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H. M. bopkogckas, O. H. IIbikkoBa
Bbenopycckuii rocy1apcTBEHHbIH TEXHOJIOTHYECKUN YHUBEPCUTET

O CTABMJIM3AIMU HEKOTOPBIX BUJIOB
I'MBPUJHBIX TMHAMHNYECKUX CUCTEM

W3yuenne mpencraBieHHs pEIIeHWH THOPHOHBIX IWHAMUYECKHX CHCTEM M HMX KauyeCTBEHHBIX
CBOWCTB SIBIIIETCS aKTyalbHOW MpoOiIeMoil. AJZEKBaTHOCTh THOPHIHBIX CHUCTEM OMpEHEIseT MX Bax-
HOCTB C TOYKHU 3PEHIS MPAKTUIECKUX MPIIIOKEHUA. B paboTe paccMOTpeHbI CBOWMCTBA JIMHEHHBIX THOPHI-
HBIX JIMCKPETHO-HENPEPHIBHBIX CUCTEM, B YACTHOCTH, TMOPUIHBIX CUCTEM C MHOTOMEpHBIM (2-D-MepHbIM)
BPEMEHEM, COCTOALLIMX W3 HEMPEPBIBHOW M AUCKPETHON COCTaBJISAIOIIMX. /[ yKa3aHHBIX CUCTEM B
CUMMETpHYECKON (hOpMe MPEICTABICHBI YCIOBHS YCTOHYMBOCTH PA3HBIX TUIOB (Cl1a00il acHMITOTHYE-
CKOW YCTONYMBOCTH, CHJIBHOW aCHMITOTHYECKOH YCTOMYMBOCTH, (OL,7Y)-ycToitumBoctn). MccienoBana

BO3MOKHOCTh CTAaOWIIM3AINH YKa3aHHBIX CHCTEM PETYJISATOPOM, HE BBIBOISIINM CHCTEMY 3a HpPEIeIIbl
paccMaTpuBaeMoro kiacca. JJaHsl TeopeMbl, IPeACTaBISIIOMNE cO00H YCIOBUS YCTOMYMBOCTH yKa3aH-
HbIX TUHOB. CPOpMYIMPOBAHBI JOCTATOYHBIEC YCIOBHUS CTAOMIN3UPYEMOCTH CHCTEM B CKAJISIPHOM CITy-
qae (B CMBICIIE pPaCCMATPUBAEMBIX THIIOB CXOIUMOCTH). IIpeaoskeHHbII MoAX0/] BO3MOXKEH AJIS Hccie-
JOBaHHUA CTaGI/lHI/BI/IpyeMOCTM " B CMBICJIC APYTUX TUIIOB yCTOﬁ'{MBOCTH.

KaioueBbie cioBa: ruOpuaHbIe TUCKPETHO-HETIPEPHIBHBIE CHCTEMBI, CHJIbHAs aCHMITOTHYECKas
YCTOWYHMBOCTh, CTAOMIIN3AIHS, JIOCTATOYHBIEC YCIOBHS CTA0UIN3UPYEMOCTH.

I. M. Borkovskaya, O. N. Pyzhkova
Belarusian State Technological University

ON THE STABILIZATION OF SOME KINDS
OF HYBRID DYNAMIC SYSTEMS

The study of the representation of solutions of hybrid dynamical systems and their qualitative prop-
erties is an actual problem. The adequacy of hybrid systems determines their importance from the point
of view of practical applications. The properties of linear hybrid discrete-continuous systems, hybrid
systems with multidimensional (2-D-dimensional) time, consisting of continuous and discrete compo-
nents are considered. For such systems in symmetrical form, the stability conditions of various types
(weak asymptotic stability, strong asymptotic stability, stability) are presented. The possibility of stabi-
lization of these systems by a controller that does not lead the system beyond the limits of the consid-
ered class is studied. Theorems which are the stability conditions of the indicated types are presented.
Sufficient conditions for the stabilizability of systems in the scalar case (in the sense of the considered
types of convergence) are formulated. The proposed approach is possible for the study of stabilization
in the sense of other types of stability.

Key words: hybrid discrete-continuous systems, strong asymptotic stability, stabilization, suffi-
cient conditions of stabilizability.

BBenenue. ['ubpumHbie CUCTEMBI — 3TO Marte- C TUHAMHYECKUMHU CBA3SIMH WUMEIOT MECTO W all-
MaTHYeCKHe MOJEIH PEalTbHBIX CHCTEM YIIpaBie- reOpanueckne 3aBUCHUMOCTH. Takum oOpazowm,
HUS, B KOTOPBIX HEMpEephIBHAS IMHAMUKA HAXO- TUOPHUIHBIE CUCTEMBI OMMUCHIBAIOT MPOIIECCHI, MPH-

IUTCA B KOMOWHAIIMA C JUCKPETHOW, TNO0 HAPSAY polla KOTOPBIX HOCHT HEOJHOPOJHBIN XapakTep.

Tpyasl BITY Cepuss3 Ne 2 2017



6 O cTabuamzaumm HEKOTOPbIX BUAOB I'I/I6pl/IAHbIX ANMHaAMHNYECKNX CUCTEM

Takue cuCTEMBI IUPOKO UCIOIL3YIOTCS B aBTOMO-
OUJIECTPOCHNH, aBHACTPOCHUHU, POOOTOTEXHHUKE H
apyrux obmactsx. KiaccmueckuM mpumepom ruod-
PUIOHOM CHUCTEMBI SIBISIETCS CUCTEMA HarpeBa H
OXJIaKJICHUs JKHIIOr0 Joma. 1leub U KOHIUIUOHED,
HapsAy C XapakTEpPUCTHKaMU TEIJIOBOIO IIOTOKa,
($opMHPYIOT cHCTEMY, KOTOpas AOJDKHA YIpaB-
naTbea. TepMocTar ympaBiseT 3TOH  CHCTEMOM
IMCKPETHO: B OJIOK TepMocTaTa MepeAatoTCsl CHUr-
HaJbl BBIHOCHBIX MJIM BCTPOEHHBIX JATYHMKOB TE€M-
nepatypbl. B ocHOBe paboTBl TepMocTara JIEKUT
HNPUHIUI TEPMOPETYJIATOPA, IOCPEACTBOM KOTO-
pOTr0 MPOUCXOAUT ABTOMATHUYECKas YCTAHOBKA U
peryiupoBaHHe  TEMIIEPAaTypbl  OTOIUTENBHBIX
npubopos. [IpumepoM THOPHIHONH CHCTEMBI MO-
JKET TaKKe CIY>KUTb CUCTEMa KOMMYTallUU, IIOBE-
JIEHUE KOTOPOM OIUCBHIBAETCS KOHEYHBIM YHCIOM
JUHAMUYECKUX MOJEIEH BMECTE CO CBOAOM IIpa-
BUJI JUI IEPEKIIOYEHUS CPENU 3TUX MOJEHEH.
AneKBaTHOCTh THOPHUIHBIX CUCTEM ONpeAessieT uX
BAKHOCTb C TOYKHU 3PEHHUS MPAKTUYECKUX IPUIIO-
keHull. M3ydeHue npencTaBieHus pelieHU TaKux
CUCTEM M UX KAaYECTBCHHBIX CBOMCTB SBJIIECTCS aK-
TyaJbHOH npobnemoii. MiccnenoBannio THOpUAHBIX
CUCTEM TIOCBSIIEHBI, B YaCTHOCTH, paboThI [1-6].

K BaxHeHmuM 3agauamM TeOpUH YTIpaBJICHUS
Uil TUOPUIHBIX CHUCTEM OTHOCSTCS BOTPOCHI
IIPEACTABIICHUS PELICHUN, OTHOCUTEIILHON yIIpaB-
JSIEMOCTH, 33/1a4d YCTOMYMBOCTH, CTaOMIU3AINY,
MOJAIILHOTO yMpaBieHus W Apyrue. Bumer ruod-
PUIHBIX CHCTEM MHOrooOpasHbel. Cpeau HHX BbI-
nensitot, B yactHoct, [JIP cucremsr (muddepen-
LUAJIbHO-Pa3HOCTHBIE CUCTEMBI), KOTOPHIE OIUCHI-
BAIOT IIPOLECCHL, TAC HAPALy C AMHAMHYECKUMU
CBSI3IMH BCTpEUaloTCs U airedpandeckue 3aBHUCH-
Moctd, U I'/IH cucrteMsl (IUCKpETHO-HENpPEPHIB-
HBIE CHCTEMBI), COJepXalllue Kak HENpEepHIBHBIE,
TaK U JUCKPETHBIE IEPEMEHHBIE:

©(t) = A, x(t) + A, y(kh), te [kh,(k +1)h), (1)
y(kh + h) = Ay x(kh) + Ay, y(kh) + Bu(kh), (2)
k=0,1,2,...,

rme x(1)e R", y(kh)e R™, u(kh)e R",h>0, u
A, A4,,4,,4,,B — TOCTOSHHbIE MaTPUIIBI
COOTBETCTBYIOIIUX Pa3MepPOB, HAYAIbHBIC YCIOBHS
st cucteMsl (1), (2) 3agamaroTcs B BUIC

x(0) = x(+0) = x, ¥(0)=y, .

N3ydyeHne yCTOMYMBOCTH YKa3aHHOW BBIIIIE
I'JIH cucTembl ipoBOANTCS, HAaIpuUMep, B padorte [7],
a B pabore [8] momoOHas cucTeMa H3ydaeTcs ¢
TOYKH 3PEHHS €€ OTHOCHTEIHHOU YIPaBIIIEMOCTH
1 TOCTIKUMOCTH.

BaxHbIM KITacCOM THOPHIHBIX CHCTEM SIBISETCS
KJIacC THOPHIHBIX CHCTEM C MHOTOMEPHBIM (2-D-Mep-

Tpyabl BITY Cepuss3 Ne 2 2017

HBIM) BpeMeHeM. Takue CHUCTeMBI BKIIIOYAIOT He-
MIPEPBIBHYIO U TUCKPETHYIO COCTABIISIOIINE!

X, (¢, k)= A, x,(t, k) + A,x,(t, k) + Bu(t, k),
te [0, + o),
X, (t, k+1)=A4,x,(t, k) + Ay x, (¢, k) + Byu(t, k),
k=0,12, ...

Takue cucTeMbl HM3y4alOTCsA, B YAaCTHOCTH, B
crarbe [9]. B pabdote [10] s IuHEHHBIX THOPHI-
HBIX JTUCKPETHO-HEMPEPHIBHBIX CHCTEM C MHOTO-
MepHBIM (2-D-MepHBIM) BpeMEHEM B CUMMETpHYE-
CKOI (hopMe TONYYECHBI SBHBIC MPEICTABICHUS
pEIIeHNs] Ha OCHOBE COIPSIKEHHBIX CHCTEM U ITy-
TeM PAa3IOKEHHUS B PSABI 1O PEHICHUSIM OIpee-
JSIOMX YpaBHEHUH Takux cucteMm. B crarbe [11]
HCCIENYETCsl TAKOE BayKHEHIIee CBOMCTBO yKa3aH-
HBIX CUCTEM, KaK YCTOMIHNBOCTE.

B Hacrosimeit paboTe MpoIOIHKEHO HCCIeno-
BaHHE YCTOMYMBOCTH THOPUIHBIX CHCTEM C MHO-
TOMEPHBIM BpEMEHEeM, paccMaTpuBaeTcs 3aada
CTaOMIIN3AIMN TAKHX CUCTEM.

OcHoBHas yacTh. B pabore [7] moxydeHo yc-
JIOBUE CTAOMIM3UPYyEMOCTH yKa3zanHo! Beimre I'J[H
cuctemsl (1), (2) perynsitopom Buaa

u(kh) = O, x(kh)+ 0, y(kh),k=0,1,..,  (3)

rae O, u (,— IOCTOSHHBIE MAaTPHLBI Pa3MEPOB
¥Xn W rXm COOTBETCTBEHHO. 3aMKHYyTasl CHCTe-
Ma UMeeT BU!

(t) = A, x(t) + A, y(kh), t € [kh, (k +1)h),
y(kh + h) = (A, + BO,)x(kh) +
+ (4, + BO,) y(kh).

Teopema 1. Cuctema (1), (2) sBnsercs crabu-
JTU3UPYEMOH ITUCKPETHBIM peryisiTopoM (3) Torma
U TOJILKO TOT/Ia, KOTIa

rank[M

n+m

-2, Al=n+m,

JUISL BCEX KOMIUIEKCHBIX YMCEI A TaKHX, YTO |k| >1,
rie

h
et IeAll(h_T>dTA12 0

th 0 ’A=B

A21 A22

PaccmoTpum Temeps THOPUAHYIO TUCKPETHO-
HemnpepbIBHYI0 2-D-cucTteMy B CHMMETPHUYECKOMH
(dopMme (10 OTHOIICHUIO K onepaTopam AuddepeH-
[IUPOBAHWS U CIIBUTA):

X, (t, k)= A%, k)+ A,x,(t, k) + Bu(t, k), (4)

1€ [0, + o),
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X, (8, k+1) = 4y x,(2, k) +

+4,,x,(t, k) + Byu(t, k), ®)]
k=012, ...,
rze X, (1, k) =¥, x (1, k)e R", x,(t, k)e R™,

x,(t, k), x,(t,k) — n,- 1 n,-BEKTOPBI COCTOSHUS

u(t,k)e R"— BekTOp yMpaBIsIOLIErO
t20,k=0,1,2,...; A,,4,,,4,,,
A,,,B,,B, — IOCTOSHHBIE MAaTPHULLI COOTBETCT-

CHUCTEMBEI,

BO3JICHCTBUA,

BYIOIIUX Pa3MEpOB.
[lycTh TpaHnyHBIC (HadadbHBIC) YCIOBHS IJIS
(4) u (5) 3amanbI B BHIIE

x,(0,k)=x,(k), k=0,1,2,..., (6)
X, (1,0)=x,(t), t € [0, +o0). 7)

B HopmanbsHO# (opme rHOpUIHYIO MOZENb
2-D-crcteMbl MOKHO 3aIMCaTh CIIEIYIOLIMM 00pa3oM:

X, (1, 0) = Ayyx, (¢, 0) + A, (£, 1) + Bu(t, i), (8)
te [0, +oo),

X, (t, 1) = Ay x,(¢,0) + Ay, x, (¢, i = D) + Byu(t, i), (9)

i=0,1,2,..,
Ha4YaJIbHBIC YCJIIOBUA:
x0,1)=x,(i), i=0,1,2,..., (10)
X, (t, = 1) =X, (£), t€ [0, + o). (11)

Hanee Oyaem paccmarpuBath cuctemy (4), (5)
B CHMMETpHUYECKOH (opMe MpH BBIKIFOUECHHOM
ynpasienuu (B, =B, =0).

B pabGote [10] noka3aHO, 4YTO CYIIECTBYET
€MHCTBEHHOE peleHne cucteMsl (4), (5), ynoie-
TBOpSIIOIEe HaYaJIbHBIM ycloBusM (6), (7), B pa-
0ote [11] mpeacraBiaeHBI YCIOBUS ACUMITOTHYE-
ckoil ycroitunBocT cuctemsl (4), (5). IlpuBenem
OTIpENIeNICHHsT YCTOMYMBOCTH, KOTOpbIE MOHAJIO0-
OsATCS HaM B JaJIbHEHIIEM.

Onpeoenenue 1. Cucrema (4), (5) Ha3pIBaeTCS:

1) cnabo acUMMNITOTHYECKH YCTOWYHMBOM, €CITU
IUISL JIIOOBIX OTPaHMUYCHHBIX HAaYaJbHBIX (DYHKIUHA
x,(),x,(-) B (3), (4) cooTBeTCTBYIOLIEE PELICHUE
x,(t,k), x,(t,k) cucremsl (1), (2) obnagaer cBoii-
CTBOM:

tim (b 0 ) =0

k—>+eo

IJIe CUMBOJ ||d || 0003HauaeT HOPMY (EBKIHIOBY)
BeKkTOpa d;

2) CUJIPHO aCUMIITOTUYECKH yCTONYHBOMH, eciu
HaWIyTCsl Takue ACHCTBUTENbHBIE umcia M >0,

0>0, 0<y<l, 4yTo I JMOOBIX OrPaHUYCHHBIX
HAYaIbHBIX (PYHKIMHA COOTBETCTBYIOIICE PEIICHUE
cuctemsl (4), (5) obaaaeT ciaeayoupM CBOUCTBOM:

bt o+ R <M (e + ), (12)

t>0,k=1,2,..;

3) (o,7y)-ycTOMUMBOM, eciau HaWIeTcs Takoe
nevictBuTenbHOe yucio M >0, 4yTo A THOOBIX
OTPaHUYEHHBIX HAYATBHBIX (DYHKIMA COOTBETCT-
ByIOIIlee pelieHue cucteMsl (4), (5) ynoBneTBopser
TpeboBanuio (12).

OTMeTHM, YTO MEXKIY YKa3aHHBIMH TOHSTHS-
MU YCTOWYUBOCTHU CYIIECTBYET CICIYIOIIAs CBS3b:

3I)I=2)=1)

3mech 1) — 3) 03HAYAIOT COOTBETCTBYIONINE TTOHS-
THUSI YCTOWYHUBOCTH U3 ompeesieHus 1.
Onpeoenenue 2. YpaBHEHHE BHIIA

}\’Inl _All _A12
det =0 (13)
—4,, an — 4,

HAa30BEM XapaKTEPUCTHYECKUM YPABHEHHEM, a €TO
KOpHH (B OOIIEM ciyyae KOMILIEKCHBIE) — Xapak-
TEPUCTUYECKUMH YNCIIAMH (3HAYEHUSIMU) CHCTEMBI
4, (5).

Teopema 2 (He0OXOIUMBIE YCIOBHS aCUMIITO-
TUYECKON YCTOWYUBOCTH):

1) ecmu cucreMma (4), (5) c1abo acHMITOTHYE-
CKH YCTOWYMBA, TO IJIst KOpHer (A,ll) XapakTepH-
cTuyeckoro ypaBHeHus (13) BbINONHsAETCS ycio-
Bue: ReA<0 u |u|£1 wi ReA<0 u |1,L|<1;

2) ecmu cuctema (4), (5) CHIBHO aCHMIITOTH-
YeCKH YCTOMUMBa, TO Uil KOpHE# (A,ll) Xapakre-
puctuueckoro ypaBHeHus (13) coOmomaercs yc-
noBue: ReA <0 u |y <1;

3) eciu cucrema (4), (5) (a,Y)-ycroituusa, TO
IUisl KOpHe# (A,ll) XapaKTepHCTUYECKOTO ypaBHe-
aus (13) Bemmonasiercst ycnoBue: ReA<—o u
<y [11].

Paccmorpum Teneps cuctemy (4), (5) B craisp-
HOM clyuae, Kkorna Ay =ayy, A, =ay,, Ay =ay,
A,, =a,, — nNelcTBUTENBHBIE YKcaa. BepHa Teo-
pema 3 [11].

Teopema 3. ]Ins Toro, uro0s cuctema (4), (5)
CKaJIPHBIX YpaBHEHHMH Obla CHJIBHO aCUMIITOTHU-
YeCKH yCTOWYHMBOM, HEOOXOIMMO W AOCTATOYHO,
9TOOBI BBIIOJIHSUIUCH CIEAYIOLINE YCIOBHSL:

1) aja,, =0;
2) |ay|<1, a, <0.
Bun xapakTepucTHUeCKOro ypaBHEHHSI B CKaJLSIp-

. [)‘_an —dpp }_
HOM ciydae ympormaercs: det =

Tpyasl BITY Cepuss3 Ne 2 2017
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=(A—a;))(U-ay)-a,a, =0,

a,a
+1221

A—a,

|]J.| <1 3aKjIro4acM, 4TO CHCTEMa CHJIBbHO aCHUMIITO-

OTKyZa W=a,, +

H ¢ yueToM Heobxommmoro ReA <0 u

THYECKH yCTOMYMBA, KO/, BO-NIEPBBIX, d,d,, =0,

BO-BTOPBIX, a22| <1, a,,<0.
DTO yCIOBHE SBIAETCS W ITOCTAaTOYHBIM. Jleii-
CTBUTENBHO, IOCKONBKY a,d, =0, TO 1160

a,, =0, mbo a,, =0. IlycTs, Hanpumep, a,, =0.
Torma cucrema (4), (5) mpuHUMAET BU:

x, (1, k) = a;,x, (¢, k),
X (t, k+1) = ayx) (1, k) + ay x (¢, k),
OTKy1a
x, (1, k) =e"""x, (0,k) = e x, (),

X k+1) = ayx, (1, k) + aye™'x, (k) =
=a,,)""'x,(t,0) + a, ay eV x,(0) + @y, " a, e %
Xx (D) +...4+ apa, e™ x, (k1) +a, e x, (k)=
=a,,""'x,(0) + a,, e (azzkxl( 0)+...+x,( k)).

[TOCKONBKY HaYaubHbIC (BYHKIHH OTPAHAYCHBI:
| || < L, |x,@)| <L
L>0 gmaBcex t>0,k=12,..., TO

@R+ [ 0] =

+“c122kx2 (0)+ a,, e (azzkflxl( 0)+...+x,(k— 1))” <

Impyu HEKOTOPOM 4YHUCIIC

ey, (k)”+

<L + Llay| + L|ay e (|ay| ™ +...+1) <
<Le™ +L|a22|k +—L|a21| e’ <
1—|a22|
<M (e +lay|'), 1>0,k=1,2,..,

I L|a21|

roe M =max{ , +1}, u cuctema (4), (5)
1—|a22|

B CKaJIIPHOM Clly4ae M a,, =0 sABIAETCA CHJIBHO
aCHMITOTHYECKH yCTOM4MBOM. B cirydae a,, =0
CHCTEMa TPUHUMAET BH/L:

Xt k)=a;x (t, k)+a,x, (k)
X, (1, k+1) = ayx, (L, k),
OTKyza ¢ yueroM (popmysl Komm nomydaem:

x2 (t’ k) = a22k'x2 (t)’

t
X (6, k) ="' x,(0,5) + [ €™y, x, (D) d.
0

Tpyabl BITY Cepuss3 Ne 2 2017

Torna
|, (2 )| + |y (2. )| < € e, ()| +

t
+ Ieall o |a22 |k ||x2 (’C)” dt+ |a22 |k ||)c2 (t)” <LeM +
0

1—e™t k k @t k
+L—|a22| +L|a22| SM(e“ +|a22| ),
a

11

L
rie M:max{L,—+1}, u cuctema (4), (5) B
a,

CKaJAPHOM CIly4ae U da,; =0 SBIAETCA CHIIBHO

ACUMIITOTUYECKH YCTONYMBOM.

AHAJIOTHYHO MOXHO IIOJIyYUTh CIIEAYIOLIYIO
Teopemy [11].

Teopema 4. ]Ins Toro, uro0s cuctema (4), (5)
CKaJIIPHBIX ypaBHEHUH Obuia (O.,Y)-yCTOMYMBOH,
HEOOXOOMMO U JIOCTAaTOYHO, YTOOBI BBIMOJIHSIIUCEH
CIICAYIOIINE YCIIOBHS:

1) aja,, =0;
2) a,<—q, |a22|<y.

IIpucoequnum k cucteme (4), (5) perymsrop,
HE BBIBOJAIIUI CHCTEMY 3a NpEAesbl 3aJaHHOTO
KJacca:

u(t, k)= 0x,(t, k) + 0,x,(t,k), (14)

rae O, — Marpuna pasMepa rxn;, (J, —MaTpuna
pasMepa rXn, .

Onpeodenenue 3. Cucrema (4), (5) Ha3pIBaeTCs
cTabun3upyemMor (B CMBICIE CHIJIBHOW aCHMIITO-
TUYECKON YCTOWYMBOCTH) perynsaropom (14), ecnu
HaiiayTcs Takue MaTtpuuel Q,,0, u3 (14), uro
3aMKHYyTas cuctema (4), (5), (14) sBnsercs cUIbHO
ACUMIITOTUYECKH YCTOHUYMBOM.

3aoaua. 1lomydnTh yCIOBUS CTaOMIIN3UPYEMO-
cti rubpumnHoit 2-D-cuctemsl (4), (5) B cummer-
pudeckoit popme perynsaropom (14).

Bynem ucnonp3oBaTh MONy4YeHHBIE paHee ycC-
JIOBUSI CUJIBHOM aCUMITOTHYECKON YCTOMYHMBOCTH.
llyets Ay =ayy, Ay =ay, 4y =ay, 4yp=ay,
B =b,B,=b,,0,=q,,0,=q, — HIEUCTBUTEIL-
HBIe 4Yucia, To ecTh cuctema (4), (5), (14) pac-
CMaTpPUBAETCS B CKAIIIPHOM CITydae.

3aMKHYyTasi cHCTeMa UMeeT BUJI:

3,1, k) = (ay, +byg)x (1, k) +
+ (a, +b,q,)x, (8, k),
% (1 k+1)=(ay +byq,)x, (2, k) +
+ (ay +b,q,)x,(t, k).
JInst BBITIOJTHEHHSI IEPBOTO YCIOBUS TEOPEMBI 3

BO3MOJXHBI CIICAYIOIIME CIIOCOOBI BBIOOpa KO3(D-
¢unmenToB perysitopa (11):
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a a
1 :_L;z =_221
) 4@ b ) 4 b,

Torma B mepBOM ciy4ae NpU yCIOBUHU

b,a
ay, — 212 <1 xo3pdUIMEHT ¢, MOXKHO BBHIOPATH

1
CJICYIOIIUM 00pa3oM:

npu b >0: q1<—@,
by
npu b <0: q1>—ﬂ.
by

bia,,
Bo BTOpOM cityuae MpH YCIOBUH @), — <0
)

K03(hdULUEHT ¢, OyaeM BbIOUpaTb TaK, 4YTOOBI
|a22 +b2q2| <1.

[omyueHHBI perynsTop OOECIeYnT COTJIACHO
TeopeMe 3 CHIBHYIO aCHMITOTHYECKYIO YCTOWYH-
BOCTB 3aMKHYTOH cucTeMsl (4), (5), (14). Takum obpa-
30M, JOCTaTOYHOE YCJIOBHE CTaOWIM3HUPYEMOCTH
MOXKHO C(hOpMYJIPOBATh B BUJIE CIIE/TYFOIICH TEOPEMEL

Teopema 5. [Ins Toro, uto6sl cuctema (4), (5)
B CKaJsIpHOM ciyd4ae ObUia crabuimsupyema (B
CMBICIIE CUJIBHOM aCUMITOTHYECKOU YCTONYUBO-
ctr) perymnstopoMm (14), mocraToyHO, YTOOBI BBHI-
MOJTHSUTOCH XOTS OBI OJTHO U3 yCIIOBHIA:

_ b,a,,

22

<1;

b

Dla

1
2)a“—b‘;’—21<0.
2

PaccMoTpuM Temepb ycnoBusi CTaOMIM3HpYe-
MOCTH B cMbIciie (0,7)-ycroitunBoctu. [lo anamo-

rmm C MNOpeAbLAyIIUMMH BBIKJIaJKaMHU, HCIOJIb3Yys
TeopeMy 4, TIPUXOAMM K CIEIYIOIIUM BbIBOJAM:
a b,a

eciu ¢, =—bL2, TO TIpU |, — =2
I |

<Y ® BEIOOpE

9T opu b >0, qIZ—_a_an npu
by by

b, <0, nomyuaem (0,7Y)-yCTOHUUBYIO 3aMKHYTYIO

q =

a .
cucrteMy. IIpu q; = -2 YCIJIOBHEM YCTOMYUBOCTH
by
ba,,
OyzleT BBHIIIOJIHEHNE HEPaBEHCTBA ), ———— < —0Ol.
b,

[Mpuxomum K creayroiieit Teopeme.

Teopema 6. JIns Toro, 4To0BI cucteMa (4), (5)
B CKJIPHOM CITydae OblTa cTabmm3upyema (B CMBIC-
ne (o,7)-ycTrolunBocTH) peryistopom (14), moc-
TaTOYHO, YTOOBI BHITIOIHSIIHCH YCIOBUSI:

b,a
1) |ay, —=22<;
b
b
2)all—ﬂs—a.

2

3akawuenne. B pabote mpoBeneH aHammu3 pe-
3yJbTAaTOB IO CTaOMJIM3ALMK IUCKPETHO-HENpe-
pBIBHBIX cucteM. st nmuHeitHO# TrOpumHOM 2-D-
CHCTEMBI B CUMMETPHUECKON (OpME B CKAJIIPHOM
Cllydae MOJy4YeHbl AOCTaTOYHBIE YCJIOBUS cTalOu-
JTU3UPYEMOCTH (B CMBICIIE CHIBHOM acCMMITOTHYE-
CKOM yCTOMYMBOCTH, (O.,Y)-yCTOMYMBOCTH) pPEry-
JSITOPOM, HE BBIBOSIIUM CHCTEMY 3a IPEAEibl
3agaHHOro kiacca. C MOMOIUBIO MPEIOKEHHOTO
MOJX0a MOXKHO TaKKe IPOBECTH HCCIIENOBAaHHUE
CTa0MIIM3UPYEMOCTH M B CMBICIIE APYTHX THIIOB
YCTOMYHBOCTH.
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C. B. ITonomapesa', O. H. ITbixkoBa’
'Benopycckuii rocy1apCTBEHHBIH YHHBEPCUTET
*BeIopyCCKHii rOCY IapCTBEHHbIH TEXHOIOTHUCCKHH YHHBEPCHTET

JTOCTATOYHBIE YCJOBHUSA PASPEIINMOCTHA YPABHEHUI
CO CTENNIEHHO-JIOTAPUOMHUNYECKUMU AJAPAMU
C IEMCTBUTEJIbHOM CTENEHBIO JIOTAPU®MA

PaccmaTpuBaroTcst ypaBHEHHs IEPBOIO PoJia CO CTEIIEHHO-IOrapu(pMUIECKUMH SAPaMH C IeHCTBHU-
TEJIBHBIMH CTETIEHSIMH JIoTapru()MOB Ha OTpe3Ke NEHCTBUTEIBLHON OCH B IPOCTpaHCTBE abCOIIOTHO He-
MIPEPBIBHBIX Ha OoTpe3ke (yHKImH. K TakuM ypaBHEHUSIM NPUBOAAT 3aJlaudl Kak M3 HEKOTOPHIX pasjie-
JIOB MaTeMaTHKH, B YaCTHOCTH, TU((epeHIMANbHBIX YPABHEHNH, TaK U U3 (U3UKH, MEXaHUKH U APY-
T'MX €CTECTBEHHBIX HayK. [Ipu 3TOM mpobsiema oOparieHus ¢ TOYKH 3PEHHS MTPHUIOKEHHUH SBIISETCS OJ1-
HOW n3 HeHTpanbHBIX. C 3ToH Tpo0IeMoil TECHO CcBs3aHA 3a7ada MONyYeHHUS YCIOBUN pa3pelIuMOCTH
paccMaTpuBaeMbIX YPaBHEHHUH B pa3lNUYHBIX MPOcTpaHCTBaX. OrpaHHMYNMCS B JaHHOH padoTe ciydaem
a0COJIOTHON HENpepBHIBHOCTH BECOBOW (PYHKIMH M 3HAUYCHMSAMH IapaMerpa Ha npomexyTtke 0 <o <1
(14 3Ha4EHWH O 3a TPaHULAMU JTOTO IMPOMEKYTKA MPUAETCS JOMOIHUTEIBHO AnGQEepeHIIPOBaTh

WK UHTCTPHUPOBATH NOIMOJIHUTCIBHO COOTBETCTBYIOIIEC BLIPAKCHUC [O(] pas) Pemenne takoro YpaB-

HeHus ObUIO MpezcTaBiieHo B [1], HO ¢ UCMONIB30BAaHHEM ITPOM3BOAHON OT BBIPAKEHHMS, COJEPIKAILETO
UHTErpai oT cBoOOIHOrO wieHa ¢ GyHKiued Bonbreppa B siape. B manHO# paboTe mojIy4eHsl 10CTa-
TOYHBIE YCIIOBUSI PAa3pEelIMMOCTH PAacCMaTpHBaEeMOI0 YpPaBHEHHUSI B IPOCTPAHCTBE a0OCOJIIOTHO HETIpe-
PBIBHBIX Ha OTpe3Ke (DYHKIUH M MpeNCTaBiIseTCs APYroi BHJ PELICHHUs B TEPMHHAX MPaBOil YacTH.
VYpaBHEHHE pelIaeTcss METOAaMHU JPOOHOTO MHTETPUPOBAHMS C MCIIOJIh30BAHUEM KIIACCHUECKHX HMHTE-
rpanoB Pumana — JInyBmiurs, crienuansHbeIX QyHKIMA BomsTeppa u onepaTopoB THITA CBEPTKH.

KnioueBble cji0Ba: MHTErpabHOE YpPaBHEHHE, YPAaBHEHHS CO CTEIIEHHO-JIOrapr(pMUUECKUMH SII-
paMu, UHTETPAIbHBIN OMEpaTop TUIMA CBEPTKU.

S. V. Ponomareva', O. N. Pyzhkova’
'Belarusian State University
*Belarusian State Technological University

THE SUFFICIENT CONDITIONS OF SOLVABILITY
OF EQUATIONS WITH POWER-LOGARITHMIC KERNELS

The integral equations of the first kind with power-logarithmic kernels with real degrees of loga-
rithms on a segment of the real axis in the space of absolutely continuous functions are investigated.
The problems from certain sections of mathematics (in particular differential equations) as well as from
physics, mechanics, and other natural sciences result in such equations. In this case, the problem of ad-
dressing from the point of applications view is one of the central ones. This problem is closely connect-
ed with the problem of obtaining the solvability conditions for the equations in various spaces. In this
paper, we limited ourselves to the case of absolute continuity of weight function and parameter values
on the interval 0 <o <1 (for values oo beyond this interval we need to differentiate or integrate appro-

priate expression [0] times additional). The solution of thus equation was presented in [1], but using a

derivative of the expression containing the integral of the free member with the Volterra function in the
kernel. We obtain the sufficient conditions for the solvability of the considered equations and establish
a different kind of solution in terms of the right side. The equation can be solved by fractional integra-
tion methods using classical Riemann-Liouville integrals, special Volterra functions and operators of
convolution type.

Key words: integral equation, equation with power-logarithmic kernels, operator of convolution type.

Beenenue. Pemenune MHTErpanbHbIX ypaBHE-
HUH CO CTENEHHO-JIOTapH(PMUUYECKUMH SAPaAMH C
LEJIBIMU CTEICHSMH JIOTapU(PMOB B IPOCTPAHCTBAX
WHTETPUPYEMBIX M HENpPEepbIBHBIX (YHKUUH wHc-
cienoBasiock B MoHorpaduu [1], apyroit Bun pe-
LIEHHA U JIOCTaTOYHBIE YCJIOBUS Pa3peLIMMOCTH B
TeX K€ MPOCTPAHCTBAaX ObUIM MOMyYeHbI B [2], st

YPaBHEHUH! C YUCTO JIOTaPU(PMHUYECKUM SIIPOM C
JICHCTBUTEIBHBIMH CTEIICHSAMHU JIOTapupmMOB — B [3].
B [1] Obu1 ipeioskeH METOJI PeLICHUs] ypaBHEHU
C ICHCTBUTEIBHBIME CTCTICHSIMH JIOTapU(PMOB, OJTHAKO
He OBUIO TMOJIYYEHO YCJIOBHU Pa3pelIMMOCTH 3TOTO
YpaBHEHHS B OIPEICIICHHBIX MPOCTPAHCTBAX (DYHK-
LU, TPU KOTOPBIX PEIICHUE MOXKET BBIPAKATHCA
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B TEPMHUHAaX IPaBO YaCTU UCXOMHOIO YPaBHEHHS.
Jns pemieHus yKa3aHHOW 3aiadd MOHAA00MIOCH
HCCIENOBAHUE HEKOTOPBIX MHTErpajbHBIX Ollepa-
TOpOB. boiiee TOro, NpeACTaBIsieT TaKKe HUHTEPEC
HCCIENOBAHUE PACCMATPUBAEMbBIX YPaBHEHUN C
KOMILJIEKCHBIMU 3HAYEHUSIMU [TapaMeTpa.

OcHoOBHAafl 4acThb.

1. IlpeaBapurenbHble cBeAeHusi. Paccmarpu-
BAKOTCSl YPABHEHUS

o)) i Lo(oyar=7 (),

(a<x<b<eo) (1)

CO CTENEHHO-JOrapu(PMHUIECKUMHU SIAPaMU C AeH-
CTBUTEJIBHBIMH CTETICHSIMU JIOTapH(PMOB Ha OTpE3Ke
[a,b] NEUCTBUTEIBLHOH OCH —co<a<b<oo,
Y>b—a B TpOCTpaHCTBE aOCOJIIOTHO HEMpEphIB-
HbIX Ha orpeske Gyuxumii AC|a,b|. Bynem pac-
CMaTpuBaTh Ciiydail abCOJIIOTHOM HENMPEPBHIBHOCTH
dysxumn ¢(x) 1 0<o<l, B>-1.

[ pemieHnss HaM MOHALOOSTCS HEKOTOPHIE
crenuanbHble QyHKIUH 1 0003HAYCHHUS:

z) = sz_le_xdx, Rez >0,

oo

X't
n dt =
a {I‘B+1 r(t+1)

Al oo

U HEKOTOpbIe npyrue. X onpenenenus U cBOWCTBA
OTIMCHIBAIOTCS, HanpuMmep, B [1] u [4].

B monorpaduu [1] nmpuBogutcs dopmyia 00-
pallleHusl HHTETPaIbHOTO OllepaTopa THIIA CBEPTKH

(7P9)(x)=
=gl Lo (2. @

xX—t
(a<x<b<eo)

U YCIIOBUS pa3pelnMoctd ypaBHeHus (1) B cie-
Iyrotei GopMyIHpOBKE.

Teopema 1. JIns pazpeminMocTy ypaBHeHUS (2)
B mpoctpanctee L, (a,b),1< p<oo HeoOXoauMO
MU JOCTaTOYHO, 4YTOObI CBOOOJHBINA uieH f ObLI
MPEJCTaBUM B BHJIC

.ﬂ:fumﬂx—ﬁxﬁymxuyzgxmb)(9

IIpy BBINOJIHEHUM 3TOTO YCJIOBUS PELICHUE @
€IMHCTBEHHO U BBIpaXkaeTcs GopMyIIoit

Tpyabl BITY Cepuss3 Ne 2 2017

o(x)=(E+T, )71‘ X

di[ Iul —a, [5 X= t)f(t)dt} 4)

rJie omeparop (Tw(p)(x)zjw(x 1)o(t)dt (em. [1,
c. 487)).

2. UHTerpajibHbIi ONEpaTOpP THUIIA CBEPTKHU.
Jist Toro 4yTOOBI MOJAYYHUTH APYTOW BHJ PEIICHUS
ypaBHeHus (1), BBeeM 0003HAYECHHE 110 aHAIOTUN
C TeNTOYUCIIeHHBIM citydaeM (cM. [1, c. 483]):

(Jo0pf)(x) Ium p(x=1)f(t)dt. (5

a+
Hust oneparopa J ¢ f B mpocTpaHcTse abco-

JIIOTHO HENPEpPBHIBHBIX HAa OTpe3Ke (DYHKIMH BBI-
HOJHAETCS CIEAYIOLIas TeopeMa.

Teopema 2. Ilycts f(x)e AC[a,b]. Torma
(Jispf ) (x)€ AC[a,b].

Jokazamenscmeo.  Tax  kak  QyHKOUA

f(x)e AC[a,b], To ona mpencraBuma B BHE
X

:If'(t)dt+f(a). IMonctaBum 3TO Tpen-

craBieHue B (3) W, OCYIIECTBISAS IEPECTAHOBKY

MOpSAZIKa WHTETPUPOBAHHSA BO BTOPOM ClIaraeMoM
no ¢popmyne dupuxie, nmeem:

(‘]v,a,Bf)(x) -
_%jm,ﬁ (x—t){ f(a)+j f’(r)dt}dz -
:f$) (x—t)dt+

%j (D)t (x—1).

B cuny ceoiictB ¢Qynkumm W, (oM. [4,

(x—a)”

c.230]), a taxke paBenctBa [;Q(x)= o+
o+

wis (x)=1, x> a, nmeem:

‘p,l_a’_ﬁ (x)‘ <K wua [a,b],

|b_a|ocfl |b_a|170£
rae K = max .

I(a+1) T(a+1)
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Otcrona cienyeT oLeHKa

<K(b-a),

YTO O3HAYaeT aOCONIOTHYIO HEMPEPHIBHOCTH Mep-
BOTO CJIaraeMoro.
Jlnst BTOpOTO CJIaraeMoro CHOBa HCIOJIb3yeM

]C.‘Hl_a,-s (x—t)‘dt

OLIEHKY ‘pl_a_ﬁ (x)‘SK ¥ a0CONIOTHYIO HeIpe-
PBIBHOCTb, @ 3HAYHMT, OIPAHMYEHHOCTH (DYHKIUH
f(x) na orpeske [a,b]:

X

% | f'(T)deul_m_B(x—t)dtS

a

sff’() (b—a)|dt<K-(b- aj

a a

|d7:

OTKyJa CIEeIyeT, YTO ¥ BTOPOE CJIaraeMoe SIBJISIETCSI
abcoNOTHO HemnpepbsiBHON (yHKkumeidr. Yto u 3a-
BEpLIAET I0KA3aTeIbCTBO TEOPEMBI.
a+
Cnedcmeue. Oneparop J,,gf OrpaHuYeH B
npocrpanctee AC[a,b].

Teopema 3. Iycts Gynkums f(x)e AC[a,b].
Torma oHa MOKET OBITH MTPEICTABIEHA B BUIE

1) = [ty (x—0)x(0)dt, 2(0)< L (a,b). (6)

Jokazamenvcmeo. Cornacuo [1, c. 487], mus
dyHkuun f(x) BBIIONHSETCS PABEHCTBO

t

1) = [l (x=1)] cs0(6)+ [w(t—)o(x)dz ar

a
3mech ¢, = )lcliralC(x) . Tax xax onepatop 7,, Brionue

HenpepbiBeH B L, (a,b),1< p<oo, TO B KaUECTBE

dynxwm  y(t)e L, (a,b) moxno B3aTH ¥ (t)=

:(c0E+Tw)((p(t)).

Hanee paccmarprBaeM MPOCTPAHCTBO
AC,y|a,b] abcomoTHO HENPEPHIBHBIX HA OTPE3KE
1 oOpararonmxcs B HyJlb B €70 Hadaje GyHKITHH.

Teopema 4. Ilycts f(x)e ACO[a,b]. Torma
(Jw’ﬁf)(x)e AC,[a,b], npu stom
9
ox
1 ,
=y (=0)f (1) =

Jyap) =
(507 )(x). (D)

Jokazamenvcmeo. ITo Teopeme 2,

( YOCBf)(x)e ACla,b]. B cuny amamurmuroCTH

yHKIMK L, 5, aOCOMIOTHON HENPEepBIBHOCTH M

paBeHCTBa Hymo B Touke a Qynkumn f(x),

(Jy,oc,[if)(a) =0
3Hauwr, (Jv,a,ﬁf)(x)e AC,[a,b]. Hanee, 1o

AHAJIOTHH C JI0KA3aTeIbECTBOM TEOPEMBI 2, TaK KakK
dyuxkums f(x)e ACy[a, b], To oHa mpencTaBuMa

B Buge f(x Jf t)dt, f’(t)e L(a,b). Hoxacra-

BHM DTO TIpEACTaBICHHE B (5):

(Vi )(x)

W3meHstst mOpsIOK MHTETPUPOBAHUSI IO TEOpe-
Me OyOuHH U y4uTbIBas CBOMCTBA (yHKUMH W4,
MOy YHM

( :c[}f) Idtful —op

YTO PaBHO3HAYHO TpeacTaBiIeHuto (7).

3. [locTaTo4yHble YCJOBUSl Pa3pelIMMOCTH
ypaBHenusi (1). U Hakonen, chopmynupyem cie-
IYIOIIYI0 TEOpEeMy, MAlOIIyI0 AOCTaTOYHBIE YCIIO-
BUsA paspemumMoctd ypaBHeHus (1) um apyryio
(dopMy ero perieHus.

Teopema 5.

julw jf T)ddt

t—1)f(t)dr,

f(x)e ACy|a, b],
c(x)e AC [a,b]. Torna ypasuenne (1) paspewn-

Ilycte

Mo B L, (a,b),1< p<eo u €ro eIMHCTBEHHOE pe-

meHne naercs GopMyson

o(x)=(aE+T,) (Jinp/)(x):  ®

oxazamenscmeo. Teopeme 3,
dyskums f(x) mpexcrauma B Buze (3), a 3Ha-

CoriacHo

9HuT, IO Teopeme 1, ypaBHeHHE (2) pa3peummmo B
L,(a,b),p>=1 W ero enMHCTBEHHOE peEIIEHUE

MOJKET OBITh mpejcTaBicHo B Buze (4). lanee, uc-
nons3ys teopemy 4, hbopmyny (7), o6o3HaueHue (5)
u [1, Teopemy 32.2], moayuum

o(x)=(c,E+T,)" %(J;’Ljﬁf)(x) -
=(cE+T,) " (Joops)(2),

YTO paBHOCHIIBHO (8).

3akiouenue. [ToydeHbl JOCTATOYHBIE YCIOBUS
PaspeIIMMOCTH YPaBHEHUH CO cTeneHHo-Iorapud-
MUYCCKUMH SJIPAMHU C JICHCTBUTEIHLHON CTEMEHBIO
noraprdma B MPOCTPAHCTBE aOCOFOTHO HEMPEPbIB-
HBIX Ha OTpe3Ke (PYHKIMIA;, TaHO pelleHne paccMmar-
pHBaEMbIX YpaBHEHH B TEPMUHAX MPABOM YacTH.
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A. M. Boaxk
Bbenopycckuii rocyjapcTBeHHbIA TEXHOJIOTUYECKUN YHUBEPCUTET

TUJPOJMHAMUKA KHUJKOIi IVIEHKH
HA IMIPOHULIAEMOI1 IAJTAHIPUYECKOI MOBEPXHOCTH

BeinmonHeH aHanm3 HWCClIeOBaHWI THIPOJMHAMHUKH IUIEHOYHBIX [BIDKCHHH B CEMapallOHHBIX,
(UIBTPOBANBHBIX, TEIUIO- U MacCOOOMEHHBIX, Ta30)KUAKOCTHBIX ammaparax U peakropax. [IpoBeneHo
TEOPETHYECKOE MCCIIEI0OBAHNE IUIEHOYHOTO JBIIKEHUS KUAKOH (ha3bl Ha BHYTPEHHEW MOBEPXHOCTH
MPOHHUIIAEMOT0 IMIMHIPA MO/ BO3AEHCTBHEM MACCOBBIX CHJI MOJIS TSXKECTH U 3aKPYYEHHOTO Ta30BOTO
roroka. Briepsrle mosydeHs! nuddepeHnranbHble YpaBHEHUS IBH)KEHHS, HAal/IEHbl TOYHbBIE PELICHUs
JUIS COCTABIISIIOIIMX CKOPOCTHU MPU YCJIOBUM NPWINIAHUA IJICHKH Ha IOBEPXHOCTU MPOHULIAEMOr0 LHU-
JMHPA ¥ PaBEHCTBE KacaTelIbHBIX HANPSHKEHUH HA TPaHMIle paszaena (a3, onpeneneHa TOMINHA IICHKH.
Haiinens! ruapoiHaMUYECKHE XapaKTEPUCTUKH IIEHOYHOTO TEYEHMS W aHAJIUTHUIECKHE YCIOBHS IUIS
BO3MOXKHBIX PEKHUMOB JABMKCHUSI IPH YCIIOBUH OTBOJIA KUAKOH (hasbl uepe3 MPOHUIAEMYIO TOBEPXHOCTb.

KiroueBble ciioBa: amnmnaparbl, IJICHOYHOC IBHXKXCHUC, 3apr‘IeHHBIfI IIOTOK, IpOHHUIAacMas I10-
BCPXHOCTb, TOUYHBIC PEIICHUA, THAPOANHAMNYCCKUE XapaAKTCPUCTUKHU, PEIKUMBI JIBUKCHUSA.

A. M. Volk
Belarusian State Technological University

HYDRODYNAMICS OF LIQUID FILM
ON A PERMEABLE CYLINDRICAL SURFACE

The studies of the hydrodynamics of film movements in the separation, filtration, heat and mass
transfer, gas-liquid reactors and apparatuses are analyzed. The theoretical study of film movement in
the liquid phase on the inner and outer surfaces of the cylinder under the influence of the gravitational
field of mass forces and swirling gas flow is done. For the first time, the differential equations of mo-
tion is obtained, the exact solutions for the velocity components subject to adherence of the film on the
surface of a permeable cylinder and equality of shear stresses at the interface are found, the film thick-
ness is determined. The hydrodynamic characteristics of film flow and analytical conditions for the
possible modes of motion are found.

Key words: apparatus, film motion, swirling flow, permeable surface, exact solutions, hydrody-

namic characteristics, motion regimes.

Beeaenue. ['unpoauHamuka IIEHOYHOIO Teye-
HUS Ha MIPOHHIIAEMBIX ITOBEPXHOCTSIX WMEET CyIIe-
CTBEHHOE 3HAa4YeHHUE JUIS MPOIECCOB (PIITBTPOBAHUS
CYCITeH3UH, OTBOJA >KHIKOHM (ha3wl B mporiecce ce-
Mapaniy Ta30KUAKOCTHBIX TOTOKOB, TPH TEIUIO-
MaccooOMeHe. B 3THx cirydasx rieHOYHOe TeueHHe
OCYIIECTBIISIETCS] HAa IPOHUIIAEMBIX ITOBEPXHOCTSIX.

OTcoc HCTIONB3yeTCsl TakKe IS YTPaBICHUS
MTOTPAaHUYHBIM CJIOEM W BIHAHUSA Ha YCTOWYMBOCTH
JTaMUHAPHOTO peXkuMa JBIKeHwms [1, 2].

Bo3geilicTBusi ra3oBOoro mOTOKa Ha IUICHKY
XKHUIKOCTH TIEPENAI0TCS MMOCPEACTBOM CHII TPEHHS,
BO3HUKAIOIIUX HAa TPAHULIE B3aUMOIEHCTBHS (a3.

KacarenbHble HanmpsoKeHHS Ha CTEHKE TPYOBI
muaMeTpoM D =2R OmpenenstoTcs THUIPOIUHA-
MHYECKUM HarropoM [1]:

772
o =M Pl
R = .
4 2
IIpu creneHHOM pacrHpeesieHud OCEBOW CKO-
POCTH Ta30BOTO TOTOKA C TMoKazarenieM 1/7 koag-

(UIMEHT TPeHUs IS THaJKUX TPYO BBIYUCIISETCS
o ¢opmyie brazmyca [1]:

(M

0,3164
A'0 = Reo’zs B (2)

KOTOPBIi 3aBUCHUT OT unciia PeitHonbaca

V,D
RezWZ .
Vr

Ilpu HaANMMUYMK TJICHOYHOTO TEUEHHUS HA BHYT-
pPCHHEW TOBEPXHOCTH TPYOBI BOJHOBAs MOBEPX-
HOCTh PacCMaTpUBAETCA KaK HEperyJsipHas mepo-
XOBaTOCTh CTEHOK KaHama. OO0oOIIeHHeM 3KcIe-
PUMCHTAJIBHBIX JJAHHBIX B 3TOM CIIy4ae JJis KO3(-
¢duIMeHTa TpeHus Ha rpaHulle pasznena ¢as moy-
YEHO COOTHOIIeHH e [3, 4]

3008} ' 3)

l:ko(H—
D

[ns onpeneneHus TEH30pa KacaTelbHBIX Ha-
MpsDKEHUI B HCCIeNyeMbIX Juana3oHax H3MeHe-
HUSI CKOPOCTH Ta30BOTO IOTOKa MOTYT OBITH HC-
MOJIb30BaHbl PACCMOTPEHHBIE PaHEe 3aBUCHMOCTH,
KOTOPBIE AT OCEBYIO COCTABIISIFOLIYIO
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00,0791 p ¥, (1+ 3008) @

IR 2 D

KacarenbHast cocraBisolnias 3aBUCUT OT yIJia
3aKpYTKHU TIOTOKA ¥ [IPU 3TOM OyAeT

T, =T.18(kP). ®)

YcTraHoBuBLIEECS MICHOYHOE TEYEHUE Xapak-
TEpU3yeTCs PaBHOBECHUEM CHJI TSXKECTH M BO3HH-
KaOIUX CUJI TPEHUSI.

TeopeTnuecku MCCIEIYIOTCSI TOJBKO aBTOMO-
JIENbHBIE TEUEHUs C IOCTOSIHHBIM OTCOCOM HIIN
BJIlyBOM IO BCEH MOBEPXHOCTH.

CKOpOCTh OTTOKA CIUIOIIHOM Cpebl ONpeaess-
€TCsl CBOWCTBAMHM IPOHUIIAEMON MOBEPXHOCTH U
nepenanoM aasieHus Ha He# [5, 6]. Ilpu TypOy-
JIEHTHOM pE&XHME JIBUKEHHs Cpellbl 4epe3 OTBep-
CTHsI B CTEHKE Ha OCHOBaHUM ypaBHeHMs bepHyi-
JIY TIOJTy4aeM KBapaTUYHBII 3aKOH:

2AP _y 2AP
== .
pA+E-f7) p
I[J'ISI IIOTOKOB, HC HMCIOIIUX OTHOCHTGHLHOﬁ
MPOJOJILHON CKOPOCTH, KOX(PQPHULIUEHT pacxona Y

U,=

(6)

3aBHCHUT TOJBKO OT CBOMCTB IPOHUIIAEMOM IIO-
BepxHOoCcTH. Unemnpunkom [7] mpu obpaboTke dKc-
NEPUMEHTAIBHBIX JaHHBIX IOJy4yeHa (opmyia
3aBUCUMOCTH KO3((HUIMEHTa pacxona Y OT OTHO-

CUTENBHOW TuTomanu f OTBEPCTHIA:

(0,707 -7 +1+f)
—2
Y= sz
Jnga wucciemoBaHWS TMPOLECCOB  pasIesieHuUs
MHOTO(a3HBIX ITOTOKOB HEOOXOIUMO MaTeMaThude-
CKO€ MOJEIMPOBaHNE MIBMKEHUS 3aKpPyYeHHOTO
ra3o0BOTO MOTOKA W IJICHOYHOTO TEUYEHHS JKUAKO-
CTH C Yy4eTOM B3amMofeicTBusa (a3 Kak BHYTPH
HEMPOHUIIAEMOTO LWIMHAPA, TaK W TPH OTTOKE
XKHUIKOHN (ha3bl HA TPOHUIIAEMBIX TIOBEPXHOCTSIX.
OKCIepUMEHTATLHBIE  UCCIIENOBAaHUS — OoJiee
MOJTHO XapaKTEePU3YIOT MPOUCXOSIINE ITPOIIECCHI,
HO OHM HE BCET/Ia TO3BOJIIOT BBIAENUTH W TIPO-
aHAM3UPOBAThH JOMUHHUPYIOIIHE (PaKTOPHI.
I'mapoawHaMyka NaHHOTO TIpolecca B 3HAYH-
TEJIHHOMN CTETIEH! 3aBUCHT OT OTTOKA JKUIKOH (pa3bl.
B nacrosee Bpems MpakTHYECKH HE UMEETCS ajie-
KBAaTHOW MOJENN W METOJa pacdera MpoIecca pas-
neneHus a3 Ipy IIEHOYHOM TEeUYEHUH CYCTICH3HH.
Hawmbonee monHBIME ¥ JJOCTOBEPHBIMHU JTAHHBIE
W pacdeTsl OyAyT IMpPH COYETaHWH DSKCIIEPHMEH-
TaJbHBIX W TEOPETHYECKUX METONIOB aHaIM3a HC-
CJIeTyeMBIX TPOIIECCOB.
MaremaTnueckass Moaejab. PaccMoTpuM yc-
TaHOBHBIIIEECS] OCECHMMETPHYHOE TEUEHHE BI3KON

2

(7
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HECKUMAEMOM KUAKOCTU MO BHYTPEHHEH CTEHKE
MPOHUIIAEMOT'0 IIWJIMHIpA MOJ BO3ACHCTBUEM 3a-
Kpy4YeHHOro ra3oBoro mnoroka (puc. 1). Ock z nu-
JUHIPUYECKON CHUCTEMBl KOOPAHMHAT HAIpaBUM
BHU3 110 OCH ITUJIUHPOB.

=
—
S

AERRENREERENEN
REEREEERERENEE

™

0g

Puc. 1. Cxema nByx¢ha3HOoro mieHOYHOTO TSYCHHUS
HA MMPOHUIIAEMO IIMIMHAPUIECKON TOBEPXHOCTH

Ckopoctb oTTOKa *MIKOH (pasel U, Ha HEKo-

TOPOM DJIEMEHTApHOM ITWUIMHIPE IITHHON Az Oy-
JIEM CUMTaTh MOCTOSHHOW. OOBEMHBIA pacxoj He-
CKUMAEMOHN >KUIKOCTH 4Yepe3 IHIUHIPUUYECCKUE
MMOBEPXHOCTH PaBHOW IWHBI OyJeT OJWHAKOB:
2mrU, Az =2nRU,Az. Ortcroma Haxoaum paju-

U,R
ANbHYIO CKOPOCTH B IUIEHKE )uakoctu U, = )
r
Torza u3 ypaBHEHUs HEPA3PHIBHOCTH
1 oU
L9 )+ g ®)
7 or oz

Y =0unU,=U,(r).
4

MOTy9IUM

P
IIpunumaem Y :?9_ =const. C yueToM oce-
z

U
CAMMETPUYHOCTHU a—EO ypaBHeHus: HaBbe —
¢

Crokca I COCTABJIAOINUX CKOPOCTHU WU IAaBJICHUA
MNpUBOAUM K BUAY:



A. M. Boak

17

U, _1(UR _\dU. __pg-v
dr w

ar* r v

d*U dU
@_l[UOR_lj (P_LZ(UOR_’_IJU(P:O,

dr? r

% dr r \%
op  (Us UZR?
—=p| L+
or r r

B pesynprare momydaem cucteMy OOBIKHOBEH-
HBIX au(depeHnanbHbIX ypaBHEHU. JTO 03Ha-
gaeT, uTo pemrenne U =U(r) OymeT aBTOMOICIH-

HBIM. BeImoiHnM miepexon K 0e3pa3MepHOi KOOpIw-

. U,R
Hate 7 =7/R, 0003HAUYUM O = U TIOJTyYUM:
2 o—1 -
d ljz_( — )dl{Z — pg \IIRZ’ (9)
dr Fooodr u
d*U, (a-1)dU, (o+1
~2¢_( - ) ~¢_( & )U¢=O, (10)
dr Iz dar 7
op (Us UZR?
a—:p{—¢+°—3 . (11)
r r r

Jlns TpaHUYHBIX YCIOBUM HCIOJIb3YEeM 3Haye-
HUSl COCTaBIISIONINX CKOPOCTH JKUAKOCTH Ha IIH-
JTUHAPUYECKON MOBEPXHOCTH M KOMIIOHEHTOB TEH-
30pa KacaTeNbHBIX HAPSKSHHA:

U,

_4’) (12)
r

Ha rpaHuIie paszuena das.

