken.ru/tat_en/science/ans/journals/rasj.html

— A.D.Ursul. Space exploration in sustainable development strategy.

— P.Werbos. A New Approach to Hypersonic Flight.

—V.L.Kataev. Transportation System: "Earth-Space-Earth”. Conception research. Non-traditional Approach.

— Duglas Davidson. Boeing in Russia.

— AN.Kirilin. Trends and Outlook for Airships Development.

— L.V.Prangishvili, A.N.Anuashvili. The Background Principle of Detecting a Moving Object.

—Yu.S.Solomonov. Optimization of Power Capabilities and Trajectory Parameters for Transportable Launch Space Systems.

— A.Bolonkin. Hypersonic Space Launcher of High Capability.

— K.M.Pichkhadze, A.A.Moisheev, V.V.Efanov, K.A.Zanin, Ya.G.Podobedov. Development of scientific-design legacy of G.N.Babakin in
automatic spacecrafts made by Lavochkin Association.

—J. von Puttkamer. From Huntsville to Baikonur: A Trail Blazed by S.P.Korolev.

— G.V.Novozhilov. Russian-American IL-96M/T aircraft (15 years since flight day).

— D.Guglieri, F.Quagliotti, M.A.Perino. Preliminary design of a Lunar landing mission.

— P.J.Werbos. Towards a rational strategy for the Human settlement of Space.

- V.A.Popovkin. The role of Space military units in first artificial Earth satellite launch.

—B.Ye.Chertok. The Space Age. Predictions till 2101.

— C.Maccone. The statistical Drake equation and A.M.Lyapunov theorem in problem of search for extraterrestrial intelligence, part I.

— F.Graziani, U.Ponzi. Luigi Broglio and the San Marco satellites.

— V.A.Polyachenko. The first space projects of Academician V.N.Chelomey DB.

Among the special topical issues there are

No.1(23), 2007 — Special issue. To the 50th Anniversary of the first artificial Earth satellite launch.

No.2(24), 2007 — Special issue. To the 50 Anmversary of the first artificial Earth satellite launch.

No.3(25), 2007 — Special issue. To the 50 Anmversary of the beginning of Space Era.

No.1(26), 2008 — Special issue. To the 50 Anmversary of the beginning of Space Era and the Military Space Forces Day.
No.1(32), 2011 — Special issue. To the 50" Anniversary of the first flight of a Man in Space (Space flight of Yu.A.Gagarin).

An outstanding ability to foresee, fundamental nature, responsibility, fine qualification in the whole diversity of the problems of science,
education and applications are the main constituents providing functional success of this ISE which contributes much in development of
science on the whole, promotes interdisciplinary community of scientists and researchers who work in different spheres.

Dr.Lyudmila Kuzmina, EDITOR-in-Chief Lyudmila.Kuzmina@kpfu.ru
IFNA RC Head Lyudmila K.Kuzmina
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INTERNATIONAL SCIENTIFIC JOURNAL

Problems of Nonlinear Analysis in Engineering Systems
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