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1-6eaim Pazgen 1 Section 1

Maremaruka MartemaTuka Mathematics

YK 517.968.72

CymiecTBoBaHNEe peIlleHns 33a49M YIIPABJISIEMOCTH AJisl JIMHEIHBIX
nHTEerpo-auddepeHnnaaIbHbIX YPABHEHUN C OrPAaHUYEHUSIMU

Aiicaraymmes C.A. — ja.1.H., mpodeccop, Kaszaxckuii HallmoHaIbHBI YHUBEPCUTET UMEHH
anb-Papabu, r. Anmarer, Pectiybsimka Kazaxcran, +77272211573,
E-mail: Serikbai.Aisagaliev@kaznu.kz
AiicarasmeBa C.C. — K.(pb.-M.H., JOIEHT, IVIABHBIM HAYIHBIN COTPYIHUK,
Hayuno-uccieioBare/ibCKuit MHCTUTYT MaTeMaTHKu u MexaHuku Kazaxckoro
HAIIMOHAJILHOTO yHUBepcuTera umenu ajib-Oapabdu, r. Anmarhr,
Pecnybiuka Kazaxcran, +77273773223, E-mail: a_sofiya@mail.ru

PaccmarpuBaercs YIIPABJISIEMBIit poriecce, OIIMCHIBAEMBII JIMHEWHBIM HMHTErpo-
nuddepeHIaIbHbBIM  YPABHEHHEM C KPAEBBIMHU YCJIOBUSIMEU TPU HAJIU9Iuu (Ha30BbIX W HHTE-
IPAJIbHBIX OIPAHUYEHHWN C y9IeTOM OrPAHHYEHHOCTH PeCcypcoB yipasienus. VcciaemoBanne
VIIPABJISIEMOCTH HUHTErpo-audPepeHnralbHbIX yPABHEHHI SIBJISIETCS HOBBIM HAIPABJIEHUEM B
Teopun uHTErpo-auddepeHnuaabublx ypaBHeHuii. IIpobiiema ynpapjisieMOCTH, BO3HHUKIIAS OT
MOTPEOHOCTHU PEIIeHNs aKTyaJbHBIX 3324 B 00JIACTH €CTECTBEHHBIX HAYK, MEIUIINHE, IKOHOMUKE,
TEXHUYIECKUX HAYK, CTABUAT O0Jiee CIJIOKHBIE 33[a49N [IJ1si HHTErpO-anddepeHInalbHbIX yPABHEHMH.
B npenpraymnx paborax aBTOpa MCCIIEIOBAHBI ITPOBJEMBI YIIPABISIEMOCTH IIPOIIECCOB OIMCHIBAEC-
MBIX OOBIKHOBEHHBIMU ST DePEHITNAIBHBIMI YPABHEHNSAMHU C KPAEBBIMU YCJIOBUSMU IIPU HAJIMIUN
$a30BBIX U UHTErPAJIBHBIX OIPAHUYEHHUI C YIeTOM OIPAHUIEHHOCTH PECyPCOB yIIpaBjieHus. B man-
HOI paboTe J1eJ1aeTCsl TOMBITKA, PACIIPOCTPAHUTD ITU PE3YJIbTATH HAa UHTErpo-auddepeHInaibHbIe
ypaBueHus. llosyueHbl HEOOXOAMMBIE W IOCTATOYHBIE YCJIOBUS YIPABJISEMOCTH IIPOIECCOB
JJIsI TUHEHHBIX WHTErpo-anddepeHImaabHbIX YPaBHEHUI IIyTeM HeocoOOTro MTpeodbpa3oBaHUs U
TOCTPOEHHsI OOITEro PeIeHnst OJJHOTO KJIACCa WHTEIPAJIbHBIX yPaBHEHMIA.

KuirrogyeBbie cjioBa: yIpaBiisieMOCTh, UHTErpo-auddepeHaibHble ypaBHEHUsI, ONTUMAJbLHOE
yIIpaBJieHNe, MUHUMU3UPYIOIINE TOCIeI0BATEIbHOCTH.

HTekTeysnepi 6ap ChI3BIKTHI MHTErpo-auddepeHnnaIabIK TeHaeyaepi yIIis
OacKapbIMABLIBIK, ecebiniy nientiMinid, 6ap 60ty bI
Ajicarammes C.O. — 1. ¥. 1., mpodeccop, oia-DPapabu arbiagarsl Kazak yaTThIK yHUBEpCHTET, AIMATHI,
Kazakcran Peciybsiukacer, +77272211573, E-mail: Serikbai.Aisagaliev@kaznu.kz
AiicaranmueBa C.C. - d.-M. . K., jotieHT, asi-Papabdbu arsvinjgarsl Kasak yarTeik yaHuBepcuTeri, MaremMaTuka
JKOHE MEXaHUKA FBI3BIMU-3€PTTEY MHCTUTYTHIHBIH 6aC FRIIBIME KbI3MeTKepi, Anmars:, Kazakcran
Pecnybuinkacer, +77273773223, E-mail: a_sofiya@mail.ru

PazasblK KoHe WHTErpasablK, COHAai-ak, Oackapy MoHiHe KOWBLIFaH IMeKTeyaepi 6ap Irexapa-
JIBIK IMIAPTTAPBIH/A CHI3BIKTHI MHTEIPO-TuddepeHIInalIblK TeHIeyMeH CHIIATTAJAThIH 0acKapbl-
JIATBIH YEePiC KapacThIpbLIaibl. MHTErpo-anddepeHnuaaabK, TeHIeyIep il 6aCKAPbIMIBLIBIFBIH
3epTTey MHTErpo-auddepeHnuaIbK, TeHIeyIep TeOPUICHIHIAFbI XKaHa OAFbIT OOJIBII TAOBLIAIH.
?KaparbuibicTany FBLIBIMBI, MEIATINHA, SKOHOMUKA, TEXHUKAJIBIK, FHIIBIMBI asgChIHIATBI AKTYAJ b
€CerTep/Ii ety KayKeTCIHYIeH TybIHIaraH 0aCKapPhIMIBLIBIK, ecebi mHTerpo-anddepeHItua bk,
TeHJIeY/Iep YIMH HEeFYPJIbIM KYP/esi ecenTepi KapacTbipyra MyMKIHIIK Oepesti.
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ABTOD/BIH aJJIBIHFBI YKYMBICTAPBIHIA (DA3aJIbIK, KOHE MHTErPAJJILIK, COHBIMEH KaTap, backapy
MOHIHEe KOUBIJIFaH IIEKTEyJIepi 0ap MeKapaJblK, MapTTapblHIa KapanaibiM 1uddepeHnnaIblk,
TEHIEYJIEPMEH CHTIATTAJIATHIH YAEPICTIH OaCKapBIMIBLIBIK, ecebi 3epTresinreH. By KyMmbicTa 1a
COJI HOTHXKeJIEPIl UHTerpo-auddepeHnaIbK TeHIeyIepiHe KoAany opeker erijei. ChI3bIKThI
UHTETrPO-IuddepeHITnAILIK TeHIEYIeD VIMiH epeKIlne eMec TYPJICHIIPy »KoHe Oip KJIacCThl WH-
TerpaJjiblK, TeHIeyJIePiH KaJIIbl IIEMIMIH Kypy >KOJIBIMEH YiepicTepiiH, 6aCKaphIMIbLIBIFBIHbIH,
KAKeTTi KoHe KETKITIKTI MapTTaphbl aJbIHTaH.

Tvyiiin ce3aep: 6aCKApBIMIBUIBIK, HHTErPO-IuddePEHINAIBIK, TEHALYIeD, TUIMI bacKapy, Mu-
HUMYMJIAyIIbl Ti30eKTep.

The existence of a solution of the controllability problem for linear
integral and differential equations with restrictions
Aisagaliev S.A. — Dr.Sci.(Tech.), Al-Farabi Kazakh National university, Almaty, Republic of Kazakhstan,
477272211573, E-mail: Serikbai.Aisagaliev@kaznu.kz
Aisagalieva S.S. — Can. Sci.(Phys-Math.), Associate Professor, Chief Researcher, Research Institute of
Mathematics and Mechanics of the al-Farabi Kazakh National University, +77273773223, E-mail:
a_ sofiya@mail.ru

A controlled process described by linear integral and differential equation with boundary
conditions in the presence of phase and integral constraints with the limited control resources
is considered. Research of controllability of integral and differential equations is a new direction
in the theory of integral and differential equations. The controllability problem that arose
from the need to solve urgent problems in the field of natural sciences, medicine, economics,
technical sciences sets more sophisticated problems for integral and differential equations. In the
previous works, the author studied the controllability problems of the processes described by
ordinary differential equations with boundary conditions in the presence of phase and integral
constraints with the limited control resources. In this paper an attempt is made to extend
these results to the integral and differential equations. The necessary and sufficient conditions
for the controllability processes for linear integral and differential equations by non-singular
transformation and construction of the general solution of a class of integral equations are obtained.

Key words: controllability, integral and differential equations, optimal control, minimizing
sequences.

1 BBenenue

PaccmoTpuMm yiipaBjisgeMblil IPOIECC, ONUCHIBAEMbIH JTUHEHHBIM HHTErPO - JinddepeHimaib-
HBIM YPaBHCHHICM CJICAYIONIErO BUIA

= A(t)x + B(t)u(t) + C(t) / K(t, )o(r)dr+

t1 ¢ (1)
+D(®) / At V(AN + u(t), te T = [to, ],

C KpaeBbIMU YCJIOBI/IHMI/I
(ZB(to) = Xy, Qf(tl) = 1‘1) c So X Sl - RQn, (2)
IpY HAJIMIUN (DA30BBIX OrpaHUIEHUI

z(t) € G(t) : G(t) = {z € R"/y(t) < L(t)x < o(t), t eI}, (3)

ISSN 1563-0285 Journal of Mathematics, Mechanics and Computer Science Series Ne1(93)2017
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MHTErPaJbHBIX OrpaHnICHUNI

gj<l',U)§Cj, j:17m17 gj(mau):cja j:m1+17m27 (4)

t1

g, ) = /[< as(6), (1) > + < by(), u(t) S|dt, j = T,ma, (5)

a TakKzKe OrpaHMYeHU Ha 3HAYCHUA yIIPaBJIeHUN
u(t) € U(t) = {u(-) € Lo(I, R™)/u(t) € Uy(t) C R™ ws. t € I}, (6)

(1) € V(1) ={v() € Ly(I1, R?) Ju(1) € Vi(7) C RP ws. 7 € I} = [a,b]}. (7)

Buecs A(t), B(t), C(t), D(t) — MaTpPUIIBI ¢ KYCOYHO-HEIIPEPBIBHBIME JIEMEHTAMU Pa3Mep-
HOCTeH 7 X 1, M X M, n X 8, n X k coorBercrienno, marpuipt K (t, 1) = || Ky(t, 7)||, i = 1,
j=Lp tel el =]a, b] A(t, ) = || Aij(t, N, i = 1,k, j = 1,n c smementamu u3 Ly Ha
muoxkecrax Eg = {(t,7) € R?/to <t <ty, a <1 < b}, E1 ={(t,\) € R*/to < t,\A < 11},

b 1 t1 t1

//]Kmt7'|dtd7<oo //|A,jt)\|dtd/\<oo

to to

dbynaknusa p(t) € Lo(l, R") — 3amannas, L(t), t € [ — 3aganHas MaTpuna HOpsAaKa S; X n
C HelpepbIBHbIME 3j1eMeHTaMu. [losaraem, ato Sp, S1 — 3a/aHHbIE BBILYKJIbIE 3aMKHYThIE
MHOXKECTBA, OIPEJIEJISIONINe OrPAHIIEeHNs Ha HAYAJILHOE U KOHEUYHOE COCTOsIHUs (Pa3sOBBIX
nepeMeHHbIX. Bektopst Y(t) = (71(t), ..., s, ), 0(t) = (01(¢),...,ds,), t € I — aBisrOTCA 38~
JAHHBIMI (DYHKIMAME C HEHPEPHIBHBIME JIEMEHTAMU, BEJUUUHbL ¢, j = 1, My — 3aJ1aHHbIE
nocrostaubie, a;(t) = (ai;(t), ..., an;(t)), bj(t) = (by;(t),...,bm, (1)), j = 1, my — 3ajanHBIE
BekTOp (bYHKIMU ¢ HenpepbiBHbIMU 3aementamu, Uy (t) C R™, Vi(1) C RP — 3ajaHHbIe BbI-
IyKJIbIe 3aMKHYThI€ MHOXKECTBA.

Onpenenenne 1 [Ipoyecc onucvisaemvili ypasreruem (1) nasvisaemes ynpasaiemvim 6 mo-
menm epemeny to, ecau cyuecmeyrom ynpasaenus u(t) € U(t), v(T) € V(1) xomopwie npo-
600am mpaexmopuro cucmemnv, (1) uz mouku xo = x(tg) € Sy 6 mouky 1 = x(t1) € S1 npu
Purcuposannmx ty, t1, t1 >ty u yeaosuax (3) — (5).

Oupenenenne 2 Yemesepra (u(t),v(T), zo,x1) € UXV xSy %X S1 nasweaemes donycmumot,
ecau pynkyus (t; to, xo, x1,u,v), t € I pewenue unmezpo - udhepenyuanvnozo YpasHerus
(1) ydosaemsopsaem ycaosuam (2) — (7). Mnoocecmeo eceti donycmumoti wemeepru 0603Ha-
wum wepes 3, m.e. (u(t),v(r), o, x1) € X CU XV x Sy x 5.

Takum 06pazoM, MPOIECC ONMUCHIBACMBIN HHTErpO-/TiuddepeHimantbubiM ypasHerneM (1)
SIBJISIETCS YIIPABJIFEMbIM, €CJIn MHOXKeCTBO % # (), () — mycroe mMHOKecTBO. B asnbreiimen,
IPOIIECC TIOPOXKEHHbI cooTHOMmenuaMu (1) — (7) HazoBeM 3aja4eil yIIpaBIsgeMOCTH.

Bamaua 1 Hatimu wneobrodumoe u docmamouroe Ycao6us Ynpasaaemocmu OAf4 NPOUECCa
onucweaemozo unmezpo-ougdepernyuarvrvm ypasuenuem (1) npu yeaosusazr (2) — (7).

Becrauk KasHY. Cepusi maremarnka, Mexanuka, nadopmaruka Nel(93)2017



6 Aiicarasmes C.A., Ajicaranuesa C.C.

WMubivu ciioBaMu, HATH HEOOXOIMMOE U JIOCTATOYHOE YCJIOBHUsI, YTOOBI MHOXKECTBO 2. OBLIO
HE IIyCTO.

Bamaua 2 [Tycmov mmoorcecmeo X # 0. Hatimu wemeepky (u(t), v(T), o, x1) € X m.e. natimu
ynpasaenua u(t) € U(t), v(r) € V(1) xomopue nepesodsm mpaexmopuro cucmemv, (1),
uczodawyro u3 mouku o = x(ty) € Sy 6 momenm epemenu ty 6 mouky 1 = x(t1) € S,
t1 > to npu amom pewenue ypasnenus (1), dynryus x(t) = x(t;ty, xo, 1, u,v), t € I,
xg € Sp, ¥1 € Sy nazodumes na mnoocecmee G(t) C R"™, a maxorce 6004b pewenus cucmemol
(1) evnoanenve unmeepasvrve ozpanuvernus (4), (5).

Pertenust npobJsiemM yrpaB/isieMOCTH JUHAMUYECKUX CHUCTEM, MATEMATUIECKOW TEOPHUH OIl-
TUMaJIbHBIX MPOIECCOB, KPAeBBIX 3a/a4 AuddepeHnuajibHbIX YpaBHeHU ¢ (ha30BBIMU U WH-
TerpaJibHbIMU OIDAHUYEHUsIMU, & TaKxKe 3a/a49 YIPAaBJISAEMOCTU JIJIsi JUHEHHBIX WHTErpo-
nuddepeHnmaabHbIX yPaBHEHNN ¢ OrPAHUYIECHUSIME CBOJIATCS K PA3PENIUMOCTH U TOCTPOCHUIO
OOIIEero pereHnsi THTerpajbHOr0 ypaBHEHUS

Tw = /F(to,t)w(t)dt =a, tel=I[tyt], (8)

to

rae I'(to, t) = [|[Ti;(to, 1), ¢ = 1,1, j = 1, ny — u3BecTHAS MATPHIIA HOPSIKA Nq X Ny ¢ KYCOTHO
HEIPEPBIBHBIMI JIEMEHTaMU 110 ¢ Tpu (DUKCUPOBAHHBIX 1y, t1, t1 > to, w(:) € Lo(l, R™) —
nckoMast pyHKIwsA, a € R™ moboit Bektop, I' 1 Ly(I, R™) — R™ — omeparop.

Bagada 3 Hatmu neobrodumoe u 00Cmamounoe Yeaosus CYueCmeo8anus PeUeHUA UHme-
epasvnozo ypasnenua (8) daa mobwxr a € R™.

Bamaua 4 Hatimu obwee pewenue unmezpaivhozo ypasrenus (8) das aobozo a € R™.

Pemenus 3aaa 3, 4 s jroboro a € R™ Hasiaraior »kectkue TpebOBaHUS Ha siJIpO UHTE-
IpaJbHOrO ypaBHeHUs (8) U OHU HeOOXOIMMBI JIJIs CIydaeB, Korjaa Sy, S 3a/aHHbIe MHOZXKe-
crBa 3 R"™. JIjia ciydast, Korja MHOXKeCTBa Sy, S1 COIep:KaT eINHCTBEHHBIE TOYKHU TPeOyIOTCs
peleHns CIeAyomuX 3a1ad:

Bagaua 5 Hatumu neobxrodumoe u docmamownoe Ycio8us CYueCmeo8aHUA PEWEeHUA uHme-
epaavrozo ypasrenus (8) npu 3adannom a € R™;

Bagada 6 Hatimu obwee pewenue unmezpaisvhozo ypasnenus (8) npu sadannom a € R™.

Pemenus 3aaq 3 — 6 uMeOT MHOT'OYHC/ICHHBIC NMPUJIOYKEHUS B MaTeMaTuke. B TaHHOI
paboTe 3TU pe3yJIbTaThl UMEIOT BCIOMOTaTEIbHbIC 3HATCHUS.

e paboThI — cO3/IaHNE HOBOI'O METO/1a, PEITEHU 331841 YIIPABIIEMOCTH JIJIs TUHEHHOTO
UHTErpo-1nuddepeHnuaj bHOT0 YpaBHEHUs IPU HAJIHYIUN (Pa30BbIX U WHTEIPAJBHBIX OIPaHU-
YeHUU ¢ y9eTOM OTpaHWYeHni Ha 3HaYeHus yIpaBJIeHUS.

ISSN 1563-0285 Journal of Mathematics, Mechanics and Computer Science Series Ne1(93)2017
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2 O630p JuTEpaTypbl

MaremaTuiecKuMu MOJE/ISIMU MHOTUX SIBJIEHUI B Pa3IMIHBIX 00/IACTAX HAYKU: B OMOJIOTHN
(Bosbreppa, 1976 : 320), B megurune (Besvan, 1987 @ 282), B 6uodusuke (Pomanosekmni,
1984 : 290), B TepmomHamMuKe Guosorndeckux mporiecco (Pybun, 1984 : 352), B MexaHu-
ke u vnekrpounamuke (Mmanasumes, 1977 : 302), B skonomuke (Iiymkos, 1983 : 285), B
cunepreruke (Hukosmc, 1979 : 245) apisiiorcst uaTerpo-auddepeHiuaibible ypaBHEHs.

Ob6reit Teopun mHTErpo-auddepeHnnaabHbIX ypaBHEHN, 0000IEHHBIX PEeIeHnil HHTe-
IpabHbIX ypaBHeHuiT ocBsiensl MoHorpaduu (Beikos, 1957 : 312), (Lakshmikantham, 1995
: 304), (Umanammes, 1981 : 265), (Kpacuos, 1975 : 304). B ykazanubx paborax paccMarpu-
BAaIOTCA BOIIPOCHI CYIIECTBOBaHUs, €JIUHCTBEHHOCTH W METOJIbl ITOCTPOEHUsT HPUOINZKEHHDBIX
pertiennit nuTEerpo-auddepeHIalIbHbIX YPaBHEHU].

UcciteioBanme ynpaBiisieMOCTH TIPOIECCOB OMUCHIBAEMBIX UHTETrPO- jJud hepeHnnaTbHb-
MU yPaBHEHUSIMH IPH HAJUYUUU KPAECBBIX YCJIOBUil, (pa30BbIX W HHTErPAJbHBIX OrpaHuve-
HUI C y9EeTOM OI'PAHMYEHHOCTU PECYPCOB CUCTEMBI SBJISIETCSI HOBBIM HAIIPABJIEHUEM B TEOPHUHU
unrTerpo-auddepenimaibabx ypapuenuii. [Ipobiema yrpasisgeMocT BO3HUKIIIAS OT TOTPeO-
HOCTHU DeINIeHnsd aKTyaJIbHbIX 33Jla4 B 00JIACTU €CTECTBEHHBIX HAYK, MeJUINHEe, SKOHOMUKE,
TEeXHUYIECKUX HAYK CTAaBUT 0oJiee CJIOXKHBIE 3aJIa9u JIjId HHTErpo-1uddepeHnuaabHbIX ypaB-
nenuit. B paborax asropa (Aiicaramues, 1991 : 11), (Aiicaramues, 2005 : 17), (Aiicaramu-
eB, 2012a : 11), (Aiicaranues, 20126 : 17), (Aiicaranues, 2015a : 15), (Aiicaranues, 2014 :
158), (Aiicarasmesn, 20156 : 207) wucciemoBaHbl TPOOIEMBI YIIPABISAEMOCTH IIPOIECCOB OIU-
ChIBAEMbBIX OOBIKHOBEHHBIME UMD depeHninaIbHbIMUA YPABHEHUSIMU C KPAEBBIMU YCJIOBUSIMUI
npu HaJu9Iuu (Pa30BbIX U UHTErPAJBHBIX OUPDAHMYEHUI C YI€TOM OTPAHUYIECHHOCTH PECyp-
COB ympasJjenus. B jmanHoit padbore jiejiaeTcs MOIbITKA PACIPOCTPAHUTD 9TH PE3Y/IbTaThbl Ha
uHTerpo-anddepeHnuaibuble ypaBHEHHUS.

Teopust ynpasisiemoctu 6eper cBoe Haudaso ¢ paborsl P.E. Kanvana (Kamman, 1961 :
26). M mocTpoeHo yrpaBiieHre ¢ MUHUMAJbHONH HOPMON M TIOJIy9eH PAHTOBBINH KpUTEpHil
YIPABJIAEMOCTH JIJIs IMHEHHBIX CHCTEM C ITOCTOAHHBIMU Kodd purmentamu. Permenne 3a1aqu
YIPaBJIIEMOCTH Ha OCHOBe [ — IpobseMbl MoMeHTOB ObLIo Mpejioxkeno H.H. Kpacosckum
(Kpacosckuit, 1968 : 475). OruesbHbIe BOIPOCHI yIIPABJISEMOCTH UCCJIEJO0BaHbI B paboTax
(Tabacos, 1971 : 502), (3ybos, 1975 : 502).

Bormpocam yripasisgemocT, HaOJIIOIaeMOCTH U YCTONYUBOCTU YIIPABIIEMbBIX CHCTEM IIO-
cesmena pabora (Jlu, 1972 : 575). B mocreaane rojbl omy6iIMKoBaH psiji HaydHBIX CTaTei,
MIOCBSIIEHHBIX TTPOOJIEMaM YIIPaBISEMOCTH U OITUMAJILHOTO OBICTPOJICHCTBUAA JTMHAMITICCKUX
cucreM. CUHTE3y OIrPAHUYEHHOIO YIIpaBJeHns Ha OCHOBe pyHKInil JIsdmyHoBa nocssimnena pa-
6ora (Amanbesckuii, 2010 : 4). ['eomerpudeckuil MoIX0/] K MpobIeMe YIPABISIEMOCTH HEAB-
TOHOMHBIX JIMHEHHBIX cucreM ucciaenoBad B (Cemenos, 2012 : 14).

[Ipobsiema yrpaB/IsgeMOCTH TECHO CBdA3aHa C PEIICHUEM IMPOoOJIeM CTaOUIN3aIlun JITHAM-
yeckux cucrem. B pabore (Emenbsanos, 2012 : 8) paccmarpuBaerTcs 3ajada CTabUIM3AIUI
HYJIEBOI'O IIOJIOYKEHUsI paBHOBeCHUsI OunHeRHbIX U adPUHHBIX CHCTEM KAHOHUYECKOTO BU/IA.
MunrMaIbHBIE CTAOUTM3ATOPBI JIJIs JTMHEHHBIX JUHAMUYECKUX cucteM uccieaosanbl B (Ko-
posuH, 2011 : 5). AHATUTHIECKOMY UCCIIEOBAHUIO TPOOJIEM YIPABJISIEMOCTH U OIITUMAJIBHOTO
ynpasjieHust mocssiena Monorpadus (Bapra, 1977 : 585). Cieayer oTMeTHTh, 9TO B yKa-
sanubix paborax (Kamman, 1961 : 26), (Kpacosckwuii, 1968 : 475), (Tabacos, 1971 : 502),
(3y6os, 1975 : 502), (JIu, 1972 : 575), (Anambescknii, 2010 : 4), (Cemenos, 2012 : 14), (Eme-
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absHoB, 2012 : 8), (Koposun, 2011 : 5), (Bapra, 1977 : 585) mcciie1oBaHbl 9acTHBIE CJIydan
o01mieit 3a/1a4n YIpaBISeMOCTH U ObICTPO/IEHCTBUASA JUHAMUIECKAX cUcTeM 0e3 (ha30BbIX U
MHTErPAJTHHBIX OTPDAHIMIEHI.

B pabore (Aiicarasues, 1991 : 11) npuBejieH MeTO| IOCTPOEHMsI MHOXKECTBA YIIPaBJICHUI
KaXKJIbIH 3JIEMEHT KOTOPOI'O ITEPEBOJIUT TPACKTOPUIO JIMHEIHOW CUCTEMBI 13 JIFOOO0# HAaUa IbHO
TOUYKM B J1H060€ KeaaeMoe KoHewdHoe cocrostaue. B (Ajicarammes, 2005 : 17) HaiimeHbl ycio-
BUs PA3PENIMOCTH U IIOCTPOEHHS OOITIETO PeIleHns] MHTErPAJIHHOTO YPABHEHUS JIJIsT PEIIeHUS
Ipo0JIEM YIIPABJISIEMOCTH JIMHAMUYECKUX cucTeM. Perenns 3a/1aun onTUMAaILHOTO YIIpaBJie-
HUS C KPAaeBbIMU YCJIOBHAME U (DA30BLIMU U MHTEI'PAJbHBIME OIPDAHMYCHUAMEI HA OCHOBE
pereHnst mpobJsIeM yIpaBIsaeMocTH cojepkarcs B (Aitcarammes, 2012a : 11). YupapisieMoCTb
1 OBICTPOJIEHICTBHE TIPOIIECCA, OMUCHIBAEMOr'0 TapabOIMIeCKUM yPABHEHUEM C OTPAHUIEHHBIM
yrpaBjieHreM rccyienoBanbl B (Aficaraaunes, 20126 : 17). B paborax (Aiicaranues, 2015a : 15),
(Aiicaramues, 2014 : 158), (Aiicarasmes, 20156 : 207) paccMOTPEHBI METOJIbI PEIIEHUsT KPa-
eBbIX 33J1a9 OOBIKHOBEHHBIX JHUMdepeHIuajlbHbIX YPaBHEHNN Ha OCHOBE PeIleHus TPodJIeM
YIPAaBJIAEMOCTH JITHAMUYIECKUX CHCTEM.

Hannasi pabora sBJIsieTcsl TPOJIOJZKEHIEM HaydHBIX HccaeoBannii pabor (Aificaranues,
1991 : 11), (Aiicarasmes, 2005 : 17), (Aiicarammes, 2012a : 11), (Ajicaranues, 20126 : 17),
(Ajicarammes, 2015a : 15), (Aiicarasmes, 2014 : 158), (Aiicaranues, 20156 : 207).

3 Marepuan u meToampl

CyTb npejjiaraeMoro MeToj@ COCTOUT B TOM, YTO Ha IIEPBOM 3dTalle MCCJIEIOBAHUS IIyTEeM
peobpa3oBaHnsi HHTerpasbHble orpanndenus (4), (5) mpuBogsaTest K auddepeHIagIbHbIM
yPaBHEHUSM C KPAECBBLIMU YCJOBUAMU U BBeJeHneM (BUKTUBHOrO ylpasienus. Vexonnas 3a-
Jlada MOrpyzKaercs B KpaeByro 3aJady JUHeHHOro jauddepennmaibHoro ypapaenus. lasee,
HCIIOJIB3YsT PE3YJIbTAThl UCCIIEIOBAHUS WHTErPAIbHOTO ypaBHEHUs (8) HAXOMM BCE MHOXKE-
CTBa yUPaBJIEHUMN, KaxKJIbIi 91eMEHT KOTOPOI'O MEPEBOJUT TPACKTOPHIO JIMHEHHONW CHCTEMbI
u3 1000 HaYaILHOI TOYKM MHOXKECTBA Sy B KOHEYHOE COCTOSIHME 13 MHOXKecTBa Sp. Taxkoi
O/IXOJI, TIO3BOJISET OJIYIUTh PABHOCHILHBIC TOXKIECTBA K MCXOMHOM 3aa4ue yIpaBIseMOCTH
U CBECTHU pellleHusl 3aja49 1, 2 K HadaJbHOI 3a/a4e ONTUMAaJIbHOTrO yipasierus. Heobxom-
MOE€ U JIOCTATOYHOE YCJIAOBUsI PA3PENTUMOCTH UCXOIHON 33/1a49U YIPaBISIEMOCTH OIPEIEISIIOTCST
TpeboBaHMeM Ha 3HAUYeHUe HUKHE rpaHu pyHKIIMOHAIA U CTPOSITCA PEIIeHUsT Ha OCHOBE I1Pe-
JIEBHON TOUYKN MUHUMU3UPYIOIIMX [TOCIEI0BATEIHHOCTEH.

3.1 IlpeobGpazoBanust

[Tycrs marpunpst Ag, By(t), t € I Takue, 910

ai () 1(t)

a;(t) bi;(t)
aj(t): , bj(t): . 7 =1,mo.
anj(t) bmj (t)

ISSN 1563-0285 Journal of Mathematics, Mechanics and Computer Science Series Ne1(93)2017



Cy1iecTBOBaHIE PeIleHns 381291 YIIPABISIEMOCTH . . . 9

rje (k) — 3HaK TPAHCIOHUPOBaHUs. BBemeM BeKTOP DYHKITHIO

t

n(t) = / Ay (Nr(N) + Bo(Nu(N]dA, te T,

to

Toryia nrrerpasbubie orpanndenns (4), (5) MOryT ObITH IPEICTABICHBI B BUJE

0(t) = Ao(t)z(t) + Bo(t)u(t), tel, (9)
n(tO) = Oa n(tl) =cCE Qv (10)
Q:{EERm2/E]:C]_d]7 j: 17m1a Ej:ij j:m1+1am27 d] 207 j:17m1}7 (11)

rae ¢ = (C,...,Cmy), d = (di,...,dw,), gj(x,u) =¢; —d;j, j =1,my, d > 0 — Hem3BeCTHBII
BekTop. Tereps 3aa4a yupasisemocru (1) — (7) sanumercsa B Buze (em. (9) — (11))

S:Al(t)f—l-Bl(t)u(t)—l-Cl(t)/K(t,T)U(T)dT+D1(t)/A(t,)\)Pf(/\)d/\-i-ﬁ(t), tel, (12)
(o, 1) € So x S1 =8, z(t) € G(t), u(t) e U(t), v(t) € V(¢), (13)
f(to) = fo = (.To,Ole) < So X Om217 g(tl) = 61 = (.1’1,6) c Sl X Q, (14)

re

at = (6). o= (50). w0 = (49,
(0 = PED), P = (s Ou).

Opq — OPAMOYTOJIbHAA MaTPHIA IOPAAKa 7' X ¢ ¢ HYJIEeBBIMU 3JIeMeHTaMu. [, — eIuHHIHA
MaTpHUla IOPAIKa 1. X N.

3.2 VHTerpajsbHOe ypaBHEHUE

Paccmorpum perennst 3aj1a4 3, 4 Jyist uHTerpasbHoro ypasaenus (8). s perenns 3amaq 1,
2 HeoOXOJIMMBI CJIEJYIOIIIe TEOPEMBI O CYIIECTBOBAHUU M OOIEM BUJIE PEIeHNs] NHTErpaIhb-
HOrO ypaBHeHus (8).

Teopema 1 Humezpasvnoe ypasuenue (8) npu arbom gurcuposarnom a € R™ umeem
pewenue mozda u Mosvko mozda, K0206 MAMPUYG

t1

W(to, 1) = /F(to,t)F*(to,t)dt, —_— (15)

to

nopAdKa my X Ny AGAAEMCA NONOHCUMENLHO 0npedenentotl, 20e (%) — 3HaK MPAHCNOHUPOSA-
HUA.
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Teopema 2 [Tycmo mampuya W (tg,t1) us (15) nososrcumenvro onpedenennasn. Toeda obuee
pewenue unmezparvrozo ypasuenua (8) npu arobom a € R™ umeem 6ud
t1

w(t) = T*(to, )W (to, tr)a + p(t) — D*(to, )W (to, t1) /F(to,n)p(n)dm tel, (16)

to
2de p(+) € Lo(I, R™) — npoussosvhan dymnkyus, a € R™ — w0601 eexmop.

Pacemorpum pertiernst 3a7a4 5, 6 ji1st nHTErpasbioro ypasaenus (8). Bosuukaer Bompoc:
eciu Marpuna W (tg, 1) He ABIAETCS TOJOKUTEIBHO OIPE/IeJIEHHOM, UMeeT JIM PellleHne MH-
rerpasibHoe ypasuenue (8)7 B 9ToM ciiyuae uHTErpasibHOe ypaBHeHUE (8) MOXKET UMETh pe-
IeHne, OJIHAKO He Jyist JI0boro BekTopa a € R™. Vemosue W (tg,t1) > 0 aBisiercs KeCTKUM
YCJIOBHEM Ha SIPO MHTEIPAJBHOIO ypaBHEHUs. AHAJIOTOM JAHHOTO YCJIOBUS SIBJISIETCS CyIIie-
cTBOBaHme 0OpaTHOH MaTpuibl A~ naa mumeitmoro airebpamdeckoro ypasHenns Ar = b,
rapanTHpyIONas CyIIeCTBOBAHue pemenns s moboro b € R". Anrebpandeckoe ypaBHEHHE
Az = b MOXKeT UMeTh PelIeHue U B cIydae, KOra He CYIIeCTByeT 00paTHON MaTPHIIbI, OJTHAKO
He jyisi JiIoboro Bekropa a € R" (rankA = rank(A,b)).

s perenus 3amaa 5, 6 HEOOXOAMMO UCCJIEI0BATH IKCTPEMAILHYIO 3aa9y: MUHUMU3U-
poBaTh (OYyHKITNMOHAJT

t1
J(w) = |a— /F(to,t)w(t)dt|2 s int (17)

to

npu YCJ'IOBI/H/I
w(-) € La(I, R™), (18)
rme a € R™ — 3aaHHBIIN BEKTOP.

Teopema 3 [lycmwv adpo onepamopa I'(t) = ['(tg,t) usmepumo u npunadaesrcum xaaccy Lo.
Tozda:

1) ¢pyrxyuonan (17) npu yeaosuu (18) nenpepwvisno duddepenuyupyem no Ppewe, epadu-
enm gynryuonara J'(w) € Lo(I, R™) 6 aobott moure w(-) € Lo(I, R™) onpedeasemca no
popmy.ie

t1
J'(w) = =2T"(to, t)a + Q/F*(to,t)F(to,a)w(a)da, tel, (19)

to
2) epaduenm dynryuonana J'(w) € Lo(I, R™) ydosaemeopaem ycaosuro Junwuya
| (w+h) — J(w)]| <], Yw, w4+ h € Ly(I, R™); (20)
3) dpyrryuonan (17) npu yeaosuu (18) Asasemes 6vinykivim, m.e.

J(aw+ (1 —a)u) < aJ(w) + (1 —a)J(u), Yw, u € Ly(I, R™), Yo, a€[0,1]; (21)
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4) emopas npouseodnas Dpewe pacha
J"(w) = 2T (tg, o) (Lo, t), Vo, t € I; (22)

5) €CAU B8BINONHEHO HEPABEHCINEO

t1 t1 t1 2

/ £ (0)T* (to, 0T (to, )& (1) didor — / Dlto, )e(t)dt| >
to to to (23)

> / E(0)Pdt, p> 0, VE, £(1) € Lo(1, R™),

mo gynryuonan (17) npu yeaosuu (18) Asasemesn cuabHo SuNYKABIM.

Teopema 4 [Iycmv das sxcmpemanvroti 3adavu (17), (18) nocmpoena nocaedosamens-
nocms {wy,(t)} C Lao(1, R™) no aszopummy (cm. (19) - (23))

Wy11(t) = wy(t) — anJ’(“’ﬂ)? Inlan) = I;1>151 In(a),

gn(@) = J(w, —aJ' (w,)), n=0,1,2,....

Toeda  wucaosasn nocaedosamesvrnocms  {J(w,)}  monomonno  ybweaem, npeden
lim J'(w,) = 0.

n—00

Ecau, xpome mozo, mnoorcecneo M(wgy) = {w(-) € Ly(L, R™)/J(w) < J(wp)} oepanue-
1o, mo:

1) nocaedosamenrvrocmo {wy,(t)} aeasemes munumusupyrowed, m.e. lim = J, =

n—oo
inf J(w), w(-) € Lo(I, R™);
2) wy X w, mpun — oo, 2de w, = w.(t) € W, = {w,(-) € Lo(I,R")/J(w,) =
min J(w)=J,= inf J(w)}

weM (wo) w€La(I,R"2)
3) enpasedausa caedyrowan ouenKa CKOPOCMU CLOOUMOCTNA

mo
)

0 < J(wp) — J(ws) <

mo =const >0, n=1,2,...
n

4) Oasn mozo, umobwv. unmezpasvhoe ypasruenue (8) umenro pewenue, 1eobxodumo u 0o-
cmamowno, wmobw, 3nauenue J(w,) = 0, w, € W,. B amom cayuae w, € W, — pewenue
unmezpanvrozo ypasrernus (8).

5) ecau snavenue J(w,) > 0, mo unmezpasvroe ypasuenue (8) ne umeem pewenus i
dannot npasoti wacmu a € R™;

6) ecau svinoaneno nepasercmeo (23), mo ||w, — w.|| — 0 npu n — oo.

HokazaresbeTBo Teopem 1 — 4 aHAJIOTHYHBIE JOKA3aTeILCTBAM TeopeM u3 [23].

Becrauk KasHY. Cepusi maremarnka, Mexanuka, nadopmaruka Nel(93)2017



12 Ajicaramues C.A., Aiicaramuesa C.C.

3.3 CyimecTBoBaHuE peHIeHUsT 3342491 YIIPABJISI€EMOCTHA

Hapsiyy ¢ siuneiinbiv uaTerpo-auddepennmanbabiv ypasaeruem (12) ¢ yemosusivu (13), (14)
pPacCMOTPUM JIMHEHHYI0 cucTeMy JuddepeHaibHoro ypaBHeHusT

gy = A1(t)y + Bi(t)wi(t) + C1(t)wa(t) + Dy (t)ws(t) + a(t), tel, (24)
y(to) = §o = &(to), y(t1) =& = &(t), (25)
wi(+) € Ly(I, R™), wy(-) € Lao(I, R®), ws(-) € Ly(I, R¥) (26)

rie & = (2o, Omy1) € So X Opmy1, &1 = (21,€) € 51 X Q. BameTnM, 91O
t1
/K (t, T)v(r)dr € Ly(I, R®), /A(t, Nz(N)d\ € Ly(I, RF).
to
[Iycrs marpunia By(t) = (By(t), Ci(t), D1(t)) nopsinka (n + mse) X (m + s + k), BekTOp

bynxmusa w(t) = (wi(t), wa(t),ws(t)) € Lo(I, R¥T™H*). Tlo ucxomubim nanueivm (24) — (26),
ONIPEJIEJIUM CJIEJYIONIIE MATPUILI 1 BEKTOPDI

ach(to,tl)gl—go—/ (to, t () dt, W (to, ;) = /<I>(t0,t)B(t)B;“(t)tI)*(to,t)dt,

W(to,t) = /CD(tO,T)BQ(T)BS(T)CD*(tO,T)dT, Wt ty) = Wto t1) — Wite. ), t € 1,

to

Ai(t, &0,&1) = B3 ()27 (to, )W ™ (to. tr)a, Ni(t) = =B ()2 (to, )W (to, t1)(to, 11) =

—B;(t)®*(to, t1)W (L, t1) D (to, 1) Ny (t)
= | —Cr(t)®*(to, )W (to, t1)P(to, t1) | = | Na(t) |, Aa(t, &0.&) =
—Di(t)q)*(t[),tl)Wil(to,tl)CI)(to,tl) N13(t)

= O(t, to)W(t, t)) W (to, t1)E + P(t, o)W (to, )W o, t1) P (to, t1)E1+

+ / O(t, 7V(r)dr — B(t, to)W (to, )W (to, 1) / O(to, t)7i()dt,

No(t) = —®(t, to)W (to, )W (to, t1)®(to, t1), t € I,

rae O(t, 7) = k(t)w~ (1), K(T) — dbyHIaMenTATbHAS MATDHUITA DEMIEHNH ITHEHHON OIHOPOIHOI
cucrembl ( = A;(t)C.
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Teopema 5 ITycmov mampuya W (ty,t1) noroorcumenvio onpedesennas. Toeda ynpasaenue
w(+) € Lo(I, R*T™F) nepesodum mpaexmopuro cucmemui (24) us 060t nanaivhoti mowku
& € R"™™ g moboe zadannoe xoneunoe cocmosanue & € R mozda u moavko moeada,
Koeda

w(t) € By = {w(:) € Ly(I, R*T™F) Jw(t) = p(t) + Ay (t, &, €1+

CNL(0)=(t,p), Vp() € La(I, R), t € I, 27)

2de p(-) € Lo(I, R¥T™ ) — nmpouseoavnaa dynwxuyua, a gynvyua z(t) = 2(t,p), t € I -
pewenue Jupdepenuuarorozo YpasHeHUA

2= A1)z + Bo(t)p(t), 2(to) =0, te L. (28)

Pewenue dugdeperyuarvrozo ypasnenus (24), coomeememsyrousee ynpasaenuro w(t) € 3y
umeem 6ud

y(t) = z(t,p) + Ao(t, &0, &) + No(t)2(ty,p), t € 1. (29)

okazareabcTBo. /[oKa3zaTebcTBO TeopeMbl ciieyeT u3 Teopem 1, 2. J/leiicTBuTe/1IbHO,
u3 perenns ypasHenus (24) npu yciaoBusx (25), (26) nmeem

t1

/ O (to, ) Bo(H)w(t)dt = a. (30)

to

Jlannoe uHTErpabHOe ypaBHEHHe OTHOCHTEILHO HcKoMoil (bynkimn w(t)E Ly (I, RS ) ap-
aserca dactueiM crydaeM (8), tae I'(tg,t) = P(to,t)B(t). s cymecroBanus perenus
uHTerpasbHoro ypastenus (30) HeoOXouMo U jocTaToqHO, 4To6bl MaTpuria W (ty, t1) Oblia
HOJIOZKUTEILHO onpesesentoit. Jlamee, mytém 3amenst I'(tg, t) va O (o, t) B2 (t) u3 (15) mosy-

qUuM
t1

W(to, 1) = / D(to, t) Ba(t) B3 (1) (to, t)dL.

N3 (16) crenyer (27). duddepennuanbaoe ypapuenne (28) u coornorerne (29) Hemocpe/-
CTBEHHO CJIelyIoT u3 GhopMy.r

t t1

z(t,p) = /q’(t’T)Bz(T)p(T)dTa z(t1, p) :q)(tlﬂfo)/‘I)(t0>t)32(t)l’(t>dt-

to to

Jlerko ybemurhest B ToM, 90 Y(to) = &, y(t1) = &. Teopema mokaszana.
BameTnM, 9TO KOMIOHEHTHI BeKTOp dbyHKIun w(t) € X paBHbBI:

wi(t) = pa(t) + By ()" (to, )W (b, tr)a + Nua(H)2(tr,p), t € 1, (31)
wo(t) = po(t) + CF () D*(to, t)W (to, t1)a + Niao(t)2z(t1, p), t €1, (32)
ws(t) = pa(t) + DI ()" (to, )W ™" (to, tr)a + Nia(t)2(tr,p), t € 1, (33)
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rae p(t) = (p1(t), p2(t), ps(t)), p1(-) € La(I, R™), pa(-) € Lo(I, R*), ps(-) € La(I, RY).
Uz (29), (31) — (33) ¢ yuerom Toro, uro a = P(tg,t1)& — & — f O (to, t)u(t)dt, momyaum

wi(t) = pr(t) + Do(t)zo + To(t)ay + T1(t)d + pr () + Nyy (H)2(tr,p), t € 1, (34)
wa(t) = pa(t) + Da(t)zo + To(t)ay + Ts(t)d + pa(t) + Nia(t)z(tr,p), t € 1. (35)
ws(t) = ps(t) + Ds(t)zo + Ty(t)ay + Ts(t)d + ps(t) + Nis(t)z(tr,p), t € 1. (36)

y(t) = 2(t,p) + m(t)o + ma(t)zy + m3(t)d + p1a(t) + Na(t)2(tr,p), t € 1. (37)

b it (1), pa(t), pis(t), ps(t), ¢ € I — msmectipre dymxrm,

Jlemma 1 ITycmo mampuua W (tg,t1) nosooscumenvro onpedeaennasn. Toeda 3adava ynpas-
agemocmu onpedeaseman coomnowenuamu (12) — (14) (aubo (1) - (7)) pasnocusvna moorc-
decmeam

t1

wi(t) = / K(t,7)o(r)dr, ws(t) = / AN Py(Nd\, tel, (38)
2= A1(t)z + Bi(t)p:(t) + Cipa(t) + Di(t)ps(t), z(to) =0, t €1, (39)
pi(-) € Lo(I, R™), pa(-) € Lo(I, R®), p3(-) € La(I, RY),
(w0, 71) € Sy x S1 C R*", d € Dy = {d € R™|d > 0},
u(t) e U(t), v(r) e V(r), Py(t)==z(t) € G, tel,
ede wy (t), wa(t), ws(t), y(t), t € I onpedeasromes dopmyramu (34) — (37) coomsememeentio.