UYactaple pemrenus ypaBHeHui (9—11) umem B
BUE ' ¥ moydaeM O6LIHMe PEIIeHNs:

U.=c +c,7%+PE"Y 2. 13
. 2u(o—1) (13)
G ~outl
Up=—7+c, . (14)
7

3a rpaHHYHBIE YCJIOBHS NMPUHHUMAeM YCJIOBHE
IMpUWIIIaHud Ha CTCHKEC M PaBCHCTBO KaCaTCJIbHBLIX
HanpspkeHui (12) Ha rpanuiie paszaena ¢das:

Ul =] =01 =-BA%l s
i = L
ROF RF)|_

U3 YCJIOBUA paBHOBECUA CUII, ﬂeﬁCTBYIOHlHX
Ha ra30BbIi IIOTOK,

(R -3 aP=2n(R -3}
HOJTyIUM

— z —

CR(1-3)  R(1-3)

AP 27 21
Y=— .
)
YunteiBas rpaHudHbIe yenoBus (15, 16), momy-
YaeM pacripeielieHue CKOPOCTH B IUICHKE JKHUJIKOCTH:

R 2
U, = 2 + psk X

_pyt(oc—2)<1—é~3)0c_1 poc(oc—Z)(l—S)a_2
x(1-7)-
pgR’ TR

__2W(a_2)+u(a_;)(l_8) (1-7),17)

«\2
_ RT¢ (1 B 6) 1 ~o+1
0= ar2 FRU R L)
po(1-8)  +2ul\’
Haiinem oObeMHBIN pacxon >KUAKOH (as3bl Ha
€IMHULy TIepUMeTpa:
1
g=R [ U.7dF =
1-§

R 2 3
_ T, + pPgR y

~\2 ~\ O+2
. 1—(1—8) _1—(1—6) )
2 o+2

W3meHeHne NaHHOTO OOBEMHOTO pacxojia Io
JUTMHE OIHCHIBAETCS ypaBHEHUEM

d_y
dz

Paznoxenue npasoﬁ 4aCTHu B pdaa A0 YCTBEP-
TOM CTCIICHH BKJIIOYUTEIHHO UMEET BUL

2T %2 2 x4
qzrzR o 205 A +DS
w2 3 4

3( 7R3 e
L PeR(207 -85 |
w3 a4
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81 1U8 1 U§82+82

w2 3v 8l v R

3UR g8, | (20)
w3 240 v R

3
+pg8 1 1

JlaHHOE pAa3NOXKEHUE IMOKA3bIBAET, YTO H3Me-
HCHHUC TUAPOJUHAMUYCCKUX XAPAKTCPUCTUK BCJICI-
CTBHE OTTOKA JXUAKON (ha3bl MPOUCXOAUT, KOT/AA

. . U,d
Oe3pasMmepHbIil KoMIUleke PeitHonbca - co-

HU3MEPUM C €JIMHUILICH.

CpenHee 3HAUYCHHE TAHTEHIIMAIBHOW COCTaB-
JISAIOIIEH CKOPOCTHU IUICHKH U Mepenaj JaBJICHUS B
paauaabHOM HalpaBJICHUU OYET:

~\2
-5
Uq):iqu)df:IfT"’ (1~a22 x
8% ou oc( —8) +2
1 (1_S)oc+2 )
e —— -m(1-8)|, (@D
2
AP,:pj —¢+ifz dr . (22)
sl r

Hccnenyem miieHOYHOE TedeHHE BOABI B IIPO-
HATIaeMOM [uiuHApe nuametrpom 0,15 M, mox Bo3-
JIEUCTBUEM Ta30BOr0 MOTOKA CO CPEeaHEN pacxoj-
HOH CKOpPOCTBIO 15 M/C ¢ yriioM 3akpyTku B 45°.
Pacxox XuakocTd mpuMeM paBHeiM 0,5 M/, a
CKOpPOCTh OTTOKA )uakoiu (azsl — 0,001 m/c. B man-
HOM ciiydae u3 ypaBHeHUs (20) mosrydeHa TOJIITH-
Ha reHku 1,1 MM, a Ha puc. 2, 3 TpeacTaBIeHbI
rpadKH COCTABISIONINX CKOPOCTH B 3aBUCUMOCTH
OT EpEeMEHHON y =R —r.

I'padmieckne 3aBHCHMOCTH TOKA3bIBAIOT, YTO
OTTOK XHUIKOH (Da3pl depe3 TMPOHHUIAEMYIO TIO-
BEPXHOCTH CYIIECTBEHHO M3MEHSET MPO(HIN CKO-
pocTtel kuJkoW TuieHKkd. PacmpeneneHue ckopo-
CTEll B IUICHKE >XUJIKOCTH Ha IPOHMULIAEMOM IIO-
BEPXHOCTH SIBJISIETCS JIMHEWHBIM.

BriBoa. Cozmanne mMojeseit mporeccoB pase-
JIEHWSI, IPOUCXOIAIINX B KOHCTPYHUPYEMBIX arma-
paTtax, SIBJIIIETCA BAXKHOM M JTOCTATOYHO CJIOKHOMI
3ajadedl. MaremMaTnuyeckoe OINHCAHHUE ITO3BOJISET
BBITIOJTHUTh pPacdyeT OCHOBHBIX XapaKTEPUCTHK,

HCCJICA0OBATh BJIUAHHUC Ha IMPOLUECC Ppa3IMYHBbIX
(baKTOpOB, COUCTaTh TEOPECTHUUCCKUC U OSKCICPHU-
MCHTAJIbHBIC METOJbI HCCJIICAOBAHUA, OHPCACIIATH
ONTUMAJIbHBIC KOHCTPYKIIMOHHBIC U TCXHOJOTU4eC-
CKHEC ITapaMeETPhbI.

A
U,,

M/c
0,20
0,15 |

0,10

0,05 |-

| | I | >
00,0002 0,0004 0,0006 0,0008 .M

Puc. 2. OceBas cocraBmsiromas CKOpOCTH
B IUICHKE )KUJIKOCTH

| | | I >
00,0002 0,0004 0,0006 0,0008 ¥,M

Puc. 3. KacarenpHast cocTaBiIsIomas CKOPOCTH
B IUICHKE JKUJIKOCTH

[lomrydyennass martemaTthdeckass MOJIENb JaeT
BO3MOKHOCTH OIPENENHTh THAPOIUHAMHYECKUE
XapaKTePUCTUKH ITUIEHOYHOTO TEUeHHUsS IMOJ BO3-
JIEHCTBHEM 3aKpyYE€HHOTO Ta30BOTO IMOTOKA C yde-
TOM OTTOKA JKUAKOW (pa3bl W yUWUTHIBATH WX TPH
WCCIIEZIOBAHNH MPOIECCOB (PHIBTPOBAHMS, a TAKKE
HaliTH ONTHUMAaJIbHBIE COOTHOIICHUS MEXAY Teo-
METPUYECKIMH U PEKUMHBIMU TMapaMeTpaMy HC-
CJIeTyEeMBIX TIPOIIECCOB.
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H. ®. Conosbena
Bbenopycckuii rocyjapcTBEHHbIA TEXHOJIOTHYECKUN YHUBEPCUTET

OCOBEHHOCTHU PEHIEHUS TPAHUYHBIX 3AIAY
C IOI'PAHUYHbBIM CJIOEM

B nanHO# paboTe aist pelieHHs JABYXTOYEUHBIX I'PAHUYHBIX 3a7ad C MMOTPAaHUYHBIM CIIOEM pac-
CMaTPHUBAIOTCA METOJIbl, NTO3BOJISIOIINE MPOLECC YUCIEHHOIO PEeleHUs TPaHUYHOI 3a71audl 3aMEHHUTh
pelIeHNeM HECKOIbKUX 3aaa4 Kol u HeKOTOPBIX HEIMHEMHBIX CUCTEM YHCICHHBIX YpaBHeHuil. Takue
METO/bl Ha3bIBAIOTCS METOAAMHU PEXyKLMU IPaHUYHBIX 3ajad Kk 3amadaM Komm. CumbHON cTOpoHOM
TaKOro MOJAXO0Ja K PEIIEHUIO IPAaHUYHBIX 3ajau SIBJIIETCS TO, YTO B 3TOM CIIy4yae AJISl BHIYUCIIECHUS pe-
meHni 3a1a4 Komm MOXHO NMPUMEHSATh YUCIEHHBIE METOABI, HMEIOIINE JOCTATOYHO MOJHOE MaTeMa-
THYeckoe obecrnedenne. Kpome sroro, 3amaun Komm MOXHO pemars ¢ IIaroM MHTETPHUPOBAHMUS, BBI-
OpaHHBIM aBTOMaTHYECKH, IPUYEM Ha Ka)KIOM IIare MOXXHO MPOBOJUTH KOHTPOJIb TOUHOCTU BBIYHCIIC-
Huil. B paboTe BBOIUTCS MOHATHE W30IMPOBAHHOCTH PEIICHUS B NPEJIaraeMOM METOAE MHOXKECTBEH-
HOW JBYCTOPOHHEW NMPHUCTPENIKU. JTOT METOJ| ITO3BOJISIET HA 3aKIIOUYNTEILHOM 3Talle PellaTh CUCTEMbI
YHCJICHHBIX ypaBHEHHH C HEOOJIBIIMM YHCIIOM HEM3BECTHBIX. [10APOOHO CTPOSITCS BBIYUCIHUTENIBHBIE
CXEMBI METO/Ia MHOKECTBEHHOH ABYyCTOpOHHEW mpucTpenku. ChopMyIUpoBaHbl TEOpEeMbl, 000CHOBBI-
BaIOIIME U YCTaHABIMBAIOIINE CXOAUMOCTh METO/1a MHO)KECTBEHHOH IBYCTOPOHHEH MPUCTPEIKH.

KiaioueBble cioBa: Majblid napamerp, HOFpaHI/IqHLII\/'I CJ'IOI71, JABYXTOYCYHBIC T'paHUYHBIC 3aJa4u,
CXOONMOCTb, U30JJMPOBAHHOCTD PECIICHUA.

I. F. Solov’yeva
Belarusian State Technological University

FEATURES OF SOLVING BORDER TASKS WITH BORDER LAYER

In this paper, to solve two-point boundary problems with a boundary layer, methods are considered
that allow the numerical solution of the boundary value problem to be replaced by solving several Cau-
chy problems and some nonlinear systems of numerical equations. Such methods are called methods of
reducing boundary value problems to Cauchy problems. The strong side of this approach to solving
boundary problems is that in this case, numerical methods that have a sufficiently complete mathemati-
cal support can be used to calculate solutions of Cauchy problems. In addition, Cauchy problems can be
solved with an integration step selected automatically, and at each step it is possible to control the accu-
racy of the calculations. In this paper we introduce the notion of solution isolation in the proposed
method of multiple-sided two-sided alignment. This method allows us at the final stage to solve sys-
tems of numerical equations with a small number of unknowns. Computational schemes of the method
of multiple two-sided alignment are constructed in detail. Theorems that substantiate and establish the
convergence of the method of a multiple two-sided alignment are formulated.

Key words: small parameter, boundary layer, two-point boundary problems, convergence, solution,
isolation.

BBenenne. Knaccel rpaHUYHBIX 3a[a4 MHOTO-
YHCIICHHBl M Pa3HOOOpasHbl. DTO OIpeaeseTcs
BUJIOM TIpaBOil 4acTH ypaBHEHHs, (GopMOil Henu-
HEWHOCTH, BHUJOM W THUIIOM T'PaHUYHBIX YCIIOBHI,
HOPSJIKOM ypaBHEHHMSI, BXOJISIINX B CHCTEMY AU-
(bepeHIMaNbHBIX YPaBHEHUH, H T. 1.

[TpoGneMbl ucciieI0BaHus METOAO0B YHCICHHO-
TO peIeHUs] TPAHUYHBIX 33/1a4 BeChMa aKTyaJIbHbI.
B Hacrosimee BpeMst HHTEpeC K 9TUM 3a/iadyaM JJ0C-
TaTOYHO BBICOK BCIJICJICTBHE UX MHOT'OYHCIICHHBIX
npuiioxenuid. O6IacTh NPUMEHEHUS y HUX J0CTa-
TOYHO mmmMpoka. OHM PacIpoCTpaHeHbI B (U3HKE,
ANEKTPOANHAMUKE, MEXaHUKE, aKyCTUKE M JPYTUX
00NacTsAX HAyKN M TEXHUKH.

B o0mem cirydae, korjga paccMaTpUBaeTCs CUC-
TeMa HEIMHEHHBIX OOBIKHOBEHHBIX AHQQepeHIu-
aNTbHBIX YpaBHEHHH (0. /1. y.) IEPBOTO MOPsAKA
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V' =f(ty), ast<b,

AJI XapaKTCPUCTUKHU KECTKOCTU 3adavd UCIOJIb-
3y€TCA OoJbIlIasi KjaccHyeckas KOHcTaHTa JIum-

muma L(t) = sup M

ueM, y

>0, a<t<h.

Ecau xoHcTanTa HI/IHIIII/ILIa nuMeeT OOJIbIINE 3Ha-
YCHUs, TO TAKUC 3ada49U NPUHATO OTHOCUTH K YHCITY
JKECTKUX 3a1a4. Ora XapaKTCPUCTHUKA KCCTKOCTU
OLCHHUBACTCA KaK BIIOJIHE AOCTATO4YHAasd. K 3alayamM
TAKOIro BHJa MOXXHO OTHCECTHU, HAIIPUMEDP, 3a4a4u O
BBIYUCIICHUN COIIPOTHUBJICHUA, BO3HUKAIOLICTO IIPpU
o0TeKaHun TCJlIa, O BbIYUCICHHUU COIIPOTHUBIICHUA
TpeHUs Kopabiist, Mpo(rIst KpbUIa WK JIOTIATKH TYP-
61/IHLI, a TAKKC 3a1a4H, OIIMCBIBAIOIIHNEC BCCBO3MOXK-
Hble (]} y3MOHHO-KOHBEKTHBHBIE MPOIIECCHL.
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[IpoGiieMe YMCIIEHHOTO PelIeHUS HeTMHEHHBIX
JBYXTOYECUHBIX T'PAaHUYHBIX 3a]a4 C MOTPaHUYHBI-
MM CJOSIMU YJIIENSE€TCS B HACTOSLIEEe BpPEMs BCE
Oouiblllee BHUMAHHE.

B psne ciywyaeB mpu perieHUM HETWHEUHBIX
TPaHUYHBIX 3a/1a4 UHTEPECHOU SBIAETCA HUJES IO-
CTPOCHHS UTEPAIMOHHBIX MPOIIECCOB TaKUM 00pa-
30M, YTOOBI OHU TNPHUBOJIWIA K HEOOXOIUMOCTH
YUCJIEHHOTO PEILIEHUs TOJBKO 3a1ad JUHEHHOTO
BHUJa, W 4YTOOBI WTEpAIMOHHAS ITOCIIEIAOBATEb-
HOCTh NMPHUOJIMKEHHBIX PEHICHUN ATHX JTUHEWHBIX
3a7a4 CXOAWIACh K MCKOMOMY PELIEHUIO HCXOA-
HOH HEJTMHENHON 3aa4H.

IMocranoBka 3agaum. Ilycte 3agana Henu-
HeWHas JBYXTOUEYHAs 3a/Jadya ¢ Hepas3JesIeHHBIMU
TPAaHUYHBIMH YCIOBUSIMU:

V' =f(t,y),a<t<b, (1)
g(y(a),y(b)) =0, (2)

rae
y:[a,b]—> R", f:[a,b]XR" - R",
g:R"XR" > R".

B kadecTBe pemieHus JaHHOM 3a7adu Mpeia-
raeTcsi METOJ| MHOXECTBEHHOM JIBYCTOPOHHEHN
MPUCTPENKU (M. M. [I. 11.), IO3BOJISIOIINIA 3aMEHUTh
MIPOIIECC YUCIEHHOTO PEIIeHNs TPaHUYHOU 3ajaun
pemeHueM Heckoiabkux 3anad Komm. Metozs! Ta-
KOrO pojJia Ha3bIBalOT METOJAMH PENyKIHMH Tpa-
HAYHBIX 3a7ad K 3agadam Komu. CunbHOM cTOpO-
HOM Takoro Mojaxoja K pelIeHHI0 TPAaHUYHBIX 3a-
Jlad SIBJsieTCsl TOT MOMEHT, 4TO JUIsS pelieHus 3a1a4
Komm B HacTosiiee BpeMs MOXKHO IPHUMEHATH
CHJIBHO pPa3BUTHIE, XOPOLIO PaboOTalolINe U UMEIo-
1€ TIOJTHOE MaTeMaTH4ecKoe 00ecriedeHre YHCIeH-
HBIE METO/bI, B TOM 4YHCJE OOJafaroliye, Harpu-
Mmep, B-ycroitunBocteio u D-ycToituuBocTsio [1].

IIpu pemieHun yka3aHHOTO BBILIE THIA 3ajad
CTaHJAPTHBIMHU YHCIEHHBIMH METOJAaMU BO3HHUKa-
10T OOJBIINE TPYAHOCTH, MIPUIMHA KOTOPBIX Yalle
BCET0 3aKJII0YaeTCsd B HEyCTONYHMBOCTH YUCIEHHO-
ro mporecca. B kauecTBe cHeruagbHBIX METOA0B
OyneM paccMaTpuBaTh METOJ] MHOXECTBEHHOM
JIBYCTOPOHHEW NPUCTPENKH, OONagaromuid Heoo-
XOJUMOU THOKOCTBIO.

AJITOPUTM MeTO0Ja MHOKeCTBEeHHOH ABYCTO-
poHHeil npuctpesnku. [Ipennaraemenii MeTO MHO-
JKECTBEHHOH JIBYCTOPOHHEHN IIPUCTPEJIKU COCTOUT
B cieayromeM [2].

Paz0uBaeM OTpe30K Ha COBOKYMHOCTH TOYEK.
HazoBem ux TOUKaMH NPUCTPENIKU:

a=t, <t <t,<..<t,, <t,, =b.

MHOXXECTBEHHYO IPHUCTPEIKY OpPraHU30BbIBA-
€M TakuM 00pa3oM, YTOObI BBIYMCIUTEIILHBIN MIPO-
Lecc pa3BUBaJICA B 00OMX HANpPaBICHUSX.

IIpuctpenounsie 3amaun Komm moctpoum B
OpSMOM U 00paTHOM HarpaBJICHUSX:

w'=f(tu), te ) ={t, , S 1 <ty
3)

i n
ult, 5,1) =ty = Y2j15 V2j1 € R",

’ )
v :f(t,V), te sz_lz{th—l 2t t2j—2}’ (4)

vt ¥yo1)

— n ;—
1:[21-_1 - y2j717 yz_,q € R ’ ] - 1, m7

TAe t,; , — TOUKH NPUCTPENIKH; [, — TOUKH CIINBA
peLICHUH; V,; | — APAMETPbI IPUCTPEIIKH.

st momydeHHBIX OpUCTpeNovHbIX 3amau Ko-
M COCTABJIIEM 3aMBIKAIOLIYI0 CHUCTEMY YpaBHE-
HUH BUIA

u(ly;s ¥2;) =Vtyjs ¥250) =0, j=1m,
g(v(t07 yl )’ u(tzm s y2m_1 )) = 0

)

O0603HaYNM:

2=, 130 e Vi)

IlepenumemM 3aMBIKAIONTYIO CHCTEMY Buaa (5)
B omepatopHoi hopme

H(z)=0, (6)
rae

H:R" —>R", N=mxn.

CBolicTBa 3aMBIKAIONTIX CHCTEM ypaBHEHUH (5),
(6) 3aBUCAT OT MPaBOW YACTH f, UCXOTHOTO ypaB-
HEHUs, (POPMBI TPAaHUIHBIX YCIOBHH, 00IaCTH HWH-
TerpupoBanus [a, b], TOUeK mpUCTpesKu u(t, y,; )
¥ TpaeKkTopuil npuctpenku u(t, y,, ), v(t, y,;,)-
OTH CBOWCTBa HamOOJee MOJIHO XapaKTepHU3YIOTCSI
MaTpuinaMu SIKOOHM Uil COOTBETCTBYIOIIUX OTO-
Opaxennit H.

Jnst 3aMBIKaroIe CUCTeMBI ypaBHEHHU (5)
Matpwuiia Slkoou OyIeT IMeTh BUJI

o QP w0 0
- 0 @, . 0 0

0 0 v @ Q)

GP 0 . 0 G|

(k)
(k) _ av(thaij—l) (k) — aZ/l ([2j5y2j+1)

2

2j ’ 2j
’ aJ’zH ’ aJ’2j+1
92(R5),) g (B5),)
k 0,2m k 0,2m k
Gl( ) = au QO > Gém)—l = aV (D(an .

[lycte y(¢f) — HWcKOMOE pelieHHe HCXOIHOU
rpaHUYHOH 3a/1aud. BBenem 0603HaueHHUS:
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Z =0, ey ) (7)

HonsaTHo, uto H(z')=0, rae z — pemenne
ncxomHoi cucreMsl (1), (2).

.
0O0603HauUM k-€ IPUOTMKEHHNE K PELICHUIO Z !

(k) _ (,,(OT (KT (k)T \T
27 =", 1Y) € R

Bce ocraBmmecs: mpubirkeHusT HaljeM, MpH-
MeHsisi MoauduimpoBaHHbd MeTo; HproToHa, oc-
HOBaHHBIN Ha aIMPOKCUMANU MaTpuIlsl Skoou [3]:

(k)
OH () \yth = _py (29,
dz
)2 (k)
re %e L(R",R") — marpuna SIxobu.
z
Teneps wuckomoe penieHue y(f) HCXOTHOM
IPaHMYHOM 3a/1a4M NpeIcTaBasteM HOpPMyYIIOi

v(t), y5.,), teJ),
y(f _{ 2j-1 2j-1 (8)

u(t, y,;.), L€ Jéj)_l, Jj=Lm.

Jng uccnemoBaHWS CXOOUMOCTH M. M. 1. IL.
BBOAWTCA TIOHSATHE W30JIMPOBAHHOCTH pEIICHUS
HCXOMIHOM 3amaun [4].

Onpeoenenue. Pemienve TpaHWYHOW 3amadu
(1), (2) HazwpIBaeTCs CabO WM30JUPOBAHHBIM WIIH
M30JIMPOBAHHBIM, €CJIH BHITIOHAIOTCS yCIOBHS:

de{ag(y(a),y(b» , %20(@, () @(a)} £0,

dy(a) d y(b)
3 y(a) 9 y(b)

Ha TOYHOM pemeHun 3agauu (1), (2). OyHKUMA
®(¢) —aro MmaTpuuHOe peteHue 3anaun Komm

@0="LC" Vo0, o=

rae a<t<b, B3sTOoe mpu ¢ = b.

[Ipenmonoxkum, YTO BBITIOJHSAIOTCS CIEAYIO-
e YCIOBUS:

1. Pemenue 3aaauu (1), (2) ectb BeKTOp-PyHK-
mus y(t)e Cla,b].

2. f(t,y)eC(S,),
rae S, ={(t,y)€[a,b] X R"
3. g(u,v)e CZ(GP),
rie ©, = {(u,v) € R" x R"

[v—y®)] < p}
W OTPE30K [, b] TOCTATOYHO MaJl.
Beenem o0o3HaueHus:

y=y@)|<p. p>0}.

lu = y@| < p.

At =t =t u (t2j—1 - TAtzj—z > y2j—1) =0y, (v,
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vty +TAL, ., )=V, (T),0<T<1,

j=Lm.

Paccmotpum crenyromiume 3aaa4qu Korm:

@' (1)=B(AHD(7,¢9(1)),0<T<]1, 0
o2, == ®
V() =C(AOW (T,y(1)),0< T<],
{WZ)L_O =z, (1o

rIe

o0 = (9 (T, @ (D) 0,9, ,(V)',
D(T, (1) = (fy (TP (D)-vos S 2 (1,95, 5 (D)
WD) = (W) (0, W3 (D), ¥, (D),
(WD) = (A (T (D)eros Lo (T, (D))

rac
B (At)=diag [-At,E,— ALE,...,.—At,, ,E],
C (At)=diag [-AtE,~ ALE,...,—At,, E].

O603HaynMM KOHCTaHTy Jlummwuia oOTHOCH-

TenpHo @ it O (T,¢) Ha S, (X) uepes L, a

KOHCTaHTy JIMMIIWIIA OTHOCHTENBHO \f  JUIs
W(t,y) Ha S,(Y)u4epes L .
O603HaunM A¢° = max At At” = max At

2j-22 2j-1°

1<j<m 1<j<m

= pmin [exp (=L'At), exp (L At” )] ,

Q; z{ze R"

Z*—ZHSS}.

Teopema. I1ycThb BBITIOIHSIOTCS yCIIOBUA 1 u 2.
Torpa:

1) 3amagn Komm (9), (10) uMeroT cOOTBETCT-
BEHHO €IMHCTBEHHBIC pemeHust O(T,z) u Y(T,z),

ecin z€ Q; 1 @(T,2)€ S, (X) u Y(T,2)e S, (Y);
2) (p(l,Z)E C2 (QS) s ll](l,Z)E Cz(QS)a
00(T,2) " oy(T,z2)
dz 0z
YIOBIETBOPSIOT COOTBETCTBEHHO CIEAYIOIINM 3a-
nagam Korm:

d (a(p(r, z)j _ B(AN 0D(T,0(T,2)) [ 8_(pj
dt\ oz o0} oz )

3) marpunbl Skoou

2903 _p g<rs<i
oz T
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pUYeEM
d (aw(r,Z)j _ can P v(2) (a_wj N
dt oz 0 0z U;jil = U2j—1 (t2j ), (15)
awg)’z—) =F, 0Z7t<l. I/z(fjfz) =V (t2/>2)'
)z

Teopema. Ilyctb BbINONHAIOTCA ycnoBus 1-3,
u pemierne y(¢) 3amaun (1)—~(2) cnabo uzommpo-
BaHHoe. Toraa UMerT MecTo:

1) H(z)e C* () u H(z)=0 npu z=z2";
2) det(?j #0 mpu z=z W CymECTBYIOT
4
Takue pasbueHus {7, }lzm 3a/[aHHOTO OTpe3Ka [a, b]
1 gcna 0>0,v >0, npu KOTOPBIX BBIOIHIETCS

{BH(Z)
0z

-1
} <d s Vzeﬂsﬂ§(z*,v), rie

S(z",V) Z{ZE R" mz—z*u < V} .

B cinydae mpsmoro HampaBie€HUS MaTpULbI-
Onoku Uil mpUCTpenoyHbIX 3agad Komwm Oymyt
UMETh B!

U;j—l ()= q)Zj—l (u)UZj—I (),

. (11)
U2j—1(t2j71):]a te Jijll,

Jf(t, u(t, y2j—1))
du ’

du(t, y,;,)

du '

q)Zj—l (u)=

(12)
U2j—1 (t) =

AHaJIOrHYHBEIM O6p330M nojrfyyacM MaTpulibl-
OJNo0KHU AJIsL TIPUCTPCIIOYHBIX 3a4a4 KOH.II/I, peurace-
MBIX B 06paTHOM HaIlpaBJICHUU:

I/le—l )= cI)2/‘—1 v) V2j—l (),

. (13)
I/2/’—1(1‘2]'—1):1’1‘6 Jz(j),]:

TIe

df(t, v(t, yzj—l))
av ’

(¢, y2j—1)
aij—l ’

D, ,(v)=
(14)

Vz_/—l (1= Jj=Lm,

HOCTpOI/IM IOCJICA0BATCIIbHBIC HpI/I6J'II/I)K€HI/I$E

5 =20 L AB e =0,1,2,...
Haiinem monpasku Az® B metone Hprotona:

k kT k)T k)T \T
Az® = (AT AT AT

rae
H = (h(k) Ho h(k))T W = p (Z(k))
(IR B R R T i :

*
Ha Tounom PCIICHUN Z BBINIOJIHACTCA HEpa-
BCHCTBO

detD, (z')#0

M, CICNOBAaTCILHO, PEIICHHE TPAaHWYHOW 3ajadu
W30JTUPOBAHO. 3HAYHT, NMPH XOPOIIEM HAYATHHOM
npubmokernn z'” HeTpyaHO 00eCHeunTh CXOMIH-
MOCTh MeToma Hwiorona [5]. BrraucnmrensHbie

CBOMCTBa MeTona HpIOTOHA AOCTAaTOYHO CHILHO

y oH y
3aBUCAT OT CBOUCTB MATpPHILBI Slkoobn — . CBoii-
4

CTBa MaTpUIbL HK06I/I, B CBOIO OUCpCab, Oomnpeac-
JIAIOTCA YHUCIOM W JJIMHAMH  IIOJIOKHTCIbHBIX

J3), m oTpumatemsHeIX J))| MOIMHTEpBAIOB

MIPUCTPEIIKU.

3akawuenne. Bribop umcma u ompeneneHue
JUTHH TIOJIOKUTENFHBIX M OTPULIATENbHBIX TIOUH-
TEPBAJIOB MPUCTPEITKU TIO3BOJISAET MOBBICUTEH Kade-
CTBO TIPUCTPEIOYHBIX TPACKTOPHHA, a TaKXKe JaeT
BO3MOXKHOCTH PETYJIHPOBAaHUS CBOMCTB MAaTPHIIBI
Slkobu [3]. DTO CymIeCTBEHHO BIHUSAET HA CXOIH-
MOCTb UTEPAIMOHHOTO TPOIIECCa W MOBBIIIAET €ro
YCTOWYHMBOCTH K IMIOTPEITHOCTSM OKPYTIICHHS.

JaHHBI METOJ TO3BOJIAET YIy4llIaTh CBOMCTBA
MIPUCTPETIOYHBIX TPACKTOPHH, OCIAOIAET YCIOBHUS
Ha JIOKaJM3aIlMi0 HAYaJdbHBIX IMPUOIMKEHUH,
YMEHBIIAET YUCIIO HEN3BECTHBIX.

[IpennoxxkeHHass cxemMa METONa MHOXKECTBEH-
HOW JBYCTOPOHHEH IPHCTPENKH TO3BOJISIET pe-
aTh IMAPOKHE KJIAacChl TPaHWYHBIX 3a7ad C TI0-
TPaHUYHBIM CIIOEM.
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A. A. SIkumeHko
Benopycckuii rocyjapcTBEHHbIA TEXHOJIOTUYECKUN YHUBEPCUTET

MOJIAJIBHOE YIIPABJIEHUE OJHOM CUCTEMOM HEUTPAJIBHOI'O THUIIA
B OBIIENNUKJINYECKOM CJIYYAE

B cratbe paccMaTpuBaeTcs pelieHHe 3a/laud MOJAIBLHOTO YIIPaBJIEHHs B OOLICHUKINYECKOM CIIy-
yae Uil JBYMEpPHOH CTallMOHApHOW AMHAMUYECKOW CUCTEMBI C 3ala3/IbIBalOIMM apryMEHTOM He-
TPaAJILHOTO THUIIA C OJHUM BXOJOM M OJHHM 3ala3/bIBAHUEM IO COCTOSIHUIO. JaeTcsi onpeneneHue 3a-
Jlaul MOJAJIBHOTO YIpaBieHUs Ui ucciaeayeMoit cucteMsl. [lpu permiennu 3a1a4yu MoIanbHOrO ypas-
JICHHS UCTIONIB3YIOTCS JTMHEHHBIC PETYISATOPHI 110 TUITY OOPaTHOM CBSI3H, COJICPIKAIINE KaK JIMHCHHYTO,
TaK ¥ MHTETPAGHYIO YacTH. PerynsaTophl MOMyYeHEI B sIBHOH (hopMe Kak 3JIeMEHTapHBIe (PYHKITUH Ta-
PaMeTpOB UCXOJHOW CUCTEMBI U €€ BEKTOPA COCTOSIHUSL.

KaioueBble clioBa: cucteMbl HEUTPAILHOTO THIA, MOJAIILHOE YIPaBICHUE, PErYJISITOPbI, 00par-
Hasl CBSI3b, 3alla3/IbIBaHME.

A. A. Yakimenka
Belarusian State Technological University

MODAL CONTROL FOR ONE NEUTRAL TYPE SYSTEM
IN GENERAL CYCLIC CASE

The paper deals with the modal control problem for the stationary two-dimensional dynamical sys-
tem with retarded argument of neutral type with one input and one state delay in general cyclic case.
The definition of a modal control problem for the system is given. For the solution for such a problem
we use linear regulators of feedback type, comprising both linear and integral part. The regulators are
obtained in an explicit form as a basic function of the initial parameters of the system and its state vector.

Key words: neutral type systems, modal control, regulators, feedback control, lag.

Beenenue. 3amaga MOJANBHOTO YIPABICHUS
SIBJIICTCS] OJHOW M3 OCHOBHBIX 331a4 TEOPHUH YIIPaB-
nenus. Takas 3aada XOpoIIo M3y4eHa IJIsl CUCTEM
0e3 3amazgsiBaHus. s cucTeM € 3ama3fibIBaro-
UM apryMEHTOM M CHCTEM HEHUTpPaJbHOTO THIA
[1, 2] peumieHne 3aa4d MOJAIBHOIO YIIPAaBICHUS
3HAYUTENIFHO CJIO’KHEE. DTO 00YCIOBJIEHO TEM, YTO
MIPOCTPAHCTBO COCTOSTHUM TaKUX CHUCTEM, KaK Ipa-
BUIIO, OecKOHEUYHOMEpHO. M3ydeHuro Takod 3ana-
YM MOCBSIICHA TaHHAS CTAThsL.

OcHoBHast 4actb. PaccMoTpuM JHHENHHYIO
CTaLlMOHAPHYIO CHUCTEMY C 3alla3[bIBAIOLINM apry-
MEHTOM HEUTPAJIBHOIO THUIA C OJAHUM BXOAOM H
OJHHMM 3aIa3/IbIBAHUEM I10 COCTOSHUIO:

x(1)= Ayx(¢)+ Ax(1—h)+
+A4,x(t—h)+bu(t), t>0, (1)
rne 4;,i=0,1,2 — moCTOsHHbIE 2X2-MaTpPHIBI;
h > 0 — IOCTOSTHHOE 3ama3IbIBaHue; b — HEHYJICBOH
2-BekTop. He orpanwumBas OONIIHOCTH, CUUTacM
b’ =[0, 1] («’» 03HaUaeT TPAHCIIOHUPOBAHUE).
[Ipucoenuaum k cucreme (1) perymsarop Buaa

+ZZ%

i=0 j=1

”( ‘Ioox t Jh)

+jg (1 +5)ds, 2)

—h

roe g, ¢;—2-Bektopsl; g(s), s€[-h,
HETPEPhIBHAS 2-BEKTOP-DYHKIIHS;

= x(2), ¥9(e)=x(s).

XapakTepucTHuecKkoe ypaBHeHHE cucTeMbl (1)
HMeEET CIENYONUI BUA:

. def i
0 (5) 2
()=

det] 4+ Ae™ + A)e™

2 2
Ezzd xz —ﬂ»h ’

i=0 j=0

_Mz}z
3)

rlIe 4Yucia 6( BBEIYHCIIIOTCS Kak (PYHKITMH Mart-
pnu 4., 1—0 1,2, B w4yactHocTH @, =det A4,
0 =1 oc22 =det 4,.

OnpeOeﬂeuue CHCTeMa (1) MmomanbHO yTIpaB-
JIsIeMa PeryJsiTopoM Buma (2), ecimu s JTF0OBIX
Halepeax  3aJaHHBIX  YHCEI i=0,1,2,
j=0,1,2, a,, =1, Haiinercs perymusarop (2) Takom,
YTO XapaKTEPHCTUYECKOE YpaBHEHHE 3aMKHYTOMN
cuctemsl (1), (2) umeer Bux (cp. ¢ (3)):

det[AO + Ae™ + Ahe™ — M, +bU(7\.)] =

2 2
=3 Y0, Me M =0

i=0 j=0

(%)
rae U (M) — peryssrop (2) B 4acTOTHOM 061acTH.
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Beenem (2x2)-mMaTpunsl:
AN) =4, + Ae™ + he™,
=[A(A)b, b],LeC.
PaccMmoTprM 00IIETMKITMYECKIHA CITydaid:
det W () =c(’y0 +ye ™ +7»e_7‘h),(c #0).

Martpuma A(X) B 3TOM CJIydae HMEET Clie-
JTYIOIIAY BUJT;:

A(N)= B +Bie™ (Yo " he ):l,
(1) ay (1)
rone B,,i=0,1,2,7,— HEKOTOpble NEHCTBUTEINb-

Hble uncna; a; (M), j=1,2 — KBa3HIIOIHMHOMBI:

a; (M) =a;y+ ae™ +ahe™,
rae al.je]R; i=1,2,7=0,12.

Perynsarop Buga (2) B wactoTHo# obmactu Oy-
JE€M UCKaTh B BUJEC

UM =(En (W) =a (h), my(A)-a,(1)).
PaccmoTpum ypaBHeHue

A+ (1 =Bo) A +Byvo —Bovy =
=(A-&)(A-&,)=0, LE.E,eC. (D
[TycTb BBINIOJIHEHO yCIIOBHE:
& #&,. (5)
PaccmoTpum BeTUUMHBI
3(&)=By+Be " —&,,i=12.

Torna cripaBeIMBO ClleAyIONIee YTBEP KICHHE.

Teopema. [Inst Toro, utoObI cuctema (1) Oputa
MOJaJbHO YIIpaBIsIeMa peryiasTopoM Buaa (2) B
ciydae (5), He0OXOAUMO M JOCTATOYHO BBITIOJTHE-
HUSA yCIOBUU

8(&)#0,i=1,2.

ITpu 5TOM KOMITOHEHTHI perynsaropa Buaa (2) B
9aCTOTHOH 00J1aCTH UMEIOT BHU:

M, (M) = =00, he ™ + (1, — 01y, By )™ —
— (00 + 01y, (& +&,))e ™ +%1(—oc22 (& +&)+
+ 0By + 0By (& +E, ) - 04y —BF -
Oy — 0,68, — oy By (& +E, ) — oy, (€ +g2))+
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: 2 (3(8)8 -8(&)8
BEERERE] o (CB)E -8
+(0L21[31 0, _20622[30)(8(%1 IS _5@2)&13)"‘
+(_20‘1230 +0lg, =0 BB, + 0y By +B7 + azzB(%)X
X(8(6)& -3(5,)8)+
+(0‘10B12 =0 BoBy —201,B +04,B5 + 0t B, )X

X(S(gl)&»z _6@2)&1)"‘
+(0L00[312 + 09,5 — 0t BB, )(5@1 )-

+ 1 X
A
4 e N _g M 4 e S _g M
X[azz{ (8)& [7\, &2] -8(&,)& J*’

&)
0‘2131"‘0‘12 20‘2230)><

3652—e7"h 3 e 5 g
X[S hog) ST &j]

20‘12?’0 + 0y, — 0Ly BB, + 0 By +BF + O‘22[30)

2€é2 —e M 2 e Sh_g M
5(§)& 7» (22 8(8,)& [7\, ‘le }'

+((XIOBI allBOBl 20‘02[30"'0‘12[30"'0‘01[31)

oSl _o—Mh e~Cih_p—Ah
7» gz (gz)& —(7‘_&;1] J+

0‘00B1 + 04,85 — 0Ly, )X
oih_ M

- e Sih_o=Mh
S(e Ve _§(eyet=e ||
{ O S e D
M, (L) = =By — oy — 0y Ae ™
-{BLI((BO _(E"l +§2))(0622 (BO _(él +&2))_
- OCZIBI -0y, ) - OLZIB] -0y, ) +
+B, (0L12 +0,, (& +&, )))_
B(E.:l )(oczz(§3 5,.2) (oc12 +a2131)(§12 _§§)+
+04,5B, (élzefé' g ) +
+0‘1131(§1 _gz)"'(XlzBl(E,le_&l _gze—ézh)_l_

oGt _ oGk i
+0L02[31( ))+ 8(&1)8(§2)(§1_§2)X

8(5,)))+

X

X

8(8)8
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X(azz (gfs(gz)e_zi'h ~533(5)e " ) +
oy, (E18(5,)e 5" ~E28(, ) e )+

+<_20‘12B0 + 0y, — 0Ly BBy +

+ 0By +BF + 0,87 )X

+E18(E,)-E38(E,)+ e 52l _ M
+0,, (&lﬁéz )(f_z)i'h %iz(éié)l )e 25! ) + < (Bo=5)3(5)% %_
+0, (§,8(&, ) e —E,8(& ) e ™" )+ 2 [e—élh_e-xhj
b (6,8(8)~E:8(8))+ ~(Bo =83 g |
0, (8(E, )¢ = 8(8 )" )+ {02 — 0B, — 200,y + 0 B2 + 0ty By ) X
+ 0, (8(8,) e —8(& ) e ™)+ [e_gzh_e_xhj
+01g (8(E,) - 8(8,))) )™ +BIS(&1)8(\%2)(&142)X X (Bo=8)3(8)% g

oCoh _ g hh J [e—glh _o M ]

X(azz (Bo_gl)s(é)&g[(x—&z)_ _(Bo_éz)s(éz)ilw +

4 [e_glh _e_Mj + (0‘00[312 +0g,B5 — 0l BB, )X
A =T o

x| (Bo=5)8(&) g7

+(_2a22[30 +04,,B; + 0y, ) x

—&2h _ =M -
X (BO gl)s(gl)gz (7\'—{}2) _(BO_EJZ)S(&Z)[(;L_—{;I)]
(e—élh _e—lhj
—(By—£,)8(8,)E} + 3akiodenne. B pabore mccnenyercs ciydaii
0 =2 2750 (A-g) € #&,. Cmyuait & =&, TpeOyer mambHeiIero
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Benopycckuii rocyjapcTBEHHbIA TEXHOJIOTUYECKUN YHUBEPCUTET

ACUMIITOTUYECKUE NPEJCTABJIEHUS 1O IAPAMETPAM
G-®YHKIMU MEVEPA CIIEIMAJBHOT'O BUJIA

[Tpobnema acCUMITOTHYECKUX PAa3I0KEHUH CHIENUAIBHBIX (QYHKIMI 110 HHASKCAM WIIH [TapaMeTpam
BO3HUKAET B CBSI3M C MCCIICIOBAHUEM HEKOTOPBIX KJIACCOB MHAEKCHBIX MHTETPAJIOB U NMPE0Opa3oBaHuit
no uHaekcy. Haubonee obuiel GpyHKIMEH runepreoMeTpuyeckoro THIa, KOTopast IpH COOTBETCTBYIO-
UIMX 3HAYCHHSX ITAPAMETPOB BKJIFOUACT B ceOst AieMeHTapHble pyHKIH, (YHKIIUK OECCEIEBOro TUIA U
MHOT'HE JIpyrue crnenuanbable GyHknud, sisercs G-dynkuust Meiiepa. s Takux gyHkumii cnpasen-
JIMBO CBOIMCTBO MMETH CBOMM ITpeoOpa3zoBaHieM MeIiHa OTHOILICHNE TIPOU3BEICHUH TaMMa-(QyHKIINH
Oitnepa, aCHMITOTHKA KOTOPBIX B COOTBETCTBHUH C (popmynoit CTHpIIMHTa H3BECTHA.

Hacrosmmast pabota mocBsmieHa W3Y9EeHUIO aCHMIITOTHYECKUX cBOHCTB G-(yHkmmu Meiiepa cre-
LUAIbHOTO BHJA — SApa WHTETPAIBbHOTO MPEeoOpa3oBaHus MO0 MHIEKCY. 3allMCaHO MPEACTABICHHUE
G-dyHKIIUHN B BUAE TUHEHHONW KOMOWHAIIMHA 000OIICHHBIX THIIEPTEOMETPHIECKUX PSAAOB CO CTEIICHHBI-
M MHOutensMu. [Ipencrasnena gopmyna Ctupiaunra s raMMa-QyHKIUH Diljiepa KOMIUICKCHOTO
apryMeHTa, y KOTOpOro MHHMas 4acTh HEOTPAHHYEHHO YBEINYMBAETCS, a JNCHCTBUTENbHAs (UKCHPO-
BaHa. YCTaHOBJIEHBI acCUMNTOTHYECKUE oleHKH G-QyHKIMM Meliepa cnenmaibHOro BHIa NpU 00JIb-
HIMX 3HAYeHHAX mapamerpa. [lokazaHo, 4TO MOJIyYeHHOE Pa3jioKeHHe BKIIOYaeT B ce0sl B KauecTBe 4Ya-
CTHBIX CJIy4aeB U3BECTHBIE B JINTEPAType HEKOTOPHIE IpeIcTaBiIeHus QYHKIHI OecceneBoro THIa.

KaioueBsie ciioBa: acuMnroTnueckoe pasioxenue, G-¢pynkuus Meiiepa, npeoOpazoBaHus 110 HH-
IeKCy, PyHKIUHN OecceneBoro tuma, Gopmyna CTupiuHra.

L. D. Yarotskaya
Belarusian State Technological University

ASYMPTOTIC REPRESENTATIONS
OF SPECIAL MEIJER’S G-FUNCTION BY ITS PARAMETERS

The problem of asymptotic expansions of special functions with respect to indices or parameters
arises in connection with the certain classes of index integrals and transformations with respect to the
index. Meijer’s G-function is the most common function of the hypergeometric type, which includes el-
ementary functions, Bessel type functions and many other special functions. The Mellin transforms of
such functions are the ratio of the products of the Euler gamma functions whose asymptotics are known
in accordance to the Stirling formula.

This paper deals with some asymptotic expansions of G-function of a special kind related to the in-
dex integral transform. The representation of the G-function is written in the form of a linear combina-
tion of generalized hypergeometric series with power multipliers. We give the Stirling formula for the
Euler gamma function of a complex argument, for which the imaginary part is unbounded and the real
part is fixed. Asymptotic estimates for the Meijer’s G-function of a special form with respect to large
values of the parameter are established. It is shown that such expansion includes, as special cases, earli-
er known representations of Bessel type functions.

Key words: asymptotic expansion, Meijer’s G-function, index transform, Bessel type functions,
Stirling formula.

Benenue. [IpoGiemMa acHMIITOTHYECKUX pas-
JIOKEHUH CIEIUATbHBIX (QYHKIUHA 10 WHACKCAM
WM TapaMeTpaM BO3HHMKAeT B CBSI3U C HUCCIIEJOBA-
HUEM HEKOTOPBIX KJIaCCOB MHAEKCHBIX MHTETPAJIOB
[1] u mpeoOpazoBanuii Mo uHIEKCY [2]. AcuMIiTo-
TUYeCKHe TNpeACTaBIeHUs Ha OECKOHEYHOCTH IO
napamerpaM QyHKIMA MakaoHanbaa, YHUTTeKepa,
Jlexxannpa, runepreomerpuyeckoil ¢yHkuuu [ a-
ycca M HEKOTOPBIX JIPYTHX MOIy4eHsl B padbote [3],
aHaJIOTMYHBIE BOTIPOCH! JUTSI ABYX QYHKIUI Oecce-
JISBOTO THIIAa PaCCMOTpPEHBI B pabdote [4].

OO0mieli QpyHKIMEH THIePreoMeTPUIECKOTO TH-
ra, KOTopas MpH COOTBETCTBYIOIIUX 3HAYEHUSIX

Tpyabl BITY Cepuss3 Ne 2 2017

MapaMeTpoB BKIFOYAET B ceOs dmeMeHTapHbIe QyHK-
[I1Y, TIEPEUYNCIICHHBIC BHINIE CIEUaIbHBIC (QYHK-
UM ¥ MHOTHE Apyrue GyHkuuu, ssisietcs G-QyH-
kiusg Meiiepa. DIeMEHTBI TE€OPUU ITOH (PYHKIIUU
M3IIaraloTcs B CIIpaBOYHUKE [5].

WnterpansHble mpeoOpa3oBaHHus HECBEPTOU-
Horo tuna ¢ G-¢yHkuueir Meiiepa B sipe ObLIH
BBEJICHHI B paboTe [6] u uccnenoBansl B [7] B mpo-
crpanctee Qynkumit M (L),

Hactosmass pabora mocBsIleHa H3yUYEHUIO
acCUMNTOTHYCCKUX CcBOHCTB G-¢QyHKImu Meiiepa
CIICIMAILHOTO BHJa, BBEIEHHOUW B pabote [8] B
Ka4ecTBe sJ[pa MHTETPaIbHOTO MpeoOpa3zoBaHusl 1Mo
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MHJEKCY B BECOBBIX IIPOCTPAHCTBAX CYyMMHPYEMBIX
C KBagpaTtoM QyHKLUH.

AcuMnToTHYeCKOE MOBeleHHEe (YHKIMH TH-
MIEPreoMeTPUUYECKOr0 TUIA Pa3iIUyHO B 3aBUCHUMO-
CTH OT TOrO, YTO CTPEMHTCS K OECKOHEYHOCTH:
MapaMeTpsl, He3aBHUCHMas NEpEeMEHHas WU 3TH
BEIMYHMHBI BMecTe. MccnenoBanust B 9Tod o0nacTu
OCHOBaHbl WM HAa MHTETPAIBHBIX IpPEICTaBJICHU-
X, WM X€ HEMOCPEICTBEHHO Ha IuddepeHun-
aJIbHOM YpaBHEHMH, WJIM Ha MOAXOJSAIIEM paslo-
KCHHUH B OCCKOHEUHBIH psif [9].

Merton wuccnenoBaHusi B HacTosAwleld padore
OCHOBaH Ha npezctaBienun G-Qpynkuun Meiiepa B
BUJIE JIMHEWHOW KOMOWHAnmu OOOOIIEHHBIX T'H-
MEPreoMeTPUIECKUX PIOB U IpuUMeHeHHH (op-
myasl CtupiuHra Uit raMmma-gpyHkmun Jitnepa.

OcHoOBHasl 4acThb.

1. IpeaBapurennbubie cBegenus. G-QpyHKIHA
Meiiepa omnpezaenseTcss KOHTYPHBIM HMHTETPajIoM
Mennuna — baphaca

1 -
Gmn (a) J'\P(S)Z S ds (1)
(b) 21 7
JUIA  LENbIX HEOTPUUATENBHBIX M, H, p, (,
0<m<gq,0<n<p, KOMIUICKCHBIX @, W b ,upu
z#0, e

HF(b +S)HF (1—g,—s)

Y(s)= qu . @
IT F(l—bj—s)H T(a; +s)

IIpH 3TOM IyCThIe Mpou3BeneHus B (2) (eciau Tako-
BbIE HMEIOTCS) CUUTAIOTCS pPABHBIMH CIIUHHIIE.
3neck L — cnenuanbHO BBHIOpAHHBIA 3aMKHYTBIN
KOHTYp, MPOXOISAIINA Yepe3 OECKOHEUHO yaajeH-
HYI0O TOYKY WM Pa3JeNISIONIMN BCE JICBBIE TONIOCHI
s==b,—k ] = 1 ..., T, YUCIUTENS OT IMPAaBbIX
s=1- a+k L k=0,1,2,....

Ba)KHbIM CBOI/ICTBOM G-dyHKIHHN SBISETCS TO,
4T0 ee mpeobpasoBaHre MelinHa, onpeaenseMoe
PaBEHCTBOM

o

(9 )(s)=[ £ (£)¢*"dt, seC, 3)

0

SBIISICTCSL OTHOIICHWEM TPOU3BEJCHUN ramma-
dbyuxnui Ditnepa u coBnangaeT ¢ GpyHkmuei (2):

(thm ( ((Z; D(s) =¥ (s)

MIPU OTIPEJICTICHHBIX YCIIOBHUAX HA MAPaMETPBI.
3amena mepeMeHHOW B wmHTerpane (1) maer

dhopMyITy CHMMETpHH:
1-(b),
)@

ma| _|(a), -
iy J-ows (3

CoiictBo (4) mo3Bomser mpeodpasoBath G-
¢$yHKUMIO, A7 KOTOpoil p > ¢q, B G-pyHKIMIO, TAE
p<gq. llosTomy, He Tepss OOLIHOCTH, MOYKHO
CUYUTaTh, UTO p <q.

BaxHbIM psAIoOM B NPWIOKEHHSIX M TEOPHUU
CHEeUUANBHBIX (YHKUMH SBIAETCS 00O0OIICHHBIH
THIEPTEOMETPUYUECKUM PSLIT

Apeenny | _ - (al)k "(ap)k z*
qu(bl,...,bq’Zj /Z;)(

b)--(b,), k

coJep)Kaluii B YUCIHUTENE p, a B 3HAMCHATENE ¢
napameTpoB, K03()(UIHEHTH KOTOPOro ompese-
nsiroTes cuMBosioM [loxrammepa

)

(a), =ala+1)...(a+k~1),(a) =1.

Psnx B mpaBoit gacTtu (5) abCONMIOTHO CXOIUTCS
TIpH BCeX z, ecm p < g. OyHKIWH, MIPEeICTAaBUMbBIE
B BHJIE JAHEHHON KOMOWHAIIMKA OOOOLIEHHBIX T'H-
MEPreOMETPUYECKUX PAOOB, a Takke (YHKIHH,
KOTOpBIE MOKHO HEMPEPBIBHO MOIYYUTh U3 TaKOH
TUHEHHOW KOMOWHAIMK TPEACITBbHBIMHU TIepexo/ia-
MU TI0 TapameTpam, MPUHATO OTHOCHUTHh K KJaccy
(YHKIHA THIIEPTeOMETPUIECKOTO THITA.

OrMeruM, 4uto (yHKIEHM beccemst sBistoTcs
gacTHeIME ciiydasmu G-pyHkmm Meiiepa. Yka-
»KeM HeKoTophie npeactasienns [1], [10]:

1) dyaxmms MakgoHanbaa:

<2\/_) Gég( v/2,—v/2j; (6)

2) nuHelHas komOuHaums ¢yHkuuid beccens
nepBoro poaa u GpyHKIMKM MakaoHabaa:

[J_V (2v2xt) -, (22" )}K (2v2x) =
sin(nv/2)G3,0(
2V

3) nuHeiliHas KoMOWHanus (YyHKIUH THmep-
TeOMETpUYECKOro Tuna [4]:

cs(zﬁ,zr)=2LT1F2(1;1—m,1+n;x)_
4sh( [2”(2*ﬂ L. (2Vx) =

Sh(M)G“(
2

xO,V/Z,—V/Z,l/Zj; ™

®)

x 0,1/2
it,—it, 0,1/2 )

2. ITocTanoBka 3aaa4yu. M3yunth aCUMOTOTH-
Jeckne cBoiictBa G-hyHkumm Meiliepa crienmuanb-
HOTO BHJIa IEHCTBUTEIHFHOTO apryMeHTa
_Gm+2,n 2 1/2+(a),,,(a)n
N 2n2m+2 X

G(x) it, -, (b), ,1/2—<b>m)' )
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Oynkuust (9) paccmarpuBaiack B padore [8] B
Ka4ecTBE sIpa HHTErPabHOTO MpeoOpa3oBaHusl 1o
HHJCKCY.

[Ipeamnonoxxum, 4To

m2n,a;,beR, j=1,...,nk=1,...,m, (10)
Y HMKaKUE U3 MapaMeTpoB b,...,b, HE COBHAJAIOT
U HE OTJIMYAIOTCS Ha 1IEJI0€ YUCIIO.

Breipaxxenne G-pyHkumn Meiiepa depes -
HelfHbIe KOMOWHAIIMN OOOOIIEHHBIX THIIEPTEOMET-
pHUECKUX PAIOB (5) CO CTENCHHBIMU MHOXHTEIIS-
MU ciaenyeT u3 TeopeMsl Creitrep [10].

Teopema 1. Ilycte BemonHaeHs! yenoBus (10) u
YCIIOBHS

1 1 b
aj. >—5, aj >—§— s

j=L..,n, k=1...,m. (11)

Torma mis nercTBUTENHHBIX 3HaYeHUH X G-(PyH-
ko Metiepa (9) MOXHO TIPEICTaBUTH CIICTYTO-
UM BBIPAKCHUEM:

2Re, | ¥*T =2it,(b),, —it,1/2—(a), +it y
—(a), —it,1/2+(b), +it

< F 1/2-(a), +it1+(a), +it
202 1 4 2it,1—-(b),, +it,1/2+(b),, +it

(=1 x2) ]+ 3 T (it b, it - b, ) x

J=

| B n=b1/2-(a), +b, |
(@), —b,,1/2+(b),, +b,

{ 1/2=(a), +b,

XZnF ’
1-it+b;,1+it+b,,1-(b),, +b,,

2m+1

1+(a), +b,

(1) 2
1/2+(b)m+bj’( D ] (12)

rae (b), —b ; O3HadYaeT

By=bjseesb, =b b ~b b, —b,.

jH T m J

N3 dopmyn (12) u (4) HEMOCPEACTBEHHO BHITE-
KaloT aCUMIITOTHYECKHe OIeHKH mia G-QyHKIMu
(9) necTBUTEBHOTO apTyMeHTa!

O(xzﬁ),x—>0,[3:lr<ni<n{bj},
20) S m
, X —> 0o, oc:gaé{aj}.

G(x)=
O(le

Metos HaxOXIEHHS aCHMITOTHYECKHX BBIpa-
xeHuil ¢yHkumu (9) mpu (QUKCHPOBAHHBIX X H
OosbliX T OCHOBaH Ha MPUMEHEHUH (OPMYJIBI
CrupnuHra ans ramMMma-QyHKIun Jinepa [5]:
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[(z) =21z 2e (1+0(1D, (14)
zZ

Korja z —>oo u [argz|<m.
Jlemma. Ilpu T — +oo cripaBeJIMBO PABEHCTBO

1 o_m
Tatit)=2n1""2e 2 x

xexp{i—i{g(a—%)+tlnﬂ:—r}—O(%ﬂ. (15)

JlokazaTensCTBO OCHOBaHO Ha OIIGHKE OCTa-
ToyHOrO WwieHa ¢popmyinsl (14), ucxons usz dpopmy-
1el bune:

InT(z) =(z—ljlnz—z+lln(2n) +
2 2

oo —zt
+I[ 1 _1+l}et di, Rez>0. (16)

Ilycte z=0+it, o.>0. be3 morepu 0oOIIHO-
cti OyleM cuuTaTh, YTO0 Of ¥ T — JACHCTBHUTEIb-
Hble yncna. O003HauuM

Sl 1 1 1 e—((l+i‘t)t
o +iT) = e dt =
o ) '([[et—l t 2} t
=[o@y e ™dr, 0<y<l,
0
rie
11 1] g
)= ——+—= e, B=1-v.
() L,_l ; 2} B=1-v

OueBugHo, uto O(f) — QyHKUUS OrpaHMYEHHON
Bapuaimu Ha uHTepBase (0;+eoc). Bomee Toro,
HUMEIOT MECTO ACUMIITOTHYECKUE COOTHOLLICHHUS:

o) =0@"),

O =0 Pe™), t—> oo,

t —+0,

Ortcroaa, cornacHo Teopeme 126 u3 [11], momyunm

o(o+it)= ]f(])(t)fy cos(Tt)dt +
0

+ i]‘o o)t " sin(tt)dt = O(lj, T—+oo. (17)
0 T

B cury (16) u (17), 3armumem dopmyiny (14) B
BUJIC

I'(oxit) =\/%exp[(oc—%iifc]x
x{ln\/r2 +0o? iiarctgl}—aiir—()(lﬂ =
o

T
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2n,ccx 1/2 —m/zx

cenlo[5fa e o o1

Otcroma mocne HENOCPEICTBEHHBIX MNpeodpa-
30BaHMi cheayet hopmyna (15).

Teopema 2. IlycTb BBINOJHSIOTCA YCJIOBUS
(10). Torma cmpaBeAnMBO aCUMIITOTUYECKOE pa3-
noxenue GyHkumu (9) npu T — +oo :

G(x) =2ne_mt_l[ cos((2m 2n+2)x

1
N
2
X X T
X (TlnT_T)_ZTm(EJ+W+EXJ+

m X ij 1/2_(61),, +bj
+ZCJ(;j 2nF2m—l ’
=

1-(b) ,, +b,
1+(a), +b, wom (XY 1
1/2+(b),, +b;’ ; (=D (rj H(HO(;D’(IS)
rae
_m-n+l n+1

x= 2Zb +2Z

o _p| @a-b1r2-(), +b, |
T @), =b,,1/2+ (), + b

Jloka3aTensCTBO OCHOBAaHO Ha TNPUMEHEHUU
JIEMMBI JIJIS1 TaMMa-MHOKUTENICH B MPEICTaBICHUN
(12) dysaxmum (9). Onenum cumBoi ITloxrammepa
nopu T—> +oo;

T 1 of ).

(a+i7), ['(a+it) T

Torma mepBbIii TUIIEPreOMETPUUYECKUM DS B
¢dopmyiie (12) oLleHUM CIIeayIONM 00pa3oM:
1/2-(a), +it, 1+(a), +it

2n 2m+1(1+21ﬁc,1_(l’))m +ZT’ 1/2+(b)m +ZT’

o uo (1/2-(a), +it),
( 1) ) /\}1%“’/{ 0(1+21T)k(1 (b)m+lr) *

y (1+(a), +i1), ((—1)”"”x2)k
(1/2+(b),, +it), k!

k
' M (_l)n—m(iT)Zn—Zm—l xz 1
ZAI}ELZ k! B 1+0 7))
k=0 .
. 2
:exp(——z ljf(rnn)}(l+0(l)),re+oo.
T T

AHAIOTHYHBIE PACCYIKACHUS JJIs1 BTOPOTO Cia-
raemoro B (12) npuBonar k cooTHomenuto (18).

U3 dopmyner (18) crnenyroT clieayomnue acium-
MTOTUYECKHE Pa3IoKeHus A GyHKiwid (6)—(8):

K, (x)= \/7 T s1n(rln ) r+n+x—j
47
X(HOGD,‘C—>+°°, (19)

[/ (232x) = 1y, (242x) | Ky, (242) =
{co{f@ni; izt

x[ ] T—> too, (20)

2
(2x,21) [\ﬁ cos tln——1_3_n+x_5}r
T 4 2t
2 }[HO[ D,r—>+oo. 1)
T —x T

OrMeruM, uto dopmyna (19) yrounser acum-
MITOTUYECKOE DPA3JIOKEHUE, TONYIeHHOE B MOHO-
rpadum [12, c. 182].

3akmiouenue. /g1 G-bpyakmun Meiiepa 3amm-
CaHO TIpe/ICTaBIICHUE B BHJE JIMHEHHOW KOMOMHa-
A OOOOIICHHBIX THUIIEPTEOMETPHUCCKHUX PSIO0B
CO CTeneHHBIMH MHOXHTeTsIMHA. [IpemcraBmena
dhopmyna Ctupnuara U1 TaMMa-(QyHKITIH DHepa
KOMIUIEKCHOTO apryMeHTa, y KOTOPOTO MHHMas
4acTh HEOTPAHWYEHHO YBEIMYUBAETCS, a JIEHCTBH-
TenbHas (PUKCHPOBaHA. Y CTAHOBIIEHBI ACUMIITOTH-
geckue oreHkn G-QyHknum Meliepa creruaibHO-
ro Bua Ipy OONBIIHMX 3HaUeHUsX mapamerpa. [lo-
Ka3aHo, YTO TMOJYYEHHOE pPa3ioKeHHe BKIIOYAET B
Ka4yecTBe YAaCTHBIX CIy4aeB M3BECTHBIE B JIATEpa-
Type npeAcTaBiIeHns QyHKIHI OecceIeBOro THIIA.
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H. I1. Mo:xkeii
Benopycckuii rocyiapcTBEHHBIH YHUBEPCUTET HHOOPMATHUKA U PaTUOIIEKTPOHUKH

HOPMAJIBHBIE CBA3HOCTHU HA CUMMETPUYECKUX MHOT'OOBPA3UAX

B pabote npencrasieHa JokanbHas KiIacCH(pUKAIM TPEXMEPHBIX CUMMETPUYECKUX OJIHOPOIHBIX
MIPOCTPAHCTB, AOIMYCKAIOIIMX HOPMAJIBHYIO CBSI3HOCTb. B cTaTbe paccmarpuBaercs ciydail Hepaspe-
muMoit rpymnsl JIn npeoOpazoBanuii. JlokaneHas kinaccuuKanusi 0JHOPOIHBIX POCTPAHCTB KBHBA-
neHTHa onucaHuio 3¢dexTuBHbIX map anredp JIu. Onmcanbl MHBapuaHTHBIE a(UHHBIE CBSI3HOCTH
BMeECTE C MX TEH30paMH KPUBHM3HBI U KPYUEHHsI, HCCIIEOBAHbI alreOpbl TOJIOHOMUH OJAHOPOAHBIX IPO-
CTPaHCTB M HaWJEHO, KOTJa MHBapWaHTHAs CBA3HOCTh HOpMasbHA. VlccrenoBaHMsl OCHOBaHbBI Ha HC-
TI0JIb30BaHNUM CBOMCTB anredp JIu, rpynm JIn 1 oMHOPOAHBIX MMPOCTPAHCTB M HOCST, TIIABHBIM 00pa3oM,
JIOKaNbHBIN XapakTep. OCOOEHHOCTBIO METOJOB, NPEICTaBICHHBIX B palbOTe, SBIAETCA MPUMEHEHHE
YHUCTO alNreOpanveckoro IMoAX0/a, a TAKKE COUETAHUE PA3IMYHBIX METOAOB IU((epeHIHaNbHON reo-
METPHH, TEOPUU TPyNH U anredp JIu u Teopun 0HOPOIHBIX TPOCTPAHCTB.

KiroueBble ciioBa: HOpMalbHAs CBSA3HOCTh, IpyIiia MpeoOpa30BaHUil, CHMMETPHUECKOE IMPO-
CTPaHCTBO, ajredpa roIOHOMUH.

N. P. Mozhey
Belarusian State University of Informatics and Radioelectronics

NORMAL CONNECTIONS ON SYMMETRIC MANIFOLDS

In this article we present a local classification of three-dimensional symmetric homogeneous spaces
allowing a normal connection. We have considered the case of the unsolvable Lie group of transfor-
mations. The local classification of homogeneous spaces is equivalent to the description of the effective
pairs of Lie algebras. We describe invariant affine connections together with their curvature and torsion
tensors. We have studied the holonomy algebras of homogeneous spaces and have found when the in-
variant connection is normal. Studies are based on the use of properties of the Lie algebras, Lie groups
and homogeneous spaces and they mainly have local character. The peculiarity of techniques presented
in the work is the application of purely algebraic approach, as well as combination of methods of dif-
ferential geometry, the theory of Lie groups and algebras and the theory of homogeneous spaces.

Key words: normal connection, transformation group, symmetric space, holonomy algebra.

Beenenune. IlonsATHE HOPMANIBHOM CBA3HOCTH
BBen O. Kapran 1yt ppumaHoBa MHOT000pasus (cMm. [1]).
MHuoroobpa3ust ¢ TUIOCKOW HOPMaJBHOW CBSI3HO-
cteio uccnenoanu J. U. llepenenkun u ®©. dabd-
putmyc-breppe, a taxxe 3. Kapran. Utoru stux
WccIeioBaHmi noaseneHs! B MoHorpaduu b. Yena [2].
CuMMeTprYecKre MpOCTPaHCTBA 00JIafaroT Mare-
MaTHYeCKH KpPacCHBBIMH CBOWCTBAMH — 3TO TIPO-
ctpancTBa adPUHHONW CBSA3HOCTH 0€3 KpyJCHHS,
TEH30p KPUBHU3HBI KOTOPHIX COXpaHSAETCS MpH Ta-
pamiensHOoM niepenecenu (cMm. [1]). Cummerpuue-
CKHE PUMAaHOBBI IIPOCTPAHCTBA BIIEPBBIC UCCIIEIO-
Ban 1. A. llupokos, knaccupuKkaiys puMaHOBBIX
CUMMETPHYECKHX MPOCTpaHCTB momydeHa J. Kap-
TaHOM, UM OBIJJa pelIeHa W 3ajJava JOKaJbHON
KJIACCU(UKAIIMA CUMMETPHUYECKAX OIHOPOIHBIX
MPOCTPAHCTB C MPOCTHIMU KOMIAKTHBIMH OCHOB-
HeiMu rpynmamu (cMm. [3]). TpexmepHbie pemyk-
THUBHBIE OJHOPOIHBIE MPOCTPAHCTBA C Hepaspe-
ITUMOW TPYNION Mpeodpa3oBaHUM, MOITYCKAIOIIHE
HOPMAaJIbHBIE CBS3HOCTH, HM3ydYaauch B [4], cuM-
METpUYECKHEe OJHOPOJHBIE MPOCTPAHCTBA C pas-
pemmnMoii rpymmoil mpeoOpa3oBaHUM, IOMYCKalo-
1I1e HOpMaJbHBIE CBS3HOCTH, UCCIEAyoTcs B [5],
rJie MpHUBeAeH 0ojee MOAPOOHBIM TEMaTHUCCKUN

0030p, a Takke 0OOCHOBaHWE NMPUMEHSEMBIX Me-
TOJIOB; TIPHM HM3JIO)KEHWH COXPAaHEHBI 00O3HAYCHHUS,
BBEJICHHBIEC paHee. B manHOW paboTe Takxke H3y-
YarOTCS HOPMAJbHBIE CBSI3HOCTH HAa CHMMETpHUYe-
CKHUX MHOT000pa3usix, HO BHUMaHHE COCpelI0TOue-
HO Ha MPOCTPAHCTBaX, Ha KOTOPBIX JEHCTBYET He-
paspemumasi rpymnmna npeoopa3oBaHuil.

1. OcHoBHble ompenenenHusi. Ilycte M —
muddepeHInpyeMoe MHOToo0Opaszue, Ha KOTOPOM
TPaH3UTHBHO JelcTByeT rpymma G, G=(_?x -
CTa0UIM3aTOp MPOU3BOIBHON Toukn xe€ M. Ilpo-
Onema KiaccUpUKAIUN OJHOPOTHBIX POCTPAHCTB
(M, G) paBHOCHIbHA KIacCH(UKALMA Tap TPYIII
Ju (G,G), tne GG, Tak kak M MOXeT GbITh
OTOXKAECTBICHO C MHOTO00pa3WeM JIEBBIX CMEX-
HeIX KimaccoB G/G. Ilycte § — amre6pa Jln
rpymnsl Jlu G, a g — mopanre6pa, cOOTBETCT-
Bytomas noarpynmne G. Ilapa (g,g) amre6bp Ju
HaspIBaeTcsa 3QGEKTUBHON, €U Imoganredpa g He
COJECPKUT OTIMYHBIX OT HyJNs uzaeanoB g. Ilapa
(9,9) Ha3BIBAaETCS U30TPOITHO-TOYHOU, €CITH TOYHO
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HU30TPOMHOC MPEACTABJICHUEC (. HCO6XO,I[I/IMO€ ycC-

JIOBUE CylIecTBOBaHMA a(PUHHOM CBA3HOCTH CO-
CTOUT B TOM, YTO IPEACTABICHUE U30TPOIUU AT

G nomxHO OBbITH TOYHBIM, ecii G 3dexTrBHA Ha
G/ G . Apgpunnoii cessnocmoio Ha nape (g, g) Ha-
3bIBaeTCs Takoe oroOpaxkenwe A:g — gl(m), uyto
€ro OrpaHUuCHHE Ha g — HM30TPOMHOE MPEICTaB-

JICHUC HO,Z[aJ'IF€6pBI, a BCC OTO6pa)K6HI/IC ABIACTCA
g -UHBApUAHTHBIM. TaM, g€ 3TO HE 6YZ[6T BBbI3bI-

BaTh PAa3HOYTCHHUS, OYyJEM OTOXACCTBISITH IOJ-
MPOCTPAHCTRO, AONOJHUTEIBHOE K g B @, U (ak-

TOP-TIPOCTPAHCTBO M =g /g.

Cummempuueckoe npocmpaHcmeo €cTb TPOil-
Ka (G, G, 0), cocTosIIast U3 CBS3HOW rpymnmsl Jlu
G, 3amkHyTO# moarpynnsl G ans G M MHBOJIO-
THBHOTO aBTOMOpGU3Ma G mmsi G TAaKoro, 4To
o(g) = 5,°g°s, ' mna ge G, THe s, — CAMMETpHS s
M B o. Ilycts (g, g, 0) — cUMMeTpuUIecKas anreopa
JIu. TlockonbKy G WHBOJIOTHBHO, TO €r0 COOCT-
BEHHBIMHU 3HAYCHHUSIMH siBIsitoTest 1 o —1, a g —
coOcTBeHHOE noanpocTpancTBo A 1. [Tycte m —
cOOCTBEHHOE TOANIPOCTpaHCTBO uisi —1. Paszmosxke-
HUE § = g+ m Ha3BIBACTCS KAHOHUYECKUM pa3-
nooicenuem st (g, g,0). Ecmn g = g+ m — kaHo-
HUYECKOE Pa3JIOKEHNE CHMMETPHUYIECKOH anreOpsl JIu
(g,9,0), 10 [g,g]c g, [g.m]cm, [m,m]cC
g. Tenzop kpyuenusa T e Ianzl(m) U TEH30p
KpUBU3HHI R e Ian31(m) HAMEIOT BH]I

T(Xps V) = AX) Y, — AO)x, =[x, 1],
R(Xps ) = [AG), A= A(lx, y])

JUISL BCeX X, Y€ ¢g. Anrebpa Jln f)* TpYyHIbI TOJIO0-
HOMHH MHBapuanTHoi cesasnoct A:g— gl(3, R)
Ha mape (g,9) — 510 momanreGpa anreGpel Jiu
gl(3,R) Buma V+[A(9),V]+[A(9).[A(9),V]]+
+..., TIe V — HOAIPOCTPAHCTBO, MOPOKIEHHOE
{[A(x), A= A([x, yD | x,y€ 8}
[lonoxkum @ pasHoii momanrebpe B g3, R),
nopoxaenHoi  {A(x)|xe g}.

MHOXCCTBOM

Bynem roBopHuTh,
YTO CBA3HOCTb HOpMANbHA, ecii b = d.

2. Kiaccupukanusi cHMMeTPHYeCKHX Hpo-
crpancTB. bynem omucweiBate mapy (9, 8) mnpu
nomomy  TabaMIBl  yMHOMkeHHs 9. Uepes
{e,,....e,} obozHmauum Gasuc g (n=dim g). By-
JIeM [oNaraTh, YTo § MOPOKAAETCH €, ..., €, 3, 4
{uy=e, ,u, =e, ,u;=e,; — Gasuc m. Jlna ny-

Mepaunuun noz[anrer HCIIOJIB3YEM 3aIllUCh d.l’l, JJIs
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HyMepauuu nap — d.nm, 31ech d — pasMepHOCTh
noxanredpel, n — HoMep noxanreopsl B i3, R) |
a m — Homep mapel (g, 9). Bynem omnmchiBaTh
CBSI3BHOCTh uepe3 o00pas3bl 0a3HCHBIX BEKTOPOB
A(uy), A(u,), A(uy), Tensop KpuBusHbl R — ye-
pes R(u;,uy), R(uy,uy), R(u,,us), a Tensop kpy-
wenust T —uepe3 T (u;,uy), T(up,us), T(uy,uy).
Teopema 1. Bce TpexMepHblE CUMMETpUYE-

CKHE OJHOPOJHBIE MPOCTPAHCTBA, JIOIYCKAFOIIUE
HOPMAJIbHYIO CBSI3HOCTh, TaKWe, 4TO ¢ Hepaspe-

muma, a g paspemmuma (g# {0} ), JokaabHO HMe-
0T CIICTYFOLHIA BUI:

115| (4 [Z31 175 Uus
(4] 0 [Z31 —Uy 0
[Z31 —U 0 (4] 0 .
Uy 125 —€] 0 0
U3 0 0 0 0
135| €] [Z31 Uy U3
€ 0 Uy U 0
u Uy 0 €] 0 .
125 —Uu; —€ 0 0
us 0 0 0 O
1.3.6 | € U [Z5) [Z%}
(4] 0 —Uy [Z31 0
[Z31 125 0 —€] 0 .
Uy —U € 0 0
U3 0 0 0 0
29.12 | ¢ e U U U3
) 0 —e, u  —2u, 2us
e e 0 0 0 i
U —u; 0 0 e 0o
Uy 2u, 0 -—e 0 —e
U3 —2u; —u; 0 e 0
3.19.14 €1 [} €3 [Z3] [Z5) us
€1 0 —e) e3 0 Uy —Uj3
(%)) (%)) 0 0 0 [Z31 0
e3 —e3 0 0 0 0 U ,
[Z31 0 0 0 0 e3 €
125 —Uy; —U 0 —e3 0 (4]
us us 0 —Uuy —€ —€; 0
3.21.6 (4 (%) e3 [Z3] 175 Uus
e 0 —-e e 0 - w
€ es O 0 0 wu O
e; -e 0 0 0 0 uw ,
u 0 0 0 0 e e
uy us —u; 0 —e 0 ¢
us -u; 0 —uy —-e5 —e O
3.21.7 €] € €3 [Z31 Uy Us
(4] 0 —e3 € 0 —U3 Uy
€ €3 0 0 0 [Z31 0
(%] —€) 0 0 0 0 [Z3]
[Z31 0 0 0 0 —€; —€3
U us —Uy 0 (%) 0 —€]
us —Uy 0 —Uu; e3 (4] 0
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3ameuyanue. Ecnum Ha mapameTpbl, HOSBIAIO-
myecss B mpolecce KiacCu()UKAlK, HakKiaIbIBa-
IOTCSl HEKOTOPBIE JOTONHUTEIbHBIE YCIOBHS, TO
OHM 3alMCBIBAIOTCS Cpa3y Mociie TabIUIbl YMHO-
XeHus. B mpoTHBHOM citydae Mmpeamnonaraercs, 4ro
napameTpsl npoberarot Bce R.

Jokasamenvcmeo. CHavalla ONHCAaHBI TpPEX-
MEpHBIE HM30TPOMHO-TOYHbIE mapel. g 3toro
knaccugunupoBansl noganredopsl g B gl(3,R), a
Janee HalJaeHb! (C TOYHOCTHIO JIO SKBUBAICHTHOCTH)
mapel (g,g). VI3 HUX BBIOpaHBI CHUMMETPHYCCKHIE

Mapsl ¢ Hepa3peMMol g M pa3pelMon g, TOMmyc-
KaloIe HOPMAJIbHYIO CBSI3HOCTB, T. €. JJIs1 KOTOPBIX
g=gtm, gnm=0, [g.g]cg, [g,m]cm,
[m,m]Cg.

Ecin g — paspemmmas noganredpa anreOpsl
gl(3,R), Takas, yto mapa (g,g) 3amaeT Tpex-
MEpPHOE CHMMETPHYECKOE OJHOPOJHOE TMpO-

CTPaHCTBO, MAOMYyCKaloUlee HOPMAIbHYIO CBS3-
HOCTh, § He sBIgeTcs paspemmumoit u g+ {0},

TO ¢ CONpPSDKEHA OJHOW M TOJBKO OJHOW U3 Clie-
OYIONIUX Moaanreop:

X X y X
1.1 -x [ 1.3—x ;2.9 -2y ;
2y
y z Yy z
3.19] «x ;3.21 x|
—X —x

31ech mpemnoiaraeTcs, 4To mepeMeHHbIe 000-
3HAYCHBI JIATHHCKUMH OyKBamMH M TprHayiekar R .
Ba3uc momanreOpsel, 0 yMOJIYaHHUIO, OYJIeM BBIOH-
paTh, MPUAAB OJHOW W3 JIATUHCKUX IEPEMEHHBIX
3HaueHue 1, a octanbHbIM 0, HyMepanus 0a3uCHBIX
BEKTOPOB COOTBETCTBYET all(haBUTY .

Jlns kakmo#t Takol momanreOphl HalmeM H30-
TPOIIHO-TOYHBIE Maphl. PaccMoTpum, Hampumep,
napy tuna 1.1. U3 ToxxaectBa Ako0u criexyer, 4to
[, u,]1= aye, + 0uy, [uy,us]= Py, [uy,u,]= You,.
Ecmu B,+7v,#0, T0 a,=0;=0 u mapa (g,g)
SKBHUBAJICHTHA Tape, HE BXOAALIEH B paccMaTpu-
BaeMblii B pabore wimacc map. Ilpu B, +7v,=0,

a,#0 u o, %0 mapa skBuBaneHtHa 1.1.5. Ilpu
B, +7,=0, a0, =0 napa 5KBUBaJICHTHa OJTHOU W3
nap, He BXO[SIIMX B U3y4yaeMblil B paboTe Kiacc.
Paccmorpum Teneps mapy tuma 1.3. Torma
le,,u,]=—u,,le,u,]=u, [e,u]=pe,pecR. U3
TokAecTBa SIkoOu momyuum [u,,u,]= a,e + o,u;,
[u,,u,1=B,u,, [uy,u,1=Bu,. Ipu o, =0,a %0

napa (9,9) skeusanentHa 1.3.5 wm 1.3.6 mocpenct-
BOM 7.5:55(6) _>§7 Tc(el) T Tc(ul) = | q, |u15 n(uz) =
=l a, [uy, M(u;) =u,. Haper 1.3.5 n 1.3.6 ne >xBH-

BAJIEHTHBI, MOCKOJILKY mogairebpa Jlesu (gq,ds)
usomopdua s1(2), a momanreGpa Jlesu (gq,g)
momopdua 5[(2,R). B ocransubix cnyuasx (g,9)

9KBUBAJICHTHA OJHOW M3 Hap, HE BXOJIIUX B pac-
cMaTpHuBaeMblil B paboTe Kiacc.
Paccmotpum teneps monanredpy 3.21. Torna

[e,u,]=0,[e,,u]= pez,[e3,u1] = pe;,
[el,uz] =qge; —u3,[ez,u2] = ul,[e3,u2] = peé,
[61:“3]:u2 +r63,[ez,u3]=—pel,[e3,u3]=u],

npu p #(0 TpocTpaHCTBO HE ABIAETCS CUMMETPHU-
yeckuM. Ecimm p=0, To umeem: mpu r #0 mpo-
CTPaHCTBO TaKKe€ HE SIBIAETCS CUMMETPHUYECKUM,
npu a, =r =0 mapa 5KBHBaJICHTHA TPHUBHAIbHOU
nape, anredpa sSBISETCS pa3pelMoil 1 He BXOIUT
B paccMaTpuBaeMblil B paboTe kiacc aiaredp, mpu
a,>0, r=0 mnapa (g,g) OSKBUBAJICHTHa Iape
3.21.6 (3TO TIPOCTPAHCTBO SIBISICTCSI CHMMETPUYIE-
ckuM), npu a, <0, r=0 mnapa SKBUBaJECHTHA
3.21.7. dim Dyg, # dim Dy,

dim Dg, # dim Dg,, noganre6pa Jlesu B g, u3o0-

3aMeTUM,  4TO

moppHa s((2,R), a monanrebpa Jlesu B g, u30-
MophHa su(2). Orcioga ciemyer, 4TO Maphbl HE
SKBHUBAJICHTHBHI JIPYT IPYTY.

OcTanbpHbIe CITy4an UCCIEAYIOTCS aHAJIOTHIHO.

ITapa (g,g) Ha3BIBaeTCA MPUBUATLHOU, €CITH
CyLIECTBYeT KOMMYTATUBHBIN HIeanl a B anredpe
JIu g, Takoii, uto gP@a=4g.

Teopema 2. Bce TpexMepHble CUMMETpUYE-
CKHE TPUBHAJIbHBIE OJIHOPOJHBIC MPOCTPAHCT-
Ba, JONYCKalolle HOPMAJIbHYI CBSI3HOCTb,
Takue, YTO ¢ W @ Hepa3pelIuMbl, JIOKAIbHO
umeror Bug g®@a=7g, roe g (momanreOpa ai-
reopsr JIm gl(3,R)) compspkeHa TONBKO OIHOM
n3 moganredp

Xy Xy y X
331z —x ;3.4 vy ;3.5-y z|.

z —X —X -z

Bce TpexMepHBIE cCHMMETpUYECKHE HETPUBHU-
aTpHBIE OJHOPOJHBIE TPOCTPAHCTBA, JOIMYC-
Kalollie HOPMabHYIO CBSI3HOCTH, TaKWe, YTO

U ¢ Hepa3peluMbl, JTOKATbHO HMEIOT CIETyIo-
AN BUI:
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342 | e e e3 U U Uz
e 0 e —e3 u 0 —us
e -e 0 e 0 u wu
e es —-e 0 u, us 0
U —u; 0 —u, 0 e -—e
Uy 0 - —-u3 —-e 0 -—e
Us us —-u, 0 ee e 0

343 (4] (%) (%] [Z31 [Z5) Uus
el 0 () —e3 [Z31 0 —Uj3
(%) —e) 0 el 0 [Z31 U
e3 es —€1 0 U us 0 .
[Z31 —Uy 0 —Uy 0 —e) (4]
U 0 —Uy —Uj3 () 0 es
us Uus —Uy 0 —€1 —€3 0

352 €] € €3 [Z]] Uy Uus

(4] 0 €3 —€ —Uj3 0 [Z31
€ —e3 0 (4] —Uy [Z51 0
(%] (%) —€] 0 0 —Uus u; ,
[Z31 us Uy 0 0 € €]
175 0 —Uq us —€) 0 [}
us —Uy 0 —U; —€; —€3 0

3.5.3 el () e3 [Z31 Uy Uus
(4] 0 es —€; —Uj3 0 [Z31
(5] —e3 0 (4] —Uy 73] 0
e3 () —e] 0 0 —U3 175
[Z31 us U 0 0 —€; —€)
175 0 —Uy Uus () 0 —e3
Uus —Uy 0 —Uy (4] e3 0

Jlokazamenvcmeo. Bce TpuBHANbHBIE OJHO-
POIHBIC TPOCTPAHCTBA SIBIAIOTCS CHMMETpHYC-
ckuMu. B Teopeme BBITHCAHBI HEpPa3peUIUMbIE 1O~
nanreOpsl anreoper JIu gl(3,R), momyckaromume

HOPMAJIbHYIO CBA3HOCTD. AHaorugHo MMPpUBECACH-
HOMY BBIIIC, €CJIM ¢ — HEpazpeiInmas HOI[aJ'IF66pa

anreopsr JIu gl(3,R), takas, uro mapa (g,g) He-

TpUBHAJIbHASL  CUMMCTPHUUYCCKAsA, AOITyCKaromas
HOPMAJIbHYIO CBA3HOCTD, a ﬁ HEpaspeuuma, To g

CONpSDKEHA OJHOM M TOJIBKO OAHOM M3 mojanreop
3.4, 3.5. HaiineM U30TpONHO-TOYHBIE MAPHIL.
Paccmorpum napy (9,9) tuna 3.4. Ilycts b
(HUIIBIIOTEHTHAs oanredpa anreOpsl JIu g) mopo-
7ieHa BekTopoM ¢, g (h) =Re, ® Ru,, g (h) =
=Re,®Ru;, g7(h) =Re;®Ruy, [u,,u,]e g"(h),
[u,,u,1€ 37 (H), [u,,u;]e g7 (h), Torma, ucmomns-
30BaB TOXXIECTBO SKOOM, MOTydHM, 4TO [u,,u,]=
= ey + o, [ur,us] = —aser + s, [un,us] = —azes +
+ oyuz. Iomoxum p=a,+o; /4. Tlpy p=0
napa (g,9) SKBUBAJECHTHA TPUBUAIBHON Mape mpu
HOMOIIM OTOOpakeHust mw:g, — g, n(e)=e,
i=1,3, W) =u— (0, / 2)e,, Wu,) =u, + (0, / 2)e;,
(uy) =u, + (0, / 2)e,. Ilpn p>0 mapa (g,g) k-
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BuBanenTHa 3.4.2, mpu p <0 mapa (g,g) SKBHBa-
neHTHa 3.4.3.

Iockonbky dimt(g,)#dimt(g,) u dimt(g,) #
# dimr(g,), (9,,9,) He
(9,,9,) 4 (9;,9,). Ilockonbky g, — mpocras ai-
rebpa Jlu (g, =s((2,C),), a anredpa Jlu g, He
npocta (g, = sl(2,R)xsl(2,R)), naps! (g,,9,) 4
(9;,9;) HE SKBUBAJICHTHBIL.

napa OKBHBAJICHTHA

Paccmotpum mapy tuma 3.5. B cuny Toxxaecta

Sxo6u (¢ yueToMm TOro, 4ro g — MOJYIpOCTas ai-
rebpa JIn) [u,u,]=ae, +ou;, [u,u;]=a,e —

— Oy, [uy,us]=a,e; +o,u,. Tlonoxum p=
=la, -0l /4" npu a, #0 /4.

1. 4a,=0:. Tlapa (g,g) OKBUBAlEHTHA TpH-
BUAJILHOU I1ape IIOCPEACTBOM T g, = g, T(e,) =e,,
i=1,3, () =u, + (0 / 2)e;, Wu,) =u, — (0t / e,
(uy) =u; + (0, / 2)e,.

2. 4a, >Oc§. Ilapa (g,g) »xBuBanentHa 3.5.2
n:g,—g, me)=e, =13,
() = p(u, +(04/ 2)e;), M(u,) = p(u, — (0 /2)e,),
T(uy) = pus + (0 / 2)e, ).

3. 4a, <0. DxBuBajeHTHOCTH map (g,g) H

npu nomMouu

3.5.3 onpenensierca n:g, > g, n(e)=e,, i=1,_3,
w(u,) = p(u, +(0, / 2)ey), m(u,)=p(u, —(0,/2)e),
(uy) = p(uy + (04 / 2)e,).

Hockomeky t(g,) # {0} u t(g,) =rt(g;) ={0},
HU ogHa u3 map 3.5.2 u 3.5.3 He SKBUBaJICHTHA
TPUBHAIBHON mape. 3ameTuM, uto anredpa Jlu g,
npocta (g, =sl(2,C); ), a amrebpa Jlu g, He
npocta (g, = su(2)x su(2)). Orcrona cuexyer, 4rto
napsr 3.5.2 u 3.5.3 He PKBUBAJICHTHEI.

3. CBSI3HOCTM HAa CHMMETPUYECKHUX IIPo-
cTpaHcTBax. [lis Hal[CHHBIX TMap BBITUCHIBAEM
adGuHHBIC CBA3HOCTH, TCH30PBI KPUBU3HBI U KPY-
YeHUs, anreOphl rojsoHoMuu. Haxomum anreOpbl
TOJIOHOMHH YKa3aHHBIX CBSA3HOCTEH M OTIpelelisieM,
Korna appuHHAS CBI3HOCTh HOPMaJIbHA.

llooaneebpa g — paszpewuma. Paccmorpum,

Hampumep, mapy 2.9.12. [IpssMbpIMA BEIYUCIICHASMHE
nonyduM A(u,) = A(u,) = A(u;)=0. Tensop xpu-
BU3HBI MMEET BUJ, YKa3aHHbIAH Hike. AnreOpa,
NIOPOXKICHHAA MHOXECTBOM R(u;,u;), T. e. V=

={[A(x),A(»)]= A(lx,y])| x,y€ g}, copmanaer c
anreOpoii ToJoHOMUH (TakuM obpazom, anredpa ro-
JIOHOMUH COBEpIIEHHA). JeHCTBUTENBHO, TOCKOIBKY
cBsi3HOCTH TpuBHabHA, A(g)=A(g) u [A(g),V]=
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=[A(g),V]1=V, Tak kak A(g) coBmagaer c V' . B nman-
HOM ciydae a; = A(g) u h' = a5, T. €. CBS3HOCTB

HopManbHa. TeH3op KpyueHus HyjdeBoil. Ocraib-
HBIE CITyYyal pacCMaTpPUBAIOTCS aHAIOTHYHO.

TakuM 00pa3oM, TPSMBIMH BBIYUCICHUSIMHU
HaXoJIuM, 4TO aQQHUHHBIE CBI3HOCTH HMEIOT Clie-
IYIOLIANA BUL!

1.1.5 0

0
0

q3111 — 1343 0 0

0 P33P 3
0 0 ,

D305, 133P3, 0
0 0 0

0 0 r3753 — 12453

ITapa Ad¢unHas CBI3HOCTD
3.19.141 (0 0 0)(0 0 ¢,)(0 n, O
0 0 OJ, 00 010 0 O
0 0 0J)l0O 0 0){0 0 O
3.21.6 00 0)(0 g, 45
3.21.7 (0 0 0,0 0 O |
0 0 0){0 0 O

0 43 Y
0 0 0
0 0 0

1.1.5 0 0 ps|(0

0
0 0 0L 0 0 gy
0

1.3.5,
1.3.6

-A H¥l 0
-HH -4 0 |,
0 0 24
0 pisrs=h,PisTiaDas
0 posrssHioPisaPas |
C 0
0 =pyar3 =1 ,pi 3t Doy
0 Pl Pis TPy |
F 0
A==p,3D5; + Pi3Dss
H=p,;py,+ P05,
B=p; i1, = D3l s —hsPsy
C=pshis+ Psohiy —T53Ps,
D==p;,1,=p;ihi, + 1305,

F= P3ihy — Piphy —13Psg

O ooy oo

1.3.5 0 0 Pis 0 0 2R
1.3.6 0 0 JZENE 0 0 Pz |

P Pip 0 P3P 0

2.9.12

-1 (0 0 0)(1 O O
,0 0 0,0 =2 0

0
0
0 00 0)l0O 0 2

0
0

[Tapa

Tenzop kpyueHus

3.19.14

(05 09 0)’ (O’ 090)5(%,3 - 7”1,2:0,0)

3.21.6,3.21.7

(0,0,0),(0,0,0),(2¢,5,0,0)

Ky ha O
7, Ky 0
0 0 r;
2.9.12 TpuBUaJIbHAasK (HyJeBas)

TeH30pbl KPUBU3HBI U KPYUEHUS:

1.1.5

(0’0’p3,2 —4s, )9(171,3 _’1,1’0,0),
(Oa%,a —1”2,2,0)

1.3.5,1.3.6

(0,0,2}73,2),(}71,3 NP +r1,2,0),
(_pz,s “Nha2o D~ ”1,1’0)

2.9.12

HYJIEBOU

AJreOpbl TOJIOHOMHUH:

ITapa TeH30p KPUBU3HBI
31914 1(0 0 -1\(0 -1 0)(0 0 O
o0 OoLO O 0,0 -1 0
00 0)l0 0 0/){O0 O 1
3216, [(0 71 0Y(0 0 FI)(0 0 O
321710 0 oflo 0o ollo o =
0 0 o0/{0 O 0/){0 %1 O
L15 |(pogd 0 0
0 —P;,9,5H 0 ,
0 0 P329:37 P13,

[Mapa Anrebpa roJIoHOMUHU
2.9.12 P 0 P
0 2p, O
0 0 2p,
3.19.14 0 p, p
0 p, O
0 0 -p,
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3.21.6,3.21.7 0 p b
0 0 -p,
0 Ps 0

VY map 2.9.12, 3.19.14, 3.21.6 u 3.21.7 cBs3-
HOCTb SIBIISIETCS. HOPMAJTBHOM.
Ilooaneebpa g — nepaspewuma.

[Tapa AddunHAS CBA3HOCTH
342,343 0 p, 0)Y(-p, 0 O
0 0 p,|s, 0O 0 0
0 0 0 0 0 p,
0 0 o0
—Di> 0 0
0 ~Dix 0
3.5.2,3.5.3 0 0 0 0 0 —Das
0 0 pysf] 0O 0 0 |
0 _p2’3 0 p2,3 0 0
0 Py O
-p; 0 0
0 0 0

Hns maper 3.4.2 CBS3HOCTH HOpMajbHA NIpU
phz2 #1; nnsa 3.4.3 u 3.5.2 cBA3HOCTH SBISIETCA
HOPMAJIBHOM, y 3.5.3 — HopManbHa Ipu p,;” #1.

TeH30ps! KPUBU3HBI U KPYUCHUS:

[Tapa TeH30p KpUBU3HBI
342,343 0 p, 7l 0
0 0 p,F1
0 0 0
-p, £l 0 0
0 0 0 ,
0 0 p1,22 ¥l
0 0 0
_P1,22 +1 0 0
0 —pu2 +1 0
352,353 0 -p°F1 0
Py *l1 0 0],
0 0 0

352,353 0 0 —p 7l
0 0 0 ,
pm2 1 0 0
0 0 0
0 0 -p 7l
0 p,y %l 0
ITapa TeH30p KpyueHusd
3.4.2, 2 0,0),(0,2 0
p b b b b p b b
3.43 (262:0.0):(0:2,,.0)
(0,0,2p,,)
352’ 0905_ 2’p b 0,2]7 ,0 >
353 ( 20 }(0.202.0)
(-2p,5,0,0)
ITapa Anrebpa roJTOHOMHUHN
343 P, D 0
2
342 pl,Z ¢1 p3 O pl
0 p; -p
342 P, =1 HyJeBast
3.5.2 0 D, —D,
353 2
Py # 1 p, 0 -p,
P, P; 0
353 Pry =1 HyJIeBas

3akarouenne. Takum 00pa3om, NpuBEICHA B
SIBHOM BHUJIE TOJHAS KJIAcCU(PHUKAINS TPEXMEPHBIX
CUMMETPUYECKUX OJHOPOJIHBIX TMPOCTPAHCTB C
HEpa3peIMMoi rpynrnoi npeodpa3oBaHuii, A0myc-
KaloIMX HOPMAIIbHYIO CBSI3HOCTh. OmMcaHbl BCe
WHBapUaHTHbIE aQ(UHHBIE CBA3HOCTH HA KaXKIOM
TAKOM TPOCTPAHCTBE, HAWJCHBI TEH30PHl KPUBU3-
HBI, KpY4eHHs, anreOpbl TOJOHOMHUH YKa3aHHBIX
CBSI3HOCTEW W ompeneneHo, korna adduHHas
CBSI3HOCTH HOpMAJTBHA.

[Tonmy4yeHHBIE pe3yNIbTaThl MOTYT OBITH UCIONb-
30BaHbl TMPU HCCIENOBAHWU MHOT000pasuii, mpu
W3yYEHHU TPOCTPAHCTB ¢ apUHHON CBI3HOCTHIO,
a TaKKe MMETh MPHUIIOKECHUS B Pa3IMYHbIX o0iac-
TAX MAaTEeMaTUKHd M (HU3HKH, MOCKOJIBLKY MHOTHE
(dbyHIaMeHTalbHbIE 3a7a4ll B 3TUX OONACTIX CBI-
3aHBl C W3yYeHHEM HHBapHAHTHBIX OOBEKTOB Ha
CUMMETPUYECKUX MTPOCTPAHCTBAX.
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A.T. Tpoaa’, 3. D. buabianos’
'Benopycckuii rocy1apCTBEHHBIH TEXHOMOTHUECKHi YHUBEPCHTET
benopycckuii rocyjapCTBEHHbIN YHUBEPCUTET

PABHOBECHBIE CBOMCTBA PEILIETOYHOI'O ®JIIOUJA
C IPUTSKEHUEM BJIMKAUIINX COCEJEN HA TPOCTOM
KYBUUYECKOM PEIIETKE C BJIOKUPOBAHHBIMH Y3JIAMU

PaccMmoTpena Monenb penieToyHoro (GIronga ¢ NpUTSDKEHHEM OMbKalInnX coceledl Ha MPOCTON
KyOWM4ecKol peleTke, copepiKamieid HEeKOTOpoe YHCiIo 3a0JIOKMPOBAaHHBIX y3JI0B. B paMkax KBa3uxu-
MHYECKOTO MTPUOJIMKEHUS IPEACTAaBICHbl aHAIUTHYECKHE BBIPAKEHUS JUII XUMUYECKOTO ITOTEHIHAIA,
TEPMOAMHAMUYECKOTO (paKTOpa U BEPOSITHOCTH ABYM OJVKAMIINM y371aM OBITh 3aHSATHIMU YaCTHUIIAMH.

[IpennoxeH alropuT™M MOJETHPOBAHMS PEUICTOYHON CHCTEMBI C 3a0JOKHPOBAHHBIMH Y3JIaMH I10
MeTony MoHTe-Kapio U BBEIITOTHEHO MOJESIUPOBAHUE CHUCTEM C MPUTSHKCHHEM ONIDKAHIINX coceneil.
JlaHHBIE MOJETTMPOBAHUS COMIOCTABIICHBI C PE3yIbTaTAMU KBA3UXUMHUUECKOTO MPUOIIIKEHUSI.

ITokazaHo, 4TO KBa3UXUMHUIECKOE NPUOIMKEHHE [TO3BOJISIET MOIY4aTh aJeKBATHBIE MTOIYKOJIMIECT-
BEHHbIE PE3YJIbTAaThl Ul PACCMATPUBAEMbIX CHCTEM, U Ha €r0 OCHOBE MOTYT OBITH ITOCTPOCHBI NPHU-
6J'II/I)KCHI/IH CJICAYOIUX MOPSAAKOB. B paMKax KBa3uXMMHUYECKOI'O HpI/l6J'II/l)I<eHl/IH MojyucHa 3aBHUCHU-
MOCTb KPUTHUYECKOIl TeMIIEpaTypbl CHCTEMBbI OT KOHIIEHTPALUK 3a0JIOKHPOBAHHBIX Y3JIOB.

KnioueBble cjioBa: penieTouyHslid (UIIONA, KBa3UXUMUIECKOE MPUOIMKEHUE, PABHOBECHBIE CBOM-
CTBa, KPUTHYECKas TeMIlepaTypa, (hazoBasi [uarpamMma, MoJeIrpoBanne 1o meroxy Monre-Kapio.

Ya. G. Groda', E. E. Bildanau’
'Belarusian State Technological University
*Belarusian State University

EQUILIBRIUM PROPERTIES OF LATTICE FLUIDS
WITH NEAREST NEIGHBORS ATTRACTION ON A SIMPLE
CUBIC LATTICE WITH BLOCKED SITES

The model of lattice fluid with nearest neighbors attraction on the simple cubic lattice with blocked
sites is considered. The analytical expressions to the chemical potential, thermodynamic factor and dis-
tribution function are represented in the frame of quasi-chemical approximation.

The algorithm of the Monte Carlo simulation of the lattice system with blocked sites is proposed. As
an example numerical computation for a lattice fluids with attractive interaction between nearest neigh-
bors was carried out. The date of simulation is compared with results of quasi-chemical approximation.

It is shown that quasi-chemical approximation makes it possible to find reasonable semiquantitative
results for the studied systems and can be used as basis for nest order approximations. The dependence
of the critical temperature upon the concentration of blocked sites is obtained in frame of quasi-
chemical approximation.

Key words: lattice fluid, quasi-chemical approximation, equilibrium properties, critical tempera-

ture, phase diagram, Monte Carlo simulation.

BBenenue. Panee B padotax [1, 2] ObI1H pac-
CMOTpPEHBI PaBHOBECHBIE U TPAHCIIOPTHBIE CBOWCT-
Ba PEMIETOYHOTO (pIIfon1a Ha TUTOCKOH KBaapaTHOM
pemieTke, coaepkamei 3a0JI0KUPOBaHHBIE Y3IIbI.
B pamkax gaHHOW MoaeNnu KaxAbld pEnIeTOYHbBIN
y3elI MOXXeT HaXOIWUThCS B OJHOM H3 TPEX BO3-
MOXXHBIX COCTOSHHH: OBITH 3aHATBIM TMPHUMECHOMN
JacTHICH, OBITh BaKaHTHBIM JTUOO 3a0JIOKMpPOBaH-
HBIM. 3aHsATHE y37a Oojiee 4eM ONHON YacTHIICH
CYHTAETCSI HEBO3MOKHBIM.
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Jist OUEHKM TEePMOJIUHAMUYECKUX W CTPYK-
TYPHBIX CBOWCTB MOJETH OBLIO TPEITIOKEHO MPO-
crefimee kBazuxumudeckoe nmpuommkenue (KXIT),
B paMKax KOTOPOTO MOTYT OBITh MOJyYCHBI 3aMK-
HYTbIC BBIPOKEHHS JUTI XUMHYECKOTO TIOTCHIINATIA,
TEPMOJIMHAMUYECKOTO (haKTOpa H KOPPENAIUOH-
HBIX QYHKIIMHA MOJICIH.

CormocraBieHue MOJNyYSHHBIX B JaHHOM MpH-
ONMKEHUH PEe3yNbTATOB C JIAHHBIMH MOJICIHPOBa-
HUS CUCTeMBI 1o MeTomy Monte-Kapimo (MKM)
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nokazano, yro KXII mo3Bomsier momyuyaTh alek-
BAaTHBIC TIOJNYKOJIUYECTBEHHBIC PpE3yJIbTaThl IS
paccMaTpUBaeMBIX CUCTEM, M Ha €0 OCHOBE MOTYT
OBITH MMOCTPOCHBI MPHUOIMKEHUS CIEAYIOMINX II0-
psaakoB. Taxke yCTaHOBJIEHO, YTO B CIIydae CHUCTe-
MBI C OTTAJIKUBAaHUEM MEXKIy OJVDKaHIIMMU coce-
JSIMHU HAJTMYUE 3a0JIOKHPOBAHHBIX Y3JIOB TPUBOJIUT
K TOMY, 4TO TJIOOaTbHBIN IIaXMaTHBIN MOPSIOK Ha
pelieTke pazpyuiaercs, U CUCTEMa pachagaercs Ha
OTJENIbHBIE YIIOPSI0YE€HHBIE JOMEHBI.

Taxxe ObUIO TMOKa3aHO [2], YTO HA OCHOBE HH-
(hopMaIu 0 paBHOBECHBIX 3HAYCHHSX TAPAMETPOB
CHCTEMBI MOTYT OBITh OLICHEHBI 3HAUEHHS €€ KUHE-
THYeCcKOro kKoadduimenra nuddysuu.

C mpakTuyeckod TOUKHM 3PEHHUs MOCTPOEHHAs
MOJIeNb IPUTOAHA JUISl OMIMCAHKS CBOMCTB aHcamO-
JISl IPUMECHBIX YacCTHI], HA HEKOTOPOU KpUCTaJIU-
YeCKOil MOBEpXHOCTH JINOO B 00beMe PrU3nIecKkoro
kpuctayuia. [Ipu 3ToM OJIOKHMPOBAHHBIE Y3JIbI OIH-
CBIBAIOT 1e(DEeKThI KPUCTAJUIMISCKON CTPYKTYDHI U,
B Clyyae IUIOCKHX pEIIeTOK, MHKpPO3arps3HEHUs
KpUCTAJUIMYECKUX ToBepXHocTed. [lomumo TBep-
JOTENBHBIX CUCTEM JaHHAs MOJAEIh MOXKET C ycIle-
XOM TPUMEHATHCA W JUIS OMUCAHHS OWOJIOTHYe-
CKHX 00BEKTOB [3].

B HacTosimedt paboTe MpencTaBiICHBI PE3yJib-
tatel npumeHeHus: KXII u MKM mns uccienosa-
HUS PaBHOBECHBIX CBOWMCTB PEIIETOYHOTO (uronaa
C B3aMMOJICHCTBUEM OJIIKANIINX coceliel Ha Tpo-
CTpaHCTBEHHOH mpocToil KyOumueckorr (IIK) pe-
LIEeTKeE.

KBaszuxumnueckoe npudam:kenne. B ocHoBe
MOCTPOCHUSI  KBa3MXUMHUYECKOTO MPUOIMKEHHS
JUISL  OIIPENIETICHUSI PAaBHOBECHBIX XapaKTEPUCTUK
paccMaTpuBaeMON CHCTEMBI JIEKHUT pPacCMOTPEHUE
HapsAy € UCXOOHOH cucTeMoil momoOHol eii Oa-
3UCHOM CHCTEMBI, KOTOpas OIpeleNnseTcs OIHO-
YaCTUYHBIMU CPEIHUMU MOTEHIManamMu. B pamkax
JAHHOTO TPHOMKSHUS Il TaKUX BEJIMYHMH, Kak
cBOOOAHAs SHEPTHs F, XUMUUECKU MOTEHLIUAI |,
TEPMOJTUHAMUYECKUI (HAaKTOp Y7y M BEPOATHOCTDH
JIBYM ONMDKaWIIMM y3JIaM PELICTKH OBITh 3aHSThI-
MU vacthuuamu F(1; 1), ObUIM MONTydeHBI CIeayo-
[IMe aHAJIMTUYECKUe BoIpaxkenus [1, 4, 5]:

BF=0In0+(1-6-c)In(1-0—c)+clnc—

—%1nY+§(1—2c)lnn, (1)
Bu=In —zlnY_c, )
1-6—c¢ 1-c
1-6 c (W 1
= + — s 3
L= "e—c ZI—ZY(Y—C l—cj )
2 —
F(;1)= L")W (4)
Y(Y-o¢)
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rae

¥ =0,5(1+fl+4ci-c)W - 1)),

Y—-c 1
= , W=exp(-BJ), B=—7, (5
n=_— P B=im O
¢ ¥ O — KOHIICHTpAlUA YacCTHI] M 3a0JIOKHUPOBaH-
HBIX Y3JI0B COOTBETCTBEHHO; kp — MOCTOSIHHAS

bonbumana; T — temneparypa; J — sHeprus B3au-
MOJIEHCTBHS IByX MPUMECHBIX YaCTHUI], 3aHHIMAIO-
UX OJvKaize pemeTodnsie y3isl (J < 0 B ciry-
Yae CHCTEMBI C MPUTSDKEHUEM MEXITY YaCTHIIAMH).

AaroputM MoaenupoBaHus. KommbroTepHoe
MOJICJIMPOBAHUE PABHOBECHBIX  XapaKTEPUCTHK
paccMaTpuBaeMOM PENIETOYHOM CHUCTEMBbI MO Me-
Tony MonTte-Kapio MokeT OBITH BBITIOJIHEHO B
paMKax CTaHIApTHOTO anropuTMa Mertpormonmnca
[6], mpuMeHEeHNE KOTOPOTO K MOJEIH PEIICTOTHO-
ro QuIronIa qeTabHO OMKMCAaHO B paboTax [7].

TIpuMeHUTENBEHO K paccMaTpUBaEMON pelieToy-
HOM cHUCTeME BBIYMCIHUTENBHBIN alrOpUTM, Mpe-
JIO’KEHHBIN B [6], IpeACTaBIseT coOO0M ClIeayroIee:
MEPBOHAYATIFHO PAcCMaTPHUBAETCS IPOU3BOJIHHOE
pacrpesneneHre HEKOTOPOTO YWCIIa YacTHI 0 pe-
mreTke, comeprkameii N =L y3noB (L — IHUHCHHBII
pasMep pemeTku, d — pa3MepHOCTh MPOCTPAHCTBA).
3aTeM MpPOM3BOJILHEIM 00pa30M BBHIOMpAETCS HE3a-
OJIOKMpPOBAaHHBIN y3en permerku. Eciam aToT y3en
3aHST YaCTHUIIEH, TO 9Ta YACTHUIIA M3BIMAETCS, €CITH Ke
OH BaKaHTEH, TO YaCcTHI[a JOOABISAETCSI, M OIpPe/IeNsIeT-
¢ m3MeHeHne sHeprun OEy. Ecmu 0Ey < 0, To HOBas
KoH(puUTyparmms npuHIMaercs, eciu 0Ly >0, To oHa
MIPUHUMAETCST C BEpOATHOCTBIO W = exp(—0Ey / kgT).
Jns sToro ciaydaliHBIM 00pa3oM TeHEPHPYETCS
gucino Wy n3 uarepsana [0; 1], m ecmu W= W, , To
HOBasi KOH(UTYpaIws MpuHIMaeTcs. B mpoTuBHOM
ciydae HOBasl KOH(UTYypamus OTBepraercs, M CHC-
TeMa BO3Bpamaercs B mpekHee cocrostaue. [lo-
BTOpEHHE ONMCAHHOW MPOIEAYpHl # pa3, Tae n —
YHUCIIO YaCTHII Ha pemieTke, (GopMUpyeT OAWH IIar
anropurma MonTte-Kapmo (MKII).

ITockonpKy MepBOHAYAIEHOE COCTOSTHAE MOJIe-
JTUPYEMON CHCTEMBI SIBISETCS TPOU3BONBHBIM U
MOJKET CYIIECTBEHHO OTJIMYATHCS OT PaBHOBECHO-
TO, IS TIEPEeX0/a CUCTEMBI B COCTOSHHAE TEPMOJIH-
HAMHUYECKOTO pPaBHOBECHs TpeOyeTcs HEKOTopoe
yucno MKIII. Ilpu onpeneneHun CpeHUX 3HAUE-
HUN TepMOJWHAMHYECKHX BEIMYUH ITH Hadallb-
HBI€ TIaTH HE YYUTHIBAIOTCS.

[Ipu MomenwpoBaHUM WMCIIONB30BANIACH PEIIeT-
Ka, comepxamas 2,7 - 10* pemerounsix y3mos. [
CHIDKEHHS BJIMSHUS KOHEYHOCTH Pa3MepOB MOJe-
JUPYyEeMOW CHUCTEMBI Ha IOy4aeMble pe3yJIbTaThl
MIPUMEHSUTICH IEPHUOIMYECKIE€ TPAHUIHBIE YCIOBHSI.

[lomHas anvHa mporeaypbl MOJIETMPOBAHS COCTO-
stma 13 70 000 MKIIL. TTpu 3tom, iepssie 10 000 MK
OTBOJWJIMCH Ha TIPOLECC OSKBHIMOpH3AIMK W HE
YUUTBIBAINCH TIPH AaJbHEHIIIEM YCPETHEHHH.
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PesyabTatel MogenupoBanus. Ha puc. 1 u 2
MIPEICTABIIEHB] 3aBUCUMOCTH OT KOHIICHTPALMU XUMH-
YeCKOro ToTeHImana cuctemsl mpu 0 = 0,10, ompe-
JIeTICHHbIe TIPU TapaMeTpax B3auMmozewncTBus fJ =
=-1,108; —0,933; —0,844; —0,739 u —0,443. B nienom
MOHO OTMETHTb, YTO TPH OIPENEIEHUH XUMHIECKO-
ro noteHumana pe3ysbrarel KXIT u MKM Haxonsrcst
B XOPOILIEM KaK KAUECTBEHHOM, TaK ¥ KOJIMYECTBEHHOM
COOTBETCTBHU JIPYT € IPYTOM B JOCTATOYHO IIHUPOKOMH
o0nacT U3MEHEHMs TapaMeTpa B3auMOICHCTBUS.

T T T T T T T T T

[— [—
S W

(9]

|
(o)

L
)
1

XUMHYECKHUil MOTeHIaM, | / |J1 |
L
S o

Lo b b b v b a Ly

00 02 04 06 08 1,0
Konuenrpauus, ¢

Puc. 1. KoHnleHTpannoHHas 3aBUCHMOCTh XUMHUYECKOTO
MOTEHIMAJa PEMIETOYHOT0 Ta3a ¢ MPUTHKEHUEM
OmmKaluX coceneil Ha MPOCTON KyOndecKoi
pemetke mpu 0 = 0,10. Kaxkgas rpymma KpuBbIX
CMeELIEHa OTHOCUTENIBHO IPEAbIYyIIEH Ha 5 e IUHULL
BJI0JIb BEPTUKAIBHON OCH (IIEpBOHAYAIbHBIC
TOJIOXKEHHSI KPUBBIX COOTBETCTBYIOT [ / |Ji| = 2,7
npu ¢ = 0,5). JIuHusiMu npeicTaBIeHbI
pesynbrarel KXII, Toukamu — MKM:
1B =1,108; 2 - B|J] =0,933; 3 — B|J| = 0,844;
4 - Bl =0,739; 5 — BlJ] = 0,443
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wh
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00 02 04 06 08 1,0
KoHuenTpauus, ¢

Puc. 2. KonneHTpannoHHas 3aBUCUMOCTb XUMUYECKOTO
MOTEHIMAaja PEIETOYHOrO ra3a ¢ IpUTSHKEHUEM
ONMKaNIIMX cocelel Ha MPOCTON KyOUYeCKOM pemeTke
mpu 6 = 0,10 u BlJ] = 1,108. Jluanei npencraBieHb!
pe3ynbrarel KXII, Toukamu — MKM

Tpyabl BITY Cepuss3 Ne 2 2017

Kak u cnemoBaiio 0xuaath, Ipu TEMIIEPAType
HUKE KPUTHYECKON KBa3MXUMHUECKOE MPUOITIKE-
HUe JnaeT nemio Ban-gep-Banbca Ha wu3oTepme
XMUMHYECKOTO MOTeHIMA A (PUC. 2), YTO MMO3BOJIACT
clenaTh BBIBOJ O MPOTEKAIOIIEM B CHUCTEME IPHU
3THUX YCIOBUAX (pa30BOM MEPEXOE MEPBOrO Poja.

CranmapTHOe TOCTpOeHHE MakcBeiia Io-
3BOJISICT OTIPENEIIATh TOUYKHU (Da30BBIX MEPEXOIOB,
a UCcYe3HOBeHUE neTiu BaH-nep-Bansca — kpu-
TUYECKYI0 Temmepatypy. [locTpoeHHbIe yka3aH-
HbIM 00pa3oM (a3oBbIe IUarpaMMbl TPEACTaB-
JIeHBI Ha puc. 3.
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Puc. 3. da3oBas muarpamma pemerouHoro ¢ironaa
C IPUTSDKEHUEM OJrpKalImx cocenen
Ha IIPOCTON KyOMYECKOH perieTke
B KBa3UXUMHYIECKOM MPHONIDKEHHN:
1-6=0,10;2-6=0,20; 3-6=0,30

OmpenenenHas ykazaHHBIM 00pa3oM KpPUTHYE-
CKasi TeMIeparypa 3aBHCHUT OT YHCIa 3a0JIOKHPO-
BaHHBIX Y3JIOB JIMHEHHBIM 00pa3oM:

T0ChA
< ——=1,09+1,13660, (6)
TC
OChd
rae T¢ — KPUTHYECKAs TeMIIepaTypa B KBasu-

XMMHUYECKOM MpHONMKEeHUH, T¢c — TOYHOE 3Haue-
HUE KPUTHYECKOW TEMIEpaTyphl JUIsl peIIeTKH, He
coJeprkalen 3a0JIOKMPOBAaHHBIX y3J10B
(ksT¢'/1J] = 0,1277).