HoxkaszarenbcTBo. Ecim Boimosmenst Toxaectsa (38), To dyuxmus y(t), t € I aBusercs
perienueM @ epeHIuaIbLHOTO YPaBHEHUS

y(t) = A (t)y(t) + Bi(t)u(t) + Ci(t /K (t, 7)v()dr + D1 (t )/A(t,/\)Py(A)d/\Jr

to

+a(t), tel, ylto) =&, yt) =&

Kak cremyer uz dopmyist (29) dynknust y(t) = z(t, p)+A2(t, &, &)+ Na(t)2(t1,p), t € I, rue
z(t) = z(t,p), t € I ynosaersopsier ToxectBy (39) mst mobbix pi(-) € Lo(I, R™), p () €
Ly(I, R?), p3(+) € Ly(I, R¥). B wactnocru, & = (2, Opmy1) € So X O, & = (21,C) € Sl X Q.
Hamee, n3 Brimodennit d € Dy, u(t) € U(t), v(r) € V(1) crenyer, uro y(t) = £(t), t € I, tae
Py(t) = P&(t) = z(t) € G(t), t € I. tak, npu BbinoaHenun Toxaects (38) — (39) BepHbI
coornomenus (12) — (14). Jlemma nokasana.
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N3 reopembr 3 1 ieMMbl 1 citeryeT, 9To pelienne 3a/1a49u yIpaBIsieMOCTH MOYKET ObITH CBe-
JIEHO K PEIeHHIO CJIEIYIONIel 3a/1[a9i ONTUMAJILHOIO YIIPABIEHNUA: MUHUMU3UPOBATD (PYHK-
IIMOHAJ

J(u7U7p17p27p37w7x07x17d> = /{|w1(t) - U(t)‘2+

(40)
+|/Kt7' T)dT — way(t |2—|—\/At>\Py()\)d>\ w3 (t))*+
l(t) — L Pyt — in
[PU YCJIOBUSIX
S = M)z + BuO)pi(t) + Cr(O)ps(t) + Di(D)ps(t), =(te) = 0, t € 1, (41)
pi(-) € Lo(I, R™), pa(-) € Lo(I, R%), ps(-) € Lao(I, R), (42)
(w0, 71) € Sy x S; C R*", d € Dy = {d € R™|d > 0}, (43)
u(t) e U(t), v(r) e V(r), w(t)eQt), tel, (44)
rJie MHOYKECTBO
Q) ={w(-) € Lo(1, B) /4(t) Sw(t) < 6(t) mb. t €T}, (45)

marputia P = (1, Opm,, ) dysakmmn wy (1), we(t), ws(t), y(t), t € I onpenensitorcs bopmynaMu
(34) — (37) cooTBETCTBEHHO.
Beesgem cieayiomue 0603HaYeHUsT

0=0(-)= (u(t),v(r),pi(t), p2(t), p3(t), w(t), xg, x1,d) € X =
=U(t) x V(1) x L§(I, R™) x Ly(I, R*) x LY(I,R*) x Q(t) x Sy x S; x Dy C H =
= Ly(I, R™) x Ly(I, RP) x Ly(I, R™) x Ly(I, R®) x Ly(I, R*)x
xLo(I,R°') x R" x R" x R™,

Ly(I, B™) = {p:() € La(1, B™)/[Ipal| < o},

L5(I, R*) = {p2(-) € Lo(1, B°)/||p2|| < o},

LY(I, R") = {ps(-) € La(I, R)/|lps|| < o},

Dy ={d e R™/|d| < a},

rae a > 0 — 10cTaToOuHO GOJIBIIOE YUCIO (v < OO.
Teneps onTuMusannontas 3aga4a (40) — (45) sanumercs B BI/ie: MUHIMI3HPOBATE QYHK-
IIOHAT

7(6) = /F0(9(~, 3, 2(t,p), 2(t,p). )t — inf, € X C H, (46)

to
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rjae
Fy = |wy —ul® + | /K(t,T)U(T)dT — wy|? + | /A(t, N Py(N)d\ — w3]? + |w — LPy|%.

Bamerum, uro U(t), V(1), LS(I, R™), LS(I, R®), LY(I, R*), Q(t) — orpanudeHnble BLITYKJIbIE
3aMKHYyTble MHOXKeCTBa B pedJieKCHBHOM OaHaxoBoM mpocTtpaHncrse. Tax xax Df, So, S1 —
OrpaHNYeHHbIE BBITYKJ/Ible 3aMKHYThIe MHOYKECTBa, TO MHOYXKeCTBO X — cJIaO0OMKOMITAKTHO B
H. Cnexyer ormerursb, uro dyukiuonan J(0), 0 € X sBigercs HENPEPHIBHBIM BbIITYKJIBIM
dyukmonamom B ciabodbukomiakTHoM MHOXKecTBe X. CiieoBaTesibHO, MHOXKECTBO X, =
{6, € X/J(O.) = J, = 912)f( J(0)} — me mycro. ubiMu cioBamu, caaboIoryHenpepbiBHbII

cuusy dyukiwonan J(f) mocturaer HUXKHERH rpaHd Ha CJIaOOOMKOMIAKTHOM MHOXKeCTBe X.

Jlemma 2 [Tycmo mampuua W (to, t1) noaosrcumenvro onpedeaennas. Ias mozo, wmobos 3a-
dava ynpasasemocmu (1) — (7) umenro pewenue neobxodumo u ocmamouro, 4mobv, 3na-
wernue J(0,) = 0, 2de O, = (us(t), vi(T), Pra(t), D2x(t), P34(1), Wi(t), Tox, T14,ds) € Xo C X
onmumanvroe ynpasaenue 6 zadave (46).

HoxkazareabctBo. Heobrodumocmo. [lycrs 3amaaa ynpasisemoctu (1) — (7) (nmbo (12)
— (14)) umeer pemenue. Ilycts z,(t) = x.(t;tg, x5, 7, us, vi), t € I — pemtenue WHTErPO-
muddepeniuanbaoro ypasaerus (1).

[Tokaxkem, uro 3uadenue J(6,) = 0. Kak cmemyer u3 semmbl 1 coornorenus (1) — (7)
paBHOCHJIBHBI TOKaecTBaM (38) — (39). CJIG,ZLOBaTeJIbHO wi(t) = u.(t) € U(t), wa(t) =

jZK(t,T)U*(T)dT, v(T) € V(1), 7 € I, ws(t) = fA (t, \) Py (NN, y.(t) = z(t,ps) +

AQ(t €0a§1) + NQ() (tlap*) g()’ 68 - (xU*’ m21) 51 - (1‘1*,5*), Cp = (8{7 c mg)’
G =cj—di, j = 1,my, P&(t) = 2.(t) = (5 o; Tow, T1v, Un, Vi), t € 1, wi(t) = L(t) Py.(2)
t €, e

= p1a(t) + Do(t)xow + To(t)z14 + T1(t)ds + pr11 + N1a(t)2(t1, ps),
P2« (t) + Do(t)xos + To(t) w1, + T3(t)ds + p12 + Nia(t)2(t1, ps),
= pa«(t) + Ds(t)xos + Ty(t)w1, + T5(t)dy + p13 + Nis(t)z(t1, py),
y(t ) (tap*) + M1 (8)Tox + To(t)T1s + T3(E)di + paa + No(t)2(t1,pi), €L,
Py.(t) = 2,(t), w.(t) = L({t)Py.(t) = L(t)z.(t), t €I

Torma
t1

J(6.) = / () — w(£) + | / K (t, 7)o (r)dr — w, (£)2+

+| /A(t, NPy (N)dA — ws. (1)]” + |ws(t) — L(t) Py.(t)*]dt = 0

HeobxoaumocTs mokazana.
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Jlocmamownocmo. Ilycrs 3uadenue J(0,) = 0, 6, € X, C X. Ilokaxkem, 410 3aja4a
yupasisgemoctu (1) — (7) mmeer pemterne. B camom geite, snadenne J(6,) = 0 Tormga u ToabKo

b 31
Toraa, Koraa wik(t) = u.(t), [ K(t, 7)o (7)dT = wau(t), [ A(t, \)Py(A)dA = ws.(t), wi(t) =
a to
L(t)Py.(t), t € I, tne u.(t) € U(t), vi(1) € V(7), wi(t) € Qt), t € I, xox € Sy, T1 € S,
d. € Dy. Torma y.(t) = &(t) = (x.(t),m.(t)), t € I. Orciona cremyer, aro x.(t), t € I —
pemrenue uaTerpo - auddepennuanbaoro ypasaenus (1). Jocratounocts nokasana. Teopema
JIOKa3aHa.

4 Pe3ynbTaThl 1 00CYK/eHUE

B craTbe mosydens! cieyionme pe3yabTaThl: IMyTeM IIpeodpa3oBaHusl HHTErpajbHbIe Oorpa-
HUYECHUS TPUBOIATC K AuddepeHnnaabHbIM yPaBHEHUSAM ¢ KPAEBbIMU YCJIOBUSIMU; BBEJICHNU-
eM (DUKTUBHOI'O YIIPaBJIEHUsI UCXOAHALA 3aJa49a MOIPYKAeTCsi B KPaeByIO 3aJady JIMHEITHOro
nuddepeHIaabHOrO ypaBHEeHUsT; Hail/IeHbl BCE MHOXKECTBa YIIpaBJIEHUN, KaK/IbIil 9JIEMEHT
KOTOPOTI'O IIEPEBOIUT TPAEKTOPHIO JIMHEHHOI cucTeMbl U3 J1000# HavaabHON TOUKM 33 1aHHO-
IO MHOXKECTBa B KOHEYHOE COCTOAHUE U3 U3BECTHOI'O MHOXKECTBA; II0JIy4YeHbl PABHOCUJIbHbBIE
TOXKJIECTBA K UCXOJAHON 3aJa4de yIIPABJIdeMOCTH; PEIICHUEe 33Ja4U YIIPABIAEMOCTU CBEICHO K
HaJaJIbHOM 3a/1ade OINTHUMAJIBLHOTO YIIPpABJIEHNS; HaliIeHbl HEOOXOINMbIE U JOCTATOYHbBIE YCJIO-
BUsI Pa3PEIINMOCTHU 3aJIa41 yIIPABJIsieMOCTH B BUJie TpeOOBaHUs Ha 3HaUYEHUE HUKHEW IpaHu
dyHKITMOHATA.

Nurerpo-muddepenimaibioe ypaBHEHHE CBA3bIBACT BOCIUHO HACTOAIIEEe, OYIyIIee U Ipo-
IjI0€ TIporiecca. Takue MareMaTudecKue MOJIe/In ABIeHn Oojiee aJIeKBATHO OIMUCHIBAIOT UX
cBoiicrBa. OuH U3 cospareseil KBaHToBoit Mexanuku, B. T'eitzsenbepr, ¢ cBoeit kuure "®Pu-
3uka u durocodpus" gegaer ciaeayromme IpeanoaokeHne: ... OCHOBHOE ypaBHEHIE MaTepUH,
paccMaTpuBaeMoe, KaK MaTeMaTUdIeCKOe IIPeJICTaBJIEHUE BCEl MaTEPUH, JOJI2KHO UMETh BUJL
CJIOYKHOM CcUCTEeMbI MHTErPo-Tud depeHnnaabHbIX ypaBHeHnit" .

5 3akJrouenue

Cosmanne o0I1eil Teopun KpaeBbIX 3aa4 JJIsl THHEHHBIX HHTErPOo-1nddepeHInaIbHbIX YPaB-
HEHUIT CO CJIOKHBIMHI KPAEBbIMU YCJIOBUAMU IIPU HAJTUYUH (DA30OBBIX U MHTEI'PAJIBHBIX OTPaHU-
YEHU ABJISETCS aKTyaJbHON MPOoOIeMOil ¢ MHOTOUYUCIEHHBIME TPUIOXKEHUSAMHI B €CTECTBEH-
HBIX HayKaXx, 9KOHOMUKU U IKOJIOTUU.

[Toyuenbl HEOOXOMUMBbIE U JJOCTATOYHbBIE YCJIOBHUS PA3PENINMOCTH KPAEBBIX 38144 I JIH-
HEWHBIX MHTErpo-anddepeHuaIbHbIX YpaBHEHUN IPU HAJUYINN (PAa30BbIX U MHTEIPAJIbHBIX
OrpaHUYCHUMN.

[IpuHIIUIITAIbHOE OTINYNE TIPE/IJIAraeMOro MeTo/1a OT U3BECTHBIX METOJ/IOB COCTOUT B TOM,
YTO MCXOHAdA KpaeBas 3ajada B HadaJje MOTPYzKaeTcs B 3a/a4y YIPaBIsIeMOCTH ¢ (DUKTHUB-
HBIMH YIIpaBJIEHUSIMU U3 (DYHKIMOHAJIBHBIX IIPOCTPAHCTB, C IMOCIEIYIONINM CBeJIeHIeM K Ha-
YaJIbHON 3a/a4e ONTUMAJILHOTO YIIPABJICHUI.
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Initial length scale estimate for the Schrodginer operator with a random fast
oscillating potential in a multi-dimensional layer

Borisov D.I., Dr. Sci.(Phys.-Math.), leading scientific researcher, Institute of Mathematics,
Ufa Scientific Center, Russian Academy of Sciences,
Ufa, Russia, University of Hradec Kralové, Hradec Krédlové, Czech Republic, +73472725936,
E-mail: borisovdi@yandex.ru

We consider the Dirichlet Laplacian in a multi-dimensional layer located between two parallel
hyperplanes of codimension one. Such operator is perturbed by a fast oscillating random potential.
Namely, the layer is partitioned into periodicity cells by a given periodic lattice and in each cell
we consider a fast oscillating potential depending on a random variable multiplied by a global
small parameters. All random variables associated with the periodicity cells are assumed to be
independent and identically distributed. The fast oscillating potential introduced in the way
standard for the homogenization theory. Namely, it depends on slow and fast variables, is compactly
supported w.r.t. the slow variables and is periodic w.r.t. the fast ones. The main obtained result
is the initial length scale estimate for the considered operator. Such estimate is the induction base
for proving the spectral localization at the bottom of the spectrum by the multiscale analysis.
Key words: random Hamiltonian, fast oscillating potential, initial length scale estimate, small
parameter, multi-dimensional layer.

Ken eamiemai kabarrarbl Ke3aeiicok Te3 TepoOesayiui mamvamern IlIpenaunrep oneparopbiHa
apHaJiraH 6acTaybIIll eJIineMaep/ai baraaay
Bopucos 1. 1., — d.-m.p. 1., KeTeKIni FRUTBIME KbI3biMeTKep, PT'A Y duMcKuil FHLIBIMI OPTATIBIFBIHBIH
maremarnka UucrutyTsl, Poccust ['panert Kpasose kanacoinbin Yuusepcureri, ['panert Kpamtose, Yexus
Pecnybiukacer +73472725936, E-mail: borisovdi@yandex.ru

Bip memmepJiiecTik eki KaTap IUMep:Ka3bIKTHIFBIHBIH, apaAChIHIa OHAJACKAH KOIT OJIMeMIl KabaTTa
Hupuxiie maprbiMed Jlamiacuan KapacThIPbLIaabl. ATaaMBIIT orlepaTop Ke3ueiicak, Te3 TepoesryIi
ImaMaMeH KO3Fasabpl. Atarl aiiTkan a, Kabar Keifbip meproAThIK YANIBIKTaphiHA OeJTiHEeIl YKoHe P
YAIIBIKTA, FAJAMJIBIK, Killll TapaMeTpre KoOeHTIIreH Ke31efiCcOK TYPAKChI3 MaMaJjap TOyeJICi3 KoHe
Gipeit OeJiiHreHIepMeH bGaramiaia i bl. Tes TepbestyIi mamMa opraiiajay TeOPHUsIChIHA 9JIeTTer 1ei
enrizieni. Aramn afiTkana, oJ XKbIJIIAM YKoHe Dasly TYPAKChI3 IaMAaChIHa TOyeJ, 6asty TypPaKkCh3
maMachl OONBIHITA (DUHUTEH KBLIIAM TYPAKChI3 IamMachl OoibiHImama Mepaivai. Ko keTkizisi-
PeH Heri3ri HoTHXKe-KapaCThIPBIJIATHIH OllepaTopra dacTaybIl esreMep i barasay. Ocbl bara Ken
MacmTabThl TaIAay apKbLIbl CHEKTPIIH TOMEHT1 KbIPBIHIAFBl CHEKTPJIK OKIIAYJIAYIbl JIRJIETIIEY
MAaKCATBIHJIAFBI MHIYKIUs 6a3achbl 60JIBIT TaObLIa b

Tyiiin ce3aep: Ke3eiicOK, raMuIbTOHNAH, Te3 TepOeIyi maM, 6acTaybIin eJeMiaepl baraay,
KiIi mapamerp, KO eJImeM i Kabar.

Onenka HavaabHBIX MacinTaboB AJs oneparopa IlIpeaunrepa co ciay4daiiHbIM OBICTPO
OCIMJLJTUPYIOIIAM TIOTEHINAJIOM B MHOTOMEPHOM CJIOE
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E-mail: borisovdi@yandex.ru
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PaccmarpuBaercsa Jlammacuan ¢ ycioBuem lupuxiie B MHOTOMEDPHOM CJIOE, 3aKJIIOUYEHHOM MEXKTY
JBYMs [TapaJuIeJIbHBIMI THIEPIIJIOCKOCTSMU KOPA3MEPHOCTHU OJUH. TaKoil onepaTrop BO3MYIIAETCs
OBICTPO OCHUJLIUPYIONIUMU CJIYYAHHBIM IIOTEHIUAJIOM. A MMEHHO, CJION JeJIMTCS Ha MEePUOIAYe-
CKUe STYEHKN HEKOTOPOIil MePHOINIECKOl PeleTKoi U B KaxKI0i dUeiike paccMaTpUBaeTCsa OBICTPO
OCIIUJITMPYIOMINAY TTOTEHINAJ, 3aBUCAIINN OT CJIydailHONW IepeMEeHHON, YMHOXKEHHOI Ha TyIo0aIh-
HBIM MaJIBIA TapaMeTp. Bee ciyvaiiinbie mepeMeHHbIe, COOTBETCTBYIONINE TIeiKaM MePUOINIHOCTH,
[IPE/IIIOIAral0TCH HE3ABUCUMBIMY M OJMHAKOBO PACIIPE/IEJIEHHBIMUA. BBICTPO OCIUIIINPYIOMIHIA 110~
TEHIMAJ BBOJIUTCS OOBITHBIM JIJIsI TEOPUH YCPEIHEHUN 00pa30M. A IMEHHO, OH 3aBUCUT OT OBICTPBIX
W MeJ[JIEHHBIX [ePEMEHHBIX, (DUHUTEH 110 MEJJIEHHBIM II€PEeMEeHHBbIM W [TEPUOJNYEH 10 OBICTPHIM
repeMeHHbIM. [JIaBHBII Oy I€HHBII PE3y/IbTAT — OIEHKA HAYAIBHBIX MACIITA0O0B I PACCMATPHU-
BaeMOro orreparopa. Takasi OleHKa ABJIsgeTCs 0a30i WHIYKIINU JJIs JOKA3ATEIbCTBA CIIEKTPAIBLHOM

JIOKAJIN3AIIAN Ha HIDKHEM KPAalO CIIEKTPA C IIOMOIIHI0 MHOTOMACHITAOHOTO aHAJIN3A.
KurodeBble ciioBa: CiydailHblii TaMUJIBTOHUAH, OBICTPO OCIMJLIHPYIONINN MOTEHIINAJ, OIEHKA

HAYAJBHBIX MACIITaA0OB, MAJIBIH ITapaMeTp, MHOTOMEPHBIH CJTOH

1 Introduction

Random Hamiltonians are elliptic operators depending on countably many random variables.
Such operators attract a lot of interest since they are often used for describing waves in
disordered media and they possess many interesting mathematical properties. One of such
properties is the spectral Anderson localization. It is known that the spectrum of many
Random Hamiltonians is almost surely a fixed deterministic set. And spectral localization
says that some part of this spectrum is pure point. Such property was found for many
particular examples, see, for instance, (Martinelli, 1984 : 197-217), (Frohlich, 1983 : 151-184),
(Baker, 2008 : 397-415), (Borisov, 2011 : 58-77), (Borisov, 2013 : 2877-2909), (Bourgain,
2009 : 969-978), (Erdos, 2012a : 900-923), (Erdos, 2012b : 507-542), (Ghribi, 2007 : 123-
138), (Ghribi, 2010 : 127-149), (Hislop, 2002 : 12-47), (Kleespies, 2000 : 1345-1365), (Klopp,
1993 : 810-841), (Klopp, 1995a : 265-316), (Klopp, 1995b : 553-569) , (Klopp, 2002 : 711-737),
(Klopp, 2012 : 587-621), (Klopp, 2009 : 1133-1143), (Klopp, 2003 : 795-811), (Kostrykin, 2006
: 267-392), (Lenz, 2008 : 121-161), (Lenz, 2009 : 219-254), (Lenz, 2004 : 733-752), (Leonhardt,
2015), (Stolz, 2000 : 173-183), (Ueki, 1994 : 10) , (Ueki, 2000 : 473-498), (Ueki, 2008 : 565-
608), (Veseli¢, 2002 : 199-214), and the references therein. One of main ways for proving the
spectral localization is the multiscale analysis, (Martinelli, 1984 : 197-217), (Frohlich, 1983 :
151-184). It is based on a certain induction whose basis is the initial length scale estimate.
In papers (Borisov, 2016 : 2341-2377), (Borisov, 2017), a general approach was developed
for proving initial length scale estimate for operators with small random perturbations.
The main advantage of the obtained result is that the perturbations were described by
abstract symmetric operators covering many particular examples considered before. The
core of the approach was an original technique based on a non-symmetric version of the
Birman-Schwinger principle, which gave an opportunity to prove an important deterministic
estimate. Such technique allowed the authors to consider perturbations non-monotone w.r.t.
the random variables and this was an important step in studying random Hamiltonians.
The present paper can be considered as an example of random perturbation, to which
general results of work (Borisov, 2017) can be applied. A non-trivial feature of this example
is that it is described by a compactly supported fast oscillating potential. Such perturbation
is singular and does not fit the assumptions made for the perturbation in (Borisov, 2017).
However, here we employ a special transformation of the operator proposed in (Borisov,
2015 : 33-54) so that this transformation preserves the spectrum and reduces the considered
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operator to one fitting the assumptions of (Borisov, 2017). Finally, this allows us to prove
the initial length scale estimate for the considered model.

2 Problem and main results

Let 2/ = (21,...,%,), = (2, 7,41) be Cartesian coordinates in R" and R"™!, respectively,
n>1II:={zx: 0<x,41 <d} be amultidimensional layer of width d > 0, I" be a periodic
lattice in R™ with a basis ey, . . ., e, and a periodicity cell [’ := {:E sl =) ajej, aj € (0, 1)}
j=1
Denote O := ' x (0, d).
By Wy = Wy(x,€), € = (&1,...,&,), we denote a real-valued function defined on R?"*2.

We assume that this function is 1-periodic w.r.t. each variable &;, 7 =1,...,n+ 1, has a zero
mean
/ Wo(z,€)dé =0 for each x € R" (1)
(071)n+1

and is a compactly supported as a function of x:
supp Wo(-,6) C M €O foreach ¢ € R', (2)

where M is some fixed set independent of £. The function Wj is supposed to have the following
smoothness:

Jlel+ 18Iy,

525067 € C(R™?), a,peZi™, |a|<3, [BI<L (3)

By € we denote a small positive parameter and we introduce one more function:

W(z,e) =W (:U, g) , >0,
W(z,0) :=0, =0,

(4)

where b < 1 is a given fixed number.

Let ¢ = ((x)rer be a sequence of independent identically distributed random variables
with the values in segment [0, 1]; the associated distribution measure is denoted by p. We
assume that this measure is defined on [0, 1]. By P := @), .- # We denote the product of the
measures on space {2 := Xger[0, 1]. The elements of the latter space are sequences ((x)ger-
By E(-) we denote the expectation value of a random variable w.r.t. the probability P.

In this paper we consider the following perturbed random operator:

HE(Q) = —A+ > W(a' =k, 2pi1,2G) (5)

kel

in Ly(II) subject to the Dirichlet boundary condition. The domain of the operators H*(()
is the space W3 (II,0II), where W3(Q, S) is the Sobolev space of the functions in WZ(Q)
vanishing on a surface S C @, () is a domain. This operator is self-adjoint.
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The main aim of this paper is to prove the initial length scale estimate for H¢({). In order
to formulate this estimate, we need to introduce additional notations. First we introduce an
auxiliary operator

HE = —A+W(x,0), o€ [do,d, (6)

in Ly([J) subject to the Dirichlet boundary condition on 0CINJII and to the periodic boundary
condition on the lateral boundaries v of [, and dy is a fixed number. The domain of Hf
consists of the functions in W22 (0,00 N JII) satistying periodic boundary conditions on 7.
Operator HY, is self-adjoint.

Let A; be the smallest eigenvalue of HY, s = Ws(z) be the associated eigenfunction
normalized in Ly(0). On the lateral surface of the cell O we define the function

1.0V,
Ps = \I/_(;E’ (7)

where v is the outward normal.
Given a € I', N € N, the symbols II, y and I', y denote a piece of II and a piece of I':

I, N = {x: — a—i—Zaiei, a; € (0,N), 0 <y < d},
i=1

Fon = {I'EF: x/:oz—i—Zaiei, ai:(),l,...,N—l}.

i=1

By H:, v(¢) we denote a kind of “restriction” of the operator H*(¢) on Il, y. Namely,

an(Q) = =A+ > W@k, wng, () (8)

kel N

is the operator in Lo (11, n) subject to the Dirichlet condition on 011, y NIl and to the Robin
condition

0
(5 — p€> u=0 on 7., (9)

where 74, is the lateral boundary of I, y. The domain of the operator H, y(¢) consists
of the functions in W2(IL, v, 811, v N OII) satisfying condition (9). The operator H;, N (C) s
self-adjoint.

Let A y be the smallest eigenvalue of the operator H, ().

Our first result provides a lower bound for the gap between Af y(¢) and A..

Theorem 1 There exist constants Ny € N and cg > 0, n > 0 such that for all a € T,
N > Ny, € < cgN~* the inequality

2-2b

€ € —
MO-A > 3 - (10)
77 kEFa,N

holds true for all C.
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The next result is the Combes-Thomas estimate.

Theorem 2 Let o, /1, B2 € I', my, my € N be such that By = llg, ,,, C llyn, By =
g, m, € o n. There exists Ny € IN such that for N > Ny the estimate

- Ol — is
e (i (€) = 2) x| < SOt (3182

holds true, where C1, Cy are positive constants independent of €, a, N, By, By, my1, ma, A
and 6 := dist (A, o(Hg, y(C))) > 0, o(-) is the spectrum of an operator, x. is the characteristic
function of a set, || - || is the norm of an unbounded operator in Lo(Il, y).

Two above theorems are in fact deterministic results since they are valid for each (. The
next two theorems provide probabilistic results. The first of them reads as follows.

Theorem 3 Let v € IN, v > 17. Then for N > Ny, where N, was defined in Theorem 1, the
interval

_2
21-b Co
JN = = g 8

AT (E(G7 ) TINTS NI

is non-empty and for N > N3, where N3 is a some constant depending on v, N1, Na, 1, co,
1-b
E((y? ), and for e € Jn the estimate

1

P(&€Q: AL y(€) — A < N73) < N(173) eV
holds true, where constant ¢, depends on measure p only.

And the second probabilistic result is the initial length scale estimate.

Theorem 4 Leta € I', v > 17, 81, B2 € I n, m1, mg > 0 be such that By = 1lg, n, € g N,
By =113, m, € llo n. There exists a constant c; > 0 independent of €, o, N, B, B2, my, mo
such that for N > N3, € € Jy

dist (B1,B2)

1
PIVA<L<A +——: (H, -\ L <2V Ne @7 v )
( e I (o (©) — Nl <2V

n(l—l) —CIN%
>1—N Ve ,
where the same notations were used as in Theorem 3.

Let us discuss briefly the main results. Theorem 1 says that the minimum of the eigenvalue
sn(Q) wrt. ¢ is attained when all (; takes their maximal values ¢, = 1. Moreover, it
provides an effective lower bound for the distance from Af, (¢) to its minimum. The second
theorem gives a standard Combes-Thomas estimate, which states in fact the exponential
decay of the Green function for the operator H . These two theorems are main tools in
proving further deterministic results. The first of them, Theorem 3 states that the probability
of close location of Af, v (¢) is exponentially small as N grows. And this allows us to prove then
the initial length scale estimate in Theorem 4. As it was mentioned in the Introduction, such
estimate is the induction base for proving Anderson localization by the multiscale analysis.
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3 Proof of the main result

The proof of Theorems 1, 2, 3, 4 is based on the general results obtained in (Borisov, 2017).
First we describe briefly these results.
Let L(t), t € [0,t0], be a family of linear operators

L(t) =tLy + 1Ly +1PL3(1), (11)

where £; are bounded symmetric operators from W3(O) into Ly(0). The operator L3(t) is
assumed to be bounded uniformly in ¢ and Lipschitz continuous:

| (L3(t2) — £3(t1))uHL2(D) < Clta — tlllullwzo) (12)

for all ¢1,ty € [0,t0], v € W(O) with a constant C independent of ¢, to, u.
Let H¢, be the operator

HY = —A+ L(0)

in Ly(0) subject to the Dirichlet condition on 00NIII and to the periodic boundary condition
on 7. As § = 0, the operator HY, becomes just a pure Laplacian subject to the above described
boundary conditions. The domain of HY consists of the functions in Wf([!, oNIII) satisfying
periodic boundary condition on ~.

The smallest eigenvalue Ag of HY is the smallest eigenvalue of the operator —

on
dzi+1

(0,d) subject to the Dirichlet condition. The associated eigenfunction 0, is supposed to be
normalized as

1

Wollz0,0) = Nk (13)
The first assumption made in (Borisov, 2017) was as follows.
(Al). The identity (£1Vg, ¥g)r,@) = 0 holds true.
This assumption implies that the equation
(MY — M) Uy = =L, (14)

is solvable and has a unique solution orthogonal to Wy in Ly([J). Hereafter by the symbol Wy
we denote exactly such solution.
The second assumption was

(A2). The inequality Ay := (¥, L1W0) 1,0 + (L2V0, ¥o) 1, < 0 holds true.
By &, € W2(0, 80 N JII) we denote the solution to the problem

P
(—A—=Ag)®y =LV in 0O, ;=0 on 0ONOII, % =0 on 7, (15)
v
orthogonal to Wy in Lyo([d). It was shown in (Borisov, 2017) that this problem is uniquely
solvable.

The next assumptions made in (Borisov, 2017) was

ISSN 1563-0285 Journal of Mathematics, Mechanics and Computer Science Series Ne1(93)2017



Initial length scale estimate ... 27

(A3). The inequality 7 := —As + (Re (®y — ¥y),Re £1\IJO) > 0 holds true.

Lo(O)

There was one more assumption in (Borisov, 2017). It was shown that this fourth
assumption is satisfied provided the operator L(t) is real-valued in the sense that L(t)u
is a real-valued function for real-valued wu.

In our case the multiplication by the potential W (z,t) can not be represented as some
operator L(t) defined by (11). This is why we employ the approach proposed in (Borisov,
2015 : 21).

Let Wi = Wi (z, &) be the solution to the equation

AWi(z,€) = Wo(,€), £ (0,1)"" (16)
subject to periodic boundary conditions obeying the orthogonality condition:
/ Wiz, &)dé =0, =R (17)
(071)n+l

It was shown in (Borisov, 2015 : 21) that this problem is uniquely solvable. We introduce
extra two functions:

W.(z,e) := e "W, <:1:, g) , >0, W.(z,0):=0, =0, (18)
and
Qa,N<x7 g, C) =1+ Z <€Ck)27bW* (Q?’ - k? Tnt1, 5Ck) (19)
kGFa,N

By V;, v () we denote the operator of multiplication by Qq,n (2, €, (). It was shown in (Borisov,
2015 : 21) that

-1

n+1
( éN(O) an(OVan(C)=-A+ Z (eG)™ < Z Aj(x" =k, 2, 5@)%4—
Jj=1 J

keFQ,N

(20)
+ Ao — k7$n+1;€Ck)>-

The operator in the right hand side of this identity is considered in Ly(Il, n) subject to the
same boundary conditions as H, (¢). The coefficients A;, Ay are given by the formulae

€ oW,
A. — _
i(@:€) 1+ e2PW(z,e) Oz, (z,€),
1 s 9*W, T T
Ay(z,e) == — T (0.9 (2]21 92,06, (x, g) + (A W) (x, g)

+ 7w, (x, g) W.(z, 5)) .
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The first two terms in the brackets in the right hand side of the formula for A should be
treated in the sense of the partial derivatives w.r.t. x and & for function Wi (z, £) followed by
the substitution £ = £. The functions Aj;(z,¢), Ao(x, ) are bounded uniformly in x, € and
Ck-

The right hand side of identity (20) can be represented as (11) satisfying at the same time
Assumptions (A1), (A2), (A3). Namely, the operators £; are supposed to be depending on ¢,
L;(t) = L;(t), and are introduced as

(21)

Z/J Tn 1 A (92W1 X
\D’] / 1 —i—t20 I’T/I/J'r (x,¢) (22 0z ;0&; ( ) (A1) (:p,?> > az,

and for t = 0, operators L; are determined by the formulae
El(O) CZO, 53(0) = 0,
1
£2(0) =~ / A2 (1) / VW (a, €)2 d. (22)

o (0,1)m+t

It is easy to make sure that under such choice of operator £(t), the perturbation in right hand
side of (20) becomes (11), if as a new small parameter we choose £!17°, and as new random
variables we take C,i’b.

The above obtained operator £(t) is not symmetric, since the operator £; are not. This
cause no big troubles since the symmetricity of these operators was employed in (Borisov,
2015 : 21) just in certain steps, which can be verified independently. The next point is that
the operators L1, £, depend on t. In this case the technique of (Borisov, 2017) works as well,
just Assumptions (A1), (A2), (A3) are to be satisfied uniformly in .

In (Borisov, 2017), the symmetricity of L£(¢f) was employed to ensure the realness
of eigenvalues Ag and A y(¢). This is obviously true in our case. The next point,
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where the symmetricity was used, is the bracketing at several steps. In our case the
bracketing can be done for the original operators H; and HZ, y(¢) since they are self-
adjoint and then transformation (20) should be applied. Then all the proofs from (Borisov,
2017) can be reproduced literally. This is why in our case we need just to check
Assumptions (A1), (A2),(A3) uniformly in ¢.

It was shown in (Borisov, 2015 : 21) that Assumption (A1) holds true for the operator £,
defined by (21). As it was proved in (Borisov, 2015 : 21, Eq. (5.15)), we have the inequality

(Lo 00) oy = — [ @) [ VWi P de+0(), 1 +0. (23
| (0,1)n+1

It was also proved that

(L1 (8)Wo) (2, 8) = t P(ET5)Wo(211)

v o2 )
) (37 P () e aan) (o) ).
14 oW, (2, t75) \ 4 02506\ 1= =

Given such right hand in equation (14), one can construct the asymptotic expansion for its
solution ¥; by the multiscale method (Bakhvalov, 1984). This expansion holds true at least

in Ly(0)-norm and it implies that ¥y = O(t%—b). Hence,

(‘1/17 El\IIO)LQ(D) = O(tﬁ), t— 0. (24)

This identity and (23) yield

/ AT (2, 11) / VW (. )2 de

= (0, 1)+t

N —

(EQ(t)\IJOa \IJO) Loy@) — (\1117 L4 (t)\IIO) Lo(O) S -

that proves Assumption (A2).

As in the case of equation (14), one can construct the asymptotics for the solution to
problem (15) by the multiscale method. It gives that ®; = O(t%—b) in Ly(O)-norm. This
identity and (24) lead us to the formula

—As + (Re (91 — \111)7Re£1\110)L2(D) :/d:c\lfg(xnﬂ) / VWi (2, €)% dé + O(tﬁ)

0 (0,1)n+1
1
>§/dxlllg(mn+1) / |V§W1($>§)|2d§
0 (0,1)n+1

for sufficiently small ¢. This, Assumption (A3) is satisfied.

Since the functions Wy, Wi are real-valued, for each real-valued function v € W3(0O)
the functions £, (t)u, Lo(t)u are real-valued. This ensures the fourth assumption in (Borisov,
2017).

Thus, we can apply the general results in (Borisov, 2017) to our model and it leads us to
Theorems 1, 2, 3, 4.
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4 Conclusion

One of main aims of the present paper is to show that the general results obtained previously
in [1] can be also applied to certain singular perturbations. The main tool is to employ a
non-unitary transformation of the operator, in fact, a certain mutliplication operator. This
operator is to be introduced in such a way to remove the singular perturbation from the
operator and replace it by a regular one. This approach was succesfully realized in [2| and we
show that it works perfectly for our case as well. And as our main results show, the considered
perturbation by a fast oscillating potential is negative in the sense that it shifts the spectrum
down.
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YVIK 512.56, 512.57

CJI0>)KHOCTBH penieToK KBa3MMHOT000pa3uin
JJIs1 KJ1accoB JudpepeHnMaIbHBIX I'PYIIIIONI0B

Jlynak C.M., nokropant, EBpasuiickuit narmonaibubiiit yuusepcurer um. JI.H. ['ymuiena,
r. Acrana, Pecniybiuka Kasaxcran, +77787149316, E-mail: sveta lutsak@mail.ru

B pabore BBIIOJHEHO UCCIIEIOBAHUE CJIOXKHOCTU CTPOEHUS PEIIETOK (OTHOCHTEIbHBIX) KBAZUMHO-
roobpasuit st KIaccoB AudDEPEeHIINATHBIX TPYIIIONI0B. BOIIPOC 0 TOM, ITO CUMTATDH CJIOXKHO-
CTBIO PENIeTKU KBa3WMMHOTOOOpA3nili 1 KaKue PEIeTKH KBa3UMHOT00OPa3uil sIBJISTIOTCS CJIOXKHBIMEI
COIJIACHO TOI WJIM MHON Mepe CJIOKHOCTH, & KaKWhe - HeT, U3ydaJiCsl MHOIMMHU aBTOpaMU. XOpOo-
IO W3BECTHBI JIBE MEPbhI CJOXKHOCTU CTPOEHUsI PEIIETOK KBA3UMHOTOOOPa3uil: MPPalnoHaJIbHOCTD
(HEBBIYUCIMMOCTH MHOYKECTBA BCEX UX KOHEUYHBIX HOJPENIeTOK) U (J-yHUBEPCAIbHOCTD. Vpparnumo-
HAJIBHOCTD PEIIeTKH KBa3WMHOroOOpa3uii 03HAYAET, YTO HE CYIIECTBYET aJITOPUTMA, KOTOPBIA 1O
3aJIAHHOM KOHEYHOI PEIeTKe OIPE/IeIsT Obl, BJOKIMA 9Ta PEIIeTKa B PACCMATPUBAEMYIO PEIIETKY
KBa3MMHOroobpa3uii uiu Her. JIpyrasi Mepa CJIOXKHOCTU CTPOEHUsI PEIeTOK KBAa3WMHOI000pasuii
BBIPAYKAETCsI MIOHATHEM (J-YHUBEPCAJBHOCTH. DTO 3HAYUT, YTO PEIIeTKa KBA3UMHOTO00PAa3uil st
JIF000T0 KBA3UMHOT000pa3usi KOHEYHOW CUTHATYPBI sIBJIETCSI TOMOMOPMHBIM 00pa30M HEKOTOPOit
TIOZIPEIIETKN PACCMATPUBAEMOit ()-yHUBEPCATLHOM peImeTkn KBa3uMHOroobpasmii. /IBa roga Hasat
ObLIA YCTAHOBJIEHA CBSI3b MEXK/Ly UPPAIMOHAIBLHOCTHIO U (J-YHUBEPCAJIHHOCTHIO U TOCTABJIEHA ITPO-
6s1ema. BepHo ju, 9o j1r0060ii (Q-yHUBEpCaJbHBII KJIacC CUCTEM (DPUKCHPOBAHHOM CUTHATYPBI COEP-
JKAT UPPaIMOHaJIbHBIN mogkaacc? CyimecTByer jiu He (Q-yHUBEPCAJIbHBIN KJIacC, HO, TEM He MEHee,
SIBJISIIOIIUIACS MPPAIMOHATBLHBIM? ABTOPOM JTOKa3aHa BBIOJHUMOCTD HETPUBHAIHLHOIO TOXKJIECTBA
Ha peIeTKax KBa3MMHOrooOpasmii Jjisi KIaccoB audOEepeHITNATHbIX TPYIIONIOB. YCTAHOBJIEHO,
9TO CYIIECTBYET KOHTHHYYM HPPAIMOHAIBHBIX KJIACCOB AUM@EPEHITNAIHBIX TPYIIOUIOB, HE siB-
JISIOIIAXCSL (Q-YHIBEPCATIBHBIMU.

KurroueBbie cjioBa: pelerka KBa3sMMHOI00Opas3uii, UPPAIMOHAJIBHOCTD, (J-YHUBEPCAJIBHOCTb.

duddepeHnnaaabl rpynmnouaTep KacTapbl YIIH KBa3sUKeNOeiiHe TOpJiapablH Kypaeaiiri
JIynmak C.M., nokropant, JI.H. I'ymunes arsiamarst Eypasus yaTTeIK yHUBEPCUTETI,
Acrana k., Kazakcran Pecriybimkacer, +77787149316, DurekTpor bk, momTa: sveta lutsak@mail.ru

2Kymbicra muddepeHmanapl rpynmonaTep KJAACTaphl YINIH KBAa3WKONOeiiHe TOPJIapIbiH, Kyp-
Jestiirine (CasbICTBIPMAJIBIFBIHA) 3epTTey 2Kacasubl. Mocese KBasukenbeiine TOPJIADIbIH Kyp-
JIeTLTITI e HeHi caHay caHay Kepek, »KoHe KBa3WKeIIOeiiHe TOPIap IblH KaChICHIH KYPAeTiTiKTIH
COJT HeMece bacKa eJIIeMiHe ColKec Kyp/aesi O0/IbII TabbLIa IbI, aJl KAHChLIaphl KYP/Iesi eMec OOJIbII
TabBLIATHIHBIH KOIITEreH aBTopjap 3eprrereH. Kpasukenbeiine Topap Kypesiiridig exi eJiire-
MiH KakChl 6l1eMi3: UppanuoHaIIbIFbl (6apJIbIK TOMEHT] TOPJIAPHI KUBIHTHIFBIHBIH, €CernTe/IMeii-
Tini) koHe Q-oMGebanThirbl. KBasukenteiine TOpJIApIbIH, UPPAIUOHAJIBIFBI, TAICHIPBLIFAH COHFDI
TOPBI OOMBIHIITA OCHI TOP KAPACTHIPBLIBIIL 2KATKAH KBA3UKOIIOEHe TOPJIAPBIHA, CAJIBIHATHIHBIH AHbI-
KTaliThIH aJrOPUTMHIH KOK jereHi. KBasukernbeiiHe Topjap Kyplesiiiridiy exinmn esimemi Q-
oMbebanThIFbl YFbIMbIMeH Olaipiieai. OJ1 KBa3ukerOeiiHe TOPbl COHFbI CUI'HATYPACBIHBIH Ke3 KeJl-
reH KBa3WKeNOeHHe I YImiH KapacThIPBLIBII YKATKAH KBa3WKOIOeiiHe TOP/bIH (J-oMOeOanThIFbI
Kaiicel 6ap TeMeHTi Topbl TOMOMOPMTHI Oeitte OoJibi TabbLIa bl mereHi. OchlmaH eKi KbLT OYpPhIH
UPPAIUOHAJIIBIK TIeH (J-0MOeOANTHIFBI APACHIHIATBI OAMIAHBICHI AHBIKTA/IBI 2KOHE MOCeJIe KOTePi-
ni. Benrinenren curHarypaHbl XKylienepiHid Ke3 KejreH (Q-oM0eball KJiachl UPPAIMOHAJIBIK, TO-
MEHT1 KJIaCchblHa ue OoJiFaHbl JIyphic na? (Q-ombedar GoJIbIn TabbIIMANRTHIH, Oipak, HPPAIHOHAIIEI
GoJibit TabbLIATHIH Kitac 6ap ma? JluddepeHnuaib rpyInonIrep KaacTaphl YIIiH KBa3UKeOeii-
HEJIK TOPJIapPBIHIA TPEBUAJILI €eMeC Telle-TeHJITHIH OPbIHIAJIATBIHBIH /e eI, (Q-oMOebanThIK,
60JtbITT TAOBLIMANTHIH MM QEPEHITNANIBI TPYIIOUITEPIIH, HUPPAIMOHAJIBIK, KJIACTAPBIHBIH KOHTHU-
HYyMBI Oap OOJIFAHBI aHBIKTAJIIBI.

Tvyiiia ce3aep: kBa3ukelbeliHe TOP, UPPAIMOHAJJIBIFBI, (J-oMOeDAIITHIFHI.
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The complexity of quasivariety lattices for the classes of differential groupoids
Lutsak S.M., PhD student, the L.N. Gumilev Eurasian National University,
Astana, Kazakhstan, +77787149316, E-mail: sveta lutsak@mail.ru

In this work we explore the complexity of structure of (relative) quasivariety lattices for the
classes of differential groupoids. A question, what is the complexity of quasivariety lattice and
what quasivariety lattices are complex according to this or that measure of complexity and which
are not, studied by many authors. Two complexity measures of the structure of quasivariety lattices
are known: unreasonability (non-computability the set of all finite sublattices of the quasivariety
lattices) and @Q-universality. Unreasonability of the quasivariety lattice means that there is no
algorithm which would determine by the given finite lattice, this lattice is embeddable into the
considered quasivariety lattice or not. Other complexity measure of the structure of quasivariety
lattices is expressed by the concept of Q-universality. It means that the quasivariety lattice for
any quasivariety of finite signature is a homomorphic image of some sublattice of the considered
@-universal lattice of quasivarieties. Two years ago it was established a connection between
unreasonability and @-universality; it was also posed the following problem. Does any (-universal
class of algebraic structures of a fixed signature contain a unreasonable subclass? Is there a class
of algebraic structures which is not Q-universal but which is nevertheless unreasonable? We find
a non-trivial identity holding in quasivariety lattices for the classes of differential groupoids. It is
proved that there are continuum many unreasonable classes of the differential groupoids which are

not Q-universal.
Key words: quasivariety lattice, unreasonability, Q-universality.

1 BBenenmne

O/tHO#T W3 M3BECTHBIX MPOOJIEM YHUBEPCAIBHON a/jreOpbl U TEOPHUH PEIIETOK SABJISIETCS BO-
[IPOC O TOM, KaKHe PeIeTKH M30MOP(QHBI pelieTkaM KBa3suMHOTroobpasuili. DTa mpobieMa
6buta moctasiena B 1945 romy I'. Bupkrodowm (Birkhoff, 1946: 310) u, nesaBucumo, B 1966
rony AWM. Masbuesbim (Masibries, 1968: 217) u sBiisiercsi aKTyaJIbHON [0 HACTOSIIEE Bpe-
Ms. OnncaHue pereTok, n30MOPMHBIX perreTkaM KBa3sUMHOTOOOpas3uii, MOIyIeHO I Psjia
KOHKDETHBIX KJIACCOB PEIeToK (Hampumep, Jist ajrebpandeckux TodedHbix pereTrok (Iopoy-
HOB, 1999, 294-299), 1151 KOHEUHBIX TUCTPUOYTUBHBLIX peretok (Tywmanos, 1983: 168-181)).
Haxox nenne perrenust mpobsiembl bupkroda-MasibiieBa B camoii o0I1eil ee IOCTaHOBKE IIPE/I-
CTaBJIAETCA UCKJIIOIUTE/IHHO CIOXKHON 3a1adeil. Y TBePKIAaTh 9TO IO3BOJIAET PsiJl Pe3yJIbTaTOB
0 CJIO}KHOCTH CTPOEHHSI PEIIeTOK KBA3UMHOT000pas3uii, oIy YeHHbIX K HACTOAIIEMY BPEMEHH,
cM. (Adams, 2004: 357-378), (Nurakunov, 2012a: 3, 10-12, 14), (Hypakysos, 2014: 395-399),
(IIeuaedekn, 2015: 392, 393-395), a rakxke ([opbynos, 1999: 271-274, 291-300). Tem ne me-
Hee, nusydenue pobsembl Bupkroda-MaJibiieBa Jijisi KOHKPETHBIX KJIACCOB areOpamdecKux
CHUCTEM IIPEJICTAB/IsIeT NHTEPEC W 3aC/IyKUBAET BHUMAaHUSI.