CTpyKTypHBIE CBOICTBa MOJEIU MOTYT OBITH
paccMOTpPEHBI ITyTEM aHalIN3a €€ TePMOIUHAMUYe-
ckoro ¢aktopa (3) U KOPpENSIHOHHBIX (YHKIUHA
gi(1; 1):

& (1) =@ )

rae ¢ysakius F(1; 1) onpeneneHa COOTHOUICHHEM
(4). ComnocraBnenue pesynbratoB KXI1 u nanHbIX
MKM nyist yKa3HBIX BENWYUH TPEACTABICHO Ha
puc. 4 uS.
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AHamu3 CTPYKTYPHBIX CBOWCTB CUCTEMBI TIOKA-
3ai, yto KXII mo3BonsieT KOpPEeKTHO ONpPENEIUTh
JIMIIb KOPPENSAIUOHHYIO (YHKIMIO ISl OJvKaii-
UX coceneit (cM. puc. 4).

B T0 xe Bpems pe3yNnbTaThl aHAIUTUYECKOTO
MOJIX0J]a U JaHHbIE MOJEIHPOBAHUS U1 KOPpEs-
IIMOHHON (PYHKIHU ONMKAWIINX cocelell 3aMETHO
pacxonmarcs JAaXke TMPH OTHOCUTENIBHO BBICOKON
Temriepatype (KpuBsie /, 2 1 3 Ha puc. 5).

TepmonuHamudeckuit Gakrop, x,.
S = N W kA LN N 0 O O
I

0,0 0,2 0,4 0,6 0,8
Konuenrpanus, ¢

Puc. 4. KonneHTpannoHHas 3aBHCHMOCTh
TEPMOJIUHAMHIYECKOTO (haKTOpa PEMIETOTHOTO Ta3a
C IPUTSDKEHUEM OJIDKANIINX U OTTaJIKABAaHHEM
TPETBUX COCENIEH HAa TPEYroJbHOU pelerke. JInHuaMu
npencrasieHsl pe3ynsTatel KXII, Toukamu — MKM:
1 - Bl =0,844; 2 — B|J = 0,739; 3 — B|lJ| = 0,443

BMecTe ¢ TeM HEOOXOIMMO OTMETHTh, YTO BCE
pe3ynbTaThl, MPUBEICHHBIC B TaHHOW pabore, co-
MOCTABJIAKOTCA C JaHHBIMU MOACIWPOBAHUA IIPU
OJIMHAKOBOW a0COJIIOTHOH Temmeparype (mapameT-
pe B3aumojeiicTBus). B To e BpeMs 3HaUYCHUC
KPUTHYECKOH TeMIepaTyphl, MOIYYeHHOE B paM-
kax KXII, MoxeT 3aMeTHO OTIUYATHCS OT €Tr0 HC-
TUHHOTO 3HadeHus. Tak, HaIpuUMep, B CiIydae pe-
merounoro ¢mouma Ha IIK-pemerke, He comep-
karel OJOKMPOBAaHHBIX Y3JIOB, TaKOE OTIHUYHUE,
Kak CJICIyeT W3 COOTHOIIEHUs (6), TPHOIN3NTEITh-
HO paBHO 9%. MOXHO 0XKUAATh, YTO MPH MEPEXO-
Jle K OTHOCHUTEIIBHBIM TEMIIEpATypaM, U3MEPEHHBIM
B €IMHUIAX KPUTHYECKOH, KOPPEISAIHs pe3yabTa-
TOB IBYX IIOAXOAOB YJIYUIIUTCA.
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00 02 04 06 08 1,0
Konuenrpauus, ¢
Puc. 5. KoHueHTpanuoHHas 3aBUCUMOCTb
KOPPEIALUOHHON (QYHKIMH ONMKaHIINX coceeH.
JInnuamu npencrasnens! pe3ynsraTsl KXII,
Toukamu — MKM:

1—-BlJ)=0,933; 2 - B|J] = 0,844;
3 - B =0,739; 4 — BlJ] = 0,443

3akarouenue. [TogBoas UTOT, MOKHO CIENaTh
BBIBOJI, YTO paHee MPEUIOKCHHOE KBa3MXUMUYE-
CKO€ MPUOIIKEHNE TIO3BOJIIIIO TTOIYYHTh TPOCTHIE
AHAIMTUYECKHE BBIPAXKCHHUS JUIS HAXOXKIECHUS
TEPMOJMHAMUYCCKUX U CTPYKTYPHBIX XapaKTepH-
CTHK pacCMaTPUBAEMBIX PEIIETOYHBIX CHCTEM ITFO-
OBIX pa3MepHOCTEH.

ComnocraBieHre MOTyYeHHBIX C €r0 IMTOMOIIHI0
pe3ynbTaToB ¢ ganHbiMu MKM mokasano, 4To oHO
MOXXET C YCIEXOM HCIIOIB30BAThCA IS OIEHKH
PaBHOBECHBIX CBOMCTB TpPEXMEPHBIX PEIIETOK C
3a0JIOKUPOBAHHBIMU y3JIaMU, TI0 MEHBIIIEH Mepe B
ciydae pemreToyHoro ¢uirouaa, He 00amaroIiero
YHOPSIOYCHHOM (a3oii, b0 Mpu TemmepaTypax
BBIIIIE KPUTHYECKOH.

B 1miemom MOXHO OTMETHTH, YTO Ka4€CTBEHHBIN
BHJl BCEX PACCMOTPCHHBIX 3aBHCHMOCTEH paBHO-
BECHBIX XapaKTEPUCTHK PEIIETOYHOTO (oA He
M3MEHSETCS MPHU MEepexoJie K PaCCMOTPEHHUIO CHUC-
TEMBI, COZleprKaIeii OJTOKUPOBaHHBIE Y3ITHI [8].

[TyOmukamus coaepXuT pe3yabTaThl UCCIEIO-
BaHUH, BBIIIOJTHEHHBIX MPU TPAHTOBOM MOJJEPHKKE
MunucrepctBa oOpasoBanus bemapycw, a Takke
Hay4yHOU mporpammsl EBpocoroza HORIZON-2020
(mpoext AMD-734276-CONIN).
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P. H. ﬂaconcxnﬁl, B. C. anpemcol, T. H. anaran®
'Benopycckuii rocy1apCTBEHHBIH TEXHOIOTHUECKHIT YHUBEPCHTET
*UHCTUTYT (U3KMKH KOHIEHCHpoBaHHEIX cucTeM HAH Ykpauust (r. JIbBoB, Ykpauna)

PACIIPEJAEJIEHUE 3APAIA U DJIEKTPUYECKOI'O IIOTEHLHHUAJIA
B KEPAMUWYECKHUX 3JIEKTPOJIMTAX ITPU HAJIMYUHN
BHEIIHET O 9JIEKTPUYECKOTI'O ITIOJIA

PaccmoTrpeHa kBa3nogHOMEpHAsE MOJEINb JISTUPOBAHHOM Pa3HOBAJIEHTHBIMU NPUMECSIMH OKCHJTHOM
KEpPaMHUKH, COJeprKallleil 3epHO M MeX3epeHHbIe NPOCIOWKN. BrInonHeHo mMoxenupoBaHue pacrpene-
JIeHUs 3apsja 1o KuHeTHyeckomy Metoxy Monte-Kapno. MojenupoBaHye BBISIBUIIO TTOSIBIICHHE JABOM-
HBIX 3JIEKTPHYECKUX CJIOEB Ha TPaHHULAX MEK3EPEHHBIX oOnacTeil. B paBHOBECHOM COCTOSIHMU WM TIPH
caboM BHEIIIHEM JJIEKTPHYESCKOM I10JIe IBOWHBIC CIION IOSBIIOTCA Ha 00EHX CTOPOHAX MEK3EPEHHOM
obmacty, a mpu 6oJee CHIIFHOM TOJIe €AMHCTBEHHBIH ABOWHON CIIOW 00pa3zyeTcs W30BITOYHBIME 3apsi-
JlaMH IPOTHBOIIOIOKHBIX 3HAKOB Ha I'PaHULAX MEXK3EPEHHOH 001acTH. DTH JIOKaJIbHBIE OTKJIOHEHHS OT
9JIEKTPOHEHTPAIIBHOCTH BO3HUKAIOT BCIEACTBHE 3aTPYIHEHHOTO IEpexoia HOHOB U3 00beMa 3epeH B
MEX3epEHHYIO 00JIaCTh U KYJIOHOBCKOTO MEXHOHHOTO B3auMopeiicTBus. B cBoro ouepenp, 3TH ABOM-
HbIE CJIOU T€HEPUPYIOT JOCTATOYHO CHIIBHOE IEKTPUUECKOE 110JIe, KOTOPOe MPOTAIKUBAET HOHBI Yepes3
MEX3epeHHYI0 00JacTh U B pe3ylbTaTe MOJaBIIeT COIPOTHUBICHUE MEX3EpPeHHbIX oOnacteil. Bee no-
HbI, KOTOpBIE TIONAAAI0T B 00JIaCTh JBOIHBIX CIOEB, OBICTPO MEPEMEIAIOTCA Yepe3 MEeX3EPEeHHYI0 00-
JIaCTh B HANPABJICHWH BHEIIHETO IMPHJIOKEHHOTO IIOJISI TaK, YTO IIOJIHOE COIPOTHBIICHHE CHUCTEMBI
MIPAaKTHYECKH TOJIHOCTBIO OIPEIEISIETCS COMPOTUBIICHHEM 00BbeMa 3epeH.

KuiioueBble c10Ba: OKCHAHAs KepaMUKa, MEX3epeHHasl IpaHulia, JBOMHON AJEKTpUYECKUI CIIOH,
Metoq MonTe-Kapio, XuMHUecKuil MOTEHIHAN, 3JIEKTPOIPOBOAHOCTH, KodpduumeHT muddys3um,
IUIOTHOCTH pPacIipeeIeHus 3apsaa.

R. N. Lasovsky', V. S. Vikhrenko', T. N. Patsahan’
'Belarusian State Technological University
*Institute for Condensed Matter Physics of NAS of Ukraine (Lviv, Ukraine)

CHARGE AND ELECTRIC POTENTIAL DISTRIBUTION IN CERAMIC
ELECTROLYTES AT THE EXTERNAL ELECTRIC FIELD PRESENCE

A simple model of an oxide ceramics doped with aliovalent impurities containing grain and
intergrain layers is considered. Modeling of the system was performed using the kinetic Monte Carlo
method. The simulation revealed the appearance of double electric layers at the grain boundaries re-
gions. At the equilibrium state or with a weak external electric field, double layers appear on both sides
of the grain boundaries region. At the stronger field a single double layer is formed by excess opposite
charges on the grain boundaries region. These local deviations from electroneutrality arise from the im-
peded transitions of ions from the grain volume into the grain boundaries region and from the Coulomb
interion interaction. In turn, these double layers produce a sufficiently strong electric field, which push-
es ions through the grain boundaries region and, as a result, suppresses the resistance of the grain
boundaries. All ions that fall into the region of double layers move rapidly through the grain boundaries
region in the direction of the external applied field so that the total resistance of the system is almost
completely determined by the resistance of the grain volume.

Key words: oxide ceramics, intergrain boundary, electric double layers, Monte Carlo method,
chemical potential, electrical conductivity, diffusion coefficient, charge density distribution.

Brenenue. Illupokoe wucmoyib30BaHUE MOPTa-
TUBHBIX XUMHUYECKUX UCTOYHHUKOB 3JICKTPUYCCKON
SHEPIUM Pa3IUYHOTO Ha3HAYCHUsS TpeOyeT Hempe-
PBIBHOTO COBEPIICHCTBOBAHUS WX KOHCTPYKIUH,
noBbINICHUS 3(Q(GEKTUBHOCTH U 0E30MaCHOCTH HX
pabotsl. [IpuMeHeHHE BO MHOTHUX COBPEMEHHBIX
HCTOYHHMKAX TOKA HUJIKHX 3JICKTPOJHUTOB COMNPS-
KEHO C OMACHOCTHIO TOSBICHHUS UX YTCUEK U BOC-
mwiameHeHus. [lepexon K  AJIEKTPOXUMHYECKUAM
AJIEMEHTaM C TBEPJOTCIBHBIMU JIIEKTPOJIUTAMU

MO3BOJUT MOBBICUTH JIOJITOBEYHOCTH, 3KOJIOTHY-
HOCTB ¥ 0€30I1aCHOCTh UCTOYHUKOB 3Heprud [ 1-3].

Mogaesib KepaMH4YeCKOr0 OKCHIHOIO 3JeK-
TPOJIUTA € YYETOM MeK3ePEeHHBIX MPOCI0EeK.
B pabote [4] mpeanokeHa MOAENTH CTaOMIM3HPO-
BaHHOTO MTTpHEM Juokcuna mupkonus (YSZ), Ha
OCHOBE KOTOPOH aBTOPHI CMOIJIM BOCHPOU3BECTH
HEKOTOpPHIE OCHOBHBIE CBOMCTBA TBEPIOOKCHUIHBIX
TOIUIMBHBIX 3JIEMEHTOB. MOJIENIb COCTOUT U3 KBa3U-
OJIHOMEPHOM TOCIEAOBATEIbHOCTH YKPYIMHEHHBIX
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KPUCTAJUIMYECKUX A4YEEK, KaXkaas U3 KOTOPBIX CO-
JEPKUT BAa MOHA UTTPUA U, B CPEIHEM, OJIHY HEH-
TpaJbHYI0 BaKaHCHUIO B KHCIOPOAHOU MOAPEUIETKE,
KOMIIEHCHPYIOIIYI0 IOTEPI0 MOJIOKUTEIBHOIO 3a-
psina. BakaHcust MOKeT OOMEHHUBATHCS C JIBYKPAaTHO
3apsKEHHBIM OTPULATEIBHBIM HOHOM KHCIIOPOJa B
Omwxkaiieit sueiike. Takum 00pa3oM, JOCTaTOYHO
SIBHO PpPacCMOTPETh HEWTPaJbHYI BaKaHCHUIO IIO
KHUCJIOPOAY, ABaXIbl 3apsSyKEHHbIA OTPULIATENIbHBIN
HOH KHCJIOPOJia M KOMIIEHCUPYIOIIHMA JBaXKIbl 3a-
PSYKEHHBIM MOJIOKUTENBHBI MOH Ha KAXKIYH YK-
pyHHEHHYIO sueiky. OcTalbHbIE HOHBI KUCIOPOaa
U TIOJIOKUTEJIbHBIC 3apsiibl SBHO MOTYT HE YUYHUTHI-
BaTbcs. B mponecce 3BOMIOLUU CUCTEMBI MOXKET
CIyYHUTHCS, YTO JBE BAKaHCUU MO KHUCIOPOAY WIIH
JBa MOHA KUCIOPOAA OJHOBPEMEHHO OKaXyTcs B
OIHOM YyKpPYNHEHHON suelike. boiee cuiabHbIE
(GayKkTyaluu KOHIIGHTPALMM HE YYUTHIBAIOTCS.
Takum 00pa3oMm, IPUXOJUM K MOJENH PEeLIeTOYHO-
ro rasa ¢ BO3MOXXHOCTBIO JBOMHOIO 3aIlOJHECHUS
SIYEMKH MOHAMM KHUCJIOpOAAa WM BAKAHCHUSIMHU IO
kucnoponay (puc. 1).

0|0|0|0|®|0|®|O|0C|0|e|@
0|®|®]|0|®|®|0C|®|@®|0|O|C

Puc. 1. Monenb penieToqHoro raza
C BO3MOKHOCTBIO JBOMHOIO 3aITOJJHECHUS SUYCHKU

DUKCUPOBAHHBIE MOJOKUTENBHO 3apsKEHHBIE
METaJJTMYeCKie HOHBI, O00eCHeunBarouie 3JeK-
TPUUECKYIO0 HEHTPaANbHOCTh CHCTEMBI, Ha PHCYHKE
HE INoKa3aHbl. Mcronb3dyemass MOJiEb IPOTHBOIIO-
noxkHa obo3HaueHusM Kpérepa — Bunka [5], korna
MIOJIOXKUTENIBHO 3apsKEHHBIE KUCIOPOJHBIE BAKaH-
CHH JBIKYTCS Ha (OHE OTPHUIATENIHLHO 3apsiKeH-
HBIX HOHOB HTTPHS, HO COOTBETCTBYET TOMH ke du-
3MYECKOl cuTyaluu U Ooliee ynoOHA B MHTEpIpe-
Tallui, TaK KaKk peajbHO HOCHUTENAMHU 3apsaa sB-
JISIFOTCSI MIMEHHO MOHBI KHCIIOPOAA.

B Mogmenu oOmiee KOJWYECTBO MOHOB KHCIO-
poZa paBHO YHCIY YKpYIHEHHBIX sdyeek. Obuiee
KOJIMYECTBO SUE€EK MOJeNH paBHO L; [ << L s4eex
MpUHaANIeKAT MEXK3EpPEeHHON 00JacTH B cpexHeil
4acTu cUCTeMbl. biiarogaps BO3MOKHOCTH JIBOM-
HOTO 3aIOJHEHUS STYeHKH MOHBI KHCIIOPOIa MOTYT
orepexaTrh Ipyr Ipyra H, TakuM oOpa3om, He
BO3HUKAeT HW3BECTHAs TMpodieMa OIHOMEPHOM
muddysun [6].

IIpennonaraercs, 4YTO KeCTKasg IOJCUCTEMA
MOJIOKUTENIBHBIX MOHOB IUPKOHUS M UTTPHUS CO3-
JaeT TOTEHIMATbHBIA penbed, Tak YTO MOHBI KH-
CJIOpO/a BBIMOJHSAIOT TEPMHUYECKH AKTHBHUPOBAH-
HbI€ TPBDKKM HA BaKaHTHBIE MO3WIMH B OMMKaii-
e si'YefKu peleTKy, MpeooyieBas MOTeHIHAb-
HBIE Oapbephl:
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E,=E,+Ey, Q8

rae E, — NOTEHIHANbHBIA Oapbep MEXIy y3IaMH
penIeTkH B 00beMe 3epHa, Ey, — B MEXK3EPEHHOM
obmactu. Ilocmeaauit MOXKeT BapbUPOBATHCS B 3a-
BHCHMOCTH OT IOJIOKEHUS MEXY3eIbHOU TTO3UIINU
M0 OTHONIEHWIO K TPaHHWIAM MEX3EpPeHHOH Ipo-
cloWku. Bo3MOXHBIE MOJENH HHEPreTUYECKUX
OapbepoB TTOKA3aHHBI Ha puC. 2.

Eg | \

Puc. 2. Mojenu sHepreTudeckux 0apbepoB

Mopens sBiseTca kBazuogHoMmepHoil. Ilpen-
[IOJIAraeTCsl, YTO KOHLIEHTpaluus HOHOB U 3apsf
PaBHOMEPHO pacIpelelieHbl B IUIOCKOCTSX, Iep-
NEHJUKYJSIPHBIX OCH, HAIIPABICHHOW BIOJb SYEEK.
IInotHOCTB 3apsifia ONpeNeNsIeTCs COOTHOMEHHEM
o;,=—2c(j)e/ a’, e c(j) = z(j) — 1, z(j) = 0, 1 uam 2
€CTb YUCJIO HOHOB KHCIIOPOAA B j-U A4YelKe peleT-
KM (YUCIIO 3aIIOJIHEHUS), e — 3apsi] dJIEKTpoHa, c(j)
XapakTepu3yeT M30bITOUHBIH 3apsii B j-i siuciike
pELIETKY, j — HOMEP SYEUKU U COOTBETCTBYIOLICH
IUIOCKOCTH. TakuMm 00pa3oM, TOTEHIHAJIbHbIH
Oapbep, KOTOPBIH JOJKEH MPEeo0IeTh HOH KHCIIO-
pola mpu mepexojie U3 j-i sUCHKH B ONMKaHIIyTo
l-10 sueliKy, MOKeT OBITh PacCUMTaH CIETYyIOLINM
obpazom [4]:

E,=E,+Eqy, (2)
Eqy =By (U+E)+Eg, )
U =2ekEa, 4)
L/2 Jj-1
g-ae S e- § ) ®
i=j+ i=—(L/2-1)
E; =AE(z(j)-1), (6)
AE=2¢/(egya), B,=+*1/2, %

rae U YUUTBIBACT BKJIaZ BHCIIHETO 3JICKTPUYCCKO-
TOo 1oJiA E, IMPUIIOKCHHOT'O K CUCTEME, E/ SBIIACTCA
BKJIaJOM KYJOHOBCKOT'O B3aHMOH6ﬁCTBHH HnoHa
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KHCIIOpOoJia B siUEHKEe j CO BCEMH 3apsHKEHHBIMH
IIOCKOCTSIMU, KpOME j, U Ey y4UTBIBAET B3aUMO-
JeCTBIE C MOHAMH B TOW JK€ IUIOCKOCTH, € —
AIIEKTPUYECcKasi MOCTOSIHHAS, € — JUAJIEKTpHYecKas
MPOHHULAEMOCTb Cpeabl, L — KOTUYECTBO SUCEeK B
cucreme. Bepxuuit/Hmxanil 3HaKk ans koddduuu-
eHTa [3;, YYHTHIBAIOIIErO IIOJIOXCHHE CEILIOBOH
TOYKH Ha TMOBEPXHOCTH MOTCHUUAIBHOTO penbeda
MEXIY y3/aMu siueek j U [, 6epercst 11si HOHOB Ku-
CIIOpOJa, MEePENpHIrHBAIOLINX B OMMKaWIIyIo Tpa-
BYIO/IIEBYIO SIUEHKY, BBIOMpaeMyl0 CIIydailHbIM
00pa3oM, Kak OOBSICHSIETCS HIKE.

AdaroputM MoaesupoBanusi. s Moaenupo-
BaHHUsI pPAacCMaTPUBAEMOH CHCTEMBI IO METOIY
MonTe-Kapno ciydaiiHeIM 00pa3oM BbIOHpaeTcs
OTPHULATENbHO 3apsHKEHHBIA HMOH, 3aHUMArOIIUH
A4YerKy j. 3aTeM ciaydalHBIM OOpa3oM Ompenens-
eTcs HalpaBleHWE €ro BO3MOXKHOIO IIepexoja.
Ecnun ymcno 3amonmHeHust sYEHKH-IPUEMHUKA Kk
OKa3bIBaeTCS PaBHBIM 2, TO TMEPEXOA CUUTAETCS
HEBO3MOXXHBIM. TeM He MeHee, MOMBITKa 3TOTO
nepexosia yuuThiBaeTcs. Eciu yucno 3amonHeHus
syeku-npuemMHuka pasHo 0 wimm 1, To mepexon
NPUHUMAETCSI C BEPOSTHOCTBHIO, OMNpeAesIeMOn
COOTHOLICHUEM

w, =exp(~E, | kyT). (8)

[anee renepupyercsi paBHOMEPHO pacipeze-
JIEHHOE Clly4yailHoe 4ucio p, u3 nuamnaszona [0; 1],
KOTOpoe comocTasisercs ¢ wy. Ecim wy; >p,, To
HEePEX0J CYUTAETCS MIPOU3OILENIINM, ECITH Wi < D,
TO mepexof oTKioHsercs. [loBTopenne onrcaHHO
npoteayps! L pa3 (paBHOMY YHCITy 4acTHI]) (POPMHU-
pyet oauH mar anroputMa MonTe-Kapmo (MKIL).

ITpu MonenupoBaHUM HCIOIB30BAINCEH IEPHO-
IUYEeCKHe TPaHWYHbIE YCJOBHUS: YacTULa, IOKHU-
Jalas CUCTEMy 4epe3 IPaBylo TPaHUIly, IHOsB-
JsieTcsl Ha ee JIEBOW CTOpOHE, U Hao0OpoT, YacTu-
1a, MOKUJAIOIIAsl CUCTEMY Yepe3 JIEBYIO IPaHUILLy,
MOSABISIETCSL  CIpaBa, COXPaHSS JJIEKTPUUECKYIO
HEUTPaJbHOCTh CHUCTEMBI M IIOCTOSIHCTBO 4YHCIa
MOJBIDKHBIX 4yacTul. Yncna MOHOB, MPOXOISIINX
gepe3 JIEBYIO M INPaBYI0 I'PaHULBI CHCTEMBI, pa3-
JMYHBI U3-32 MPHJIOKEHHOTO BHELIHEro mois. s
oOecriedeHus] XOpoIeil CTaTUCTUKU IO obecriede-
HHUIO KOJIMYECTBA MOHOB, NEPECEKAIOLINX TPAHHILIBI
CHCTEMBI, HCIOJb30BAIOCH AOCTaTOYHO CHIBHOE
sremnee none £ = 10° wmu 107 B/m, xotopoe, Tem
HE MeEHee, ¢ MHKPOCKOIHMYECKOH TOUYKU 3PEHHS
MOJKET PaccMaTpUBaThCS Kak ciadoe.

Bpems u3mepsinocs B marax aaroputMa MoH-
te-Kapno (MKIII). Iepasie 2 - 10* MKIII ucros-
30BAJIUCh ISl YCTAHOBJICHHS PAaBHOBECHOT'O WM
CTAaLlMOHAPHOT'O COCTOSIHUSI CHCTEMBI, a IO IOcCe-
IYHOUIIM 107 mwm 10 MKIII BeImonHsIocs ycpen-
HEHHE TpeOyeMBIX XapaKTePUCTHUK.

Pe3yabTaTrhl monenupoBanus. Mex3epeHHas
00J1IaCTh MOJEIUPYETCSI HECKOJIBKUMH STYEHKaMU C

OTIMYAIOLIUMUCS SHEPTHSAMM aKTUBAallMM MHIpa-
mun yactuy (cMm. puc. 2). Pacmpenenenue nz0bl-
TOYHBIX YMCEJ 3alOJHEHMsI MOHOB KHCIIOpOJa Io-
Ka3aHOo Ha pHC. 3 MpH IATH MEK3EPEHHBIX CIOAX U
NOTEHIUAIBHOM penbede C  IOMONHUTEIHHOU
sHepruei aktupauuu Eg, = 0,3 53B. Havano xoop-
JUHAT paclojOXKEeHO B CEpeluHE MEX3epeHHON
obOmactu. PacmpeneneHne KOHLIEHTpalMM Clerka
ACUMMETPHUYHO H3-32 MPUIIOKEHHOTO BHEIIHETO
nons. Kak BuaHO W3 pHCyHKa, C 00€MX CTOpOH
MEK3epeHHON o0nacTu oOpa3yercsl Mo JBOWHOMY
IEKTPUUECKOMY CJIOIO.
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Puc. 3. Pacnipenenenue KOHUEHTpaLUKU HOHOB
KHCJIOPOJIa TI0 OTHOILICHHUIO K JIEKTPOHEHTpaIbHOMY
COCTOSIHUIO (BEpXHsIS TIAHENb) M AIIEKTPHIECKOTO
MMOTeHIMaNa (HIDKHSS TTaHEeNb) BOIU3U MeX3epeHHON
MPOCTIOWKH LUMPHUHOM 5 MapaMeTpoB YKPYITHEHHOM
KpHcTaHyeckoil pemerku mpu E = 10° B/,
€=200, T=1000 K, Eg, = 0,3 5B

baprep ¢ momonHuTensHOM BhICOTOH 0,3 3B
npu 7= 1000 K ymeHbIIaeT BEpOSITHOCTh NEPEXO-
na nona ooisiee yeM B 30 pas, U MOXKHO OBLJIO OXKH-
JaTh 3HAYUTENLHOE YBEIUYEHHE TIOJHOTO JIIeK-
TPUYCCKOT'O COMMPOTUBJICHUA CHUCTEMBIL. OZ[HaKO HE
HaOJIIOIANOCh CYIIECTBEHHBIX W3MEHEHHH YHCe
YacTHll, MEPECEKAIOIIMX T'PAHMIIBI CUCTEMbI B Te-
vyenue oauHakoBoro uuciia MKII gis cucreMm ¢ u
0e3 Mex3epeHHoi obnacTu. bomee Toro, 3Ti uncia
YJacCTUll HC 3aBUCAT OT IIHWPUHBL Me>1<3epeHH0171 06-
JJaCTH, a TaKXC OT BCIHNYHMHBI Z[OHOJIHI/ITGHLHOﬁ
BBICOTHI Oapbepa.

UToOBl MOHATH TaKOE TMOBEJCHUE, OBLIO pac-
CUHMTaHO pachpelielieHUe JIOKATBHOTO JJIEKTpHYe-
CKOTO ToJs (HIKHSA maHens puc. 3). OOpammaet
Ha ceOsi BHUMaHUe OO0JbIIOe 3HAUCHHE DIIEKTPH-
YECKOTO IOJISI B MEXK3EPEHHOI 00J1aCTH, BHI3BaH-
HO€ CTPYKTypaMH JABOWHOTO CJIOS, CO3JaHHbIX, B
CBOIO ouepeanb, MC)KHNOHHBIM KYJIOHOBCKUM
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B3auMoJielicTBueM. Ha neBoll CTOpoHE Mex3epeH-
HOHM 00J1acTH, TAe KOHLIEHTPALMs HOHOB KUCIOpOaa
Masia, OOJBIIOE 3JCKTPUUECKOE I0JIeé KOMICHCHU-
pyeT AeUIMT HOCUTENEeH 3apsia U MOAAePKUBACT
BJIEKTPUYECKUH TOK, NMPOAYLUUPYEMBIA BHELUIHUM
nojeM B oObeme 3epeH. Tak Kak TeHepupyemoe
BHYTpEHHee IoJie, o0ecieunBaiomiee nepeHoc Ho-
cUTeNel 3apsia dYepe3 MEX3EepPeHHYI0 00nacTb,
SIBJISIETCSL OTBETOM Ha HEOJHOPOMHOCTH CHCTEMBI,
MOJKHO TOBOPHUTH 00 OINpeJesieHHOH ee caMoopra-
HU3aIMH, KOrja OOJbIIOE MEX3epeHHOE COMpo-
TUBJIEHUE MACKUPYETCS U HE OKa3bIBAET BIIUSHHUS
Ha JJIEKTPUUYECKOE CONPOTUBIICHUE CUCTEMBI B IiE-
JIOM, OIPENEISIEMOE €T0 BOJIBTAMIIEPHOM XapakKTe-
PUCTUKOM.
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Puc. 4. Pacipenenenyue KOHIEHTPAI[X HOHOB
KHCJIOPO/a IO OTHOUIEHHUIO K AJIEKTPOHEUTPATIbHOMY
COCTOSIHHIO (BEPXHSIS IIAHEIb) U AJIEKTPUIECKOTO
MoTeHIMAaNa (HIDKHSS MTaHelb) BOJIH3H MEK3epEHHOMN
MIPOCJIONKH MIMUPUHOM 5 MapaMeTpoB YKPYITHEHHOH
KpHCTaTIMeckoit pemerku npu E = 107 B/m,
€=500, T=1000 K, Ey = 0,2 5B

Bo3znelicTBre BHEIIHETO ANEKTPUUECKOIO MOJIS
Ha pacmpezesieHre 3apsiia B MeXX3epeHHOH 00macTu
oTOOpaXkaeTcsl acCHMMETPHEH pachpeleieHrs. JTa
aCHMMETPHS MaJjla, TaK Kak BHelIHee 1mojie B 1 B/Mkm
MaJIo0 Ha MHUKPOCKOITITYECKOM ypoBHE. [Ipyn moBbIeH-
HBIX 3HAUCHMSX AekTprdeckoro moist (10 B/mMxM) u
IUDJIEKTpUYecKol mpormmaemoctd (€ = 500),
yMeHbImarome 3(PPEKTUBHOCTL  KYJIOHOBCKOTO
B3aMIMOJCWCTBHUS, BIHMSAHWE BHEIIHETO OIS Tpe-
oOiamaeT, W paclpeeleHrne 3apsaaa CTaHOBUTCS
AHTHCHMMETPHUYHBIM, CO3IAIOIINM €IWHCTBEHHBII
IBOITHOM cyoi (puc. 4).

OdyeHp OOIBIIOE 3HAYEHHE JIOKATBHOTO JIIEK-
TPUUYECKOTO IOJISI MHUIIUUPYETCS TIO0 BCEH Mek3e-
peHHoO# o0macTH, KoTopoe obecrieumBaeT dddek-
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TUBHBII TIEPEHOC MOHOB, JOCTABISIEMBIX U3 00B-
€MHOM Y4acTu 3epHa.

[Ipu GonblieM 3HaUYEHWM DHEPTUHM AKTUBALUU
MUIpallMd B MEK3epeHHOH obnactu (Eg, =2 3B)
HECKOJIBKO slY€eK, IMPUMBIKAIOMIKX K JIEBOW CTOPO-
HE MEX3EpeHHOW O0O0NacTH, CTaHOBATCS TOYTH
MOJTHOCTBIO 3aHATHIMH MOHAaMHU KHUCIIOPOAA, TOTNa
KaK Ha MpaBOM CTOPOHE HECKONBKO SYEeK CTaHo-
BATCS TIOYTH IMOJHOCTHIO BaKaHTHBIMH, UTO CO3/a-
€T OYEHb BBICOKOE 3JIEKTPUUYECKOE I0JIE B MEXkK3e-
peHHOU obOnactu. MoHBI kucnopoaa ¢ JIeBOi cTo-
POHBI TPOTATKUBAIOTCSA JJIEKTPUYECKUM TI0JIEM
4yepe3 MEeK3CPCHHYIO 00J1aCTh M BBIOPACHIBAIOTCS B
0o0beM 3epHa Ha paBoii cTopoHe. TakuM o0pazom,
COIIPOTHBIICHHE OOJIACTH TPaHMIl 3€pPEeH MOJaBIs-
€TCsl BHYTPEHHUM 3JIEKTPUUECKUM TIOJEM, U DJIEK-
TPUUECKOE COIMPOTHUBIEHUE CUCTEMBI MOJHOCTHIO
ompeJieNsieTcs CONPOTUBICHNEM 00beMa 3epeH.

3akarouenune. Paccmorpena mpocrtast Mozenb
JIETUPOBaHHON pa3HOBAJIEHTHBIMH TNPUMECSIMU
OKCHJIHOM KEpaMHKH, coJep)Kalled 3epHO U
MEX3EpeHHBIE MPOCIOHKH, M OBLIO BBIIOIHEHO
MOJEJMPOBAHUE 10 KHHETHYECKOMY METOIY
Moumnte-Kapio.

MopnenupoBaHue BBISBIWIIO TOSBICHHUE JBOM-
HBIX 3JIEKTPUYECKHX CJIOEB Ha TpaHUIlaX MexK3e-
peHHBIX oOnactell. B cocTossHUM paBHOBECHS HIIH
1py c1a00M BHEIIHEM DJIEKTPUYECKOM I10JIe JBOK-
HBIE CJIOM MOSIBIISIIOTCS Ha 00€MX CTOPOHAX MexkK3e-
peHHOW oOnacTH, a mpu Oojee CHIBHOM IIOJie
€IMHCTBEHHBIH ABOHHON cioil oOpasyercs W30bI-
TOYHBIMHU 3apsAJaMH IMPOTHBOIOJIOXKHBIX 3HAKOB Ha
TpaHMLaX MEK3epeHHOH 001acTH. DTH JIOKaTbHbBIE
OTKJIOHEHHS OT 3JEKTPOHEUTPAIbHOCTH BO3HUKA-
10T BCJIEJCTBHE 3aTPYJHEHHOIO IEpeXoja HMOHOB
u3 o0beMa 3epeH B MEK3EpEeHHYI0 00JlacTh M Ky-
JIOHOBCKOT'O ME&XKHOHHOTO B3auMmozeiicTeusa. B cBoro
odepe.b, 3T JBONHBIE CIOU MPOU3BOJAT JOCTa-
TOYHO CHJIBHOE 3JIEKTPUYECKOE II0JIe, KOTOpoe
NPOTAJKUBAaEeT HOHBI 4Yepe3 MEeX3EepPeHHYI0 00-
JIACTh U B pe3yjbTaTe MOAABIAET COMPOTUBICHUE
MEX3epeHHBIX obOmacteil. Bce HOHBI, KOTOpHIC
nomajnalT B 00JacTh ABOWHBIX CJIOEB, OBICTPO
MepeMEeIAloTCs Yepe3 MEK3epeHHYI0 00iacTb B
HaIllpaBJI€HUM BHEUIHEr0 IMPUIIOKEHHOTO OIS
TaK, YTO MOJHOE CONPOTHUBJICHUE CHUCTEMBI IIpaK-
TUYECKH IOJHOCTBIO OMpPEIENsIeTCs CONpPOTHUB-
JIeHuEeM 00beMa 3epeH.

[TyOnukamust conep>KuT pe3yabTaThl UCCIIEH0-
BAaHMM, BBHIMOJHEHHBIX [IPU TPAHTOBOW MOAEPIKKE
®donna ¢GyHIaMEHTaIbHBIX HcchefoBanuii bena-
pycu (koHKypcHbIH mpoekT Ne ®16K-061) u I'o-
cygapcTBeHHOro (¢oHAa (QyHIaMEHTaIbHBIX
uccienoBaHui YKpauHbl (KOHKYPCHBIM MPOEKT
Ne ©73/113-2017), a Taxke Hay4HOH mporpam-
Mbl EBpocoroza HORIZON-2020 (mpoext AMD-
734276-CONIN) nu MunuctepctBa oOpa3oBaHHs
benapycu.
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I'. C. Bokyn', M. ®. T'osoBko’, B. C. Buxpenko'
1Benopyccm/n?l rOCYJapCTBEHHBIN TEXHOIOIHYECKUI YHUBEPCUTET
2I/IHCTI/ITyT ¢u3ukyn koHaeHcupoBaHHbIX cucteM HAH Ykpaunsl (. JIbBoB, YkpanHa)

3KPAHUPOBAHUE KYJOHOBCKOI'O B3AUMOJIENCTBUA
B KPUCTA/VIMYECKHUX MATEPUAJIAX

Jist onmcanust 9 (EKTOB IKpPaHUPOBAHUS B TBEPAOM TEJIE HCIOIb30BaH METO/ KOJUIEKTUBHBIX IIe-
peMeHHbIX. KyMMyJISHTHOE pa3io)KeHHe 0 MEePEeHOPMHUPOBAHHBIM MAHepOBCKUM (DYHKIUSAM HCIIONb-
30BaHO 171t JOpMUPOBAHKS CBOOOIHON 3HEPTUH B BUAE (HYHKIMOHANA IUIOTHOCTH U SYESYHBIX ITOTCH-
UAJIOB CPEIHUX CHJI. VI3 yCIIOBHSI 3KCTPEMalIbHOCTH OCTaTKa B IPEJICTABICHHUH KOH(UTYypaluoOHHOTO
MHTErpaia psaoM MoIydeHa 3aMKHyTas CUCTeMa YpPaBHEHHH Ui pacyeTa MOTEHIHAJIOB CPEIHUX CHIL
Slnpa 5THX ypaBHEHHH NPE/ICTaBIICHBI JIONOIHUTEIBHBIMU KOPPEIATOPAMH, YUUTHIBAIOIIMMH P PEKThI
ONM3KO- W JanbHOAEHCTBUSL. [l BBIYMCIIEHUS MOCIEIHNX OCYIIECTBICHO yCpeAHEHHE rMOOCOBCKOM
(YHKINN pacupeneseHus KyJIOHOBCKOM CHCTEMBI 110 0a3MCHBIM COCTOSIHUSM HJI€albHOTO KpHCTalIa.
B pesynbrare MHTErpasbHBIE YpaBHEHUS IMIPEACTaBIeHH B opMe, copepkanield SKpaHUpOBaHHbIE TIO-
TEHLMAJBI. Y CTAaHOBJICHA CBS3b MEXTYy Pypbe-00pa3oM 3KpaHHPOBAHHBIX MOTEHINAIOB 1 MOMEHTAMH
OJHOYACTUYHON (DYHKIMU paclpeneNeHns], COAeP)KaIlMMH HOTeHIMAIbI cpeqHnuXx cuil. [lomydeHo mo-
IUGUIIPOBaHHOE BRIpAYKEHHE A paanyca Jlebas. PaccMOTpeH mepexo K pemeToYHOi cucTeMe.

KaioueBbie ciioBa: TBepzioe Teno, 3G GeKTUBHbII MOTEHIMaN, CBOOOAHAs dHeprus, panuyc Jedas,
UHTETpaJbHbIE YPaBHEHUS, KOPPEISTHBHbIE (QYHKIIMH, PELICTOYHAS TEOPHUSI.

G. S. Bokun', M. F. Holovko’, V. S. Vikhrenko'
'Belarusian State Technological University
*Institute for Condensed Matter Physics of NAS of Ukraine (Lviv, Ukraine)

SCREENING OF THE COULOMB INTERACTION
IN CRYSTALLINE MATERIALS

To describe the screening effects in a solid, the collective variables method is used. The cumulant
expansion in terms of renormalized Mayer functions was used to represent the free energy in the form
of a density functional and cell potentials of mean forces. From the condition of extremity of the re-
mainder in the representation of the configuration integral, a closed system of equations for calculating
the potentials of the mean forces is obtained. The kernels of these equations are represented by addi-
tional correlators that take into account the effects of short and long range interactions. To calculate the
latter, the Gibbs distribution function of the Coulomb system is averaged over the basis states of an
ideal crystal. As a result, the integral equations are presented in a form containing screened poten-
tials. A connection is established between the Fourier transform of the screened potentials and the mo-
ments of the one-particle distribution function, which contain potentials of the mean forces. The modi-
fied expression for the Debye radius is obtained. The transition to a lattice system is considered.

Key words: solid, effective potential, free energy, Debye radius, integral equations, correlative
functions, lattice theory.

Beenenmne. [Inpokoe MCNoIb30BaHUE KEpAMU-
YeCKUX TBEPIOTEIHHBIX MAaTEPHUANOB B Pa3INIHBIX
JNEKTPOXUMHYECKAX CHCTEMaxX, B YaCTHOCTH, B
BBICOKOTEMITEPATyPHBIX TOIUTMBHBIX 3JIeMeHTax [1, 2],
a TakKe pa3pabdOTKa TMOITHOCTHIO TBEPHOTEIBHBIX
AIEKTPOXUMHUICCKUX HMCTOYHHKOB TOKa [3, 4] ¢
LIETbI0 TIOBBIMIEHUSI WX 0E30MacHOCTH ITyTeM FC-
KITFOUSHHUS U3 MX KOHCTPYKIHU >KAIKUX DJIEKTPO-
JUTOB M WOHHBIX JKHIKOCTEW, OMPEIENIIOT BaX-
HOCTH pa3pabOTKH HAJEKHBIX TEOPETHUECKUX Me-
TO/OB ONHCaHUS TakuX MarepuasoB. OmHUM U3
MPoOJIEMHBIX (PAKTOPOB, YCIOKHSIOMNX WX OIHU-
CaHWe, SABISETCS HAIMYHE NaTbHOAEUCTBYIOIINX
MEXXHOHHBIX KYJIOHOBCKMX B3aUMOJIEUCTBUH, Tpe-
Oyrommux pa3paboOTKH HAIEKHBIX METOJOB ydeTa
SKPAaHUPOBAHUS TAKUX B3aUMOIEUCTBUMN.

Tpyabl BITY Cepuss3 Ne 2 2017

[IpennoxeHHple paHee MOAXOIBI K YUETy Kak
JIalIbHOJICHCTBYIOIUX, TaK U KOPOTKOAEHCTBYIO-
IIUX B3aUMOJIECTBUNA B KOHJIEHCHUPOBAHHBIX Cpe-
nax [5] mMoryT OBITh TIepeHECeHBI Ha OIHMCAHHUE
KPUCTAJUIMYECKUX HOHHBIX CHCTEM H TOKOIPOBO-
IMIAX KepaMUK, OCHOBHBIE OCOOEHHOCTH KOTO-
PBIX XOPOIIO BOCIIPOM3BOIATCS PEIMIETOYHON TEO-
puelt [6], K KOTOPOH MOXHO TPU ONPEIEICHHBIX
anmpOKCUMAIIMSIX CBECTH METOJ YCIOBHBIX pac-
npenenenuii [7]. CBoWCTBA TaKMX CHUCTEM MOXHO
nepenaTb, COBMeEIIas MOJENb HACaIbHOTO KpH-
CTaljla ¢ TPYNIIOBBIM Pa3iOKEeHHEM IO IMIEpPEeHOp-
MHUPOBaHHBIM MaiepOBCKUM (YHKITHSIM, C TIOMO-
B0 KOTOPBIX Ha CBOMCTBA WIEAILHOTO KPHUCTAII-
Jla HaKJIaIbpIBalOTCA Koppemsnud. [lostomy mpen-
CTaBIIAETCS ONPaBAAHHBIM OOBEIMHHUTH TMOIXOIHI,
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paspaboTtanHsle B [5-7], mnsg yduera 3QeKToB 1 .
JAIbHOAEUCTBHSA B CYIIECTBEHHO HEOIHOPOIHBIX Fy(i)=—exp —BZ(Pk(l) . (5)

cpenax, K KOTOPBIM U OTHOCSITCSI TOKOTIPOBOSIIINE
KEepaMUKH, SBISISICh HOHHBIMU CUCTeMaMU. BaxkHoit
3]IECh SBISETCS BO3MOXHOCThH OMUCaHUs (Da30BbIX
MepexooB, MpeaocTaBisieMas moaxomoMm [6, 7],
JOTIOJTHEHHAs! BO3MOKHOCTBIO yueTa JalbHOJICH-
cTBUs [5], Tak kak Ha 3TUX 3(PPekTax OCHOBaHA
paboTa pa3IHYHBIX IJICKTPOXUMUUIECKUX CHCTEM.
Kondurypanuonnslii UHTErpaJ uaeajibLHOro
KPHUCTA/UIA NMPU HAJMYUM KYJOHOBCKHX B3au-
MojelicTBuii. CHadama pacCMOTPUM MOZEIH KPH-
CTajuia, Korja ero oobeM pasduBaercs Ha N — IO
YUCIIy MOHOB — MOJEKYJISIPHBIX slY€eK, M Kaxaas
sieiika CCTEMBI 3aHATa OJTHUM HOHOM, U BBE/IEM B
paccMoTpeHne O0a3uCHYI0 CHCTEMY, OIpeaerse-
MYIO OJHOYACTHYHBIMU TOTEHIIUATAME CPEIHUX

cun @, (i) [6, 7). TlpecTaBss SHEPTUIO CHCTEMBI
NMapHbIMHU MEKYaCTUYHBIMU B3aHMOI[eI>iCTBH5[MH
@i, j) u V(i,]) 61u3Ko- ¥ NaIbHOICHCTBYFOIINX
MOTEHIUAJIOB, COOTBETCTBEHHO, IS YACTHI[ B TIO-
NIOKEHUSX ¢; U ¢, IPEICTABUM KOH(UTYpaLHOH-

HbIIl uHTErpan Q, cucremsl B hopme [6]

N N
Oy =0y (exp[-B Y. VG, NT a+rG7») ()

i<j=1 i<j=1 0
rae

[ y=exp(-B(®(i. ) -0, ()— 0 (/) -1,

0 N . -
0y =0", 0 =[exp| BY 0, (i) {dg', ()
W i
Q) — KOH(UIypPaUMOHHBIH MHTErpai HICATHHOIO
KpHUCTaIl1a, BRIPAKEHHBIN Yepe3 OJIHOYACTUYHBIC sue-
CUHBIC MOTCHIMAIBI CPSIHUX CHII @ (i); £, ))

TIePEHOPMUPOBAHHAs MalepoBCKas (yHKIHS; YI-
TOBbIE CKOOKH (..), O3HAUAIOT YCPEIHEHHE IO

PaBHOBECHBIM COCTOSIHUSIM 0a3UCHON CHCTEMBI.

Ilocnenyroee KyMMYJISHTHOE —paslioKeHHE
BeIpaskeHus (1) mo pyHkumsam (2) mo3BonsieT 3amnu-
caTb C TOYHOCTBIO JO BTOPOTO BUPHUAIBHOIO KO-
a¢dpunmenrta

nQy =InQ; +Qy +> (i, Ng /), +-n (3)

0) =(exp| -BY. V(. ))|) - 4)
i<j 0

Ycpennenne B cootHomeHusx (3) u (4) ocy-
IICCTBISIETCS TPOU3BEACHUEM YHAPHBIX (DYHKIIMN
pacnpenenenus F(i) u Fy(j) [6,7]:

Qi k#l

Oco0eHHOCTRIO cooTHOMIEHUS (3) (B OTiIHYHe
OT TPEXHEro pesyibTaTa [6]) SABISETCS TO, UTO
JATBHOACUCTBYIONIAs YacTh B3aHMMOJCHCTBUS B
BeIpaxkeHnu (1) BbIZCNICHA B OT/ACIbHBIC Cllarae-
Mbie. [T09TOMY MepeHOpMHUpPOBaHHAs MalepoBCKast
¢byakmust  f (i, j) MomymupyeTcst 31ech OWHApHOUN
dbyakuuerr g(i, j) cUCTeMBbI ¢ KYJIOHOBCKHM B3amW-

MOJICHCTBUEM, IOCIIE/IOBATENILHASI CXEMa pacueTa
KOTOpOIi pa3paboraHa B [5].
[Ipumensss nanee mpouenypy CaMOCOIIacoBaH-

HOTO pacueTa MOTeHIManoB @, (i) cormacuo [6],

MIPUXOJIUM K 3aMKHYTOH CHCTEME YpaBHEHUH BUAA

exp(-Bo, (1)) =é [ gt jrexp(-Bod(i.))x

v,

xexp| -B Y @, (J) |d- ©)

k#i,j

Cucrema ypaBHeHHH (6) OTIMYAETCS OT HC-
M0JIb30BAaHHON paHee TeM, YTO €€ AP0, MOMHMO
TOYEYHOI'0 KOPOTKOAEHCTBYIOIIEIO MOTEHIHANA,
COIEPKUT OMHAPHYIO (QYHKIHIO AJIsI CHCTEMBI Yac-
THUI] C KYJIOHOBCKHM B3aMMOJEHCTBHEM, BbIpaXke-
HUE 1J11 KOTOpOoU umeeT Buf [S]

B30, )= FOF()egw. ),
g (i, j) = exp(—Bu(i, ))), (7

rae u(i,j) — yXe He KyJOHOBCKHH, a 3KpaHHPO-
BaHHBIM MOTEHLMAJ, YTO pelaeT mpoodiemy pac-
XOAMMOCTH UHTErPAJIOB TPU BBIYUCICHUH CBOOOI-
HOH sHeprun (3) W3-3a JaNbHOACHCTBUA. B pe-
3yabTaTe dPPEKTH TaTbHOMCHCTBUS TTEPEHOCSTCS,
B TOM 4YHCJIE U Ha TIEPEHOPMHUPOBKY OJHOYACTHY-
HBIX SYECYHBIX TTOTCHLUAIIOB.

B Boipakenuu (7) BbIIMCaHbl HayaJlbHBIE UJIe-
HBI psiZia, COOTBETCTBYIONINE 1e0aeBCKOMY ONHCa-
HUIO MOHHBIX cucTeM. boree mosHOe mpencTaBie-
HUE IS COOTHOIIEeHUS (7) ClIeqyeT MPU BhIYUCTIE-
HuM (QyHKIUU pactupenenerus g(i, j) ¢ MOMOUIbIO
KOJUIEKTUBHBIX MepeMeHHbIX [5]. JononHuTensHas
0COOEHHOCTh ypaBHEHHH B paccMaTpUBaeMOM
cllydae COCTOUT B TOM, 4To QyHKIus g(i, j) ompe-
JIENIIeTCs yCpenHEeHNEeM HE TI0 COCTOSIHHAM H7e-
aITBHOTO Ta3a, a M0 COCTOSHUSAM HICaTbHOTO KpPH-
cTaiia, MOCKOJBKY I MEePEeHOPMUPOBKH Maiie-
POBCKUX (HyHKIUH

[, j)=exp(-BP(i,))-1 (8)

B BbIPAXKXCHUUN (2) HCIIOJIB30BaHbI OJHOYAaCTUYHBIC
AYCCUYHBIC ITOTCHIMAJIBI.

Tpyasl BITY Cepuss3 Ne 2 2017
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CootBerctBeHHo g(i, j), Hanpumep, pu i = 1,
J =2, onpezensieTcs: BRIpa)KCHUEM, IMEFOIM BH/I:

g(1,2)=.[....[exp(—[3 ﬁ: V(z,m)Jx

<m=
vy vy I<m=1

XFy(3),Fy(4)...Fy (N)d3d4..dN . (9)

EcTb ocHOBaHMs monaraTh, 4To MOSIBIEHUE J0-
MOJHUTENBHBIX TayccuaHoB B (9), BHOCHMBIX
¢yHKUMSIMH ), IpUBEIET K YIyYLIEHUIO CXOIU-
MocTH psga (7), HOITy4eHHOTO B paMKax MeToJa
KOJJIEKTUBHBIX MEPEMEHHBIX [5], Tak Kak aHajo-
THYHas MpoLeaAypa OKa3aaach yCIEUIHON MPU KOH-
CTPYUPOBaHHU OMHMCAHHSI C MOMOIIBIO 3(h(HEeKTHB-
HOT0 nmoTeHnuana [8].

Kpucrann npm Hammyum BakaHcuid. [lpu
HaJIMYUKM BaKaHCUM cpelHuEe 3HAa4eHHs 4ucel 3a-
noaHeHus sueek ¢ = N/ M < 1, N — 4ucio 4acTull
B CHUCTEME, paclipelieleHHbIX o M sueiikam. Pac-
YeThl U OKOHYATENbHbIE PE3YJbTaThl IPHUBEIEM
JUId  Clly4as, COOTBETCTBYIOIIETO OJHOPOJHOMY
pacrpeneneHuio BaKaHCHH MO 00bEMY CHCTEMBI.
Ucnonezyem mnoaxon [5], pa3paOoTaHHBIA Ui
cllyyasi, KOrja B KauecTBe 0a3HCHOW CHCTEMBI UC-
MOJIB3YETCsI cCUCcTeMa TBEPABIX chep, I ycpeaHe-
HUS TI0 COCTOSIHMSM HieanpHoro Kpuctamia. Ilo-
BTOpSAsA IPOLENYpbl, U3TIOXKEHHBIE B [5], ycTaHaB-
JIUBAeM, YTO BCE IOJyYEHHBIE pPe3yJbTaThl CIIpa-
BEJUIMBBI M A PAacCMaTpHUBAEMOro ciydas, Tak
YTO KOPPEIATOP

g, j) =exp[Pu(i, HIA+...). (10)

3nech u(i, j) — PKpaHUPOBAHHBIN KYJIOHOBCKHMA

noreHnuai, Oypre-006pa3 KOTOPOro UMeeT BUJT
1 a(k)

4= N T atom )

(11)

rue a(k) — @ypbe-00pa3 KyJIOHOBCKOTO MOTEHIIHAA
a(k)=1/k*; (12)

m, (k) — ycpeaHeHHoe 1o 6a3uCHOMY paclpejele-
HUIO MPOU3BCACHUC KOJUICKTUBHBIX IEPEMECHHBIX

my(k)=my(k,—k)= <p.P_; >» (13)
Ly J
P, = exp(ikq,) —~NO, ,, (14)
k N & .0

rae O o — cumBoi KpoHekkepa.

B ypaBrenusix (11)—(14) B kauecTBe eIUHUIIBI
JUTMHBI ~ WCTIONB3yeTcss  mapaMmeTp  beepyma
Ty = eZB/4TC880, rae e — 3apsin wona, B =1/ kgT —
oOpaTHast TeMIeparypa, € U €y — AUIJIEKTpUIecKas
M 3JICKTpHUECKast MOCTOSTHHBIE, COOTBETCTBEHHO.

PaccMoTpuM  mocnenoBaTeNbHO  pacueT  OT-
JIeTIBHBIX YWJICHOB, 00Pa3yIOIIUXCS TIPH MOJICTAHOBKE

Tpyabl BITY Cepuss3 Ne 2 2017

cootHoutenus (14) B my(ky,kz), Ilockonsky P, =0,
pacuets BeioHuM ipu (ky,k») # 0:

< Zexp(i(kl +ky)q;) >0=
i=1
=" [explitk + k,)g"Fy (¢ )dg' . (15)

=1 9,

3mech M janee WCHOIL3YIOTCS O0003HAYCHUS:
¢' — KOOpAMHATA TPOM3BONBHON MONEKYIBI, ¢ —
(hUKCUPOBAHHOIA.

YuuteiBasg MEePpUOANIHOCTh (GYyHKIHH Fo(q),
3aIuIneM

q¢ =R+, (16)
rae R, — paauyc-BeKTOp [-ro y3lla pemeTKH, 7; OT-

CUMTHIBAETCS OT IICHTpA /-iT STICHKH.
ITonctasus (16) B (15), morydanm

iiei(/ﬂ*kz)% :iiei(kﬁrkz)&f(k +k,), (17)

Tae
S )= [ " Fy (e, (18)
¥,

ITockoneky k B ypaBHeHuu (17) mpuHAAIEKAT
nepBoil 30He bpuitosHa, a R; — BEKTOp OCHOBHOM
PELIETKH, UMEIOT MECTO yCIOBHUSA [9]:

M o
ZelkR/ =M. (19)
i1
<L§: JENY > -
N i=1 0
=08 1, 0 (k + k) = f(0). (20)

JleficTBys1 aHAIOTHYHBIM 00pa3oM, HaAXOIUM
iﬁ: ﬁ: otk haa))
N3 J#i 0
=Mcf (k) f (k, )SkI ,06k2,0 -
— c8(k, +ky) f (k) f (k). (21)
B pesynbraTe Haxoaum
my (ki sky) =8y 4 o (f (ky +ky) =
—¢f (k) f (k,)) (22)
170031
my (k,—k)=my (k)= f(0)—cf (k) f(=k). (23)

Jna naneHeitmero pacuera m, (k) U onucaHus
CHCTEMBI B TepMHUHax paanyca Jlebas paccMOTpum
paznoxenne Pypre-o0paza OAHOYACTUYHON (DYHK-
1y (18) B psix 1o mepeMeHHoH k.
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Tak kak Fy(r,) HOpMUpOBaHa Ha EIWHULY M 7 N—c
o ) —
CHMMMETPHYHA 110 IIEPEMEHHOM 7}, MOJKHO 3aIlMCaTh Bu(’”,-j) = —exp(—wﬂy. ), V= , (32)

f(k)y=1-Jk* + Wk*, (24)

rae J u W — BTOpod U 4eTBEPTHI MOMEHTHI yHap-
HOW (PyHKITMHU pacTpeeneH s, COOTBETCTBEHHO

1 2
J == [n) Fyrydn, (25)
1 4
W= [ n) By, (26)
rae [, :k/ilg‘ — ©IUHUYHBIA BEKTOp BIOJb Ha-
npasieHus k.

Paznoxxenue (24) mo3BosseT 3anucaTh
m,(k)=(1—c)+k*c(2J —k>*2W +J)). (27)

Teneps, moacrasuB (27) u (12) B BeIpakeHHe
(13), naxomum, uto Pypbe-00pa3 IKpaHUPOBAHHO-
ro IOTeHIUalla UMEET BUJL

_ (1-¢) 2
u(k)=(1+2Jc) —(1+2Jc )+k
4 c B

—k m . (28)

U3 (28) cnexyert, 9TO MpH ManbIX 3HAYEHUAX k
MOJKHO 3aIHCaTh

-1

+(1;C)) A+2Jo)| . (29)

u(k)=|| k*
(1+2Jc
W3 (29) nmaxomaum, uro pamuyc JlebGas Oymer
orpenensTbes GopMyIIoi

’1+2Jc
7 :R _—, R =
D D (l—C) D

rze s — napamerp peLeTKy.

U3 cootnomenus (30) cnemyeT, 9To mpHU Tpe-
IeNbHBIX 3HaueHHuAX ¢ = 0 mwnn 1 7, — co, n dKpa-
HUPOBAaHUE OTCYTCTBYET H3-32 HEBO3MO>KHOCTH
MEepEeMEIINBaHNsl YaCTHILl M0 O0BbEMY CHCTEMbI B
3TUX MpeneNbHbIX ciydasx. C Apyroil CTOpOHSI,
TEOpHs COAEPKUT 3(PPEeKThl 3KpaHUPOBAHUS NPHU
nepexosie K PeleTOYHOMY OINMCAHWIO, KOraa He
YUUTBIBAIOTCS KOJICOAHHUST YaCTHL OTHOCHUTEIBHO
y3noB pemerku. Torma mipu J = 0, cornacHo (29),
HaxXoJIuM

e h’

cPe’

(30)

1

Bu(k) =m,

1)

YTO IIO3BOJIACT 3aItMCaTh

i Rp
rJie 7;; — PaCCTOSHUE MEXly MOJIEKyJaMHU B i-i 1
Jj-1 A4erkax.

[ns mepexoga K peHIETOYHOMY OINHCAHUIO
(GYHKUMH, 3aBHUCSIINE OT KOOPAMHAT, 3aMEHSIOTCS
WX 3HaUYEHUSAMH B y3nax pemeTkd. COOTBETCTBEH-
HO HMHTCTpPaAJIbHbIC YPABHCHHA [JId IMOTCHLHAJIOB
CpedHUX CWI mepexonsT B airebpandeckue. [lpu
3alMCU ¥ PEUIeHUH STUX YpaBHEHWH yIoOHO cuc-
TEMy C BaKaHCHSIMH ONHCHIBATh KaK JIBYXKOMIIO-
HEHTHY10, 0003Ha4as, Kak U paHee, copTa KOMIIO-
HEHTOB TpevecknMmu OykBamu. CHcTema ypaBHe-
HUH, Oomperernsiomas MOTeHIHAa bl CPEeIHUX CHIL,
MMEET TaKOH K€ BUJI, KaK U pacCCMOTpPEHHas paHee [6],

Y
HO B JAaHHOM CJIy4dac IMapaMeTpbl VVij CIeayeT 3a-

MEHHUTh Ha IPOU3BEIACHHE WinVin’ rae

Wt =exp(-B]). V" =exp(-fu") . (33)

B cBoto ouepenp,

-
Bul" = ﬁexp(—vRy )88, - 34

g

B dopmyne (34) R; — paccTosHUE MEXIy LI€H-
TpaMU i ¥ j siU€eK, 3aHATHIX COOTBETCTBEHHO 4Yac-
TUIIAMU Y U 1| COPTOB. BennuuHe! y 1 M npuHUMa-
10T 3HaueHus 1 nubo 0, ecim COOTBETCTBYIOIIUIA
y3eJ1 3aHST MOJIEKYJIOH MM BaKaHTEH.

Opnako Oojee 1enecoo0pa3HO B PEIIETOUYHBIX
MOJENSAX YYeCTh TEIUIOBBIE KOJeOaHWs YaCTHIL
BOJIM3M Y3JI0B KPUCTAJUIMUECKOH pemeTkr. OaHo-
YacTHYHbIE (YHKLUUH pacrpenesieHus MOTyT OBITh
BBIYHMCIICHBI B paMKax JAPYTHX MOAXOAOB, Halpu-
Mep, Ha OCHOBE METO0/1a YCIIOBHBIX pacIpeeleHni
[7], m B mpocTeiimemM ciydae anmpoKCUMHPOBAHBI
rayccoBbIMH 3aBHcHMOCTSMH. [loaToMy pagmyc
9KPaHUPOBAHUS KYJIOHOBCKOTO MOTEHIHMada OyaeT
onpenensaTecst 3aBUCUMOCTBIO (30), 1 MOXXHO Oy-
JeT OLECHUTh BIHMSHUE TEIJIOBBIX KoJeOaHWil dac-
TUIl Ha mapameTpsl 3kpaHupoBanus. C apyroi
CTOPOHBI, TPU MOJECTUPOBaHUU IH(PYy3nOHHBIX
nporeccoB no merony Monre-Kapno B pemierou-
HOM BapHaHTE MOKHO OYyJeT UCIONb30BaTh aHAIU-
TUYECKYIO OLIEHKY 3KPaHHUPOBAHHOTO KYJIOHOBCKO-
TO B3aUMOJEMCTBHA, YTO MO3BOJHUT CYIIECTBEHHO
COKpaTHUTh 3aTpaThl MAIIMHHOTO BPEMEHHU Ha BbI-
MIOJTHEHUE MOJICITUPOBAHUSI.

3akmoyenne. Cxema OmmMcaHUsl SKpaHHPOBa-
HUSI B3aUMOJCHCTBUS B KOHJCHCHUPOBAHHOM CO-
CTOSHHM TIePCHECEHa Ha COIIACOBAHHBIA yueT
BKJIAJIOB OT KOPOTKO- U JAIBHOJCHCTBYIOLINX CHII
B TBEPJOTEIHLHOM COCTOSIHMM BelecTBa. [lomyuena
3aMKHYTas CHCTEMa HHTETPAlbHBIX YpaBHEHHI

Tpyasl BITY Cepuss3 Ne 2 2017
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JUIsl TIOTEHUUAJOB CPEOHUX CUJ, OMpPEAEISIOLIUX
KOppEeNTHBHBIE (DYHKIIMH pacmupenenenus. Smpa
STOM CUCTEMBI BBIPAXKAIOTCS Yepe3 TOUYEUHBIN KO-
POTKOJEHUCTBYIOIIMNA MEXMOJEKYJISAPHBIA TOTEH-
LMaI U SKpPaHUPOBAHHBINA KYJIOHOBCKHUM MOTEHITHAIL.
[Tony4yeHbl COOTHOLLIEHUS, CBS3BIBAIOLIUE MEXKIY
coboit Dypbe-00pa3 SKPaHUPOBAHHOTO TIOTESHITHATIA
¢ dypre-00pa3oM yHapHOH (PYHKIMH pacmipesene-
HUSA, BBIPAKCHHOW dUYepe3 TOTCHIMANBI CPEIHUX
CWJI, KOTOPHIE 3aMBIKAIOT CUCTEMY HMHTETPATbHBIX
YpaBHEHUH ISl TOCIEeTHUX. BEIOMHEHO pa3ioxke-
HUE NOJyYEHHBIX BBIPAXKCHUM MO BOJTHOBOMY BEK-
TOPY, YTO TO3BOJWIO MPEACTaBUTH SKpPaHUPOBa-

HUe B nebaeBckor Gopme ¢ MOIUPUITUPOBAHHBIM
COOTBETCTBYIOIIMM 00pa3oM BBIPAXKECHUEM UL
pammyca Jlebas.

[MyGnukamust conepKUT pe3ybTaThl UCCICIO-
BaHMIA, BBIMIOJHEHHBIX [IPH TPAHTOBON MOAJECPIKKE
®onga ¢dyHmaMeHTaNbHBIX HcclienoBaHui be-
napycu (koHKypcHBIH mpoekT Ne ®16K-614) u
lNocymapctBerHoro ¢oHaa (yHIaAMEHTAIBHBIX
uccineoBaHui YKpauHbl (KOHKYPCHBIH MPOEKT
Ne ©73/113-2017), a Takke HAy4YHOH MPOTPaMMBI
EBpocoroza HORIZON-2020 (mpoekt AMD-
734276-CONIN) u MwunucrepctBa 00pa3zoBaHUs
Benapycu.
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B. B. qaescxnﬁl, H. Buninsikos’
'Benopycckuii rocy1apcTBEHHBIH TEXHOMOTHUECKHi YHUBEPCHTET
*BHIIBHIOCCKHH TeXHHUECKUIl YHUBEPCHTET MeHH | enuMuHaca

CTPYKTYPA U ®A30BBI COCTAB ZrC-Ni-YJIA-IIOKPBITHUM
®PE3EPHOT'O MHCTPYMEHTA

OmnpeneneHsl mapaMeTpsl cuHTE3a U chopMupoBanbl koMOmHNpOoBaHHBIE ZrC-Ni-Y I A-MOKpHITHS
Ha TBEpAOCIUIaBHBIX HOXaX IepeBopekymero macrpyMenrta. ZrC-Ni-YJA-TIOKpBITHS comepkaT OT-
nenbHble (Ba3bl Hukens, Ni-Y A, rpaduronoooHbie Gasbl yabTpagiclepCHbIX ajMa3oB, a Takke Gpas3bl
kapOuna uupkonust ZrC. IToBepXHOCTh MOKPBITHS HEOJHOPOJHA, COJCPIKUT IMOPbl M BKIIOYCHUS
(uactuipl). Ctpykrypa HikHero cios Ni-YJIA Biusier Ha mopdosoruio noepxHoctu ZrC-Ni-Y JIA-
HOKPBITHS: OTIEeNbHbIE YacTUbl Y JIA TIPHCYTCTBYIOT B TIOpaX KOMOMHHPOBAHHOTO OKPBITHSI.

KuroueBnbie ciioBa: CTpyKTypa, MOKPBITHE, PEXYIUUNA MHCTPYMEHT, yJIbTPaAUCIEPCHBIE aIMasbl,
HUKeIb, KapOH/ LIUPKOHUSI.

V. V. Chayeuski', N. Vi$niakov’
'Belarusian State Technological University
*Vilnius Gediminas Technical University

THE STRUCTURE AND PHASE COMPOSITION
OF ZrC-Ni-UDD-COATINGS OF A MILLING TOOL

The parameters of the synthesis of combined ZrC-Ni-UDD-coatings have been determined as well as
the coatings have been formed on hard alloy knives of a woodcutting tool. The ZrC-Ni-UDD-coatings
consist of separate phases of nickel, Ni-UDD, ultradisperse diamonds phases similar to the graphite phase
and zirconium carbide ZrC-phase. The surface morphology of the coating shows a pattern with pits, pores,
and dots (particles). The structure of the bottom layer of Ni-UDD affects the morphology of the surface of
the ZrC-Ni-UDD coating: separated UDD particles are present in the pores of the combined coating.

Key words: structure, coating, cutting tool, ultradisperse diamonds, nickel, zirconium carbide.

BBenenne. HekoTopble TpaJMIIMOHHBIE TBEP-
Ible KepaMUKW, Takue KaK HHUTPHIBL, KapOWmwl,
OopuABl M OKCHIBI TTepeXxoaHbIx MeTamuioB (TiAIN,
TiC, TiB, u 1p.), KOTOpBIE IPUMEHSIOTCS IS 3a-
IIUTEl TBEPIOCIUIABHBEIX (Ha OCHOBE KapOmma
Boibhpama WC, JIETHPOBAaHHOTO KOOAIhTOM) pe-
KYIIMX MHCTPYMEHTOB OT TOBPEXIEHUH B pas-
JUYHBIX OO0JACTAX TPOMBINIJIEHHOCTH, oO0anas
MOBBIIIEHHON H3HOCOCTOMKOCTBIO U XUMHUYECKOM
CTaOMIIBPHOCTBIO, HE CIIOCOOHBI COXPAHATH CBOHU
CBOWCTBa TPH TSHKEIBIX yCIOBHAX pe3aHus. Cpok
CITy>)XKOBI TBEPAOCIUIABHBIX WHCTPYMEHTOB MOXKET
3HAYUTENFHO YBENWYMBATHCS HAHOCTPYKTYPHPO-
BaHHBIMA MHOTOCJIOWHBIMU TIOKPBITHUSAMH, TAaKUMHU
kak TiCN, TiCrN, AICrN, TiAIN, CrZrN u np.,
CHUHTE3MPOBAHHBIMHI METOJIOM (DH3MUYECKOTO OCaXK-
NeHUsT U3 TMapoBOW (ha3bl C MOMOIIBIO KaTOTHO-
nyrosoro ucmnapenus (CAE-PVD), u o6manaronu-
MH TIPEBOCXOJHBIMI MEXaHHYECKUMHU CBOWCTBAMU
[1-3]. Kpome TOTO, WCITONB30BAHUE YIBTPAIUC-
mepcHBIX anMaszoB (Y/IA), moiydaeMbIX JIeTOHa-

Tpyabl BITY Cepuss3 Ne 2 2017

IMeil B3PBIBYATHIX BEIIECTB, B KAUECTBE KOMIIO3H-
[IMOHHOTO MaTepraiga B JIIEKTPOXHUMHYECKUX U
XUMHYECKAX METaJI-aJIMa3HBIX TOKPBITUSIX IIPH-
BOJIWT K TIOBBIIIEHUIO UX W3HOCOCTOWKOCTH, CYIIIE-
CTBEHHOW aJre3nd, 3HAYATEIHHOMY CHIKEHHIO
kod(ummenra Tperus [4]. beuto mokazaHo, d9TO
00paboTKa TBEPIOCIUIABHBIX HOXEH KOMOMHHPO-
BaHHBIMU TaJbBAHUYECKHM METOJOM W METOIOM
CAE-PVD obecrieunBaeT yBETHMYCHHE TIepHUOAA
CTOWKOCTH CpOKa CIY>KOBI PeXYIINX WHCTPYMEH-
TOB ¢ ZrN-Ni-Co-TIOKpBITHEM TIpU (pe3epOBaAHIH
JAMHUHHUPOBAHHBIX JPEBECHO-CTPYKEUHBIX IUIAT
(JIACTII) [5].

B cBs3u ¢ 3TUM TENBI0 JAaHHOW pabOTH OBLIO
chopmupoBate Metomamu CAE-PVD wm anektpo-
XUMHYECKOTO OCAKIEHUS TPaTueHTHbIE KOMOUHH-
poBauHbie ZrC-Ni-Y/IA-TIOKpBITHS Ha MOBEPXHO-
CTH TBEPAOCIUIaBHBIX JIC3BUI HOXKEHW W3 KapOumaa
Bosbppama WC aepeBOpekyIero HHCTPYMEHTA
W WCCIENOBaTh CTPYKTYPY, (a30BBIA M DJIEMEHT-
HBIHA cOocTaB C(OPMHUPOBAHHBIX CIIOEB.
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OcHoBHast 4vacth. [anbBannueckue Ni-Y]IA
KOMITO3HITHOHHBIE DIEKTPOXVMHUYECKHE TOKPBITHS
HAHOCWJIM Ha TIOATOTOBIICHHYTO ITOBEPXHOCTH JIE3BHUI
TBEpAOCIDIaBHBIX HOXxel ¢upmbl Leitz (I'epmanus)
Ha 3KCIEPUMEHTAILHON YCTaHOBKE C MPUMEHEHHEM
HCTOYHMKA NocTosHHOro Toka Mapku HY3005-3 mpu
IIOTHOCTSAX Toka 1-24 A/mM° B raibBaHOCTATHYE-
CKOM ¥ HWMITyJIbCHOM pPEXKHMax »3JEKTPOJH3a U3
AIIEKTPOIIUTOB cliemyronx coctaBoB: NiSO, - 7TH,0O —
300 r/am’, NiCl, - 6H,0 — 40 r/am’, H;BO; —
30 o/mv’, YIA — 2-5 r/mv’. KUCIoTHOCTS 3JIEKTPO-
ymTa coctaBisia pH = 4,5. B kadecTBe mucniepcHOi
¢azb1 ucnosezoBasu YJIA (TY PB 28619110.001-95),
SIBIISTIONTAECS] TIPOAYKTOM JETOHAIIMOHHOTO TIpe-
BpallleHHUs B3PbIBUATHIX BEILIECTB pa3MepoM 3—5 HM,
Pa3BHTOH yaeIbHOM MOBepXHOCTHIO 200—450 M/
KOII dopmuposanuce npu Temmnepatype 40-50°C
U TIOCTOSHHOM TE€pPEMEUIMBAaHUM AIJIEKTPOIUTA-
CyCmeH3uu i mojaepxaHus dacturn YJA Bo
B3BELICHHOM COCTOSIHMH. TONIIMHA NOKPBITUN HE
npesbimaia 10 MxM.

WNonno-mnazMennble ZrC-MOKPBITUS  Ocaxaa-
nuck metonoM CAE-PVD Ha noBepXHOCTh HOXEM
¢ Ni-Y/IA-nokpeituem Ha ycraHoBke BY-1b «by-
JaT» 10 CTaHIAPTHOW MeToauke [6]: ¢ mpenBapu-
TEeITHLHON 00paboTKON MOHAMU ITUPKOHUS ITOJIJIOXK-
k1 B Bakyyme 10~ [1a Ipy MOTEHIHANE TIOTOKKH,
paBHOM —1 KB, ¥ mocnenyromuM HaHECEHHEM I10-
KpBITUH NpU TOKe ropeHus ayru karoga —100 A u
OMOPHOM HampsbkeHuu, pasHoM —100 B, B atmo-
chepe yriesogopona CH, npu masnennn 107 Ia.
TemnepaTypa Tpu OCaXIEHHH COOTBETCTBOBAJA
400-450°C. Tommuua ZrC-TIOKpBITUH HE TPEBHI-
mana 1,5 MKM.

@a30BbIil COCTAaB MOJYYEHHBIX IOKPBITHH HC-
CJIEIOBAJICS METOJOM PEHTTEHOCTPYKTYPHOTO aHa-
mm3a (PCA) pu momomu mudpakromerpa Ultima IV
(Rugaku, fAnonus) B Cu-K, nznyuennn.

Mopdonoruss moBepxHOCTH 00pa3LoOB H3yda-
Jach METOJaMM PacTPOBOM 3JIEKTPOHHONW MHKpPO-
ckonnu (POM) u ckaHupyromiei 3JeKTpOHHOMH
Mukpockonuu (COM) ¢ HCIoIh30BaHUEM MHUKPO-
ckorra LEO-1455 VP, koTOpsIi Takke MPUMEHSII-
csl JUIS OTpEeeNIeHUs] DJIEMEHTHOTO COCTaBa IOMy-
YEeHHbIX MOKpbITHH MeTogamu COM u peHTreHoc-
neKTpasbHOro Mukpoananusa (PCMA).

Pentrenorpammebl ZrC-Ni-Y J1A-noKpbITHS
(puc. 1) moKa3pIBAOT HAIMYHE OTACITBHBIX (a3 HH-
kemst, Ni-YVJIA, rpaduromnomoOHBIX ¢a3 yibTpa-
JUCTIEPCHBIX alMa3oB, a Takxke (a3l KapOuma
mupkonust ZrC. [pucyTcTBre Ha peHTTeHOrpaMMax
NpH KacaTenbHbIX cheMKax ZrC-Ni-Y JIA-TIOKpBITHS
pedutexca aimmaza C (111), xapakrepHoro mns YA
MTOPOIIIKOB, M pe(ICKCOB, COOTBETCTBYIOMUX (hazam
ZrC, HHKeNs, CBUACTEIbCTBYET O HATWUIUH (ha3bl
Ni-YJIA, a takke 00 amopdu3anuu 1 METKOKPH-
CTaJUIMYHOCTU CTPYKTYpHI copMHupoBaHHOH ZrC-
Ni-YIA-cuctemsl. Kpome toro, Hanuume Oonee MH-
TeHcuBHOTO muka Ni (111) npu 20 = 44° mo cpaBHe-
HUro ¢ mkoM Ni (200) mipu 20 = 52° sgpnsercst Xapak-
TEPHBIM JUTS TTOKPBITHH, copeprkamux Ni-Y A [7].

POM-CHUMOK MOBEPXHOCTH MOKPBITUA, MpEI-
CTaBJICHHBIH Ha pHUC. 2, MOKa3bIBACT THIUYHYIO
MOPQOJIOTHIO AN CTPYKTYp, CHOPMHPOBAHHBIX
MeronoM CAE-PVD wu3-3a xapakTepHOU A HETO
BBICOKOH CKOPOCTH OCa)Xa€MOTO BEIeCTBAa: Ha-
JIUYHE CJISIOB KareabHOU (a3bl MeTaia (puc. 2, a),
SIM, TIOp | To4eK (JacTuir) (puc. 2, 6).
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3 1'.

- . O 4 !‘
10um * Signal A = SE1 S Signal A= GBSD
Mag = 1.00KX WD= 16mm  PhotoNo.= 4852 |l| Mag = 500KX WD= 16mm  Photo No. = 485
I EHT = 20.00 kV EHT = 20.00 kv
a 6

Puc. 2. POM-caumkn nosepxaoct ZrC-Ni-Y JIA-nokpseitus

OTcyTcTBUE HHKENS B IOBEPXHOCTHOM CJIO€
ZrC-Ni-Y 1A-nokpeiTus cornacHo nanabiM PCMA

DJIeMeHTHBI COCTAB MOBEPXHOCTH
ZrC-Ni-Y JA-nokpbITHs

(Tabnuia) CBUIETENLCTBYET, 4To cinoi ZrC mioTHO

nokpeiBaeT Ni-Y JIA-OKpBITHE U OCHOBY. OnemeHT KOHHeHTogaHHH’ KOHHeHTOgaHM’
COM-uccienoBaHue MOBEPXHOCTH MOKPBITHS BeC. 7o ar. %

mokasaio (puc. 3), 9To B IMOpax MOKPBITUS TPUCYT- C 14,88 52,38

CTBYIOT YaCTHIIBI, COJIEpIKAILNE YTIIEPOI, KOTOPHIE O 3,61 9,54

HE B3aUMOJICHCTBYIOT ¢ ITUpKOHUEM (puc. 3, a, 0, 8) Ni .13 0.82

U HE SBISAIOTCS 3JIEMEHTaMH TBEPAOCILIABHOM OC-

HoBbl WC (puc. 3, 2). Zr 80,38 37,26

10

2

. CymMmapHbili CNeKTp No AMHWKA
Bec.% o

772
209
19

0.5
0.5
01

£r £

Puc. 3. COM-CHUMOK HIOBEpXHOCTH HOKPBITHUS (@), pactpenesieHre KoHIeHTpauuu ieMenToB (Zr, Ni, C) (6)
U CIIEKTp 3JIEMEHTHOTO COCTaBa (8) MPU CKAaHWPOBAHHUH BIOJIb THHUN AB
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Puc. 4. COM-CHUMOK IIOBEpXHOCTH TIOKPBITHUS (@), pacnpelielieHne KOHIIEHTparH dJ1eMeHToB (Zr, Ni) (6)
IpU CKAHUPOBAHUY BOJIb JIUHNY AB

Kpome Toro, COM-uccrnenoanue nedekra B
nokpeituu (puc. 4) BeisiBUIO Hamnuue Ni-YJA-
cios (puc. 4, 6).

Hanwaue yriepona B nopax ZrC-Ni-VY JIA-mokpsI-
tas (puc. 3) oObscHsercs TeM, uto Ni-Y]IA-
MTOKPBITHSI UMEIOT XapaKTepHYIO CTPYKTYpy, dop-
MHpYEMYI0 KJacTepamMu HaHoaiMasoB [8]. HacTuiibl
HaHOAJIMAa30B a/Ir€3NOHHO aKTHBHBI U MOTYT (op-
MHUpPOBaTh KiacTepsl pazmMepoM 10 10 MxMm. B pe-
3yJbTaTe yriaepol (HaHoalMasbl) pacipenensioTcs
1o noBepxHocTH Ni-Y J[A-ciios B BUIe KJIaCTEPOB.

3axmouenne. KomOunupoBanuele ZrC-Ni-
YJIA-IOKpBITHS, OCaXJEHHbIE Ha TBEPAOCILIAB-
HbIe U3 KapOuaa Bonbdppama WC HOXHU nepeBope-
JKYLIEr0 MHCTPYMEHTa, 00JafaloT MEIKOKPHCTAall-
JINYECKON CTPYKTYpOH M COIEpXKaT OTAEIbHbIE

¢azpr Hukens, Ni-YIIA, rpadurtononobnyio ¢azy
YA, a taxke ¢azy ZrC. [ToBepXxHOCTb MOKPBITHS
UMeEeT XapakTepHYI0 MOPQOJIOTHIO IJIsl CTPYKTYP,
chopmupoBanHbix MeTogoM CAE-PVD. Crpykry-
pa HmwxkHero Ni-YJ[A-cnos Brmusier Ha Mopgoio-
ruto  moBepXHOCTH ZrC-Ni-YJIA-TOKpBITHS: OT-
JenpHble YacTHUbl Y/IA TpUCYTCTBYIOT B HOpax
TTOKPBITHSL.

OcaxIeHHbIE Ha TBEPAOCIUIaBHbIE HOXH Jiepe-
BOopexymero ¢pesepHoro uHcrpymenra ZrC-Ni-
YJIA-niokpeITHsL Onarojgapss WX crenuduyeckoit
CTPYKTYype (Yepenyromuecs CIOH Pa3HOTO COCTaBa,
MEJIKOKPUCTAIUTMYHOCTh, HaJMYHe TBEPAOTO Kap-
ouna nupkonust ZrC) MoryT OBITh MCIOJIB30BaHbBI
IUIsl yBETMYEHHS MEPHOJA CTOMKOCTH MHCTPYMEH-
ta ipu pe3anuu JIJICTII Ha cTankax ¢ UITY.
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E. B. ®apadonrtora
Bbenopycckuii rocyjapcTBEHHbIH TEXHOJIOTHYECKUN YHUBEPCUTET

NPUMEHEHUE ®YHKIUI PACTIPEJIEJIEHUS
ABYXYPOBHEBOI'O MOJIEKYJISIPHO-CTATUCTHYECKOI'O IOJAXO0OJA
JJIA UCCIIEJOBAHUSA PEHIETOYHbBIX BUHAPHBIX CIIJIABOB

B pabore ucnonb3yloTcst CTATUCTHYECKUE YpaBHEHUs U (OPMyIIbI ISl HEOJTHOPOIHBIX MHOTOKOM-
IMOHEHTHBIX CUCTEM, MOJYYCHHBIC B paMKaX ABYXYPOBHCBOI'O MOJICKYJIAPHO-CTATUCTUYCCKOT'O IMOAXO-
Jla, KOTOpBI 0a3upyercsi Ha OJHOBPEMEHHOM IPUMEHEHHH METOJa KOpPPeNIITHBHBIX (QyHKUM bopo-
nmoboBa — bopua — I'puna — Meona (BBI'KK) u MeToaa ycinoBHBIX pacnpezaencauii PoTTa, a Takxke Me-
TOJa TEPMOJMHAMHYECKNX (YHKIMOHAIIOB IIOTHOCTH. B 4acTHOCTH, B pa3BUBAa€MOM CTaTHCTHYECKOM
MOJIX0J€E OAHOKOMIIOHEHTHAsl CUCTEMAa C TEIUIOBBIMU BAaKaHCHSIMHU PacCMaTPUBAETCSA KaK THIIOTETHYE-
CKasl IByXKOMITOHEHTHasi, KOTOpasi COCTOUT M3 PEalIbHBIX YacTHI] COPTa @ U (PMKTHBHBIX YacTUIl copta b.
OUKTHBHBIC YaCTHUIIBI UCIOIB3YIOTCS IS yUeTa BKIAJOB OT TEIUIOBBIX BAKAHCHHA B KPHUCTAIUIMICCKOM
COCTOSIHUH BEIeCTBa. BbIpakeHUs Il yHapHOU M OWHapHOW (QGYHKIHMH pacmpelelicHUs MOJIEKYN He-
OTHOPOIHOM CHCTEMBI, OIPEICIIIOINE €€ CBOOOTHYIO SHEPTHIO, B TAaHHON padOTe UCTIONB3YIOTCS OIS
W3Y4EHUS] MHUKPOCTPYKTYPBI OJHOPOAHOIN OMHAPHON CHCTEMBI, KOTOpasi OMHCHIBACTCS B paMKaxX Kiac-
CHYECKOM PEeIIeTOYHON MOAETH C MapHBIM B3aNMOACHCTBHEM MEXIy aTOMaMu cOpToB a u b. IIposene-
HO COIOCTABJICHWE BBIPAKEHHUS [UII YHCET 3alloIHEHWs B JBYXYPOBHEBOM MOJEKYJSPHO-
CTaTUCTUYCCKOM IOJAXO0JE € paHEC MOJTYUCHHBIMU BEPOATHOCTHBIMU q)yHKIJ,l/IHMl/l, KOTOPbIC OIMMCBIBAIOT
OJIMDKHMH TOPSIOK B PELIETOYHBIX OJHOPOAHBIX OMHAPHBIX CIUIaBaX C Y4ETOM B3aHUMOJIEHCTBHS TOJIBKO
OmpKaimx cocenei.

KnioueBbie cioBa: JByXypOBHEBBIH MOJIEKYJISPHO-CTATUCTUUECKHN TOJXO0JI, TIOTEHIHANbI Cpell-
HUX CHJI, CBOOO/HAsI SHEPrus, YMClia 3aIllOJIHEHHUS, PEIICTOYHBIH OWHApHBIA CIUIaB, BEPOSTHOCTHAs
(GyHKIMS OJIVDKHETO MOpsiIKa.

E. V. Farafontova
Belarusian State Technological University

APPLICATION OF FUNCTIONS OF DISTRIBUTION OF SYSTEMS
IN CASE OF USING TWO-LEVEL MOLECULAR-STATISTICAL APPROACH
FOR RESEARCHING OF LATTICE BINARY ALLOYS

In the work statistical equations and formulas for heterogeneous multicomponent systems are used,
obtained in case of using two-level molecular-statistical approach, which is based on the simultaneous
application of the Borolyubov-Born-Green-Yvon correlation method (BBGKI) and the Rott method of
conditional distributions together with thermodynamics density functionals. In particular in developed
statistical approach one-component system with thermal vacancies is considered as two-component
one, which consists of real particles of a-type and fictitious particles of b-type. Fictitious particles are
used for accounting for contributions of thermal vacancies in crystal state of the substance. Expressions
for unary and binary distribution functions of molecules of one-component homogeneous system with
vacancies, determining its free energy, in this work are applied for examining of binary alloy, which is
described in a classical lattice model with pair interaction between atoms of types a and b. The match-
ing of expressions for two-celled occupation numbers of two-level molecular-statistical approach with
probability functions of close-order in lattice homogeneous binary alloys is made only for conditions of
close-members interaction.

Key words: a two-level molecular-statistical approach, average power potential, free energy, occu-
pation numbers, lattice binary alloy, probability function of short-range order.

BBenenne. B pamkax JByXypOBHEBOTO MoOJie-
KYJISIPHO-CTaTUCTHYECKOTo mmoaxoAa [1], KoTopkrit
0asmpyercs Ha OIHOBPEMEHHOM HCIIOJIb30BaHUHN
MeToJa KOPPEIATHUBHBIX (QyHKIMH boromoboBa —
bopna — I'puna — Kupksyna — MBona (BBI'’KH) (cm.,
Hampumep, [2, 3]), MeToma YCIOBHBIX pacipenee-
Huit JI. A. Porta [4] m Meroma TepMoIWHAMHYeE-
CKHX ()YHKIIMOHAIOB TJIOTHOCTH [5, 6], MOTy4YeHBI

o0Iye CTAaTUCTHUYECKUE YpaBHCHUS W (POPMYIIHI,
OTIHMCHIBAIOIINE MUKPO- M MaKpOCTPYKTYpY, a Tak-
K€ paBHOBECHbIE TEPMOIMHAMUYECKHE XapaKTe-
PUCTHKH  HEOAHOPOAHBIX  KOHJEHCHPOBAHHBIX
MHOTOKOMITOHEHTHBIX MOJIEKYJISIPHBIX cucTeM |[1,
7, 8]. B cooTBeTCTBHM ¢ METOJOM YCIIOBHBIX pac-
peIesieHui Bech 00beM V' cHCcTeMBI TenuTcs Ha M
paBHBIX MHKposdeek o0reMoM M (0 = V' / M) Tax,
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YTOOBI YMCIIO siYeeK ObUTO OoubIle yrcia N Mole-
Kyn cucteMbl (M > N). OTU sS4YedKu MOTYT OBITH
3aHATHI pEATBHBIMH MOJICKYJIAMU Pa3HBIX COPTOB L
(W=a, b,...), OO OBITH CBOOOJHBIMHU (TEILJIOBEIC
BaKaHCUU B KPHUCTaJIaX), KOTOPBIC B Pa3BUBACMOM
CTaTHCTUYECKOW CXEME CHUMTAIOTCS 3aHATBIMHU
(DUKTUBHBIMH YaCTHIIAMH COPTa [, HEB3aUMOJICH-
CTBYIOIIUMH MEKIY COOOH M ¢ pealbHBIMU MOJIe-
Kynamu (WU vV =a,b,..., ).

ITocne oOpbiBa OSCKOHEYHOM IICTIOYKH HUHTET-
po-auddepeHnanbHEIX ypaBHeHu# [1, 7] Ha BTO-
poM ypaBHeHHHU (TIpHOIKeHNE OWMHAPHBIX KOppe-
JISIUI) TONYyYar0TCs MPUOIHKCHHBIC BhIPAKCHUS
JUIS HOPMHPOBAHHBIX Ha EAMHUILy yHAapHOU

FY(G)',qy) dymxunit pac-

MIpeJIeNIeHns] YacTHIl COPTOB WL M V, KOTOPBIE CO-
Jep>KaT OJHOYACTHUYHBIC MOTEHIMANBI CPEIHUX

F,(§") wu Gunapuoit

CHJI @ U Q; ¥ IAPHBINA OTEHLIUAT CI)E.V UL IBYX

YacTUI] COPTOB |l U V, HAXOJAUIUXCS B ABYX pas-
HBIX sTYEHKaX ¢ HOMEpaMH I U j:

Fy(@) =—exp ——Z¢,k(q, Y
Q kil
FP gD =gmew) gl ot (i -3+
M
+ Z ¢zk( H)+ Z (I)jk(qy) ’ (2)
k#i,j k#i,j

e g"
Y V, CTATUCTHYECKH PAcpesie]leHHbIX B Sueikax ¢
OJIMHAKOBBIMH OOBEMAMH (; U () COOTBETCTBEHHO

M §; — paauyCc-BEKTOPbI YaCTHIl COPTOB L

(0 = ®); ¢;(¢"')— onHOYACTMYHBINH TIOTEHIMAT
CPeIHUX CHJI B3aUMOJCHCTBUS YACTHUIIBI B SUYEHKE
o; (g C ®,) ¢ yacTHLEeH, pacpeieNIeHHO B sueiike

), KOTOpas ¢ OIpeAeTICHHON BEPOATHOCTHIO MOXKET
0Ka3aThCsl 3aHATOW MOJICKYJIOH JINOO BaKaHTHOH, a

noTeHIman @, (G;) aHajioruyeH @, (G!);0=kT—
NpUBEJIEHHAs TEMIIEpATypa; k — MOCTOsHHAs Bosibii-
mana. Hopmupyromue muosxurenu 1/0 u 1/

OIpeACIAOTCA CICAYOMUMU BbIPAXKCHUSIMU:

o = J exp ——Z¢,k<q N7 €)

k¢1

:(I!;(;!;exp —% (D”V(
dgtdg;- (4

+ Z(plk(ql )+ Z(p/k(

k#i,j k#i,j

-V

' —4q;
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OpHOYaCTUYHBIE MOTEHIHUAJBI () CPEAHUX CHII
HEOJHOPOIHOH MHOTOKOMIIOHEHTHOH CHCTEMBI
HaXOJATCA U3 PELICHUS] 3aMKHYTOW CUCTEMBI HHTE-
rpajbHBIX ypaBHeHUi [1, 8, 9]:

p

" | DRI SR |
=2 j expy = | P+ 200,(4)) |1dd - (5)
v ¥ o k#i,j

3,[[60]) l’llH — 4YHCJia 3aIllOJIHCHHA OJWHOYHBIX

SUYEeK (©; YacTUIlaMu copTa U (L = a, b, ..., ), xo-
TOpPBIE OIPEACISAIOT BEPOATHOCTH TOTO, 4YTO B
siueiike 00bEMOM (; CTATUCTUYECKH PACIIpelieIiCHa

JacTula copTa L, n;;v— ABYXbAYCCUHBIC YHCIIA

3aII0OJIHEHUS Nap sTYEEK C HOMEPAMU [ U j, KOTOpPBIE
OTIPEACTSIOT BEPOSTHOCTh TOTO, YTO YaCTHUIIA COP-
Ta |l HAXOJMTCS B AYEUKE C HOMEPOM i, a JIpyras
YaCcTHIIA COPTa V HAXOJIUTCS B SUEHKE C HOMEPOM j
G,j=1,2,...,M).

[IpuBeneHHBIE BBINIE OOIIHME CTATHCTUYECKHE
COOTHOIIICHHSI B TIPUOJMKEHUN OWHAPHBIX KOppe-
JMAIUA  WCIONB30BAIMCH paHee ISl OIHCAaHUS
CBOMCTB OJIHOKOMIIOHEHTHOW CHUCTEMBI C YYETOM
HAMA4YMsl BaKaHCUI B KPUCTAJUTMYECKOM COCTOS-
HUU WIA HCKIIOUYEHHOTO 00beMa BO (IFOWTHOM,
T. €. JKHIKOM H Ta3000pa3HOM COCTOSHUAX [8].
Jnsg sroro mpeaBapuTensHO ObLiIa BHITTOJHEHA Te-
PEHOPMHPOBKA OAHOYACTUIHBIX MOTCHIIUATIOB [9],
YTO TIO3BOJIWJIO CHCTEMY WHTETPAIBHBIX YypaBHe-
HUH (5) IpUBECTH K BUAY, YIOOHOMY IJIS €€ YHC-
JIGHHOTO PElIeHUsI METOJOM uTepanui. B manHoit
paboTe aHaJIOTHYHBIEC TIPEeOOPa30BaHUS ITPOBEICHEI
JUTSL CTAaTUCTHYECKOTO OMHMCAHWS OMHAPHOU CHCTE-
MBI, COCTOSIIEH M3 9acTUIT (ATOMOB HIJIH MOJICKYJI)
COPTOB a WIH b 1 UMEIOIIYIO WACATHHYIO0 KPHACTAII-
TUYIECKYI0 CTPYKTypy (0e3 medopmaruii 1 BakaH-
cuit). Jlms takoi cuctemsl panee B pabore [10]
OBUIM TTOJTyYeHBI SIBHBIE BBIPRKEHWS I BEPOSAT-
HOCTHBIX QyHKUMH P, (1, Vv = a, D), onuceIBaro-
UX OJVKHUHN TTOPSIIOK B TIPUOIKEHUN PETYJIIsp-
HBIX TBEPIBIX PAaCTBOPOB, KOTOPHIE IITHUPOKO HC-
MOJTB3YIOTCS TIPU TIOCTPOEHUH MUKPOCKOITNYECKON
TeopuH B3anMHON Auddy3un B MeTaJIaX W CILIa-
Bax [10, 11]. Hanpumep, dbyskmus P,, ©MeeT cie-
JYIOIIUI BUI;

P,=c,c,(1+c,c,AD/0), (6)
P,+P,=c,, B,+PB,6=c,, @)
AD=0, +D,, -2 ,. (®)

3neck ¢, :Mu/ M — KOHIIEHTpallid aTOMOB

COPTOB L = d, b OJJHOPOJHOTO KPHCTAJITHYECKOTO



E. B. ®apadoHToBa

63

craBa (M, — 4ucio atomoB copra pu, M =M, +
+ M, — obuiee YUCIO aTOMOB B CUCTEME, PaBHOE

YHCIy y3JI0B B penleTke), a BenuunHa AD onpene-
JSIeT PHEPTUI0 CMEIICHUs Il TBEPAOro OMHapHO-
ro pactBopa (E.,=Ad/2), O, — noreHnuan
B3aMMOJEWCTBUS aTOMOB COPTOB [l U V, pacmoso-
KEHHBIX B OMMKAWIINX COCEIHUX y3/IaX PEIeTKH
(mpubmmkeHne OMIKAUIITIX COCeaeH ).

Beipaxkenue st cBOOOIHOM SHepruu F cucte-
MBI, KaK U3BECTHO U3 TEPMOJANHAMUKH, UIMEET BUJ

F=U-TS, )

rae U u S — BHYTpEeHHSS 3HEPTUs U SHTPOMHS CHC-
TEMbI COOTBETCTBEHHO.

B npubnmxeHuu 1eHTpaTbHOTO B3aUMOJEHCT-
BUSl U TIPU y4YeTe B3aMMOJEHCTBHUS TOJBKO C OJH-
XKaMIIUMHU cocelsIMH (pacHoJOKEHHBIMU Ha Tep-
BOH KOOpIMHAIIMOHHOW cdepe paauyca ) BHYT-
penHsist sHeprust U OMHApHOTO cITaBa MMEET BH/T

U=%ZM{P ®,, +P,®,, +2P,®,}, (10)

re Z — epBoe KOOPIWHAIIMOHHOE YHCIIO.
OHTpONUs S TaKOM CUCTEMBI IPEACTABISIETCS B
Buze [10, 11]

S=8,, +AS~
~k(MInM —M,InM, - M,InM,). (1)

3necy S,; — SHTPONUS HIeabHOW OWMHAPHOU
cucTeMHl (criaBa), a BenmuuHa AS = 0 g pery-
JISIPHBIX TBEPJIBIX PACTBOPOB.

[TockonmbKy aTOMBI B OMHUCHIBAEMOM MPHOIH-
KEHHH CUUTAIOTCA (PUKCHPOBAHHBIMH B y3JIax pe-
meTkn (pemeToyHass MOJAeNb), TO 3TO O3HAYaer,
YTO aMIUIMTYAbl KOJIeOaHWH aTOMOB Malbl, T. €.
(YHKIIMH pacrpefeNieHns] CHIBHO JIOKaJIH30BaHbI
BOJIM3W Y37I0B U B OOMIMX CTaTUCTHUYECKUX ypaB-
HeHUsAX U popmynax (1)—(5) ux MOXKHO 3aMEHUTH
Ha Je’bTa-(DyHKIUH.

OcHOBHasi YacTh. YUHUTHIBAs BBIMICH3IIOKEH-
HO€, BOCIIOJIb3yeMCsl OOIIMM CTaTHCTUYECKUM BBI-
paxeHueMm s (QyHKIHOHANa CBOOOAHOW HHEp-
UM HEOJHOPOTHOW ABYXKOMITOHEHTHON CHCTEMBI
Y4acTHI] COPTOB @ U b, KOTOpOE TMOJIYYeHO B paM-
KaX JBYXYPOBHEBOTO MOJEKYJISIPHO-CTATHCTH-
YECKOTO IMOAXO0/Ia C YYETOM BaKaHTHBIX SYEEeK
(BaKaHCHIA):

M M Qll
F{nf}z—e don'lne, =) > nf In="=-+
i=1 n

i=l | u=a,b,v i
MVanV
5 Z Z UV, VL ’
J#zuv a,b,v Qi Q]nzj
n,v,e=a,b,l (12)

[Ipu onmcanmu ogHOpOmHOTO Oe3aedeKTHOro
OMHApHOTO TBEPIOTO (KPUCTALUTMYECKOr0) pac-
TBOpa MPHMEM BO BHHUMAaHHE, YTO YMCIIA 3aIOJTHE-
uust nt' u OF st yacTuiy COPTa L = a, b He 3aBu-
CAT OT HOMEpOB sueek (1 =n ), @ yucna =0,
T. K. OTCYTCTBYIOT BaKaHCHH. B 3TOM Cllydae B
NpHOMIDKEHNN OMKalIINX cocenei BeipaskeHne (12)
YIpOLIAETCsl U TPUHUMAET CIEAYIOMINH BU;

Q? 9

n
(=00
a "o ”beb

1 I’l(l n)Qab 1 3
0.0, ——) (13)

Fn)y=0M<nln=%+(1- n)ln

2

n
+—(n,, In—==- Q"“
2 n,,

Z
(
+2n,, In

rae BenuuuHel QF = o, =(Q,, Wl IBYX
OMmKAMINKX sTYeeK onpenelstoTes mo Gopmynam (3),
(4) mpu W, v =a, b, yucna 3anoJIHEHUs 1, =N OI-
peneNsioT KOHIEHTPAIMIO YacTUL] COpTa @ AJS OJl-
HOPOAHOTO OMHAPHOTO KPUCTAIIMYECKOTO CIUIABa,
a IBYyXbSUECUHbIE YUCIIA 71, 3AIOJHEHUS COCEAHUX
nap ONmKalMIMX SYEeK OMPENEeNAIOTCS CIEAyIo-
IIAMH COOTHOIIICHUsAMH [7, 9]:

naa :n_nab’ nbb zl_n_nab’
n,, =l—-n—ny,,, (14)

n, :% Sy +\/(—A71)2+4nanbA;1 , (15)

A= Qaabe/Qabea -1. (16)

Jnst omHOpOAHO! OMHAPHOW PEIeTOYHOM CHC-
TEMBI, B KOTOPOH aTOMBI COPTOB @ U b cTaTHCTHYe-
CKH pacIipefesieHbl [0 y3JlaM PeLIeTKH, BeTHYHHEI
O,y YHOBJETBOPSIOT CIEAYIOUIUM yCIOBUIM, KO-
TOpBIE BHITEKAIOT M3 OOIINX BBIpAKEHUH (4) mocie
YCpEIHEHHS C TOMOILBIO AeNbTa-(QyHKIHI:

~ @, +(Z -1, (0)+(Z-1)9,(0)
0

(17

qu ~ CXp

B pesynprate OunapHblli Koppemstop A ¢
yueTroM ycioBuid (17) aist pemeToYHol CUCTEMBI
B MNPUOMMKEHUH ONIKaWIINX COCeAeH Mocie
COOTBETCTBYIOIIUX COKpAIIeHH TpHUMeT cle-
YO BUA:

o, +D, 20
Azexp{_ aa léb ab}—l:

:exp{—éAd)}—l. (18)

Bripaxxenne (15) mms BEPOSITHOCTH Mgy = Hp,
3aMOJHEHUS Tap COCETHUX Y3JIOB MEPENHIIEM B
CJIeTYIOIIEM BHUJIE:
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nab=i{—l+1/1+4nanb/1}. (19)

i

Pa3noxuB KBaapaTHBII KOPEHb B BBIPAKCHUHU
(19) B psan Maknopena no x=4n,n,A, yurem
NIEpBbIE TP YJICHA STOTO Pa3I0KEHUSL:

0, ~ i(—1 + 1+ 2n,m, A - 4nn2d%) =

=n,n, —2n’n; A. (20)

B Beipakenuu (18) mist koppensrtopa 4 pasio-
’KUM DKCIIOHEHTY B psia Makiopena mo x =Ad/0,
U YUTEM NEpBbIE JBa WICHA:

A~1-2ao-1=—Lro. 1)
) 0

B PE3YIbTAaTC OKOHYATCIBbHBIC BBIPAKCHUS IJIsA
BepOHTHOCTCﬁ np.v 3aIllOJIHCHUS ITap COCCOHHUX Y3-
JIOB IPUMYT BU:

n,, =nn, (1+n,m,A®/8), (22)
Roa +nab =N, Ny +nba =n,. (23)

[TomyueHnHsle B paMKax JIByXypOBHEBOTO MO-
JIEKYJIIPHO-CTaTUCTHYECKOTO MOIX0a BBIPAKEHUS
(22), (23) nust BEepOSTHOCTEH 3alOIHEHHS COCe.-
HUX Iap SYEEK B CIy4ae OJHOPOJHOM peleTouHOM
CHCTEMBI COBMAJAIOT C COOTBETCTBYIOIIMMHU BBI-
paxxenusmu (6), (7) anst BEpOSTHOCTHBIX (QYHKIUH
P, 1ByX OnmkalIIMX y3JI0B B PEIIETOYHON MOJe-
T B TPUOIMIDKEHWH B3aUMOACWUCTBHS TOJBKO C
OMKAUIIMMU COCEISIMH.

ComnocraBjieHde TePpMOANHAMMYECKHX Xa-
pPaKTepucTUK OMHAPHOW cHCTeMbl B pa3BHBae-
MOM MNOJX0/e M PelieTOYHOro OUHAPHOro CIUIa-
Ba. [IpoBenem comocTaBieHHE BBIPAXKEHUS IS
CBOOOZHOHM dSHepruu OWHAPHOTO Oe31eEeKTHOrO
CIJIaBa, COCTOSILIETO U3 aTOMOB JIBYX COPTOB a U b
[10, 11], ¢ aHaMOTHYHBIM BBIPAKCHUEM, TIOTyUCH-
HBIM B paMKax IBYXYpPOBHEBOTO MOJIEKYJSPHO-
CTaTUCTHUYECKOTO TOJX0/Aa Ui OJHOPOJHOM cuc-
TeMbl 0e3 BakaHcHil. JJi1 3TOro paccMoTpuMm OH-
HapHbII CIUIaB a—b, UMEIOMUN HIEaNbHYI0 KpH-
CTaJUIMYECKYIO0 PELIETKY, B KOTOpPOil Bce M y3Il0B
3aHATHI aTOMaMH. YUTEeM, YTO KOHIIEHTPAlUU C, U
Cp aTOMOB COpTa a U b, COOTBETCTBEHHO, OIpese-
JITFOTCS BBIPAKEHUSIMU:

c,=M,/M,c,=M,/M, c,+c,=1. (24)

Bripaxenne (11) ans saTponuu S perynispHo-
ro OMHApHOTO CIIjIaBa Ipeodpa3yeM ¢ y4eToM Co-
oTHoOIEeHus (24):

S=kM(nM —c,In(c,M)—-c,In(c,M))=
=—kM(c,Inc, +c,Inc,). (25)
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B pesynbrate BBIpaxeHHe I CBOOOHOM
SHEPTHH CIUIaBa ¢ y4eToM BeipaxkeHuid (9), (10), (25)
MPUMET CIEIYIOIINI BUI:

F=U-TS=
~ ML Z(B, 0, + By, +28,0,,)+
+kT(c,Inc, +c¢,Inc,)]. (26)

g conocraBnenus BeipaxkeHus (13) ans co-
00THO PHEPTHH OJHOPOIHON OMHAPHOU CHCTEMBI
0e3 BakaHCHH, OJYYEHHOTO B paMKax JABYXYPOB-
HEBOT'O0 MOJIEKYJISIPHO-CTaTUCTHYECKOTO TOAX0/a,
¢ BBIpakeHHEM (26) ydreMm, YTO MpPU MOHMKEHUHU
TEMIIepaTypsl aMIUTUTYABl KoJieOaHWH aTOMOB
BOJIM3M Y3JIOB KPHCTANTMYECKON PEIeTKH yMEHb-
mIaroTed, T. €. (PyHKUUU pacripenesneHus] CTaHOBSAT-
Cs CWJIBHO JIOKAJU30BaHHBIMHU BOMM3H y350B. Ilo-
3TOMY, €CIIH COOTBETCTBYIOIIUE YCPEAHEHHUS BBI-
MOJHUTh C TOMOIIBIO JeNbTa-QyHKIHHA, TO s
pELIETOYHON CHUCTEMBbI B TPUOIMKEHUH OJvKaii-
LIMX COCENEH MOITyYUM:

Qa~exp{—§¢a (O)},
VA
Qb~exp{—3¢b (0)}, @7)

va ~
9.9,

exp{~(@, +(Z =10, (0)+(Z -19,(0)) /8]
exp{~(20,(0)+20,(0)) / 6}

= exp{_%(q)p,v _¢p,(0)_¢v (0))} (28)

Torna Beipaxkenue (13) anst cBOOOAHON SHEP-
TUH OJTHOPOJIHOWM OWHAPHOHN CUCTEMBI IPUMET CJie-
YOI BUL:

M
Fn)=M lZ:ng.wclﬁj"+9[nlnn+
2j¢i S
1 n’
+(1-m)n(-n)+=>" > n{'In——=]|. (29)
2j¢iu,v:a,b n,u;/

3akaouenne. MOXHO OTMETUTh, YTO BBIpa-
xenue (29) mist cBOOOTHON DHEPTHH, TOTYyUYCHHOE
B Pa3BHUBAEMOM JIBYXYPOBHEBOM MOJIEKYISPHO-
CTaTUCTUIECKOM IOJIXOJIC, COJICPIKHUT BEIININHY

n

lM \Y i
AS:EZ Z nl}jl In wov’

i pv=ab n;n;

KOTOpasi Al OAHOPOJHOTO PETYJISPHOTO OMHAPHO-
TO CIUTaBa paBHA HYITIO.
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B. B. Tyanes', II/I C. Tamnulc0132|
'Benopycckuit rocy1apcTBEHHBII TEXHONIOTHYECKHH YHIBEPCHTET
*BeopyccKumii roCy IapCTBEHHbII MeJarorHIecKuil yHuBepcuTeT nMenn Makcnma TaHka

COCTAB 1 PACIIPEJEJIEHUE 3JIEMEHTOB 110 I''IYBUHE B IIOKPBITUSX,
HOJIYYEHHBIX HOHHO-ACCUCTUPYEMBIM OCAXKJIEHUEM TUTAHA
N KPEMHUSA HA CTAJIb MAPKH 40X

Ha nopnoxku n3 cranu mapku 40X HaHOCWIMCh TOHKHE TUIEHKH Ha OCHOBE THTaHa M TUTaHA C
KPEMHHEM METOJIOM HOHHO-aCCHCTHPYEMOTO OCaK/AeHHs B Bakyyme. J[ns peannsanum 3TOro mMerona
UCIIOJIb30BAJICSl MOHHBIH UCTOYHUK, CO3AAI0INI T1a3My BaKyyMHOI'O 3JIEKTPOJYTOBOTO paspsjia, B KO-
TOPOI OJHOBPEMEHHO T€HEPHPYIOTCS MOJOKUTEIbHBIE HOHBI M HEHTpaibHAs (Qpakius W3 Marepuaia
95ekTpo10B. MOHHO-accucTHpyeMoe HaHECEHHE IMOKPBITHH OCYLIECTBISUIOCH NMPH YCKOPSIOMMX Ha-
npskenusx 15 kB. [II0THOCTs HOHHOTO TOKA COCTaBJIANA ~3—5 MKA/CM’, a MHTErpalbHbIil OTOK 00-
nygaronmx nouoB (1-6) - 10'® non/cm®. B paboueii kamMepe B Ipolecce OCaICHHs MOKPBITHl MOJ-
JIepKMBAIICS BaKyyM NpH aasjierun ~10 > [a. JIis JOMONHATEISHOr0 KOHTPOJIS YIEMEHTHOTO COCTaBa
OCa)XIa€MOT0 Ha MUIIIEHb MOKPHITHS UCHOIB30BATIICH 00Pa3LbI-CBUACTENN U3 OCPHILTHSL.

DNeMEHTHBIM COCTaB M PacIpeeNicHne 3JIEMEHTOB MO IIyOnHe B c()OPMHUPOBAHHBIX HA CTAIH H
OepHILTHH TOKPBITHAX HU3ydJallCh METOJIOM pe3ep(opIOBCKOTO 0OpPATHOTO PAacCEesTHUSI HOHOB T'ENUS B
COYETaHUH C KOMITBIOTEPHBIM MOJEINPOBAHUEM, METOJIOM PE30HAHCHBIX SIAEPHBIX PEAKIUH U METOIOM
PE30HAHCHOT'O YIPYTOro PaccesHHUsI HOHOB TeJusl.

Y CcTaHOB/IEHO HE3aBUCUMBIMU U B3aMMOJONOIHSIOIMMH METOAAaMH, YTO B COCTaB MOKPBITHI BXO-
9T aToMbl ocakgaemoro marepuaia (10-30 at. %), atomsl xkene3a u3 notoxku (20-30 at. %), ato-
MBI TEXHOJIOTHYEeCKnX IpuMecer kucnopoaa (10-30 ar. %) u yraepona (5—10 at. %).

KaioueBble c10Ba: HOHHO-aCCUCTUPYEMOE OCaXK/IEHHE, CTallb, TOHKHE IUICHKH, OepUILINii, KpeM-
HUMW, TUTaH.

V. V. Tul’ev!, L. S. Tashlykov]
'Belarusian State Technological University
*Maxim Tank Belarusian State Pedagogical University

THE ELEMENTS COMPOSITION AND DISTRIBUTION BY DEPTH
IN COVERINGS OBTAINED WITH THE USE OF ION-BEAM
ASSISTED TITANIUM AND SILICON DEPOSITION ON STEEL 40X

Thin films were applied on steel 40X substrates on the basis of titanium and titanium with silicon
using the method of the ion-assisted deposition in vacuum. lon-assisted deposits were prepared using
15 kV ions irradiation during the deposition on beryllium neutral fraction generated from vacuum arc
plasma. The density of ionic current at the deposition of the covering has changed in the range of 3 to 5 pA/cm?,
and the ion flow has changed in the range of 1 - 10'° to 6 - 10'® cm . The deposition of the covering has
occurred at the vacuum in the working chamber ~1072 Pa. For additional control of the elemental com-
position of the coating deposited on the target, beryllium witness samples were used.

Rutherford back scattering and computer simulation RUMP code, and resonant nuclear reactions,
and method of resonant elastic scattering of helium ions were applied to investigate the elemental com-
position and distribution of elements along the depth of the formed covering.

With the help of independent and complementary methods it was found that the covering composi-
tion includes atoms of the deposited material (10-30 at. %), atoms of Fe from the substrate (2030 at.
%), atoms of technological impurity oxygen (10-30 at. %) and carbon (5-10 at. %).

Key words: ion-beam assisted deposition, steel, thin film, beryllium, titanium, silicon.