B nacrosmeit paboTe MpoI0/KEeHO M3yUeHHe CI0XKHOCTH CTPOEHUS PEIIEeTOK KBA3MMHO-
roobpasuit. O6GbEKTOM UCCIIEJ0OBAHUS SIBIISIFOTCS PEIIETKN (OTHOCHTEIBHBIX) KBA3MMHOT000-
paswuii Jiisa KjaaccoB auddepeHIua bHbIX IPYIIIIONIOB, & IPEJIMETOM UCC/IEIOBAHUS — CJIOXK-
HOCTBH 9THX PENIeTOK, KOTOpas XapaKTepPU3yeTcsl ¢ Pas/IMIHbIX TOYEK 3peHusi. A MMeHHO,
pPaccMaTpPUBAIOTCS JIBE MEPBI CJI0YKHOCTH CTPOCHHS PENIeTOK KBAa3UMHOTOOOPa3uil: HPPaIo-
HAJIBHOCTD (MJIM HEBBIYUCIMMOCTH MHOXKECTBA BCEX UX KOHEUHBIX MOJIPENIETOK) U ()-yHUBEp-
CAJIbHOCTb.

Pemerka kBazumuoroobpasmit Lq(K) mis kinacca K anrebpandeckux cucrem (bukcupo-
BAHHOI CUTHATYPHI HA3BIBACTCA UPPAIMOHAJILHOM, €C/I MHOXKECTBO BCEX KOHEUHBIX I10JIpe-
meToK perieTky KBazumuoroodbpasmit Lq(K) meBbranciimmo, T.e. He cyliecTByeT aaroputMa,
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KOTOPBII 110 3aJIaHHON KOHEYHOI PpeIeTKe Ompejiesidsl Obl, BJIOXKMMA dTa PeIieTKa B pac-
cMaTpuBaeMylo perierky Kpasumuoroobpasmii Lq(K) nmim ser. B srom ciyuae cam Kiacce
K toxke Oyem Ha3bIBATH MPPAINMOHAIBLHBIM. DTa KOHIEHIUS CJIO0YKHOCTU CTPOEHUS pere-
TOK KBazuMHOroobpaszuit Oblia BBegeHa K. Xeppmanunom B 2007 romy u pasBuTa B paboTax
A.M. Hypakynosa (Nurakunov, 2012a: 1-17), (Nurakunov, 20126: 391-393), (HypaxkyHos,
2012: 480-482), (Hypakynos, 2014: 395-399). [IepBbie npuMepbl HpPAIMOHATBHBIX KBA3UM-
HOrooGpasuii (a MMEHHO, KBA3UMHOIOOOPa3usi YHAPOB M TOUYEYHBIX abesIeBbIX DY) ObLIN
nocrpoenbl uM ke B paborax (Nurakunov, 2012a: 3, 10-12, 14), (Hypakynos, 2014: 393, 395—
399). CymecrBoBanue UPPAIMOHATBHBIX KBA3UMHOIOOOPA3Kil TOBOPUT O TOM, YTO PEIIeTKH
KBa3MMHOI000pa3uil MOI'YT UMETh UPE3BBIYANHO CJIOXKHOE CTPOCHHE.

Jlpyrasi Mepa cJI0KHOCTH CTPOEHHS PEIIeTOK KBa3suMHoroobpasuii 6blira Beegera M.B. Ca-
mpoM B 1985 1. B pabore (Sapir, 1985: 172) u BeIparkaeTcs moHATHEM ()-yHUBEPCAJTBLHOCTH.
Cormtacao M.B. Canupy, kBazumuoroodbpasue K siBiistercst ()-yHUBEpCATBHBIM, €CJIN JIJIS JTO-
6oro kBaznmuoroobpasust K’ koneunoii curnarypsr pemerka Lq(K') siisiercs romoMopdHbIM
obpazom HekoTopoii opermerku B perrerke Lg(K) (Sapir, 1985: 172). B sTom ciryuae pemier-
ka kBaszumuoroobpasmii Lq(K) rakzke HasbiBaeTcst (Q-yHUBEPCAILHOIT; OHA HE YI0BJIETBOPSIET
HUKAKOMY HETPUBUAIHLHOMY PerneToqHoMy Toxk1ecTBy. Celiuac M3BECTHO OYU€Hb MHOIO Pa3-
JIMIHBIX ()-YHUBEPCAIbHBIX KBA3NMHOTO0OPA3Mii U IHMC/IO TAKUX IPUMEPOB MTOCTOSTHHO PACTET,
cM. 0630pHyto pabory (Adams, 2004: 357-378), a rakxke (Fopbynos, 1999: 271-274).

Kitacent (kBazumuoroobpasusi) guddepeHiuaibabix IPYHIONIOB y3ydaiuch B pabore
(Schwidefsky, 2014: 1111-1117), cm. Takxke paborst A.B. Kpasuenko (Kravchenko, 2008: 11—
17), (Kpasuenko, 2009: 26-39), (Kpasuenko, 2012a: 89-99), (Kpasuenko, 20126: 201-207).
HuddepennmaabHbIM IPYIIIONIOM HA3BIBACTCA ajaredpa ¢ 0JHOi OMHAPHON oneparueit, yio-
BJIETBOPAIONIAs TOXKIECTBaM (CHMBOJI - 0003HAYAET GUHAPHYIO OEPAIUIO):

1. Vo [z -2 = 1]
2. Ve Vy VeVt [(z-y)-(z-t)=(x-2) (y-1t)]
3. Ve Vy [z (z-y) =z

B pa6ore (Schwidefsky, 2014: 1116) 66110 MOKa3aHO, UTO CYIIECTBYET UPPAIMOHAIBHbIH KJIace
K nuddepennnaabHbix rpymnonios, a B padore (Kravchenko, 2008: 13) mokazana Q-yHusep-
caJbHOCTD Kiacca juddepeHnmaababix rpynnonaos. Takxke, B pabore (Schwidefsky, 2014:
1121) 6buto gokasano, uro kiacc K Bcex cucTeM CHUTHATYDBI 0 SABJSETCs (Q-YHUBEPCATIb-
HBIM TOTJIA ¥ TOJIBKO TOIJI&, KOTJ@ OH COJEPXKUT upparnuoHabubiil mojgkiaace K') T. e rakoit
nozkaace K’ aro MHOXKeCTBO Beex KoHeUHbIX mojperierok perterku Lq(K') mesbrancinmo.
Taxum obpazoM, ObLIa yCTaHOBJIEHA CBA3b MEXKJIy JIBYMS PACCMOTPEHHBIMU BBLIIIE MEPAMU
cioxkHOCTH. Besencue dero, BosHuUKIa crefyiomas mpobiema (Schwidefsky, 2014: 1124),
(IIeugedexu, 2015: 395). Bepho s, aro Jso6oii Q-yausepcanbhbiii Kiace K cucrem duk-
CUPOBAHHON CUTHATYPBI COAEP:KUT UPPAIMOHATLHBIN mogkaacc! CyIiecTByeT Jin UPPAIO-
nasibHbI Kitace K, ne apistomuiicss Q)-yuuBepcaabubiM? OTBeT HA MEPBBIN BOIIPOC ObLT JIaH
B pabore (IIIBunedceku, 2015: 392).

ABTOpPOM Hali/IeHbI TPUMEPHI He (J)-YHUBEPCATbHBIX KJIACCOB aredpandecKux CUCTEM, JIJIs
KOTOPBIX MHOYKECTBA BCEX KOHEUHBIX ITOJPEINTETOK X PENIETOK KBA3MMHOI00Opa3mil HEBBIUHC-
JIUMBI. A IMEHHO, JIOKa3aHO CYIIECTBOBAHUE KOHTHHYYMAa HPPAIMOHAIBHBIX KJIACCOB Jindde-
PEHITUAJILHBIX I'PYIIIONIOB, He SABJISIONUXCH ()-yHUBEpCATbHBIMU, CM. TEOPEMBI 2 U 3.
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2 O630p JuTEpaTypbl

Bompoc o ToM, Kakmue pemerkn n30oMOpdHBI peleTKaM KBa3HUMHOro0Opasmil, IocTaBIeH B
paborax (Birkhoff, 1946: 310), (Masbriies, 1968: 217). B nacrosiiiee BpeMs 9Ty npobJiemy Ha-
3bIBaIOT 1pobsieMoil Bupkroda-MasiblieBa; pe3yabrarbl 1 00CYKJI€HNUs, KacaTeJIbHO JIAHHOM
npobsiembr, cM. B (Adams, 2004: 357-378), (IIeumedcku, 2015: 382-383, 393-395), (Lopby-
Hos, 1999: 271-274, 291-300).

N3y4ennio cBOACTE pemeTok, n30MOPQHBIX perieTKaM KBa3uMHOroobpasuii ajaredpande-
CKHUX CHCTEM, ITOCBAIIEHO OI'POMHOE KOJIMIeCTBO paboT, cM. bubsmorpaduio B HACTOsIIEH pa-
6ore u B (Adams, 2004: 372-378), (IIIsunedcku, 2015: 382-383, 395-398), (T'opbyros, 1999:
339-365). Cpean Hux MOKHO oTMeTHTH padoThl A.M. Masbiesa (Masbues, 1970: 385), T
[pernepa (Gratzer, 1978: 415-417), B.A. T'opoynosa (I'opoynos, 1995a: 142-168), (FopOy-
HOB, 19956: 369-397), (FopbyHos, 19958: 646-666), (lopbyHos, 1999: 349-351), B.1. Tyma-
noBa (Tymanos, 1983: 168-181), (Topbyros, 1982: 12-44), M. Anamca u B. /Ize6sxa (Adams,
2004: 357-378), (Adams, 1994a: 1053-1059), (Adams, 19946: 181-210), (Adams, 1994s: 15—
28), (Adams, 2001: 253-283), (Adams, 2002a: 7-11), (Adams, 20026: 333-356), M.B. Ca-
mrpa (Sapir, 1985: 172-180), A.M. Hypakynosa (Nurakunov, 2012a: 1-17), (Nurakunov,
20126: 391-393), (Nurakunov, 2012s: 167-179), (Hypakynos, 2012: 480-482), (HypakyHos,
2014: 372-400), A.B. Kpasuenko (Kravchenko, 2002: 311-325), (Kravchenko, 2008: 11-17),
(Kravchenko, 2016: 388-394), (Kpasuenko, 2001: 113-127), (Kpasuenko, 2009: 26-39), (Kpa-
BueHKo, 2012a: 89-99), (Kpasuenko, 20126: 201-207), M.B. IlIsugedcknu (Schwidefsky, 2014:
1099-1126), (IIsunedcku, 2015: 381-398), (Cemenona, 2012: 1111-1132) u apyrux.

B macrosiiee BpeMsi CYIIETBYET HECKOJIBKO IIOJIXOJIOB K HOHATHIO CJIOKHOCTH PEIIEeTOK
kBazuMHoroodpasuii. [loustue ()-yHuBepcabHO# penieTku KBa3UMHOTOOOpa3uil BBEJ/IEHO B
pabore (Sapir, 1985: 172), re Tak:ke OblIa JOKa3aHa (Q-yHUBEPCAJIBHOCTh KBA3UMHOIO0ODa-
31, TOPOZKIECHHOTO OJIHOMN HOMyrpymoil. IIpuMeps! (Q-yHUBEpCATbHBIX KJIACCOB aaredpamde-
CKHX CHCTeM MOXKHO HaiiT B paborax (Adams, 2004: 357-378), (HIsumedceku, 2015: 393-395),
(Adams, 1994a: 1053-1059), (Adams, 2001: 253-283), (Adams, 20026: 333-356), (Kravchenko,
2002: 311-325), (Kravchenko, 2008: 11-17), (Hypaxynos, 2014: 372-400), (Schwidefsky, 2014:
1124), (Sheremet, 2001: 193-201), (Fop6ynos, 1999: 271-274) u npyrux. B pabore M.E. A nam-
ca u B. JIzebsika (Adams, 1994a: 1056) HaiigeHbl 10CTATOUHBIE YCIOBHS ()-YHUBEPCATBLHOCTH;
5TH yeJoBus mosydmin 0b6obmienune B pabore (Illeunedeku, 2015: 391). Kpome Toro, 6bi-
Jla yCTAHOBJIEHA B3aMMOCBS3b MEXKJIy CHIHATYDOHl o u HaimdanmeM y kiacca K(o) Becex cu-
cTeM STO CUIHATYPBI CBONCTBa (Q-yHUBepcasibHOoCTH. A mMmenno, kiacc K(o) saBiasgercs Q-
YHUBEPCAJIBHBIM TOIJIA M TOJBKO TOIJIA, KOIJa 0 COAEPXKUT JINOO 110 KpaiiHei Mepe OuHapHbIi
NPEJIMKATHBIN CUMBOJI, JINOO 110 KpaitHeil Mepe yHapHBIH (DYyHKIIMOHAIBLHBIN CHMBOJI, JITOO O
SBJISIETCsI, 110 KpaiiHeil Mepe, c4eTHOii, cM. pykormch B. /I3ebsika (Dziobiak, 1997: proposition
4.4) u pabory (Schwidefsky, 2014: 1121-1123).

[Tousitrie uppanuoHaabHON pemerkn jgano B pabore (Nurakunov, 2012a: 2). ITpumepsr
KJIACCOB, JII KOTOPBIX MHOXKECTBA BCEX KOHEUYHBIX IIOJIPEIIETOK WX PENIeTOK KBA3UMHO-
roobpasuii HEBBIYUCIUMBI, ObLIH MOCTpoeHbl B paborax (Nurakunov, 2012a: 3, 10-12, 14),
(Nurakunov, 20126: 391-393), (Nurakunov, 20128: 168-170), (Hypaxynos, 2012: 480-482),
(Hypakynosn, 2014: 393, 395-399), (Schwidefsky, 2014: 11101111, 1116-1117, 1119-1120),
(Cemenosa, 2012: 1129-1131). Baanmocssss Mexkty Q-yHuBepcaibHocThIo Kitacca K (o) Beex
CHCTEM CUTHATYPBI 0 U CYIIECTBOBAHMEM Y HETO MPPAIMOHAILHOIO TOJIK/IAacca YCTaHOBJIEHA
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B pabore (Schwidefsky, 2014: 1121).

Bormpocsr o Tom, BepHO Jint, uTO J1t000# (Q-yHUBEpCcasbHbI Ki1ace K cucrem ukcuposan-
HOW CUTHATYPBI COJIEPYKUT MPPAINOHATBHBINA TOJIKIACC; U O CYIIECTBOBAHUY MPPAIOHAb-
Horo kKiacca K, He siBjstionierocs (Q-yHuBepcasibHbIM, ocTaBienbl B paborax (Schwidefsky,
2014: 1124), (IIsugedceru, 2015: 395). IomoKuTe bHBIN OTBET Ha MEPBLIH BOIPOC IS MO~
ITH BCEX M3BECTHBIX K HACTOSINEMY MOMEHTY (J)-YHUBEPCAJIbHBIX KBA3UMHOIOOOpa3nii JaH B
pabore (IIIsumedcku, 2015: 392).

Kiacent quddepenimaibibix Ipynmnonsio paceMarpusajiuch B paborax (Schwidefsky,
2014: 1111-1117), (Kravchenko, 2008: 11-17), (Kpasuenko, 2009: 26-39), (Kpasuenko, 2012a:
89-99), (Kpasuenko, 20126: 201-207). Nmeercs pesyibrar o cymecrBoBanun Kiacca K aud-
depeHImaAIBHBIX TPYIIIOUIOB, /s KOTOPOIO MHOYKECTBO BCEX KOHEYHBIX IOPENIeTOK pe-
meTkn kBasumuoroobpasmuit Lq(K) wesbrancammo (Schwidefsky, 2014: 1116-1117). Q-yrusep-
caJIbHOCTD KJiacca uddepeHnnaibHbIX TPYInonIoB qokasana B pabore (Kravchenko, 2008:
13). Takum 06pa3oM, BBIIOJHEHHBIH 0030p OIMYOJMKOBAHHBIX HA CETOHSINHUA JEHb cTaTei
(M ApYrUX MCTOYHUKOB, CM. O6ubauorpaduio K HACTOAINEH paboTe) 10 TeMe HCCIIe0BAHMS
CBUJIETE/ILCTBYET 00 OTCYTCTBUU B U3YUEHHOI uTepaType (pakTa O CyIeCcTBOBAHUN UPPAIi-
OHAJIbHBIX U OJTHOBPEMEHHO He ()-yHUBEePCaIbHBIX KJIaCCOB InddepeHITnaIbHbIX TPYIITONIO0B.

OTmernM TakzKe, 9TO HETPUBUAILHOE TEOPETUKO-pelieTouHoe Toxaectso H,, n € Z7
6110 paceMoTpeHo B pabore (Semenova, 2003: 554, 556).

3 Marepuaj nu MeTOoAbI

Hamomuum HEKOTOPBIE OCHOBHBIE TOHATHSA U OOMIEIIPUHATHIE 0003HAYEHUS U3 TEOPUH PeIIie-
TOK U YHUBEPCAJIbHOM aireOpbl. 3a BCeMU MOHITUSIMU, 3/I€Ch HE OIIPEJIEICHHBIMU, MbI OTCHLIA-
em unrarens K kauram B.A. Topbynosa (Fopbynos, 1999: 1-69, 93-109, 125-138, 205-300),
A. Masnbnesa (Masbies, 1970: 9-88, 129-137, 183-189, 267-299), cm. takxke A.B Kpa-
suenko (Kpasuenko, 2011: 7-73), S. Burris, H.P. Sankappanavar (Burris, 1981: 5-110), G.
Grétzer (Grétzer, 1978: 15-52).

st mvzkHeil mostypererku ¢ Haunbosibimm 3jementoM £ = (L; A; 1) obosnauum depes
SA(L£) perierky Bcex HUXKHHUX TIOJIOIyperteTok B L, comepxkammx 1p. s yo6bix aByx
nosnosypemnietok Lo, Ly € Sy(L) muoxectBo Lo+ Ly = {lg Aly | lo € Lo, Iy € Ly} siBng-
eTcs HanmMeHbIell HuKHell oo ryperterkoit B L, comepxkareit Ly U Li; T.e. pereToIHbiM
obbenuaerneM Lo u Ly B Sp(L).

Bce paccmaTpuBaeMble KIacchl aaredbpandeckux cucreM Mbl cautaeM aberpakTabivu (Fop-
6ynos, 1999: 6), (Masbres, 1970: 207), 1. e. 3aMKHY TBIMI OTHOCHTETHHO n30MOpdu3mMoB. O60-
saaunM depe3 K (o) kimace Becex cucrem curaarypsl 0; depe3 S(K) kmace Beex cucrem n3 K(o),
msomopdubix noacucremam cucreM u3 K (Topbyros, 1999: 24). Ilycrs K € K C K(o0).
Torpa K’ nassBaerca K-kpasmsksarmonansusiv, ecan K = K N Mod(X) aya mekoropo-
ro MHOXKECTBa Y. KBasuTOkKjecTB curHarypbl o (Lopbynos, 1999: 117). Ouesuno, K’ sB-
nstercst K-kBasmakpanmonaibubiv (K-kBasuMHuoroobpasuem min OTHOCUTEIbHBIM KBa3UMHO-
roobpasuem), Torna u Tosapko rorja, korna K' = KN Q(K'), rme Q(K') — nammenbiee
KBasnMHOroobpasue, comepzxkaiiee kiacc K’ (IIsumedceku, 2015: 384). MuoxkecrBo Beex K-
KBa3MIKBAIMOHAIBHDBIX TIO/IKJIACCOB, YIIOPSIOUECHHOE TI0 BKJIIOYEHUIO, 00pa3yeT MOJIHYIO pe-
IIETKY, KOTOpasi HA3bIBAETCs PEIIeTKON KBaszuMHoroobpasuii /s K wim mpocTto pereTkoit
OTHOCHUTEJIbHBIX KBazuMHOroobpasuii, korjga K Jjilerko BoccTaHABIMBAECTCS U3 KOHTEKCTA, U
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oboznavaercs Lq(K) (Fopbyros, 1999: 205), (Isugedcku, 2015: 384).

[Ipu mokazaTeIbCcTBE OCHOBHOI'O PE3YJIbTaTa UCHOIb3YIOTCA METObl YHUBEPCAJILHOM aJI-
reOpbl U TEOPUU PEIIeTOK: B YACTHOCTHU, METOJ IOCTPOCHHS KJIACCOB, 00JIaAI0NINX OIpe/ie-
JIEHHBIMU CBoOiicTBaMH, pa3BuThiii B paborax A.M. Hypakynosa (Nurakunov, 2012a: 1-17),
(Nurakunov, 20128: 167-179), (Hypakysos, 2014: 372-400), 1 TeopeTHKO-peNIeTOYHbIE Me-
Tozpl u3 pabor (Schwidefsky, 2014: 1099-1126), (Cemenosa, 2012: 1111-1132), (IlIsuaed-
cku, 2015: 381-398). Ham norpebyrorcst 0CTATOYHOE YCIOBHE HEBBIYUCIMMOCTU MHOYKECTBA
BCeX KOHEUHBIX MojperteTok januoii perterku (Hypakynos, 2014: 396, yreepxjenue 5.2),

U yTBEPXKJIEHHE O CYIeCTBOBaHMU Kjacca juddepeHnuaibabix rpymmonos (Schwidefsky,
2014: 1115, proposition 4.9).

JIlemma 1 (Hypaxynos, 2014: 396, ymeeporcdenue 5.2) [yemv L u F — mnoorcecmsa, nepsoe
u3 Komopuxr eviuucisumo. Ecau mroorcecmeo LNF nesvivucrumo, mo mmootcecmeo F maxorce
HEBBLYUCAUMO.

Bamernm, uro 3amuch A <, [[,cn An 03HauAET, uTO crucTeMa A ABIATCA MOIPAMBIM
npousBefenneM cemeiicrsa cucrem A,, n € N. Uepes w Mbl 0003HaYaeM MHOMKECTBO HATY-
PAJILHBIX YUCEL.

Teopema 1 (Schwidefsky, 2014: 1115, proposition 4.9) Ilycmwv KC,, — xoneunan nempusu-
asvras pewemxa oan asobozon € N C w. Tozda cywecmsyem kaace K dugdepenyuarvroir
epynnoudos, maroti wmo Lq(K) <, [T,cn SA(Ky).

JomosmurebHO, OyaeM HUCIOoJb30BaTh JBe JieMMbl u3 paborsl A.M. Hypaxynosa
(Nurakunov, 2012a: 13, lemmas 17, 18) o cpoiictBax pertetrok Sy (L), rue £, (s ao60ro
2 < n < w) — KOHEYHasl HUKHsIS MMOJIYPEIIeTKA ¢ HAKOOIBIIINM 3JIEMEHTOM THITA “KOPOHA.

Jlemma 2 (Nurakunov, 2012a: 13, lemma 17) Pewemxa Sx(L,) noonpamo nepasiogcuma
das 06020 2 < n < w.

JIemma 3 (Nurakunov, 2012a: 13, lemma 18) Pewemwka Sp(Ly,) 6aoocuma 6 Sx(Ly,) moada
u moavko mozda, Kozda n =m (das aobur 2 < n,m < w).

Takke Ham norpebyercs Jiemma (Semenova, 2003: 554, lemma 5.2) 0 BBITIOJTHUMOCTH OIIPE-
JIEJIEHHBIX HEPABCHCTB B PEIIeTKAX.

B cremyromiem myHkTe MbI JIoOKa3biBaeM OCHOBHBIE TeopeMbl 2 1 3. B Teopeme 2 yTBepxKia-
eTcsl CyIIeCcTBOBaHUE MpparuoHajibHoro Kiaacca K muddepennnaabHbIX IPYIIIONIOB, KOTO-
DBIil, TEM HE MeHee, He SBJIsIeTCs (Q-yHUBEPCAJIBHBIM. 3aMETUM, 9TO TeopeMa 2 JI0Ka3bIBAETCS
6e3 mpussieuenus metogoorun A D-kinaccoB. Cxema q0Ka3aTeIbCTBA TEOPEMBI 2 CJIe Ty OIIasl.
CragaJjia, UCIOJIB3ysT TeopeMy 1, MOKasbiBaeM, 9TO cymiecTByeT Kjiaace K muddepenimaib-
upix rpynnonios, Takoii uro Lq(K) <, [[,cn Sa(£y). Barem, ucnomssys sgemmy 1, ycra-
HABJIUBaEM, 9T0 3TOT Kjacc K dABjsgeTcs nppanuoHabHbIM, T. €. MHOXKECTBO BCEX KOHEUHBIX
noapererox penterkn Lq(K) mespranciumo. Janee gokaseisaeM, uto pemerka [ [ -y Sa(Ln)
VJIOBJIETBOPSIET HETPUBHAJIBLHOMY DeIeToIHOMY ToxIecTBY Hj (ompesesieno Huxke, B X0/1€ J10-
KazaTesbcTBa TeopeMbl 2). Torma, 3mo ToxkIecTBO Oy/Ier BbInonHAThCs 1 Ha penterke Lg(K),
IOCKOJIBKY TOKJIECTBA yCTONYIMBBI OTHOCHTEILHO Hepexojia K moacucremam (Maibies, 1970:
189). Caemoarensbho, kiaacc K He Gyner (Q-yHUBepCaJbHBIM, T.K. XOPOIIO H3BECTHO, UTO
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(-yHUBEpCAJIbHBIE PEIIETKA KBA3UMHOI000pa3nii He YI0BIETBOPSIOT HUKAKOMY HETPUBUAIb-
HOMY perrerouanomy ToxkaectBy (Fop6ynos, 1999: 273).

B Teopeme 3 yTBep:KiaeTcs cyliecTBOBaHME KOHTHUHYYMa HPPaIMOHAJIbLHBIX KjaccoB K
nuddepeHImaIbHbIX TPYIIONIOB, He SBIdoNuxcs ()-yaHuBepcaiababiMu. [Ipu mokasaresib-
CTBE 9TOI TEOPEMBI UCIOJIB3YETC (PaKT O TOM, UTO YHCJIO ITOJMHOYKECTB CHETHOI'O MHOYKECTBA,
SABJISIONIUXCS HEBBIYUCIUMBIMHI, KOHTUHYAJBHO; C YI€TOM KOTOPOT'O, YTBEPXKIeHNE TeOPEMBbI
3 Oy/ieT cJieJIoBaTh U3 TEOPEMBI 2.

4 PesynbraThl 1 00CyKaeHUE

Teopema 2 Cywecmeyem uppavyuonasvhut xaace K dupdepernyuarvrmr epynnoudos, ne
AsAAWUGCA Q-YHUBEDCANLHDIM.

JokazarensctBo Teopemsl 2. [Tycrs muokectso N C w \ {0, 1,2} mesbraucimvoe u {L,, |
n € N} — KIacc KOHEYHBIX HUKHUX TIOJIYDEIIeTOK ¢ HanbOJIBIIIM 3JIEMEHTOM THUIIA “KOPOHA
(em. puc. 1).

0

Pucynok 1 — “Kopona” L,,

CorutacHo Teopeme 1, nmpumenenHoit Kk kiaaccy {L£, | n € N}, cymecrsyer kinacc K aud-
depentmanbubix rpynnonios, Takoit uro Lg(K) <, [],cn SA(Ln).

Permerka Sy (L,,) moanpsiMo HepasaioKuMa J1jist JJ1060ro n > 2, corsiacHo jemme 2. Pemerka
SA(L,) Bnoxuma B Sy(L,,) TOrja u TOJLKO TOrJa, Korjga n = m (s Jobsix n,m > 2),
cormacuo jemme 3. Ilycrs L = {SA(L,) | n > 2} u M = {S\(L£,) | n € N}. Pemerka
SA(Ly) Broxuma [ [, .y Sa(£Lrn) B TOuHOCTH TOTIA, KOrsa m € N, 1, CIeJ0BaTeILHO, PeIleTKa
SA(Ly,) Broxuma B Lq(K) Torma u Tosbko torga, korga m € N, 1.e. Sy(L,,) € M. Torna,
M = L N S(Lq(K)). Bnaunt, pemerka Lq(K) TakoBa, 9T0 MHOXKECTBO BCEX €€ KOHCUHBIX
[OJIPENIETOK HEBLIYUC/IUMO, COTJIACHO JIEMMeE 1.

Haitee mokazkem, uro pemerka | [, -y Sa(Ly) yloBIeTBOPSET HETPHBHAIBLHOMY TOXKJIECTBY
H;. Ormernm, aro Toxkgecrso H,, 6110 paccmorpeno B pabore (Semenova, 2003: 554, 556) u
uMeer BUJL:

U=\ Viav \/ Wi

0<i<n-—1 0<i<n—2

rJie PEIIeTOYHBIE TEPMBI OT HEPEMEHHBIX X, L1, . . ., Ly, L, ..., L) OMPEJIETEHBI CJIE/YIOIINIM
obpa3oM:
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Up = Uy

Unn = Tn

Uipn =2, N (Uig10 V 25 4), 0<i<n-1

Vin = Vion, 0<i<n-—1
Viim = (2 A Uig1.0) V (1 A3l y), 0<i<n-1
Vijn =25 N (Vigrin V Tji), 0<j<i<n-—1
Win = Wion, 0<t1<n-—2
Wiin = @i A(@41 V @) A (Uiprn A (23 V 2705)) Vaiy,), 0<i<n—2
Wijn=2j AN(WijiinV $3~+1), 0<j<i<n-—2.

Ecmu n = 3, To ToxxaecrBo Hy 3anumercs Tax:
Us=\/ Visv \/ Wis
0<i<2 0<i<1

Wi
Us=VosVVigVVas)V(WosV Wigs),

rjae pemeToYHblie TePpMbl UMEIOT BU:

Us = Upg,

Ups =20 A (Ur3V2h),
Ups=x1 A (Usg V h),
U23 ) VAN (U373 vV .CE%),

)

U3,3 = T3.

%,3 = ‘/0,0,37

Voo = (o AUs) V (29 A 7).
‘/173 = ‘/170,37

Vies =20 N (VisVay),
Viig = (x1 A Us3) V (21 A 13).
Torma Vig = xo A (((x1 AUszs) V (21 A 2hy)) V).

Voz = Va3,

Voos =z A (V13 Vah),

Vors =1 A (VaosVah),

Vaos = (22 ANUs3) V (29 A 2%).

Torma Va3 = 20 A (1 A (w2 A z3) V (22 A 2)) V 2h)) V ).

WO,S = WO,O,?);
WO,073 = X A\ (]7’1 V 17/2) A <<U173 A (:1:0 V .’1,’/2)) V LE’l)
Wis=Wiggs,
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Wios =20 A (Wiag V),
Wiig = a1 A(xh Vas) A (Usg A (21 V) V ab).

O6o3HaUIM
V= VosVVigVVaz)V (WosV Wig).

Toryma Hs, BeIIOJTHUMOCTH KOTOPOT'O CJIEyeT NMPOBEPUTD, mpumMeT Bul: Us = V3.

CHauasa mokazkeM, 9To perrerka S, (L,,) st aroboro n € N yIoBIeTBOPIET TOXKIECTBY
Hj. Cornacuo (Semenova, 2003: 554, lemma 5.2), cyiejytoliue HepaBeHCTBa BIMOJTHSIIOTCS B
KazKJIoil pererke (n € Z71):

‘/z,nSUn7(0§7’§n_1>ﬂ VVz,nSUna(OSZSn_Q)
ECJII/IHZ?), TO W73§U3,(O§Z§2), Wl’3§U37(0§l§1)

Torya V3 < Us. Ocrasiocs nokasars, uro Us < V3. Bee nepemennbie (TepMbl) T, 1, T2, T3,
T, T4, xl WHTEpUPETHpYeM KakK IO/IOJIyPeNIeTKH “KOPOHLI” L, cojepKalie HanOoIbIInii
syemeHT 1p , — coorBercrBenno Xo, X1, Xo, X5, X, X}, Xi.

IIycTs pOM3BOJIBHO B3ATHI 9steMenT ag € Ly, \ {1z, } snexkur B Us. BamernM, 9to ecsn
B KadecTBe (g B34Tb HAMOO/BINMN 3jieMeHT 1, , To BKJodenne Us < Vi, oueBujHo, Oyiaer
BBITTOJTHATHCSI, TIOCKOJIBKY BCEe pacCMaTpUBaeMble MOANOIypemerkn "Kopoubl" L, comep:kar
lz, . B nambueitimem Bmecro ag € Ly, \ {1, } Oyuem ucnonbzosats 3anuch ag € Ly,.

Torma ag, ¢ OIHOI CTOPOHBI, JEXKUT B X, KOTOpas SBJIAETC MOIIOJIYPEIIeTKOi B L, a,
¢ apyroit croponsl, — B Uy 3 + X|. Ecin snement ay € L, nexur B Uy 3 + X, To HaiiayTCs
seMeHTHl 4 € Ups m by € X{, Takue uro ag = a3 A by. Ecom ap = a1 wm ag = by, 10
ap € (XoNUps) U (XoN X]). Takum obpazom, ag € L, aexur B V3, a, caeJoBaTebHO,
NPUHAJIEIKHAT V3.

Ecmm nepecevenne crporoe: ag = a1 Aby, ap < ay, ag < by, To u3 ycnosug a; € U, 3 cinenyer,
9TO JIEMEHT @7, C OJHOW CTOPOHBI, JIE?KUT B X1, KOTOPasl SIBJIAETCSI TTOJIIOJTY PEIeTKoi B L,
a, ¢ apyroit croponsl, — B U3 + XJ}. Ecim snement ay nexur B Us g + X)), To HaiiayTcs
9JIeMeHTEL ay € U3 u by € X, takue uto a3 = as A be. Ecimn a; = ag umm ay = by, TO
ay € (X1ﬂU273)U(X1ﬂXé). Toma, ecan ag € Xou ag = al/\bl, e a; € (XlﬂUZg)U(Xlr\lXé)
u by € X{, 10 ssiement ag € L,, nexut B V) 3, a, CIe/J0BATE/ILHO, IPUHAIEIKUT V.

Ecnm BHOBB nepecedenne crporoe: a; = ag Abs, a1 < ag, a; < by, To n3 ycnosug as € Uy,
CJIEJTyeT, UTO JIEMEHT (g, C OJHOW CTOPOHBI, JIEXKUT B Xg, KOTOPad ABJISIETCS IOJIIOJIYPe-
meTKoit B L,,, a, ¢ apyroit cropousl, — B X3 + X}. Eciu snement ay sexur B X3 + X3, 10
HafityTCs ss1eMenTsl ag € X3 u by € X}, Takne, 410 as = as A bs. Ecim ay = a3 nim ay = bs,
1o az € (X2 N X3) U (XoN XY). Torma, ecm ag € Xo u ag = a3 A by, tae by € X, aa; € Xj
ua; = as A by, 1€ ag € (Xo N X3) U (XaNXY), by € X5, 10 2sement ag € L, nexur B Va3,
a, CJIeJIOBATE/ILHO, IIPUHAJIICKUT V3.

Kora nepeceuenne crporoe: as = az A\ bs, as < asz, as < bz, mosyaum, 4to ag € Xg 1 ag =
Cll/\bl, riae bl € X{, aa; € X1 na = Clg/\bg, rae b2 € Xé, as € XQ n as = &3/\b3, Te ag € X3
u by € Xj. IlpencraBum sToT coydait Ha guarpamme. Ilomyanm nens ag — a; — ag —as — 1z,
(ap < a1, a1 < ag, as < ag) JymwmHbL 4 (CM. puc. 2), 4TO TMPOTUBOPEUUT TOMY, 4TO B “KOpOHE”
L,, AuHa MaKCUMAaJILHOM e paBHa 3.
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1z,

ao

Pucynok 2 — Ilosy4usimascd 1enb JJIMHBL 4eTbIipe B “Kopone” L
n

Takum obpazom, HepaenctBo Us < V3 mmeer mecto. CiemoBaTebHO, TOXKIecTBO Hg
BbonHsercs Ha Sy (L,) as moboro n € N. Torma [[,cn SA(L,) Toxe Oyner ymoierso-
psath Hj, mockosibKy TOXKIecTBa MyJIbTUILIHKATUBHO ycroiuuBbl (Masbues, 1970: 189). Sua-
qut, Hs O6ymer Beimosnmsarca n Ha Lg(K), HOCKOIbKY TOXKIECTBAa YCTOWIMBBI OTHOCHTEIHHO
nepexojia K mojcucremam (Mastbres, 1970: 189). Ussectro (Fop6ynos, 1999: 273), uro (-
YHUBepCAJIbHBIE PENIETKN KBa3MMHOT000pa3uil He yIOBJIETBOPSIIOT HIKAKOMY HETPHBUAJIHHO-
My perreTogHoMy ToxkIecTBy. [loaromy kinace K nuddepeHimaabHbIX TPYIIONIOB He Oy1eT
(-yHuBepcaJibHbIM. Teopema 2 joka3aHa.

Teopema 3 Cywecmeyem KonmuHyym uppayuonasvhus xaaccos K dupdepernyuarvnoir
2pynnoudos, ne ABAAMOUULCA Q-YHUBEPCANALHBIMU.

JloKazaTeLeTBO TeopeMbl 3. Y TBepzKIeHne JaHHON TeOPEeMBbI CIelyeT U3 TeOPeMbl 2 U U3
Toro dakra, aro unciao noamuoxkects N C w \ {0,1,2} cuernoro muoxkecrsa w \ {0, 1,2},
ABJISIONUXCA HEBLIUUACIMMbBIMY, KOHTUHYAILHO. TeopeMa 3 JI0Ka3ana.

B siureparype ecthb npuMepbl HpparoHaibHbX KiaccoB (Nurakunov, 2012a: 3, 10-12, 14),
(Nurakunov, 20126: 391-393), (Nurakunov, 20128: 168-170), (Hypaxynos, 2012: 480-482),
(Hypakynos, 2014: 393, 395-399), (Schwidefsky, 2014: 11101111, 1116-1117, 1119-1120),
(Cemenona, 2012: 1129-1131), ouenb MHOrO IPUMEPOB (Q-YHUBEPCATBHbBIX KJIACCOB ajredpa-
nuecknx cucreM (Adams, 2004: 357-378), (IIsumedcku, 2015: 393-395), (Adams, 1994a:
1053-1059), (Adams, 2001: 253-283), (Adams, 20026: 333-356), (Kravchenko, 2002: 311-
325), (Kravchenko, 2008: 11-17), (Hypakynos, 2014: 372-400), (Schwidefsky, 2014: 1124),
(Sheremet, 2001: 193-201), (Fop6yHos, 1999: 271-274); craBuicsi BONPOC, BICUET JIN HATIIHE
y KJlacca CBOfiCcTBa ()-yHHBEPCAIBLHOCTH €r0 MPPAIMOHAIBHOCTh, U Haobopor (Schwidefsky,
2014: 1124), (Isugedcku, 2015: 395). Teopembr 2 u 3, H0Ka3aHHbIE BBIIIE, YKA3LIBAIOT Ha
dakT 0 CyIIeCTBOBAHIY MPPAIMOHAIBHBIX PEIeTOK KBa3MMHOI000pa3uii, KOTOphIe, OJIHAKO,
He sIBJIAI0TCH ()-yHUBepcaabHbIME. TakuM 0Opa3oM, HallJIEHBI PEIIeTKN KBAa3UMHOT000Opa3uii,
KOTOPBIE, COTJIACHO OJIHON Mepe, ABJIAIOTCH CJIOXKHBIMU, &, COTJIACHO JIPYTO#l Mepe CJIOXKHO-
ct, — HeT. Pe3ynbrar TeopeM 2 u 3 NpeJICTABISIOT UHTEPEC JIJIs CIEIUAIUCTOB 110 TEOPHH
KBa3UMHOI000Pa3mii.

Becrauk KasHY. Cepusi maremarnka, Mexanuka, nadopmaruka Nel(93)2017



42 JIymak C.M.

5 3akJrroueHue

Bompoc o cioxkHOCTH CTpOEHUS MPOU3BOJIHBIX PEIIETOK, B YACTHOCTHU PENIETOK KBA3UMHOTO-
obpaswuit, n3yvasics MHOTUME aBTOpaMu (CM., Harpumep, bubsmorpaduio B HacTosimei pabore
u B (Adams, 2004: 372-378), (IIsunedcku, 2015: 395-398), (F'opbynos, 1999: 339-365)) u
oTyacTu sABjsgercs duaocodckum. e TeKuT rpanb MeXKy CI0XKHBIM U HECT0KHBIM? UTo
CYUTATH CJIOKHOCTBIO PEIeTKN KBa3UMHOrooOpasuii? XOpOIIo U3BECTHBI JBE MEPbI CJI0K-
HOCTH CTPOEHHs DPeNIeTOK KBa3MMHOrooOpasuil: ()-yHHBEpCAJIHLHOCTH W UPPAIMOHAIBHOCTD
(HEBBIYMCIMMOCTD MHOYKECTBA BCEX UX KOHEUYHBIX HojpenieTok). OTmernm, 4TO HAJIU4Yue B
pereTkax KBa3uMHOT000Pa3uil KOHTUHYYMa TaK Ha3bIBAEMbIX «ILJIOXUX» IJIEMEHTOB, T. €. dJIe-
MEHTOB, HE MMEIOIINX MOKPBITUI, TaKyKe TOBOPUT O CJIOYKHOCTU CTPOEHUS ITUX PEIIeTOK; B
9TOM CJIydae CyIIeTBYeT KOHTHHYYM IOJIKBA3NMHOTO00Pa3nit JAHHOIO KBa3HMHOT0000Pa3si
K, He nmMmeromux He3aBUCHMOro Oa3nca KBa3UTOXKIECTB OTHOcHTEIbHO K.

ABTOpPOM M3ydaeTcss BOIMPOC O CBS3U JIBYX CBOWCTB PENIETOK KBA3ZUMHOIOOODAa3mii, Xa-
PAKTEPU3YIONINX C PA3JIUMIHBIX TOUYEK 3PEHHs CJI0YKHOCTH CTPOEHUs] TAKUX perreTok. [lepsoe
u3 HUX, ()-YHUBEPCAJIbHOCTD, CBUJIETEILCTBYET O MAKCHUMAJILHON CJIOKHOCTH B TEOPETUKO-
PEIIETOTHOM CMBICJIE, 8 BTOPOE, HPPAIMOHATBLHOCTD (HEBBIYUCINMOCTD MHOYKECTBA BCEX KO-
HEYHBIX TIOJPEIIETOK PEIIeTOK KBAa3UMHOroo6pasuii), FOBOPUT 06 AIrOPUTMUIECKOl CII0KHO-
ctu. EcTecTBEHHBIM ITPEJICTABIIAETCSA BOIIPOC O CYIIECTBOBAHUU KJIACCOB, 00JIA IAIONINX OJIHIM
U3 9TUX CBOCTB, HO He obsasaronmx apyruM. Panee (IIsunedeku, 2015: 392) ycranosieHo,
YTO JIJIs IOUTHU JIIOO0Tr0 (J-YHUBEPCATHLHOTO KBA3UMHOT000Pa3usi MOYKHO HANTU UPPAITMOHA b
HBII TIOJIK/IACC U TIOCTABJIEH BOIIPOC O CYIIECTBOBAHUYU MPPAIIMOHAILHOIO KJIAaCCa, He sABJISIO-
merocst Q-yuusepcasnbubiM (Schwidefsky, 2014: 1124), (IIsunedceku, 2015: 395). ABropom to-
Ka3aHO, YTO CYIIECTBYET KOHTHHYYM KJIACCOB JTUM@epPEeHITNATbHBIX IPYIIION]IOB, TAKUX, YTO
PEIeTKN KBa3UMHOT000Pa3uil JIjIst TUX KJIACCOB SIBJISIIOTCS MPPAIMOHAIBHBIMU (T. € CJI0XK-
HBIMHU COIJIACHO OJIHON Mepe CJIOKHOCTHU), HO, [P 9TOM, HE SABJISIOTCS (J-yHUBEPCAJIbHBIMU.
Taxum 0O6pa3oM, yCTaHOBJIEHO, UTO, HAJUIUE YV PEIIeTKH KBA3UMHOIO00pa3nii Jjisi PacCcMaT-
PUBAEMbIX KJIACCOB OJIHOIO U3 YIMOMSIHYTBHIX BBIIIE CBOHCTB (& MMEHHO, HPPAIHOHATLHOCTH )
He sABJISEeTCs HEOOXOMMMBIM W JIOCTATOYHBIM YCJIOBHEM CJIOYKHOCTH PEIETKN COIVIACHO KOH-
neniun ()-yuusepcaiabuocTu. [losryuennbie pe3ybTaThbl UMEIOT TEOPETUYeCKUil XapakTep H
MOTYT OBITh IPUMEHEHDI B JAJILHEHIIINX UCC/ICIOBAHUAX B 00JIACTH YHUBEPCAIBLHON aareOphl.
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The numerical solution of the initial and boundary value problem for
one-dimensional nonstationary nonlinear Boltzmann’s
six-moment system equations with the Vladimirov-Marshak boundary
conditions

Sakabekov A., Dr. Sci.(Phys.-Math.), professor, Kazakh National Technical University after
K.I. Satpayev, Almaty city, Republic of Kazakhstan, +77772255722,
E-mail: auzhani@gmail.com
Tleuova G., Master Student, al-Farabi Kazakh National University, Almaty city, Republic
of Kazakhstan, +77715258453, E-mail: gaynyt@gmail.com

The Boltzmann equation is a complex integral-differential equation and the basis of the kinetic
theory of gases. It describes the behavior of a rarefied gas in space of time and velocity. It is used to
the study of electron transport in solids and plasmas, neutron transport in nuclear reactors, in the
tasks of remote sensing of the Earth from Space. The moment method is one of effective methods for
solution of the Boltzmann equation. The system of Boltzmann’s moment equations is intermediate
between kinetic and hydrodynamic levels of description of state of the rarefied gas and form class
of nonlinear partial differential equations. If particle distribution function will be decomposed into
an Fourier series on complete orthogonal system of functions, then Boltzmann’s equation will be
equivalent to an infinite system of partial differential equations relative to the moments of the
particle distribution function in the complete system of eigenfunctions of linearized operator. But
solving infinite system of differential equations impossible. Therefore, an approximate solution of
the initial and boundary value problem for the Boltzmann equation can be determined by the
moment method. This article describes the one-dimensional nonlinear nonstationary Boltzmann’s
moment system equations in the third approximation, which a hyperbolic system of partial
differential equations and contains six equations for the moments of the particle distribution
function. And formulates the statement of the initial and boundary value problem for the
Boltzmann’s moment system equations in the third approximation and shows the results of the
numerical solution with the Vladimirov-Marshak boundary conditions.

Key words: Boltzmann’s six moment system equations, Vladimirov-Marshak boundary
conditions, particle distribution function.

Baagnvmupos-Mapiak merTik maprrapbiMed BoJibiiMaHHBIH Gip eJiieMai ChI3bIKCHI3
aJITBI-MOMEHTTIK TeHJeyJIep »Kyieci YIIiH aJFalnKbI-IIeTTiK eCenTiH CaH/bIK, Irermimi
CaxabekoB O., ¢.-m.r.1., npodeccop, K.M.Corbaer arpiamarsr Kazak yITTHIK TEXHUKAJBIK, YHUBEPCUATETI,
Amvarer k., Kazakcran pecriybimkacst, +77772255722, E-mail: auzhani@gmail.com
Trneyosa T .H., marucrpant, Osi-Qapabu arbiagarsl Ka3zak yiITTeIK yHUBepcuTeTi, AiMaTh! K., Kazakcran
peciybiiukacel, +77715258453, E-mail: gaynyt@gmail.com

Bombpnman termeyi - xkypaeni mHTerpast-audepeHiman TeHaey KoHe Ta3IapIblH KHHETHKAJIBIK,
TEOPUSCHIHBIH HeTi3i. YaKbIT KoHe KBIIIAMIbIK OONBIHITA KEHICTIKTErl CHPeTITeH Ta3/blH KYHiH
cumnaTTaiiabl. KaTTe! /eHe KoHe M1a3MaJIarbl 9JIEKTPOHIAP/IBIH TaChIMAJIIAHYBIH, S/IPOJIBIK PeaK-
TOpJIap/Iarbl HEATPOHIAP/IBIH TAChIMAJJIAHYBIH KOHE FAPLIMITaH 2Kep/li KAIBIKTHIKTAH 3€PTTEY
2KYMBICTAPBIHIa KOJIJIAHBLIAIbI. BOIbIIMaH TeHJIeyiH ey iH TuiM Il oicTepiniy 6ipi MOMEHTTIK
omic 60sbIn TAabBLTAABI. BOIbIIMAH MOMEHTTIK TEHJEYJIEPiHiH »Kyileci cHpeTiireH ra3fblH KYitiH
CUTIATTAY/Ia KUHETHKAJIBIK »KOHe THIPOINHAMUKAJDBIK JTeHIeHIep i apaablFbIHIa KATKAH Jepoec
TYBIHBLIBI CHI3BIKTHI €MeC TEeHJIeYaep KJIAChIH Kypail/Ibl.
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Erep GesmiekTep iy, yirecTipiM (DyHKITUSICHI TOJIBIK, OPTOTOHAJ (DyHKIUSIIAp XKyiteci 6oiibraima Py-
pbe KaTapblHa XKiKTesIce, OHJa BosbiiMan TeHzeyi xKikTey KoadduinnenTTepite cail ChI3bIKTHI OIe-
PATOPABIH O3IHIIK PYHKITUITAPBIHBIH TOJIBIKTBIFBIHAH AePOEC TYBIHABLIGI UM PEePEHITHATIBIK, TEH-
Jeyaep i IIeKci3 Kyitecinin 6amamacer 6oabl. Bipak anddepeHna bk TeHaeyaep il MeKci3
»Kyiiecin merry MmyMmkia emec. CoHbIKTaH BosibIiMaH TeH eyl VI OacTalKbI-IIIETTIK €CEIITiH, Ky bl-
KTaJFaH IMemnriMid Taby yIIiH MOMEHTTIK 9JicTi KoJaJaHaMbl3. By Maka/iajia jiepbec TybIHIbLIbL
CBI3BIKCHI3 TUIEPOOJIANBIK, TUMMEPEHITHAIBIK TEHIEYIep KIaChIHA, YKATATHIH YKOHE aJIThl jepbec
TYBIHIBIIBI CBI3BIKCHI3 UM DEPEHIINATIBIK, TeHACYIeH TYPAThIH BOJIBIIMAHHBIH, aJIThI-MOMEHTTIK
TeHJIEYIEeP/IiH Kyiteci KapacThIpbLIFaH. BOMbIIMAHHBIH OIp ©JIMEeM/Ii CHI3BIKCHI3 AJIThI-MOMEHTTIK
TeHJIeYy/Iep Kyheci YITiH aJraIiKpI-IeTTIK eCenTiH KOMbLILIMBI KeaTipiin, Biaaguvmupos-Mapiak
JKAJIIBLIBIHFAH MTapTTapbIMEH OChI YKYHEHIH CaHJIbIK, MIEeNTMiHIH HOTHXKeJIepi KOpCeTireH.

Tyiiia ce3aep: BobiMaHHBIH aaTHI-MOMEHTTIK TeHJEY/ep XKyiieci, Biaguvmupos-Mapriak kaJi-
MIBUJIAHFAH MIAPTTAPBI, OOJIIEKTEPIIH YIecTipiM QyHKITHSCH.

YucsieHHOE pellieHne HAaYaJbHO-KPAaeBO 3aIa4Yu AJis OJJHOMEPHOI HECTAIIMOHAPHOM
HeJIMHEIHOI IIIeCTUMOMEHTHOI CUCTeMbl YpaBHeHUil BoJsbiiMaHa nmpyu rpaHUYHBIX
ycaoBuax BaagumupoBa-Mapiiraka
CaxkabekoB A., j1.¢b.-M.H., npodeccop, Kazaxckuil HallMOHAIBHBIN TEXHUYECKHI YHUBEPCUTET UM.
K.M.Carnaesa, r.Anmarsl, Pecriybiiuka Kazaxcran, 77772255722, E-mail: auzhani@gmail.com
Tneyosa T H., marucrpant, Kazaxckuit HanmonaibHbIA yHUBepcuTeT uM. ajib-Papabdbu, r.Aimarsr,
Pecniybiinka Kazaxcran, +77715258453, E-mail: gaynyt@gmail.com

Vpasuenne Bombnmana - citoxkaoe mHTErpo-aud depennnaabioe ypaBHEeHnEe U OCHOBA KHHETUYIe-
ckoit Teopun ra30B. OHO OIUCHIBAET COCTOSIHUE PA3PSI?KEHHOI'O T'a3a B MPOCTPAHCTBE [0 BPEMEHU
u ckopocTsiM. IlpumeHsiercst Jijisi M3ydeHHs IEPEHOCA JEKTPOHOB B TBEPJBIX Tejax U ILIa3Me,
[IepeHOCce HEHTPOHOB B SIJIEPHBIX PEAKTOPaX, B 3aJadyax JIUCTAHIIMOHHOIO 30HIMPOBAHUS 3eMJIN
n3 Kocmoca. Omamm n3 3pHEKTUBHBIX METOJIOB DEIleHns ypaBHEHUsS BosbIMaHa SBJISETCS MO-
MeHTHBIH MeToj. CrucTeMa MOMEHTHBIX YpaBHEHUN BoJibIiiMaHa siBJISIETCST TIPOMEXKYTOYHOM MEXK Ty
KHHETHIECKUM U TUIPOINHAMUIECKAMI YPOBHSIME ONMUCAHWS COCTOSTHUST Pa3pPsI?KEHHOT0 Ta3a 1 00-
pas3yeT KJacC HeJMHEHHBbIX YPaBHEHUIl B YaCTHBIX IIPOM3BOJHBIX. Eciu dyHKIusa pacupeeaeHus
qacTull OyJeTr pasjoxkeHa B psig Pypbe 10 IMOJHOW OPTOrOHAIBHOM cucTteMe (DYHKIW, TO ypaBHe-
Hue BosbIiMaHa OKasKeTcst SKBUBAJIEHTHBIM OECKOHEUHOM cucTeMe M pepeHInaIbHbIX Y PABHEHUIA
B YACTHBIX ITPOU3BOJHBIX OTHOCUTEIHHO KOI(DMUIMEHTOB PA3IOKEHUS B CUIY IMOJTHOTHI CHCTEMBI
COOCTBEHHBIX (PYHKIUI JUHEAPU30BAHHOTO omeparopa. Ho permuTh 6eCKOHEeIHYIO0 CUCTeMY aud-
depeHnmraIbHBIX ypaBHEHUIT HEBO3MOXKHO. [losTOMY 1711 HAXOXK/IEHWsT TPUOJINYKEHHOTO PEIIeHUsI
Ha4YaJIbHO-KPAEBOU 3aJ1a4u i ypaBHEeHUsI BojibliMaHa IIpUMeHsieM MOMEHTHBIN MeTojl. B jmaHHOi
CcTaThe pacCMOTPEHA OJHOMEpHas HeJIMHelHasi HeCTAallMOHAPHAS CHCTeMa MOMEHTHBIX yDaBHEHMUI
Bousbiimana B Tperbem npubImKeHun, KOTOpast SBJIsIeTCS Tuinepbosimaeckoii cucremoit muddepen-
[IMAIBHBIX YPABHEHMI B 9aCTHBIX IPOU3BOIHBIX U COJAEPKUT 6 ypaBHEHUT OTHOCUTEIHLHO MOMEHTOB
dbyukipm pactpejgenerus dactuil. ChopMyaInpoBana MOCTAHOBKA HAYAIBLHO-KPAEBON 3aa9u JIJIst
CcUCTEMBI MOMEHTHBIX ypaBHeHU BojibliMaHa B TpeThbeM NMPUOJINKEHUN U IIPUBEIEHBI PE3YJIbTAThI
YUCJIEHHOTO PEIleHns JAHHON CHCTeMbI IIpU 0DOOIIEHHBIX yCIoBUsIX BiamuMmuposa-Mapiiaka.
KiroueBbie cjioBa: IIeCTUMOMEHTHAsl CHCTEMa ypaBHEHWiT BojbliMaHa, TPDAHUYHBIE YCJIOBUS
Baamuvmuposa-Mapiaka, byHKIUS pacipegesiennsi YaCTHIL.

1 Introduction

An approximate solution of the initial and boundary value problem for the Boltzmann
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equation can be determined by the moment method.According to the moment method particle
distribution function decomposed into an infinity series of complete orthogonal system of
functions.Boltzmann’s equation is equivalent to an infinite system of differential equations
relative to the moments of the particle distribution function in the complete system of
eigenfunctions of linearized operator. As a rule we limit study by finite moment system
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of equations because solving infinite system of equations does not seem to be possible. There
arises the problem of boundary conditions for a finite system of equations that approximate
the microscopic boundary conditions for Boltzmann’s equation. We consider the third approxi-
mation of one-dimensional nonlinear nonstationary Boltzmann’s moment system equations
and give the approximation of a homogeneous microscopic boundary condition for a nonlinear
onedimensional Boltzmann equation.

Moment methods differs from each other by choosing different systems of basis functions.
For instance, Grad [1,2| obtained the moment system by expanding the particle distribution
function in Hermite polynomials near the local Maxwell distribution. Grad used Cartesian
coordinates of velocities and Grad’s moment system contained as coefficients such unknown
hydrodynamic characteristics like density, temperature, average speed, and so forth. In work
[3] we have obtained the moment system which differs from Grad’s system of equations. We
used spherical velocity coordinates and decomposed the distribution function into a series
of eigenfunctions of the linearized collision operator|4,5], which is the product of Sonine
polynomials and spherical functions. The expansion coefficients, moments of the distribution
function is defined differently than in the Grad. The resulting system of equations, which
correspond to the partial sum of series and which we called Boltzmann’s moment system
of equations, is a nonlinear hyperbolic system in relation to the moments of the particles
distribution function. The differential part of the resulting system is linear in relation to the
moments of the distribution function and nonlinearity is included as moments of collision
integral [6]. The moments of a nonlinear collision operator are expressed through coefficients
of Talmi and Klebsh-Gordon|7,8].

2 Literature review

Note that Boltzmann’s moment equations are intermediate between Boltzmann(kinetic
theory) and hydrodynamic levels of description of state of the rarefied gas and form class
of nonlinear partial differential equations. Existence of such class was noticed by Grad in
his articles (Grad,1949:331-407) and (Grad,1958:205-294). He obtained the moment system
of equations by expanding the particle distribution function in Hermite polynomials near
the local Maxwell distribution. Grad used Cartesian coordinates of velocities and Grad’s
moment system contained as coefficients such unknown hydrodynamic characteristics like
density,temperature,average speed,and so forth. Formulation of boundary conditions for Grad’s
system is almost impossible, as the characteristic equations for various approximations of
Grad’s hyperbolic system contain unknown parameters like density,temperature, and average
speed. However, 13- and 20-moment Grad equations are widely used in solving many problems
of the kinetic theory of gases and plasma. In work (Sakabekov,2002) we have obtained the
moment system which differs from Grad’s system of equations. A homogeneous boundary
condition for particles for particles distribution function was approximated and proved the
correctness of initial and boundary value problem for nonlinear nonstationary Boltzmann’s
moment system of equations in three-dimensional space.

In works (Cergignani,1975) and (Kogan,1967) used spherical velocity coordinates and
decomposed the distribution function into a series of eigenfunctions of the linearized collision
operator, which is the product of Sonine polynomials and spherical functions. The structure
of Boltzmann’s moment system of equations corresponds to the structure of Boltzmann’s
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equation;namely, the differential part of resulting system is linear in relation to the moments
of the distribution function and nonlinearity is included as moments of collision operator
(Kumar,1966:113-141).In work (Sakabekov,2014) the initial and boundary value problem for
one-dimensional nonstationary Boltzmann’s equation with boundary conditions of Maxwell
was approximated by a corresponding problem for Boltzmann’s moment system of equations.
The boundary conditions for Boltzmann’s moment system of equations were called Maxwell-
Auzhan conditions. In work (Levelmore,1996:1021-1065) has been presented a systematic
nonperturbative derivation of a hierarchy of closed systems of moment equations corresponding
to any classical theory,it is a fundamental work where closed systems of moment equations
describe a transition regyme.

3 Material and methods

We write in an expanded form system of one-dimensional Boltzmann’s moment equations
in the k-th approximation:

Ofo 19 2(n+1+13) 2(n+1)
5 ¢ + E%[l(\/@l D2+ l)fn,l—l - \/(21 “ D@+ 1)fn+1,l—1) +

2(n+1+ 1) 2n
i+ 1)(\/(2l +1)(20 +3) Jutrr = \/(2l +1)(20+3) Jomtis)] = Lt 20+ 1 =0, 1,2, .k, (1)

where the moments I,,; of a nonlinear collision operator are expressed through coefficients

of Talmi and Klebsh-Gordon [7,8] and have the next form:

110150
Inl = Z<N3L3n313 : l ‘ nlOO . l><N3L377,313 : l ’ nlllnglg . l>( 1102 )(0'13 — UO)fnlllfnglg (2)

where (N3Lsnsls : 1| nilingls : 1) are generalized coeflicients of Talmi, (1,015,0/10) are Klebsh-
Gordon coefficients, o« = ﬁ is the constant , R is Boltzmann’s constant, and 6 is the
ideal gas temperature. This system corresponds to decomposition of the particle distribution
function by eigenfunctions of the linearized collision operator.

Ifin (1) 2n+1 takes the values from 0 to 3 , we get Boltzmann’s moment system equations

in the third approximation:

Oho  10fun

ot a or 0 (3)

0 fo2 2v/2
ot +a (\/—fm \/—f03 \/—fn)

3f1o - \/7f01+\/>f11 (5)
(7f01 a (f00+ foz \/7f10 (6)
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Oos

3

o T a%%foz = Jos, (7)
% “or' V2 02 + \/gflo) =Jn (8)

x € (—a,a),t >0,
where foo = f00<t795)7f01 = f01(t>33),f02 = f02(t> ), fo3 = f03(t,$>7f10 = flo(t,x)’fn =

fu(t,x), are

forfor/V'3)/2, Jos = (1/4)(03 + 301 — 409) foofos + (1/4V5) (201 + a9 — 303) for fo2, J11

the moments of the particle distribution function; Jyo = (02 — 0)(foofo2

(o1 — 00)(foofir + (1/2)(v/5/v3) frofor — (V2/V15)(forfoz) are moments of the collision
integral, where o, 01,09andos are the Fourier coefficients. We consider the Vladimirov-
Marshak boundary conditions:

[

i

3\

s;:|’*

3\

%[%(\/%foo*"fm

(—v2fo0 — \/7.]002 + —fw) + fo1] la=—a=0 9)

2v/2
Nt

flO \/7.]001 + \/7 ‘asf—a 0

\/7f00 — 2\/_f02 + fi0) + f01 +— f03 — ——=f11) |e=—a= (10)

VI

(11)

QL[T (—V2fo0 — \/7f02 + f1o) for] le=a= (12)
2 2 23
_\/;foo — 2V2fp + fr0) — ﬁfm \/—fos + \/—fu] [—— (13)
1.1 1 3 2 5)
%[ﬁ(ﬁfoo + fo2 — Efm) + \/;fm - \/;fn] le=a= 0, (14)

and introduce the following vectors and matrix :

u = ( foo, foz, f10)';
w = (fo, fos, f11)’,

Jl = (07 ‘]0270)/7
JQ = (07 J037J01)/7
1 0 0 V2 2 _ 1
U TR - . ~ V7 V3
== \/52 V5 ;5 = 2 2v/2 -1
—\/; 0 \/; . 1
V3 V2
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where matrix A u B are nonsingular.
We write the initial and boundary value problem for six-moment Boltzmann’s system
equations with boundary conditions (9)-(14) in a vector-matrix form:

ou ou
o A T (15)
du ,0u
EqLA%—JQ,tG(O,T],xe(—a,a), (16)
U |t:O: uo(l’)ﬂﬂ |t:0: wo(:z:),a: € [_aa a], (17)
(Aw F BU) |z::|:a: O7t € (07 T])? (18)

where ug(z) 1 wo(z) are given initial vector functions. It requires to find the solution of the
system (15,16) with the initial conditions (17) and boundary conditions (18).

4 Results and discussion

We use the explicit method for solving the initial and boundary value problem numerically.
According to the explicit method we approximate the system (15,16):

ygrtt —pyr Wi, —wp
7 1 A i+1 v _ n n

wrtt W U —=U?l
i ) A =2 i—1 _ n .

At + AZE JQ(Uz 7VI/’L )
And the values of U™ and W"™* are equal to:

o AL . S
oAb -

We use the next initial values:
f(())o(x> =1-uz, f&(l’) =, f?o(@ = x(l - x)a f(())1(x) =1- x2, f(?:z(x) = 3527 f%(@ =
xz(l - $2)7

1—2z 11—z
Uo(z) = T ,Wo(z) = x? ,
z(1—x) (1 — 2?)

00=0.3,00 =0.5,00 =0.7,03 =09, =0.2,n € [1,10],7 € [1,9].
The numerical results ( the values of U(x,t) and W(x,t), corresponding to the values of
foo, fo1, foz, fos, fi0, f11 ) were obtained on C++ program and shown in this 6 figures.

5 Conclusion

The study of various problems for Boltzmann’s moment system of equations is an important
and actual task in the theory of a rarefied gas and applications of the moment system
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Figure 3 — The behavior of the moment fi¢ in space of time and variable x
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Figure 6 — The behavior of the moment f;; in space of time and variable x
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equations.The Boltzmann equation describes the behavior of a rarefied gas in space of time
and velocity and the numerical solution of the initial and boundary value problem for
Boltzmann’s six-moment system equations allows us to see the behavior of the moments
of the particle distribution function foo, fo1, fo2, fo3, fi0, fi1 in space of time and variable x.
Obtained results showed that the parameter o (o depends on gas temperature) has influence
on the behavior of the moments of the particle distribution function foo, fo1, fo2, fos, fi0, f11-

(1

(2]
(3]

(4]
(5]
(6]
(7]
(8]

(9]

[10]
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In the world, buildings are responsible for 40% of the world’s total annual energy consumption,
which is responsible for one-third of greenhouse gas emissions worldwide. The significance of
this energy is used for lighting, heating, cooling and air-conditioning purposes. Raising concern
about the environmental impact of greenhouse produced by conventional power plants caused
renewed interest in environmentally friendly technologies, including heating and cooling systems
for buildings. This work was conducted to investigate and explore the possibilities of solar energy
storage using phase change materials (PCM) and using that energy to heat water for daily
applications. By carrying out charging of the latent heat storage (LHS) based on PCM which
is paraffin wax in the current study, its energy storage capacity was calculated and compared with
the storage tank without PCM but filled with water only - sensible heat storage (SHS). As a result,
LHS was able store 40% more thermal energy compared to SHS. Moreover, charging process of
the LHS was numerically investigated to visualize the thermal field in the PCM based storage.
The results show that the numerical results agree with the experimental results which indicated
the correctness of the mathematical model and simulation results.

Key words: Phase change material storage, latent heat storage, thermal energy storage.
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Kaszipri Tanmga, rumaparTap, OYKiI ajemMeri Kby sHepruscbinbll, 40% TyTbIHYbIHA >KayalThbl,
JKoHe OYJI SHEpPIrusi TYTHIHY OJIEMJIEr] KAJIIThl TAPHUKTIK ra3apblH armocdepara OeJiHyiHIH yII-
TeH Oip Geutirine ykayanTbl 00JibIT TaObLIa bl OChl Y9HEPrUsIHBIH, KOI OOJIIr >KapbIKTAHIBIPY, YKbI-
JIBITY, CAJIKBIHIATY 2KOHE aya KOHIUITMOHEPJIEP] YIMH nalitasanbuiaasl. JIocTypaal Kby CTaHIusI-
JIADBIHBIH, KOPIIAFAH OpTara dcepine OallylaHbICThI, KA3ipri TaH/1a SKOJOTUAJIBIK, Ta3a YKbLITy SHEPIHUS
KO3/IePiH Nmafifajanyra KbI3bIFYIIBUIBIK TYFbI3/IbI. ByJI XKyMbIC KYH 9HeprusichlH (pa3achl ©3reperin
MaTepusi apKbLIbl CaKTay, OHbI KYHJEIIKTI Cy KBUIBITY VIIH MaiijiagaHa OTBIPBII, KYH dHEp-
TUSICHIHBIH, CAKTAy MYMKIHJIKTEPIH 3epTTey KoHe 3epjesey yimiH xypriziami. Herizinge dazace
©3TepeTiH MaTepPUaJI XKATKAH, OYJI JKaraaiiia napadul, JATEHTT] XKbITY CAKTAFBIIITH 3apsaaray Oa-
PBICBIHA, OHBIH 2KbLITY CHIABIMIIBLIBIFGI AHBIKTAJIIbI KOHE (ha3achl O3rePETIH MATEPUAJICHI3 YKBLITY
CAKTAFBIIIIEH, TEK CyMEH CaKTaFaH/a, CAIBICTRIPYIap Kypridiami. Hormxkecinae, 1aTeHTTIK KBLTY
cakTarblll (pa3achl ©3repeTiH MaTePHAJIChI3 JKbLITy CaKTarblliKa Kaparanaa 40% -ra apThIK KbLIy-
el cakTaabl. COHBIMEH Karap, Herisinge (a3achl ©3repeTiH MaTepuasl XKATKAH JIATEHTTIK XKbLIY
CAKTarBIIMITHIH YKBITYy ©PICIHIH e3repici caHmbIK, Typae 3epTTenren. Hormxkecinge, canIpIK o/1icieH
AJIBIHFAH HOTHUIKEJIED IKCIEPUMAHTAJIIBI TYP/E aJblHFAH HOTHKEJIePIMEeH KeJiCeTiHIH OalKabIK
2KoHe OYJI MaTeMaTUKAJIBIK MOJIEJIIIH YKOHE MOJEJIey HOTUKeJIEePiHiH TYPHICTHIFBIH KOPCETETT].
TyiitiH ce3/ep: JaTEeHTTIK KBITYy CAKTAFBIII, KBUIVILI CakTay, (a3achl ©3repeTiH MaTepuasia
KYJIBIJIBI CAKTAY.

DKcrepuMeHTaJIbHbIE U YUCJIEHHbIE UCCJIEJ0BaHUs XpaHeHus temyia Ha ocHoe M®II njs
COJTHEYHOI TEIJIOBOI 3HEepruu
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Ha pamnbrit MoMeHT 31anus orBercTBeHHBI 3a 40% 0T 06IIero rogoBoro nmorpebaenust SHEPrun B
MEpe, KOTOPasi OTBEYAET 32 OIHY TPETh BHIOPOCOB MAPHUKOBBIX TA30B [0 BCEMY MHUDY. SHAUYATEIb-
Hasl 9aCTbh ITOI SHEPIUHU UCIIOIb3YETCs JIJI OCBEIIEHUs], OTOIJICHIS, OXJIAXKIEHNsT M KOHIUIIMOHU-
poBanus Bo3ryxa. [loBblmenne 06eCIIOKOEHHOCTH 110 TIOBOY BO3/IEHCTBUS HA OKPY2KAIOILYIO CPEy
[MAPHUKOBBIX T'a30B, IPOU3BOIUMBIX OOBIYHBIMU TEIJIOBBIMU CTAHIIUSIMU, BbI3BAJIM HOBBI MHTEPEC
K 9KOJIOTMYECKU YUCTHIM TEXHOJIOIHSIM, B TOM YHUCJIE CUCTEM OTOIJIEHWS W OXJIAXKJIEHUs JJIsl 3718~
Huit. JTa pabora ObLIA MIPOBEEHA C IIEJIBI0 UCCIEIOBAHUS W U3YUEeHUs] BOZMOXKHOCTEH XpaHEHUS
COJIHEYHOIl SHEPIUU ¢ MCIOJIb30BaHueM MarepuasoB daszosoro nepexoga (M®II), ucnonssys sy
SHEPI'HUIO /Il HArPeBa BOJIBI €2KeIHEBHOIO IpuMeHenust. [Iyrem nposeieHns 3aps/iku JaTEHTHOTO
rerioBoro akKymyssitopa (JITA) na ocaose M®II, KOTOPBI B JAHHOM UCCIIEI0BAHIN SIBJISIETCST T1a-
padUHOM, Ubsi SHEPIOEMKOCTH ObL/IA PACCUUTAHA ¥ IIPOBEJIEHBI CPDABHEHUSI C TEILIOAKKYMYJISITOPOM
6e3 M®II, 3an0/1HEHHDBII TOJIBKO BOJIOH, - husnueckum xpanenneM Teria (PXT). Io pesysnbraram
3KCnepuMeHTaabHoro nceaenosanus, JITA na ocaose M®II emor coxpanuts Ha 40% Gosbie Tern-
soBoit sueprun o cpasaennio ¢ @XT. Kpowme Toro, npomnecc 3apsiku JITA na ocroBe M®II 6611
YUCJIEHHO MCCJIEIOBAH JIJIsl BU3YaJIM3allii TEIIOBOTO MOJIsl B aKKyMYyJIsITOope. Pe3ysibraTsl OKa3bl-
BalOT, YTO YKMCJIEHHBIE PE3YJIbTAThl COIVIACYIOTCs C SKCIIEPUMEHTAJbHBIMUA PE3Y/IbTATaMU, KOTOPhIE
MMOKA3BIBAIOT MMPABMWIHBHOCTh MATEMATUIECKON MOJEIN U PE3YILTATOB MOIEJIMPOBAHUS.
KitioueBbie cy10Ba: JTATEHTHBIN TEIIOAKKYMYJISTOD, XPAHEHUE TeIljIa, XpaHeHNe Teria B (ha30BOM
U3MEHEHUI MaTepuaJia.
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1 Introduction

In recent years, due to problems in the rapid depletion of traditional energy sources and the
growing demand for energy, the implementation of proper storage of thermal energy is one
of the most important questions in energy conversion systems. Latent heat storage (LHS)
in phase change materials (PCM) has been adopted as one of the most effective methods of
using solar energy and the recovery of industrial waste heat, look (Belen, 2003: 251-283). The
main advantage of these systems appears to be the ability to store large amounts of energy
in a relatively small volume at a constant temperature transition. Thus, many authors have
reported the results of studies on the thermal storage during melting and solidification process
in the energy storage systems, look (Agyenimet, 2010: 615-628).

Changing phase solid-liquid by melting and solidification can store a large amount of
heat or cold. Melting characterized by a small change in volume, generally less than 10%. If
the container can fit the material while it is in a liquid state, the pressure does not change
significantly and therefore, melting and solidification of the material flowing to storage at
constant temperature, look (FQ, 2002: 1273). Upon melting, while heat is transferred to the
storage material, the material still retains its melting temperature at a constant temperature,
also called phase transition temperature, look (Mehling, 2008: 179). Once phase transition is
complete, a further heat transfer again leads to sensible heat accumulation. The heat supplied
during melting is called latent heat, or latent heat storage process, look (Fan, 2010:24-46).

Storage of heat energy plays an important role both in heating and cooling applications,
such as residential or commercial buildings, and also in industrial processes. Some of the
technical solutions based on phase change materials can help to preserve and improve energy
efficiency when used in the correct temperature levels at which the PCM changes its phase.
Thus, only a few degrees difference in temperature, a large amount of energy can be saved.
PCM based LHS can find its application in the elimination of energy storage problems in
various fields, where they can function as a heat battery, look (Vakilaltojjar, 2001:249-263).
PCM can afford to keep the temperature stable in the storage due to their high energy
storage density. PCM can help to maintain the level of tank water temperature to a certain
point. Successful use of LHS is not only a question of storing energy density, but also, the
question of correct charge and discharge of energy accumulated at a rate suitable for the
desired application, look (Mohammed, 2004:1597-1615).

Publications are available in the literature, which deals with an experimental study of
the thermal characteristics of PCM storage with different storage configurations. Suitable
PCM is also expected to increase the storage capacity. In this context, paraffin wax appeared
as interesting topic among researchers for its attractive properties such as good heat storage
density, melt or solid state compatibility with little or no significant super-cooling effects, non-
reactivity with the most common chemical reagents and low cost, look (Bathelt, 1979:453—
458), (Rieger, 1982:137-147), (Rabienataj, 2013: 155-163) and (Donald, 2013:393-403).

The co-author, Prof. A. Georgiev and his team from the Technical University of Sofia,
Plovdiv Branch, designed and developed latent heat storage, look (Popov, 2013:1-6). Aim of
the current study is concentrated on experimental and numerical analysis of LHS charging
process, heat transfer and fluid flow processes in LHS and its performance compared to
the same size sensible heat storage (SHS). Such study is very important in understanding
of advantages and disadvantages of the design features of the latent heat storage and its
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efficiency in terms of charging and PCM properties.

2 Literature review

2.1 Modeling of phase change process

The change in the phase of the material from the liquid state to the solid state can be
described as the time evolution of the liquid/solid boundary through the volume studied.
Therefore, determining the location of this interface at a specific time is the goal of phase
transition problems. This position directly depends on the rate at which heat is absorbed
by the material, hence, on the thermal properties of the material. However, these properties
(thermal conductivity, specific heat, density, etc.) often change significantly between liquid
and solid states. Thus, phase change modeling involves knowing the position in time and
space of the liquid/solid interface so that the relevant properties can be applied on both
sides. The complexity of the phase change problem is caused by the fact that this interface
position is both a solution to the problem and the required input; Such types of problems are
called moving boundary value problems and were studied as early as 1831 by Clapeyron and
Lamy when studying the formation of the earth’s crust. However, the work on ice formation
in 1889 by Joseph Stefan really represented a common class for these problems, known further
as Stefan’s problems.

2.2 Modeling PCM encapsulated in rectangular capsules

The phase change material, enclosed in flat rectangular containers, was modeled by various
researchers using air as the coolant. Dolado et al. (2006) developed various numerical models
simulating the behavior of flat plate PCM capsules subject to airflow, each of which takes
into account various modeling assumptions. Two models are based on difference differences
and only conductivity inside PCM is taken into account, without regard for any effect that
natural convection can have, while PCM is in the liquid phase. One model considered a
one-dimensional conductivity in the PCM in a direction perpendicular to the HTF, while
the other considered conductivity in the PCM both in parallel and in the normal HTF
flow. Comparison of numerical results with previous experimental data Belain Zalba (2002)
confirmed that a one-dimensional model can reproduce experimental data with the required
accuracy. Consequently, the simulation of conductivity inside the PCM in the direction of
the HTF flow did not lead to a significant increase in the accuracy of the numerical results.

2.3 Experimental data on phase change material thermal storage tanks

Moreno et al. (2014) experimentally tested the use of a horizontal clamp to store PCM
data to change the daily load for cooling a small space. The PCM tank was connected to a
water-to-water heat pump and a ventilation unit connected to the canopy building, which
was used to represent the internal space, the temperature of which should be maintained.
The productivity of a horizontal water storage tank with identical dimensions was compared
with the characteristics of a tank packed in PCM capsules that are commercially available,
rectangular in shape and made of high-density polyethylene.
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Such detailed experimental tests exist for other PCM capsule geometries, such as plastic
bags (Saied Mohammad Vakilaltojjar, 2000, Zukowski, 2007), plastic vertical plates (Lazaro,
Dolado, Marnn and Zalba, 2009; B. Zalba, Marin, Cabeza and Mehling , 2004), as well
as spherical capsules (J. Wei, Kawaguchi, Hirano and Takeuchi, 2005), as well as spherical
capsules (Bedecarrats, Castaing-Lasvignottes, Strub and Dumas, 2009; IW Eames and Adref,
2002; Nallusamy, Sampath and Velraj, 2007). However, a careful analysis of the behavior of
commercially available PCMs studied in this project has not been found in the literature.

3 Materials and methods

3.1 Characterization of PCM

As in any other application, the selection of the PCM to be used is a crucial point. The
temperature of water to be stored as domestic hot-water is about 60°C’; therefore, the
melting temperature of the PCM should be around 60°C. In the market, different PCMs
with this melting temperature can be found. Three paraffins were studied (E53, ECP, E45)
in laboratory of Birmingham Centre for Energy Storage (UK) using Differential Scanning
Calorimetry and density meter to evaluate their heat capacities, thermal conductivity and
density changes for temperature range of 25°C' up to 90°C. Finally, E53 with a melting
temperature of 59°C' was chosen for the experimental and numerical studies of latent heat
storage presented in this paper. As illustrated in the Figure 1, it can be noticed that E53
has two phase transition regions: solid-solid phase transition in the temperature range of
35 — 50°C'" and solid-liquid phase change around 55 — 65°C' temperature range. Furthermore,
the density of the E53 is higher in the solid state (around 0.87 mg/m?) and lower in the
liquid state (approximately 0.78 mg/m?).
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Figure 1 — Thermal properties of paraffin E53
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3.2 Methodology of tests

Figure 2 shows the latent heat storage tank equipped with 39 PCM containers filled with
paraffin E53, and figure 3 illustrates the schematic diagram of the experimental setup for the
experimental studies. The PCM-based tank is heated up using an electrical heater attached
to the base. The power input to the electrical heater is controlled by an AC power variable
transformer connected to the 230V AC. The voltage across the heater and the current through
the heater are measured to determine the power input to the heater. PCM-based tank with
container is insulated on all sides to minimize heat loss.

Detailed illustration of the latent heat storage and its design features are shown in Figure
4. PCM containers have rectangular cross section with dimensions 950 x 80 x 50 mm, look
(Stoyanova, 2013:28-31). They are placed into the vertical cylinder tank (storage) with 1
m height and 0.3 m radius. The tank and containers are made of stainless steel grade AISI
304L. Number of PCM containers are 39 and they are located coaxially in the storage. There
are two concentric circles: external circle contains 26 containers and the inner circle has 13
containers. All the containers are fixed with brackets to the lower and upper parts of the
storage tank in order to make them stable during charging and discharging regimes. There
are three inlet pipes in the bottom side of the storage where the heat carrier fluid flows into
the storage. In the upper part of the storage other three pipes are connected to the storage
to discharge the heat carrier fluid from the storage.

Temperature is measured at the inlet, at outlet and inside the container. These
temperature sensors and flow meter are connected to a data acquisition system for continuous
monitoring and recording of the data.

Two types of experiments were conducted. The first is about the constant voltage charging
of LHS filled with PCM paraffin E53. In the second experiment, LHS was filled with water
as a heat storage medium. The second experiment was carried out in order to evaluate and
compare the effectiveness of LHS (filled with paraffin E53) and water only (without paraffin).

Figure 2 — Latent heat storage which contains 39 PCM containers filled with E53
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Figure 4 — Design features of the latent heat storage

3.3 Equations

Simulation is conducted in three dimensional space in a time dependent manner by means
of finite element method based on Comsol multiphysics. The geometry used to perform the
simulation of charging and discharging of LHS is presented in figure 4. The containers which
enclose PCM (e.g. paraffins) are thermally insulated at the top and bottom. Moreover, it
is assumed that the volume of the PCM does not change during phase transition. Such
assumption, allows introducing simpler mathematical models, although, according to the
experimental investigations, paraffins change their volume during melting or solidification.
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Moreover, to avoid intensive numerical calculations, the containers are considered as highly
conductive layers.

In order to simulate the dynamic behaviour of the heat carrier fluid flowing inside the
LHS, the continuity and Navier-Stokes equations must be solved simultaneously. Continuity
equation takes the form, look (Chung, 2002:1007):

dp

LTiv. 1

5 TV () 1)
where p - density, kg/m?® and u - velocity, m/s. The Navier-Stokes equation which accounts
for the conservation of the momentum is given by:

ou 1 9
- . = __ 2
8t+(u V)u pr+uVu+F 2)

where p - pressure in the fluid, Pa, v - kinematic viscosity, m?/s. Heat transfer from the water
to the wall of the PCM containers takes place in the form of convection. Therefore, complete
energy equation has to be solved by using the velocity field obtained from the solutions of
Eqns. (1) and (2). Thus, the energy equation describing the heat transfer process is given by:

oT
P g + peyu - VT =V - (kVT)

¢, - specific heat capacity, J/kgK, k - thermal conductivity of the material, W/mK, T -
temperature of the heat carrier fluid, K.

The energy equation for the phase change material including latent heat transfer during
phase change is:

oT
P g + peyu - VT =V - (kVT) (3)
k= 91 kphasel + ‘92kphaseg (4>
da
Cp = chpphasel + OQCpphaseQ + Ld_T (5>

_ Qlcpphasel pth«S@l + QQCpphase2 ppha582

p_

elcpphasel + HZCpphaseQ

where §; = 1 — a and 0y = « corresponds to phase 1 and phase 2 respectively. Moreover,
L is the latent heat fusion of phase change and « is the liquid volume fraction in the phase
change material and it is a function of temperature:

a=20 T < Tsolid
T — Tsolid

ﬂiquid - Tsolid
a=1 T < 7ﬂliquid

(04 Tooria <T < ﬂiquid (7>
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In the stream of PCM containers buoyancy melted part of the PCM due to the
temperature difference was not considered in the model, but only conduction heat transfer
occurs in both melted and the solid part of PCM. Thus, the difference between melting and
solid phases is based on its thermal conductivity coefficients k, specific heat capacities ¢, and
densities p. Moreover equations (4) - (7) do not consider the effects of hypothermia modeling
processes during phase changes. And, other properties of phase change materials are paraffin
for simulation purposes were taken from experimental results (Hamid, 2009:247-254).

3.4 Initial and boundary conditions

or liquid flow, the boundary conditions (BC) on solid surfaces such as the inner wall of the
vessel and on the surface of containers are considered PCM without slipping BC. Furthermore,
it is assumed that the storage tank has been completely isolated, which is defined by the
formula look (Chung, 2002:1007):

0 (—kVT) =0 (8)

where n - normal vector to the heat transferring surface. Therefore, heat transfer occurs only
by means of inlet and outlet pipes. The containers are considered as highly conductive layers,
where heat exchange takes place between heat carrier fluid and phase change material which
can be described as:

—n- (—k‘VT) = dg(QS — pscpsaa—f) - Vt : (—dngvtT) (9)

where dg - layer thickness which is taken as 0.01m in our case, Qs - layer internal heat source
and it is zero in our modeling, J, ps - layer density, kg/m?, c,s - layer specific heat capacity,
J/kgK, k - layer thermal conductivity, W/mIK - they are taken from material properties and
it was mentioned above that the PCM containers are made from stainless steel.

Temperatures of the PCM and working fluid filling the storage tank, inlet velocities and
inlet temperature we take from the experimental data.

Outlet BCs for the velocity was set up in terms of the pressure with suppress backflow
which adjusts the outlet pressure in order to prevent fluid from entering the domain through
the boundary. And, temperature BC is Neumann type:

—n- (—kVT) =0 (10)

4 Results and discussion

Figure 5 illustrates the cumulative heat stored in SHS and LHS system for a constant HTF
flow rate. This clearly shows that the thermal energy stored in the LHS systems far exceeds
SHS preservation system of the same size and volume of the storage tank. Thus, LHS system
can provide substantial reduction in the volume for storing the same stored heat, compared
with SHS systems. From figure 6, we can see that the SHS system of charges to a maximum
temperature of 70°C' for 40 minutes before the LHS system. The average time in the SHS
charging systems are faster than the LHS of the system for 30-60 minutes, depending on
the flow rate. Charging time will be accredited to the lack of phase change materials in SHS
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Figure 5 — Comparison of Cumulative energies in LHS and SHS systems

systems. On the other hand, the heat transfer between the HTF and PCM latent heat in the
system reduces the temperature gradient and increases the HTF charging time.
The effectiveness of the heat exchanger ¢ is defined by equation (12) below (Incropera,
2007:675-707) and is presented in figure 7 for the solidification process.
ﬂ - Tout

_ 11
© Tin — THE (11)

where T}, - inlet temperature, T,,; - outlet temperature, Ty - temperature in heat exchanger.
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Figure 6 — Temperature histories of HTF during SHS and LHS charging process

Figure 7 shows a comparison of the effectiveness of the system of systems SHS and LHS. It
is seen from the figure that the effectiveness of SHS system varies for different periods of time,
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Figure 7 — Effectiveness of heat exchanger system during charging of LHS and SHS

whereas the efficiency of the system is constant LHS phase transformation temperatures, and
it also shows a higher efficiency. Thus, LHS system is more efficient.

As seen in figure 7 that the efficiency is high at the beginning and at the end of the
solidification process, while it is smaller therebetween. This behavior corresponds to the high
efficiency of heat transfer of the physical PCM and lower efficiency in the melting process,
which may occur due to the slow rate of absorption of latent heat by melting.

Figure 8 shows an example of the computed temperature profile at a point in the PCM
domain, which was computed numerically and measured experimentally. It can be seen that
the temperature profile of the paraffin E53 during charging process is divided into 3 regions
which represent the solid, phase change zone and liquid phase. The temperature rise in
solid phase region and liquid phase region was due to the sensible heat added (Figure 8b).
Temperature between 53°C' to 59°C' was the phase change region where the melting of PCM
started at 53°C' and completed at 59°C'. The temperature gradient of this region was smaller
due to the large amount of energy, in the form of latent heat of fusion, was needed to melt
the PCM (Figure 9).

The temperature evolution at middle positions in PCM container and the temperature
evolution on outlet of PCM during charging are shown in figure 8. The continuous lines
represent the numerical results, while the circles represent the experimental results. By
comparing numerical and experimental curves for the charge case, it is apparent that the
results are very similar. Moreover, it appears that the experimental and numerical curves are
similar, which indicates that the phenomena are numerically well represented.

Figure 10 shows streamlines of velocity and temperature distribution on the PCM
containers. The PCM containers which are in the inner circle charged first in a short time and
outer circle containers were charged after that. It can be concluded that outer circle PCM
containers are very close to the storage tank walls, therefore, those areas does not allow fluid
flow and heat transfer processes to be intensive. As the result of the numerical simulation,
thermal field in the LHS was visualized in detail and based on it one can analyze the phase
change zones in the storage. Moreover, by means of the numerical studies the deficiencies or
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drawbacks of the storage design can be studied which is usually impossible in experimental

studies.

5 Conclusion

The aim of the investigation was to find out how effectively LHS based on paraffin, E53,
could store the thermal energy compared to the similar-sized storage tank without PCM (e.g.
SHS). Moreover, the charging mode of the LHS was numerically studied with the purpose of
evaluating the thermal field in the tank. Such evaluation allows to visualize the thermal field
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Figure 10 — Streamlines of velocity and temperature distribution on the PCM containers

in the PCM containers as well as the storage tank, including the flow field of the heat transfer
fluid and understand the charging processes in detail. Thus, according to the results, as the
charging takes place from 25°C up to 75°C' at constant heat rate, the LHS could store 40%
more energy compared to SHS. It should be noted that the LHS and SHS are the same storage
tanks: (i) in case of LHS, the total volume of the storage was 0.3m? of which 0.15m? was filled
with PCM and (ii) in case of SHS, the containers were removed and the tank was filled with
water as the sensible storage material. In a word, when approximately the half of the storage
rank filled with PCM, 40% more thermal energy could be stored in the tank. Although, the
charging time took 53min more time compared to SHS, which is not a problem since duration
of solar radiation takes more than 3-4 hours daily. Furthermore, the charging of LHS was
numerically studied and development of the thermal field in the storage was simulated. The
results of the numerical studies were compared with the experimental ones, thus, correctness
of the numerical approach was verified. It was visualized that the phase change processes
occur in the inner circle PCM containers since the inlet pipes were located in the centre part
of the storage tank bottom. To melt the PCM in the outer circle containers took some time
because the flow of heat transfer fluid was intensive in the central part of the storage but
not on the areas of the side walls. Thus, the modeling assisted in understanding the phase
transition zones in the storage, and fluid flow processes and showed the detailed thermal
performance of the PCM filled storage. In the future, authors are planning to study the
energy performance and efficiency of the LHS integrated with solar collectors which will give
more realistic understanding of the charging processes. Moreover, the LHS will be integrated
to the consumer side (e.g. hot water application systems), thus, allowing to evaluate the
storage performance in case of thermal energy discharge from the storage.
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Given work describes load balancing algorithms for external services with unspecified clients used
in real enterprise facilities. Simplest example of such service is a pair of a web server and a
browser. Principles of load balancing, their pros and cons are considered, their implementation
and applicability to different services are described. Algorithms of load balancing for DNS Round
Robin, Direct Routing, Redirect methods are studied. Result of model implementation for cluster
system allowed to obtain estimations of oscillation effect decrease between its overloaded and
normal states. As a conclusion recommendations for using implemented model of queuing network
for different enterprise services of user request processing are given.

Key words: load balancing, discrete-event simulation, model based design, probabilistic modeling.

Moaenbre GarbITTa/IFaH XK00aJIay apKbLIbI 2KYKTeyai 6e30eHaey/1iH eHaipicTiK aaropurmaepiu
3epTTey
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Bepisren xxymbic, IIbIHANBI OHIIPICTIK MeKeMeJIeEP e KOJJIAHBLIATHIH, apHANbI eMeC KJIMeHTTeP] 6ap
CBIPTTail KbI3METTEp VIIiH 0e30eH ey aaropuTMIepiH cunarTaiibl. ByHail KbI3MeTTIH, eH Kapa-
maifibIM MBICAJIBI PETiHJIE BeO-cepBepi HeMece Opay3epi ajiyra Oosasbl. Be3bermey npuHumnrepi,
OJIAP/IBIH, APTHIKIIBLIBIKTAPHI MEH KEMIMLTIKTEeP] KAPACTBIPBIIFaH, TYPJIl KbI3METTED YIIIiH icKe achl-
PBULyIapbl MeH KOJJIAHBIMIBLIBIFGD cuniarTaiaran. DNS Round Robin, Direct Routing, peaupext
yaicrepi yirin 6e36en1ey asropuTMmiepi 3eprresred. Mosenbai KiacTepdiik »Kyite YIIIiH icKe acbIpy
HOTYKeCi OOWMBIHINA, YKYHEHIH achlpa »KYKTEJINeH YKOHE KAJIBIITHI YKaFIailiapbl apachblHIAFbl OC-
MU 9CepiHiH Kemyl 6akblianIbl. MaKajaaHblH COHBIHJIA iCKe aChIPBLIFAH YKeJITK KYiieHiH
MOJIEJTiH, TYPJIi KOJJIAHYIIBLIAPIBIH CYPAHBICTAPBIH OHJIEY KBI3METTEP] VIIMiH, KOJIIaHyFa HYCKa-
VIIBIKTAP KeJITipiJires.
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Hannasi pabora ONMUCHLIBAET AJTOPUTMbBI OAJIAHCHPOBKH JIJIS BHEITHUX CEPBUCOB C HECIEIUAJIN-
3UPOBAHHBIMU KJINEHTAMM, UCIIOJIb3YEMBIX B HacToamux mpoMbinuieHHEbIX 110/ lax. IIpocreiimmmit
[IpUMEDP TAKOI'O CEepBHCA M KJIMEHTa — 3TO BeO-cepBep u Opaysep. PaccMOTpeHbI HEIocpenCcTBEH-
HO IIPUHIUIILI 0AJIAHCUPOBKH, UX ILIIOCHI M MUHYCHI, OIMCAHA WX PEAJIM3AIUs U IPUMEHUMOCTD
K pa3jIM4YHbIM cepBucam. VlcciieloBaHbl aJrOPUTMbI OAJIAHCUPOBKU HArpy3KH Jijisi MeTojoB DNS
Round Robin, Direct Routing, Peaupext. Ilo pesysiapraram peajimsamnyuy MOJAETHN i KJIACTEPHOM
CUCTEMBI TI0JTy YCHBI OTIEHKY yMEHbITeHUsT 3D HeKTa OCIUIIISIIT MEXK LY €€ IEPErPyKEeHHBIM U HOD-
MAaJIbHBIM COCTOAHHUSIMU. B 3aK/II0UeHre JaHbl PEKOMEHIAINH IO UCIIOIb30BAHNIO PEaTN30BaHHON
MOJIEJIN CETEBOM CUCTEMBI B PA3JIMYHBIX IIPOMBIILIEHHBIX CEPBUCAX 00PAbOTKM IT0Ib30BATE/LCKIX

3aITPOCOB.
KuaroueBble cJsioBa: 0ajaHCHUPOBKA HATPY3KH, JIUCKPETHO-COOBITUHHOE MOJIETUPOBAHUE,

MO/I€JIbHO-OPUEHTHUPOBaHHOE ITPOEKTUPOBaHNE, BEPOATHOCTHOE MO/IEJIMPpOBaHNE

1 Introduction

In many Internet projects, web server is running on a single physical server gradually limiting
performance achieved by the server. The most obvious solution in this case is to upgrade
hardware equipment. But if one goes this way, then after some time it becomes impossible to
upgrade equipment furhter because of limited space and cost efficiency. Therefore, one needs
to convert his project to clustered model instead signle server one. Clustering is beyond the
scope of this work and thoroughly described in (Teo, 2001: 185-195).