Beenenue. MlonHO-accucTUpyeMoe OCakIeHUE
MOKPBITUH MO3BOJISET OZHOBPEMEHHO B IpoOLECcCE
OCAKICHUS IJICHKH O0Iy4yaTbh YCKOPEHHBIMU HO-
HaMHM I[IOBEPXHOCTb (OPMUPYEMOIl CTPYKTYpBHI.
IIpy TakoM HAaHECEHWH NOKPBITHH NPOUCXOIUT
NEPEMELIMBAHNE AaTOMOB ITOBEPXHOCTHOIO CIIOS
MUIIEHH C aTOMaM{ OCaXIAeMOTO IOKDBITUS, B
pe3yiabTaTe 4ero GopMUpyeTcs: MOKPHITHE C BBICO-
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KOU cTemeHblo aare3uu K ocHose [1-3]. Jlns pea-
JM3alMU 3TOTO METOJA WCIIOJIB30BAJICS PE30HAHC-
HbIl BAaKyyMHO-IyrOBOM HOHHBI HCTOYHHK [4].
IIpu ocaxkaeHUU 3JIEMEHTOB U3 BaKyyMHO-IyTOBOH
IUIa3Mbl, B COCTaB IOKPBHITHS BXOAAT TEXHOJIOTHYE-
CKHE MPUMECH — KUCIOpo U yriepod [4—6]. Uctou-
HHUKOM 3THX HpHMeced siBisieTcs JeTydast (paxuust
BaKyyMHOTO Macjia HapoMaciisIHOTo U dy3HOHHOTO
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Hacoca, HMCIONb3YyeMOro AJs CO3JaHUsl BaKkyyMa.
Jna ompeneneHus 3IEMEHTHOTO COCTaBa M pac-
npeesieHrs: AIEMEHTOB Mo IIyOuHe B chopMHpPO-
BaHHBIX CTPYKTypax HCIOJNB3YETCS METOJ pe3ep-
(hOpIOBCKOTO 00OPATHOTO PACCESHHUS MOHOB el
B psage cioyuaeB, koraa moajgoXka COCTOUT U3 TH-
KeJNbIX aToMoB (Hampumep, Fe, Mo, W u np.), omn-
peneneHre M KOJMYECTBEHHBIH pacdeT JIErKUX
npumeceit (C, O) 3aTpyIHeH u3-3a c1aboro curaa-
Jla OT STHX JJIEMEHTOB Ha ()OHE CHrHaja OT MOJ-
NoXKH. B naHHO# paboTe s yCTaHOBIEHHS CO-
nepxkaHus TexHosnoruueckux npumecedr C m O B
c(OPMUPOBAHHBIX MMOKPBITUAX, HCIIOJIB30BAIUCD,
NOMUMO pe3epdopaoBCcKOro o0paTHOro pacces-
HUS, U Jpyrue siiepHo-(QU3NYecKue METOABI HC-
CJIEZIOBAHUS TBEP/BIX TEI.

OcHoBHas 4yacTb. B xauectBe marepuana moj-
JIOKKK MCHOJB30Bajiach cTanb Mapku 40X. O6pa3ist
IUIsl OCaXICHUS TOKPBITUH OBUIM W3TOTOBJICHBI B
BUJIC LIWJIMHPOB AUAMETPOM 12 MM U TONIIUHOMN 2—
3 MM, KOTOpble IUTH(OBANTUCH HA HOKIAYHOM KpyTe
pa3HoOI 3epHHUCTOCTH, a 3aTEM IOJBEPTraIUCh MOJHU-
POBaHHUIO C IPUMEHEHUEM OKHMCH XpOMa U aJIMa3HBIX
nact. [Tocne monmupoBKH 0Opa3ubl OTKUTANUCH IPH
t = 900°C B Teuenwe 1,5 4 U oXjaxkIanwch Ha
Bo3ayxe. VloHHO-accucTHpyeMoe OcakAeHHE TUTaHa
U TUTaHa C KPEMHHEM OCYIIECTBIIUIOCh HPHU YCKO-
psromiem Hanpspkeruu U = 15 kB. TInotHOCTS HOHHO-
IO TOKA COCTABILSUTA ~3—5 MKA/CM’, a MHTErpaIbHbIit
TOTOK aCCHCTHPYIOIIHX HOHOB — (1—6) - 10'® mon/cm®,
B paboueii kamepe B mpolecce OCaXICHUS MOA-
JlepKUBanCs BakyyM mpu jgasiernn ~107 TTa. B skc-
MEPUMEHTE OCAXKJAJINCH MOKPHITHS OJHOBPEMEHHO
Ha cTaJIbHBIe 00pa3lpbl U Ha 00pa3LbI-CBUACTENN 3
Oepuiutus. DTOT MPUEM B CHITy MaJIOH MacChl aTo-
MOB OEpHJUINS TTO3BOJUT, IPUMEHSST METO]I pe3ep-
(opmoBCKOTO 00paTHOTO paccesHusl, KOHTPOJIUPO-
BaTh COCTaB OC&XJEHHOIO HA MUILIEHb MOKPBITUA
10 BCEM 3JIeMeHTaM (Kpome Bojopoaa) [7].

W3yueHne 37I€MEHTHOr0 cocTaBa CHOPMHPO-
BaHHBIX CTPYKTYpP METOJOM pe3ep(opaoBCKOro
obpatHoro paccesnusi (POP) monoB remust mpoBo-
JUJICA TIPU CIIETYIOUIUX MapaMeTpax: SHEPrHs HOHOB
remust £y = 1,5 MaB, yron paccesnus 6 = 145°,
yron Bnéra 0, = 40° u yron Beuiera 6, = 80°. Ort-
HOCHUTENbHAs TOTPEIIHOCTh € MPHU OIpeNeTIeHUN
CJIOEBOTO COJEPKAHHUA PpACCEMBAIOIIMX aTOMOB
cocraBisia nopsaaka 5%. Cnextpsl POP noHoB
renust oT obpasua u3 cranu mapku 40X 10 u mocne
HMOHHO-ACCUCTUPYEMOI'0 OCAXKIEHMS TUTaHA IpeJ-
CTaBJIEHBI Ha puc. 1.

Ha cnekrpe POP miis oOpasna ¢ ocaxaeHHbIM
MOKPBITHEM HAOJIIOJAeTCsl CABUI CUTHANa OT aTo-
MOB JKeJle3a B CTOPOHY MEHBIIMX HOMEpPOB KaHa-
noB. Takoll 3((dexT CBUAETENBCTBYET O IMOsBIIE-
HUM TOHKOW IJICHKH Ha IOBEPXHOCTH 0Opa3loB.
OTOT cABUT cocTaBiseT ~12 KaHaJIoOB, YTO COOT-
BETCTBYET TonuuHe MokpbITHs ~10—11 HM. Taxxke

Ha CHTHajie OT aTOMOB JeJie3a HaOmogaeTcst CTy-
MEeHbKA, YTO CBUAETEILCTBYET O HAJIWYMU B TIO-
KpPBITUM JIeTKUX npumecei. CTpenouykamMH B HH-
tepBasie 70—-100 xaHaOB MMOKa3aHbl 00JACTU BBI-
Xoma o0paTHO PacCEesHHBIX MOHOB TeNHs OT aTo-
MOB yIJIepoJia U KHCIOpoJa COOTBETCTBeHHO. Kax
BuaHO u3 cnektpa POP (puc. 1), noctoBepHo orm-
pEeAenuTh CUTHAJIBl OT aTOMOB YIJIepoZa W KHCIIO-
poJla He MpeACTaBIAETCS BO3MOXKHBIM. J[s1 ompe-
JIJIEHUS CIIOEBBIX KOHLEHTPAIUH 3THUX 3JIEMEHTOB
ObUIO TIPOBENEHO MOAETHPOBAHUE JKCIEPHUMEH-
TanbHBIX crnekTpoB POP ¢ mpumeHenuem mpo-
rpammbl RUMP [8]. TlonydeHHble ganHBIE 00 3I1e-
MEHTHOM COCTaB€ U PACIIPENEICHNN JIEMEHTOB 110
riryOuHe mpeAcTaBlIeHbl Ha puUC. 2.

2()0() T T T T T T
—— Ti/ctams 40X

Yuciio cueToB, UMIL.
_ —_
g g
1 1

g

0 : : : : ; . .
50 100 150 200 250
Howmep kanana

Puc. 1. Cnexrpsr POP nonoB remus ot obpasia
u3 cranu Mapku 40X 10 ¥ ocie OCakIeHUs] TUTaHa

-10 0 10 20 30 40

-10 0 10 20 30 40
['my6una, M
Puc. 2. KonueHTpannonHsle npoduim pacrpeneneHns

9JIEMEHTOB TI0 TTyOHHE B cTainu Mapku 40X
TIOCJIE OCAXKICHUS

U3 puc. 2 BuaHO, 4TO B COCTaB OCAXKAECHHOTO
MOKPBITHS Ha oOpazen u3 cramu mapku 40X Bxo-
IST aTOMBl OC@XICHHOIO MeTamia (TWTaHa), aTo-
MBI KHCJIOpOJa U YIJIEpoAa, a aTOMBI XKeJe3a — M3
MOUIOKKU. MakcuMmyM Mpoduiis pacrupeneseHus
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TUTaHA HAXOAUTCS Ha TIyOMHE B 00JacTH MEX-
¢asHoi TpaHunbl. [IpocTpaHcTBeHHOE pacmpene-
JICHHE KHUCJIOPO/a MUMEET SIBHO BBIPA)KEHHBIH Mak-
CUMYM Ha TOBEPXHOCTH U HE COIJIacyercs ¢ IIly-
OounHBIM mpodwiieM TuTana. Coaep)kaHUE KHCIO-
polda B IPHIIOBEPXHOCTHOH 00JacTH MOAJIOKKH
TommuuHOH 10 HM OTBedaeT NPUOIH3UTEIBHOMY
cocraBy Me(Ti,Fe)O,. Pacnpenencuue yriepona
XapakTepusyeTcs HauOosblIeld KOHIEHTpaluend B
obnactu mokpeiTus (~8 ar. %), U MOCIEAYIOIUM
CHIDKEHUEM KOHLEHTpAIMK B CTAJIbHOW MOJIOXKKE
1o 1 at. % Ha rmyouHe 20 HM.

Ha puc. 3 npencrasnens! cnektpsl POP nonos
requst OT 00pa3LoB-CBUAETENeH U3 OepuITUs, CHS-
Thle 0 U TOCJE€ MOHHO-aCCUCTHPYEMOTO OCaXKIe-
HUS TUTaHAa ¥ TUTaHa ¢ KPEMHHEM.

-+ Ti/Be
- (Ti + Si)/Be
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Puc. 3. Cnexrpsl POP nonos renus
0T 00pa3IoB-CBUCTENCH N3 OSPIILINS, CHATHIC
JIO ¥ TIOCJIE OCAXK/ICHHS TIOKPBITHI
Ha ocHose Tiu Ti+ Si

CooTBeTcTByIOIKE CUTHANBI Ha crektpax POP
OT OepUIUHEBBIX 00pa3LoB (pHUC. 3) CBUACTENLCTBYIOT
O TOM, YTO OCaXKJICHHBIC Ha OCPUILTUI MOKPBITUSL
COJIepKaT aTOMbl MaTEPUAIIOB OCHOBBI MOKPBITHS
(Ti, Ti + Si), aTOMBI TEXHOJOTUYECKUX TPUMECEH
O u C, arombl Oepriuiist U3 TOAJIOKKH. DTOT (PakT
KOCBEHHO TIO/ITBEPIKIIACT JIaHHBIE O HAIMYHUU B Cop-
MHUPOBaHHBIX Ha cTamu Mapku 40X MOKPBITHIX
aTOMOB YIJIepoJia U KHUCJIOPOJa, IMOJYYCHHBIC MPU
MojienpoBanuu criektpoB POP ot cranbHbIX 00pas-
IIOB C OCaXJCHHBIM TOKphITHEM (puc. 2). [Ipu 00-
paboTKe CIEKTPOB OT 00Pa3IOB U3 OepUILTUS ObLTH
paccuuTaHbl CIOEBBIE KOHICHTPAIMH 3JIEMEHTOB
MOKPBITHSL. JlaHHBIE MTPEJICTABICHBI B TAOIUIIE.

W3 npezcTaBieHHBIX JaHHBIX CIISYET, YTO Ha TI0-
BEPXHOCTH UCXOJHOTO OEpHILINSI CONEpKATCs KUCIIO-
PO ¥ YIJIepo]] MPUMEPHO B PABHOM CIIOSBOM KOHIICH-
Tparuu, Kotopas cocrapisier (2,4-2,5)- 10" ar/em™.
[ToaTOMy MOXHO CYMTATh, YTO OJHHM H3 HCTOY-
HUKOB YIJIEPOJia B OCAKIACMBIX MOKPBITHSAX SIBJIS-
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eTcs YIJIepoJ Ha MCXOTHOW MOBEPXHOCTH MaTpH-
Ipl, TAaK KaK €ro COAEp)KaHWe B TOKPHITUU IO
CPaBHEHHIO C MCXOAHBIMU OOpa3liaMu MpakTh4e-
CKM He m3MeHsiercs (Tabnuua). B To ke Bpems yc-
TAHOBJIEHO, YTO COJAEPYKaHHE KHCIOPOJAa B MOKPHI-
TUH YBEIWYHMBACTCS C POCTOM HHTETPaJbHOTO TO-
TOKa acCCHCTHUPYIOIIUX HOHOB. IloaTOMy MOXHO
CUMTaTh, YTO AOMOJHUTEIbHBIM HCTOYHHKOM KH-
CIIOpOJIa B OCAKICHHBIX MOKPBITHSX SBISIOTCSA OC-
TaTOYHBIE Ta3bl B BAKyyMHOH Kamepe [4, 6].

Ci0eBble KOHIICHTPALIMH 3JIEMEHTOB B NOKPBITHAX,
copmupoBaHHbIX Ha Be, Ipu pa3jMyHbIX
HHTErpajbHbIX MOTOKAX ACCHCTHPYIOLIUX HOHOB

o CrnoeBble KOHIIEHTpALUH,

Ob6pasert 10'6 (;M_z 10' ar/cm?
C 0] Si Ti
Be - 25 | 24 - -
1,0 2,5 | 9,1 - 1,1
Ti/Be 2,0 2,6 | 6,5 - 1,2
6,0 2,3 5,3 - 2,8
2,0 24 | 49 1 05 | 03
(Ti + Si)/Be 3,0 29 | 68 |1 09 | 05
6,0 22 | 71 1,6 | 0,7

st HermocpeICTBEHHOIO yCTaHOBJIECHUS HaJU-
4y yriepona B CGOPMUPOBAHHBIX IOKPBITHAX
ObUIM TPOBENCHBI 3KCIIEPUMEHTHI ¢ IPUMEHEHUEM
METO/Ia PE30HAaHCHBIX SACPHBIX peakiuid. [is aToro
UCIIOJIB30BAJIaCh PE30HAHCHAsl sepHAas PpeaKys
2C(p,y)"°N. [IpodH1b KOHIEHTPALMH yIIEPOIA B MO-
T(HULIPOBAHHOM 00pasLie ONpenesuics ¢ MOMOLIBI0
M3MEPEHUs BBIXOJA Y-KBAaHTOB C 3Hepruel 2,36 MaB
W3 pe3oHaHCHOI snepHoii peakmn “C(p,y)" N mpu
SHepruu MpoToHOB Oomnbine 0,4 MaB.

OKCIIepUMEHTANIbHBIE  PE3yJIbTAThl, IOMY4eH-
HBIE OT 00pa3ma ¢ ocakaeHHbM (Ti + Si) mokpeITHEM
Ha ctanb Mapku 40X, npeacraBieHsl Ha puc. 4.

—
(9]

—_—
(e
1
1

Copeprkanue yraepona, at. %
(9]

(=)

0 200 400 600 800
['yGwra, M
Puc. 4. KoHueHTpaunoHHsIi npoduis

pacmpeeneHus yriiepoaa 1o TIyOrHE B CTaTH MapKH
40X mocie ocaxIeHUs TUTAaHA C KDEMHHEM



B. B. Tyabes, 1. C. TawabikoB

69

OHU TOATBEPXAAIOT JaHHBIE MOJEINPOBAHUSA
RUMP o Hanuumu yriepoja B IOKPBITUU, OCaX-
JCHHOM Ha ctanb. [IpuuyeM nmpoduib pacmnpenene-
HUS yriepoja Mo TiayOuMHEe B CHOPMUPOBAHHOM
MOKPBITUH, TOJYYEHHBI METOJOM pEe30HAHCHBIX
SAIEpHBIX PEaKLIui, KayeCcTBEHHO Moao0eH npodu-
JII0, IOJTyYEeHHOMY MoJienupoBaHueM crnekrpa POP
(puc. 2).

ConepaHue KUCIOpOoa B MOKPHITUH OTpeeNs-
JIOCh METOZOM PE30HAHCHOTO YIPYTOro paccesHus
noHoB He Ha sapax O npu sHeprum 3,047 M>B.
OKCIEpUMEHT IOKa3ajl, YTO CI0eBasi KOHIIEHTPALUs
KHCIIOPOJIA B OKPBITHU cocTapmser ~5 - 10'® ar/en?’,
a TOJILHA OKCUAHOTO CIIOSI ~5 HM.

3akmnouenne. lccnenoBaHus MeETOJaMU pe-
3ep(hOpIAOBCKOrO 0OPaTHOTO pacCesTHUS MOHOB Te-
JUSL B COUYETAaHUM C KOMIBIOTEPHBIM MOJEIMPOBa-

HueM RUMP, pe3oHaHCHBIX SACPHBIX pEakLUid U
METOJIOM PE30HAHCHOTO YIIPYToro paccesiHUsl HOHOB
He noka3zanu, 4yTo Ipu HaHECEHUH TOKPBITHI Ha Oc-
HOBE THUTaHa U THTaHa C KPEMHHEM Ha CTajlb MapKH
40X METOA0M HMOHHO-aCCUCTHPYEMOTO OCaXKACHUS
MIPU YCKOPSIONIEH pasHOCTH NoTeHuanoB 15 kB u
¢ uHTerpanbHbIME notokamu (1-6) - 10" mon/cm?,
(OpPMHPYIOTCSI TOHKOIUIEHOYHBIE CTPYKTYPHI TOJI-
mHoM ~10 HM, coaeprkalre aToMbl OCaKIAEMOT0
matepuaia Ti u Si, aTOMBI TEXHOJIOTHYECKHUX MPU-
Meceii C u O, atombl Fe 13 momioxku.

YCTaHOBIEHO HE3aBUCHMBIMHU M B3aUMOJOMOJ-
HSIOIIMMHU METOJIaMH, YTO B COCTaB MOKPBITHH BXO-
IIAT aToMbl ocaxxnaeMoro marepuana (10-30 at. %),
atomsl Fe u3 momnoxku (20-30 art. %), aTOMbI TeX-
HoJorHYeckux npumeceit kucioposa (10-30 at. %)
u yraepona (5—10 at. %).
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BECKOHTAKTHBIE UBMEPEHUSA DJIEKTPUYECKUX TAPAMETPOB
HOJYINPOBOJHUKOB B CBY-IUAIIA3OHE

Jliist MccnenoBaHus 3JIEKTPOHHBIX CBOMCTB MOJIYIIPOBOAHUKOB IIPUMEHSIOTCS OECKOHTAKTHBIE Me-
TOJbI HA OCHOBE 30HANPOBAHUS U3IIy4EHHEM CBEPXBBICOKUX 4acTOT. Bo MHOIMX GECKOHTaKTHBIX METO-
Jax OIpe/eNICHUs] MOABMKHOCTH WM 3 QEKTHBHON Macchl HOCHTENel 3apsiga B IOIYNPOBOAHHKAX
(Hanpumep, C TOMOIIBI0 MarHUTOONTHYECKHX 3(PQEKTOB) HEOOXOAMMO 3HATH YJIEIBHYIO MPOBOJH-
MOCTh M JTUIJIEKTPUYECKYIO ITPOHHUIIAEMOCTh 00pa3lia B IMOCTOSIHHOM TI0JI€ MJIM Ha HU3KWX 4YacTOTax.
OTH napaMeTpsl ClelyeT U3MepsATh, He mpuoeras K GopMHPOBAHHIO AIIEKTPHUECKUX KOHTAKTOB B 00-
pasie. B nanHOii paboTe mpeaiokeHa METOINKa ONpe/IeNeHHs yIebHOM TPOBOANMOCTH U IUDIIEKTPH-
YeCKOHW MPOHUIIAEMOCTH KPEMHHEBHIX IIACTHH C ITOMOIIBI0 HHTEPPEPOMETPUIECKUX M3MepeHuil da-
30BOTO CABHra W Ko3(@HIMEHTa MPOIyCKaHUs 30HIMpYIOUIero wm3nydeHus. M3mepenus ¢azosoro
CZIBUTA MIPOBOAMINCH C MCIIONB30BaHUEM (hazoBpamiareins narepdepomerpa. Y aenbHas IPOBOAUMOCTD
OIIpeZIeTIsIach 10 BeMNYMHE KO3 (GHUINCHTa MPOITyCKAHHUS U3JIyUCHUS C YI€TOM MHOTOKPATHBIX BHYT-
PEHHHX OTPaXXECHWil OT rpaHell kpucramwimdeckoro odopasua. Koadduimentsr orpaxkeHus U 3aTyxaHust
30HIUPYIOLIETO U3TyUSHUSI U3MEPSUIUCH JUIA JIBYX 00pa3IoB C1aboJIeTHPOBAHHOIO KPEMHHUS C pa3iiny-
HOM TONIIUHON. /3-32 KOHEYHOW MPOBOJMMOCTH HM3MEPEHHOE 3HaueHue Kod(duIMeHTa oTpakeHHs
OKa3bIBaETCsI HECKOJIBKO BBIIIE 3HAUEHMS, TOJIYUYEHHOTO IyTeM pacdera 1o ¢opmyie, 00bIYHO TpUMe-
HSEMOW /IS TPaHUIIBI pasJielia ¢ HEMPOBOASIICH TUAIEKTPUYECKON cpenoi. 3aBUCHMOCTh K03 duiu-
€HTa OTPaXEHWs OT TeMIlepaTypbl OJM3Ka K JIMHEHHO Bo3pacramomieid. M3mepeHHas 3aBUCHMOCTD
yAEIbHOM NPOBOAUMOCTH OT TeMmepatypsl B quanazone 290-350 K xopoiio cornacyercs ¢ pacyeTHbI-
MU JIaHHBIMHU B TIPEIIOJIOKEHUN OOJIBIIMAHOBCKOTO paclpe/iesIeHNs] HOCUTENeH 3apsijia ¢ y4eTOM BHYT-
PEHHUX OTPaXEHHUH OT rpaHeil 30HIUpyeMoro odpasua.

KnroueBble c10Ba: OECKOHTAKTHBIE M3MEPEHMs, BOJIHBI MUJUIMMETPOBOTO JHUAIAa30HA, YACIbHAs
HPOBOJMMOCTE, KOO (UINEHT MPOITYCKaHM, TUIICKTPUIECKask IPOHUIIAEMOCTb.

V. R. Madiarov
Belarusian State Technological University

CONTACTLESS MEASUREMENT OF ELECTRIC PARAMETERS
OF SEMICONDUCTORS IN A MICROWAVE RANGE

Contactless methods using microwave probing radiation are used to study the electronic properties
of the semiconductors. In many such methods (for example, using magnetooptic effect) the specific
conductivity and stationary or low frequency dielectric permeability data of the sample must be known
to obtain the mobility or effective mass values of the semiconductor charge carriers. These parameters
must be measured without forming ohmic contacts at the sample. In the present paper the technique is
proposed to measure the specific conductivity and dielectric permeability of the silicon wafers based on
the measurements of phase shift and transmission coefficient of the probing radiation. The phase shift has
been measured using the waveguide phase shifter of the interferometer. Specific conductivity has been ob-
tained by transmission coefficient value of the probing radiation taking into account multiple internal re-
flections from both lateral sides of the crystal sample. The reflection coefficient and attenuation constant
of probing radiation were measured using two samples of lightly doped silicon of different thickness. Be-
cause of finite conductivity of the sample the measured value of reflection coefficient appears to be slight-
ly above compared to that obtained by calculation using the usual formula for nonconducting dielectric
medium interface. The dependence of reflection coefficient on temperature is found to be close to the line-
ar. The measured dependence of specific conductivity on temperature in temperatures range between
290 and 350 K is in good agreement with the data calculated in the assumption of Boltzmann distribu-
tion of charge carriers taking into account multiple internal reflections from lateral sides of the sample.

Key words: contactless measurements, microwave range, specific conductivity, transmission factor,
dielectric permeability.

Beenenmne. J[Jis u3MepeHUs] KHHETUUECKUX Ta-
paMeTpoB TMONYIPOBOJHUKOB, TAKHX KaK BpeMs
KHU3HU ¥ CKOPOCTh MTOBEPXHOCTHON PEKOMOHUHAINN
HOCHTENICH 3apsijia, TPUMEHSIOTCS OECKOHTAKTHBIC
MeToabl ¢ mpumeHenuem CBY-uzmywenus [1, 2].

WHadopmManuio o mMoJBHKHOCTH HOCHTENIEH 3apsia
Y BPEMEHH pellakCcallié JAal0T METOJbI, OCHOBAH-
Hble Ha MPUMEHEHWHW MarHUTOONTHYECKOTO (-
(ekTa UM Ha OTpe/elieHHH U3MEHEHHH XapaKTepH-
CTUK JJIEKTPOMArHUTHBIX BOJIH TIOCJTE OTPaKEHMS
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WIN TPOXO’KACHUS BOJHBI Yepe3 MOyPOBOIHUK.
Jns MHTEepIpeTauuy AaHHBIX TaKUX H3MEPEHUH
OOBIYHO HEOOXOAMMO 3HATH YNENbHYIO MPOBOJIU-
MOCTh U AMANEKTPUYECKYIO MPOHHLAEMOCTb HC-
clleryeMoro obpasna B CTallMOHAPHOM MOJE WM
Ha YacTOTe 30HAMPYIOIIEH BOIHBL. JTH MapaMeTphl
nenecooOpasHo M3MepATh, He mpuderas K Qopmu-
POBaHMIO 3JIEKTPOJOB HA MOBEPXHOCTH IMOIYHPO-
BOJHHMKOBOTO 00paslia M HE Hapyllas pacrojioxe-
HUsI 00pa3na 1o OTHOIIEHHIO K pOHTY majarouiei
BOJHBL B naHHOI pa0oTe mpencTaBieHbl pe3ysbTa-
THI U3MEPEHHUH yJeTbHON MPOBOIAUMOCTH, AUAIIEK-
TPUYECKOH MPOHHMLAEMOCTH M K03 duimeHTa ot-
paxkeHus Ay o0pas3IoB n-Si ¢ TMOMOIIBIO 30HIH-
poBanus uznydennem CBU-nuanazona.

OcHoBHast yacTb. 11 onpeaeneHus AUANEKTpH-
YeCKOW MPOHHLAEMOCTH HCIIOIb30BATINCH M3MEPEHHUS
copura Qasbl BOJNHBIL, TpoIleqmeil depe3 oOpasel.
VY nenbHas pOBOAMMOCTh OIpEAeNsulach U3 U3Mepe-
Hu# koddumenTa npomyckanust B CBU-obmnactu.

Moperns, onuchiBaroas pacrpoctpanenne CBY-
BOJHBI B TOMYNPOBOJHMKE C HANPsHKEHHOCTSIMHU

NEKTPUYECKOr0 U MarHuTHOro noist £ u H, ocHo-
BBIBAaeTCsl Ha AU(dEpeHINANBHBIX YPABHEHUAX, YUH-

TBHIBAIOIIAX TOKU MTPOBOANMOCTH M CMeIIeHus [3]:
(W H)
ot

rotE =— = —i(op,LOI:I ,

_ E - L
rotH = ssoaa—+(5E =imeg E +OF, (1
t

re ¢t — BpeMs; Lo — MarHuTHasl TIOCTOSIHHAS, © —
9acTOTa 30HIMPYIOMIETO M3IYUYEHHS, € — TUDIIEK-
TpUUYECKass MPOHHUIAEMOCTh TOIYIPOBOTHUKOBON
cpensl obpasma; € — IMEKTPUUEcKas IMOCTOSHHAS;
O — yJAelbHas NPOBOIUMOCTb.

VYienbHas NPOBOAMMOCTb CpEIbl, B KOTOPOH
pacrpocTpaHsieTcsl BOJIHA C YaCTOTOH M, OTpenens-
€TCS COOTHOIIICHNEM, TIOTYYEHHBIM B IPHOIMKEHUU
cepruuecKuX IHEPreTHIECKUX TOBEPXHOCTEH:

G:Lz, )

1+ (o1)

TJie T — BpeMs pelakcallii HocuTenen 3apsna. B 00-
macti vactor 10 ~100 I'Tu BeImonHseTcs ycnoBue
(1)’ << 1. TI03TOMy B JaHHOM JMANA30HE MOMKHO
npeHedpeds 3aBUCUMOCTBIO YJICTIBHOM MTPOBOIMMOCTH
U JAUDIIEKTPUYECKONM MPOHUIIAEMOCTH OT YacTOTHI, a
TOTJIONICHUE 30HUPYIOIICH BOJHBI OOYCIIOBICHO
TJIABHBIM 00Pa30M CBOOOTHBIMU HOCUTEIISIMU [4].

B wusMmepenusx kodduiueHTa NpomyCcKaHus
WCIIONB30BAJICS TUIOCKHI 00paser], Ha KOTOPBIN
HalpaBisuiach BoiHa Hig, pacpOCTpaHAIOMIACS B
MPSIMOYTOJILHOM METAJTMYECKOM BoOJIHOBoAe. U3-
MEpSIEMBIMH TIapaMeTpaMU SIBISIFOTCS. M3MEHEHHUE
($a3bl BOJHBI AQ, 3aBUCHIIEE OT € U PE3YJIbTH-

Tpyabl BITY Cepuss3 Ne 2 2017

pyloliee 3aTyxaHue 3 Ipu MPOXOXKICHUH 00pasla
tonuHoN d. V3MeHenue (a3bl Ompeaesioch ¢
noMomipio (azoBpamaTens uHTEpepoMeTpa, a
3HauYeHHUe P — U3 U3MepeHu KodpPULIreHTa 3aTy-
xaHus O. M3meHeHue ¢a3pl BOIHBI AQ U 3aTyXaHHE
BOJIHBI 3 BBIpayKaroTcst OpMyIaMu:

A= (k—ky)d, B=ad. 3)

B ¢opmynax (3) k u ky — cooTBeTCTBEHHO BOJI-
HOBBIE YHCJIa JJI BOJIHBI, PACIPOCTPAHSIOIICHCS B
wieye UHTEphEepOMETpa, COACpKAIIEM MOIYIPO-
BOJIHUK, U B CBOOOHOM 1ieue (rae o =~ 0). Bripa-
JKEHUE JUIsl TIOCTOSIHHOM pacmlpoCTpaHeHus Y, KO-
TOpPOE CIEAYET W3 PELICHUs ypaBHeHI/IIé (1), co-
JIEP>KUT KOMILJIEKCHYIO IPOHUIIAEMOCTD € :

“4)

rjae A — JUIMHA BOJIHBI 30HIMPYIOIIETO H3IyYEHHs;
a — IAPUHA BOJIHOBOJIA.

Hns 6onpmmHCTBa NoynpoBoanukos (Si, Ge,
GaAs, CdS u np.) 3HaueHUs € JekaT B mpeaeiax
oT 12 1o 20, a otHomrenue A / 2a < 1, Tak Kak A < A,
rae A. = 2a — KpuTu4eckas AnuHa BoHbI H. [lo-
3TOMY MOXKHO CUHMTaTh € >> A / 2a, a popmyiny (4)
MOXHO YHPOCTUTh M TIOCIE BBIICICHHS BEUICCT-
BEHHOM M MHMMOM 4acTeH 'Y NOIYUYUTh CIECAYIOLINE
COOTHOILEHHUS IJ1g k U OL:

o (€ o (€
k_:\/;F+(S)a O('_;\/;F(S)a (5)

re mapaMeTp s = G(E€,0) ', ¢ — CKOPOCTh CBETA B
BakyyMe. C ydeToMm mepBoro u3 cooTHomeHud (3)
¢dopmyna anst dasoBoro capura AQ BOJHBI, MPO-
HIeAIed MOJyPOBOAHUK TONIIMHON d, IPUMET BUA
2= 1%

c

F.(s)-1). (6)

N3 cootHomenuii (5) ciemyeT cucreMa ypas-
HEHUU OTHOCUTEIIBHO G U E€:

F2(s)-F?(s)=2, F,(s)F_(s)=s. (7)

Pemas cucremy ypaBHeHuit (7) W HCIONB3yS
(6), MOXXHO TONYYUTh COOTHOILIEHHS, yCTAaHABIIH-
BAIOIINE CBA3b MEXKAY M3MEPSIEMBIMU 3HAYCHUSIMH
¢azoBoro capura u KO3(PQUIMEHTa 3aTyXaHUS C
YAENbHOW NPOBOAMMOCTBIO M IMIIEKTPUUYECKOM
MIPOHHULAEMOCTHIO:

2 2
1|, cApv2 _l(occj’

2 od 2\
ac)

o =2cg,0 e+[—j . ®)
0
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Puc. 1. Cxema sKkCIepUMEHTaIbHOW YCTaHOBKHU:
1 — CBUY-reneparop (I'4-142); 2 — pa3BeTBuTenp; 3 — o0pasel; 4 — aTTeHI0ATop;
5 — oOpa3noBsIii (azoBpamarens; 6 — IPHEMHHK (TepMorapa); 7 — MUKpoBosabT™MeTp D136

Ha puc. 1 npencraBieHa cxemMa OCHOBHBIX Y3-
JIOB DKCTIEPUMEHTAJIBHOH yCTaHOBKH.

3oHaupyOIas BOJIHA Yepe3 BOJHOBOX I10Aa-
Bajach B Pa3BETBUTEb, a IIOCIIE HETO — HA CEKIHIO
c obpa3uoM 1 Ha ¢a3oBpamareib. BrpaBHUBaHNE
aMIUITMTY MpOIIEAIIe BOJIHBI B O0OMX IUIEYax
obecreunBaioch ¢ MOMOLIbIO aTTeHtoaTopa. [Ipo-
nIeqiee U3yYeHue PEerucTpUpOBAIOChH MOYNPO-
BOJHUKOBOH TEpPMOIAapou, MOAKIIOYEHHON K MHK-
poBonbT™MeTpy @136 ¢ mpenenbHON 4yBCTBUTENb-
HocThio 100 HB/nen. 3HaueHne AMAIEKTPUIECKON
MPOHULAEMOCTH PACCUNUTHIBAIOCH MO HW3MEPEHHO-
My (a3oBoMy CABUTY A@ MpoIIEALIeld BOJHBI IO
¢dopmynam (8). 3HaueHwe A@ OmNpenensIoch Io
mkane (aszoBpamarens OpU TMOSBICHUM MHHU-
MQJIBHOI'O CHTHaja ¢ OeTeKTopa. TOYHOCTh ompe-
nenenust (a3oBoro yria cocrasisuia okoio 0,5°.
W3mepeHust mpoBOaMINCH Ha 0Opasle KpeMHUs A-
THIIA TOIIMHON d = 0,5 MM.

Koaddumment 3aryxanus o B dopmymnax (8)
IUIs1 OTHOKPATHOT'O MPOXOXKICHUS BOJHOM 00pa3ia
OIIpENeNsuICs 110 M3MEPEHHOMY 3HAUYEHHUIO KOd(-
¢uLMeHTa TPOIMyCKaHus ), T. €. OTHOLICHUIO WH-
TEHCHBHOCTH 30HAMPYIOIIEr0 W3JIYy4YeHHs, Ipo-
LIeJIIero yepe3 o0dpasel, K HHTeHCUBHOCTH U3IY-
YeHUs, IaAa0NIero Ha oopaser:

1, 1
o=—In—.
d %

Pacuer koadduneHTa mponyckaHus ¢ y4eToM
MHOT'OKPATHBIX OTPa)XCHUM 30HAUPYIOLIEH BOJIHBI
OT TpaHeit oOpasiia MpUBOAUT K opmyJe [5]:

(1-p)*
eocd _ p2 e—ocd ’
rae p — KOOQQUIHEHT OTPaXKEHUs 30HAUPYOIIErO
M3JIyYeHUs] OT MOBEPXHOCTH oOpa3ma. Pemas ypas-
HeHne (10) OTHOCHTENBHO Ol U YYUTHIBAS, YTO IS
MOTyPOBOJHUKOB B obmact yactoT 10-100 I'Tx
CIIPABEAJIMBO HEPABEHCTBO pze"“d << 1, momy4um:

©)

xX= (10)

ad =2In =P (11)
X

Hns onpenenenust Kod(QQOUIMEHTOB O U P
HNPUMEHSIICS JOTIOJIHUTEIBLHO 00pa3el] ¢ TOIIMHON

2d = 1,0 mm. OGa nccrenyembIx oOpasla BbIpe3a-
JIKCh U3 OAHOW 3aroToBku. [y 0oOpasioB ¢ TOI-
mwHON d u 2d cormacHo (11) coctaBuM cuctemy
YpaBHEHUH OTHOCHUTENIFHO KO3((UIMEHTOB O U P,
pEIICHUE KOTOPOU JTaeT:

X
X2

R

, 0=
d %

p=1 (12)

TAE (1 U Y2 — KOOPOUIUESHTHl 3aTyXaHus, U3Me-
peHHBIE I 00pa3noB ¢ TonmwuHou d u 2d, co-
OTBETCTBEHHO.

Ha puc. 2 mpencraBieHa 3aBHCHMOCTb HM3Me-
PEHHOM AMAJEKTPUYECKONW MPOHUIAEMOCTH OT
TeMIepaTyphl. 3HaUE€HUE € P KOMHATHON TeMIle-
paType coriacyercsi ¢ U3BECTHBIMU JaHHBIMH IS
kpemuus (€ = 12,4). HaGmogaemoe yMeHbIICHUE
JURJICKTPUUECKON MPOHUIIAEMOCTH MOYXHO OOBsC-
HUTHh Ha OCHOBE KJIACCHUYECKOW MOJIENH 3JNEKTPOH-
HOT'O TepeHoca HocuTelel 3apsima. B mpubmmxe-
HUH CEPUUECKUX IHEPTETHYECKUX MMOBEPXHOCTEH
JOU3JIEKTpHUecKas MPOHULIAEMOCTb B 00JIACTH Yac-
TOT ®T << | ompexemnseTcs BhIpaKeHUEM

OoT
e=¢g, ——,
)

(13)

Te € — AMAJICKTPUYECKasi MPOHUIIAEMOCTh 00pas3-
1a B MOCTOSHHOM moJje. Cinaraemoe, coaepixaliee
npousBeneHue (01) B popmyse (13), pacter ¢ Tem-
neparypoil. YBeIM4eHUe yAeIbHON NPOBOIUMOCTH
C POCTOM TeMIIepaTyphl HECKOJIBKO KOMICHCHUPY-
€TCSl yMEHBIIICHUEM BPEMEHHU PEIaKCaIlUu.

€ 125

12

11 +
290

330 350 LK

310
Puc. 2. 3aBuUcHMOCTB TUAIEKTPUIECKOM
MPOHUIIAEMOCTH 1-Si OT TeMIepaTyphl,

MOJIyYCHHAS M3 H3MEPCHUH (ha30BOT0 CIBUTA

Ha yactote 60 I'T'1t
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Ha puc. 3 mpuBeneHa 3aBUCUMOCTD YIETBHOMN
MPOBOJMMOCTH 00pas3la OT TeMIepaTypbl. 3Haue-
HUE G PacCUUTHIBANOCH MO Gopmyne (8) aist AByX
3HaueHUI Kod(duUIMeHTa 3aTyXaHus (L, MOTy4CH-
HBIX JJIsI OJTHOKPATHOTO MPOXOXKICHUS M3Ty4CHHS
yepe3 obpaser (d = 1,0 mm) mo dopmyne (9), u ¢
y4eTOM MHOTOKPaTHBIX BHYTPEHHUX OTpaKCHHIl,
pacCUUTaHHBIX C UCHONIb30BaHueM (12).

100 ¢ o, Cwm/M

A

| 1/T,10°K

3 3,1 3,2 33 34 3,5

Puc. 3. 3aBucuMocCTb yaeapHON TPOBOTUMOCTH 71-Si
0T 00paTHOM TeMIepaTypbl, HOTyUYeHHAs
U3 U3MEpeHH Ko PHUIMEeHTa POITy CKaHHs
30HAMpYIoLIeH BoaHbI Ha 9acTtote 60 [T
A — TaHHBIE MTOJTyYeHbI Oe3 yueTa BHYTPEHHUX
OTpaXeHHUH BOJHBI OT TpaHei oOpasia; [ — ¢ yuerom
MHOTOKPATHBIX BHYTPEHHHUX OTPAKECHHUH; CIUIOIIHAS
JIMHUS — PAcUeT C HUCIOIb30BaHNEM
60JIBIIMaHOBCKOTO paclpeeeHus

JlaHHBIE, IOTYYEHHBIE C HCIOIB30BAaHUEM 3HA-
YeHUH KodQUIMEHTa 3aTyXaHusl, HAlIEHHOTO 110
¢dopmyie (12) ¢ yueToM MHOTOKpATHBIX BHYTpPEH-
HHUX OTPaKeHUH, Jydllle COTJacyloTCsl ¢ TeMIepa-
TYpHOH 3aBHCUMOCTBIO, PACCUUTAHHON C HCIIOJIb-
30BaHHEM OOJBIIMAHOBCKOTO DACIpPEETICHUs 0

dbopmyiie

n0 1 1L o) gy
o) ThL-T, o)
rae 7, u T, paBabl 290 u 350 K, cOOTBETCTBEHHO.
Koadpodumnment orpaxenus p or obenx Kpem-
HUEBBIX IDIACTHH ompenersuics mo dopmyne (12).
3aBUCHMOCTHh KOO (HUIMEHTA P OT TEMIIEPATypPhl B
muanazoHe 290-350 K Ha gacToTe 30HIUPYIOMIETO
mrydernst 60 I'T'm 6nm3ka k muHeHoM (puc. 4).
Jannbpie, moxydeHable A KodduimenTa p,
OKa3bIBAIOTCA HECKOJBKO BHINIE 3HAYCHHS, ITOIY-
YeHHOTO ITyTeM pacdera 1mo (Gopmyie ajs oTpaxke-
HUS OT TPaHWIBI pa3fenia C HEMpOBOMSIIEH au-
anekrpudeckoit cpemoit (p = 0,31). [lns gactoTs
60 I'T'm mabmromaercs Bo3pacTaHHe P C TOBBIIIeE-

HUEM TeMIepaTyphbl, KOTOPOE COCTaBISIET MPUMEp-
HO 15%. Takas e 3aBUCHMOCTh Ha0JIF0J1a1ach BO
BCEM HCCIIeAyeMOM nuanazone 4actoT (ot 50 mo
75 I'Tu) u Ha oOpasue TommuHOW 1 MM. AHaio-
TUYHOE yBEIUYCHUE KOA(D(DUIIUCHTAa OTPAKEHUS B
CBUY-005acTi U €ro COOTBETCTBUE C TEOpETUYC-
CKMMH OIICHKaMH KOHIIEHTPAI[UK CBOOOTHBIX HO-
cuTelnel 3apsaa oTMeuanoch B pabote [6] mns wac-
toThl 150 ['Tu. OueBuano, uTO HAOMIOZAEMOE yBE-
mudeHue KodUIMEHTa OTPAKEHUS C TeMIIepaTy-
poii O0YCIOBICHO TMOBBINICHUEM MPOBOIUMOCTH
oOpa3a.

P04 -

1
\

0,38 &

»

0,36

0,34

D

0,32 T T T 1 T’ K
280 300 320 340 360

Puc. 4. 3aBucumocts K03 GUIIEHTa OTpasKeHUS 1-Si
OT TeMIIepaTyphbl, MOJTyYSHHAs! U3 U3MEPCHUH
k03¢ duLKeHTa TPOITyCKaHUsI Ha BYX 00pa3iax
(gactota 60 I'T1, Tonmuaa o6pasua 0,5 Mm)

3akarouenne. IlpeamoxeHa MeTOIMKa H3Me-
peHuil yAeIbHON NPOBOAUMOCTU U JUAJIEKTpHYE-
CKOIl MMPOHHUIIAEMOCTH TMOJyTIPOBOJHUKOB C YIEINb-
HOH IPOBOAMMOCTBIO NPU KOMHATHOH TeMIIEpary-
pe okoso 100 Cm/M, B OCHOBE KOTOPOH HCIONB3Y-
eTcs onpezeneHne KodpduimenTa NponycKkaHus u
caBura (aszbl 30HIUPYIOIIETO U3Ty4eHus B obac-
™1 4JactoT 50-70 I'Tm. YcraHoBneHo, 4To B AaH-
HOM JMalia3oHe 4acTOT Ha Pe3ybTaThl U3MEPEHUI
YAETHHONH TPOBOJMMOCTH 3aMETHO BIMSIOT BHYT-
pEHHHUE OTpakeHHsI OT rpaHei oOpasma n-Si c
tommuHo#M mopsaka 0,5 mMm. V3MepeHHbIe 3aBUCH-
MOCTH yJAEIBHON MPOBOJUMOCTH U JAHUIIEKTpUUE-
CKOIl TPOHMIIAEMOCTH OT TEMIIEPaTyphl OOBICHA-
FOTCSl KJIACCHMYECKON MOJENbI0 3JIEKTPOHHOIO TIie-
peHoca B OJIYIPOBOJHUKAX B MPUOIIKEHHU ce-
PUUECKHX SHEPTEeTHUECKUX 30H. 3HAueHHs Kod(Q-
¢unreHTa OTpakeHHs OT C1aboJIerupOBaHHBIX
KPEMHHEBBIX IUIACTHH HECKOJBKO BBIIIE IMpeJCKa-
3bIBAEMBIX [0 KJIACCHYECKOW (opmylie Uil Iu-
anekTpuueckux cpen. C MOBbIIIEHHEM TeMIlepaTy-
pel KOOPPUIMEHT OTpaskeHHs IMOIYIPOBOTHHKO-
BOro o0pasia yBETMYUBAETCS BCIEACTBHE POCTA
€ro yJIeJIbHON MPOBOAUMOCTH.
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MOAEAUPOBAHMUE NMPOLUECCOB
U YIIPABAEHUE B TEXHUYECKNX CUCTEMAX
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VIIK 681.53

H. M. Onudeposuy, /1. A. I'puniok, U. O. Opobeii
Bbenopycckuii rocyapcTBEHHbBIH TEXHOJIOTHYECKUN YHUBEPCUTET

AJITOPUTMBI TAPMOHUYECKON WIEHTU®UKALIUA
JJIA TEXHOJIOTHYECKUX OBBEKTOB
N NX AITPOBALIUA HA TEIIVIOBOM OBBEKTE

B crarbe aHanM3MpyOTCS BO3MOXKHOCTH HCIIOJIb30BaHUS HENIPEPHIBHOW 4aCTOTHOM HIeHTH]UKa-
LU TEXHOJIOTHYECKUX 00BEKTOB. OTMEYAETCs, YTO aJrOPUTMBI PAOOTHI CUCTEMbI HACHTU(GUKALUH MO-
I'YT BapbUPOBAThCS B 3aBUCHMMOCTH OT CKOPOCTH M3MEHEHHs MapamMeTpoB AMHAMUKH OOBEKTOB YIIpaB-
nenusi. [Ipy MajbIX CKOPOCTSX M3MEHEHHsl NapaMeTpoB 0ObeKTa Haubosee CTaOMIbHO OyleT naBaTh
pe3yIbTaT PEIIeHUE C UCIIONB30BaHHEM MHOTOIIEPUOAHOTO YCPEIHECHHS.

B cnydae, eciiu n3MeHEHHs JI0CTATOYHO OBICTPBI, & BHIUUCIUTENILHBIE PECYPChl MHUKPOIPOLIECCOP-
HOM CHCTEMBI yNpaBJeHUs] OTPaHUYEHBI, TO XOPOIINM PELIEHHEeM MOXET ObITh (hopMHpOBaHKE IOCITE-
JIOBATENIbHON CEpHU KOHTPOJIBHBIX FAPMOHUK. [IJIsl JaHHOTO PELICHUS NPOAHAIU3UPOBAHBI PA3IHYHBIC
BapuaHThl (POPMUPOBAHUS CEPUI U UX BIMSHHE HA TOYHOCTH ONpeaeieHus. Jloka3aHo, 4To MOHIKEHNE
YaCTOT KOHTPOJIbHBIX TapMOHHUK IMO3BOJIACT YMECHBUIUTL MOrpCHIHOCTDH I/l[leHTl/I(i)l/IKa]_II/II/I napamMeTpoB
oObekTa. [Ipu nmepexosie Ha HOBBIN LMKJ M3MEPEHUsI I CaMOW BBICOKOYACTOTHOM TapMOHUKH TpeOy-
eTcs BeIIepKka 6—10 meprno1oB It 00ecTIedeHNs JOBEPUTEIFHOCTH PE3yIbTATOB.

E1e ObicTpee MOXHO MOJTy4yaTh JaHHBIE O ITapaMeTpax o0beKkTa, eciin (HOpMHUPOBATh BO3AEHCTBUE
aHcaMOJIsl KOHTPOJIBHBIX TapMOHUK. [1JIsl JAHHOTO MOAXO01a MPEIOKEHBI aJITOPUTMBI HCIIOIB30BAHUS C
KpaTHBIMH M HEKpPATHBIMH IepuozaMu. Ha OCHOBaHUM YHMCIEHHOTO MOJEIMPOBAHMS CHIEJIaH BBIBOJ O
MpEUMYHICCTBE MCIIOJIb30BaAHUA FapMOHH‘leCKOf/II I/IJIGHTl/Iq)I/IKaLlI/II/I C HCIIOJb30BaHMEM aHcaMOIsa U3
KOHTPOJIbHBIX FAPMOHUK C KPATHBIMH HEPHOIAMH.

[TpuBeneHb! pe3ysbTaThl alpodaliMi rapMOHUYECKOW HISHTU(PUKAMK IS BO3AYIIHOTO TEII000-
MEHHHKA C UCII0OJIb30BAHUEM METO/1a FapMOHH‘ieCKOﬁ I/IJICHTl/I(l)I/IKaL[I/II/I.

KnioueBble cji0Ba: 00bEKT yIpaBlICHNs, aMIUTUTY THO-4aCTOTHAsI XapaKTEPUCTHKA, KBapaTypHBIH
JEMOJYJISITOP, UASHTU(HUKALIUS, TAPMOHUYECKAst ACHTU(UKALIUL.

N. M. Oliferovich, D. A. Hryniuk, I. O. Orobei
Belarusian State Technological University

HARMONIC IDENTIFICATION ALGORITHMS
FOR TECHNOLOGICAL OBJECTS AND THEIR APPROBATION
ON A THERMAL OBJECT

The possibilities of using continuous frequency identification of technological objects are analyzed
in the article. It is noted that the algorithms of the identification system can vary depending on the rate
of change in the parameters of the dynamics of control objects. At low rates of change in the parameters
of the object, the solution with multiperiod averaging using will be most stable.

If the changes are fast enough, and the computer power of the microprocessor control system is
limited, then a formation of series of control harmonics can be a good solution. For this solution, differ-
ent variants of series formation and their influence on the accuracy of the determination are analyzed. It
is proved that lowering the frequencies of the control harmonics makes it possible to reduce the error in
identifying object’s parameters. When switching to a new measurement cycle for the highest-frequency
harmonic, an exposure of 610 periods to ensure the confidence of the results is required.
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It is possible to receive data about the parameters of the object even faster, if the effect of the group
of control harmonics is formed. For this approach, algorithms for use with multiple and non-multiple
periods are proposed. On the basis of numerical modeling, the conclusion about the advantage of using
harmonic identification with using of reference harmonic’s group with multiple periods is made.

The results of approbation of harmonic identification for air heat exchanger using the method of

harmonic identification are presented.

Key words: control object, amplitude-frequency characteristic, quadrature demodulator, identifica-

tion, harmonic identification.

Beenenmue. IIpu nmoctpoeHUH cucTeM ympaBlie-
HHUS PEATbHBIMH TEXHOJOTHYECKUMHU TPOLECCaMu
aKTyaJbHOM SIBIsIETCS 3a/laua MACHTU(HUKAIMN JId-
HAMHKHA KaHAJIOB PETYJIMPOBAHHUA W BO3MYIICHHS.
OcHOBHBIE BOINPOCHI TOCTAHOBKH 33/1a4d HICHTHU-
¢ukaruu ObuM chopmupoBansl B 70-x romax [1].
C npuKIagHOW TOYKM 3peHHs 3amaueil uaeHTUdu-
KalliM SBJISIETCS TIONydeHHE IapaMeTpoB MOJIEIIH,
KOTOpasi yCTaHABJIMBAECT CBS3b MEXIY OCHOBHBIMHU
MEPEeMEHHBIMH, XapaKTEePU3YIOIIMMH JUHAMHUUYECKUE
W CTaTHMYeCKUe CBOMCTBa 00BbekTa yrpasieHus. Cy-
LIECTBYET MHOTO TUIIOB Mojelnel. J{ns pemenus Bo-
MIPOCOB, CBS3aHHBIX C YTPABICHWEM IPOHU3BOJCT-
BEHHBIM MPOLIECCOM, OTepaTop JODKEH 3HATh Hapa-
MeTpbl Mojend. [l TmpuMeHeHHsT COBPEMEHHBIX
CHCTEM U TEOPUH YIPABICHHUS HEOOXOMMO HCIIOIb-
30BaTh MAaTE€MaTHYECKHE MOJENH, OMHCHIBAIOLIHE
B3aMMOCBSI3M MEXITy CUCTEMHBIMH TIepeMEHHBIMH B
TEPMHUHAX PA3HOCTHBIX WK Ju(GepeHINATHLHBIX
ypaBHeHUH. UneHTHUKAITNSI CHCTEMEI (TTporiecca) —
3TO 00JacTh MaTEeMaTHYECKOTO MOJESITHUPOBAHUS W3
TECTOBBIX WIIH DKCIIEPHMEHTAIIBHBIX JaHHBIX.

OcHoBHas 4acTh. B padote [2] Obutn mOKa3a-
HBI CYIIECTBEHHBIE TIPEUMYIIECTBA HCIIOIb30BaHUS
AKTUBHOW YaCTOTHOW HWACHTU(UKAIMN B CpaBHe-
HUHM C MEaHAPOBOH B YCIOBHSIX OIpaHHYECHHS Ha
OTKJIOHEHHUSI BBIXOJHOTO mapamerpa. CpaBHEHHE
METOJIOB TIPOBOJIMIIOCH B YCJIOBHUAX BBIYUCIIHTENb-
HOTO 3KcriepuMeHTa B makere MatLab. YacrotHas
uaeHTHdUKanus ObUla peanr3oBaHa C HCIHONB30-
BaHUEM HECKOJbKUX KOHTPOJBHBIX TapMOHHK
(KI'), mapameTpsl KOTOPBIX BBIOMPATHCh UCXOAS U3
KpUTeprsi MUHAMH3AaNUK B3auMHOro BiusHUS KI°
BCJIEJICTBHE TPOXOXKACHUS Yepe3 KBAaHTOBATEINb.
Jis BBIIENICHUS TapaMETPOB MOJCTH IMPUMEHS-
JIOCh KJIACCHYECKOE PEIIeHHE — yCpeAHEHNE MyTeM
WCTIONB30BaHus  (QUIbTPAa HU3KOM YacTOTHl C
OOJBIION TOCTOSTHHOW BpeMeHH. MeToauka, WC-
MOJIb30BaHHas B [2], mpuMeHUMa JUIsl 0ObEKTOB, Y
KOTOPBIX CKOPOCTh M3MEHEHUS MapaMeTpoB MOje-
JIM 3HAYUTEIHFHO MEHbIIE, YeM I10J0ca IMPOoIycKa-
HUA yepeaasromux GuibTpoB. C Ipyroil CTOPOHEI,
(GUIBTPEI ¢ OOJIBITON TOCTOSHHOW BpPEeMEHH IIO-
3BOJISIFOT HUBEJIMPOBAThH BIIMSHHE BO3MYIICHUH Ha
00BEKT YIIpaBJICHUSI.

Jnst 00beKTOB ¢ OBICTPON JMHAMHUKON HAIO
WCITIONIB30BaTh JIpyrue noaxonsl. IIporpammupye-
Mble Jorumdeckue kountposuiepsl (ILJIK) u apyrue
MUKPOIIPOLIECCOPHBIE CPEACTBA MO3BOJISIOT B MOJI-

HOU Mepe BOCIIONIB30BATHCS JOCTOMHCTBAMH LU(Q-
pPOBOI 00PaOOTKH JAHHBIX.

AJITOPUTMBI TAPMOHHYECKOH HAEeHTH(UKA-
uuu. [locnedosamenvhas 2apMOHUYNECKAs UOEHMU-
duxayua (III'N). JIns 06bEKTOB CO CPAaBHUTEIHLHO
OBICTPOMEHSIIOIIMMHUCS CBOWCTBAMU MOTYT OBITh
MIPEUIOKEHbI pa3IuYHble MoaX0bl. OrpaHudeHne
Ha BpeMsl YCpeIHEHHs He IO3BOJISIET MPOCTO Ha-
MpsIMYyI0 HHUBEJIMPOBAaTh BIMSHUE OIHONW KOH-
TPOJBHON TapMOHUKM Ha APYTYIO0, KaK 3TO Jefa-
sock B [2]. OnHUM M3 MPOCTHIX pEIIEHUIl MOXKET
ObITh (OpPMHUpPOBAHKE TMOCIEIOBATEILHOCTH Tap-
MOHHMK OJTHOM 3a APYTOH M pa3zniereHue uaeHTudu-
Kauu 1o 4acrore. s oOecredeHus TOYHOCTH
UACHTH(GUKALUN ¥ ypaBHUBAHUS BIMSHUS KBaHTO-
BaTens TpeOyeTcsl OCYIIECTBIATh BHIOOP aMILTUTY-
JIbl Ha KaXI0H 4acToTe TaKuM 00pa3oM, 4TOObI Ha
BBIXO/IE€ TIPY Pa3HBIX YaCTOTaX 3HAUECHHUS aMIUTUTY T
He oTnyanuck 6onee uem Ha 10—15%.

3TO yMEHBIIUT TPeOOBAHUS 110 BBIYHCIHUTEIb-
HOM MOIIHOCTH JJIS pealu3aliyd aJroOpUTMOB.
JlaHHOE peleHne Jerko peaan3yercs C MOMOIIBI0
IUIK cpenHeit MOIIHOCTH.

Meton umeeT HekoTopble ocoOeHHocTH. Ilpn
nepexoie ¢ OJHOW YacTOThl Ha APYIyIo OyjaeT Ha-
Oromathesl epexoaHoi mporecce. Jns o0BekTa ¢
nepesaToyHoi GpyHKIHen

|
(Lp+1)(Lp+1)

ypaBHEHUE JIJIsl TUHAMUKU TIPU CTYIEHYAaTOM W3-
MEHEHUHU 9acTOT OYyJIET UMETh OOIIHIA BUI

w(p)= @)

y(¢) = asin(ot + @)+ bexp s +cexp il ,(2)
L T,

rae 7y u T, — MOCTOSIHHBIC BPEMEHU; p — OIIepaTop
muddepenuupoBanus d / dt.

Pacuers! st 71 u 7> co 3Hauennsamu 100 u 500 ¢
MOKA3aJIi CJICAYIONIYK 3aBHCHUMOCTh MOTPEUIHO-
CTH B OMNpEICICHUN aMIUIUTYJbl HAa Pa3HBIX Iie-
pUoJaxX MOCIe MEPEeCTPONKH 4YacToThl (puc. 1-2).
s monydenus rpaduKoOB HCIIONIB30BalIOCh YCIIO-
BUE, YTO 3HAYCHHE aMILTUTY/bI MOCIE MPOXOXKJIC-
HUS JOJKHO OCTaBaTLCS OJMHAKOBBIM.