Now the question arises is how to balance load between servers. In addition to direct
load distribution is necessary to solve a number of issues. These include increasing
resiliency (uninterrupted operation of the project in case of failure of one of servers), and
protection against certain types of attacks. For example, from the opening large number of
"empty"connections, where nothing is transmitted. In given work considered three algorithms
implementing load balancing methods and they modeled using technology of Model-Based
Design.

Working on the basis of the model is becoming more and more popular trend in development
of a software for systems with clustered resources. On websites of manufacturers of software
tools, one can find a lot of success stories, reports on improving the efficiency up to 50%, a
significant reduction of errors in the design and a more rapid increase in the level of maturity
of developed functions just on the basis of development models (Navarre, 2002: 205-216).
Constructed models allow to model three methods of load balancing in distributed systems,
namely DNS Round Robin, Direct Routing, redirect. Of course all three models can be
implemented in a cluster environment.

2 Related works

All of reviewed methods and works use queuing networks and their respective algorithms
based on the queuing theory (Mitrani, 2004). Studied algorithms of load balancing can be
classified into three categories: static, dynamic and adaptive (Al-Amri, 2002: 165-178).

A system described in work (Barros, 2007: 241-255) is a dynamic method which executes
programs solving the problem based on "divide-and-conquer"approach on systems with
distributed memory. Given system provides primitives for organization of parallel operation
of program and uses Random Stealing algorithm (Wrzesinska, 2007: 425-436) for distribution
of load between clusters.
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Random stealing algorithm fully distributed load balancing algorithm which initiates
connection as soon as task being finished and load balancing partner will be chosen randomly
among neighbor nodes. Proof of stability of the algorithm for systems with full graph structure
written in (Wimmer, 2013: 315).

Another system described in (Eckstein, 2015: 429-469) built as a framework written in
C'++/M PI in order to implement general algorithms of branch and bound method (Krislock,
2017: 1-23). It uses Inversion of Control principle (Martin, 2014) for interaction with code
of branch and bound method. Given system optimized in a way that not all nodes are
participate in load balancing, only nodes load of which deviates from average on a predefined
value. Information about load of nodes distributed through complex mechanism based on
linked tree between nodes.

Paper (Aversa, 2005: 1034-1047) offers an algorithm of load distribution for master-slave
systems and possesses a hierarchical structure. System consists of three types of nodes:
workers, masters and controller. Master defines idle node and sends a task to it from his
local pool of subtasks. Worker receives this subtask and executes it sequentially and after
finishing sends back results. Job of controller is to monitor load of masters which summarizes
load of their respective workers and retranslates subtasks between master nodes if necessary.
Work (Mazzucco et al., 2007) studies issue of building optimal tree structure for distributed
networks of grid-services. A system of many nodes considered using queuing networks
theory, an average processing time of a single job calculated in an open model for different
configurations of interactions between nodes. The structure of systems represented as a tree
for organization of interaction between nodes using master-slave paradigm.

Paper (Kameda, 1997: 35-97) arises response time minimization problem for distributed
system. System modeled as queuing network consisting of M/M/1 servers merged into
arbitrary topology network. In paper presented algorithm for parametric by ¢ study of optimal
distribution of jobs on servers with complexity O(n?M) and algorithm of construction of
optimal distribution for fixed ¢ of O(mMlogn) complexity where M is a complexity of finding
optimal solution (Kontogiannis, 2014: 144).

Mean value analysis method (Geist, 1982: 67) applied to system with closed queuing networks
for calculation of parameters. There are exact and approximate methods of mean value
analysis. Last reviewed paper considers exact method for closed networks with single class of
requests.

3 Material and methods

There are quite a bunch of different algorithms and methods of load balancing. Selecting
specific algorithm must be justified, first, by specifics of certain project, second, arisen from
goals of the project. In order to find theese goals it necessary to focus on following (Waraich,
2008: 1263-1265) when considering appropriate method for one’s own project:

e Justness. It must be guaranteed that for processing of each request system resources
allocated and do not allow situation when single request being processed and others
wait for their turn;

e Effectiveness. All servers processing requests must be busy 100%. It is desirable not to
allow situation when one of servers being idle waiting requests, despite given situation
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is quite common and this property cannot be always achievable.

e Minimizing request execution time. Time between start of processing of single request
(its queuing for processing) and finishing of it must be minimized.

e Minimizing response time. Time of response to user request also must be minimized.
Other desirable (but not necessary) properties of an algorithm are following:

e Predictability. It is necessary to clearly understand in which situations and at which
loads algorithm will be efficient for solving given tasks;

e Even distribution of system resources;

e Scalability. Algorithm must preserve its state and stay operational at sudden increase
of incoming load.

3.1 DNS Round Robin

The easiest method of balancing is the use of DNS Round Robin algorithm (Borkar, 2011:
198-201). The essence of it is that it creates multiple DNS-records of type A for the domain

in the DNS-server. DNS-server returns the record of type A in an alternating cyclic order
(Figure 1).

site.com. INAL1.1.1.1
site.com.INA2.2.2.2 { ——
site.com.INA3.3.3.3 F
r DNS
server
domain
site.com
Caching
client E
senver
DNS

\ A

_ server service
Client

Figure 1 — Load balancing with DNS Round Robin

Method Pros
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e [t absolutely does not depend on the high-level protocol. That is, this method can be
used by any protocol, where an appeal to the server is named;

e Method does not depend on the server load. Due to the fact that there is a DNS-caching
server, we do not care how much we will have customers — at least one or millions;

e Method does not require communication between servers. Therefore, it can be used for
balancing the local (this balancing of servers within a data center, for example) and for
the global balancing, when we have a few data centers, where server together almost
have nothing to do;

e The main advantage of the method - it is a low cost solution. If we have a project,
domain, DNS-server, we only need to add some records in DNS, to move to this method
of balancing.

Method Cons

e [t is difficult to shut down servers that do not respond or have failed. VDNS there
caching. Recording removed, and customers no longer use it only after a time, which
is given by the parameter TTL (Time To Live) in the DNS-zone. In addition, some
providers have the DNS-servers that cache entry is forced to a much longer time. We
even faced with a situation where entry has been removed from the DNS, and on her
customers continued to go another year;

e [t is very difficult to distribute the load between servers in the correct proportions. The
only way to do this is to provide for each server on several IP-addresses so that their
number was in proportion to that part of the load, which should go to them. This is a
minus, as the [P-address, we usually do not have much.

3.2 Direct Routing

On balancer having a certain IP-address and responds to the ARP, comes first packet
connection. It determines that he was first. Need an algorithm it is sent to the correct server,
changing the MAC-address of the place of destination (destination address). Then, the IP-
address is written in a certain connection table. If this is not the first packet, it is simply
search the connection table. It turns any server processes this compound, and the package is
recovering there. The most common solution is now software implementations of this method
is called the Linux Virtual Server. The URL-terminology, this method of balancing is called
direct routing (Direct Routing, Figure 2).
Method Pros

e Independence from the high-level protocol. One can balance using HTTP, FTP or
SMTP - the difference will be negligible;

e There balancing method without a dedicated load balancer. With a small number of
servers may be relevant;
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Figure 2 — Load balancing with Direct Routing

e [t is possible to send the replies by balancer. Given that, for example, the protocol
HTTP response size is typically an order of magnitude larger than the size of the
request, then there is a fairly strong economy of resources;

e Relatively low resource consumption.

Method Cons

The obvious disadvantage of this method is that all servers must be in the water and the same
network segment. Need a specific configuration of servers and network equipment. Therefore,
this method is not always convenient and is applicable.

3.3 Redirect

There is some balancer that when referring to the service (eg, http://site.com) gives the client
a redirect to a particular server (for example, http://server2.site.com). In the case of HTTP
it will look like "HTTP redirect 302". Thus, the redirect code will look like "temporarily
moved" (moved temporary, Figure 3).

Method Pros
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Balancer

Server 1

o

Client

Server 2

INTERNET =]

Figure 3 — Load balancing by redirecting

o [f the request is sufficiently "heavy it sometimes makes sense to use a redirection,
even for global balance. We have a load balancer that sends via redirects requests
for processing in different data centers;

e The method also allows users to distribute different types of requests to different servers;
e Queries may well be analyzed.
Method Cons
e [t is, as has been said, applies to a very small number of high-level protocols;
e For the client to each request, it turns out, it made two requests;

e One-to our redirector, one- to the server that handles the connection. This increases
the time in which the client will receive a final answer to customers request.

4 Results and discussion

Analytical representation of algorithms implemented in the form of model-oriented design
models with intention to further verify them. For this purpose, the model-oriented design
tool Mathworks Simulink (Simulink, 2016) was used. For given paper currently only DNS
Round Robin algorithm implemented in model’s Scheduler block, but other algorithm
implementations also quite trivial to build and will be implemented further.

The SimEvents framework (SimEvents, 2016) in Simulink is designed for visual modeling of
processes with discrete-event semantics, including simulating the behavior of a multiprocessor
/ multicore system with unstable resources. This framework allows to simulate the effects
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of planning (delays, etc.) and to explore the design area of a running task by analyzing
the impact of decisions made in planning on the performance of management design. The
framework provides control algorithms and makes it possible to smoothly transition to
implementing the algorithm from the model through automatic code generation technologies.

[Mogenb nnaHMpoBLYWKa ANst MYMETMIPOLECCOPHON CUCTEMbI YNpaBneHus |
ApPXUTEKTYPHbIE KOMNOHEHTLI
%
Mutex
CPU Utilization
T
By taskPriority| l
L
OS Task Queue Lock Mutex CPU Unlock Mutex
Task 2

B GPU Utilization
myHKuMDHaﬂthiE KOMMOHEeHTbI

seExampleSwcController1

Step1 |

In1

Out1

Controller1

1| os [
s Plant1

Plant1
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1
S Plant2

Plant2

0

W Plant1

M Plant2

! !

| id = allocCore(status)

[ononHuTensHble
koMnoHeHTel |

glohal

Figure 4 — Scheduler implementation of multicore control system with Simulink model

Figure 4 shows the Simulink model using the SimEvents framework containing a
block of architectural components and a block of functional components. The scheduler
implicitly implies the existence of a Task definition, which is a real-time task with the
following attributes: identifier, period, priority, segments (subtasks). The scheduler simulates
a homogeneous multiprocessor system and is defined by the following properties: the number
of processes, the planning policy, the mutually exclusive resources. The implementation of the
architectural block of the scheduler is built on a high-level discrete-event language supported
by Simulink. In turn, this language relies on the MATLAB interpreter, which allows to
implement own scheduling policies for processors, which was done, i.e. The implementation
of the standard planning policy has been replaced. In our case, these were the implementations
of the 3 algorithms described above in MATLAB.

The SimEvents Scheduler permits clients to determine errands as some parameters
additionally as appeared in Figure 5.

These parameters characterize a homogeneous multicore framework with two centers.
The scheduler is setup to play out a need based approach. The framework has two control
undertakings, with:
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| Scheduler Tasks Resources |

Mumber of tasks:

2

Task periods:

[0.5, 0.5]
Task priorities:

[200, 50]
Mumber of segments in each task:

[3, 2]
simulink function for each segment:

{Tti_read', 'ti_run', "t1_writey, Tt2_run', "t2_write}}
Execution durations of each segment:

{[0.1, 0.2, 0.1], [0.25, 0.1]}

Figure 5 — Parameters used in Scheduler block for DNS Round Robin method

Task 1 for Controllerl is arranged with a time of 0.5 second, need of 200 and 3 sections,
whose capacities and execution lengths are (t1 read, t1 run, t1 write) and (0.1, 0.2,
0.1) second individually;

Task 2 for Controller2 is arranged with a time of 0.5 second, need of 50, 2 sections,
whose capacities also, execution lengths are (t2_run, t2_write) and (0.25, 0.1) second
individually. The Scheduler is made as a MATLAB Discrete-Event System. It executes
the multi-center scheduler as takes after:

An assignment occurrence is demonstrated as an element that is intermittently
made, executed, and demolished toward the end of execution. Properties and runtime
conditions of an assignment occasion are put away as information of the element;

The assignment line of the working framework and the multicore processor itself are
demonstrated as two element stockpiles;

Task occurrences (elements) are made occasionally inside the assignment line. They are
put away in a requested grouping as required by the planning approach;

The booking calculation is acknowledged by planning occasions on the undertaking
substances. Occasions cause errands (elements) that are prepared to execute to be sent
from the assignment line to the processor (the second element stockpiling);
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e An executing assignment remains in the processor for the time period as determined
by the execution length parameter. Such execution term is reproduced by utilizing a
clock occasion. At the point when the clock finishes, its occasion activity executes the
comparing assignment work (Simulink Function).

The Scheduler permits appointing a subjective number of centers and investigating how
that effects SimEvents framework execution. In the primary situation two centers have been
allocated to execute the two control errands. Fig. 7?7 shows parameters of the Scheduler
obstruct for this setup.

With adequate preparing limit, both shut circle control frameworks perform acceptably when
the set point is changed from 0 to 1. Fig. 7?7 incorporates a reaction outline (on the left-hand
side) and a timing outline (on the right-hand side):

e The reaction outline demonstrates the reaction of the two controllers with Controllerl
in the top diagram, and Controller2 in the base diagram,;

e The planning graph demonstrates usage of centers and assets. A hued bar shows
execution of a fragment of errand. The position of a bar on the flat pivot shows time
of begin and consummation of the fragment. The position of the bar on the vertical
pivot shows standardized errand consummation prior and then afterward executing the
fragment.

The planning graph of Figure 6 shows that errands are prepared simultaneously with centers
having medium and adjusted usages. See that Task2 allocated to Corel since it has higher
need and, along these lines, allocated before Taskl.

Task segments on core 1 (Priority-based) ekt |

1 I Tesk2

T L LTt

5
L/ Time (second)

Task segments on core 2 (Priority-based)

[ R

Time (second)

Completion

Completion

Figure 6 — Task scheduler output and scheduler performance (2 cores) with DNS Round Robin scheduling

5 Conclusion

Therefore, common software-balancing algorithms have been considered, which are often
used to solve the problem of load balancing servers, websites etc. In traditional web server
architectures DNS balancer distributes requests to the server based on the status of their
workload. Because the Web servers must inform the DNS server about the status of their
load from time to time, the so-called buffer download busy often to reduce the frequency
of updates. Without proper attention, excessive use of loading buffer may lead to excessive
oscillation within the cluster. All three discussed the method helps reduce the oscillation

effect on Web servers that has been tested through the implementation of their models using
Model-Based Design.
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BU3YyaJIN3allN ¥ aHAJIN3a YKCIIEPUMEHTATIBHBIX Ire0oU3nIeCKnuX
HA3€MHBIX U CIIYTHUKOBBIX JIAHHBIX

Myxkamesa C.H., k. ¢d.-M. H., Beymuit HAyIHBIH COTPY/IHUK,
WNucruryT monocdepsr, 1. Anmarsr, Pectiybnnka Kasaxcran, +77273858759,
E-mail: snmukasheva@gmail.com
Masumbae A.M., MarucTpant, HayIHbINA COTPYIHUK, NHCTUTYT noHOCKhEpbI
Kazaxckuit HanimoHa/IbHBIN yHUBEpCUTET nM. ajtb-Papadu, r. Ayimarsl,
Pecrrybmuka Kaszaxcran, +77473779330, E-mail: nanozavr@mail.ru
[MTapumnosa I'. nayunsrii corpyanuk, uactutyT nonocdepsr,

r. Anmvatel, Pecriybsinka Kazaxcran, +77079074858, E-mail: gunya-87@Qmail.ru

NudopmarimoHibie 1 KOMIBIOTEPHBIE TEXHOJIOTHN MUPOKO UCIIOJIB3YIOTCS JIJIS PENeHIsT aKTya b
HBIX 33/1a4, CTOSIINX Tepel coBpeMeHHo# Haykoit. [leabio HacTosAMEl PAOOTHI SIBJIETCST 000CHO-
BaHME U IOJrOTOBKA pPEKOMeHjamuii K TpebosanusiM reomHdopmannonHoii cucreme (TUIC) nuist
cbopa, 06pabOTKN M BHU3yaU3AIANA IKCIIEPUMEHTAJIBHBIX T'eO(pPU3NIECKUX HA3EMHBIX U CILyTHU-
KOBBIX IAHHBIX B IepHOIbl ceiicmmdeckoit aktuBu3anuu #Ha CeBepuom Taup-lllanme. Ha ocmose
COBPEMEHHBIX WH(MOPMAIMOHHBIX TEXHOJIOTUN € MCIOJb30BAHUEM 3JKCIIEPUMEHTATBHBIX JTAHHBIX,
MAaTEeMaTHIECKOTO MOJIEJTUPOBAHUS U CPEJICTB BBITUCIUTEIbHON TEXHUKH PEKOMEH/IYETCS Peasn30-
BaTh (DYHKIIMOHAJIBHBIE BO3MOXKHOCTU T'eOMH(MOPMAIIMOHHON cucTeMbl. B equHOM reonndopMaIiy-
OHHOM IIPOCTPAHCTBE PEKOMEH IYEeTCsl OPraHu30BaTh JOCTYII K HEOOXOAMMBIM PECYPCAM: CILy THUKO-
Bble U3MEPEHUsI IIaPAMETPOB MEXKILIAHETHOrO MATHUTHOIO 110Jisl (CKOPOCTh, TE€MIEPATypa, ILJIOT-
HOCTb, JIABJIEHHE, KOHIEHTPAIUsl IIOTOKOB YacTull cojiHedHoro Berpa); GPS-uzmepenus (mosHoe
9JIEKTPOHHOE COJIePKaHNe); Ha3eMHbIe M3MEDEHUs [apaMeTPOB IeOMATHUTHOIO IIOJIsl; IOCTYI K
MeKIYHapO/HbIM U Ka3aXCTaHCKUM CefICMOJIOTITYECKUM KaTaJIoTaM. C IIOMOIIBIO KOMIIBIOTEPHBIX
[IPOTPAMMHBIX CPEJICTB, IOPT/IETOB (BHYTPEHHUX CJIy?KEOHBIX IIPOIPAMM ), PEKOMEHJLyeTCsl PeaJiu-
30BaTh rpadUIeCcKoe IPeJICTaB/IeHNe JAHHBIX JJisi KOHKPETHOI'O CECMUYIECKOTO COOBITHS B HEOO-
xognmom BpemenHoMm maTepBase. CozmaBaemasi ['VIC mo3BonT /11t KOHKPETHOTO CEHCMITIECKOTO
cobbrtust B peruone Cesepuoro Taup-11lans npoanamsanposath 3(hHeKTh B reobu3nIecKux MoJIsIx
Ha CTAJIUU TIOJI'OTOBKU U BO BPEMSsI 3eMJIETPSICEHUIA.

KiroueBsble ciioBa: reonHdopMannonnast cucreMa, aurocdepa, HoHochepa, 3eMIIeTpsICeHIE.

TeoaknaparThIK, >KyiieHi >KuHay, oeHAeY, BU3yaJIabl >KOHE SKCIIEPUMEHTTIK
reopuU3UKAIIBIK, 2Kep YCTi >K9He >Kep CepiKTi JepekTepai
TaJAay TajJanTapbl KONBLJIFaH
Myxkamesa C.H., ¢d.-M. ¥. KaHI., XKeTeKIII FHIIBIMU Kbi3MeTKep, Monochepa nHCTATYTHI,
Amvarer k., Kazakcran Pecriybiukacer, +77273858759, e-mail: snmukasheva@gmail.com
Masmmbaes A.M., MarucTpanTsbl, FELIBIME Kbi3MeTKep, Vonocdepa nHCTUTYTHI, 0b-Dapabu aTbIHIAFbI
Kazaxk
Yarreik YHuBepcureri, Anmars K., Kazakcran PecryOsmukacsr
477473779330, e-mail: nanozavr@mail.ru
IMTapumnosa I'., reutbivMu Kb3MeTkep, Vonocdepa nHCTATYTHI, AIMATHI K.,
Kazakcran Peciybsukacer, +77079074858, e-mail: gunya-87@mail.ru

O3zekTi MiHAETTEP/Il TMIENTy YIINiH aKIapATTHIK, YKOHE KOMIIHIOTEPJIK TEXHOJIOIUsIap KeHiHEeH Maii-
JAJIAHBII, 3aMaHayil FBUIBIME TypraH ajabiaaa. Leoaknaparteik xxyiecin (IAZK) xunay yruin,
OCBI 2KYMBIC MaKCaThI JalbIH/Ay TaJallTaPbIHBIH YCHIHBICTAPBI MEH Heri3zeysepi 60IbIn TaObLIbIII,
Courrycrik Tsaub-Illangeri ep cepikTik JepeKTepiH CefiCMUKAJIBIK, YKaHIAH/IBIPY Ke3eHepi MeH
reo(U3NKAJIBIK, KEP YCT1 9KCIEPUMEHTTEPIH BU3yaJsIbl OHJELY. 3aMaHayil aKIapaTThIK TEXHOJIO-
TUSIIAP/IbI HETI31H 9KCIEPUMEHTTIK JepeKTep Il Haiiiajgana OTHIPHII, reOnHMOAKIAPATTHIK XKYiie-
JepaiH, QYyHKIMOHAIIBI MYMKIHIKTEPiH icKe achIpybl MAaTeMaTHKAJBIK MOIEJICY KOHE eCernTey
TEXHUKA KYPaJJIapbl YCHIHBLIAIBI.
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Bipoiarait recaxmapaTThbiK KEHICTIKTE KAXKETTI pecypcTapra KOJI KeTKi3y YHbIMIACTBIPHIIAIHL:
IUIAHETa apaJIbIK MATHUT OPICiH yKepcepik mapameTpiiepin esmey (KbLIIAMIBIFDL, TEMIepPaTypa-
CBI, THIFBI3JIBIFDI, KbICBIMbI, KYH YKOHE YKeJI OOJIIIEKTED arbIHbIHbIH, KOHIEeHTpauschl ); GPS-emey
(TOJIBIK, JIEKTPOH/IBIK, MA3MYHBI); T€OMATHUTT] OPICIHIH Kep YCTi ImapaMeTpJliepiH eJIiey; Xajibl-
KapaJblK »KoHe Ka3aKCTaHIbIK CEMCMOJIOTUSIJIBIK, KaTaJortTapra KoJ keTimMijiri. KoMmbsorepik
GarzapsaMajiap Kypajjapbl KeMeriMeH, mopriertep (imki Kpi3merTik Garjapiamasnap), rpadu-
KaQJIBIK, MOJIIMETTep/i iCKe aChIPBIIYBIH YCHIHIIYBI YIIIIH HAKTHI CEICMUKAJIBIK OKUFAJIap YaKbITIIA
KaxkeTTi apajbikTapbl yebiabLia bl Cosnrycrik Tsaub-111anb oHipie HAKThI CECMUKAJIBIK, OKUFAJIap-
gl TAZK KypbuIaThlin MyMKIHZIT, TeoU3UKABIK, epicTepieri JafibiHiay CAThICHIHIATB Tajliay
ocepJiepi MeH 2Kep CLTKiHICI yaKBITBIHIA.

Tyitin ce3nep: I'eoaknaparTsik xkyiite, urocdepa, nonocdepa, kep CLIKiHiC.

Requirements for Geoinformatical System for Gathering, Processing, Visualization,
and Analysis of Experimental Geophysical Ground and Satellite Data
Mukasheva S.N., Cand. Sci. (Phys.-Math.), Institute of
Tonosphere, Almaty, Kazakhstan, 477273858759, E-mail: snmukasheva@gmail.com
Malimbayev A.M., researcher, Institute of Ionosphere, graduate student, Kazakh
National University named after Al-Farabi, Almaty, Kazakhstan,
+77473779330, E-mail: nanozavr@mail.ru
Sharipova G., researcher, Institute of Ionosphere,

Almaty, Kazakhstan, +87079074858, E-mail: gunya-87@Qmail.ru

Information and communication technologies are widely used for solving actual problems,
faced by modern science. The goal of the current paper is to justify the need for and
prepare recommendations for requirements of a geoinformatical system (GIS) for gathering,
processing, and visualization of experimental geophysical ground and satellite data for the
periods of seismic activity on Northern Tian Shan. We recommend to create a geoinformatical
system, based on modern technologies, and using experimental data, mathematical modelling,
and computing technologies. We recommend to organize access to necessary resources in the
common geoinformation space: satellite measurements of interplanetary magnetic field (velocity,
temperature, density, concentration of streams of solar wind particles); GPS-measurements;
Ground-based measurements of geomagnetic field parameters, and International and Kazakhstani
seismological catalogs. We recommend to realize a graphical presentation of data for specific seismic
event in the demanded time interval with help of computer software and portlets (internal support
programs). The created GIS will allow to analyze effects in geophysical fields for specific seismic

events in region of Northern Tian Shan on pre-earthquake stages and during the earthquake.
Key words: Geoinformation system, Lithosphere, lonosphere, Earthquake.

1 BBenenue

Haz snumenTpaMu CUIBHBIX 3€MJICTPACEHUI 10 CIy THUKOBBIM JAHHBIM OBLIN 3apPEruCTPHPO-
BaHbI BCIUIECKM MATIHUTHON M 3JIEKTPUYECKOH KOMIIOHEHT II0JIA HU3KOYACTOTHBIX IIIyMOBBIX
U3JIy9eHuil 3a HECKOJIbLKO 4acoB [0 IVIABHOrO ceiicMuaeckoro yaapa. OOHapyzKeHbl n3MeHe-
HUA B SJIeKTpI/I‘—IeCKOIU/I 1 MarHUTHOMI COCTaBJIAIOMINX ITI0JIA HU3KOYaCTOTHBIX I/I3J_[y"IeHI/HL/,I7 perum-
CTPUPYEMBIX Ha OOPTY CIIyTHUKA, IIPU IIEPECEIECHUH ITPOEKIINH €0 TPACChl HaJl IJIYOUMHHBIMU
pazjiomamu Jiutocepbl. Bee aTn usydenus oO6ycoBI€HbBI OCOOEHHOCTAMU HECTAITMOHAPHBIX
[POIECCOB B 30HAX TEKTOHUIECKUX Pa3IoMOB 3eMHOit Kopbl (Hayakawa, 2003a: 30),(Pulinets,
2003a: 65),(Pulinets, 2006b: 649).

Hecmorpst Ha m3BeCTHBIN TPOPBIB B PA3BUTUM COBPEMEHHBIX CIIyTHUKOBBIX W MHMOPMAa-
[UOHHBIX TEXHOJIOrHi, 3(pPEKTUBHOCTD MPOrHO3ZUPOBAHUA 3EMJICTPICEHUNA OCTACTCA BECHMA
HU3KOI, 9TO 3aTPyAHAET IPOBEJCHUE I'OCYIaPCTBEHHBIMU OpraHaMH IIPEBEeHTHBHBIX Mep B
CBSI3U C BO3MOXKHBIMU CHJILHBIMHU 3eMileTpsceHuamu. [Ipobiema KpaTKoCpOYHOIro IPOrHO3a

Becrauk KasHY. Cepusi maremarnka, Mexanuka, nadopmaruka Nel(93)2017



82 Myxkamesa C.H. u ap.

3EeMJIETPSICEHMIT ObLIa M OCTAETCs OJIHON M3 BaXKHEHINNX HEPEIICHHBIX 1Pob/eM reobu3nK,
U TIeHa 9TOH TPOOIEMBI BO3PACTAET C KayKIBIM TOIOM.

C pasBuTneM KOCMUYECKHX TE€XHOJIOTHI CIIy THUKOBash MH(MOPMAIUS U JaHHbIE HA3EMHBIX
reopu3nIecKuX 00CEPBATOPUI BCE ITUPE MPUMEHSAIOTCS B HayIHBIX HCCJIEOBAHUAX Pa3/Ind-
HBIX (PUBUIECKUX IIpoIeccoB. Vcmoap30BaHne CIlyTHHKOBON HayIHONR MHMOPMAIUN B HCCIIe-
JIOBAHUSX OYATOBBIX 30H 3€MJIETPSICEHUI U JTUTOCHEPHO-UOHOCHEPHBIX CBsA3eil TpedyeT pas-
pabOTOK HOBBIX METOJIOB M METOIUK 00PAOOTKHU U aHAJIN3a JIAHHBIX B OBICTPO M3MEHSIIOIIUXC S
pU3MIECKUX YCIOBUAX, 00YCJIOBJICHHBIX IIepeMelleHrneM CIIyTHUKa B pocTpaHcTBe. s 0b-
pabOTKM CITyTHUKOBO# MHMOPMAIINKA ITPUXOIUTCS MCIIOJIb30BaTh KPATKOBPEMEHHON aHajIn3
JIAHHBIX B CKOJIB3SIIUX OKHAX, B 9TUX YCJIOBUSIX MHOI'UE TPAJUIIMOHHBIE CPEJICTBA 00PabOTKM
JIAHHBIX JIJIsT CIIyTHHKOBBIX M3MEDPEHMII CTAHOBATCHA HEIPUIOAHBIMU. B ¢BA3M ¢ 3TuM akTy-
AJIBHBIMU SIBJISIIOTCST PADOTHI 110 CO3AHUI0 NeOMH(MOPMAIMOHHON CHCTEMBI JIJIs 00eCIIeIeHusT
HA3eMHBIMUA U CITYyTHUKOBBIMH JIAHHBIMU HCCJIEJIOBAHUN B 00J1aCTU BbIABICHUSA P PEKTOB B
reopU3NIECKUX IMOJIIX B IEPUOJIbI CEHCMUYIECKOH aKTUBU3AIINN C TIEJIbIO TTOMCKA, 3JIEKTPOMAr-
HUTHBIX [IPEIBECTHUKOB 3€MJICTPSICEHUIA.

[Ipu coznannm HOBOI reonH(MOPMAIIMOHHON CUCTEMBI TIOABJIAETCA TOTPEOHOCTD B OIIpeIe-
nennn TpeboBanuit K Heit. ABrops! (Asekcanapos, 2007: 105), (Bapanos, 1999: 32) npusomst
cJIeJIyIolee olpe/jiesieHre: TpeboBaHue — 9TO YCJIOBUE WM BO3MOXKHOCTB, KOTOPOI JIOJIZKHA
COOTBETCTBOBATH CHCTEMA.

enwio HacTOsIIIEH PabOTHI sIBIsIeTCs 0OOCHOBAHNE U IIOJANOTOBKA PEKOMEH Al K Tpebo-
BauusiM reourdopmanmonnoit cucreme (I'MC) mrst cbopa, 06pabOTKN 1 BU3YAJTH3AINN IKCIIe-
PUMEHTATBHBIX NeO(U3MIECKNX HAZEMHBIX U CIIy THUKOBBIX JAHHBIX B TIEPUO/IBI CECMUIECKO
akTuBm3anuu Ha CeBeprom Tanb-IIlame.

2 O630p JuTepaTypbl

Ha ocHoBe MHOTOJIETHUX TEOPETUIECKUX U FKCIIEPUMEHTAIBLHBIX UCC/IEI0BAHIIT YCTAHOBJICHO,
9TO € OJIHOI CTOPOHBI, XaPAKTEPUCTUKH OKOJIO36MHOTO KOCMHUYIECKOIO MPOCTPAHCTBA (HOHO-
cdepa, marautocdepa, paIHalnoOHHbIN MO0sic 3eMJIH) OTKIMKAIOTC Ha AKTHBU3AIINIO NeO/[MHA~
MmdecKnx mporieccos B mrocdepe (Adushkin, 2012: 305), (Afraimovich, 2001: 396), (Hobara,
2005: 679), (Lefeuvre, 2006: 747), a ¢ Apyroii CTOPOHBI, PEOJINHAMUIECKIE [TPOIECCHI B JINTO-
cepe OTKINKAITCS Ha aKTUBU3AIMIO TIporieccoB Ha COJTHIE U B OKOJIO3EMHOM KOCMIIECKOM
npocrpancrBe (3akp:kesckas, 2001: 7), (Usanos, 2012: 738).

B nocsieame rosibl aKTUBHO BEJIYyTCs MCCICIOBAHUS BIUSAHUAS Ha CEICMUTIHOCTH 3JIEKTPO-
MArHUTHBIX HCTOYHUKOB €CTECTBEHHOT'O IIPOUCXOXK/IEHUS, & UMEHHO, BO3/ICHCTBUS MATHUTHBIX
Oypb C BHE3AITHBIM HAYaJIOM, OOYCJIOBJIEHHBIX OCTYILIEHUEM B MAarHuTOCGhepy 3eMJIH BBICO-
KOCKOPOCTHOI! COTHEYHOIT II1a3Mbl, TeHepupyeMoii costHedroi Benbimkoii (Iymbensyu, 2012a:
85), (Cympeasmu, 2012b: 23), (I'yabensmu, 2015¢: 98), (UBanos, 2012: 738).

B pa6ore (Coboses, 2003: 228) paccMarpuBaeTcst BOIPOC O BO3MOXKHOM BO3/€fCTBIM reo-
MarHuTHBIX Oypb ¢ BHe3anHbM HadaioM (SSC, storm sudden commencement) Ha rio6aabHY IO
CeCMUYECKY 0 aKTUBHOCTh, MpoaHasm3upoBano 405 semerpsicennii Karayiora USGS/NEIC
¢ maraurygamu M>5.0 3a 1973-2010 rr., ormMevaeTcst HOHUKEHKE IJ100aIbHOM CeliCMUTHOCTH
nociie reomarauTHbIX 6yph SSC. B pabore (Tepreimaukos, 2013: 69) ormedaror, 910 mpocie-
JKUBAETCsl CBA3b MEXKJIy 3HAUYUTE/IbHBIMU rpajineHTaMu B H-cocTaBisionieir reoMarauTHOrO
[0JIsI U MATHUTYION 3eMJIETPSICEHMIA, deM OOJIbINe IPAIUEHT, TeM OOJIbIIe BEPOSATHOCTH CUJIb-
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HOTO 3emiteTpsicenns. B pabore (Y36ekon, 2011: 78) mpuBeeHbl PE3YIBTATHI UCCICIOBAHUS
SaKOHOMepHOCTeﬁ [IpOoABJICHUA W IIPUPO/IbI aHOMAJIUI B Baprualnudx INIaBHOI'O MarHUTHOI'O
[0JIsT Ha TIEPHOIaX 5-35 CYTOK M UX CBA3U C CEHCMUYIHOCTHIO 3eMHO Kopbl CeBepHoro Tanb-
[Ilans, aBTOp OTMeYAET, YTO BapHAIMH N€OMATHUTHOTO TOJIS U IIPUINBOOOPA3YIONINX CHJT
SABJIAIOTCA KOCBEHHBIMU TTPU3HAKAMHE, YKA3bIBAIOIIUME HA BEPOATHOCTH U3MEHEHUs CeiCMUd-
HOCTH IIPU UX BO3/IEACTBAN HA 3€eMHYIO KODY.

B pabore (Y3b6ekos, 2011: 113) mpuBejieHbl pe3y/ibTaThl UCCIEI0BaHUsS 3a mepuoy 1963-
2000 rr. BAUSIHUSA N€OMarHUTHBIX OyPb C BHE3AITHBIM HAYAJOM C N€OMAarHUTHBIMU WHIEKCAMU
Ap>48 (4r0 COOTBETCTBYET MHJEKCY TJIAHETAPHON reOMarHUTHOI akTuBHOCTH Kp>5) Ha ceii-
CMUYIHOCTB Tt 1ByX perunonoB: Cpeanss Asus u Kaskas. Pacemarpupasinch 3eMiterpsiceHust
[IPE/ICTAaBUTE/IHLHOIO KaTaJiora ¢ dHepreTudeckuM Kjaaccom K=7.0. /s celicMOaKTUBHOTO pe-
ruona Kazaxcrana u KeIpre3un ycTaHOBIEHO, UTO B IEJIOM II0 PETHOHY OTMeJaeTCsl TeHIeH-
Mg YBEJUYEHUS YUCTIA 3eMJIETPSCEHUIT TI0C/Ie TeOMarHuTHLIX Oypb. TeM He MeHee, aBTOPBI
(Cobostes, 2003b: 233) ormeualor, uro B obsmactn [44.0-45.25 N; 78.25-79.5 E| xoimdecrso
3eMJIETPSICEHU{T 1TocIe OOJIBIINX MeOMArHUTHBIX OYDb YBEJININBAeTCs (MOJOKUTEIbHBINA 3~
dekr), a B obmactu [41.0-42.25 N; 76.5-77.75 E| — ymenbinaercs (orpunareabubiii 3hdekT).
Agsropsr (Cobosie, 2003b: 230) 00bACHAIOT, YTO BIMsIHIE MATHUTHBIX OYPh Ha CEICMIUIHOCTD
HOCHUT TPUTTEPHBII XapaKTep, TOCKOIbKY HEPTHUs TeOMAarHuTHON OypH Ha HECKOJILKO TOPSI/I-
KOB MeHbIIle BBICBOOOK 1aeMoii ceficmudeckoii sneprun (Cobosies, 2002a: 14), a BbISBICHHBIE
3 eKThl pasIndneM reo3JIeKTPUIeCKUX pas3pe3ax — B pailoHe IoJ0KHUTeJIbHOro 3ddeKrTta
3aJIerafoT IJIACThI ¢ OoJiee HU3KUM 3JIEKTPOCOITPOTUBICHUEM.

OO6mmeit BHEIHEH TPUIWMHON, YIPABJISIONEl W OPraHu3yIoIeil 3eMIeTPsSICeHnsT Ha 3eM-
JIe, fABJISEeTCd KPYITHOMACHITAOHOE OTKPBITOe MarHuTHoe 1oje CoJiHia, MOIIHbIE KOPOHA b
HBIE BBIODOCHI Macc, orMmedaior B pabore (Wsamos, 2012: 741). I'eomarnuTHble anomainm
nepeJ] CUJIbHBIMEU 3eMJyleTpsiceHusiMu oTMedatorcs B paborax (Chen, 2011: 5), (Hayakawa,
2011b: 302), (Zotov, 2013: 883), (Crapxunckuii, 2012: 31), (dos6usa, 2014: 160), yasrpa-
HU3KOYACTOTHBIE CeICMO-MarHUTHbIE (DEHOMEHBI TTepe]] 3eMJIETPSICEHIAMI OTMEYAIOTCA B Psi-
ne pabor, manpumep (Hattori, 2013: 293). Anomasinu B Bapuanusx HOHOC(HEPHBIX MapaMeTpoB
nepe/| 3eMierpsceHnsiMu oTMedarorcsa B paborax (Korsunova, 2006: 13005), (Larkina, 1989:
50), (Liu, 2006: 5304), (Poroxun, 2014: 148). MogemmpoBannio (pU3NIECKUX MPOIECCOB B
cucrteMe JuTocdepa-armocdepa-uoHocdepa mnepe;1 3eMIETPsICEHUSIMU TTOCBAIIEHO Psii PadbOT,
nanpumep, (Gershenzon, 2001: 247).

Hakonnennble B mocsegame ToApl 3HAHNS O MPOIECCAX B CIIOKHOM cucTeMe JinTocdepa-
armMocdepa-noHocdepa Ha CTaIUN TOJATOTOBKH CUIbHBIX 3€MJIETPSICEHUI, TTO3BOJISIOT CTABUTD
BOIIPOC O BO3MOKHOCTHU IIPAKTUYECKOI'0 IIPUMEHEHUS 3TUX 3HAHUI B IeJI9X KPATKOCPOYHOI'O
nporuosa 3emyierpsiceruii. Heobxoamm KOMIIIEKCHBIN MTOJIX0/T ¢ TIPUBJIEIEHUEM PsiJIa TeJIHO-
reoU3NIeCKNX MapaMeTpOB IS MCCJIEJOBAHNS IIPOIECCOB Ie00D0I0UKaAX IMepe] 3eMJIeTPsI-
CeHMsIMU Ha 6a3e KOTOPBIX MOYKHO CTPOUTH HaJiexKHbIi mporuos. (Jlumeposceknii, 2008: 831).

B nacrostieit pabore 1arorca peKoMeHIann K TpeboBaHusIM reonHMOPMAaIMOHHON CUCTe-
Me i cbopa, 0OpabOTKN U BU3yaJU3AIUN SKCIEPUMEHTAIBHBIX T'eO(DU3NICCKUX HABEMHBIX
U CIIYTHUKOBBIX JAHHBIX B IIEPUOJIBI ceficMuieckoit akTupu3aiun B pernone CeBepHoro Tsmb-
[Iamns.
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3 Marepuan u meToambl

3.1 Omupeiesienne peMeTHO 06/1aCTH TeONHMOPMAITHOHHOM CHCTEMBI

[To npunsiToMy B Hacrosiiiee Bpems onpejenenuto (Asekcanapos, 2007: 35), (Bapanos,
1999: 32) reoundopmanuonnas cucrema, ['MIC, — undopmarmontasi crucreMa, 0becnedanBao-
mas coop, xpaHeHue, 06pabOTKY, JOCTYII, OTOOPayKeHne U pacipocTpaHeHue MPOCTPAHCTBEH-
HBIX JTaHHBIX.

[Ipenmernoit obmacTwio co3maBaemoit ['MIC sBisiercst c60p HA3EMHBIX U CITY THUKOBBIX T€0-
busrueckux JaHHBIX (apaMeTpoB TeOMArHUTHOIO MOJIsl, BEPXHUX CJI0EB 3eMHOI arMocdepsl,
noHOChEPDI) B MEPHOJIbI aKTHBH3AIMY ceficmuaeckux siiennit Ha Cesepuom Tsaub-11lane.

Ha ocroBe coBpemenHbIx reonHdopmarmontbix Texunosoruii (I'VC-rexnomorum) ¢ ucmosib-
30BaHUEM SKCIEPUMEHTAIbHBIX JAHHBIX, MATEMaTUYECKOI0 MOJEJMPOBAHUS U CPEJCTB Bbi-
YUCIUTEIHHOM TeXHUKHU Oy/IyT peaarn30BaHbl (PyHKIMOHAbHbIE Bo3MozkHocTH ['TC.

B enunoM reonndopMaImOHHOM ITPOCTPAHCTBE OYJIET OPraHU30BaH JOCTYI K HEOOXOJIH-
MBIM MeOMH(OPMAIMOHHBIM PECYPCAM:

- National Aeronautics and Space Administration (http://cdaweb.gsfc.nasa.gov NASA) —
nHGOPMAIUA 0 COCTOSHUM MeKIIaHeTHOTo MaruuTHoro moJist, MMII, (ckopoctb, Temmepa-
Typa, IJIOTHOCTD, JIABJICHNE, KOHIICHTPAIIMS TOTOKOB YaCTHUI] COJTHETHOIO BETPA);

- namable  GPS-msmepenuit: B dopmare RINEX-daitmor — HTTP-ceppep SOPAC
(Scripps  Orbit and Permanent Array Center) — http://lox.ucsd.edu mmm ma FTP-
cepepe 1o aapecy ftp://lox.ucsd.edu/pub/nav; B dopmare IONEX-daiiio —
ftp://cddis.gsfc.nasa.gov/pub/gps/products/ionex;

- MU3MEpPEeHNs MapaMeTpPOB MarHUTHOIO TOJIA 3eMJIN ciyTHUKaMu rpynmupoekun SWARM
(www.swarm.eo.esa.int);

- INTERMAGNET (www.intermagnet.org);

- narnbie ML/ Kuoro, Anonust, Kp-unygexcst, (http://swdewww.kugi.kyoto-u.ac.jp);

- JIAHHDBIE reoMarHuTHOM obcepBaTopun Anma-Ara, geomag.ionos.kz
(http://89.250.81.120/index.html);

- Mexaynapognsiit katagor USGS United States Geological Survey, NEIC National
Earthquake Information Center (http://earthquake.usgs.gov/earthquakes/map);

- I'V «Ceitcmostorndeckas onbITHO-MeToImIecKast sKcreauins Kovmurera maykn MOH
PK» (http://some.kz/index.php);

- Kazaxcranckuit Hanmonanbusiit lentp nmamsbix (http://www.knde.kz) Asromarn-
geckuii Gromerens (http://www.knde.kz/index.php/ru/sejsmicheskie-byulleteni/automatic-
bulletin).

OyukinoHa bHble Bo3MOKHOCTH ['VIC OynyT peann3oBaHbI CJIEAYIOMIM 00PA30OM:

1. JIyist KOHKPETHOTO CeliCMUIEeCKOr0 COOBITUS OYIeT OPraHU30BaH CEPBEP /ISt XPaHEeHUsI
HA3EMHBIX W CIIYTHUKOBBIX JIaHHBIX Jijisi peruoHa Ceeproro Tsaub-I1Tans.

2. Byayr paspaboranbl cOOCTBEHHBIE TIPOTPAMMHBIE CPEJICTBA JIjId IPeodpa3soBaHus JaH-
HBIX [IPU [IE€PEX0JIe OT OJHON (POPMBI IIPEJICTABIECHUS B JIPYTYIO.

3. B TUC 6y iy naTerpupoBatbl CTaHIapTHBIE U ABTOPCKUE TPOrPaAMMbl CTATUCTHIECKO
00pabOTKM SKCIHEPUMEHTABHBIX JTAHHBIX.

4. C TIOMOIIBIO0 KOMITBIOTEPHBIX MPOTPAMMHBIX CPEJICTB, TIOPTIETOB (BHYTPEHHUX CJTy7Ke6-
HBIX [IPOrpaMM) GyjIeT pean30BaHo rpaduuecKoe IpejICTaBIeHne JAHHBIX J1Jisi KOHKPETHOIO
COOBITHS B HEOOXOJMMOM BPEMEHHOM HUHTEpBAJIE.
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5. Ha ocnose pazpaborannoii MaTeMaTUIeCKOil MOJIEIN, KOMIILIOTEPHOT'O MOJIETUPOBAHUST
U YUCJIEHHBIX pacdeToB OyJ/eT OCYIIeCTBICHA BU3YAJM3AIN T€OIMHAMUIECKIX IIPOIECCOB B
3EMHOI KOp€ B IIEPUOALI CEHCMUYICCKON aKTUBU3AIINN.