I'paduky MOKA3BIBAIOT, YTO TPH HCIOJIH30BA-
HUM JAHHOTO aJTOPUTMA JyYllle HAYUHATH C HU3-
KoW dYacToThl. /I OOJIBIIMHCTBA TEXHOJOTHYE-
CKUX PEIICHUH Oompeneisith Ko3pQUIUCHT mepe-
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a4yl MOXKHO yKe Ha mepBoM mnepuojne. Hanbois-
mrasi MOTPEIIHOCTh HaOMIoJaeTcsl MpU KPaTHOCTH
ygactoT 1,6—1,7. Ilpu Havame HOBOTO ILKKIIA U3ME-
peHusl aMIUIUTY [, GUKCHPOBaTh KO3 duiueHT me-
penaun Ha Haubosee BeicokodacToTHON KI' MOkHO
OyJer ToJIbKO Ha 6-9 mepuoe.

Y
1,1 4
| 5
0,9
0,8
|
0,7 . . ="
5 10 15 20 25 30 35 filh

Puc. 1. 3aBrCHMOCTH OTHOCHUTENBHOM ITOTPEITHOCTH Y
OT OTHOILIEHHS YaCTOT JIO f, U MOCE fi
Ipyu X CTYNEHYaTOM IMOBBIIICHUN
Ha pa3HbIX Nepuojax N OnpeneicH s aMILIUTY Abl

35 fil o

Puc. 2. OTHOCUTEBHAS TOTPEITHOCTD Y
OT OTHOIIICHHS YaCTOT JIO f> ¥ MOCIIE f
Ipyu CTYNEHYATOM IMOHMKECHUN
Ha pasHbIX Meproaax N onpenenaeH s aMIUTHTY b

1 1
10 15 20 25 30

[Tpousseneno MoaenupoBanue cucremsl ¢ I1T'1M
C TIOBTOPEHHEM TIOCIIE KaXKIO0T0 W3MEHEHHS 4acTo-
THI IBYX (pHC. 3) ¥ OHOTO MEPHOOB MPH TOBHIIIIE-
HUH 9acTOTHI M CEMH MEPHOJIOB TIEpe MOBHIIIECHH-
eM. KoaddurmmenT mepemaun onpenemnsuics 1o Io-
CIIeTHEMY TIEpHOAY TIepe]l N3MEHEHHEM YacTOTEHI.

o
-

1 1,5

t,c-10°

Puc. 3. IlepexoaHoii mporecc
IpY HepecTpoiKe 4acTOT

N3-3a mepexoiHpIX MPOLIECCOB MIPH MEPECTPOIKE
YaCTOTHl OTHOCUTEBHOE OTKIIOHEHHE aMILTUTYAbI U
(ha3pl OT MCXOMHOTO 3HAYEHHs Ha JIBYX MEPHOIAX
MaKCHMAITLHO TIPU TIEpEX0Jie OT CaMOW BBICOKOYAC-
TOTHOM K cnenyromed — 0,7%, u menee 0,02% —
BO BCEX OCTaNBHBIX ciydasx. [Ipu ogHOM miepuone B
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CCH norpenHocTs Bo3pacTaeT 10 3,6% mpu nepe-
XOJIE OT CaMOM BBICOKOYAaCTOTHOM K CIEAYIOLIEH W
MeHbIe 1% — BO BCEX OCTATLHBIX CIy4asiX.

Cmewannas eapMoHuueckas udenmugurayus
(CTN). [lpyrum perieHueM OyIeT HCIIOJIL30BAaHUEC
MPOIEAYPHl pa3iokeHus B psag Dypbe ais Bcex
TapMOHUK IO TIEpUOAY caMoi MeyieHHOU. OqHaKO
CJIelyeT y4YUThIBATh, YTO TPU BBEIOOPE KOHTPOJIb-
HBIX TAPMOHHK C HEKPATHOW YaCTOTOM JIJIsl CHIDKE-
HUs 3¢ ¢deKTa KBaHTOBaHUS MOTpeOyeTcsi KOppek-
TUPOBKA PE3YyJIbTATOB HA KAXKIOM TMEPUOJAC IS
YMCHBIIICHUS BIIMSHUS OJHOW KOHTPOJIBHOW Trap-
MOHHKH Ha JAPYTYIO.

Tak nns oObeKTa BTOPOrO MOpPsAKA IMPH HUC-
MOJIb30BAaHUM TISITH KOHTPOJIBHBIX TapMOHHMK Ha
aKTUBHOM HM3MCHCHUU aMIUIMTYJIHOYACTOTHBIX Xa-
paktepuctiuk (AYX) morpemHocTb MOXET AOCTH-
ratb 10 30% (puc. 4). bonbiie Bcero sToMy mon-
BEPXKEHBI BBICOKOYACTOTHBIC rapMoHUKH. [Ipu yc-
pPEIHEHUU 1O OOJNBIIOMY KOJMYECTBY TaKTOB
uacHTU(UKAIUU 3HaueHUe cxonurtcs. [l Huse-
JUPOBAHUs JTAaHHOW TOTPEUTHOCTH CIIEAYEeT pac-
CUMTHIBATh IMONPABOYHBIC KOA(D(DUIIMEHTH MyTeM
OJIHOBPEMEHHOT0 MOJICIUPOBAHUS U PA3I0KECHHUS.
Anroput™m pabOTHI JaHHOW MPOUEAYPHI MOXOXK Ha
U3BECTHOE pEUIeHHE — YIPaBJIEHHE MO MOJIEINH.
JpyruM perieHreM MOXKET OBITh UCIOJIb30BaHUE
KOHTPOJIBHBIX TAPMOHUK C KPATHBIMU NIEPUOIAMHU.

0,3
0,2
0,1
0
-0,1
) — ¥

0 5 10 15 20 25 30

Puc. 4. Bapuanuu ammmuty KIT
Ha Pa3IMYHBIX TAKTaX ONpeAeNeHUs

IlocTaHoBKa BBIYMCIUTEIBHOTO JKCIEPH-
MeHTAa. J[Jisi cCpaBHEHUS JIBYX MOCIEIHUX PEIICHUN
MPOM3BEACHO MoOJIeIupoBaHne B mmakeTe MatLab
mpu paboTe B ONWHAKOBBIX yCIOBUSX. s auHa-
MHUYECKOH CHCTEMBI C OJM3KMMH K TEIUIOBOMY
00BEKTYy CBOMCTBAMH YCTaHOBJICHO BIHMSHHE Ha
TOYHOCTH  OIPENENCHHS AaMIUTUTYJHO-(a30BOU
JacTOTHOHN XapakrepucTuku (ADUYX) npu pazmmd-
HBIX 3HaUEHHS YPOBHs KBaHTOBaHUA. OOBEKT HIeH-
TUGUKAIMKA TPEICTABISIT allepPHOAINYECKOe 3BEHO
BTOPOTO TIOpPsIIKA C MTOCTOSTHHBIMA BpeMeHu 500 u
100 c. CoOTBETCTBEHHO, ISl TIEPBOTO PEIICHUS
(V1) nepuonsl rapmonuk Obun 4, = [8784 4184
1992 1020 460] ¢, a mnsa Bapuanra nBa (V2) A, =
=[T T2 T/A T/8 T/16], tne T — meprox camoii Men-
nernnoit KI™ (puc. 5). Bo BropoMm ciydae dazer KI™ 6b1-
T Pa3IMIHBIMH, COOTBETCTBEHHO [0, T, T1/2, /4, TU/8].
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Puc. 5. MonenbHbIH 00BeKT ¢ BBIOpaHHBIM KT e L _L_L
R = e e T e e e
Otnuuus B (hazax KOHTPOJIBHBIX FAPMOHHK IIO- 7 10 20 304050 60 2
3BOJISIFOT WCKJIIOYHTH OOJBININME OTKJIOHEHHS TpH Puc. 8. lucriepcust oumbku
H;[eHTI/I(bI/IKauI/IH. B BBIUKCIUTENBHOM HKCHEPH- ONpeACICHUA aMIUIATY bl OT yPOBHS KBAHTOBAHUSI
MEHTE 3TO MO3BOJISIET 00eCeYnBaTh MAaKCUMAaIbHO
OJIMHAKOBBIE YCIIOBHS MPOXOKICHHS CHrHala 4de-
pe3 kBaHTOBaTeNb (puc. 6). AMITTUTYABI OBLTH TTO-
noOpaHbl ¢ yaeToM Kod(dduimenTa nepenadn 00b-
eKTa, YTOOBI Ha BBIXO/E OHH OBUIM OMHAKOBBIMH.
YpoBeHb KBaHTOBaHHA Z 3aJaBajcs HCXOOS W3
MOJIHOTO pa3Maxa UCXOJHOrO CUTHANA.
MogenupoBaHue MPOBOAWIOCH HA MPOTSHKEHUN
20 nepuonos camoit MeanenHout KI'. Ha kaxnom ne-
7 10 20 30 40 50 60 Z

puoae onpenessIMCh HapaMeTphl aMIUIUTYAb U (a-
3bI TapMOHUK. OTHOCHTENbHAS OIIMOKA Y ONpeness-
JIach Ha KaXIIOM IepHozie Ui 00BEKTa ¢ IepenaToy-
Hol (hyHKIMel (1) Kak pasHHIIA MEXITy 3HaYeHHEeM
aMIUTUTYJbl Ha BBIXOZE 10 U IIOCIIE KBAHTOBATEIN,
OTHECEHHAs! K UICTUHHOMY. J1J1s1 BEIYMCIIEHUS Pe3yJlb-
TUPYIOIIETO 3HaueHus Y U aucnepcuu (puc. 7-10)
UCIIONB30BAJIOCH CPEHEE 3HAYECHHE 32 BCE MEPHOIEI,
32 BBIYETOM IIEPBOTO, I UCKIIFOUCHHS BIMSHUS Te-
PEXOAHBIX MPOLIECCOB, YKA3aHHOTO PaHee.

15

Puc. 6. Berxognblie TpeHIbI
JI0 ¥ TIOCJIE KBAaHTOBATEIIS
IUTSE IBYX BapuaHTOB popmupoBanms KI'

—-0,05
—0,1
0,15
-0,2
0,254
-0,3}
-0,35¢
7 10 20 30 40 50 60z
Puc. 7. 3aBUCUMOCTB Y aMILTUTYABI
OT ypoBHs kBaHTOBaHus i KI'

Puc. 9. 3aBucumocTs ommOKy orpeaencHus Gpa3pl
OT YPOBHSI KBaHTOBaHUS

O
10°

10°
10*10

10"

10*20 = =
7 10 20 30 40 5060 Z

Puc. 10. Incniepcust ommbkn onpenesieHus Gpasbl
OT YPOBHSI KBAaHTOBaHUS

PesynabTarel u 00CyKIeHHEe MaTeMaTH4e-
CKHMX JKCIePUMEHTOB. YMEHBIICHHE KOJIUIECTBA
paspsIoB KBAaHTOBATENS HAa aMIUIUTYAY CUTHAJIOB
MIPUBOINT K yBeNU4EHUIO ommOKku. [Ipn aTom xpu-
BbI€ XOPOIIIO aMpPOKCUMHUPYIOTCS QpyHKINEH BIIa

Y(Z)=exp(kInZ +b). 3)

DTO CcledayeT YYMTHIBaTh NpPU TMPOBEACHHU
UICHTH(HUKAMA HA pealbHbIX 00bekTax. OmHUM
BapHaHTOM MOXKET ObITh COBMECTHOE MOJCIHPOBa-
HHE C MCIIOJNB30BAHUEM KBAHTOBATENSA M yYeT depes3
MHHHMMHM3ALHIO paccoriacoBaHus. Bropoit Bapuant —
orpezesneHne Ko3QpPUIEeHTOB k u b 3apanee.

KBaHTOBaHME 10 YPOBHIO B MEHBLICH CTEIICHU
OKa3bIBaeT BIMSHHE HAa CaMYyH0 BBICOKOYACTOTHYIO
u HuskovactoTHyro KI'. [Ipu 3TOM BimsHuE ypoB-
HS TPY HEMPONOPIHMOHAIBHBIX IEpUoAax Ooiee
CYIIECTBEHHO TI0 CPAaBHEHHIO C JPYTMMH BapHaH-
tamu. Eme Oosnblie OTIMYMi HaOMOAAETCS MpH
PAacCMOTPEHHH TUCIICPCHU OTKIOHEHUH aMIUIUTY-
abl ¥ (asel. OTinune B 3HAYCHUSX MEXKIY ABYMS

Tpyasl BITY Cepuss3 Ne 2 2017
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BapHaHTaMU JIOCTHTaeT HECKOJIbKHUX TOPSIKOB.
OpHako cienyer OTMETUTh, YTO TAaKHE OTIMYHS
HaAOJIOJJAIOTCS TOJIBKO B YCIIOBHSIX BBIYUCIIUTEINb-
HOro skcriepuMeHnTa. [llymMoBBIE cocTaBistoNMe B
M3MEPUTEIHLHOM TPaKTe, KOTOPHIC BCErJa MPUCYT-
CTBYIOT Ha pCallbHBIX OO0BEKTaX, NPAKTUYCCKU
YPaBHUBAIOT PA3IUYHS MEXK]Y aJITOPUTMAMHU.

Ho B memom, ciemyeT KOHCTaTHpOBaTh, UTO
JUTSI TIPAaKTUYECKOTO MCTOJB30BAHUS JTyUIlle PEeKo-
MEHJ/IOBAaTh KOHTPOJIbHBIC TapPMOHHMKH C IPOIIOP-
LIUOHATIBHBIMU MTEPHUOAMH.

IIpoBepka Ha TemnoBoM o0bekTe. TecTupo-
BaHHWE METOJla TapMOHHMYECKOH WACHTU(UKAINN
MPeIoarajJoch OCYIIeCTBUTh Ha 0aze ydeOHOro
creama. OH mpeacTaBIsieT co00W MOIETbh BO3IYII-
HOIO TEIUIOOOMEHHMKA. BBIXOJHBIM MapaMeTpoM
SIBJISICTCS. TEMIIEPaTypa, a KaHAJIOM YIIPABJICHUS —
M3MEHEeHUE pacxojia Bo3ayxa. /s uameHeHus pac-
XOZla BO3/[yXa HCIIONB3yeTCS YaCTOTHBIA TPUBOJL.
OOBeKkT 007a1aeT HEMUHEWHBIMU CBOMCTBAMHU KakK
0 cTaTudeckoMy KO3 HUIMEHTY Tepeaad, Tak 1
10 JMHAMUYECKUM CBOWCTBaM. HTerpamus cucre-
MBI yIpaBJieHHs1 0O0BEKTOM ¢ TlakeTroM Matlab mo3Bo-
JIJIa TIPOBOJUTE aHANM3 IPEUI0KEHHBIX aJlTOPUT-
MoB. [lomumo yacToTHOM HneHTHUKawH (puc. 11),
ObUTM TIPOBEACHBI M3MepeHHs MyTeM (HOpMHPOBa-
HUS MeaHIpoBoro curHana (puc. 11-13).

9, C ‘ M f;HZ
50 | A ’ : - | - f 730
. 8784sec | 8784 sec |
45 Hfmmmm ST 0
. i i
N | I [
s LLLITRCIT P TR EREITART ™
: : ;
35 1 ',l '] |||Ml|‘ R ’ )
IW ‘| jlil Il |”|| Il i| | | 1447
1_ V1ML DA ALL] A '] LL
- AN ] N M T 1904
sl v
100 200 300 400 ¢ min

Puc. 11. Tpern yacTOTHOH HOCHTU(DUKAIIH

fHz
35
30
25

19,89

14,47

B I N I

T
[
|

50 100 150 200 250

—l 9.04
t, min

Puc. 12. Tpenn naentuduraum
pH nepuojie Meanapa 8368 ¢
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B MpoHecCe SKCICPpUMEHTA CTCHA MOABEPraics
HCKOHTPOJIUPYCMBIM BO3MYIICHUAM: HU3MCHCHHC
TUAPOAMHAMUYCCKUX U TCHJ'IO(bI/BI/I‘{eCKI/IX napa-
METPOB BO3JyXa BOKPYI' CTCHAA (OTOHJ’ICHI/IC, npo-
BCTpHUBaHUC, UBMCHCHUC HOI‘O,E[LI).

0, °C f.Tu
.

55 | 35
50 30
45 25
40 19,89
35 14,47
30 S S & 9,04

50 100 150 200 250 ¢ min

Puc. 13. Tpenn unentudukanum
npu nepuoge Meanzapa 14 400 c

[Ipu onpenenenny mapamMeTpoB MepeaaTOIHbBIX
xapaktepuctuk (1) mo tpenmy (puc. 12) pazdpoc
3HaueHni coctaBmi 6onee 40%. [lapamerpsr £, 77,
T, HAXOIMJIKCH TTyTEM MUHUMHU3AIUHN CpPeIHEKBaI-
paTHYECKOr0 OTKJIOHEHHS OSKCIIEPHUMEHTAIBHBIX
MAaHHBIX OT TeopeTrmdeckoro. AUX rmepeaaTodHsIx
¢GyHKIIIH 00BEeKTa, KOTOPHIE MOMyYeHBI IPH YIITH-
HeHNW mepuoaa meanapa no 14 400 c, mpeacras-
JIeHBI Ha puc. 14. YBenWMdeHUe IIUTEIBHOCTH IIe-
pHoJa MEPEXOTHOTO MPOIIecca MO3BOIMIO YMEHb-
IUTH Pa30poc MapaMeTpoB IepeaaToIHON (PyHK-
IIUU 00BEKTA.

0,5

1 ; | | i
R I E N1 .
10+ 10°  fIn

Puc. 14. AUX remnoBoro o0beKTa,
OTIpEeIeIICHHOTO TAPMOHIYECKOW UICHTH(PHUKAINEH
(') u ¢ momomnipro Meanapa (M)

[pu o6padotke 'Y nocTynmHBIME OBLIN TONBKO
JIBa TaKTa UAEHTU(UKALMH BBUIY OTPaHHUCHHS Ha
BpeMst pabotel. Kak u mpu MU, xpuBas umeer yc-
TOMUMBKIA TOBBIIAOIUI TpeHn (puc. 11). Dto,
BMECTE C MOMEXaMH, HAIIO OTpakKeHUE MpHU OIl-
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peAeneH HHM3KOYaCTOTHBIX COCTAaBIISIIOIIMX Ta-
pametpoB AUX. BricokouactotHeie KI', koTopsie
Uil pa3pabOTaHHOTO aNroOpuTMa HMMEIOT MHOTO-
KpaTHOE yCpelHEeHHe, 00J1aaloT HeOOIbIIUM pa3-
Oopocom. HuzkouactotHbie cocrasistomue (KI[2 u
KI'3) umeror MakcuMmanbHOE OTKJIOHEHHE IO OT-
HOILIEHUIO K pe3yibTupyromeil AUX, kotopoe mo-
JIy4€HO IO pe3yibTaTaM 3KCIepUMeEHTa. Pesyiib-
tupytomee AUX (puc. 14) noiaydanoch, Kak u AJs
MU, nyTeM MUHMMH3ALWUN OTKJIOHEHMS OT 3aJaH-
HOT'O BHJa B cCOOTBeTCTBUU C (1).

AUX III'" nanu HECKONBKO JTyUIINEe pe3yJIbTa-
Thl IO HU3KOYAaCTOTHOM YacTH CIEKTpa B CpaBHe-
Huu ¢ I'M u 3HaunTenpHO XyauIne AJis BHICOKOYAc-
ToTHOW. JlocTymHOe BpeMsi pabOThl SKCHEPUMEH-

TaJIBHOW YCTaHOBKH IO3BOJISUIO MPOBECTH TOJBKO
OJIMH LUK UACHTH(PHUKALIH.

Crnenyer OTMETUTB, YTO H3-3a OTPAHHYCHHUS
Ha ymnpasisolee Bosgencreue g MU u I' ve
OBLIO BO3MOXHOCTH I 00€CTIeueHHs] paBHOLICH-
HBIX MOIIHOCTEH TECTOBBIX CHTHAIOB, KakK 3TO
ObL10 B [2].

3akmiouenne. 1. JlopaGoTaHbl 1 ONMPOOOBAHEI
Ha MPaKTHKE Pa3MyYHble aJTOPUTMBI rapMOHHUYE-
CKOW WAeHTH(UKALMK, MOKa3aHa MX PaboTOCHO-
COOHOCTb.

2. B cnyyae moaBep:keHHOCTH OOBEKTa BIHA-
HUIO TIOMEX, CPABHUMBIM C MEPUOJOM CaMOW HU3-
KOYAaCTOTHOM KOHTPOJBHOH TapMOHMKH, CIIEAYET
YBEIMYUBATh BPeMs UICHTH()UKALIH.
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. A. I'punmok, U. T'. Cyxopykosa, H. M. OnndepoBuy
Bbenopycckuii rocyjapcTBEHHbBIH TEXHOJIOTHYECKUI YHUBEPCUTET

HUCITIOJIb3OBAHHUE AJI'OPUTMOB AIIIIPOKCUMA LN
JJIA CTJTAXKKUBAHUS TPEHAOB UBMEPUTEJIBHBIX IPEOBPA30OBATEJIEN

Crarbsi MOCBSAIIEHA BOIIPOCAM adalTHBHOW (DHIIBTPAIMU MIPH M3MEPEHUH CUTHAIOB CO CIIOXKHOM M-
Hamuko. [TpuMepamMu TaKUX CHUTHAJIOB MOTYT CIIY)KUTh: IPeoOpa3oBaTeiib H3MEPEHHS CKOPOCTH KaIlkJI-
J'IﬂpHOFO BITMTBbIBAHWSA, BCIIMUUHA HpOTe’-IKI/l le/I JUArHOCTHUKE 3anopH0171 apMaTypr. IL]'IH JAHHBIX cnyqaeB
npeﬂnaraeTCﬂ U3MCHATH TUII CTJIA’)KUBAHUS B 3aBUCUMOCTU OT IUHAMUKH. III/IHaMl/IKa OLCHUBACTCA C I10-
MOIIBIO aIMPOKCUMAIIH TEKYIIUX 3HAYCHUH JIMHEWHOM, TapaOoIYecKOi WIN PYTOi 3aBUCHMOCTBIO.

[IpencraBneHbl pe3yNbTaThl MATEMATHIECKOTO MOICTHUPOBAHUSA PaOOTHI UPPOBOrO (UIBTpa, Oe-
TYIIETO CPEIHETO, a TAKXKE CTIIAYKUBAHUS C TIOMOIIBIO JIMHEHHOHN 1 TapabolIniecKoil 3aBUCHMOCTH TIPH
Pa3IMYHBIX YaCTOTAaX TIOJE3HOTO CHTHAla, MPOBEICHHOTO ¢ MmoMmolmblo makera MatLab. D¢ dexrus-
HOCTH (YMIIBTPa OIIEHWBANACH IO CPEIHEKBAIPATUIECKOMY OTKIOHEHHIO OT MCXOJHOTO CHHYCOHUIAb-
Horo curHajia. [IpoBe/ieHHbIE MCCIIEIOBAHUS TOKA3aJId, YTO MPUMEHEHHE JIOKaIbHOW JIMHEWHOW WU
apaboIIMYECKON alMPOKCUMALINH MTO3BOJISIET CYIIECTBEHHO YIYUIIUTh CIIIaXHBaHue. VX mcrmons30Ba-
HHE€ TaK)Xe MO3BOJSET OJHOBPEMEHHO CJIEIUTh 32 JAMHAMHUKOW M CTPOWTH QalTUBHBIC CXEMBI; OJHO-
BPEMEHHO KOHTPOJHUPOBATh MapaMeTphl IITyMa, OOpOThCS ¢ UMITYJIbCHBIMU IToMexamu. [1o pesynbraTam
npeﬂnomeﬂ aﬂFOpI/ITM aganTauvun mJjid I/I3Mepl/IT€J'leOFO npeo6pa3OBaTenﬂ BIIMThIBAHUA.

KiroueBble cjioBa: agantuBHas QUIbTpAIys, CIIAKHUBAHUE, H3MEPUTEIBHBIN TPeo0pa3oBaTeb.

D. A. Hryniuk, I. G. Suhorukova, N. M. Oliferovich
Belarusian State Technological University

THE USE OF ALGORITHMIC APPROACHES FOR SMOOTHING
OF MEASUREMENT INFORMATION

The article is devoted to adaptive filtering in signal’s with complex dynamics measurement. Exam-
ples of such signals are: the wetting speed of the capillary soaking time converter; the leakage value
during the stop valve diagnosing. For these cases, it is suggested to change the type of smoothing de-
pending on the dynamics. The dynamics is estimated by approximating current values by linear, para-
bolic or other dependencies.

The results of mathematical modeling of a digital filter’s operation, a running average filter, and
smoothing by linear and parabolic dependence at various frequencies of a useful signal, carried out with
the help of MatLab, are presented. The filter efficiency was estimated from the root-mean-square deviation
from the original sine signal. The conducted researches have shown, that application of local linear or para-
bolic approximation allows essentially to improve smoothing. Their use also allows to simultaneously moni-
tor the dynamics and build adaptive schemes; one-time to control the noise parameters, to deal with impulse

noise. Based on the results, an adaptation algorithm for the soaking measuring transducer is proposed.

Key words: adaptive filtering, smoothing, measuring transducer.

BBenenne. Ha ceromHsmHuil IeHb Ha MPaKTH-
K€ TIpUMEHSIETCS PAJ yCTPOWUCTB, MIPUHIIAI PaObOTHI
KOTOPBIX OCHOBaH Ha TpeoOpa3oBaHWHU (Qu3HUe-
CKUX ITapaMeTpPOB BO BPEMEHHBIE XapaKTEPUCTHKHU
HampspkeHus (Toka). [ToMrMo MmojIe3HOTO CuTrHaja,
MEepPBUYHBIE TMPEOOpa30BaTENd TEHEPUPYIOT CIy-
yalHbId. {15 ero ycTpaHeHUsi B U3MEPHUTEIbHBIX
cXeMax TMPHUMEHSIOT pa3INyHble BapHaHTHI CIIia-
KUBAHUS U QUITBTPAITHH.

CyIecTByIOT 11Ba TOIX0/a B UACHTH(PUKAIINH
MIePBUYHOW WH(POPMAITUN: TMapaMETPHUCCKUH |
HemapaMmeTpuueckuid. Ilapamerpudeckue MeTOAbI
OCHOBaHBI Ha 3HAHWUH C OTMPeAeTIeHHONH TOYHOCTHIO
MOJEJIM BOCCTaHaBIMBAaeMON 3aBucuMocTd. Hena-
pameTpudecKkne MeTOAbl MACHTU(UKAINN HE WC-
MOJIB3YIOT TAaKyl0 MOJeNb. Jpyrumu ciioBamu, Ais
npeoOpa3oBaTeneii ¢ WHPOPMATUBHBIM CHUTHAJIOM

Tpyabl BITY Cepuss3 Ne 2 2017

CHHYCOHMIATbHON (DOPMBI HE BO3HWKAET CIOXKHO-
CTeW ¢ MHTepIpeTalnuel pe3ysbTaToB MapaMeTpu-
YeCKOW W HemapameTpuieckoi (uiabTparuu. Bpe-
MEHHOH CIIBUT B 3TOM CITydae MO>KHO JIETKO YYeCTb.
[Ipu coXHBIX MOAEISIX TUHAMHUKH CHUTHAIA MOTYT
BO3HUKATH TIOTPEITHOCTH.

OcHoBHasl YacTh. V3MepurensHbIe mMpeodpazo-
BaTeJM CKOPOCTH KaNMJUTIPHOTO BIUTHIBAHK [1] 1 Be-
JIMYUHBI TIPOTEUKU [2] XapaKTepH3YIOTCS CIOXKHOMN
JuHaMuKol. [Ipu MCTIONB30BaHMU KOHCTPYKIMU W3-
MEPUTEFHOr0 OyMasKHOTO KOHIeHcaropa [3] ¢ depe-
JIOBaHWEM METANTM3UPOBAHHBIX W HEMETAIUTI3UPOBAH-
HBIX KOIell IMHAMHKA MOYKET OKa3aThCs erme Ooree
ciokHOH (puc. 1-2). Taroke Oymara UMeeT CTOXacTH-
YEeCKHH XapakTep pacloJIOKEHHsI KaHAJIOB IBIDKCHUS
KHUOKOCTH, W JAWHAMHUKY W3MEPHTENHHOIO TIpe-
o0pa3zoBaresrs BIIUTHIBAHUS TPYIHO ITPOTHOZHPOBATE.
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OnuuM 13 3(Q(QEKTUBHBIX METOMOB HelapaMe-
TPUYSCKON (DUIBTPAIIE MOXKET OBITH METOJ JIO-
kanpHOM ammpokcumaruu (MJIA) [4]. CyTe 3TOro
METO/Ia COCTOUT B HCIIOJIB30BAHUU CKOJB3AIIUX
JIOKAJIbHO-TIapaMeTpuueckux Moneiei. Jlns obec-
MEYCHUSI MaKCUMAaJbHOTO KadyecTBa CIIIa>KWBAHUS
TpeOyeTcs ONpeeNIuTh MOPSAOK JIOKAILHOCTH W
BBIOpaTh JTOKATLHO-MIAPAMETPHUYECKYIO MOJICITb.

RN

RN

N

VN
N\

©)

N
X

Puc. 1. 'eomeTpust H3MEpUTEIFHOTO KOHIEHCATOpA

HEMCTaJI-
JINMYCCKHEC
30HbI

C C

a o

Puc. 2. JluHamMuka U3MEHECHUSI EMKOCTH
HU3MEPUTEIILHOIO TIPpeo0pa3oBaTelIs:

a — IPU HATMYWH HEMETAJUTHYECKUX TOJI0C Pa3HOM
IMPUHBL; 6 — GParMEeHT BapUaIlMK JUHAMHUKHU OKOJIO
MOJIOCHI OT (WIYKTyaluu (ppoHTa MPOITUTKY;
(—) — uneanpHas TUHAMUKA,

(———; - - - - ) — TMHaAMUKa
pu GaykTyanuu GppoHTa MPOITUTKH

Haunbonee yacTto Ha NMpakTHKE A CIIIaKHBa-
HUS IPAMEHSIOTCS (DMIIBTPBI OETYIEro CpeHero u
HHU3KHX 4acToT. [IpaKkTHKa UX pealn3alud XOpoIio
orpaborana. OuUIBTPHI OErylIero CpeaHero Wc-
MOJIB3YFOTCS KaK POCTEHIINE (HOPMYJIbI

y, =X F X et Xy T Xy 0
1 N ’

TaK ¥ Kak (hOpMyJIbl C BECOBBIMU KO3 PUIIMEHTaAMU

_aX e Xy et v Xy Y Xy @)
Vi = N 5

IpHU yCIOBUM
a+a+..+ay;+ay=N,

TJe y; — BBIXOM; X; — TeKylee uaMepenue; N —Io-
PAAOK (AManazoH) yCpeaHeHUsI.

MeTopl JIOKAIBHON anmpoOKCUMAIMH MOTYT
UMETh pa3InyHble BapUAHTHl BECOBBIX (DYHKIIHU.
OnHako 3TO COMPSKEHO ¢ OOoNBIIMMH TpeOoBa-
HUSIMU 110 MOITHOCTH BBIUKCIICHUH. [l mpuMeHe-
HUSl B aBTOHOMHOM DPEKUME B PEaIbHOM BPEMEHU
C HEBBICOKUMU TPEOOBAHUSAMU IO MOIIHOCTH, TIPH-
EMJIEMBIM BapUaHTOM SIBIISICTCS HCIIOJIb30BaHUE
MPSIMOYTOJILHBIX (PMHUTHBIX QyHKIUN. B kadecTBe
JIOKAJILHBIX MOJIETICH IpejyiaracTcs HCIOJIb30BaTh
JUHEHHYIO ¥ KBaJIPATHYHYIO alllPOKCUMAIIVIH:

yt)=ci+ o 3)
W(t)=d, + dot + dst, 4)
rac

-1
¢ w, W b, j . )

&) Wy W, b,
d, w3 W, W B b,
d, |=|w, w; w, b, |; (6)
d, Ws  Wyg Wy b,
wi= () ) T+ ) (7)

bj = (tlxl)jfl + (tz Xz)jil + ...+ (INXN)jil; (8)
=10 Af 2A¢ ... (N—2)Ar (N— DAL], (9)

At — BpeMs KBaHTOBaHUSI.

Cucrema ypaBHeHuit (5)—(6) sBinsercs pe3yb-
TaTOM MPUMEHEHHUs METOJa HAaMMEHBIINX KBaJpa-
TOB. B oTnmume oT npyrux BecoBhIX (DYHKIUi, HE
TpeOyeT OOJBIIOro KOJMYECTBA BHIYHCIICHHIA.

Jns dhopMupoBaHUS BBIXOJHOTO 3HAYCHHS V;
MOJKET OBITh HCITOJIE30BaHO JIF000€ 3HAYCHHUE ¢ = fg
B nuana3one ammpokcumaruu [0 (N — 1)Af]. B 3a-
BACHUMOCTH OT BEeNWYHHBI N U OCOOCHHOCTH WIy-
MOB #; ©UMEET CBO€ ONTUMallbHOe 3HaueHue. [Ipo-
BEJICHHBIE HCCIICIOBAHMS [TOKA3aIIH, YTO

| vilts) = ys | (10)

UMeeT MapaboJIMYecKylo 3aBUCHMOCTb, MUHHUMYM
KOTOPOH HaXOAMTCS B MEPBOIl ITOJIOBHHE JUaNa3o-
Ha anmpOKCUMAIMH, T/I€ Vs — UCTUHHOE 3HaueHHe
napametpa. [Ipu ucnons3oBanuu (3) ¥ 3HAUCHHUH
fs, paBHOM IIOJIOBMHE JMAala3oHa anmpoKCHMAalIWH,
CriaKuBaHue OyJeT COOTBETCTBOBaTHL MeTonly Oe-
TyIIero cpeanero (2).

3agacTyio mocie aHajioroBoO-IMQpoBOro mpe-
oOpa3oBarensi B U3MEPUTEIbHBIX JAHHBIX BMECTE C
ITYMOM IIEPBHYHOTO MpeoOpazoBaTeliss BO3ZHUKAIOT
3HAUCHUS C OOJBIIMMH OTKIOHCHUSMHU. ITO SIBIISI-
€TCsl CNEeACTBHEM JIMOO BHEIIHUX WMITYJIbCHBIX
nmoMmex, Ju00 HamW4us TMapasUTUBHBIX CBS3EH B
U3MepHUTeabHON cxeme. J[ins GOphObI ¢ TAKMMH SIB-
JEeHUSIMM ~ OOBIYHO  WCHOJB3YIOT  MEAMAaHHBINA
¢uneTp U T. 1. [lyTeM NoKanbHOW armpoKCHMAIH
MOJKHO TakXe OOpOThCS C UMITYyJILCHBIMU TTOMEXa-
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MU THNa mmnopsl. CpaBHUBas BEJIWYUHBI OTKIOHE-
HUA X; ... X; n+1 OT PE3YyJBTATOB AMPOKCUMALIY C
HEKOTOPBIMU 3HAYEHMSIMHM, MOXKHO CYIECTBEHHO
YMEHBIIUTHh BIMSHME JAaHHOTO THIA IIOMEX Ha
criaxuBaHue. BriepBple 0OHapy>KEHHBIE IUIOXHE
3HAYEHUS MOKHO (PUKCHPOBATH M HE HCIOIb30BAThH
B MOCJIEAYIOIINX alMpOKCUMALIUAX.

MojenupoBaHue MpPOBOAMUIOCHE C IOMOUIBIO
Matematnyeckoro mnakera MatlLab. T'enepuposa-
JIUCh CUHYCOWJAJIBHBIM CUTHAJl C pa3HBIMU 3Hade-
Husimu gactotel [0 0,0001 0,001 0,01 0,05] I'm.
3HaueHne BPEMEHHM KBAHTOBAaHMs COCTaBIUIO 1 c.
[lepBuuHBIH CUTHaN CMEIIMBAJCA C LIyMaMH pas-
JTUYHBIX TUNOB. CriakuBaHHE MPOBOJIUIIOCH C IO-
Moulplo (unbTpa Oerymero cpegHero, QuIbTpa
HU3KUX YacToT, U annpokcumanuu (3) u (4). B ka-
gyecTBe (unbTpa HU3kHX yactor (PHY) ncnons3o-
Bancs punsTp barrepBopra 3-ro nopsiaka. Yactorta
cpe3a A KaXJI0ro ciydasl Oonpeaesnsiach OTAeb-
HO MYTEM MHMHUMH3ALUHN CPEIHEKBAIPAaTUIECKOIO
OTKJIOHEHUS

|y, = ys| — min. (12)

Jwnamazon mist Oerymiero cpeaHero W ammpok-
CUMAITUH BBIOMpacs u3 3HaueHuit N = [3, 5,9, 11,
15, 21, 25].

HekoTopple ©3 TIONy4YeHHBIX PE3YyIHTATOB
CTTIQ)KMBaHUS Pa3IMYHBIX THUIOB (PHIBTPOB MOKHO
BHIETh Ha puc. 3—8. Ha rpadukax mpemcraBieHbI
BapUaHTBI PaOOTEI (GUIBTPOB C JYYIIMMH Ha-
cTpoiikamu. Tak mpu MUHMMAaJIbHON 4YacTOTE Jyd-
M€ TTapaMeTphl M0 CIUIAXHBAHHUIO JTaeT (GUiIbTp
HU3KUX 9acToT (puc. 3).

3

7500 510 520 530 540 i,

Puc. 3. CrnaxxuBanue Ha yactore 0 ['11 st pa3muaHbBIX
(UIIBTPOB NPU HAMIIYYIIHMX [TapaMeTpax:
1 — nmuHelHas annpokcumanus; 2 — napadonyeckas
armnpoKCuMaIus; 3- HUCXOJHBIC TaHHBbIC,
4 — 6erymero cpeaHero; 5 — GUILTP HU3KUX YacTOT

Ho npu 3ameTHO# THMHAMUKE cpeaHEKBaapaTH-
YecKoe OTKIOHEHHE IS MapaboInIecKoi ammpok-
CHUMAaIlNY CTAaHOBUTCSI CPaBHUMEBIM C PE3YyJIbTaTOM
¢bunpTpa HU3KOM dacToThl (puc. 4). Ilpn nanpHEH-
IIeM YBEITMYEHUH YacTOTHl TapaboJmdeckas ar-
MPOKCHMAIUsl JaeT Jydiee criaxkuBanue. llpm
KOMIIEHCAIIN BPEMEHHOW 3aJepKKH OTIHYHAS OT
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JIPyTUX BapUaHTOB CTAHOBATCS 3HAYUTEIbHBIMMU.
C pocTOM YacTOThl YMEHBIIAETCS ONTHUMAJILHOE
OKHO anmnpoKcuMauuu. Pe3ynprar nuHeWHOW amn-
MPOKCUMAlMU JAET JYUIlnEe PE3yJbTaThl HAa BBICO-
KHMX YacTOTaX MCCIEJOBAHHOT'O Juana3oHa U BBI-
COKOM YPOBHE LIyMOB B U3MEPUTEIBHOM KaHaJe.

NS VS A e))

0500 510 520 530 540 Gc
a

Puc. 4. Crnaxxuanue Ha yactore 0,0001 I'g
IIPY BBICOKOM (@) ¥ HU3KOM () YpOBHE IIIyMa
JUTS Pa3IUYHBIX (HIIBTPOB:

1 — nuretiHas anmpokcumarus (N = 15, 25);

2 — mapabonudeckas ammpokcumanms (N = 25, 15);
3 — UCXOHBIC TaHHBIE;

4 — Gerymero cpenuero (N = 25); 5 — ®HY

Hucniepcusi OTKIIOHEHUSI OT CHUHYCOWJAJIbHOMN
¢dbopMbl st apabOMMYEeCKOH U JIMHEHHOMN arl-
MIPOKCUMAIT UMEET MCHbIIICE 3HAUCHUE, HAaUMHAS
c yactotsl 0,001 I'1y.

IIpn npousBeneHUM BBIYUCICHUN HCIOIB30-
BaJICS QTOPUTM PEIICHUS CUCTEMBl YPaBHCHHS C
noMous Meroja I'aycca. Ilpu ero peanuzauuu Ha
MHUKPOKOHTPOJIJIEPAX CJIEIYET YUYUTHIBATh CYIIECT-
BYIOIIIME OTPAHUYCHMS TPHU BBIIOJHEHUH Ollepa-
U YMHOXKEHHS U JICTICHUS, KOTOPBIE MOTYT OKa-
3BIBAaTh BIUSHUE HA TOUHOCTH PE3YIHTATOB.

ABTOHOMHAs paboTa amanTalyuy NpeAroaaraet
MPOBEJICHUE TOCTOSAHHBIX PACUYETOB MO JIMHEUHOU
WM mapaboaudecKkoi anmpokcuMari. Pesynbra-
THl MOJICIMPOBAHUS TIOKA3aJd, YTO OKHO AaIIpoK-
cuManuid N HE CTOMT YBEIWYUBATH Oojiee HYeM
Ha 20. Cnexenue 3a kodddunuenramMu d, M ¢; 1o-
3BOJISICT OMNPEACIATh TEKYIIyI0 AMHAMHUKY U B 3a-
BHCHMOCTH OT 3TOTO OCYIIECTBIATH BHIOOP BHUIIA U
MapaMeTpPOB CTIaKUBAHUS.
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Puc. 5. CranaxxuBanue Ha yactote 0,001 I'g
MIPH BBICOKOM (@) ¥ HU3KOM (6) YpOBHE IITyMa
JUISL Pa3JIn4HBIX (QUIIBTPOB:

1 — nureitHas anmpokcumarust (N = 15, 21);

2 — mapabonmaeckas ammpokcumanus (N = 15, 21);
3 — mepBUYHBIN CUTHAN; 4 — ICXOTHBIC TaHHEIC,
5 — 6erymero cpennero (N = 15); 6 — ®HY

15

500 520 540 560 580 f,¢C
o

Puc. 6. Crnaxxuanue Ha yactore 0,01 I'ig
IIPH BBICOKOM (a) ¥ HU3KOM (6) ypOoBHE IIyMa JUIs pas-
JUYHBIX (UIBTPOB:
1 — nureitHas anmpoxcumarust (N = 11, 15);
2 — 6erymero cpennero (N = 11); 3 — mapabonnaeckas
annpokcumarys (N = 11, 15); 4 — mepBUYHBIN CUTHAT;
5 — ucxonnele AaHHbIe; 6 — ODHY

Puc. 7. CrnaxxuBanue Ha yactote 0,05 I'ry
MIPU BBICOKOM (a) U HU3KOM (6) YpOBHE IIyMa
JUTS Pa3IUYHBIX (HIIBTPOB:
1 — nuneltHas anmpokcumarus (N = 3, 5); 2 — ®HUY;
3 — NepBUYHBINA CUTHAIT; 4 — UCXO/IHbIE JaHHBIE;
5 — mapabonmueckas ammpokcumanus (N =9, 11);
6 — cxomp3smiee cpeanaee (N = 5)

_5 I

7t \‘\

79 | \“\\‘\ ‘ / ‘//xm,,
A
530 534 538 542

Puc. 8. Crinaxxuanune Ha gactore 0,05 I'ig
IPY HU3KOM YPOBHE IIyMa JUIS Pa3iIMYHbIX (QUIBTPOB
(yBesMueHHBIN (parMeHt):

1 — nuneltHas annpokcuManus (N =3, 5);

2 — ®HY; 3 — nepBUYHBIN CUTHAJ;
4 — UCXOJIHBIE TaHHBIE;
5 — napabonnyeckas anmpokcumaryst (N =9, 11);

6 — cxomp3smiee cpeanaee (N = 5)

[o mpuumHe QuyKTyanuu napaMmeTpoB d, U ¢;
nepexo]l Ha HOBBIA BUJ WIIM TapaMeTphl GpuibTpa
Jy4dlle OCYUIECTBIIATh C HCIIOJIB30BAHUEM TPHI-
TEPHBIX aJTOPUTMOB.

Brluucnenve BeIMYHMHBI JUCHEPCHHA OTKIIOHE-
HUS 3HAYEHUU OT annpOKCUMUPOBAHHBIX KPHUBBIX
He SBJISIeTCS CIOXKHOM 3amaueil. Crexenue 3a Heil
MO3BOJISIET XapaKTEPU30BaTh TEKYIIME NapaMeTphl
IIYMOB B M3MEpPHUTENFHOM KaHaje. JTO MO3BOJIUT
OCYIIIECTBIIATH BHIOOp MEXIy JTMHEHHOW U KBajpa-
TUYHOM anmnpoKCUMaluen 1 UX napaMmeTpamu.
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Anroput™M OOpHOBI C HUMITYJILCHBIMH TOME-
XaMH ObUT TpeaCTaBlieH BbIiie. JlaHHBINA anro-
PUTM XOpOIIO TPUMEHHUM I M3MEPHUTEIHLHOTO
npeobpasoBaTesis CKOPOCTH KAMMIISPHOTO BITH-
THIBAHUS.

Kpome MeTo1a HAMMEHBIINX KBAAPATOB MOTYT
OBITH MPUMEHEHBI Apyrue QyHKIMH MeToaa MJTA.
Hcnonb30BaHne SKCMOHEHITHATLHBIX U JIOTapu-
MHUYECKHX 3aBHCUMOCTEH NoTpelyeT erie OobIien
BBIYUCIUTEIBHON MOIMHOCTH. [l yMEHBIICHUS
BBIYUCITUTEIBHON MOIIHOCTH MOXKET OBITH UCTIOJb-
30BaHa KBaJpaTHuYHas WM JIMHEHHAS ANmpOKCH-
Marus 0 METOLy CPEIHHUX.

ITpUHIIAT KCTIOIB30BAHUS PACYCTHBIX (HOPMYJT
JUTS TIPOBEICHUS BBIUYMCIICHUN MO METOAY Cpel-
HUX HE OTJIMYAaeTCA OT METOJa HaWMEHBIIUX
KBaapaToB. MatTpuIlbl i BBIYUCICHUNH MOTYT
UMETh pasianuHblidi Bua. C ydeToM TOTO, YTO B
MUGPOBBIX CHUCTEMAax €CTh OTPAHUYCHUS HAa BbI-
YUCIUTEIBHYI0 TOYHOCTH, CIEAYET PEKOMEHIO-
BaTh pa3dMBaTh WCXOJHBIC ypaBHEHHUS Ha TMPH-
OJU3UTEIILHO PABHBIC TPYIIITHI.

IMycth 7, n, m — HaTypaJbHBIC YKCIA, PABHBIC
r=N/3, n=N/3, m=N/3 opu r+n+m=N,
TOT/Aa /ISl KBAIPATHYHON 3aBUCUMOCTH

-1

hy Yi Vo N S
hy |=|Ys Vs V4 NRE
hy Yo Vs V7 S3

(12)

rie

Y =r; (13a)

r n N
yZ :Zti ; yS = ztr+i ; y8 = Ztr+n+i 5 (13b)
i=1

i=l+r i=l+r+n

Yo=n; Y, =m;

r n N
Vs= D Ve = Db’ 3 Vo= Dl > (130)
i=1

i=l+r i=l+r+n
r n N
1= zxi 5 Sy = zxr+i > Sg = zxr+n+i . (14)
i=1 i=1 i=l+r+n
IIpu nuHEWHOM 3aBUCUMOCTHU

-1
(&Jz[vz Vlj (%J
&> Vo W3 9> '

(15)

rae
vw=z; vz=N-z; (16a)
z N
Vy=D by = D b (16b)
i=1 i=l+z
z N
q, = in s 4y = me : (14)
i=1

i=l+z

3HavueHHe z JOJDKHO OBITh HATypaJIbHBIM YHC-
JIOM Y PaBHBIM IIPUMEPHO MOJIOBUHE .

3axurouenue. 1. Mcnonb3oBaHue JIOKaIbHON JTH-
HEWHOH WM MapaboIMYecKOl ammpoKCUMAIMH IO~
3BOJISET CYILIECTBEHHO YJIYUIIUTh Criaxkusanue. [Ipu
3TOM BPEMEHHAs 3aJEeprKKa KOHTPOIUPYETCS. U MO-
JKeT OBITh HCKITF0YEHa MpH JIto00it popme curHaia.

2. WHCTpyMeHT nuHEHHOW wiam mapabonnye-
CKOM aIllpOKCUMALUU I03BOJSET OJHOBPEMEHHO
CHEIUTh 3a NAVHAMHMKOM U CTPOUTH aJalTUBHBIC
CXEMBL.

3. JluneiiHas nnu napaboinveckasi anmpoKCH-
MalWU IO3BOJSIIOT OJHOBPEMEHHO KOHTPOIUPO-
BaTh MapaMeTphl UTyMa, OOPOTHCA C UMITYJIbCHBIMH
MIOMEXAMH.
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INFORMATION CENTRIC NETWORKING
FOR WEB-BASED CONTENT DISTRIBUTION AND MANIPULATION

Modern Internet architecture is based on the model of interaction with the host-center, which was
convenient at the initial stage of the Internet development. However, today most users are interested in
receiving (often it is huge amounts) information, regardless of its physical location. This shift paradigm
in the Internet model, as well as the need to improve security and mobility support, led to a radical revi-
sion of the future Internet architecture. In this connection a lot of researches have appeared. In particu-
lar, these are some models with an information-centric network (ICN) organization. There are a lot of
open questions in ICN. Some of which are discussed in this article. First, these are the basic functional
capabilities of ICN architectures. Secondly, it is naming and data routing organization. Thirdly, these

are issues of security and caching.

Key words: web-content, Information-Centric networks, architecture, model, naming, routing,

caching.

Introduction. At the recent years, the field of
Internet networking has replenished with a new
paradigm — Content-Centric (CCN) or Information-
Centric networks (ICN). While the architecture of
packet-switching networks was based on a host-to-
host communication path, the architecture of the
ICN is based on making a connection between us-
ers and contents (or information) [1]. The term
“content” means video, audio, web pages, software
and the like. In a content-centric information world,
what the user wants is becoming more important
than where the server is located. In this case, the
content becomes the starting point. Information is
named, addressed and delivered regardless of location
(it can be located anywhere in the network [2—6]).
Instead of host specifying, the information name is
indicated. As a result of the transformation from the
host naming model to the information naming
model, the receiver searches for information (in the
existing Internet architecture, the sender controls
the data exchange). In ICN, after sending a request,
the network is responsible for finding the best
source that can provide information. So, the infor-
mation routing request seeks the best source of in-
formation based on a location-independent name.
For example, communication in ICN is initiated by
receivers that request for Named Data Objects
(NDOs). The senders, on the other side, provide the
required NDOs for receivers by means of publishing
the objects. The ICN can identify the users’ requests
from any resource having a copy of the object. This
ability enables caching [2, 7].

So, the main aims of ICN networking architec-
ture are providing better services regarding content
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distribution, improving mobility of the network,
while the networks are more resistant against dis-
ruptions and breakdowns [8-9].

Theoretical base. The related projects with the
ICN are: Data Oriented Network Architecture
(DONA) project; Publish-Subscribe Internet Tech-
nology (PURSUIT); Publish-Subscribe Internet
Routing Paradigm (PSIRP); Scalable and Adaptive
Internet solutions (SAIL); 4WARD architecture (as
the ancestor of SAIL); Content Mediator architec-
ture for content-aware networks (COMET); CON-
VERGENCE; Named Data Networking (NDN);
Content Centric Networking (CCN); Mobility;
ANR Connect. The above-mentioned projects and
architectures are still under development, and they
all share a number of major functionalities.

DONA is one of the first complete ICN archi-
tectures. Each piece of information (or services) is
associated with the “principal”. Names consist of a
cryptographic hash, is flat, self-certifying (they
allow the subscriber to verify that the received data
matches the requested name) and uniquely identi-
fying information. Name resolution in DONA is
provided by specialized logical servers — Resolu-
tion Handlers (RHs) (Fig. 1).

Publisher (principal) sends a “Register” mes-
sage with the object’s name to its RH, who stores a
pointer to the principal. The RH then propagates
registration to the other RHs, following the estab-
lished routing policies. Subscriber sends a “Find”
message to RH, until a matching registration entry
is found. When a “Find” message reaches an ap-
propriate publisher, the “Data” can be directly sent
to the subscriber using IP routing and forwarding
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(Fig. 1). DONA supports on-path caching via the
RH infrastructure (data will be cached there).

/Register
Find

Publisher Subscriber
Fig. 1. DONA architecture

NDN provides for the rebuilding of the Internet
protocol stack. In NDN a “strategy” layer mediates
between the named “data” layer and the underlying
network technologies, while a “security” layer ap-
plies security functionalities directly on “named”
data. Names in NDN are hierarchical and may be
similar or not to URLs. In NDN subscribers send
“Interest” messages to request information objects
which arrive in the form of “Data” messages

(Fig. 2).

Data: —|-p.Content

_ router "\Data

\

s L
| & Interest Interest O
packet packet
Publisher Subscriber

Fig. 2. NDN architecture

All messages are forwarded by Content Rout-
ers (CRs). Each “Data” message contains a signa-

ture (name and the information included in the
message) and information about the public key (to
produce the signature). This allows any node and
CRs to verify that the information comes from an
authorized source. NDN supports on-path caching.

Information objects in PURSUIT are identified
by a unique pair of IDs: the “scope” ID (related
information object) and the “rendezvous” ID
(identity for a particular piece of information).
PURSUIT can support both on-path and off-path
caching and the Packet Level Authentication
(PLA) technique for encrypting and signing indi-
vidual packets.

The SAIL architecture combines elements pre-
sent in the NDN and PURSUIT approaches and can
even operate in a hybrid mode. Information object
names in SAIL provide structure and can be hierar-
chical, but they do not carry location or organiza-
tional information. Hash values are included in
names, which allows self-certification. In addition to
on-path caching at the Content Routers (CRs) SAIL,
has the deployment of large scale information object
caching and replication mechanisms.

The core component of the COMET architec-
ture is a Content Mediation Plane (CMP) which
mediates between the network providers and the
information servers. Information names are provid-
ed by a Content Resolution System (CRS) when the
information is registered by the publishers. COMET
adopts security techniques from other ICN architec-
tures and on-path and off-path caching.

In CONVERGENCE object names consist of a
“namespace ID” and a “name part”, whose format
is determined by the “namespace ID”. The default
format of CONVERGENCE names is similar to
DONA, hierarchical names may also be used as in
NDN or URLs. Each “Data” message contains a
digital signature.

Functionalitiesimplementation in ICN architectures

Functionali-| = py 5\ NDN PURSUIT SAIL COMET CONVERGENCE
ties / ICN

Naming Flat Hierarchical | Flat/hierarchical |Flat Unspecified Flat/hierarchical

Caching On-path caching at resolu- | On-path caching On-path caching at

tion handlers

Off-path caching requires
additional registrations

Off-path caching requires additional registrations

content routers
Offpath caching relies

on unspecified name
resolution system

Mobility Subscriber mobility via new requests Specialized mo- | Subscriber mobility via
bility-aware con- | new requests
tent routers at
access network
Security Principal is|Signatures |Packet level | Names can be | Unspecified Signatures included in
hash of pub- |included in|authentication |self-certifying objects
lic key packets Names can be
self-certifying
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The ICN architectures have similarities and
differences, as shown in Table.

Naming. One of the major characteristics of all
ICN architectures is the structure of name for a
content that makes content communicable over the
network. The common point among all the ICN
architectures is that the content names are all inde-
pendent of location. On the other side, the point of
difference among the ICN architectures is that the
names can be flat or hierarchical; or the names can
be human-redeable or not [3].

Name resolution and data routing. The concept
of name resolution is process of finding a provider
or source that would be able to supply the request-
ed named information. Data routing includes build-
ing a path from the provider to the requested in-
formation deliver. The major issue here is that
whether name resolution and data routing are inte-
grated or decoupled. If these two functions are in-
tegrated, the request for information will be routed
to the information provider first. Then, the provid-
er sends the information to the host asking for in-
formation by going through the reverse path on
which the request has been forwarded. On the oth-
er hand, the first function that is name resolution
does not define or limit the path over which the
data will be delivered from the provider to sub-
scriber [3-4].

Caching. There is a difference between on-path
caching and off-path caching. If on-path approach
for caching is used, the network employs cached
information as well as the path through which
name resolution request is delivered. On the other
hand, the network in off-path caching uses the in-
formation that is cached outside the path. If name
resolution and data routing are decoupled in the
ICN architectures, the name resolution system (that
is responsible for managing caches as normal pub-

lishers of information) must be able to support off-
path caching method. If integrated name resolution
and data routing are utilized in the network, off-
path caching is needed to be supported by the rout-
ing system [4] Mobility. Mobility of subscriber is a
matter that is naturally supported by all ICN archi-
tectures. The reason is that mobile subscribers are
only able to send new information subscriptions
after a handoff. It is more troublesome to support
mobility of publisher because if the integrated
name resolution and data routing is used, the name
resolution system must be updated; and if the de-
coupled approach is used, the routing tables are
needed to be updated [5-7].

Security. The issue of security is highly in rela-
tion with naming structure. If human-readable
names are used, an entrusted agent (or a trust asso-
ciation with the name resolution system) is re-
quired to ensure that returned content matches the
requested name. On the other hand, if flat names
are used, self-certification is supported. However,
flat names are no human-readable. As a result, an
entrusted system is needed to map human-readable
names into flat one [5-7].

Conclusion. In modern Internet architecture,
there are certain problems that require a funda-
mental rethinking of how the Internet should
work. Several ICN architectures have already
been proposed, to address such issues as infor-
mation delivery and mobility support. Although
the field of ICN-related research is still being
formed, a set of core ICN functionality has been
defined, such as naming, name resolution and da-
ta routing, caching, mobility, and security, which
compared the functionality of ICS projects. Thus,
ICN is a promising research area that requires
further research to assess potential benefits and
productivity.
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H. II. IlyTbKO
Bbenopycckuii rocy1apcTBEHHbBIH TEXHOJIOTHYECKUN YHUBEPCUTET

3AIIUTA U IEPEJAYA TEKCTOBOH HH®OPMALIMA
HA OCHOBE UBMEHEHUWSA KEPHUHI'A

OnucaH U MPOAaHATM3UPOBAH HOBBIM METOJ] TEKCTOBOW cTeraHorpaduu Ui CKpBITON Mepeaayu
JAHHBIX M OXPaHBI [IPaB MHTEIUICKTYAIBHOW COOCTBEHHOCTH Ha TEKCTOBBIC TOKYMEHTHI (KOHTCHHEPHI).
MeToa OCHOBaH Ha MOJTU(DHUKAIIMA OJHOTO M3 MPOCTPAHCTBEHHO-TEOMETPUICCKUX TapaMEeTPOB TEKCTa-
KOHTeWHepa — KepHUHTa. MeTo1 npelycMaTpruBaeT H3MCHEHUE 3HAYCHUSI KEPHHUHTA JIFOOBIX KEPHUHIO-
BBIX IIap CMMBOJIOB B JIOKyMeHTe-KOHTeiiHepe. MonuduKaius yka3aHHbIX TapaMeTpoB MO3BOJISIET Oca-
KIaTh TaifHOe cooOmieHne (aBTOPCKYH0 HMH(OPMALHMIO) B IpOIecce MPSIMOTO CTETaHOTPadHIecKOro
peoOpa3oBaHus 3aIIUIIAEMOT0 TEKCTa-KOHTEHHepa ubo mepeaaBaTh 3Ty HH)OPMAIHIO M0 CTEroKa-
Haiy. B mepBoM ciryyae pemaercs 3a1ava 3allyThl paBa WHTEIUICKTYalbHONH COOCTBEHHOCTH, BO BTO-
poM — o0ecriedeHUs TIOBBIIICHHOTO YPOBHS KOH(PHICHIIMATHHOCTH TEPEIaBAEMbIX COOOIICHUH MEXITy
aOboHEHTaMH. YUHThIBas Crielu(PUIecKyr0 0co0eHHOCTh Tporeccopa MS Word, cocTosiyio B TOM, 4TO
KEPHUHT IPUMEHSIETCS] K CUMBOJIaM, pa3mep (Kerib) KOTOPbIX HE HMKE 33aHHOTO CIEIHaIbHOM OMIIu-
el B quamazone oT 1 10 1638 nT, M Takas ONMIus MOXKET MPUMEHSITHCS HE3aBUCUMO K JIFOOBIM Tapam
3HAKOB M Ja)XKe CIUHUYHBIM 3HAKaM TEKCTa, MPE/UIOKEHBI JIBA BapuaHTa MPAKTHYECKOH peann3ainnu
MeToja. MeToJ XapakTepusyercs: 0ojee BRICOKOH 3((EKTHBHOCTEIO B CPAaBHEHHH C IPYTHMHU METOa-
MU TEKCTOBOH cTeranorpaduu.