6. Pazpaboranbl MeTO/IMYECKHE YKa3aHUs 10 OOPAIEHUIO U padoTe ¢ TeonHMOPMAIMOH-
HOIi cucTeMoil (onucanbl GOPMATHI U CTPYKTYPaA BXOJHBIX M BBIXOJIHBIX JAHHBIX, HOIIATOBO
OIICAHBI OOpAIeHns K pa3pabOTAHHBIM KOMITBIOTEPHBIM IIPOIPAMMHBIM CDEJICTBAM ).

4 Pe3ynbTaThl 1 00CYK/aeHUE

4.1 OcHoBHbIe TpeboBaHus K 001Iei nHMOPMAIMOHHONW NHMPACTPYKTYPE

TpeboBanus K ob1Ieit nHGOPMAIMOHHONW NHMPACTPYKTYPE:

- OercTpoTa u mpoctora paseprhiBanua [ MIC Meromom HapammBaHus GyHKIMOHATILHO-
CTH;

- o0Ias yCTOMINBOCTH CUCTEMBI — HEOOXOUMO IIPEIYCMOTPETh JYOJIUPYIONIEe KaHAJIbI
nepeJiadn JIAHHBIX MeXKJy BCEMU 3BEHbSIMU CHCTeMbl (10 BO3MOXKHOCTH), jyOJmpoBaHue u
3aIUTY OCHOBHBIX €€ 3JIEMEHTOB;

- MUHEMU3AIUS CTOUMOCTH ITPOrPAMMHBIX PEIeHI 1 000PYI0BAHUS, HAITPUMED, IJIe BO3-
MOXKHO, PEKOMEH/IyeTCsI MCIo/ib3oBaTh Oeciutarabie UNIX-110/100HBIE OlIepaliiOHHbIE CUCTE-
MBI;

- HEOOXOIUMO 00eCIIeINTh HAUBBICIIYIO MEPY 3allluThl TH(MOPMAIIUA U CUCTEMBbI OT ITPOTHU-
BOIIPABHBIX UJIU HAPYIIAIOINIUX [EJIOCTHOCTDH CUCTEMBI TIOCATATETHCTB.

TpeboBanus /10 yCTAHOBKH HEOOXOIMMBIX OOIIEIOCTYITHBIX KOMILJIEKCOB IIPOrpaMM, Ha-
npumep Gamit/Globk (Gamit 310 KOMILIEKC TIpOrpaMM Jijisi BcecTopoHHel obpaborku GPS
JAHHBIX, pazpaboTanHblil MaccadyceTcKiuM TeXHOIOTHIeCKIUM HHCTUTYTOM):

- paboraroras oneparnnonHas cucrema Linux u kommuisatopel C 1 FORTRAN s aBro-
MaTH3aINil 1 THTePAKTUBHOI 00paboTku Tpebyercss kKomaHHast obooara CSH;

- MUHHMAJIbHBbIE CHCTEMHbIE TPEOOBAHUS IS YCTAHOBKU U KCIIOJIB30BAHUST KOMILIEKCA
Gamit ompezessroTcss mporeccopoM He HuKe deM Pentium 90 m omepaTwBHON MaMSTBIO HE
ke 128 M6. /I1g mporpaMM peKoMeH/IyeTcs UCIIOIb30BaTh He MeHee 11'0 ¢cBoOo/IHOTO JTNCKO-
BOr'O IIpocTpaHcTBa. st mo/iHOIEeHHOro ucnoJib3oBanusd Gamit TpedyeTrcss yecTaHOBKa JOTI0)I-
HureabHbIX mporpamm. [Iporpammvbr TEQC st mepeBoa «cbipbixy» ganHbX GPS-usMepenmit
B ¢popmar RINEX u nporpamma GMT st coznanust rpadukos.

- JUId TIpoBeJieHnst 00paboTKu TpebyeTcst OGecriepeOOiHbI U OE3TMMUTHBIN HHTEPHET TaK
kak rnporpamva Gamit ucrnosbsyer daiijibl JAHHBIX KOTOPbIE TPEOYIOT MOCTOSHHOTO OOHOB-
JIeHUsI JIJIS COXPAHEHUsT aKTyaJbHOCTH, HAIPUMED, CIHCOK JEHCTBYIONUX CIIyTHUKOB (Heob-
XO/IMMO OOHOBJIATBH MPH 3aIlyCKe KaxKJO0ro HOBOIO CIyTHHUKA), dailn Hyraruil (HeoGXoamMo
OOHOBJIATH KaxKIblil 1011). Takue dailyibl JOCTYIHBI Ha, HECKOJIBKUX CEPBEPax B TOM YUCJIE U
B F'TP cepsepe Dep. of Earth, Atmospheric, and Planetary Sciences u FTP apxuse SOPAC.

HeobxomMo yeraHoBUTH cjejytolue TpeboOBaHus K IPOIPAMMHOMY OOeCIIeIeHUIO:

- cHCTeMa, JIOJIZKHA UMETh apXUTEKTYpPy KJIUEHT-CEPBEP, CepBEp JIOJIKEH IOJJICPKUBATD
MHOYKECTBEHHYIO DEIJIMKAINIO JIAHHBIX BCEX YPOBHEH (peImKarms — 9T0 MPOIece, Mo KOTO-
PBIM IIOHUMAETCs KOIUPOBAHUE JAHHBIX U3 OJHOI0 UCTOYHHUKA Ha JPYTOii, WU Ha MHOXKECTBO
JIpyTux, u HA060poT [25]).

- cTporasi OpraHu3aliisi CTPYKTYPbI PA3IMIHBIX Te0(PU3NICCKUX JTAHHBIX;

- TOJIJIEPKKa IIPOIPAMMHOI0 KOMILJIEKCa I 00PabOTKU JAHHBIX IPOJIETHBIX CIIyTHUKOB;
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- TOJJIEPXKKA MTPOTPAMMHBIX CPEJICTB JIJIT CTATUCTUYIECKON 00pabOTKU reodu3nIecKux
JTAHHBIX;

- MOJIJIepzKKa IPOIPAMMHBIX CPEJICTB JIJIs BU3YaJIM3allUU PEe3yJIbTaTOB MaTeMaTUIeCKOrO
MOJIE/TMPOBAHNS;

- TOJIJIEPYKKA IPYIITUPOBKH CJIOEB, CTPOTasi OPraHu3allus CTPYKTYPhI IMIMPOBBIX JAHHDBIX;

- BO3MOKHOCTE BerpanBanus ['MIC-sipa Bo BHeNHIE TPOrpAMMHBIE CHCTEMBI, B T.9. ITO/I-
JIepyKKa cepBepa eIMHOro MH(MOPMAIIMOHHOTO TEHTPA;

- mojiepkKa reorpadudecknx gaHabx ¢popmara Maplnfo;

- CBOEBPEMEHHOE IOCTYILICHUE, BHECCHUE U 00pabOTKa NH(MOPMAIIHH.

4.2 OcHoBHbIE TPEOOBAHUA K CEPBEPY T'€OMHMOPMAIIMOHHON CUCTEMbI

TpeboBanus K y106cTBY PabOTHI ¢ OOJIBITUM KOJIMIECTBOM I'eO(DU3NICCKUX JTAHHBIX:

- TOJIJIEP2KKA BHECCHUS HETUITU3UPOBAHHBIX 1 TUIIU3UPOBAHHBIX (DaKTOrpaduuecKux aH-
HBIX;

- HaJU4Yhe Pa3sBUTON CHCTEMBI IIPaB JOCTYIA K KapTOrpapuIecKuM U CEeMaHTUIECKUM
JaHHBIM;

- BOBMOXKHOCTb aBTOMATUYIECKOTO y4ueTa pabOThl MOJIb30BATEelH CUCTEMBI;
- XpaHenue KapTorpaduiecKoil 1 CeMaHTUIeCKON nHMOPMAIUN Ha cepBepe.

- cymiecTBoBanue Heobxomumoro nabopa mudposbix kKapt Cesepuoro Taub-1llans, npes-
craBjeHHBIX B popmarte HGazosoit ['UC.

st cokparenus puHaHcoBbIX uzjepxkek MoxKHO ucnosibzoBatb OPENSOURCE pere-

ure Ha 6aze 'IC GRASS (6ecmiatHo).

B kauecrBe CYBJI (cucrema ynpas/ienusi 6a3aMu JAHHBIX) MPEJJIAraeTCsl UCIIOIb30BATD
MySQL (cBobGojHast pessdimonHasi crucreMa ylpaBjieHns 6a3aMu JaHHBIX ), KOTOPast HMEeTCsI
B CBOOOJTHOM JIOCTYIIE.

[Torpebyercst co3nath crenuaan3upoBanubie Mo yau jisg 'MC:

- pabota ¢ (akTorpaduIecKuMu JaHHBIMA U3MEPEeHNIl Ha KOCMUYECKUX allllaparax 1 Ha-
3E€MHBIX 00CEPBATOPUAX;

- MOJEJIMPOBAHUE I'€OJMHAMUYECKUX IIPOIIECCOB B 3¢MHON KOPE B MEPUO/IbI CEHCMUYIECKON
AKTUBU3AINN;

- BU3yaJIM3aliud PEe3yJIbTaTOB MOJACAUPOBAHNA MCOANHAMAYCCKAX IIPOIECCOB B 3¢6MHOU KO-
pe B IEpUOJIbl CEACMUYCCKON aKTUBU3AIINN;

- rpacduueckoe 1pejicraBieHue reoU3nIECKNX JAHHDIX;

- Kaprorpaduieckoe IpejcTaBIeHre SMUIEHTPOB 3eMyeTpsicennii ¢ maruutyaoit M 75.0
i perunona Cesepuoro Tsanp-ITams.

Best undopmarusa 8 'IC Oyaer oprarmsoBana B Buje coeB. CJion, 9TO caMblil 1T€pPBBIi
yposenb adctpakiuu B ['MIC. Paboras ¢ I'MIC, Mmbl 006s13aHBI pa3ae/tuTh CYIECTBYIONINE Y HAC
JaHHble Ha cjion. Kaxkiplit ¢/1oif coaepKuT oO0beKThl OIPEJIETeHHOI0 BUIA, 00beInHEHHbIE
obmuMu xapakrepuctukamu. Padoras B I'MIC, MBI MOXKeM IOJK/IIOYATH M OTKJIOYATh HH-
TepecyroIe HaC CJION, U MEHSTh MOPsI0K uxX orobparkenusi. CTpykTypa (hopMupoBaHust
nuadopmarmonubix cimoeB ['MC aia cbopa, xpaneHnst 1 0OpabOTKM HA3EMHBIX M CITy THUKO-
BBIX T€O(U3NIECKUX JIAHHBIX B [IEPUO/IbI AKTUBU3AIUN celicMuYecKux siBjaeHuit Ha CeBepHOM
Taup-Illane npecraBieHa Ha pucyHke 1.
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http:/
earthquake.usgs.gov Aiﬁﬁlg:( A KaprorpacdmposaHve |

some.kz 3MNMLEHTPOB
e 3emMneTpACEHNAX

Mporpamma NASA
TRASSA INTERMAGNET
MLU]KuoTo, inoHus

Aoctyn BA3A Obcepparopua Anva-ATta

KFtp cepBepy 3NeKTPOMAarHUTHbIX
SWARM BaHHBIX

TpyNnnNMpoBKA BA3A faHHBIX 0 COMHeYHOoi
SWARM N reoMarHuTHor

aKTMBHOCTH

AaHHble
NponeTHbLIX

Mporpamma
AUTOPLOTT MAPAMETPbI

reouanyeckux nonein
KoHBeprauusa
HaHHBIX

MPOrPAMMbI
RINEX ANA cTaTUCTUYECKOro aHanMsa
{ hannk nrpadmyeckoro
i npeAcTaBneHns AHANUS

IONEX reochn3n4HecKnX AaHHbIX AAHHBIXTTUC -

thainbl

CNYTHUKOB

peHUiA

AaHHble GPS
name

ANETPOMAIMHUTHBIE
NMPEABECTHWUKN,
SEMIETPACEHUN

NMPOrPAMMbI
ANA BU3yanusauum
pe3ynkTaToB reognHaMU4eCcKMX

MartemaTnyeckoe
MojenupoBaHie
reoMHaMN4eckux npouscecon
npoueccon B 36MHOM KOpe B Nnepvogbl
CerlCcMUYECKOWN aKTMBU3aLnun

Pucynok 1 — Crpykrypa ¢dpopmupoanusi uHpopmannorabix cjioeB ['MIC mis cbopa, XpaHeHUs U
06pabOTKU HA3EMHBIX W CIIYTHUKOBBIX IeO(DU3MIECKUX JAHHBIX B IEPHO/bI AKTUBU3AINN CEHCMUIECKIX

apyiennit Ha Cesepuom Tsaub-11lane

5 3akJroueHue

Ha ocnoBe coBpeMeHHBIX TeOnH(MOPMAIIMOHHBIX TEXHOJIOTH ¢ UCIOIHL30BAHUEM SKCIEPUMEH-
TAJIbHBIX JIAHHBIX, MATEMATHICCKOIO MOJICIUPOBAHUS U CPEJCTB BBIYUC/IUTEIHLHON TEXHU-
K Oy/IyT pean30BaHbl (byHKIINOHAIBHBIE BO3SMOKHOCTH T€ONH(MOPMAIIMOHHON CUCTEMBI JIJIst
cbopa, 06paboTKM, BU3YAIUIAIMHI U aHaIN3a SKCIIEPUMEHTATLHBIX IeO(DU3NIECKUX HA3EMHbBIX
U CIlyTHUKOBBIX JIAHHBIX B TepuoJibl ceficmudaeckoit aktrusuzaru na Ceseprom Tsaub-I1lane.

B emunom wHMOpMaIMOHHOM HIPOCTPAHCTBE OyJIeT OPraHu30BaH JIOCTYI K HEOOXO/Iu-
MbiM TeorHbopMaronHbiM pecypcam (NASA| HTTP-cepsep SOPAC, INTERMAGNET,
MII/I fAmonus, reomarautnass obcepBaTopusi Anma-ATa, JaHHBIE U3MEPEHU I'PYIITHPOBKH
SWARM, NEIC National Earthquake Information Center, I'V «Ceificmosornueckast OIbITHO-
Meromaumdeckas 3kcreauius Komurera nayku MOH PK», Kasaxcramckmit HarmumonaabHbIi
[lenTp JAHHBIX).

C 1OMOIIBI0 KOMITBIOTEPHBIX MPOIPAMMHBIX CPEJICTB, TOPTJIETOB (BHYTPEHHUX CJIyKeO-
HBIX [IPOrpaMM) GyJIeT peaan30BaHo TpaduiecKoe TIpeIcTaBIeHne JAHHbBIX sl KOHKPETHOTO
coObITHS B HEOOXOAMMOM BpeMeHHOM wnHTepBaje. Ha ocHoBe paspaboTaHHOI MaTemMaThde-
CKOI MOJIE/TH, KOMIIBIOTEPHOI'O MOJIETUPOBAHUS W UNCJIEHHBIX PACIETOB OyJIeT OCYIINEeCTBJIeHa
BU3YaJIU3AINS T'€OMHAMUIECKUX IIPOIECCOB B 3eMHOI KOPE B IIEPUOJIbI CEICMUIECKO aKTU-
BU3AIUH.

[leonndopmanmontas cucTeMa, CO3/JaHHAsT C yYIETOM BBIIMIEN3/IOKEHHBIX TPeOOBAHNUIA,
HEeO0OXO UM, /I TIOUCKA SJIEKTPOMATrHUTHBIX ITPEIBECTHUKOB 3€MJICTPICCHUI.

BraromapnocTu.

ABTopsr Beipaxkator Osarogapaocts Uuunny Asekcangpy CepreeBudy 3a HEOICHUMBIi
BKJIaJI B pa3BUTHE WH(MOPMAIMOHHLIX TexHojornii B Pecriybsmke Kazaxcran st pereHus
HAYYHBIX U PHUKJIIHBIX 3819 B 00/1aCTH Teodpu3uKu. Ero paboThl 110 CO31aHUIO TPOrPaMM-
HOrO obecredeHusi 10 MOJydeHnto JaHubix co crnyTHuKoB SWARM (mporpamma TRASSA,
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nporpamma AUTOPLOT u apyrue) BoOiayT CTPYKTYPHBIMHU 3JIEMEHTAMH B CO3/ABAEMYIO
ric.
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r. Amvartel, Peciybsimka Kasaxcran, E-mail: galinasamigulina@mail.ru
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CraTbsi TIOCBsIEeHa pa3paboTKe MH(MOPMAIMOHHONW CHUCTEMbI TPOrHO3UPOBAHUS CBOMCTB HOBBIX
JIEKAPCTBEHHBIX IIPENapaToB HA OCHOBE METOJ0B POEBOI0 MHTE/IEKTA M MCKYCCTBEHHBIX MMMYH-
HBIX CHCTeM. BarXHBbIM aCHeKTOM IIPH ITPOTHO3UPOBAHUU 3aBUCUMOCTU MEXKIY XUMHIECKAM CTPO-
eHMeM BelecTBa U uX Omosiormyeckoil akrusHocrbio (QSAR, Quantitative Structure-Activity
Relationship) sisasiercst Bo160op meckpunropos. IlepcriekTuBHbIM HanpabienneMm B obaactu QSAR
CTAJIO IPUMEHEHHUE TIOJIX0I0B NCKYCCTBEHHOT'O UHTE/LJIEKTA, KOTOPhIe 00ECIIEYNBAIOT BHICOKYIO TOU-
HOCTBb ITPOTHO3UPOBAHUS XUMUYIECKAX COEIUHEHUI C 33/ JaHHBIMU CBOMCTBaMU. B cTraThbe paccMar-
PUBAIOTCST METOJIBI TYETUHON KOJOHUY U AJITOPUTM POsi YACTHII [IJIsI PEIIeHUs 33[a91 BbIIEICHUS
nHMOPMATUBHBIX JIECKPUITOPOB U JAJbHEUIIEr0 NMMYHHOCETEBOIO MOJIETUPOBAHUs (PapMaKOIO-
FUYECKOIT AaKTUBHOCTU XUMUYECKUX coeuHenuii. [IpuBejiers! cyiecTByonme nporpaMMHbIE CPeJl-
CTBa peajim3allui JaHHBIX aJTOPUTMOB JJIsi [TOCTPOEHUsI ONTUMAJILHOTO HAOOpa JIEeCKPHUIITOPOB.
[Ipumenenre MyIBTHAITOPUTMUIECKOTO IIOIX0/IA TIPY MMMYHHOCETEBOM MOJIEJINPOBAHUY JIEKAPCTB
TpedyeT CHCTEMATU3AINN UCIOIb3YEMbIX METOIOB U CO3/TaHNe WHTEIPUPOBAHHON OHTOJIOTUIECKOMN
Moziesin. Pa3zpaborka OHTOJIOIMYECKUX MOJIeJNell MO3BOJISIeT CTPYKTYPUPOBATH BXOJHBIE M BBIXOJ-
Hble JJAHHBIE, YIUTHIBATH OCOOEHHOCTH (DYHKITMOHUPOBAHUS U B3aUMOCBS3M, SKOHOMUT BpPEMEH-
HBIE U BBIYUC/IUTE/IBHBIE PECYPChI [IPpU pa3paboOTKe KOMIIOHEHTHO-OPUEHTHPOBAHHOIO IIPOI'PAMMHO-
ro obecriedeHus Jijisi UMMYHHOCETEBOI'O MOJIEJIMPOBAHNS HOBBIX XUMHWYECKUX BEIIECTB C 3aaHHOM
dapMaKOIOrnIeCcKOil aKTUBHOCTHIO. Pa3zpaboTaHbl OHTOJIOIHYECKIE MOJIEIN TYEJTMHON KOJOHUH U
AJITOPUTMa POsi IACTHUIL JIJIA PEIeHns 33/1a9 BblIejeHns nH(MOPMATHBHBIX JIECKPUIITOPOB B pe-
JakTop oHTosoTHi Protege.

KirroueBbie ciioBa: KOMIIBIOTEPHBIN MOJIEKYJ/ISIPHBII in3aits jiekapers, QSAR, poesoii nHTe LIEKT,
BBIJIeJIeHE MH(MOPMATUBHBIX JIECKPUITOPOB, OHTOJIOITIECKIE MOJIEIH.

opinepai uMMyHABI->KeJIiJIIK Moaesiaey YIiH Yiiip MHTeJJIeKTiCiHiH ajropuTMaepiniyg
OHTOJIOTUSIJIBIK MoOZeJjaepi
Camurymnuna [LA., T.r.J1., 1O1EHT, 3epTXaHa YKETEKIIiCl, AKITApATTHIK KOHE eCerTeyill TeXHOJIOIHsIAp
uHctuTyThl, Asmarel, Kazakcran, galinasamigulina@mail.ru
Macumkanosa 2K.A., Mmarucrpanr, ajib-Papabu arbingarbl Kaszak yaTThIK yHEBEpCATETI, AJIMATHI,
Kazaxcran, masimkanovazh@gmail.com

MaxkaJsta Kacan bl UMMYHIBIK JKyiiegep MeH YHip WHTeIEKTICIHIH 9micTepiniH Herizinme KaHa
JIOPi-IOPMEKTEP/IiH, KAaCUeTTEePiH OOJIKAY/IbIH aKIapaTThIK KYyHeciH KypacTeIpyra apuasran. [le-
CKPHUIITOPJIAP/IbI TAHIAY 3aTTEKTEP/IH XUMUSIIBIK, KYPBLIBIMBI MEH OJIaP IbIH ONOJIOTHSLIBIK OeJICeH-
ainiri apaceigarst Gaitaansicrel (QSAR, Quantitative Structure-Activity Relationship) Goskay
OapBICBIHIA MAHBI3IALI KOPIHIC OOJBIN TaOBLIAIbI. Benriienren KacuerTepi 6ap XUMUSIBIK, Oaii-
JIAHBICTAPILI OOJIKAYIBIH, YKOFAPBI TOJIIINH KaMTaMachl3 €TeTiH KAaCaHIbl WHTEJJIEKT OJIiCTepiH
rostany QSAR 06JIBICHIHAFBI KEJIEIEKTI OarbIT GOJIBINT TAOBLIAIHI.
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MaxkaJsiaia aKIapaTThIK JeCKPUIITOPJIAP/IBI 0Oy »KOHE apbl Kapail XUMUSIBIK, Oail/TaHbICTaAPIbIH,
bapMaKOIOTUSIBIK, OJICEHIITIKTEPIH MMMY HIBI-2KEJIIIIK MOJIEJIIEY €CeITEPiH eIy VIITiH apajap
MTOFBIPBI 9/IICI MEH KyCTap aJrOpUTMi KapacThIPBLIAbL. JleCKpUIITOPIapAbiH OHTANIBI KUHATBIH
KYPAaCTBIPY VIITiH OepiireH aaropuTMIepdi Ky3ere achIpYIbIH KOJIIa 6ap KypaJiaapbl CUITaATTAJIbI.
Hopinepai nMMyHIBI-KETIK MO/Ie/Iey 0apbIChIH/Ia MYIbTHAJITOPUTMIBIK OJIICTI KOIIaHy maiiia-
JIAHBLIATBIH DJICTep/Ii Kyiiesey/li KoHe KipiKTipiareH OHTOJIOTHSIIBIK, MOJETIH KYPACThIPY/Ibl Ta-
stan erei. OHTOJIOTUSIIBIK, MOJEAEPl KYPacThIpy Oesrijenren (hapMakOJOTUsIIBIK, OeJICeHTiTir
bap KaHa XUMUSIIBIK, 3aTTEKTEP Il TMMYHILI-2KEIIIK MOJEIIEY VIMH KYPaMIACTHIK-OarbITTaIraH
OarmapaaMalIblK, KAMTaMacChI3 €Ty Il KypacThIpy OapbICHIHIA Kipic ’KOHE MIBIFBIC JePEeKTEePiH Kyii-
ejleyre, XKYMBIC icTey KoHe OaiIaHbICy epeKINe/TiKTepiH eckepyTre, yaKbIT KOHE ecernTey pecypcra-
PBIH a3aiiTyFa MYMKIHJIK Oepeii. AKIapaTThIK, JIeCKPUIITOPJIAP/Ibl 601y ecebiH ey YImiH apajiap
IIOFBIPBI DICI MEH KYCTap aJrOPUTMIHIH, OHTOJIOTHSIBIK, Mojaeaepi Protege onrosorust pemakTo-
PBIHIA KYPACTHIPBLIIHI.

Tvyitin ce3aep: Jopiiepid KOMIBIOTEPJIK MOJEKYIAPILIK, au3aitabl, QSAR, yitip unresurekTici,
aKIAPaTTHIK JTECKPUIITOPJIAPILI 061y, OHTOTOTUSIIBIK, MOJIEIIED.

The ontological models of swarm intelligence algorithms for immune network modeling of
drugs
Samigulina G.A., Dr.Sci. (Tech.), assistant professor, head of laboratory, Institute of Information and
Computational Technologies, Almaty, Kazakhstan, galinasamigulina@mail.ru
Massimkanova Zh. A., student of master degree, al-Farabi Kazakh National University, Almaty,
Kazakhstan, masimkanovazh@gmail.com

The article is devoted to development of information system of forecasting properties of
new drugs based on methods of swarm intelligence and artificial immune systems. An In
forecasting relationship between the chemical structure of substances and their biological activity
(QSAR, Quantitative Structure-Activity Relationship) an important aspect is feature selection.
A perspective direction in QSAR is the use of artificial intelligence, which provide high accuracy
of forecasting of chemical compounds with predetermined properties. The article considers the
methods of bee colonies and particle swarm algorithm for solving the problem of feature selection
and further immune network modeling of pharmacological activity of chemical compounds. The
existing software of implementation of these algorithms for constructing of optimum set of
descriptors are given. Application of multialgorithmic approach in immune network modeling
of drugs requires the systematization of using methods and development of an integrated
ontological model. Development of ontological models allows to structure input and output data,
to consider features of functioning and relationships, saves time and computational resources in the
development of component-based software for immune network modeling of new substances with
predetermined pharmacological activity. The ontological models of bee colony and particle swarm

algorithm for solving the problem of feature selection are created in ontology editor Protege.
Key words: computer-aided molecular design, QSAR, swarm intelligence, feature selection,

ontological model.

1 Bsenenue

[Ipr KOMITBIOTEPHOM MOJICKYJISIPHOM JIn3aiiHe JIEKApCTB MCCJIE/IOBAHUE XUMUYECKUX COCIU-
HEeHUi CBA3aHO ¢ 0OpabOTKOM OIPOMHBIX MAaCCUBOB JIAHHBIX, HPEJICTABJISIONIUX cOOOi Ompe-
JIeJIeHHYIO 11poOsemMy. PemenneM ofHOM M3 OCHOBHBIX 3aJa4 (PapMaKOJIOIMK SABJISETCS U3Y-
YeHHe 3aBUCUMOCTH MEXKJy XUMUYECKHM CTPOEHHEM BEIECTB U MX OMOJIOrMYECKON aKTHB-
HOCTBIO, YTO II03BOJISET 3HAYUTEILHO COKPATUTH CPOKHM Pa3pabOTKHU JICKAPCTBEHHBIX IIpe-
apaToB U UX CTOMMOCTh. KojimuecTBeHHbIE 3aBUCUMOCTH CTPYKTYPa-CBOWCTBA/aKTUBHOCTD
(QSAR, Quantitative Structure-Activity Relationship) mo3Bosistior BbISBIATH MOTEHITHAIBHO
AKTHUBHBIE MOJIEKYJIBI B 623aX XUMUUECKHUX COEJIMHEHUI 1 OCYIECTBIIATH CHHTES BELIECTB C 3a-
pamee 3aJanHbIMI cBoficTBamu. [Ipapuibnoe mocrpoerne QSAR-Momem 3aBUCHT OT KadecTBa
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ncxonHoro Habopa coequuenuii (Golla S., 2017: 478). Ilpu moncke 3aBUCHMOCTEN CTPYKTYpa-
AKTUBHOCTDb XMMHWYCCKUX BCIICCTB a,KTyaHbHOfI 3a,naqe171 ABJIAETCA BbI60p OIITUMaJIBHOT'O Ha-
6opa JIeCKpUIITOPOB Ha OCHOBe KoToporo crpoutca QSAR-momens. Bagada mpejckasaHust
HOBBIX coejmuenuii ¢ 3aganabivu ceoiicrBamu (Chin Y.L., 2012: 3) permaercs ¢ uCHosib308a-
HUEM HHTEJIIEKTYAJbHBIX METOJIOB, KOTOPBIE TO3BOJISIIOT aHAJU3UPOBATH W IPEJICKA3BIBATD
TOKCUYIHOCTH, METADOIN3M, PEAKIIMOHHYIO CIIOCOOHOCTDH coeuHeHnit u jip. K HIM OTHOCATCsT
HeﬁpOHHble CeTHU, 3BOJIIOINMOHHBIC aJI'OPUTMbI, HCKYCCTBEHHbIC UMMYHHBIEC CUCTEMbI, aJI'OPUT-
MBI POEBOT'O MHTEJLJIEKTA H JIP.

B macrositiiee BpeMst METOJ/IBI POEBOTO UHTEJIIEKTa, sABJIIOTCS IEPCIIEKTUBHBIM HAIIPABJIE-
HUEM U IMUPOKO ITPUMEHAIOTCA BO MHOI'UX O6HaCTﬂX MEIUIIMHBI 1 Cbapl\laKOﬂOFI/II/I. K MeTOJaM
POEBOIro nHTeJ/IJIeKTa, OCHOBaHHBIM Ha MOAEC/JIMPOBaAHUU ITOBEJACHUA 2KUBbLIX CYyIICCTB, OTHOCAT-
Cd: METOAbI MypaBbI/IHOﬁ 1 OYeJHON’ KOJIOHHHU, aJI'OPUTM POsA 9aCTUll, aJIbTPyuU3Ma, KalleJIb
BOJIbI, KYKYIIIKH, CEPBIX BOJIKOB, JIETYUIUX MBIIIEH, FPABHTAIIMOHHOTO TIOUCKA, CBETJISKOB, OII-
TUMU3AINS IePEJIBUYKEHNsT OAKTEPUIl 1 MHOIOpOeBast ONTHMI3AIIHSA.

AKTyaﬂbHO IIpUMEHEHNE HOBBIX MTHHOBAIIMOHHBIX ITOAXOA0B IIPKA pa3pa60TKe CUCTEMBI IIPO-
I'HO3UPOBaHusA 3aBUCUMOCTHU CprKTypa—CBOﬁCTBa/aKTI/IBHOCTb JICKapPCTBEHHBIX IIpellapaToB.
OJtHUM U3 TEPCHEKTUBHBIX TOXOJI0B SBJSIOTCA UCKYCCTBEHHBIE MMMYHHBIE cucTeMbl. OHU
IPEJICTABIAIOT COOOM CJIOXKHYIO aJallTUBHYIO CTPYKTYPY, 3DMOEKTUBHO UCIOIB3YIONIYIO pas-
JIMIHBIE MEXaHU3MbI 00y IEHUS, TTAMSITH ¥ ACCOIMUATHBHOIO MIOMCKA JIJIs PEMIEeHIs TTPUKJIA THBIX
zasad. CymiectByer HeckoibKO Hanpas/ennii (Dasgupta D., 1998: 438) B MCKyCCTBEHHBIX MM-
MYHHBIX CUCTEMAaX, TAKUX KaK KJIOHAJIbHBIN aJITOPUTM O0TOOpa, HEraTUBHBIN aJITOPUTM 0TOOpA,
U UMMYHHOCETEBOH AJITOPUTM.

VckyccTBeHHBIE IMMYHHBIE CHCTEMBl IMUTHPYIOT TOBEICHIHE UMMYHHOM CHCTEMBI 9e/10-
BEKa B IPOIIECCe 3alllUThl Oprann3Ma or BHemHux daxropos (Samigulina G.A., 2015: 48) u
00JTaIAI0T TAKUMHE JIOCTOMHCTBAME KaK [AMATh, 00yIaeMOCTh, PACIIPE/IeIEHHOCTh, CAaMOOPTa-
HU3aIWs U BbICOKasi CTENEHb IapaJsiiein3Ma. B JaHHO cTaThbe IIpH PereHnn 3aa9u 0Tbopa
nHMOPMATUBHBIX JICCKPUIITOPOB PACCMATPUBAIOTCS METO/IbI ITIE/INHON KOJIOHUH U aJITOPUTMBI
POsT 9ACTHIL JJIsE TOCTPOEHUST OMTUMAJIBHON UMMYHHOCETEBON MOJIEJIN.

2 O630p JuTEpaTyphbI

[Ipn MMMYyHHOCETEBOM MOJIEJIMPOBAHUNA OCOOEHHO aKTYyaJbHO IPUMEHEHHE OHTOJIOTHYECKUX
MOJIeJIel, MO3BOJISIONINX CHCTEMATH3NPOBaTh U CTPYKTypupoBaTh JdanHbie (Baranjuk V.V.,
2015: 15). Ps1 uccsetoBaHmit OCBSIIEH TIOCTPOEHIIO OHTOJIOTHYECKIX MOJIeJIeH aJIrTOPUTMOB
poesoro unTesuiekTa. Crarbs (Rangel C., 2015: 536) nampasiena Ha cO3/aHIE aBTOMATU3U-
POBAHHO# CHCTEMBbI CPaBHEHUs U BHIOOPA METO/Ia JJIs JiedeHnusl OOJIE3HU HA OCHOBE MTYETUHOTO
ajropurMa. B cBa3M ¢ paznoodpasneM U CJI0XKHOCTBHIO BBLIUUCJIEHUI aBTOpaMu pa3padoTana
OHTOJIOTIYECKast MOJIe/Ib anroputma. B ncerenoparmu (Yuan F., 2015: 52) usydaercs cBA3b
MeZKJIy CUMIITOMAMU U JIedeHHeM B MeJMIIMHCKUX 3anucsx. Pabora (Shao L., 2012: 222) no-
cBsIeHa pa3paboTKe OHTOJIOTNYIECKON MOJIE/IN aJlrOPUTMAa POsi YaCTUIL JJId Pelenus mpoodJie-
MBI 110/106us1 B Habopax jaHHbIX. B crarbe (Shi-xiong X., 2011: 6) npejgaraercst cucrema
JIMArHOCTUKM Ha OCHOBE METOJa OHTOJOTMUA U AJTOPUTMA PO UMMYHHBIX YacTHIl. Pe3yib-
TaThl SKCIIEPUMEHTA TTOKA3BIBAIOT, YTO HOBBIN &JTOPUTM JIMAIHOCTUKU TIO3BOJISIET TOBBICUTH
TOYHOCTH IPUHATHUS TPABUIbHBIX PENTeHN.

Coznanne MHTEIEKTYaIbHON TEXHOJOIMU MPOTHO3UPOBAHUS 3aBUCUMOCTH CTPYKTYpa-
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CBOIiCTBa/aKTUBHOCTH COCTOUT U3 HecKoIbKEX 3aja4 (Camurysnuna [NA., 2015: 15). Cuavasa
BBIOMPAIOTCST XUMUYECKUE COEINHEHUST JJIsI NCCIIeJOBaHUSI, 3aT€M OIMCHIBAIOTCS CTPYKTYPhI
coeJIMHEHU I Ha OCHOBE JIeCKpUITOPOB. [locsie 3Toro BhINoHAeTCH 0TOODP NH(MOPMATUBHBIX JIe-
CKPHUIITOPOB U OCYIIECTBISAETCS MOCTPOEHUE ONTUMAIHLHOTIO HAOOpa JIECKPUIITOPOB IS JIAIhb-
HEHIIero MMMYHHOCETEBOTO MOJIE/INPOBAHUs. 3aTeM BBIIOJIHSIETCS KJacCH(pUKAIUs U OCY-
IIECTBJIsIeTCsS 00yYeHre MCKYCCTBEHHO MMMYHHO# cuctembl. [lajee peasmsyercs: aaropurm
pacrosHaBaHusi 00Pa30B Ha OCHOBE CUHTYJIsIPHOTO passioxkenns marpuil (Tarakanov A., 2007:
503) 1y1st onpeiesieHnst KJIACCa U BBITIOJHSAETCS OTIEHKA SHEPIeTHIeCKUX OMUOOK, KOTOPAast 103~
BOJISIET OIPeJe/NTh 3(PEKTUBHOCTh paciio3HaBaHnsa 00pa30B. B 3ak/oueHnn mpon3BOIUTCA
0TOOP KAaH/IMIATOB JIEKAPCTBEHHBIX COCJIMHEHUI ¢ 33/ JaHHBIMU CBOMCTBAMU JIJIsl JAJIbHEHIITNX
HCCJIEIOBAHUIA.

Ha pucynke 1 mpejcraBieHa cxeMa HHTE/LJIEKTYAJIBHON TEXHOJOTUU ITPOIHO3UPOBAHMUS
dapMaKOJIOrnIeCKOil AaKTUBHOCTHU JIEKAPCTBEHHBIX IIPEapaToB Ha OCHOBE aJTOPUTMOB ITUe-
JINHOM KOJIOHUU U POsi YACTHUIL.

Anroputm
m4ye/THHOH i
OCTpOeHHEe
JdecKpHNTOPLL KOJIOHHH p
[IpeaeapuTenbHaA ONTHMa/NbLHOTO
XMMHYeCKHX | —»
. o6paboTka HaGopa
coeJHHeHHH
AJTOpHTM poA JeCKpHNTOPORB
4acTHIl
¥
CBOMCTBO
HMMyHHOCeTeBoe
»  XHMHYECKHX
MoJe/IHpOBaHHE .
coeJHHeHHI

Pucynok 1 — UnTre/utekTyaibHasi TEXHOJOTHS TPOTHO3NPOBAHUS 3aBUCHMOCTH

CTPYKTYPa-CBOHCTBA/ AKTUBHOCTD

Ha sTare npeaaputeibaoil 00pabOTKM JAHHBIX OCYIIECTBIACTCA HOPMAJIU3AIIS, IIPOBE-
pseTcs MOJIHOTa JIECKPUIITOPOB, JIOCTOBEPHOCTD U BbIJIe/IeHIEe MH(MOPMATUBHBIX JCCKPHUIITO-
POB Ha OCHOBE aJITOPUTMOB POEBOTO MHTE/IEKTa. JeCKpuITop - mapaMeTp, XapaKTepU3yIo-
U CTPYKTYPY COEIUHEHUsI, XUMUYECKIe U OMOJIOTMIecKre cBoiicTBa BerecTs. Jleckpumro-
PbI KJIACCU(MUITUPYIOTCS 110 HECKOJIBKUM YPOBHSM: JECKPHUIITOPBI 3JIEMEHTHOI'O yPOBHS, J€-
CKPHUIITOPBI CTPYKTYPHO# (POPMYJIBI, JTECKPUIITOPHI 3JIEKTPOHHON CTPYKTYPbI, JeCKPUITOPbI
MOJIEKYJISIPHOM (DOPMYJIbI, JECKPUITOPBI MEXK Iy MOJIEKYIAPHBIX B3anmoeiicruil (Paesckuit
O.A., 2006: 99). OCHOBHBIMU THIIAME MOJIEKYJISIPHBIX JECKPUIITOPOB ABJIAIOTCS: (hparMeHT-
HbI€ JECKPHUIITOPDI, TOMOJOTNIECKIE NHIEKCHI, (DU3UKO-XUMUIECKUE JECKPUIITOPHI, KBAHTOBO-
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XUMHUYECKHUE JIECKPUIITOPDI, JIECKPUIITOPHI MOJIEKY/ISIPHBIX T10J/Ieil, KOHCTAHTHI 3aMECTUTEJIEN,
dapmakodOpHbIE JIECKPUIITOPHI, JTECKPUIITOPHI MOJIEKYJIAPHOTO 1o100usd u jip. Beero B Ha-
CTOsAIIEe BpeMs U3 PA3JIMIHbIX HCTOUYHUKOB MOYKHO BCTPeTUTH OoJiee 7000 TUIIOB MOJIEKYJIsIp-
HbIX jeckpunTopos (Xopammuckuit 1.A., 2012: 142). O1r60p uHGOPMATUBHBIX JECKPUITOPOB
[I03BOJISIET HAXOJIUTH ONTUMAJIbHOE KOJIMYECTBO JECKPHUIITOPOB, IIPU KOTOPOM IOCJI€ UMMY-
HOCETEBOI'O MOJIEJIUPOBAHUS W ITPOTHO3UPOBAHUS CBONUCTB HOBBIX XUMHWYECKUX COEIMHEHUI
omuOKka 06001enus Oy/leT MUHUMAJILHOM. Bbijieienne nHGOPMaTUBHBIX JIECKPUIITOPOB 03~
BOJISIET COKPATHUTDH 3aTPATHI Ha BBIYHCJIEHNE HEHYXKHBIX JECKPUIITOPOB, TOBBIMIAET CKOPOCTh
AJICOPUTMOB TTPOTHO3UPOBAHMS U KA9eCTBO MTPOTHO3A.

B nacrogiiee BpeMs yBeJIMIUBAETCS UCIIOTH30BAHUE OHTOJIOITYECKUX MOJIEJIeH JIjId cO3/1a-
HUsI CHCTEMATU3UPOBAHHBIX CTPYKTYD HHGOpMannoHHbx cucreM (Samigulina G.A., 2016: 3).
PaszpaboTka mHTEe/JIEKTYAJIbHON CUCTEMBI C HCIIOIB30BAHNEM OHTOJIOTHYECKUX Mo/Ieseil mo3-
BOJISIET YIUTHIBATH OCOOEHHOCTH (PYHKIIMOHUPOBAHUS U B3AUMOCBSI3M, CHUYKAET BPEMEHHBIE
U BBIMUC/IUTE/IbHBIE pecypchl. [Ipu pa3zpaborke nHTe/IEKTYaIBLHON CHCTEMbI KOMIILIOTEPHOTO
MOJIEKYJIIPHOTO JIM3aiiia JIeKapCTBEHHBIX IPENapaToB C 3aJaHHLIMU CBOHCTBAMU OCOOEHHO
BaKHO MOCTPOEHUE MHTEI'PUPOBAHHON OHTOJIOrMYECKOi Mojiesn. [Ipumenenne coBpeMeHHBIX
orTOsTIOrIYecKuX peakTopos u nocrpoerne OWL (Web Ontology Language) mozeneit obsrer-
JaeT pellenue 3a/1a49u (OPMUPOBAHUS ONTUMAJIHLHOIO HAOOPa JIECKPUIITOPOB.

B nacrosiiee Bpemd i co3/1aHus U TOJJIEPYKKA OHTOJIOTUN CYTIECTBYET TEJIbIN DSl UH-
CTPYMEHTOB, KOTOPbIE IMOMUMO OOIUX (DYHKIINI peIaKTHPOBAHUS BBITIOJTHAIOT OJIEPIKKY
JIOKYMEHTUPOBAHUS OHTOJIOTUI, UMIIOPT U SKCIOPT OHTOJOIUN Pa3sHBIX (POPMATOB U S3bI-
KOB, TOJJIEPXKKY I'padUvIecKoro peJlakKTUPOBaHUsd, yIpaBIeHne OUOIMOTEeKAMI OHTOJIOTHI 1
1.7. PegakTop onrosiornn Protege siBiisiercst 0ocTyIHO# porpamMMoil Jijis MPOEKTUPOBAHUS
OHTOJIOTUYECKHNX MoJiesieil. Protege BK/Io9aeT peakTop OHTOJIOTU, TTO3BOJISIONINI TTPOEKTHU-
pPOBATH OHTOJIOTMH PAa3BOpaAvYNBasgd HEPAPXUIECKYIO CTPYKTYPY aOCTPAKTHBIX I KOHKPETHBIX
KJIACCOB U ¢JIOTOB. CTPYKTypa OHTOJIOTHH CJIeJaHa aHAJOTUYIHO MEePAPXUIECKON CTPYKTYpe
karanora (Dmamyn A.4., 2006: 1). Protege moxer renepupoBath (GOpMbI HOJIyYeHUsT 3HAHUIL
JIJIsL BBEJIEHUsI KJIACCOB U MOjAKIaccoB. ncrpyment umeer rpadudeckuit unrepdeiic, ymao0-
HBII JIJI UCIIOJTb30BaHUS.

3 Marepuan u meToambl

[TocTranoBka 3ajga4un HOPMYIUPYETCs CJEAYIONUM 00pa3oM: HeOOXOJIMMO pa3padoTarb OH-
TOJIOTHYECKUE MOJIETN aJITOPUTMOB POEBOT0 MHTEJIEKTA JJIsI PElIeHns 3a/a9W BbIIeJTeHIT
nH(MOPMATUBHBIX JIECKPUTITOPOB U JIaJbHEHIIEro MMMYHHOCETEBOIO MOJIEIUPOBaHUsT HOBBIX
JIEKApCTBEHHBIX IIPENapaToB C 33 I[AaHHBIMUA CBOMCTBAMU.

PoeBoit maTEI/IEKT OCHOBAH Ha 00pATHOM CBA3M IIPU 8 IallTallii K U3MEHSOIIelics cpeie 1
JIENIEHTPATN30BAHHOCTH MEXK Ty YaCTUIIAMU. AJITOPUTMBI POEBOTO MHTEJIJIEKTA TTO3BOJISIIOT Ha-
XOJINTH HOBBIE PEIICHUA U Y/IyUIIaloT CYIIEeCTBYIONINE PelleHns n30eras panHei cXoIuMOCTH
K JIOKaJILHOMY peltenuto. /Ijis1 moBejieHust posi XapaKTepPHbI aBTOHOMHOCTD, paclipejiesieHne
dyHKIMI 1 camMoopranu3alis. Pa3zMep momy/idun oKa3bIBaeT BIAUIHIE Ha, TOYHOCTb U BPeMs
serancaennit (Oueitauk A.A., 2012: 114). BosbIiasi momysisiius yBeJnauBaeT BpeMsl BbIUUC-
JIEHUS U YXYJIIaeT CXOJMMOCTD, & MaJjasd MOIYJ/IINs CXOJIUMOCTD YiydinaeT. B ajropurme
POt YACTHUIL YACTUIIA MEHSET CBOE MOJIOYKEHE OCHOBBIBASICHh HA 3HAHUHU TEKYIIETO MTOJTOKEHN S,
MIPEIBITYIIEr0 COCTOSHUS W MPEJIBITYIIUX COCTOSHUI coceieil JaHHON YaCTUIIb.
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Asropurm mraesnnoit kosorun (Ouseiinuk ALA., 2011: 85) siBJiseTcst OMHIM U3 9BPUCTHIC-
CKUX aJITOPUTMOB JIJIsl PEIeHnsT ONMTUMUBAIMOHHBIX 3812, KOTOPBIIi OCHOBAH Ha WMUTAIUN
MOBEJIeHNsT KOJIOHUU TT4esl mpu cbope HeKTapa. [1s onmcannss NoBeneHUs] MYET UCIOJIb3Y-
I0TCsl TIOHATHS, TaKUue KaK Pabovne MYeIbl, MUeJIb-UCCIIeI0BATEH, TUe/Ibl-pa3BeTanK. Bee
4I€/IbI OY/IyT BHIOMPATDH JIJI UCCJIEI0BAHUS HE TOJBKO SJUTHBIE YIaCTKU, HO U OKPECTHOCTHU
JUI pa3HooOpasus pemeHuil B MOC/IeAYIONNX UTEPAIUIX U JJIs yBEJIUYeHUsS BEPOATHOCTU
OOHAPYKEHHS ONITUMAJIBLHBIX PEICHMIA.

s perienns 3aJiavuu BbIIEIeHNsT WH(MOPMATHBHBIX JECKPUITOPOB HMCIOJIb3YIOTCS MO-
JnUKAINT KJIACCHIECKOT0 MeToJia ajroputma maeaunHoil kosornn. Ajropurmbl GABC1
nu GABC2 ormmuatorcst TeM, 9TO MPHUBOJAAT K TobaabHOMY onTuMymy. B moaundukarun
JA-ABC yaydiena cKOpoCTb CXOJMMOCTH U IIPEyCMOTPEHA CIIOCOOHOCTD IIPEIOTBPAIICHIS
npexjgespeMentoit cxomumoctn. Anropurm ABC ucnonssyer npasmia Jleba, cocrosiiue u3
TPEeX 9BPUCTUYECKHX IIPABUJI M BEPOSTHOCTHOI CXEMBI BBIOOPA BBITTOJTHIMBIX PENIeHuil, OCHO-
BaHHBIX Ha uX 3HadeHusx durHec-pyukmun. Asropurm MBABC ucnosb3yer HOBbII Mexa-
HU3M, OCHOBAHHBII HA M3MEPEHUN PA3IUIUil MeXK/Iy OMHAPHBIMU CTPOKAMHU JIJIs TeHepaIuu
HOBBIX perrieHuii. OCOOEHHOCTSIMU MTYE/IMHOTO aJTOPUTMA SIBJISIOTCS JTUHAMUYECKOe pa3oue-
HU€ ITONCKOBOT'O MIPOCTPAHCTBA Ha 00/IACTH U COBMECTHOE MCCJIeIOBAHNE SJIUTHBIX 00/IacTeil 1
HE3TUTHBIX OKpecTHOCTell. [Ipu perennn 3a71avm BO3MOYKHO UCIIOJIH30BaHNE BBINIIEYKa3aHHBIX
MOIUKAIUI MTIETMHOTNO aJrOPUTMa U 3a CUET paclapaJule/InBaHus yMeHbIIEHNe BpeMeH!
paboTs! asropurmos (Schiezaro M., 2013: 30).

AJtropuT™M posi 9aCTHUI] MOXKET PaCCMATPUBATHCI KaK MHOTOYPOBHEBasi CHCTEMA, B KOTO-
poii KazKkjasi JacTHUIa-areHT obMeHnBaeTcst mHMOpMaIyei mo mpocTbiM mpasuiam (Agrawal
S., 2015: 403). ITonck ONTUMAIBLHOTO PEIeHNs] HAYUHAETCSI ¢ PACCMOTPEHHUsT CJIyJailHbIX da-
CTUII, Ha3bIBaeMbBIX poeM. Kaxkas qactuiia nmeeT hUTHECC-3HAYEHNE, KOTOPOE BBIMHUCIISAETCS
¢ nomotbio dyuknun 3arpar. PurHecc-PyHKIUS CO3/IaeT IIPOCTPAHCTBO MMOUCKA, B KOTOPOM
KaxKJ10€e perienne nmeeT purHecc-3nadenne. Kaxkjas yacTuia HaCTPAnBAET TO3UIMIO U CKO-
POCTb B TIPOCTPAHCTBE ToucKa. Ha ocHoBe KOOPAMHATHI YACTHUIIBI PACCUUTHIBAETCA CKOPOCTH
JacTHUIbl. BriOnparoTcss KOOPAMHATEI JIYyUINero PereHnst /I YacTUIl 1 Jjid post gacTurl. [Ipu
HepeMeIeHny JYacTUIla MeHsieT CBOIO CKOPOCTHh W TO3UIUI0 B COOTBETCTBHM CO CBOUM COO-
CTBEHHBIM OIIBITOM U cocefieil. MeTos1 post 4acTull mo3BoJIseT MPOBOJIUTEL OoJiee EMKHIT 0OMEH
uHdopMaImeil MexK/ 1y JacTuiiaMu. B KadecTBe CBI3U MCIOJIb3yeTCs TaK HAa3bIBaeMas 00Iast
AMSATh, CyTh KOTOPOW B TOM, UTO KarKJas JaCTUIA 3HAET KOOPIAWHATHI HAMIYUIIEH TOIKH.
To ecTp HamTydIllee pernieHne, HallIEHHOE POEM B KaXK/Iblii MOMEHT BPEMEHHW M3BECTHO BCEM
ero vactuiiam (Hamed Z., 2012: 125). B urore Ha nBuzkeHne 9acTHIbl BIUSET CTPEMIICHAE K
HAWIYUIIEMY CPEJIN BCEX YACTUIL ITOJIOYKEHUIO.

CymrecTByeT MHOXKECTBO MOJIUMPUKAINNI KIACCUIECKOTO aJITOPUTMA C YIETOM yMEHbBIIe-
HUsI BEPOSITHOCTH TTPEK/IEBPEMEHHON CXOIMMOCTH Iy TEM M3MEHEHUsT XapaKTePUCTUK JIBUZKE-
HUS YACTHI] ¥ JUHAMUYECKOTO M3MEHEHUs MapaMeTpPOB aJrOpUTMa BO BPeMs ONTHMU3AIIN.
Asropurm LBEST TimarensHo mcciemyer MpoCTPpaHCTBO IIOMCKA, OJHAKO sIBJIeTCs OoJiee
MeJIJICHHBIM, YeM Kjaccudeckuii ajropurm (Particle Swarm Optimization). Ilpu sTom, gem
MEHBIIIEe YUCJIO COCEJIel YUIUTHIBAeTCA TPU (DOPMUPOBAHUU BEKTOPA CKOPOCTU, TE€M HUKE
CKOPOCTH CXOJIMMOCTHU aJIrOpUTMa, HO TeM ddekTuBHeil o nzberaer cybONTUMAJILHBIX pPe-
mennit. B aaropurme InNWPSO 61710 n3MeneHo mpaBuio 0OHOBJIEHHsT BEKTOPOB CKOPOCTE
gactuil. Asropur™m TVINWPSO nokassiBaer, 9T0 9acTUIIBI CHAYAIa UCCIEAYIOT 00J1aCTh TI0-
MCKa 9KCTEHCUBHO, HAXO/Is MHOXKECTBO CyOONTUMAJIBHBIX PEIeHuil, & CO BpeMeHeM Bce DoJiee

Becrauk KasHY. Cepusi maremarnka, Mexanuka, nadopmaruka Nel(93)2017



98 Camvurysimaa [.A., Macumranosa 2K A.

KOHIICHTPUPYIOTCS Ha MCCJIeOBAHUM UX OKpecTHOCTel. Bo3pacranne nuepnun criocoOCTByeT
CXOJIIMOCTH AJITOPUTMAa Ha O3 IHUX cTaausax padborsl. Aaropurm CanPSO ormmuaercs crioco-
OOM BBIYHC/ICHUS BEKTOPOB CKOPOCTEH YaCTHIL, TaK KaK ObLI BBEJICH JOIMOJTHATEIbHBIN MHOMKU-
TeJIb JIjIsI KOHTPOJIsI CKOpocTH YacTunibl. B moandunuposannom ajaropurme FIParticleSwarm
BakKHYIO POJIb UI'PaeT HH(MOPMUPOBAHHOCTH BCEX YACTHUII, ITO BEJET K IOBBIIMICHUIO b deK-
TUBHOCTHU ajiroputMa. PazpaboraHo ciejyroiee mporpaMMHoe obecriedeHrne Ha OCHOBE Y€1~
HBIX aJITOPUTMOB JIJIsT PelteHus 3a1a9u orbopa nadopMmaTuBHbIX fgeckpurrropos: ABCoptim,
ABCMATLABweb, Artificial-Bee-Colony, EABC, abc-clustering u p.

CymrecTByeT psijl AaKeTOB MPHUKJIAIHBIX IMPorpaMM Ha OcHoBe pos dactull: ParadisEO,
TribesPSO, EPSO, SwarmNLP, Co-PSO u ap. IIpunoxenne ParadisEO - sTo nporpammuoe
obecrievuenne, MOCBSIIEHHOE TPOEKTUPOBAHNUIO, Pealn3allid U aHaJIu3y METadBPUCTUKU s
MHOTOKpHTepHajibHOi onrruMusanuu. [Tporpammustit npogykr EPSO (Evolutionary Particle
Swarm Optimization) siBisiercst TuOPH/IHON CHCTEMOI Ha OCHOBE 9BOJIIOIMOHHOTO AJTOPUTMA
u MeToja pos dactuil. [Iporpamma SwarmNLP Buzyanusupyer ontuMu3aiino post 9acTUIl 1o
MHOT'OKPATHBIM KPUTEPHUsIM. DTa IPOrPaMMa ABJISI€TCs XOPOIIUM UHCTPYMEHTOM I periie-
HUs 331291 Ha OCHOBE ONTUMHU3AINHE POsi YaCTHI] U BU3YAJU3AIMU [IPOCTPAHCTBA PEIIeHHIA.
[Iporpammustit maker Co-PSO Bktiouaer B cebst paciupsieMbie OHOIMOTEKN TeCTOBBIX (DyHK-
uii ¥ rpadoB, ONMPEIEIAIONINX TOTOJIOIIU COCEJICTBA, KOTOPBIE MOTI'YT OBITH MCIOJIb30BaHbI
aJIropuT™MaMu pos dactuil. B pesynabrare paborsl nmporpamma Co-PSO crpont rpadpuk ns-
MEHEHMs 3HAYCHUI 11eJIeBOM (DYHKIUU C POCTOM UHCJIa UTEPAInii J/Isd YACTUI-TIO0eIUTEd, a
Tak:kKe rpadUKi U3MEHEHNsT Pa3MEepPOB YacTHUIl B PYHKIIUU HOMEPa UTEPAIINH.

4 Pe3synbraThl 1 00CyK/aeHUE

Pazpaborka oHTOJIOrMYeCKO MO HAUYMHAETCA C OOIMUX IOHATHNH M IEePEeXOJUT K JIeTa-
Jsmzanun. Vepapxudeckass CTPYKTypa OHTOJOIMYIECKON MOJIEn COCTOUT U3 OCHOBHBIX KJIAC-
cos, Takux Kak Bxozuele (INPUTDATA) u Boixommsre gannsie (OUTPUTDATA). B pabore
(Camuryimna IA., 2015: 15) npejjiokeHa HHTErPUPOBAHHAS OHTOJIOTUIECKAs] MOJE/Ib UM-
MYHHOCETEBOI TEXHOJIOTUN, KOTOPasl COCTOUT M3 OHTOJIOTMYECKON MOJIE/IN IIPEeIBAPUTETIBHOIM
00pabOTKM JIAHHBIX, OHTOJIOTMYECKO# MOJIe/IN paclio3HaBanusa 00pa30B U OHTOJIOTTYECKOH MO-
JIeJIN ONEHKU dHepreTudeckoil ommOku. PopmalibHass HHTErPUPOBaHHAS MOJETh OHTOJIOTUN
[IPEJICTABIISETCH B BUJIE KOPTEXKA MHOZKECTB:

OMiir =< OMpr,OMr, OMapr >

rjie OMppR - OHTOIOTUYECKAsT MOJIE/b [IPEIBAPUTEIHHON 00PabOTKY JTAHHBIX;

OM;|r - oHTOJIOTEYIECKas MOJIE/Ib PACIIO3HABAHUST 00Pa30B;

OM spE - OHTOJIOTTYECKAS MOJIENIb OIEHKHN SHEPreTUIecKON ONMMOKN.

[Ipn nocrpoennu onTUMaIbHONR UMMYHHOCETEBOI MOJIEJIN IIPUMEHAETCST MYJIbTHAJTOPUT-
mmraecknii mogxo (Camurysuna LA, 2016: 55), KOTOPBIiT O3BOJISET MCIOJIB30BATH HECKOJIb-
KO aJI'OPUTMOB U METOJIOB UCKYCCTBEHHOI'O MHTEJLJIEKTa JIjIsi 0TOOpa JIeCKpUITopoB. B pabore
IpeJBapuTeIbHas 00pabOTKaA JTaHHBIX OCYIIECTBISETCS Ha OCHOBE AJITOPUTMOB ITUYEINHOM KO-
JIOHUU U POs YACTHIL.

Omnrostorndeckast MOJIEJIh IIPEJIBAPUTEIHHON 00PAbOTKN JTAHHBIX COCTOUT W3 OHTOJIOTHYE-
CKUX MOJIeJIell aJITOPUTMOB MTYEJIMHON KOJIOHUU U POsT YACTHIL:
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OMpr =< OMypc,OMpso >

e OM ypc -OHTOJIOTHYECKas MOJIE/Ib aJITOPUTMOB ITYeTUHON KOJIOHWH;

OMpso - OHTOJIOrTYIECKasT MOJIE/Ib AJITOPUTMOB POsT YACTHIL.

OnTosiornveckast MOJIeIb aJTOPUTMOB ITUE/IMHON KOJIOHUU COCTOUT M3 HECKOJIBKUX MOJIH-
duKanmii KJIacCUHIeCKOro ajJropuTMa;

OMypc =< OMgapc1, OMaapca, OMja—apc, OMapc, OMypapce, OMpasicapc >

riae OMgapcy - onrosnorndeckas mozessb ajaropurma GABCI;

OMgapcs - onTONIOrIYIecKas Moaeasb aaropurma GABC2;

OMja_apc - onrosiornyeckas Mojeas Mogudukanun JA-ABC;

OM spc - onTONIOrTYECKast Mojieshb ajropurma ABC;

OMpapc - oHTOIOTIYECKast Mojie/ib Moandukanun MBAB;

OMBasicaABC - OHTOJIOTIYECKAS MOJEb KJIACCUIECKOIO aJrOPUTMA.

Tak Kaxk He CyIIECTBYIOT YHUBEPCAIbHBIX METOJIOB JIJIsi IOCTPOCHUS OITHMAIBLHOIO HAbOPa
JIECKPHUIITOPOB, TO IpU pa3paboTKe MHTE/IEKTyaJIbHOW CHUCTEMbI IIPOTHO3UPOBaHUs (hapMma-
KOJIOTUYIECKOM aKTUBHOCTHU JIEKAPCTBEHHBIX COEJINHEHNI OCHOBHON 3a/1adeil ABJIsieTCsl yMeHb-
IeHne OMMOKU 0OOOIIEHNsT ¥ ITOBBIIIEHNE KadeCTBa IIPOrHO3a.

JIocTOMHCTBOM TPUMEHEHHS MYJIBTUAJITOPUTMYECKOTO TOIX0/1a ABJISIETCS BO3MOXKHOCTD
BBIOOPA AJITOPUTMA ¢ HAWJIYUIIUME PE3yJIbTATaMU ITOCJe UMMYHHOCETEBOI'O MOJICTUPOBAHUS,
TO €CThb BBIOMPAETCs TOT aJrOPUTM, HCIOJIb30BaHHE KOTOPOrO JaeT MUHUMAJIbHYIO OIIHO-
Ky 00001eHnst. AJITOPUTMBI, OIMUCAHHBIE BBIIIE, MOTYT OBITh HCIIOJIB30BAHbBI IS OTOOPA, Jie-
CKPUIITOPOB U MX PE3YJIbTAThl OyIyT OTJIMYATHCS B 3aBUCHMOCTH OT pa3Mepa UM KadecTBa
JIAHHBIX, HAJUYINAs] HE3aBUCHUMBIX JIECKPHUIITOPOB, KPUTEPHUEB ONTHMAJLHOCTH W OCTAHOBA U
r.71. IIpu mocTpoeHrn OHTOJIOTHYECKOl MOJIEIN aJrOPUTMOB TruesinHoi Kostonuu (Tabsmia 1)
B Ka4uecTBe IMpuMepa ObLT PAaCCMOTPEH KJIACCHYECKUI aJrOPUTM ITUEeTMHON KOJIOHUM, TaK KakK
OTJINYINTEIbHON UepPTOil KJIACCUIECKOTO aJIOPUTMa SIBJIAETC JICIEHTPAIN30BAHHOCTD, B3au-
MOJIefiCTBIEe areHTOB W IIPOCTOTA IIOBEJIEHHsSI areHTOB. JlaHHBINH aJropuT™M 3aBHCHT OT TaKUX
mapaMeTpoB Kak: 00Ilee THC/IO MTYEI-Pa3BeTINKOB, 00Iee THC/I0 YIaCTKOB, YUCIO SJTUTHBIX
Y4YaCTKOB, MAKCUMAaJIbHOE YnCJIo urepaluit. [osToMy onToO/IOrnyueckas MoJIe/ b KJIaCCUIeCKOTO
AJITOPUTMA IPEJICTABJISICTCS CJIETYIOIIM 00Pa30M:

OMBpusicapc =< Initial Population, NumberO f Location, Iteration, Gbest >

rie Initial Population - obIiee 9ncIO IE/I-pa3BeIInKOB;

NumberO f Location - obiiiee 9ucjio yIacTKOB;

Iteration - MmakcuMaJIbHOE YUCJIO UTEePAIii;

Gbest - nydiitast KOOpAMHATA TYEIbI.
C nomorpo uncrpymenra OntoGraf B pegakTope onTosornit Protege ObL1o oCyIiecTB/IEHO
rpadguyIecKoe IIpe/ICTaBJIeHne OHTOJTOIMIECKON MOJE/N KIACCHIECKOT0 aJIrOPUTMa, ITIeTHHOMN
kosionnu (Pucynok 2). Aaropurs post 9acTHUIl TakzKe UMeeT HECKOJbKO Moaudukarmii. OHu
Pa3/IMIaioTCsl CKOPOCTBIO CXOAUMOCTH, HAJIUINEM JOMOTHUTEIbHBIX MHOKUTEIEH U JIp.

OMpso =< OMppgst, OMpwprso, OMrvimwpso, OMcanpso, OMpips, OMpasicprso >
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e OMggst - OHTOIOrTYECKast Mojiesb ajtropurma LBEST;
OMp,wpso - oHTOIOrIYecKas Mojeab Moaudukannn InWPSO;
OMry rawpso - OHTOIOTIYEeCKast Mojiesb aaropurma TVInWPSO;
OMcanpso - oHTOJIOrTYecKast Mojieb ajropurma CanPSO;
OMFprps - onTOIOrTYECKasi Mojiesib ajiropurma FIParticleSwarm;
OMBusicpso - OHTOJIOTIYIECKAsT MOJEb KJIACCHIECKOTO aJIrOPUTMA.

Tab6auma 1 — Ourosornyeckasi MOIEIb AATOPUTMOB TYEJIMHON KOJIOHUHT

Haunmenosanne

Copnepxkanue

Ounroornyeckast MoJI€eJIb
AJITOPUTMOB ITYEJIUHON KOJOHIH

AJIropuTMBI TTYETMHON KOJIOHUN:

- Anropurm GABC1

- Ayropurm GABC2

- Momudukanus JA-ABC

- Anropurm ABC

- Momudukanus MBABC

- Kitaccuaeckuit anropurm BasicABC

COS,I[&HI/IG pa3Mepa IOoIIyJIAINN.

Omnpeienenne MeCTOIOIOKEHNST HCTOIHIKOB HEKTapa
(DetermineLocationOfFoodSourse).

Ornenka durHecc-QyHKITHIL.

ITomck pa60LII/IMI/I II9eJiaM1 HOBBIX MCTOYHUKOB M1

HCCJIeJI0BAHNE JIYUIIer0 HCTOYHUKA
(EmployedBeePhase).

Bei6op ncrounnka muenoii-ucciaenosarenem (OnlookerBeePhase).

ITpousBejieHnE JIOKAJIBHON PA3BEJIKN B OKPECTHOCTSX
BBIOpaHHBIX ToueK (ScoutBeePhase).

Omnpenenenue cocezcrba arentoB (DetermineNeighbourhood).

Bri6op smuraoro (SelectEliteLocation) n
uessurHoro (SelectNon-eliteLocation) mecronosoxenmust.

Banomunanue Jyyurrero ucrounuka (Gbest). Ilpu pocrukernn
VIIyUIIEHUsI B pPO€ COXPAHSETCsI OOHOBJIEHHOE JIydIllee PelleHne
U COOTBETCTBYIOIIUI €My BEKTOD IIapaMeTPOB IeJIeBOi (DyHKITUH.

ITpu BeIMOHEHNE yCa0BUs ocTaHoBa (StopSearching) m3 muOKecTBA
peliennii BIONpaeTCsl HAUIyIIIee, KOTOPOE SIBJISIETCS PE3YIILTATOM
BBIUHCJIEHUSI AJITOPUTMA.

OrobpanHubIit HAOOP JECKPUTITOPOB.

KpI/ITepI/IeM OCTaHOBa MOI'yT ObITD: JOCTHU2KEeHNE MaKCUMaJIbHO JOIIYCTHUMOI'O KOJIMYEeCTBa

HTepaHHﬁ, HaXOXK/IeHUe IIpueMJjIeMoro pemneHnd, OTCyTCTBUE CYIIECTBEHHOI'O yJIydII€HUA 3Ha-
YeHUA HeHeBOﬂ (1)yHKH‘I/II/I Ha IPOTA2KEHNN HEKOTOPOI'O KOJIMIECTBA I/ITepaHHfI. 3a cyeT UCKJIIO-
YEeHNA AOIIOJIHUTEJIbHBIX ITapaMETPOB KJIaCCUYECKU AJITOPUTM PO JaCTUIll CHU2KAECT BbITUC-
JIMTEeJIbHbIE CJIO2ZKHOCTHU U BpeMA O6pa6OTKI/I JaHHDBIX. Oxnrosornueckas MOJEJIb KJIaCCHUIeCKOI'O

aJITOPpUTMa pOd 9aCTHUIL IIPEACTaB/IA€eTCA CJICAYIOIUM o6pa30M:

OMBpasicpso =< PopulationSizeO f Agents, pbest, Iteration, Gbest >

riie PopulationSizeO f Agents - obiriee 9uC/IO areHTOB;
pbest - HamTydIIas MO3UIUS YACTHUIIHI;
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Pucynok 2 — Onrosiorudeckast MoJIeJIb aJrOPUTMa ITYETUHON KOJIOHUN

Iteration - MakCUMaJIbHOE YUCJIO UTEPAITUI;
Gbest - namrydriasi O3UIAS POSI.

B rpaduyeckom BHjie OHTOJIOrHYECKAs MOJIE/Ib &JITOPUTMOB PO YACTHIL IIPE/ICTABICHA HA
pucyHke 3.
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Pucynok 3 — Onrojiorudeckasi MOJEIb POsi IaCTHUIL

B pabote mocTpoena oHTOJIOTHUECKAsT MOE/b Kiaaccudeckoro aiaropurma BasicPSO, Tak
KaK aJroput™ Oosiee TyiyOOKO HCCIEIyeT JECKPUIITOPHOE ITPOCTPAHCTBO U HE UMEET JOMOJI-
HUTETBHBIX TTapaMeTpoB. OHTOJOTHYECKas MOJE/b AJITOPUTMOB POs YACTHUIL TPEJICTABICHA B
rabsue 2.
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Tabmmuia 2 — OuToslornyeckass MOIAEIbL AJTOPUTMOB POST TaCTHI]

Hanmenosanne Conep:xanne
Ownrostornyeckas MoJIejIb
aHI‘OpI/ITl\iOB pOH JaCTHUIL

AJII‘OpI/ITIVH)I POA 9acCTHUIL:

- Asropurm LBEST

- Momudukamnus InWPSO

- Anropurm TVInWPSO

- Anropurm CanPSO

- Aurropurm FIPS

- Kimaccuuecknit anropurm BasicPSO

Cozmanne paszmepa nomyssinun dacrui (PopulationSizeOfAgents).
Teneparus HadanbHbIX nosoxkenuit (RandomPosition) u
ckopocreit (RandomVelocity, ipu KoTopoii co3aercss BEKTOP
PABHOMEPHO PACIPEJIETIEHHBIX CYUYARHBIX BEJTMYUH U MIPOU3BOIHLHO
BBIOMpAETCsT HAMJTYUINasi HO3UIHs YacTuilbl (pbest).

Borauciienne durnecc-byHKITIIA.

Onpegenenne HanIydIero mojoxenus (ghest).

Murparnusi Ha OCHOBE CTOXACTHIECKOTO MTOBEJICHUS IACTHUIIL.
O6uosnenne nosunmii (UpdatePosition) u ckopocreit (UpdateVelocity).
O6uosrnenne yumeit nosuun dacrur (UpdateBestPosition).
ITposepka ycooBus 3aBepinenns (StopCondition), koropast
MIPOUCXOUT B PE3YIbTATE JOCTHKEHUS 3aJAHHOTO THCIa UTEPAITHL.
Coxpanenne Jtydmiero nosoxenus: (Gbest). IIpu mocrukennn
YIIyUIIIEHUsT B POE COXPAHSAETCsS OOHOBJICHHOE JIyUIllee PerieHre 1
COOTBETCTBYIOIINN €My BEKTOD IMapaMeTpOB IeJIeBOH (OyHKITNM.
Orobpanubiii HA6OP JIECKPUIITOPOB.

5 3akJroueHue

WuresiekTyaibHast TEXHOJIOTUsT TPOTHO3UPOBAHNUS 3aBUCHMOCTH CTPYKTYPa-CBONCTBA/

AKTUBHOCTDb C KCIIOJIb30BAHUEM MYJILTHAJITOPUTMUYECKOTO TOJIX0/a ITO3BOJISIET MHTErPUPO-
BaTh Pa3Hble METO/IbI HCKYCCTBEHHOT'O MHTEJIIEKTA, JIJIsi PEIIECHUs 33,1891 KOMIIBIOTEPHOT'O MO-
JIEKYJISIDHOTO JTM3aifHa HOBBIX JIEKADCTBEHHBIX IIPENapaToB ¢ 33 JaHHbIMU cBoiicTBamu. llpu-
MeHeHUe MYJILTHAJTOPUTMUYECKOTO MO/IX0/Ia C UCIIOIb30BAHIEM aJTOPUTMOB POEBOIO MHTEJ-
JIEKTa 103BoJIsieT 3(PHEKTUBHO OCYIIECTBIATDH PEABAPUTEILHYI0 00pabOTKY JTaHHBIX, BbIJIe-
JIATH TH(OOPMATUBHBIN HAOOP JIECKPUIITOPOB, CO3/IaBaTh ONTUMAIbHYIO IMMYHHOCETEBYIO MO-
Jiesib. BeiOupaeTcsd TOT aJIl'OPUTM POEBOTI'0 MHTEJIJIEKTA, KOTOPBIH JJaeT MUHUMAJIbHYIO OITUOKY
0000ITIeHNsT TTPU UMMYHHOCETOBOM MOJIe/npoBanun. Pa3paboTanbl OHTOJOIMYECKIE MOJIEN
AJICOPUTMOB ITYEJIMHON KOJIOHUHM U AJTOPUTMOB POS YACTHIL JJIS BbIJIEIEHUS ONTUMAJIHLHOTO
HA0Opa JECKPUIITOPOB U JAJIHHEHIIIEro MMMYHHOCETEBOT'O MOJIE/INPOBAHNS B PEJIAKTOPE OHTO-
siornit Protege. Pazpaborka nHTE/IIEKTYaIBHON CUCTEMBI C UCIIOJIb30BAHUEM OHTOJIOIMIECKIX
MOJIesIell pacCMaTPUBAEMBIX aJTOPUTMOB ITO3BOJIIET CTPYKTYPUPOBATH JIAHHbIE U aHAJN3U-
pOBaTh CKPBIThIE B3aMMOCBA3M MKy Jeckpunropamu. Pabora Bbimosnena 1o rpanty KH
MOH PK Ne I'P 0115PK00549 (2015-2017 r.r) mo Teme npoekra: "KomnbiorepHsrii MosieKy-
JISIPHBIN JIN3aiH JIEKAPCTBEHHBIX IIPEIapaToB HA OCHOBE MMMYHHOCETEBOTO MO/ IMpoBaHus" .
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CsoiicTBa ImepeHocCa Bo3JayXa B pecrmpaTopHofx'I cucreMe 49eJsioBeka C IIoOMOIIbIo
YUCJI€EHHOT'0O MOoJeJ/JIMPpOBaHMA

Ucaxor A.A., mokrop Ph.D., Kazaxckuii narmonaibubIil yHUBEpCHTET M. aib-Papadu,
r. Anvater, Pectiybiimka Kazaxcran, +77056108050, E-mail: alibek.issakhov@gmail.com
AbbuikaceiMoBa A. B., mokropant, Kazaxckuit HalimoHa IbHBI YHUBEPCATET WM.
anb-Papadu, r. Anmarsl, Peciybimka Kazaxcran

B nannoit pabore paccMaTpuBaeTcs IEPEHOC BO3/yXa B PECIIUPATOPHOI CUCTEME YeJIOBEKA C TIOMO-
IIBI0 YMCJIEHHOTO MOJiesInpoBaHus. VccienoBanne Te4eHNsT BO3/yXa B HOCOBOM ITOJIOCTH YeJIOBEKA
IIpeJICTaBJIseT 3HAYUTEJIbHBI MHTEPEC, OCKOJIBKY JIbIXaHUE OCYIIECTBIIETCS B OCHOBHOM C IIO-
MOIIBI0 HOca. HocoBoe rpIxaHme BaXKHO NI TOJJIEPXKAHNS BHYTPEHHEH CPEIbl JIETKUX, TaK KaK
TeMIlepaTypa OKPYZKAIOIMIEro BO3/IyXa [IEPEXOJIUT B aIbBEOJIIPHBIE YCIIOBUS IIPH TOCTUKEHIN HOCO-
rIoTKH. B manHo# paboTe MpoBOAMIIOCH ABYXMEPHOE YHCIEHHOE MOJIEINPOBAHIE IIEPEHOCA BO3/yXa
B MOJIEJIBHBIX IIOIEPEYHBIX CEYEHUAX HOCOBOU IOJIOCTH JIJISI HOPMAJIBHOI'O YeJIOBEYECKOI'0 HOCA Ha
ocHoBe cucreMbl ypaBHeruit HaBbe-CToKca, ypaBHEHUsI JIJisi TEMIIEPATYPBI U YPABHEHUS JJIsi OT-
HOCUTEJFHON BJIaKHOCTHU. J[JIsT IMCIIEHHOTO PENeHus JTAHHONH CHCTeMBl YPaBHEHUU IPUMEHSIETCS
cxeMa paciierieHus 1mo husndecKnM mapamerpam. I[logydaennbie qaHHbIE 9UCIEHHOTO MOJEINPOBa-
HUS IIEPEHOCA BO3/LyXa HOCOBOM IIOJIOCTH Y€JIOBEKA CBEPSIJINCH C N3BECTHBIMU UNCJIEHHBIMHU PE3YJIb-
TaTaMu, B BuJe mpoduieii CKOPOCTH U TeMIIepaTyphbl. Pe3yabTaThl YHCJICHHOTO MOJIETHPOBAHUS
CBU/IETEJILCTBYIOT O TOM, YTO DU JIBIXAaHUH C IIOMOIIHI0 HOPMAJbHOI'O YeJIOBEYECKOI'0 HOCA €CThb
JIOCTATOYHO BPEMEHH [IjIsi HArPEBa U BOJOOOMEHA, YTOOBI JOCTUYb BHYTPUAIBBEOJIIPHOTO COCTOSI-
uusi. HocoBast IOI0CTh yCKOPSIET TEILIOOOMEH Iy TeM CY2KEeHUS ITPOXOI0B /ISl BO3yXa U 3aBUXPEHMUIA
OT HOCOBBIX PAKOBHH CTE€HOK BHYTDEHHEI IIOJIOCTH.

KurrogueBbie ciioBa: nepeHoc BO3/yXa B PECIUPATOPHON CUCTEME YeJIOBEKA, AJIbBEOJIIPHOE COCTO-
sHUe, TerI000MeH B HOCOBOII mosioctr, ypasuenue HaBbe-CToKca, cxema pacinensienus 1o (husn-
YeCKUM TIapaMeTpaM, MeTO KOHEYHBIX 00'bEMOB.

CaHJbIK, MO/IeJIbJ/iey KOMeriMeH aJIaMHbIH ThIHBIC AJIy »KYHecCiH/ie ayaHbIH TaCbIMAaJIIaHy bIHBIH
KacuerTepi
Ucaxos A.A., Ph.D. nokropsl, an-@apabu arbragarsl Kazak yITThIK YHUBEPCUTETI,
Amvarer k., Kazakcran Pecriybukacer, +77056108050, DuexkTporasik momra: alibek.issakhov@gmail.com
AobbuikaceiMoBa A. B., mokTopanT, oi-Papabu arbiHgarsl Kasak yJITTHIK YHUBEPCUTETI,
Asmvarsr K., Kazakcran Peciiybsimkachr

Bepisren xxyMbIcTa CaHIBIK MOJEIBIECY KOMETIMEH aJAMHBIH, THIHBIC a1y 2KYHeCiHe ayaHblH TaChl-
MaJIJaHybIH KAPaCThIPa I bl. THIHBIC Ay MYPBIH aPKbLIBI KYPETIH O0FaHIBIKTAH, MYPBIH KYBICHIH-
Jafrbl ayaHbIH afbIMbIH 3€PTTEY KbI3bIT'YIIBIJIBIK TYTbI3a/bl. KOpIHaFaH OpTaHbIH TeMIlIepaTypacChbl
MYPBIHKYTKBIHITTAKKA YKETKEHJIE aJbBEOJISPJIbI Kargaiita aybICKAHJIBIKTAH, OKIIEe iITKi OPTACBIH
CaKTay YIIH MYPBIHMEH THIHBIC aJy MaHBI3JbI OOJIbIT TaObLIabl. Bepiiren KyMbICTa amamM Myp-
HBI VIIIiH MYPBIH Ky BICHIHBIH KOJIIEHEeH KNMAChI MOJIEJIIHIe ayanblH Tapaaybin HaBbe-CToke TeHaeyi
Heri3iHJie, TeMIepaTypa TeHJIEYi 2KOHEe CaJIbICTHIPMAJIbI bLJIFAJI TEHJIEY1 VIITH €Ki OJIeM I CAHIbIK
MOJIENTbJIEY KYPri3iiii.
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Bepinren renueysiep )yiiecinig caHIBIK IIemniMia Taby yimiH (GU3NKAIBIK TapaMerpiep OONbIH-
a BIABIPATY CXeMAChl KOJIJIAHBLIAILI. ATaM MYPBIH KYBICHIHIAFLI ayaHbIH TapaJslybIHbIH, CAHJIBIK,
MOJIENIBJIEY1 XKBIIIAMIBIK 2KOHE TeMIIEPATyPa IPOMUIbIAEPIHIH CAHIBIK HOTHKEJIEPIMEH CAJIBICTDI-
poLIbl. CaHJIBIK MOJIEIIB/IEY HOTUKEJIEPIiHEH IITKIiaIbBeOJISIPIIBIK, JKAFIaira JKeTy YIIiH THIHBIC ATy
Ke3iHJIe aJlaM MYPHBI ayaHbl KbIIBITY YKOHE bIIFAHIAHbIPY YIIiH XKEeTKLIKTI yakbIT 6ap. Aya ery
2KOJIBIH TAPBLITY KoHe iK1 KybIC KAOBIPFACBIHBIH, MYPbIH KAJTKAHBIHBIH, KYHBIHIAPbI MYPbIH KYbI-
CBIHJIa, 2KBLTY aJIMaCyJIbl T€31eTe .

Tvyilin ce3aep: azaMm THIHBIC ALy KYileCiH/Ie ayaHbIH TAPAJIYbI, AJbBEOJISAPJIbI XKAFIail, MYPbIH
KYBICBIHIA KbLTy anmacy, HaBbe-CToke TeHjieyi, (pU3MKAIBIK mapamMerpiep GONBIHINA BIIBIPATY
CXeMAaChl, aKbIPJIbI KOJIEM 9JIiCi.

Air transport properties in the human respiratory system by using numerical simulation
Issakhov A.A., Ph.D., al-Farabi Kazakh National University,
Almaty, Kazakhstan, +77056108050, E-mail: alibek.issakhov@gmail.com
Abylkassymova A.,doctorate student, al-Farabi Kazakh National University, Almaty, Kazakhstan

This paper considers air transport in the human respiratory system with the numerical simulation.
Investigation of air flow in the human nasal cavity is of considerable interest, since breathing is done
mainly through the nose. Nasal breathing is important to maintain the internal environment of
lung, as the ambient temperature becomes alveolar conditions when the nasopharynx. In this study
conducted a two-dimensional numerical simulation of air transport in the model cross-sections of
the nasal cavity to normal human nose, which based on the Navier-Stokes equations, the equations
for temperature and equation for relative humidity. For the numerical solution of this system of
equations is used projection method. The obtained data transfer numerical modeling air human
nasal cavity were verified with known numerical results in the form of velocity and temperature
profiles. Numerical modeling results show that with normal breathing through a human nose have
enough time to heat and water exchange to achieve intraalveolar state. The nasal cavity accelerates

heat by narrowing the air passages and twists of the turbinates walls of the inner cavity.
Key words: transport of air in the human respiratory system, alveolar state, heat transfer in the

nasal cavity, the Navier-Stokes equations, projection method, finite volume method.

1 BBenenue

Yepes HOCOBYIO MOJIOCTh MPOUCXOUT IEPBUYHOE PACIIO3HABAHUE 3aIaXOB, Yepe3 HEro MbI
BJIBIXaE€M BO3JIyX, KOTODPBII IIEPEXO/IUT B AJIbBEOJIsIPHBIE COCTOAHNUS (HAPEBAETCst TaM Ji0 (bu-
3MOJIOTHIECKU HOPMAJIBHOI TEeMIIepaTyphl U MOJHOCTHIO HACBIIIAETCS BOJSHBIM 1apoM). Ero
IpeJIeIbl OIPAHMYEHBI BECTUOYIAPHBIM allllapaTOM U BHYTPEHHUMU OTBEPCTUAMU IOJIOCTU
Hoca (xomamu). HocoBast mostocTh pasjiesieHa aHATOMUYIECKH Ha HECKOJIbKO oTiesioB. [lepero-
POJIKOIT HOC pa3JiesieH Ha JIBe CHMMETPUYHbBIE TOJIOCTH. BHelHre oTBepCTHS HOCA - HO3PH,
BEJIyT K IPEJJIBEPUIO, UMEIOIEMY KPBLIbHbIE XD U KOJIyMeJuty. B mpeiBepun nuMeroT-
¢ MaJIeHbKHE BOJIOCKH - BUOpucchl. B HOCy BO BHyTpEeHHEM HOCOBOM KJIallaHE €CTh MECTO
CyKeHHs, KOTOPBII COeJIMHAET TpeJiiiBepue u cCOOCTBEHHO TOJIOCTH HOoca. HocoBas moJsiocTh
COZIEPAKUT 2-3 COCYIUCTBIX 00pa30BaHUil - HOCOBbIE PAKOBUHBI. OHU BBIOJHAIOT (DYHKITHH
PETYIATOPOB BCell BO3AYIITHON MUPKYJIAINNA, CO3/IAI0T HOPMAJIbHYIO TeMIIepaTypy BO3/LyXa W
MOJIHOCTBIO HACBIMAIOT BOJAHBIM MAPOM, OYHINAIOT U 00e33aparKUBaioT ero. B Hopme BO3-
JIYITHBI [TOTOK MPOXOUT Yepe3 HOC CO CKOPOCTHIO 6 JI/MUH, 9TOT MOKa3aTe/l b MOXKET ObITh
yBesuaed j10 10 j1/muH. OJfHAKO HOCOBAsI TOJIOCTH UMEET B 3aBUCUMOCTH OT TPUYIMHBI BO3-
HUKHOBEHUS, HICKPUBJICHUS W MOTYT OBITH pa3/eieHbl KakK:

1. ®usnonornveckue

2. KommieHcaTopHbIe

3. TpaBmarudeckue
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[Ipu BBIIEYKA3aHHOM XapaKTepe MCKPUBJIECHUN, OHU HETaTHUBHO CKA3BIBACTCA B IIEPBYIO
odepesb Ha 3aTpyIHEeHNs AbixaHus. HocoBoe npIxaHme sSBJIsI€TCsT OYeHb BayKHOM, CHCTEMHOI
YaCTBIO KU3HEIeATeIbHOCTH HAIIIEr0 OpraHn3Ma 1 JII0ObIe ero HApYIeHUs PaHO WA MTO3/IHO
BBI3BIBAIOT OTPUIIATE/ILHBIE TOCIECTBHUS JIJIsI 4€JIOBEUECKOTO Opranm3Ma. Jailre Bcero crpaJia-
€T CepAeYHO-COCYIUCTas CACTEMA, Pa3BUBAIOTCS OPOHXUT UJIN PErYJISpHBIE MPOCTYIbl. Takxke
OTpHUIIaTe/IbHBIE MOCAEICTBUS JIJI 30POBbs M3-3a HOCOBOM ITOJIOCTH MOYKHO OTHECTH TaKHe
HPUYUHDL:

— 3aTrpyaHeHne HOCOBOI'O JIbIXAHUA;

— XPpOHUYECKHIT PUHNAT;

— AJutepruveckue peakiiym;

— I'ostoBHBIE OOJIH;

— CyxocThb B HOCY, TUCKOMMOPT U HEMPUSITHBIE OILYIIEHNsT BO BPEMsST HOCOBOTO JIBIXAHUSI;

— HocoBblie KpoBOTEUEHNS;

— Xpall 1o HOYaM;

— IloBbImeHHAs YyTOMJIIEMOCTD, CHHKEHHE pabOTOCIOCOOHOCTH, IMOHUKEHHAsS yCTONIN-
BOCTh K (DUBMYIECKIM HAIDY3KaM;

— Yacreie undexnuu, nporekaromniue ¢ cuminromamu OP3 (HacMOpK, Kaiiesib, YixaHue),
[IOBBIIIIEHNEM TeMIIEpATyPhI TeJIa;

— CUMIITOMBI XPOHUYIECKOI'O BOCIIAJIEHUs TVIOTKHA U TOPTaHHU;

— CUMIITOMBI BOCHAJUTEIHLHOIO TIPOIECCa B CPEIHEM yX€;

— Hapymmenne dpopmbl HOCa,;

— VXy/IeHne maMsTi, MbIIIIeHIS, PACCeTHHOCTh BHUMAHMSI.

OCHOBHBIM METOJIOM YCTPAHEHUs] MCKPHUBJIEHUS] HOCOBOH IOJIOCTH SIBJITETCSI XUPYPrude-
cKasl orepanus - cernrorractuka. OIHAKO HAJI0 OTMETUTH, UTO YCIENTHOCTh XUPYPruIecKoit
olepalry B JIydIieM ciaydae He npesbimaer 80 %, 9To NIPUBOIUT K IIOBTOPHON XUPYPruIecKoit
omeparuu. A TakxKe XUpyprudeckas olnepaius Oyjer, 3aBUCETh OT OIbITa U YMEJIOCTH CaMO-
ro xupypra. EcrecTBeHHO /111 yBeJIMYIeHUsI [IPOIEHTa, YCIEITHOCTH XUPYPIrUIeCKOi Oomeparimn
HY?KHO OyJIeT TOYHO CJejIaTh UCIPABIEHUS] HOCOBOH mosiocTh. Tak Kak 10 XUPYyPruIecKOro
BMeIaTeIbCTBO 3a CYeT PEHTIeHOBCKMX CHUMKOB MOXKHO OyJIeT OIEHHTH XapaKTep HUCKPUB-
JIEHUSI U C ITOMOIIBIO YNCIEHHOIO MOJIE/IMPOBAHMSA MOXKHO OyIeT 3apaHee HCIPaBUThH W OITHU-
MH3UPOBATH HOCOBYIO IOJIOCTh. 3Has IPEIBaAPUTEILHO TOUHOE UCIIPABICHIE HOCOBOM IMa3yXH,
XAPYPr MOKET YBEJIUUIUTH IIPOIEHT YCIIEIMHOCTH IIPOBOINMON XUPYPIUIECKON OIEPAIIH, ITO
COOTBETCTBEHHO YMEHBIINUT IIPOIEHT ITOBTOPHOM OIIepaIlii.

2 O630p JuTeparypbl

HOCOB&H IIOJIOCTh ypaBHOBEHIMBACT BILBIX&GMBIIZ BO3/lyX C BHYTPEHHUM COCTOAHHUEM TeEJla C
yauBuTesbHol addexkrusnocThio. B paborax Koyma (Cole, 1953: 669-681), Nuruiecrenra
(Ingelstedt, 1956: 1-80) u Be66a (Webb, 1951: 378-382) Gbuiu JOCTUIHYTHI OOIIUE COLJIa-
CHsI, YTO BIBIXa€MbIH BO3/yX Yepe3 HOCOBYIO IOJIOCTH JOCTHIAET JI0 aJIbBEOJIIPHOIO COCTO-
starsi (MOJTHOCTBIO HACBHIIIEH TapaMy BOJbI U IIPU HOPMAJILHON TeMIeparype Teja) K TOMY
BpeMenu, Korja OHa JOCTUraeT I'NIOTKU, U 3TO IIPaKTHUYICCKN HE 3aBUCUT OT COCTOAHUA OKPY-
JKAIOIIEro BO3/IyXa MOCTYIIUBIIEr0 Yepe3 HO3JPH. DTU Pe3y/abTaThl, TAKKe OBLIU MOy IeHbI
B pabore Papsu u [Maren (Farley and etc., 1988: 628-632), koTropble cobUpaju B eCTECTBEH-
HBIX YCJIOBHAX JAHHBIE C ITOKA3aHUsl TEMIIEPATyPhl BO3JyXa BIOJb BEPXHUX IbIXATEIHHBIX
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nyTeit, a Tak:ke B pabore Xamna u [lepep (Hanna and etc., 1986: 12-18), orpakatorcs
U3MEpPEHHs JIOKAJbHBIX KOI(PMDUIIMEHTOB MaccOOOMEHa Ha TMIICOBON MOJIe/ I BEPXHEH JIbIxa-
TesibHOI myTH desoBeka. Tem He Menee, B pabore Mak®anen (McFadden, 1983: 331-336)
OTMETUJI, YTO BBIBOJBI CIIPABE/IJIMBLI U JIJI CIIOKOMHOTO JIbIXaHUsI, B HEKOTOPBIX 00CTOSATE/Ihb-
CTBaX IPU BBICOKUX YPOBHSIX BEHTUJISIUU, KOH/IUIIMOHUPOBAHUE JIOMOJTHUTEIHHOIO BO3/IyXa
JIOJIZKHO TTPOUCXO/IUTH BO BHYTPUTPY/IHBIX JIBIXATEIbHBIX IYTAX JIJIsT TOTO, YTOOBI TOJTHOCTHIO
00yCJIOBIMBATH BJIBIXA€MbIl BO3J/IyX B &/IbBEOJIIPHOM COCTOSIHUM.

Muorouunc/ieHHbIE UCCIEI0OBaHUs ObLIM HAIIPABJIECHLI HA OIECHKY YBJIAXKHEHUS U PEryJIv-
POBaHMsT TEMIIEPATYPHI HOCOBOI mojtocTr. OIHAKO MaTeMaTHIecKue MOJIEe/ N ObIJTH OCHOBAHBI
Ha 0CECHMMETPUYHBIX TPYOKaX M/ 3aHITHIX KBasuctalmonapubix norokax (Naftali and etc.,
1998: 931-839). Kak mpaBujio, 3ru pabOThl MOATBEPMIN MHEHUE, YTO B HOPMAJIBHBIX YCJIO-
BHUSAX €CTh JOCTATOYHO BPEMEHU JIJI HATPEBa M YBJIAXKHEHHWS BO3J/yXa B HOCOBOW IMOJIOCTH.
Kpowme Toro, jekapcrBa Tak:Ke KaK XUPYPrUdecKre MpoIeyphbl B HACTOAIIEE BPEM UCIIOb-
3YIOTCs C BO3PACTAIONIEH CKOPOCTDBIO JIJIT BOCCTAHOBJICHUSI CTPYKTYPbI U (DYHKIINN HOCOBOI
nosioctu (Maran, 1990). Hanpumep, apoMaTndeckue UHIAJSIIAE UCTIOIB3YIOTCS JIJIsT YTy dIlie-
HUS BO3JIYIITHOI'O IIOTOKA U JIJIsI YMEHbBIIIeHUS CKOILIEHNUH, & TaKKe IIPOIE/Ly Phl PUHOILIACTHKH
UCIIOJIB3YIOTCS JIJIst TTPEOJIOJIEHUsT TPABMBI WJIN ICTETHIECKUX jiehopMariuii. ITu UCKYCCTBEH-
HbIE BMEIIATE/ILCTBA BBI3BIBAIOT JIOKAJbHBIE U3MEHEHUSA, U MOTYT HOBJIUATH Ha IPHEKTUB-
HOCTH TPAHCIHOPTHBIX ABJICHUN BO3ayxa. OIHAKO, TOUHBIC NHTPAHA3AIbHbIE XaPAKTEPUCTUKN
U pacupejiesieHne TPAHCIIOPTHBIX SBJICHUI TOKa ellle HEeM3BEeCTHBI JaxKe JIJId HOPMAaJILHOTO
(nnm 370poBoro) cocrosinus (Issakhov, 2016: 1082-1096), (Issakhov, 2011: 1282-1288).

DKCIIEPUMEHTAIHLHOE UCCJIE/IOBAHIE HOCOBOI TIOJIOCTHU SABJISETCs ITPAKTHIECKUA HEBO3MONK-
HBIM, M3-3a CJIOYKHOI BHYTPEHHEH CTPYKTYPbI U Pa3MEpOB, T.€. BBeJEHHUE JIIOOOr0 M3MEPU-
TEJILHOIO0 TPUOOpa WJIM 30H/A BBI3BIBAET JIOTIOJIHUTE/IHLHOE BO3MYIIEHUE IMOTOKa. [losromy
MaTeMaTHICCKOe MOJICIUPOBAHNE ABJIACTCA OJIHUM W3 €JIUHCTBEHHBIX TOJIXOJIOB JIJId U3yUe-
HUsI TEYEHHUs BO3J/LyXa B HOCOBOW IOJIOCTH.

Hesbio jannoro uccieoBanus ObLIO UCIOJIHL30BAHNE YUCJIEHHOI'O BBLIYUCIEHUS IS UC-
cJIe/IOBaHUs JIMHAMUYECKON €MKOCTH HOCOBOW IIOJIOCTH, IPOIECCA HAIPEBA U yBJIAYKHEHUS
BJIBIXAEMOI'0 BO3JIYXA.

3 IlocraHoBKa 3aa4n

Boztymublii moToK 4epe3 CTPYKTYpYy HOCOBOW IOJIOCTH TPOXOJUT OYEHDL CJIOYKHBINA IyTh.
CroxkHast CTPYKTypa HOCOBOI TIOJIOCTH U TOJIHBI TPeXMepPHBI aHAJIM3 ITOTOKa Iapa, Ie-
pesada Teruia BO BHYTPEHHeH 9acTh CIM3UCTON 00OJIOYKHM HOCOBOM IMOJIOCTH TpedyeT 3HaUIH-
TEJIbHDBIX BBIYUC/IUTE/ILHBIX PECYPCOB, KOTOPbIC PEHNATCTBYIOT CUCTEMaTUYCCKOMY aHaJIu3y
coorBercrByonux dpakropos (Pucynok 1).

C y4eToM MMEIONMUXCS BBIYUCIUTETbHBIX PECYPCOB, KOMILIEKCHOE HCCJIE/IOBAHIE TPAHC-
IIOPTHBIX MEXaHU3MOB IIPOBOAUJIOCH B ABYMEPHOM BUJE, Yepe3 IollepedHble CedeHus HOoca.

JIOTIOTHUTETbHO /IS YMCJIEHHOTO MOJIEJINPOBAHUS JIEJIAIOTCS CJIEIYIONINE IPEII0IOKe-
HUA:

— CTeHKH HOCOBOM IMOJIOCTU U HOCOBBIX PAKOBHH ITPE/IITIOIATAIOTCS HEIIOIBUZKHO TBEPIBIMU.

— Tedenne BO3yXa B HOCOBOIl MOJIOCTH PacCMATPUBAETCd KaK JAMUHAPHOE TedeHue, u
BO3JlyX KaK HeC:KUMaeMylo cpejy (Tak Kak dmcia Pefinosbica u Maxa oueHb MajieHbKHE ).

— CKOpOCTH HA CTEHKAX MOJIOCTH MPUHUMAIOTCS Kak Hysesble (u =0, v =10 ).
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PucyHok 2 — YupolreHHas MOJIeIb HOCA: a) IPOJIOJIbHOE ceveHne, b) KOpOHApHOe CeveHre, C) MOIepeuHble
cevenns Ha BbicoTe h=3, 13, 17, 20, 26, 33, 40 MM OT HHUXKHEIl TOUKN HOCOBOI MOJIOCTH, d) MEepPCIeKTUBHBII

BUJI.
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— CTeHKHN HOCOBOW MOJIOCTH CYUTAIOTCS MOJTHOCTHIO HACBIIIIEHHBIMU TTApAMU BOJIbI M TEM-
neparypa BOJU3M Tesla U3-3a BJIAZKHOTO CJU3UCTOTO CJIOS JIOXOJISIT JI0 BACKYJIAPHBIX COCYIOB
HOCOBO CTEHKU.

Tonkue 0cOOGEHHOCTH HOCA HE UMEIOT TOYHBIX Pa3MEpOB, T.K. CYIIECTBYIOT Da3/JUYUs B
CTPYKTYPE HOCOBOIA IOJIOCTH Y 3JI0POBBIX JIFOJIEH, TOITOMY MPAKTHIECKH HEBO3MOXKHO OIIpe-
JIeJINTH TOIHYIO MOjieb "HopMasbHOro HOca". TakuM obpas3om, paspabaTbiBaeTcs YIIPOITeH-
Hasi MOJIeJIb HOCA, TJIE BBISIBJISIIOTCS OCHOBHBIE CYIIECTBEHHBbIE MPU3HAKHK HOCOBOI ITOJIOCTH.
Pasmepbl B34THI U3 yCpeIHEHHBIX JaHHBIX HOCOBOM ImoJocTH denoBeka (Pucynok 2).

Dusnaeckoii 061aCThIO 33/1a491 SIBJIAETCS BTOPOe Tonepednoe cevdenne (Pucyrok 2(c) 2-"),
KOTOPOE UMEET BaKHbIe 3HAYEHUE [T UCC/ICIOBAHUS, T.K. HMEHHO B 9TOW 00JIACTH ITPOTEKa-
eT 3HauYMMas JIOJId BO3JYIIHOIO MOTOKA, a TaKyKe UMEET CJIOXKHYIO CTPYKTYpY, Oarogapst
KOTOPO#1 BBITIOJIHAIOTCS OCHOBHBIE (DYHKITUIT HOCOBOI TIOJIOCTH.

MaremaTudeckast MoJIeJIh TOCTpOeHa Ha ocHoBe ypaBHennit HaBbe-CTokca, BKIoUaonue
ypaBHEHHE HEepa3PbIBHOCTH, yPABHEHUE JBUKEHUsI, a TaKKe JIOTOJHUTEIHLHO HCIIOIb3YeTCst
ypaBHEHUE SHEPruu (TeMIepaTypbl) U ypaBHEHUs I OTHOCUTEILHOI Biaxkuoctu (Ferziger
and etc., 2013), (Fletcher and etc., 2013), (Chung, 2002).

@_,_@—0
or Oy

ot ox oy  pox ox?  Oy?

b oo o (o o
ot " ox Uay_ p Oy ox?  Oy?

8T+ 8T+ or  k 82T+82T
ot ox U@y ©ope, \ 02 Oy?

9C L2 %% p
ot "oz Ty

oC oC oC 0’C  9*C

(W "oy )
rJie U,V - KOMIIOHEHTBI CKOPOCTH, t - BpeMsl, p - JaBJIeHNe, U - KHHEMATHYeCKas BA3KOCTD, 1'-
remieparypa, C- BIIasKHOCTD, ¢, - yJeJbHasd TEIJIOCMKOCTb CpPeJIbl IIPU IOCTOAHHOM JaBJie-
Huu, k - K03pOUIUEHT TeIIoNPOBOIHOCTH, p - IJIOTHOCTL, [ - KO3 MUITUEHT MOJIEKY/ISIPHOIT
b dy3un.

MruoBennag CKOPOCTb Ha BXOJE B KaKJIOM IOIIEPEYHOM CEUYEHWH ITPEIOIaraeTcsd, UTo
uMeeT Tapabosimdeckuii npoduiib ¢ MakcuMaabHoil ckopoctbio (UM), .., KoTopast uzmens-
ercs B TeUeHHe JIbIXxaTebHOro 1ukaa. B pabore Xupapauu u jap. (Girardin, 1983: 231-236)
IIPOBEJIEHBI M3MEPEHNUsI ¢ TOMOIIBIO JIa3ePHON aHEMOMETPHH B MOJE/IH HOCA YeJIOBEKA U OBbLIH
OOHAPYKEHBI, UTO IO0JIe TeUYeHWe B OCHOBHOM HMEIOT CJIOUCTBIE IMapadoimdecKue PO
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CKOPOCTH B JIIOOOM IIONIEPEYHOM CedeHUUu. B cocTognnu moKosi, HOpMaJibHbIE B3POCJIbIN desI0-
BeK JbIuT o6beMoM okosio Vp = 0.5L (Bmox u Bbiox) f = 15 pa3 B MUHYTY 0pu cpejIHeil
ckopocTH noroka okoso 0,125 /¢ B kaxk1y10 Ho31pio. COOTBETCTBEHHO, MTHOBEHHOE PacIpe-
nesienne ckopocTi Ha Bxoje UM B manpapiennn x nana takom suge (Pucynok 3):

uzn(ta Tr = O? y) = (UZ'ZT\l/[)max

t 12y — 12
a2 ™ 1] « 12¥ =)
36

FpaHI/IqHOG ycJjoBHuE BXOda JJIsd TeMIIEpaTypy u OTHOCHUTEJBbHON BJIa*KHOCTH BHEIITHEI'O
Bosjlyxa BagTa pasHbiM 25°C' u 0.0047 kg H,O/m?, cooTBercTBenHo:

Tin(t,x =0,y) = 25°C

Cin(t,z = 0,y) = 0.0047 kg H,O /m?

Ha crenkax HOCOBOII TTOJIOCTU M HOCOBOI pPaKOBUHDIL:

Upat (8, 2,9) =0, vyau(t,z,y) =0,

Twall(ta T, y) =37°C Om<t7 T, y) = 0.0438 kg HZO/mS

Hauasnpabie ycioBud 3a/al0TCd B TaKOM BH/JIE:

Co(t = 0) = 0.0235 kg H,O/m?®.

4 Marepuaj 1 MeTOAbI

JIJ1s1 9MC/ICHHOrO pelleHus JAHHOH CHCTeMbl YPABHEHHIT MCIOIL3YeTCs CXeMa PACIICILICHUST
o dusnvyecknm napamerpam (Issakhov, 2015: 229-238), (Chorin, 1968: 745-762). VpasaeHust
JCKPETU3UPYIOTCST MEeTOIOM KoHeuHbIx 06beMoB (Peyret, 1983), (Pletcher and etc., 2011),
(Roache, 1972). Ha niepBoM 3Tarie mpenoaraercsi, 9To NepeHoc KOJMIeCTBa JBIZKEHHsT OCY-
IECTB/ISETCS TOJLKO 3a cdeT KonpeKnuu u quddysun, u meronom Pynre-Kyrra gerseproro
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(u ) ax
B t=0.5

u||ll!|||ﬂl\ﬁ

e .. l ”'l:‘ H |

Pucyunok 3 — CkopocTh BO3/IyXa Ha BXOJIE B IIOIEPETHOM CEUEHUN.

HOPsIJIKA BBIYUC/ISIETCs TIpoMexKyTodHoe mosie ckopocreii (Chung, 2002). Ha Bropom srare,
110 HAWJIEHHOMY ITPOMEXKYTOYHOMY IIOJII0 CKOPOCTU, HAXOJIUTCS TI0JI€ JIaB/IeHus. Y paBHEHUE
[Iyaccona jijis moJis JaBienus perraercsa metogoMm fAxodom. Ha Tperbem sTare mpe/imosaraet-
cs1, 9TO MEPEHOC OCYIIECTB/ISIETCS TOJBKO 3a CUeT I'PaJineHTa JdaBjieHns. Ha geTBepTom 3Ta-
Ile BBIMHC/IAETCS YPaBHEHUS It TeMIepaTypbl MeTonoM Pyrre-KyTra werBepToro mopsjka.
Ha ngrom sTame Bbruncisercs ypaBHeHUs JIJIsd OTHOCUTEIbHON BJIAYKHOCTH, TAKKe PellaeT-
cst Metogiom Pynre-Kyrra werseproro nopsizika (Chung, 2002), (Issakhov, 2016: 1082-1096),
(Issakhov, 2011: 1282-1288). Huzke npuBejieHa MaTeMaTHIECKAsT 3AIICH JTAHHOTO aJrOPHTMA!

nJq T = ~ o0 (Vﬁ”ﬁ* — UA?*)nidI‘

T

I)faﬂ (Ap)dl’ = fQ v?*dﬂ

n+1l__77x*

e k n
nN———— = EAT — VuT

I)M = DAC — Vu*C

JIs1 mpoBeieHUsT IUCIEHHONO MOJEINPOBAHUS ObLIa MOCTPOEHA BBLIYUC/IMTE/IbHAST CETKA
¢ TIOMOIIBIO TTporpamMmMHoro kominiekca PointWise. /Ijist Toro 4Tobbl pacnapaJiieinTb 9uc-
JIEHHBII aJITOPUTM HCIOJIB3YEeTCA METOJ, JJEKOMIIO3UITUN 00JIACTH JIJIsT 3TOTO BBIYUCIATEIbHAS
obJ1acTb JenuThed Ha 12 nogobaacteit. [locraBiennas 3a1ada 3amycKagach Ha TPOTPAMMHOM
koMmiutekce [TFS-MKM nHa BbicOKOmponsBoauTenbHoM Kiacrepe T-Cluster mpum mexaHuKo-
maremarudeckoMm daxynbrere KazsHY um. anp-Papabu
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5 PegynbTaTnl u obcyxkjieHue

B pesyibrare Unc/IEHHOrO MOJIEIUPOBAHUS A3POIUHAMUKNA HOCOBOW ITOJIOCTU YETOBEKA IT0-
JIy9eHbI CJIe/IyIOIINe JJaHHbIe. A Tak:Ke JjId MPOBEPKH JIAHHOIO YUCJEHHOTO aJrOPUTMa HC-
[0JIb30BaJIUCh JaHHble pacderoB u3 crarbu (Naftali and etc., 1998: 831-839), rie onucanb
pOUIN IPOIOIBHON KOMIIOHEHTBI CKOPOCTH W TEMIIEPATYPhI B TPEX MOMEPEIHBIX CEUeHU-
SX: Ha paccTodHum T —17MM, x5 =49vm u x3=80 mm ot Bxoma (Puc. 4). s gucienno-
ro MOJICJIMPOBAHUSA HUCIOJIHL30BAIUCH COOTBETCTBYIOIIUE, MapaMEeTPhl JIjI BO3JIyITHBIX KOH-
craur: p = 1.12kg/m?, p = 1.9 x 107° kg/ms, ¢, = 1005.5 J/kgK , k = 0.0268 W/mK,
D =26 x 107°m?/s.

Ha pucynke b nokazanbl cpaBHeHUe podusieit 1y xy, Lo U T3 MPOJAOJBHON COCTABJISIO-
el CKOpOCTH Pe3yJIbTaToB pacdera 1 gaHHbIX 3 crarbu Naftali S. (Naftali and etc., 1998:
831-839). Ha pucynke 6 mokazaubl cpaBHerue mpodusieil TeMmeparypbl i CedeHuil Ty, Ty
u x3 ¢ paboroit (Naftali and etc., 1998: 831-839). Ha pucynke 7 mokasanbl mpoduin OTHOCH-
TeJILHON BJIA2KHOCTU JIJIst CeUeHuil T1, To u x3. Ha Bcex pucyHKax mpejicTaB/ieHbl YUC/IEHHbIE
pe3yJIbTaThl ObLIN 00€3pa3MePEHbI.

y[mm)] ’L X, X, Xy

Pucynok 4 — OneHka B Tpex JIOKAIUSIX JJIs TEMIEPATyPbl U CKOPOCTHU JIJIsl TIOTIEPEIHOIO CeUEHMUS.

Ha pucynke 8 n306pazkeH mpojIoIbHbII KOMIIOHEHT CKOPOCTH B MOTIEPEYHOM CEYECHUU JIJIst
Bpemenn t = 1 ¢. Ha pucynke 9 m306parkeH monepevHblii KOMIOHEHT CKOPOCTH B TIOTIEPETHOM
ceuennn g BpeMenun t = 1 c¢. VI3 pucyHKOB BHJIHO, 9TO TOSIBJISIONINECS N3-33 HOCOBBIX
PaKOBUH BHUXPEBBIE TeYeHHs, KOTOPbIE UI'PAIOT HEMAJIOBAaXKHYIO POJIb B IIPOIlecce HarpeBa
Bozayxa. Ha pucynke 10 - 11 orobOpazkaiorcss KOMIOHEHTHI TEMIIEPATYPbLI, 1 OTHOCUTEIbHAA
BJIAZKHOCTH Ha, pacdeTHO obyracTu Jijisd BpeMenu ¢ = 1 ¢. VI3 pucyHKOB MOYKHO 3aMETUTH, YTO
[IPU ITPOXOZKIEHNH B Y3KUX MeCTaX HOCOBOM ITOJIOCTH BO3/LyX HarpeBaeTCs BHU3 110 TEYEHNUIO, a
TaKKe YBEJTUIUBAETCS OTHOCUTEIbHAS BIAYKHOCTb. A TakKe U3 PUCYHKA 9 MOYKHO YBHJIETh,
4TO 3a HOCOBOIl II€PEeropojKoil TeMIlepaTypa yBeJIUYUBACTCdA U K HOCOIVIOTKE TeMIlepaTypa
BO3JLyXa T'PEETCs JIO AJIbBEOJIIPHOTO COCTOSIHUSA. A TIpW HU3KOH TeMIepaTrype OKpyKaroreit
CpeJibl OTHOCUTEIbHAS BJIAXKHOCTH UTPAET OYEHb BayKHYIO POJIb.

6 3akJrodeHue

Takum obpa3om, B X0je HCCIeI0BAaHUA HOCOBOM MOJIOCTH MOYKHO CJieJIaTh CJIEIYIOIINE BbI-
BOJIbI, UTO CTE€HKU HOCOBOM IOJIOCTH CIIOCOOCTBYIOT HAI'PEBY BO3/lyXa U IOSBJICHUIO BUXPeil,
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Pucyunok 5 — CpapHernus npouIn COCTaBJIAIONIEN CKOPOCTHU Jjist cedeHuit £1 =17 MM, x1 =49 MM u 23=80
MM ¢ pe3dysbraTamu pacderos u3 crarbu (Naftali and etc., 1998: 831-839).
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Pucyunok 6 — CpasreHnust mpoduieii TeMiepaTyphbl st cedeHuit 1 =17 MM, £1 =49 MM u £3=80 MM ¢

pesysbratamu pacueros u3 crateu (Naftali and etc., 1998: 831-839).
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0

Pucynok 7 — IIpoduim oTHOCTHTETHHOM BAAXKHOCTHU JJjIsI cedeHuit 1 =17 MM, £1 = 49 MM 1 £3=80 MM.

L

U -04-02 0 0204 0608 1 1214 16 1.8

Pucynok 8 — IIpomoabHble KOMIIOHEHTHI CKOPOCTH ITOTOKA JJIsi TIOMEPETHOIO CEUEeHMUS.

KOTOPbIE NMEIOT HEMAJIOBaXKHOE 3HAUYEHNE JIJIT TIEPEX0/Ia BO3/IyXa B aJbBEOJISIPHOE COCTOSIHNE,
epe/t TeM Kak MoMacTh B HOCOIVIOTKY. A TaKzKe HEMAJIOBAYKHYIO POJIb UTPAET, OTHOCUTEIbHAS
BJIA?KHOCTH B HOCOBOI IOJIOCTH, TaK KaK IIPU HU3KHUX TeMIlepaTypaX OKPYzKalollleil cpe/ibl
3a CUeT BJIAXKHOCTH WJIET HAarpeBaHUe BXOJIHOTO Bo3iayxa. VcciemoBanus aBUKEeHUs BO3/LyXa
B HOCOBOI IIOJIOCTH SBJSIOTCS aKTyaJIbHO 3HAYMMBIMU, TaK KaK B HACTOdIllee BpeMs, I10
Pa3HbIM MPUYMHAM YBEJIUYUBACTCA THUCJIO JIIOJIEN ¢ pobjieMaMu HOCOBOT'O JIBIXaHUA JTaHHasd
mpoOieMa paspernaercss XUPYPrudecKuM IIyTeM, IJie BayKHO ONTHMAJIbHO OIEPHPOBATH
CTPYKTYPYy HOCa, TaK YTOObI HOCOBas IOJIOCTb ITPABHJIHLHO (DYHKIMOHUPOBAJIA, MOCKOILKY
HOPMaJIbHOE JIbIXaHHUe JOJIKHO OCYIIECTBJIAETCA C IIOMOIIBIO HOCA.
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V.

-1.4-1.2

-1 -08-06-04-02 0 02 04 06 08 1 12 14

PI/ICyHOK 9 — HonepequIe KOMIIOHEHTDBI CKOPOCTH IIOTOKa JIJIsA IIOIIEPEIHOIO CeYIeHMA.

Y

T: 0050150250350450.55 0650.750.850.95

Pucynok 10 — Temneparypa moToKa /Il IOIEPEYHOIO CEUEHMUS.

Y

CO001: 005015025 035045055065 0.750850.85

Pucynok 11 — OrHOCTHUTEIBbHAST BJIAYKHOCTH IIOTOKA, JIJIsT TIOMIEPEYHOTO CEYEHUS.
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CBEJEHVA OB ABTOPAX

Adicazanues Cepuxbati Abduzanuesuy - mpodeccop Kazaxckoro HalOHAJBHOTO YHUBEPCATETA UMEHH
anp-Papabu, TOKTOP TEXHUIECKUX HAYK

Aticazanuesa Cogus Cepurbaesna - raaBHbI HaydHbd coTpyaank HUM maremMaTnku u MeXaHUKH
KazHY uwm. ans-®apabu, kanauaar Gu3nKo-MaTEMATHIECKUX HAYK

Abviaracvmosa Atisicar Boaamosna - nokropanT KaszaxcKoro HAIMOHAILHOIO YHUBEPCUTETA UMEHU
ap-Dapabu

Axmemos Bazxvmorcan - mokropanT Kazaxckoro HalmoHAJBHOIO YHUBEpCUTETa MMeHH aib-Dapadbu

Atdapos Kanam Aaxoorcaesuy - JOKTOpaHT Ka3axCKOro HAIMOHAJIBHOTO YHUBEPCUTETa UMEHU AJlb-
dapabu,

Aamamos Abam 2Kanamosuy - crymenT Ka3axcKoro HalmoHaJIbHOIO yHUBEpCUTETa nMeHn ajib-Papabu,

Bopucos Jlenuc Hsarnosuy - TOKTOp PUIUKO-MATEMATUICCKAX HAYK, BEJYIIHUA HAYIHBIH COTPYIHUK,
WNucruryr maremaruku Y dumckoro naygaroro nearpa PAH, Yuusepcurer r. I'pajern; Kpasose, ['pagerr
Kpanose, Yerickas pecrybinka,

Teopaues Aanekcandp I'eopeues - crapimii npenojoBaresb Texundeckoro yuusepcurera-Codust, [lio-
BIUB, Bomrapus, momeHT

Hcaxos Aauber Ab6duawumosus - moneHT KazaxckKoro HaIOHAJBLHONO YHUBEPCUTETa WMEHU aJlb-

®apabu, Ph.D.

Kaamaes Atdapzran XKycynberosun - npodeccop Kazaxckoro HAIMOHAIBHOIO YHUBEPCUTETA UMEHU
anb-Dapadu, HTOKTOP HU3MKO-MATEMATHIECKIX HAYK

Jlyuax Ceemaana MuzatinosHa - mokTopanT EBpaswmiickoro HanmoHaJbHOrO yHuBepcurera um. JI.H.
I'yyvmnesa

Maxcumranosa 2Kasupa Ayezbexkoidv, - MarucTpaT Ka3aXCKOro HAIMOHAJIBHOIO YHUBEPCUTETA WM.
ab-Dapabu

Myxawesa Cayse Hypmyzanbemosna - Bepymuit Hayunbiit corpyauuk JITOO «UucruryT nonocde-
PbI», KaHIUJIAT (PU3UKO-MATEMATUIECKUX HAYK

Manumbaes Andpeti Mapamosuy - marucrpanT Kaszaxckoro HaIllMOHAJILHOIO YHUBEPCUTETA WM. AJib-
Papabu

Ilonos Pymen Koncmadunos - crapmmii npernogosarensb IlaoBausckoro yausepcurera «Ilancuit Xu-
neHgapckuny, ILtosaus, Boarapus, momeHT

Caxabexos Ayoican - npodeccop Kazaxckoro HAIMOHAIBLHOTO UCCIEI0BATEBCKOINO TEXHUYIECKOTO YHU-
Bepcutera nmenun K.U. Carmaesa , JOKTOp DUBHKO-MATEMATHIECKUX HAYK

Cetimos A63an Huasbexyav, - MarucTpanT Ka3axcKoro HAIIMOHAIBFHOTO YHUBEpCHTETA, UM. aiib-Dapadu

Camueyaruna Taauna Axmemosna - 3aBemyiorast gaboparopueit HcTuTyTa nHGOPMAIMOHHBIX U BbI-
YUCJIUTEJIbHBIX TEXHOJIOTUN, JIOKTOP TEXHUIECKUX HAYK, JIOIEHT

Treyosa Tatinu Hyparamrxwav, - MaructpanT Ka3axcKoro HaIMOHAJIBHOTO YHUBEPCUTETA WM. AJIb-
Dapabu

Ilapunosa Myavrap - mayqnsiii corpyaauk JITOO «UuctutyT nonocdepb»
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K CBEAEHVIO ABTOPOB

1. B xkypnaxa "Becraunk KasHY. Cepus maremaruka, Mmexanuka, naugopmaruka' mpuHIMaoTcs HabpaH-
HBIE TOJIBKO B TeKCTOBOM opmare KTEX2e Ha Ka3aXCKOM, PYCCKOM WJIM AHTVIMACKOM SI3bIKAX, pDAHee
He OIyOJIMKOBaHHbBIE TIPOOJIEMHBIE, O030PHBIE, TUCKYCCUOHHBIE CTATHU B 00JIACTH €CTECTBEHHBIX HAYK,
IJle OCBEIIAIOTCH PE3YIbTAThl (DYH/IAMEHTAIBHBIX U IPUKJIAJIHBIX UCCJIEJJOBAHMIA.

2. Marepuajibl ciemyer HApaBysaTh 1o ajpecy: 050040 Aynmarsr, yi. aas-Papabu, 71, kopmyc 13, Haydaro-
WCCJIeIOBATE/IbCKIIT HHCTUTYT MeXaHnku u maremaruku KazHY um. anp-Papabu, kab. 125, rem. 377-
32-23. Duiekrponnas noura: Lazat.dairbayeva@gmail.com (0TBeTCTBEHHOMY CEKPETAPIO PEIKOJLIETUH,
Haupbaesa JI.M.)

3. Crarbsi JOJI2KHA, COMPOBOXKIATHCSI MUCBMOM OT yYUIPEXKJEHWsI, B KOTOPOM BBHIMIOJIHEHA, JaHHAs paboTa,
e yKasbiBaorcs cegenus o6 apropax: O.1.0. moaHOCTHIO, MECTO UX PABOTHI, IOJKHOCTD (HA3BAHNIE
By3a, 1eHTpa 6e3 cokpaiienuii, (akyaprera, Kadenpor), padouuil renedon, dakc, e-mail, qomantanit
aJIpec U KOHTAKTHBINA TesiedoH.

4. B pemaxnuio HEOOXOIUMO IIPEJICTABUTH IJIEKTPOHHYIO BEPCHUIO CTAThu: tex-dailyibl paboThl u (ailabt
PUCYHKOB Ha OHOM Jucke. iist hailytoB pucyHKOB PEKOMEH IYETCs MCIOIb30BATH CPEICTBA OCHOBHOTO
nakera WTEX2e nim dopmar eps [em. 1.7]. YkaswsBaercs kon mo Y/IK. B pemakuuio takke npemcras-
JIdeTCdAd OTTHUCK pa.6OTbI B JIBYX 9K3€MILJIfAPpaX.

5. O6beM cTaThl, BKJIIOYAs CIIUCOK JUTEPATYPhI, TAOIUIBI U PUCYHKHU C IOJAPUCYHOIHBIMU HAJITUCIMHU,
AHHOTAINH, He JIOJIZKEH MPEBBIMNAaTh 17 CTPAHUIL Ie9aTHOro TeKcta. MuHNMAaIbHbI 00beM cTaTbu - 6
CTpAHUIL.

CTpyKTypa CTaTbu.

IlepBas cTpanurna:

1) Ilepsas crpoka - Homep Y/IK, BbipaBHUBaHUE - 110 JIEBOMY KPAIO, IPUMT - MOJIYKUPHBII.

2) Haszpanue crarbu (3arojioBok) J0JIZKHO OTPAXKaTh CYThb U COJIEPKAHUE CTATbU M IPUBJIEKATH BHU-
MaHue dnraresisi. HazBaHue M0/KHO OBITH KPATKNM, HHMOPMATHBHBIM U HE COJEPKATH YKAPrOHU3MOB
i abbpepuaryp. OnTrMasbHAs JJIMHA 3ar0JI0BKa - 5-7 CJI0B (B HEKOTOPBIX ciaydasx 10-12 cmios). Ha-
3BaHUE CTATHU JIOJIPKHO OBITH IIPEJICTABJIEHO HA PYCCKOM, Ka3aXCKOM M aHIJIMICKOM si3biKaxX. HaspaHue
CTAThU MPEJCTABJISIETCS TOJIYKUPHBIM MPUGPTOM CTPOIHBIMU OYKBAMU, BHIPABHUBAHUE - 110 [EHTPY.
3) ABrop(bl) cTaTHU - C yKA3aHUEM UMEHH U (DaMUIUU, YIEHOH CTelleHN, YIEHOIO 3BaHus, 3aHIMAeMOii
JIOJI2KHOCTH, MeCTa pabOThI, TOPOJ, CTpaHa, KOHTAKTHBIN TesiedoH, email - Ha PyCCKOM, Ka3aXxCKOM U
aHrIUicKOM sizbikax. CBejieHnst 00 aBTOpax MPEeJICTABJISIOTCS OOBIYHBIM IIPU(MTOM CTPOYHBIMU OYKBa-
MM, BbIpDABHUBAHUE - 110 IIEHTPY.

4) Aunoranus oobemom 150-500 ¢10B HA PYCCKOM, Ka3aXCKOM U aHrMicKoM #a3bikax. CTpyKTypa aH-
voraruu Bryouaer B cebs ciemyonue OBA3SATE/IBHBIE nyakrer: "BerynureabHoe cioBo 0 Teme
nucciaenoanus. "Ilesib, OCHOBHBIE HAIIPABJIEHUsI U WM HAydYHOTO HMccienoBanus. "Kparkoe onucanue
HAYYHOI U IIPAKTUYECKOH 3HaYnMocTu paborsl. "KpaTkoe onucanne MeToosoruu ucciegoanus. "Oc-
HOBHBIE PE3YJILTATHI U aHAJIN3, BBIBOJIBI UCCJIEI0BATEIbCKOM paboThl. "lleHHOCTh MPOBEIEHHOTO UCCIe-
JoBanus (BHECEHHBIH BKJIaJ, JAHHONH PabOThl B COOTBETCTBYIONLYIO obaacTh 3uanuii). "IIpakrudyeckoe
3HaYeHNEe UTOTOB PabOTHI.

5) Kurouesblie cjioBa,/cjioBocOUETAHUS - KOJUYECTBOM 3-5 HA PYCCKOM, Ka3aXCKOM U QHIVIUICKOM #3bl-
Kax.

IMocnenyiomas crpanuia (HOBas):

6) Beegenue coCTOMT M3 CJIEAYIONMX OCHOBHBIX 3jieMeHTOB: "OGoCHOBaHUE BBIGOPA TEMbI; AKTYAJIb-
HOCTh TeMbI WK pobjiembl. B 06ocHOBaHUHN BBIOOPA TEMbI Ha OCHOBE OIUCAHUS OIBITA IIPEJIIeCTBEH-
HUKOB COOOIIAETCs 0 HAJIMIMU IIPOBJIeMHOil curyanuu (OTCyTCTBUE KaKUX-JIubO MCC/IeI0BaHUil, 0sB-
JICHUE HOBOI'O OOBEKTa U T.J.). AKTYAJIbHOCTb TEMbI OLPEIE/IAeTCs ODIIUM UHTEPECOM K U3YIeHHOCTU
JaHHOI'O O6']3€I(Ta7 HO OTCYTCTBUEM HCYEPIILIBAIOIIUX OTBETOB Ha MMEIONIUECsA BOIIPDOCHI, OHa JOKa3bI-
BAETCsl TEOPETUIECKOW WJIM NMPAKTUIECKON 3HAUYNMOCTBIO Tembl. "Ormpenesienne o0bekTa, MpeaMera,
neJieit, 3a/1a9, METOJIOB, ITOJIXO/IOB, TUIIOTE3bl U 3HaYeHus Balneil paborsl. Llenb ucciieioBanus cBsi3aHa
€ JI0Ka3aTeIbCTBOM TE3UCA, TO €CTh IPEJICTABICHUEM [IPeIMeTa UCCJIeI0BAHNS B N30PDAHHOM aBTOPOM
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acIleKTe.
7) Marepuasa u Meropl - JIOJRKHBI COCTOATL U3 OIMCAHUs MATEPUAJIOB M XOJa PabOThl, a TaKiKe
[IOJTHOTO OTIMCAHUS UCTIOJIBL30BAHHBIX METOJIOB. XapaKTEePUCTUKA MJIN OIMMCAHNE MATEPUAJIA MCCIIET0BA~
HUSI BKJIIOYAET €r0 MPEJICTABICHIE B KAYeCTBEHHOM U KOJMYIECTBEHHOM OTHOIIEHUU. XapaKTePUCTHKA
MaTepuaJia - OAUH U3 (PAKTOPOB, OIPEIE/ISIIOIIUI JOCTOBEPHOCTD BBIBOJIOB U METOJIOB HUCCJIEIOBAHUSI.
B sTom pasmesnie omnmchiBaeTcsi, Kak mpobjema Obljaa m3ydeHa: moapobHast mHMOpMalusi 6e3 MOBTO-
peHnsi paHee OyOJMKOBAHHBIX YCTAHOBJIEHHBIX IIPOIEIYP; UCIOIb3YeTCs UIACHTU(MUKAIS 000pPYI0-
BaHusd (IIPOIrPAMMHOIO 00ECIIEUeHNUsI) U OIIUCAHUE MATEPUAJIOB, C 00S3aTe/IbHBIM BHECEHHMEM HOBU3HBI
[IPU HCIIOJIb30BAHUU MATEPHUAJTIOB U MeTOJ0B. HaydHast MeToI0I0rust JJOJKHA BKJIIOYATH B cebst: - WC-
CJIEIOBATENLCKUN BOIIPOC(-bl); - BBIIBATAEMYIO TUIOTE3y (TE3UC); - TANBl MCCIEJOBAHUSA; - METOJIbI
UCCJIeJOBaHUsI; - PE3YJIBTATHI UCCJIEIOBAHMSI.

8) B cekimu 0630p JUTEPATYPBI - JOJKHBLL ObITH OXBadeHbl (DyHJIAMEHTAJIbHbIE U HOBBIE TPY/bI 110
HCCIIeIyeMOll TeMaTHKe 3apyOezkKHbIX aBTOPOB Ha aHIVIMACKOM #3blKe (He MeHee 15 TPyIoB), aHAIU3
JIAHHBIX TPYJIOB C TOYKHU 3PEHUs] UX HAYIHOIO BKJIAJA, & TAK¥KE MIPODEJbl B MCCIEIOBAHNN, KOTOPHIE
Bur gononmsiere B cBoeit crarbe. HEJJOITYCTUMO naaundne MHOXKECTBa, CCHLIOK, HE UMEIOIIUX OTHO-
IeHnst K pabore, WM HEyMECTHbIE Cy2KIEHHs O BaIllNX COOCTBEHHBIX JOCTUXKEHUSIX, CChLIKKM Ha Barmm
MPEIBIIYINe PAbOTHI.

9) B paszene Pesysbrarsl u O6cyxKieHue - OPUBOAUTCA aHAJAU3 U OOCYKIEHHE I0JIYIEHHBIX BAMU
PE3yJIBTATOB HCCe0Banust. [I[pUBOISTCS BBIBO/LY IO MTOJIYIEHHBIM B XOJI€ MCCJIEIOBAHUS PE3YJILTATAM,
PACKPBIBAETCSI OCHOBHASI CYTh. I 9TO OJIMH M3 caMbIX BaXKHBIX Pa3JeJ0B CTAThbU. B HEM HEOOXOIUMO
[IPOBECTU aHAJU3 PE3YJIBLTATOB CBOeH paboThl U 00CYXKJIeHNe COOTBETCTBYIOIINX PE3YJILTATOB B CPaB-
HEHUU C MPEeJbIAYIIAMA PAOOTaAMU, AHAJIU3AMU ¥ BHIBOJAMU.

10) 3akuiouenue, BbIBOABI - 00OOIIEHAE U IMOABEIEHUE UTOrOB PabOThI HA JAHHOM 3TAalle; HOITBEP-
JKJIeHIe UCTUHHOCTH BBIJIBUTAEMOI0 YTBEPXKEHUsI, BBICKA3AHHOIO aBTOPOM, U 3aKJI0UYeHHEe aBTOpa 00
U3MEHEHUU HAy9HOTO 3HAHUS C YIETOM IOJIyYEeHHBIX DPEe3yJIbTaToB. BBIBOJIBI HE JTOJKHBI OBITH ab-
CTPAKTHBIMHU, OHH JIOJIZKHBI OBITH HCIIOJIH30BAHBI JIJIsi 0DOOINEHUST PE3YJIbTATOB HCCIIEIOBAHUS B TOM
WM WHOM HayvIHON O0JIACTH, C ONMUCAHUEM IIPEJIOKEHUN MM BO3MOXKHOCTEH HasibHelelt paboThI.
CTpyKTypa 3aKJIIOUYeHUs JIOJXKHA COIEPXKATH CJIEIYOIIne BOMPOChl: KaKOBBI eI U METOIbI UCCJIe-
noBanus! Kakwe pesynbprarsr mosrydenb! KakoBbl BbiBombl? KakoBbl mEpCHEKTUBBI M BO3MOXKHOCTH
BHEJIPEHUsI, IPUMEHEHHsT Pa3paboTKu?!

11) Crucok ucosnb3yemoii smreparypsl, win Bubimorpadudeckuil cnucok cocrout uz He Menee 30
HAMMEHOBaHUIl JIMTEPATYPHI, U U3 HUX HOHEOOXOIUMO IPEJICTABUTD CIIUCOK JIMTEPATYPHI B JIBYX Bapu-
aHTaX: IEPBBIi - B OpUTHHAJE, BTOPOH - POMAHU3UPOBAHHBIM ajibaBuToM (TpaHciaurepanus). Poma-
HU3UPOBAHHBIN CIIMCOK JINTEPATYDBI JIOJKEH BBIMISAETh B cjeiytoneM Buje: aBrop(-bl) (TpaHcianre-
parus) — (rox B KpyIVIbIX CKOOKaX)— Ha3BaHUE CTATBU B TPAHCJIUTEPUPOBAHHOM BapHaHTe [I1epeBoj
HA3BAHUsI CTATHU HA AHTJIMICKAH SI3bIK B KBAIPATHBIX CKOOKAX|, HA3BAHNE PYCCKOSI3BITHOTO HCTOTHUKA
(TpaHCcsMTEpanus, TU60 AHTINICKOE HA3BAHWE - €CJIH €CTh), BBIXOJHBIE JAHHBIE ¢ 00O3HAUECHUSIME HA
aaruiickoM sizbike. Hanpumep: Gokhberg L., Kuznetsova T. Strategiya-2020: novye kontury rossiiskoi
innovatsionnoi politiki [Strategy 2020: New Outlines of Innovation Policy|. Foresight-Russia, vol. 5, no
4.(2011): pp. 8-30.

Crmcok jurepaTypsl IpejicTapisiercs B aidasutHoM nopsake, u TOJIBKO te pa6orsr, KoTopble 1u-
Tupyiorcss B Tekcre. CTmiib 0hOpMIIEHHST CIIUCKA JINTEPATYPBI Ha PYCCKOM U Ka3aXCKOM SI3bIKE CO-
rnacao 'OCT 7.1-2003 "Bubauorpadudeckas samuch. budbanorpaduyeckoe omnucanne. Obine Tpe-
GoBaHus u npaBusa cocrasienus" (TpeboBanue K uzganusmM, sxogsdmux B nepedenb KKCOH). Cruib
odopmiiernst POMaHU3UPOBAHHOIO CIUCKA JIMTEPATYPBI, & TAKXKe MCTOYHUKOB HA aHIVIMICKOM (Ipy-
rOM UHOCTDAHHOM) sI3bIKe JJIsi eCTECTBEHHOHAYYHBIX M TexHudeckux Harpasjexuil - Chicago Style
(www.chicagomanualofstyle.org).

B nannom pa3zjesnie HEOOXOIUMO yUIECTh:

a) [luTupyrorcest OCHOBHBIE HayYHbBIE I1yO/IMKAIUY, [IEPEJI0BbIE METO/bI UCCIIEI0BAHNS, KOTOPLIE TIPUME-
HSIIOTCS B JAHHON O0JIACTH HAYKU W HA KOTOPBIX OCHOBaHa paboTa aBTOPA.

6) W36eraiite upe3aMepHBIX CAMOIUTUPOBAHUIA.

B) Ms6eraiite upesmepubix cebuiok Ha mybsmkanuu asropos CHI'/CCCP, uctionb3yiite MUPOBOIi OIIBIT.
r) Bubamorpaduiecknii ciimcok moiKeH cofepKaTh (hyHIaMeHTaIbHble 1 Hanbosiee aKTyaJbHbIe TPY-
JIbI, OITyOJIMKOBAHHBIE M3BECTHBIMU 3apyOEKHBIMU aBTOPAMU U UCCJIEJ0BATEISIMU 10 TeMe CTaThU.
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12) Ccpuiku Ha muTUpyeMble paboThl B TEKCTE JAIOTCI B CKOOKAX, ¢ yKA3aHUEM [IEPBOrO aBTOpa pabo-
ThI, 1oL, u3aHus: Homep crpanutl(-bl). Hanpumep, (3amecckuit 1991: 25). B cayvae, Hajmuus B coucke
JIUTEPATYPBI HECKOJIBKAX PabOT OJHOTO M TOTO K€ aBTOPA, W3JAHHBIX B OJMH T'OJl, TO JONOJHUTETHLHO
K roxy m3nanus gobasasercsa 6yksa "a "6"u T.n1. Hanpumep, (Camyosa, 2001a: 15), (Camxyosa, 20016,
22).

6. 2Kypnas npuiepKuBaercs €IMHOr0 CTUJISI U TO3TOMY MPEIbIBIISIET Pl 00X TpeboBanuit K opopm-
seHno pabor. Vexonubiil (HEOTTpaHCINPOBaHHBI) tex-haii TOJKeH IIeJINKOM TIOMEIAThCsl B TOPH-
30HTAJIbHBIX PAMKaX KpaHa 38 BO3MOXKHBIM UCKJIIOYEHHEM MaTpUIl U TabJIUIl U TPAHCIUPOBAThHCS He3
nporectoB [MTEX2e u coobImeHnit 0 KPaTHBIX W HEONPEIEJeHHBIX METKaX, OOJIBINMNX IEePErTOTHEHHBIX
7 He3armoJHeHHbIX Ookcax. He ciemyer ompenesisith MHOTO HOBBIX KOMaHJ, m300peTas COOCTBEHHBIN
cJieHr. ABTOpPBI MOTYT TOJIIPY?KATh JPYrUe CTaHIaPTHLIE CTHJIEBBIE TMAKEThI, HO TOJBKO T€, KOTOPHIE
He BXOJAT B MPOTHBOpedne ¢ makeramu amsmath n amssymb. EcrecTtBenno daitn, kpome Bcero mpo-
Yero, JIOJ?KeH ObITH IIPOBEPEH Ha OTCYTCTBHE I'PAMMATUYECKUX U CTHJIMCTHYECKHX oImmbok. Crarbu,
HE YJIOBJIETBOPSIOIINE STUM TPEOOBAHUSIM, BO3BPAIAIOTCS HA JOPADOTKY.

DTasoHHBI 00pa3er; paboThl ¢ JeMOHCTpaIuell TpaduKu, ¢ IpeaMOyJIoi yCTpanBaromeil peaakifuio,
CIUCKY TUIWIHBIX OMMOOK ODOPMJICHNST U METO/bI UX YCTPAHEHUsI MOYKHO TIOJIYIUTh B PEIAKIIUU UITH
na cajire KasHY uwm. anp-Papabu http://journal.kaznu.kz.

7. I'paduyaeckne dailapl ¢ pUCYHKAMH TOJKHBI OBITH TOJIBKO KAYECTBEHHBIME YePHO-OeabiMu B (hop-
MaTe .eps , OO BBIMTOJHEHHBIMEU B JIaTeXOBCKOM (opmare. Pucynkn B 3Tmx dopmarax JIe/1aioTcs,
HaIIPUMED, C IIOMOIIBIO MOIIHBIX MareMaTndeckux rmakeros Maple, Mathematica uiau ¢ momonipro ma-
kera Latexcad. KauecrBennsie rpadudeckue dailiibl ciie/laHHbIe APYTUMA IPAMDUIECKUMEI ITPOIPAMMAa-
MU JIOJIZKHBI ObITH CKOHBEPTUPOBaHBI B (hopmat .eps ¢ nomoinpsio Adobe Photoshop miau komseprepa
Conversion Artist. Bece pucyHku 10/I2KHBI OBITH y2Ke UMIIOPTUPOBAHHBIMU B tex-dhailyl u 1pe/IcTaBisi-
IOTCS B PEIAKIIMIO BMECTE C OCHOBHBIM (haittom crarhu. ['padudeckue poOpMaTHI,OTIHIHBIE OT BBIIIE
YKa3aHHbIX, OTBEPraroTCcd.

Penakmus BrpaBe oTka3aThCs OT BKJIIOUEHHUS B pabOTy PUCYHKA, €CJIM aBTOP HE B COCTOSTHUU obectie-
YUTH ero HaJjezKaliee KadecTBO.

VBarkaemble auTaTEHM, BBl MOYXKeTe MojnucaTbes Ha Hail KypHat "Becrank KasHY. Cepust maremaru-
Ka, MexaHnka, nandopmaruka’, Koropbiii Bkiaoder B Karajgor AO "Kazsmoura""TASETHI 1 2KYPHAJIBI".
KommuectBo HOMepOB B rox — 4. HAeKC 118t MHAMBUYaJIbHBIX HOIIUCINKOB, IPEIPUITUA U OPraHU3aIUI —
75872, monmucHas 1eHa 3a rof, — 1200 Tenre; WHAEKC JbIOTHON MOJIMUCKH JIJISI CTYJIEHTOB — 25872, moanucHast
meHa 3a roj jijs cryiaenTos — 600 Tenre.
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