KaioueBbie ciioBa: TekcToBas cTeraHorpadus, aBTOpCKoe NpaBo, napameTpbl mpHudTa, KEPHHUHT.

N. P. Shutko
Belarusian State Technological University

PROTECTION AND TRANSFER OF TEXT INFORMATION
ON THE BASIS OF KERNING CHANGING

A new method of text steganography for hidden data transmission and protection of intellectual prop-
erty rights for text documents (containers) is described and analyzed. The method is based on the modifi-
cation of one of the spatial-geometric parameters of the text-container — kerning. The method involves
changing of the kerning value of any kerning pairs of characters in the document-container. Modification
of these parameters allows to embed a secret message (author's information) during the process of direct
steganographic transformation of the protected text-container or transmit this information by a
stegochannel. In the first case, the problem of protection of intellectual property rights is solved, in the se-
cond one — ensuring of an increased level of confidentiality of transmitted messages between abonents.
Considering the specific feature of the MS Word processor, which consists in the fact that kerning is ap-
plied to symbols whose size (font size) is not lower than specified by a special option in the range from
1 to 1638 pt, and such option can be applied independently to any pairs of characters and even single
characters of the text, two variants of practical implementation of the method are proposed. The method is
characterized by a higher efficiency in comparison with other methods of text steganography.

Key words: text steganography, copyright, font parameters, kerning.

Beenenue. [Ipobaema 3ammtel nHOOPMALUH U
3alIUThl ABTOPCKHUX MpPaB Ha TEKCTOBBIC JOKYyMEH-
THI IPHOOpETAET Bce OOJBIIYIO aKTyaIbHOCTh. Oc-
HOBHBIMU OOBEKTaMH aBTOPCKOTO IpaBa, OTHOCS-
LIMMUCS K HHOPMALMOHHBIM TEXHOJOTHSM, B TOM
YHCIe W3IAaTeNbCKUM, SBISIOTCS: OyMakKHbBIE H
3JIEKTPOHHBIE BEPCHM PA3IMYHBIX TEKCTOBBIX WM
WHBIX JTOKYMEHTOB, 0a3bl JaHHBIX, KOMIIBIOTCPHbIE
IPOrpaMMBbl. DTO O3HAYAET, YTO OOBEKTHI MHTEP-
HETa TAaKXKe OTHOCSTCA K MHTEIUIEKTYaJIbHOH cO0-
crBeHHOCTH. CpeaM MHOXeCTBa MpeliaraeMbIX
METOAOB 3alUThl TEKCTOBOH HHGOPMALUN HH
OJMH HE JaeT IOJIHOW rapantuu. B mocnennue ro-
Ibl TPEANPUHUMAIOTCS TOMBITKM CO3[JaHUs MHCT-
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PYMEHTOB 3aIIUTHI KOHTEHTa OT HECAaHKIMOHUPO-
BaHHOTO UCIIOJIL30BAaHMUS, OCOOSHHO Yepe3 riio0aib-
Hble WH(GOPMAIIMOHHBIE CETH, Ha OCHOBE CTETaHO-
rpadun [1-2]. Ilpu 3TOoM 3ammTa WM Tepedada
WHGOpPMAIMH TIPOU3BOIUTCS TIyTEM €€ TalHOTO
pa3MmerieHus (0CaXIEeHUs) B TEKCTOBBIA TOKYMEHT,
Ha3bIBaeMblil KoHTeHHepoM. Ilponecc ocaxxaeHus
MoJIpa3yMeBaeT M3MEHEHHUE OJHOTO WM HECKOIb-
KHX TapaMeTpoB KOHTeitHepa. B cimyuae perneHus
3aauu 10 3allluTe aBTOPCKUX IPaB MMEHHO 3TOT
JIOKYMEHT-KOHTEHHep W SBISIETCS OOBEKTOM aB-
TOPCKOTO TIpaBa, T. €. 00bEKTOM 3aIIUTHL. A pa3Me-
IIEHHas B HeM HH()OPMAaIUs UCTIONB3yeTCs sl A0~
Ka3aTeJIhCTBa aBTOPCKOTO MpaBa.
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B nactosmeil craTtee mpeajaraetcs U aHaIH-
3UPYETCS METOJ TEKCTOBOU cTeraHorpaduu, ocHO-
BaHHBLIM Ha OCAXKICHUU/M3BICYCHUN TalHON WH-
(dbopMaIu B JTIOKyMEHT-KOHTEHHEp IyTeM MOJIH-
(UKaIuyu KEpPHUHTA.,

CymHocts Metoaa. Jlyis MOHUMAaHUS CYIIHO-
CTH METOJIa KPaTKO MOSICHUM CHEIM(HUKY HUCIOIb-
3yeMOoro 3JIech mapamerpa mpudra.

B TeKCTOBBIX TOKYMEHTaX BCTPEYAIOTCS TaKue
COYCTAHUsS 3HAKOB, KOTOPEIE 00Pa30BBIBAIOT BU3Y-
QNBHBIC «IBIPBD THO0 «crymieHus». Hampumep, B
TEKCTaX Ha OCHOBE KUPHUJUIULLI — 3TO TaKHUe coue-
tanus: I'A, TA, ATA, bT u T. 1., Ha OCHOBE JIaTH-
Huiel — AY, AV, T, ff, a Ha ocHOBe Tpedeckoro
andasura — ®A, AO, Ax. [lox kepHUHTOM OOBIYHO
MIOHUMAETCSI MEXCUMBOJIBHOE PACCTOSHHUE MEXKIY
OTJICNIBHBIMY TIapaMH CUMBOJIOB (MMEHHO (haKTop
MapHOCTU OTIAUYAET KEPHUHT OT ampoia). Takum
00pa3oM, TEXHOJIOTHS KEPHUHTA, MOSBUBIIASCS B
nonurpadun mocie BHexpeHus Goronadopa (a 3a-
TEM ¥ KOMITBIOTEPHOTO Hab0pa), BKIIFOYALET MOA00p
MeXOYyKBEHHBIX MHTEPBAJIOB JUII KOHKPETHBIX Tap
OYKB C IICNIBIO YJYYIICHUS BHEIHETO BUAA U Y0-
OounTaeMocTd TekcTa. Takoil W30MpaTenbHBIH
Mo00p MO3BOJISIET KOMIICHCHPOBATh HEPABHOMED-
HOCTH BU3YaJbHOM MIIOTHOCTHU TEKCTa, IMOJyvae-
MOH TMpH UCHOJIB30BAHUU CTAHIAPTHBIX AmpOIIei
JUTS KaXKI0H OYKBEI.

Ha puc. 1 mpuBeneH mnpumep NpUMEHEHUS
KEpHUHTa Il HEKOTOPBIX map cuMmBosioB. Co3na-
€TCSl BU3yaJIbHOE BIICUATIICHHE, UYTO IPOMEKYTOK
Mexay «A» u «W» ropa3go OoJbllie, YeM MEKAY
«W» u «E» (B nepBoM citydae), XoTs (hopMaJIbHO
OHU OJIMHAKOBHI.

1
1
1
|
be3 xepHuHra
1
1
1
|

ABTOMAaTHYECKUIN KEPHUHT

PyuHo# KepHUHT
Puc. 1. I[Ipumep npuMeHeHUs: KEPHUHTA

B nanHoM ciydae couetanue «AW» kak pa3 u
SIBJISIETCSL KepHUHIoBoM mnapou. Ilocne mpumeHne-
HUS aBTOMAaTHUYECKOTO (BO BTOPOM CIIy4yae) U pyd-
HOro (B TpeTheM Cilydae) KepHHHIa BU3yaJlbHOE
BOCHIPUATHE TEKCTA YIYUIINUIOCH.

C nosiBneHuneM nugpoBoro GotoHadopa craio
BO3MOKHBIM XpaHUTh TaKHe KPUTHUECKUE COYeTa-
HUS 3HAKOB (KEPHUHTOBBIE Maphl) U1 HEKOTOPOTO

ycnoBHOro mpudra, obiiee YUCIO KOTOPHIX MBI
o0o3HaunM N, B IaMATH KOMITBIOTEpa C YKa3aHU-
€M BEJIMYMHBI (G), HA KOTOPYIO HEOOXOAMMO CIIBH-
HYTh CUMBOJIBL, YTOOBI BU3YaJIbHO BBEIPOBHATH OYK-
BEHHBIE IIPOCBETHI.

Kak nmpaBuio, TEKCTOBBIE PEAAKTOPHI WIIH MPO-
LIECCOpBl COJEpXaT BCTPOEHHBIE CpeACTBa Ha-
CTPOHKM KEpPHHUHTa, KOTOpPHIE OMPEIENSIOT CTaH-
JapTHBIA MeXOyKBEHHBIH WHTEPBA AJSl TOTO UIIH
uHoro mpudra. [Ipu 3ToM ¢ ycTaHaBIuBaeTcs B
COOTBETCTBHM CO 3HAUYCHUSMHU U3 TaOIUIBI Kep-
HUHTOBBIX Map, BCTPOEHHOH B BBINIEYKa3aHHBIN
¢aiin co mpudTom. Takas HacTpoiKa MO3BOISIET
BEIPOBHATH IIPUPT U SABISETCS CTaHIAPTHOM.
B HekoTOphIX mIpUQTax cedyac KOJIUYECTBO Map
JOXOAMUT A0 HECKOJBKUX ThIcsu. CUHuTaercs, 4To
JUI KayecTBEHHOro Habopa AOCTaTOYHO YYUTHI-
Batb 300—700 map [3].

3HavyeHne KEpHUHTa MOKET OBITh KaK MOJI0XKU-
TeNbHBIM (KOTJa 3HAaKM pa3/BUTAIOTCS, Pa3pexu-
BaloTcs, 6 > 0), Tak W OTpULATEIBHBIM (KOTAa
casuratorcs, 6 < 0). OTa BeIMUMHA B IpOrpamMMax
BEPCTKH YCTaHABIMBAETCS B MPOLEHTaX OT LIUPHU-
HBI CHMBOJIa TIPO0Oesia UCTIONIBE3YEeMOro WpUdTa.

KepnuHnr, kak mapamerp, U3MepseTcsl B ThICSU-
HBIX JOJIAX Kpyriod mmauuu (£,) — eAMHULBI U3-
MEpEeHMs, KOTOpask ONpeNeNnsIeTcs] OTHOCUTENBHO Te-
KYILEero pa3mepa mpudTa 1 paBHA MIMPUHE CHMBO-
na «M». Hammpumep, mns mpudra pasmepom 6 myHK-
TOB OfIHA KpyTJas LIManys paBHa 6 MyHKTaM, a s
mpudra pasmepom 10 mynkroB — 10 mynkram. Ta-
KAM 00pa3oM, pasMep KEpHHUHTa G CTPOro IMpo-
NOPLMOHANEH TeKylleMy pasmepy mpudra. Casu-
ru OyKB OTHOCHUTEIBHO aBTOMAaTHYECKU yCTAHOB-
JIEHHOTO MEXCHMBOJIBHOTO PacCTOAHUsA (U3Mepse-
MOT'0, HalpuMep, anpoleM) MOKHO MPOU3BOIUTH
¢ paznuuabiM 1marom: oT 0,01 mo 0,04 BenuyuHBI
E,,, B 3aBUCUMOCTH OT HYKHOH TOYHOCTH.

Ha ocHoBe ananu3a oOMIMX NPUHLIMIIOB 3a7a-
HUS pa3Mepa KEpHUHIa W YNpaBIEHUS ITHM pas-
MepoM, MpelaraéMblii METOJ OCHOBBIBAE€TCS Ha
MIPUHYAUTENBHOM MpPUMEHEHUH KEpHHMHIa, HE 3a-
BUCSAIIEM OT YCTaHOBOK MapaMeTpoB TEKCTa-KOH-
TeliHepa, CO3/IaHHBIX CPEICTBAMU TEKCTOBOTO MPO-
1eccopa WJIM HHOTO CIELUANTU3UPOBAHHOTO TEK-
CTOBOT'O pEAaKTOpa. 37ech €CTh OJJHA BayKHas OCO-
O0eHHOCTb. V3MEeHATH 3HAa4YeHUS] KEpPHUHTa MOXKHO
JUIIB B MPOTrpaMMax BEPCTKH (HampuMep, TakKux,
kak InDesign) unu B mporpammax, npeaHa3HaueH-
HBIX A5 paboThl C BEKTOPHOM WM PacTpPOBOI
rpadukoii (mampumep, CorelDraw, Photoshop).
B TtekcroBom mnpomeccope MS Word 3HaueHus
KEPHUHTa aBTOMATHUYECKH YCTAHOBJIECHBI B TaOJu-
ax KepHUHTOBBIX Map KaKaAoro mpudra, goctyna
K KOTOPBIM HET.

[Tockonbky Hac B OoblIeH CTENEHW HHTEpE-
cyer MS Word, xak ocHOBHast cpeia palOTHI C
TEKCTOBBIMU JTOKYMEHTaMH, U BO3MO>XHOCTH MO-
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IuUKaIuy KepHUHTAa 3HAYUTENILHO OTPaHHYCHBI,
Halll JajbHEHIINi aHanmu3 OyAeT NPUBsI3aH UMEHHO
Kk MS Word. 3aece BO3MOKHOCTH TOJNB30BaTEIs
MPAKTUYECKU CBSI3aHBl JMIIb C YKa3aHWEM MHHH-
MaJILHOTO pa3Mepa mpudTa, A1 KOTOPOTro MOKHO
MPUMEHATh KEpHUHI. ODTO O3Ha4yaeT, 4TO, €CIU
TeKCT HaOpaH Ha ocHoBe mIpudTa pazMepoM, Ha-
npuMep, 14 mT, a MBI B CHEUUAIBHOM ONUUU
(I'naBHast/ILpudt) ycTaHOBHIM MWHHMAIbHBIH
pasmep B 15 0T, mpu KOTOPOM OyIeT BHIIOIHATHCS
KEpHUHT (CM. TMOSCHSIOMIYIO WIUTIOCTPALMIO Ha
puc. 2), To Ui Hallero TeKcTa 3Ta MpoLeaypa He
OyZeT BBITIOTHEHA.

[ARER PR
Lum;l UJPMII!T @g uu_\l.-,;h

g e - a-KOHI
X e weamsgy [0 S ITHATH:
YBOTO ||| o [omrmest 3 z [3MeHA
HEAMY | (o [ror o - : tax [nC
\AMMAY] | (7] geprar arm swawos pasvepon: |15 ] nywcro nfionee CTPOBC
HMED, 1S Wo
HIa aB ap Kak

Puc. 2. [IpuMep ycTaHOBKH apaMeTpoB
JUTS TIpuMeHeHns kepanara B MS Word

Takum 00pa3om, mpeajgaraeMbiii METOJ MOXKET
OBITh MHTEPIPETUPOBAH TaK, YTO CaMO 3HAUCHUE
KEpHUHTa MBI TPOrPAMMHO HE U3MEHSEM, a U3Me-
HSIEM JUIIb pa3Mep CHMBOJIOB, K KOTOPBIM Oyjer
MIPUMEHEH KEPHUHT B Pe3yJIbTaTe OCAKICHUS CEK-
peTHOU nHpOpMAaITHH.

CnenyeT IIPUHATH BO BHHUMAHUC TaKXKC CJIC-
IYIOIIY0 BaXKHYH 0COOCHHOCTh. TEKCTOBBIHA Mpo-
neccop MS Word mo3BossieT u3MEHATh HapaMeTphl
KepHUHTa JJIs 3HAKOB OIPENENICHHOT0 pa3Mepa.
Pa3mep cnMBOJIOB, K KOTOPBIM MOXET OBITH TIPH-
MEHUM KEepHUHT, OJDKeH OBITh B TUAITa30HE MEX-
ny 1 m 1638 nT; B yacTHOM ciiydae 3TOT pa3Mmep
MOXKET OBITh yKa3aH B TOCJICIHEH CTPOKE OKHa Ha
puc. 2 (a caMm pa3mep mpudTa MOKHO yCTaHABIIH-
BaTh ¢ To4HOCTHIO a0 0,5 mT). Mcxons u3 mpuse-
JICHHBIX BO3MOKHOCTEH W OrpaHWYeHuM, npesia-
raeTcs pealn3anus CTeraHorpaduvIeckoro MeToa
B IByX BapHaHTaXx.

Bapuanr 1. [Ipeanonaraer ocaxxaeHue B OQHOU
KCpHUHIOBOW IMape OJHOro OuTta cooOmeHus M,
MEPEeBEICHHOTO B JBOWYHBIA BHJ IIPH COOTBETCT-
ByromeM o0bemMe N,.: Hampumep, «0», eciau Kep-
HUHT JUIsl 3TOM mapbl HE MpUMEHSeTCa, U «1» —
€CJIn MMPUMCHACTCA. I/Inea OCHOBBIBACTCA HA TOM,
YTO aBTOMATHYECKOEC YCTAHOBJIICHHE KEPHHHTA
NPUBOJUT K H3MEHEHUIO ONPEIEICHHOTO0 MEX-
CUMBOJIBHOTO PAacCTOSHHUS Ha BEIWYUHY AC IS
mpudTa ¢ yCTAaHOBJICHHBIM pa3MepoM (KETJIeM)
E,, (Hampumep, 14,5 nT; cM. omIuio Ha puc. 2) He
OyZeT TPUMEHSTBCS TPOIECCOPOM IO OTHOIIE-
HUIO K JIFOOBIM TapaM CHUMBOJIOB MEHBIIETO pa3-
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mepa (E,, — (Agy)). TakuM yMeHBIIEHHBIM pa3Me-
pom mpudra OyneT HamucaH TeKCT M; (HampuMmep,
3To OyneT pasmep 14 nt). OTKIOHEHHE pa3Mepa B
0,5 mpakTudecku Bu3yanbHO HE 3AMETHO (cpen-
HSISl YacTh — «aMETH» — MOCIIEIHETO CI0Ba HaOpaHa
pasmepom 14,5 T, OCHOBHOMU TeKCT — 14 nT; 31eCch
Ag,n = 0,5 oT). [IpuBeneHHBIN IPOCTON MPUMEpP 03-
HAYaeT, 9TO €CIIM MBI yCTaHABINBAEM B COOTBETCT-
BUHU C pUC. 2 KEpHHUHT I 3HaKOB pa3mepoM 14,5
T, TO 3Ta onepaurs He OyJIeT paclpoCTPaHATHCS
Ha OCHOBHOM TEKCT.

Otknonenue pasmepa (E,,), HEKOTOpOH /-1 kep-
HUHTOBOW Taphl CUMBOJOB Ha BEIMYUHY Ag, OT
YCTaHOBJICHHOW FE, O3HA4aeT, 4TO B HEW OCAXKIEH
«0» (kepHMHTa HET) U «1» — B MPOTUBHOM CIy4ae:

AGt: 0, HpH Em_ (Em)t: AEm, (1)
AG, ;ﬁ O: HPH Em - (Em)t = 0, (2)

rne t =1, 2,..., Zi, Zy — KOIMYECTBO KEPHUHTOBBIX
nap B JOKyMeHTe-KOHTEeHHepe.

Takum o0paszom, IUIsi JAHHOTO METOJa CTera-
Horpaduueckue K04y [4] ONpeneNstoT MEeTOMIbI
BEIOOpA OUEPETHOCTH KEPHUHTOBBIX Map CUMBOJIOB
TEeKCTa-KOHTEWHepa M METON TpUMEHEHHUS JH0O0
HEIPUMEHECHMSI KEPHUHTA JIJIi BBHIOPAHHOH Mapbl
CHMBOJIOB.

Jlerko 3aMeTHTh, YTO MaKCHUMAaJIbHBIH 00BEeM
(6UT) ocaXKIEHHOTO COOOIICHUS B aHAITU3UPYEMOM
BapHaHTE HE MOXKET NMPEBHLICUTH YHCIO BBISBJICH-
HBIX KEPHUHTOBBIX Map B TEKCTEe-KOHTEHHEpE Z;.

Bapwuant 2. Otnmyaercs OT MPEeABIAYIIETro Ba-
pHaHTa METOJOM KOIMPOBAHHS OCAXKIAEMOTO CO-
obmenus. C y4eToM TOTO, YTO, KaK OTMEYCHO BBI-
e, pa3Mep CHUMBOJIOB, K KOTOPHIM MOXET OBITh
MPUMEHUM KEPHUHT, JOJKCH OBITh B JHAla3oHE
Mexay 1 u 1638 i, Hamia uaes OCHOBBIBAETCS Ha
TOM, YTO caM (aKT NPUMEHCHHS WU HETPUMCHE-
HUS KepHUHTA 3HAYCHUS HE MMEET, KaK HE MMEeT
3HaueHuWss W pasmep mpudra moxkymenra. Mmeer
3Ha4YE€HUE JUIIb YKA3aHHBIA I NPOU3BOJIBHOU
(¢-#1) KEpHHHTOBOW Taphl TEKCTa-KOHTCHHepa Ta-
pamerp (E,), KOTOpBI MOXET BBIOMpATHCS U3
yKa3aHHOTO JTHaIa3oHa.

Takol «MHAUBUIYAIBHBIN TOIX0I» MPUMEHEH
JUISL TIpUMEpPa K CIICAYIOIIEH MOCIe0BaTeIbHOCTH
cuMBoioB «['TATAATABT»: ana mnepBbIX IBYX
cumBoiioB E, = 11 mr, mis ABYX MOCIEIYIONTUX
E,, =72 nar, nna 5-7 cumBomnos E,, = 1000 o, ms
nByx nocienuux E, = 1 nrt. [lorsarHo, 4T0 cOOCT-
BEHHO KCPHUHT MTPUMEHEH K ABYM IEPBBIM H JIBYM
MTOCIICTHUM CHMBOJIAM.

[IpuanMas Bo BHEMMaHue 4mcio 1638 (Mmakcu-
MaJhbHO BO3MOXKHOE 3HaueHHe F,), OTMEYaeM, UTO
JIOCTaTOYHO TPOCTO B JIOO0OH KEpHUHTOBOU Iape
ocaxzaaTb a0 10 OuT cooOmenus M;, IS 3TOTO
HaM JIOCTATOYHO UMETh U E, .« = 1024 nt. Takum
o0Opa3oM, IO ONpeACNCHUIO IaHHBIM BapHaHT, C
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TOYKH 3peHUs HWHPOPMATHBHOCTH, Ha TIOPSIOK
npeBbllaeT npeapiaymuil. Mcxoas u3 atoro, 3Ha-
yeruio (£,); = 1 OIT MOXXeT COOTBETCTBOBAThH OCa-
’kmaemas mnocienoBarenbHocts 0000000001, a
(E,):= 1507 -0000001111 uu 1. 1.

Kak BUIHO W3 BBHINOJHEHHOTO aHAIM3a, MPEJl-
JlaraeMblid METOJl TIO0 YPOBHIO CJIOKHOCTH ajro-
pUTMa €ro pealin3allii COMOCTABUM C U3BECTHBIMU
QITOPUTMAaMU TEKCTOBOW cTeraHorpaduu, Hampu-
Mmep, Line-Shift Coding nunn Word-Shift Coding.

Ecnu Beimonnserca ycnosue Z; > N, tae N, —
YHUCIIO CUMBOJIOB B MCXOIHOM COOOIICHUH M, W,
€CIIM UCXOJIHOE COOOIICHUE HE MOJBEPraeTcs Jo-
MOJTHUTEBHBIM MPE00pa30BaHMsIM, TO IIEIECO00pa3-
HO TPUHATE Eypa = 2° = 256 OT, 4TO JACT BO3MOXK-
HOCTh OCaXJIaTh B JIIO0ON KEPHHHTOBOW Mape IO
omHOMY cuMBouTy (B kogax ASCII) cooOrienus M.

B npyrux ciydasx Hy»XHO HpeaycMaTpUBaTh
BO3MOXHOCTh yAJMHEHUS MOCIEAHEH OcakaaeMoit
MOCJIETOBATEIBHOCTH JI0 CTaHAApTHOTO pa3Mepa
(manpumep, 10 6ur).

3akmaouenue. IlpeanoxeHHBIH M TNpoaHaNH-
3UPOBAHHBIN Ha NpUMepax METOJ TalHOU mepena-
41 WH(OPMALUU B TEKCTE-KOHTEHpE WM 3allUThI
aBTOPCKOTO TMpaBa Ha 3TOT TEKCTOBBIA JOKYMEHT
OCHOBaH Ha peajH3alidd TEKCTOBOM cTeraHorpa-
¢un myTeM U3MEHEHUs TaKOrO MPOCTPAHCTBEHHO-
reOMETPHYECKOTO TapaMeTpa TeKCTa-KOHTeHHepa,
Kak KepHHUHT. [10 ypOBHIO CI0KHOCTH COIOCTAaBUM
C MeToJaMH Ha OCHOBE MOAW(HUKAIMU MEKAY-
crpounoro unrepBana (Line-Shift Coding) u mpo-
OenpHOTO paccTosiHuA Mexay cinoBamu (Word-
Shift Coding), ecnmu mpuUHATH, YTO B MOCIEIHUX
MOXET MPUMEHSITHCS TCEBIOCIYYaliHBIH BBIOOD
MOJU(PHULIUPYEMBIX 3JIEMEHTOB.

BwMmecte ¢ Tem, mpenyaraeMblii METOZ XapakTe-
pusyercst 6omplIel 3PPEKTUBHOCTBIO, MOCKOIBKY
YHCIIO CHMBOJIOB ¥ MX KEPHUHTOBBIX I1ap B TEKCTaX
BCETJa 3HAYUTEIBHO NPEBBIIIAET YUCIIO CTPOK HIIH
yucino cioB. HeoOXomuMo Takke OTMETHUTh, YTO
CTETO3HAKaMH SIBIISTIOTCS BCE CUMBOJIBI JOKYMEHTA,
B TOM YHCJI€ CIICIIHATbHBIC 3HAKH U CHMBOJIBL.
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T. B. Kumikypso, T. II. Bpycenuosa
Bbenopycckuii rocy1apcTBEHHbBIH TEXHOJIOTHYECKUN YHUBEPCUTET

HUCIIOJIb30OBAHME ITPUHIUIIOB IO3ABWJINTHU
JJIs1 OITUMHU3ALIUU ITPOUECCA BOCIHHPUATHUSA
9KPAHHOI'O TIPOCTPAHCTBA

CraTbsl TIOCBSIIIEHA PACCMOTPEHUIO MCIOJIB30BaHUS MIPUHIMIIOB 103a0MIINTH IIPOSKTUPOBAHUS HH-
TepdeticoB moap30BATEINS.

Ornrcanbl HanboJiee BaKHBIE OCOOCHHOCTH BOCHPHSITHSI HHTEPQEHCOB MoIb30BaTeneM U chopMu-
pOBaHbI MpaBuia 103a0WIMTH C TOYKU 3PEHMs] OpPraHM3allMy 3KPaHHOI'O IPOCTPaHCTBA. BusyaibHoe
BOCIIPHSITHE SKPAHHOTO IPOCTPAHCTBA OCHOBAHO Ha NMCHXO(U3MUECKHX 3aKOHaxX. B ciexcTBuum sroro,
9TOOBI CO3JaTh SKPAHHBINH HHTEP(Eiic, COOTBETCTBYONINI MPHHLIUIIAM 03a0MIATH, HEOOXOANMO 3HATH
TICHXOJIOTHIO BOCTIPHUATHS YEJIOBEKOM KOMIIBIOTEPA.

[TpoexktupoBanue nHTEpdeEiica MoIb30BATENS JOJHKHO BBINOIHATHCS 110 MPUHIMIAM 103a0WIIUTH C
WCIIOJIb30BAaHNEM 3aKOHOB IICHXOJOTUH BOCHPUSATHS, TEOPUH Iiepetaud HHpOpManny, a TakKe MCHXO0-
(U3HOIIOTHH YeTIOBEKa. DTO IMO3BOJIET YAOBICTBOPUTH MOTPEOHOCTH INOJIB30BATENSI, CHU3UTh KOTHHU-
THUBHYIO Harpy3Ky Ha MOJIb30BaTelIsl, YMCHBIINTb BPEMs IS TIOMCKA HYKHOW MH(OpManuy, HUBEIUPO-
BaTh PUCK OIMIMOOK MpH pabOTe Ha KOMIIBIOTEPE.

Marepuai, NpeacTaBIEHHBIH B CTaTbe, MOXKET OBITh MCIIONIBb30BAaH B 00pa30BaTEIbHOW IMPAKTHKE
ctyneHToB UT-cnenuanbHOCTEN.

KiaroueBble ciioBa: HHTCp(i)efIC MOJIb30BaTECJIA, SKPAaHHOC IMMPOCTPAHCTBO, F03a0UIUTH.

T. V. Kishkurno, T. P. Brusentsova
Belarusian State Technological University

USE OF USABILITY PRINCIPLES
FOR OPTIMIZATION OF THE PROCESS
OF PERCEPTION OF THE SCREENING SPACE

The article is devoted to the consideration of using usability principles of designing user interfaces.

The most important features of the perception of user interfaces are described and rules of usability
from the point of view of screen space organization are formed. The visual perception of the screen
space is based on psychophysical laws. Thus, in order to create a screen interface, consistent with the
principles of usability, it is necessary to know the psychology of human perception of the computer.

The design of the user interface should be performed according to the usability principles using the
laws of psychology of perception, the theory of information transfer, as well as human psycho-
physiology. This allows you to meet the needs of the user, reduce the cognitive load on the user, reduce
the time to find the right information, and eliminate the risk of errors when working on a computer.

The material presented in the article can be used in the educational practice of students of IT

specialties.

Key words: user interface, screen space, usability.

BBenenue. Ilpu pa3paboTKe IMOIH30BATENb-
CKUX HHTepdeiicoB cIoBOM (03a0mnuTH 0003Ha-
Y4aloT OONIyI0 KOHIEHIMIO MX yI00CTBa TpH HC-
MOJIb30BAaHUU TPOrPAMMHOTO OOECIEUYCHMs, JIO-
TUYHOCTH U MPOCTOTY B PACTIOJIOKECHUU JIEMEHTOB
YIIpaBJICHHUS.

B coBpemeHHOM MHpe TOHUMaHHE OCHOB I03a-
OWUTH ABJISIETCS HEOOXOIMMOCTHIO. PaHbliie, Ko-
ria TEXHOJIOTMM OHJIalH-B3aUMOJEHCTBHUS Haxo-
JTWIACh B 3a4aTOYHOM COCTOSTHUHM, HE CIHIIKOM
MHOTO BHUMAaHUS YIEISUIOCH TEM, IJIsi KOTO CO3/a-
BalloCh TpmiIokeHue. llomp3oBarensM MPUXOIu-
JIOCh HEMAJI0 BPEMCHH TPATUTh HA M3yUYCHHE WH-
Tepdetica, 9TOOBI B UTOTE HAWTH TO, YTO HYXKHO.
Ho temeps, xorma 4ucio cadTOB MOCTOSHHO pac-
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TeT, a MOOWIbHBIE YCTPOICTBa W IUIAHIIETHBIC
KOMITBIOTEPHI UCIIOJIL3YIOTCS TIOBCEMECTHO, IMOJb-
30BaTeNld HE CIIUIIKOM PAacCIHOJIOKEHBl K «o0yue-
HUIO». BOJBIIMHCTBO M3 HUX OBICTPO TEPAIOT WH-
TEPEC, €CIIH YYBCTBYIOT, YTO IIPOAYKT, IPHIIOKE-
HHE WIA BeO-CaliT BBINOIHEHLI HEKAYECTBEHHO —
M 3TO CIIpaBeIJIHBO.

OcHoBHasi 4acTb. Pa3paboTarh nu3aifiH WH-
Tepdeiica corimacHo cOOCTBEHHBIM BKyCaM M TIpe-
MOYTeHUSM BcerAa 3amaHuyuBo. Ho, eciam nHabop
MPEeaNoYTeHUH M TMOTpeOHOCTeH moJb30BaTeneit
OTJIMYAETCsl OT BAILlEro, 3TO HE IMOMOXKET UM BHI-
IIOJIHATH 3aa4YU Ha caliTe WiIn B IIPUIIOKCHUU.

Ha camom nene He ObIBaeT aOCONIOTHON BEIIIH,
yno0Ho# 11 Becex. OHa yno0Ha ceiiyac [uist periie-
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HUS KOHKPETHOW 3a7jaul KOHKPETHBIM YEJIOBEKOM.
Ho xak Tonpko Kakas-To mepeMeHHas MU3MEHHTCH,
TO MOSBISIETCA APYToil 4eloBeK, Ha KOTOPOro He
paccuuThiBany. Hampumep, paccuuTbiBaIM Ha
MYKYMH, a Opullia OJOHAWHKA WM HaoOOopoT,
chenanu Il OJOHAMHKHW, a TpUIIET WHXXEHep, H
JaHHBII MPOAYKT HE COOTBETCTBYET €0 MEHTallb-
HBIM MozensaM. [1oaToMy HEoOXOOMMO IOCTUraTh
30JI0TOM CEpEIUHBL.

B r03a0unuTH M3BECTEH TaK Ha3bIBaeMbIi
[Mpunnun ITapero, wnu npasuno 80/20. Oto mpa-
BUJIO OCHOBBIBaeTcs Ha ToM, uTo 80% sddekra
sBrsieTcst pesynbratoM 20% naeiictBuil. Eciau npu-
MEHHTH 3TO HPaBUIO K BeO-AM3aiiHy, TO €ro CyTh
MOYKHO OIPENEINTh CIEAYIOIMUM 00pa3oM: A
TOro, YTOOBI YJIYYLIMTh OTHAady caiTa, ocoboe
BHUMaHHE HY>KHO oOpatuTh Ha 20% monb3oBare-
nel, mpoueccoB, AeHCTBUI, TOBapoOB, yCIyT, KOTO-
puie natot 80% npuObLIH.

UroObl co37aTh 3KpaHHBIA WHTEpQEic, COOT-
BETCTBYIOIIMI MpHHOMNAM [03a0WINTH, HE0OXO-
MO 3HaTh IICUXOJIOTHIO BOCHPUATHS YEIOBEKOM
KOMIIBIOTEpA.

BusyanbHOe BOCHpHUSTHE 3KPaHHOIO TIPO-
CTpaHCTBa OCHOBAaHO Ha NCHUXO(PHU3MUECKUX 3aKO-
HaX, W3yYEHHUEM KOTOpBIX 3aHUMAJUCh MHOTHE
yUYEHBIE.

OTO M aMEpUKAHCKUI TICUXOJIOT, CUUTAIOIINN-
Csl OIHUM M3 M3BECTHEHIINX KOTHUTUBHBIX IICHUXO-
noroB, Jxelimc ['MOCOH, KOTOPBIH Tak ompenensi
BocrmpusTHe: «Bocmpusitue — 3TO aKTUBHBIA U
HENPEPBIBHBIA MPOLECC WU3BJIEYEHUS HH(pOpMa-
uuy [4]. U Ko Dneyn [énnon [1], ocHOBaTE b
teopun uHGopMamuu. OH NPeAToXuI Ui TICUXO0-
JIOTOB TEOPUI0 KOMMYHHKAIMHU (C UCTIOJIb30BaHUEM
KOMIIBIOTEpPA), KOTOpasi TECHO CBA3aHa C Teopuei
3pUTENBHOTO BOCHPUATHUS SKPAHHOTO MPOCTPAHCT-
Ba. Takxe cieayeT OTMETHTh aMEPHUKAHCKOTO TICH-
xonora Pynonepa Apnxeiima (Rudolf Arnheim),
WCIOJB30BABIIET0 MPUHIUIB W METOJOJIOTHIO
FeMITaabT MCUXO0JoTUuU [3], B KOTOPOM MOKa3aHo,
YTO MPOSIBICHHE JTI0O0T0 3JIEMEHTA 3aBUCHT OT €ro
MecTa U (pyHKIUHN B MOJIENH LIEJIOTO.

Hcxons u3 3TUX paboT M OBUTH OMNpeAeIICHEI
0COOCHHOCTH BOCHPUATHS HHTEPPEHCOB IMONB30-
BaTesieM U cpOpPMUPOBAHBI MTPaBUIIa I03a0HITUTH.

Wntepdelic mOMKEH CHHKATh KOTHUTHBHYIO
Harpy3ky Ha moinb3oBarens. OHa JOJDKHA OBITH
MUHUMAalBHOM. 37ech, TNpeXIe BCEro, CIEayeT
YUUTBIBaTh Harpy3Ky Ha OCHOBHBIE INICHXHUYECKHE
MPOLIECCHI: TaMsATh, BHUMaHHE, BOOOpasKECHHE.

KornutrBHas Harpyska OTHOCHUTCS K oOLieMy
KOJIMYECTBY HMH(OpMalKK, C KOTOPOH MOXKET
CIPaBUTHCS NaMATh yenoBeka. KoruutusHas nepe-
Ipy3ka TPOMCXOIUT, KOTJa MaMATh IOJy4aeT
Oosiblie WH(pOpPMALKK, YeM OHa MOXET CBOOOIHO
0o0paboTarb, YTO MPHUBOAUT K MpoOieMaM IpH
MIPUHATUH PELICHUH.

Ho 4T0 3TO 0O3HaYaeT ¢ TOYKH 3pEHHS OpTaHH-
3aIiH SKpaHHOTOo npoctpancTBa? Muatepdeiic caii-
Ta JOJDKCH OBITh MHTYHTHUBHO MOHSATHBIM TOJB30-
Batemo. «He 3acraBnsiiTe MeHs Aymatby», — Iep-
BBII 3aKOH [03a0MJINTH, O KOTOPOM TOBOPHUT B CBOEH
kuure Ctus Kpyr.

[Tockonmpky mamsATh TOJB30BaTeNs (HOKyCHPY-
eTCsl Ha TOCTIKEHWH KOHKPETHBIX IIeJiei, HeHyX-
HBIE JIEHCTBHUS 3aCTABISIOT IMOJIB30BATEINST MPHUIIO-
JKUTH OOJIBIE YCHJIMH, YTO BIeYeT 3a co00i 10-
MOJHUTENBHYI0 KOTHUTUBHYIO Harpy3Ky Ha HETO.

Yame Bcero TakMMH BUHOBHHKAMH SIBIISIOTCS
BEIUypHbIE WM 3ayMHBIE HA3BaHWs, TOPTOBBIE
Mapk#, GEpMEHHbIE HANMEHOBAHMS ¥ HE3HAKOMBIE
TeXHUYECKHEe TepMHUHBI. CCBUIKM W KHOIKH, BUA
KOTOPBIX HE BCErla SCHO MOKa3bIBaeT, YTO HA HUX
MOKHO Haxartb (puc. 1).

MNapagurmatmka

Puc. 1. [Ipumep HEOUEBUIHOTO PELLICHUS
JUTS Ha3BaHUsI KHOIIKA

Hnst Toro, uroOsl nHTEpGeiic 60Ut 3P dekTrs-

HBIM, HEOOXOJMMO CHENATh €T0 SICHBIM, IMPOCTHIM
WJIH, TI0 KpaitHeit Mepe, TOHITHBIM (puc. 2).

Bbibop

Puc. 2. [IpumMep mpocToro pemeHus
JUTS Ha3BaHUSI KHOIIKA

OTOT MPUHLUI 03HAYACT, YTO B TOH Mepe, Ha-
CKOJIBKO 3TOTO MOXHO JTOCTUYb, WHTep(hEc mo-
JKEH OBITh MAaKCUMAJILHO TPOCTOM, TOHSATHBIA WU
«CaMOOYEBUAHBIN». OTO TJABHBIH U OCHOBHOU
TIPUHIIUT 103a0MIINTH, KOTOPBII SBISAETCS pelaro-
IITIM TIpH OIICHKE TOTO, YTO M Kak paboraeT (Wim
He paboraet) B mHTEpdeiice.

BusyanbHbIl 1IyM SBISETCS OJHUM W3 OCHOB-
HBIX TPEMATCTBUHN JIs MMOJIYYCHHUS JIETKO BOCHPH-
HUMaeMmoro uHTepdeiica. B unTepdetice He momk-
HO OBITH TIEperpy>KEHHOCTH.

HuTtepdeiic nomkeH OBITH 3aTOMUHAIOIITIMCS,
HE TOJIBKO IO BHEIIHHUM XapaKTePUCTHUKAM, HO U
MO MPHUHIMIAM paboThl B HeM. B HeM He OJDKHO
MPUCYTCTBOBATH CJIMIIKOM OOJBIIOE KOJIUYECTBO
00BEKTOB, OTBIEKAIOIINX BHUMAaHUE IOJIh30BaTE-
JIT OT BOCIPHUATHS OCHOBHOU wHpopmaruu. Ta-
KAMH, HallpuMep, SABIAIOTCS MHTAOIINe, IBHU-
raroluecs;, BCIUIBIBAIOIINE OaHHEPHI, KOTOpPHIC B
OONBIIMHCTBE CIy4aeB IOJH30BATENb IBITACTCS
UTHOPUPOBATh WJIM COBCEM HCKJIIOYHUTHh U3 IO
3peHHs. DTOT MPHUHIIMI B F03a0WINTH HA3BIBAETCS
OaHHEpPHOH CIETIOTOM.
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s pemieHus 3Toi 3aaun HeOOXOAUMO M30a-
BUTBCS OT BCETO, YTO HE SIBIISETCS CYIIECTBEHHBIM
W OCTaBHUThH TOJBKO TO, YTO HEOOXOANMO. DTO MO-
3BOJINT TAKXE COKPAaTHTh BpeMs 3arpy3ku BeO-
CTpaHHIIBI.

N3o0paxenusi, Buaeo, naporpadhuka u 1pyrue
3JIEMEHTHI JOJKHBI TAPMOHMYHO pacroyiaraTbes Ha
CTpaHHUIE ¥ OBITh TOHSATHBIMH U JIETKUMH IS BOC-
MIPUSITHA TOJIB30BaTENEM.

Tak xe, Kak W mpobjeMa BHU3yaJlbHOW Mepe-
Ipy>K€HHOCTH, KOTHUTUBHYIO Harpy3ky Ha NaMmsTh
MOJIb30BaTeNsl OyJeT BBI3BIBATH OONBLIOE KOJIUYE-
CTBO KOHTEHTA.

B rozabunutu cymiectByeT mpaBwio 7 + 2.
B cooTBeTcTBUM C pe3yibTaTaMHM HCCIIEIOBaHUA,
KoTopoe Obu10 mpoBeaeHo Jxopmkem Muiiepom,
KpaTKOBpEMEHHasl MaMsITh MOXET COAEp)KaTb OJi-
HOBpeMEHHO OT 7 1o 9 cymHocted. DToT ¢akT
4acTO HCIOJB3YIOT, YTOOBI J0Ka3aTb HEO0O0XOau-
MOCTb COKpAILlEHHUS YHCIIa JIEMEHTOB B HAaBUTAllU-
OHHOM MEHIO 10 7.

Ecnu y Bac ecTh COMIIKOM MHOTO WH(OpMa-
LIUH, BBl IOJKHBI HAYUYUTHCS TaK OpPraHU30BaTh €e,
9TOOBI HE HAIIPATATH MOJIb30BATENCH.

st 5TOoro HEOOXOANMO CO3/aTh SICHYIO BU3Y-
IBHYI0 HEPAPXUIO:

* OQonee BaXHBIH DIEMEHT JOJDKEH OBITH ca-
MBIM 3aMETHBIM Ha 3KpaHe;

* DJJIEMEHTHI, JIOTUYECKH CBA3aHHBIE MEXIy
co00H, TarxKe TOJKHBI OBITH CBA3aHBI BU3YaJIbHO;

* D3JEMEHTbI, KOTOpHIE MpPEACTaBIAIOTCS B
BHUJI€ BJIOXEHHUM, IOJIKHBI SBJIATHCA YaCTIMHU
ApYyr Apyra.

Kpome storo, neoOxoanmo pasfensaTth BeO-
CTpaHHMIBI Ha YETKHE 00JIacTH.

[Tpu HanmucaHWM TEKCTOB AJs BeO-calTOB He-
00X0AMMO TPHUAEPKUBATHCS MPUHIMIA HEpeBep-
HYTOH mUpamMuIbl. DTOT NPUHIMI COOII0AAET cam
rypy to3abunuty, ko6 Hunbcen. CtaTbst momxHa
HaYMHATBCS C HMTOrOBOTO BBIBOJA, 332 KOTOPHIM
CIEeIyIOT KJIIOUYEBbIE MOMEHTBI, a 3aBEpIIATHCS
HavMEHEee BaXXHOU JUJIS YyuTaTeNel HHpopManuen.
OTO onTHUMaJbHO Uil BeO-caiiTa, Tae MOJIb30Ba-
TeJIb XO0UYET MONyYUTh WHPOPMALHIO MaKCHUMallb-
HO OBICTPO.

Camoii Oonpuiol mpoOneMoll B KOTHUTHBHOIM
neperpysKe siBISeTCs HEOJHO3HAUHBIN HHTEpdeiic.

[Tonp3oBaTens HUKOTIA HE TOJDKEH TPATUTh MHOTO
BpEMEHH Ha BBIICHEHHE TOTO, KaK BBIIIOJHHUTH TO
WIM MHOe JeiicTBue, 100 3ayMBIBaThCSI O TOM,
4yT0 0003HayaeT TOT WM WHOW 3HadokK. HeoOxo-
JUMO HCTIONB30BaTh MPUHSTHIE YCIOBHOCTH U 00-
IMe TpaBuia.

B rpaduueckux mHTEpdeiicax HUCHOIB3yeTCs
MmeTon Meradop. OH MO3BOJSIET MOJIH30BATEINIO
HE cO37aBaTh HOBYIO MOJEJIb, a BOCIIOJIb30BAThCA
TOTOBOM MOJEJBIO, KOTOPYIO OH paHee MOCTPOUIT
no apyromy mnoBoay. Camas u3BecTHas Merago-
pa, npumensemas u B Windows u B Macintosh, —
3T0 MeTadopa «aeckrom» (paboumii croin). Eme
onuH mpumep metadopsl B uHTepdelice — ycT-
pOMCTBO mporpamMM Ajisi IPOUTPHIBAHHS 3BYKOB
Ha KoMmIbloTepe. MCTOpUYECKH CII0XUIIOCh, YTO
BCS ayIUOTEXHHKa HMEEeT IOYTH OJIWHAKOBBIH
Ha0Op KHOTIOK.

He ny>xHO n300peTaTh Kojeco, JTydlle UCIIOJb-
30BaTh BU3YyaJbHbIE MOACKA3KH, KOTOPHIE MOIb30-
BaTeNM YK€ 3HAIOT M3 JApYrux BeO-caiiToB. Ecim
4TO-TM00 HENB3sl CHAENaTh «CaMOIPOU3BOJIBHOY
MOHSITHBIM, BCETa MOKHO CIIeJIaTh 3TO BE3/E OJIU-
HAKOBO, YTOOBI MOJIb30BATENH O0yYalUCh TOJBKO
onuH pa3. Hampumep, kpaH ¢ Topsiued BOJOU Bce-
r7a MapKUpYIOT KpacHBIM IIBETOM, a KpaH C XO-
JIOJHOM — CHUHHUM.

OcHoBHBIE TporpaMmbl makera Microsoft
Office — Word u Excel — pa3pabaTtsiBanuce ¢ HyIs
nporpaMMUcTaMu KommnaHuu. [pyrue >xe ObUIH
KyIJieHbl Ha cropoHe: FrontPage, nampumep, y
Vermeer, wiu Visio — y Visio. Uto y 3tux mpo-
rpamm oOmero? uzaiiH obenx cozgaBajcs ¢ ca-
MOI'0 Hayaja Tak, YTOObl OHH BBHITJISIENU U pado-
Tanu Kak npunoxenus Microsoft Office.

[locnenoBaTensHOCTh B peanu3aldd  HHTEP-
(eiica ecTh mepBOE YCIOBHE KaUeCTBa Pe3ybTaTa.

3akawuenue. PaspabateiBath uHTepdetic
MOJIB30BaTeNsl HEOOXOAUMO TIO MPHHLUIAM 03a-
OWNHTH, T. €. C HCIOJB30BAHMEM 3aKOHOB IICHUXO-
JIOTHMH BOCTIPUSTHS, TEOPHU Tepeaadyd WHQopma-
UM, a TaKKe MCUXO(QHU3HOJIOTHH YeJOoBeKa. JTO
JacT BO3MOXKHOCTH YAOBIIETBOPUTH MOTPEOHOCTH
MOJb30BaTeNsl, CHU3UTh KOTHUTHBHYIO Harpys3Ky
Ha TOJIBb30BaTeNs, YMEHBIIUTD BpeMs Ul MOHCKa
HYXXHOH HMH(pOpPMaluK, HUBEIUPOBATh PUCK OILIU-
00K Tpu paboTe Ha KOMITBIOTEpE
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BBenenue. B npenpiaymmx paboTtax aBTOPOB

B. JI. Kosiecuukog, A. . Bpakosuu
Bbenopycckuii rocyjapcTBeHHbI TEXHOJIOTHYECKUN YHUBEPCUTET

T'PA®UYECKAS ONTUMU3ALIAA YCJIOBUI PABOTbI .
MNPON3BOACTBEHHOI'O KOMIIVIEKCA HA OCHOBE HEMPOHHBIX CETEHN

BupTyansHbIi IPOU3BOACTBEHHBIA KOMILIEKC MPEACTABIBIET CO00I KOMITBIOTEPHYIO MTPOTPAMMHYIO
CHCTEMHYI0O MaTE€MaTHYECKyl0 MOJIeNIb, KOTOpas BOCIPOM3BOAUT OCHOBHBIE (DYHKIMOHAIBHBIE BO3-
MOYKHOCTH pEalIbHOTO IPOTOTUIIA B PEXHMME pPEabHOTO0 BpeMEHH. MHOrooOpasue ycioBHH pabOThI
MIPOU3BOJICTBEHHOTO KOMITJIEKCA OMpPEAesAioT 16 mapaMeTpoB OKpyXeHus, 9 mapaMmeTpoB I omepa-
THUBHOTO yIPaBJIeHUs, 6 MapaMeTpoOB Pe3yIbTAaTOB, OLIEHUBAIOLINX KAYECTBO U CE0ECTOMMOCTD POIYK-
IIUH, 3arpsi3HEHUE OKpY’Karoller cpenpl. PaboTa ocymiecTBiaseTcs B peXUMe pealbHOIO BPEMEHHU U CO-
NPOBOXKAAETCS (UKCAIMEl yCIOBUI M Pe3ysibTaToB B 0a3e AaHHBIX, KOTOpas COJACPKUT MH(OPMALIUIO
no 26 cronduam. CHCTEMHBIM BpEMEHEM SIBIISIETCS] BpeMsl BBIPAOOTKH OJHOW TOHHBI MPOAYKIMHU. Pa3-
MEpHOCTbH 0a3bl AaHHBIX 11 aHann3a coctasisieT 500—1000 crpok u 26 cronbuos. MHTEpnpeTnpoBaTh
pe3yJIbTaThl OYEHb CI0KHO. HelipoHHBIE ceTH 0Ka3bIBalOTCS MOLIHBIM CPEACTBOM HE TOJBKO JUIsl KJac-
cuuKkayu DaHHBIX, HO W JUIs TpaduiecKoro peneHuss ONTHMH3aLMOHHbIX 33a7ad B Pa3HOOOpa3HBIX
¢dopmynuposkax. [To mpocrore n rHOKOCTH HACTPOMKH 3TOT METOA ONTHMHU3ALNH MIPEBOCXOAUT Kiac-
CHYECKHE W TPaaneHTHbIC MeTOnBl. [I0CKOMBKY B JAaHHOM CiIydae HCIIOJB3YIOTCS HE TpaIuIHOHHBIE
MaTeMaTH4ecKHe MOJIEIH, a 6a3bl JaHHBIX PE3YJIbTATOB HAOMIOICHUH 3a JIIUTENbHbIN EPHO BPEMEHH,
TO TIpeIjiaraeMblii MeTo ] 00aaeT HauOOJbIIeH ONMEPATUBHOCTHIO U SKCIPECCHOCTHIO B MOJCTPOUKE
3a7a4 MPHU U3MEHEHUH TEKYIIUX yCIOBHH (YHKIIMOHUPOBAHUS IPOU3BOACTBEHHOTO KOMIIEKCA.

KawoueBble ciioBa: rpaduyeckas ONTUMH3ALMS, UMUTAMOHHOE MOJICIMPOBAHUE, IPOrPAMMHOE
CpeACTBO, HEPOHHBIE CETH.

V. L. Kolesnikov, A. 1. Brakovich
Belarusian State Technological University

GRAPHIC OPTIMIZATION OF WORKING CONDITIONS
FOR INDUSTRIAL ENTERPRISE ON THE BASIS OF NEURAL NETWORKS

The virtual industrial enterprise is a computer program, based on a system mathematical model that re-
produces the basic functionality of a real prototype in real time. The variety of working conditions of the vir-
tual industrial enterprise is determined by 16 environmental parameters, 9 parameters for operational control,
6 parameters of results, assessing the quality and cost of production, environmental pollution. The work is
carried out in real time and is accompanied by fixing the conditions and results in the database, which con-
tains information on 26 columns. System time is the time taken to produce one ton of product. The size of the
database for analysis is 5001000 rows and 26 columns. To interpret the results is a very difficult task. Neu-
ral networks are a powerful tool not only for data classification, but also for graphical optimization tasks in a
variety of formulations. By the simplicity and flexibility of the setting, this method of optimization is superi-
or to classical and gradient methods. Since in this case, not traditional mathematical models are used, but da-
tabases of results of observations over a long period of time, the proposed method has the greatest efficiency
and speed in adjusting tasks in changing current conditions of the virtual industrial enterprise.

Key words: graphic optimization, simulation, software tool, neural networks.

CUCTCMHYI0O MAaTEeMaTUYCCKYI0 MOJCIIb, KOTOpasd

pa3paboTaHO MHTEPAKTUBHOE NPOrpaMMHOE Cpell-
CTBO, HMHTHPYIOLEE BCE OCHOBHBIE YCIIOBHS
(YHKIIMOHUPOBAHUS peasbHOro mpeanpusatus [1].
BupryanbsHblil TPOU3BOACTBEHHBIN KOMIUIEKC MTPE-
CTaBJsieT COOOW KOMIBIOTEPHYIO TNPOrPaMMHYIO

Tpyabl BITY Cepuss3 Ne 2 2017

BOCIIPOU3BOJIUT OCHOBHBIE (D)YHKIIMOHAIBHBIC BO3-
MOXXHOCTHU PCAJIBLHOTO IMNPOTOTUIIA B PEKUME peE-
aJpHOTO BPEMEHH [2].

MHuoroob6pasue ycinoBuii paboTsl MPOU3BOICT-
BEHHOTO KOMIUIEKCa OMpenersitoT 16 mapaMeTpoB
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OKpYy)XEHHUs, 9 mapaMeTpoB [Uis OIEPATUBHOTO
yIpaBjicHus, 6 mapaMeTpoB pe3yiIbTaTOB, OLICHU-
BaIOIIHUX KaYeCTBO M CE0ECTOMMOCTB MPOIYKIUH,
3arpsi3HEHHE OKpYyKaromied cpensl. Pabora ocy-
HIECTBISICTCSI B PEKUME PEalbHOr0 BPEMEHU W
COIMPOBOXIAETCS (PUKCAIUEH YCIOBUH U pe3yib-
TaToB B 0a3e JaHHBIX, KOTOpas COJCPKUT HH-
¢dopmanuro 1o 26 crondiam. CUCTEMHBIM BpeMe-
HEM SIBIIICTCS BpEMs BBIPAOOTKH OJHOW TOHHBI
nponykiuu. Takum 00pa3oM, pa3MEepHOCTh 0a3bl
JMaHHBIX i aHanu3a coctaBisger 500-1000 cTtpok
U 26 cTOIOIOB.

OcHoBHas 4yacTh. B npennaraemom mpumepe
CHIDKEHA pa3MEpHOCTh pemaemoit 3amgauu. Komu-
YECTBO MPHU3HAKOB, XapaKTEPU3YIOIIUX YCIOBUS,
YMEHBIIIEHO 110 9. 3amaua kiaccuuKauu JaHHBIX
ATOTO MPUMEpPa METOJIOM HEHPOHHBIX CeTed pelia-
eTcst OBICTpO W TpocTo. MHTeprnpeTupoBath pe-
3yJbTaThl OYEHb CJIOXHO. TOJILKO MapHBIX B3au-
MOJACUCTBHUI MpUIETCS paccMOTpeTh 36, a ¢ yue-
TOM B3aUMOBIIUSHUS Pa3IUYHBIX 3HAYCHHUI BHYTPU
MIPU3HAKOB 3TO KOJIMYECTBO Bo3pacTaeT 10 630.

B Takux ciaydasx 3()(eKTUBHBIM OKa3bIBACTCS
MPUMEHEHUE METO/Ia MPOTPECCUBHOMN IICHTpalIn3a-
nuu. JlJis CHMKEHUsS pa3MEpPHOCTH pellaeMoi 3a-
a4l MOXKHO, HaINpUMEp, COCPEIOTOYUTHCS Ha
Mpo0JieMe KOPPEKIIUU TEXHOJIOTHYECKOTO PEeKUMa
JUTSL PA3JIMYHBIX CE30HHBIX YCIIOBHM.

Jlis MoienpoBaHYs HAKOILJICHUS PE3yJIbTaTOB
JUIMTENBHBIX HAOJIOJCHHUH 32 pabOTOM KOMILIEKCa
MBI HCIIOJIb30BajIl BO3MOXHOCTh T€HEPUPOBAHUS U
(UKCcaluM COYETaHWN BCEBO3MOMKHBIX CITyYalHBIX
3HAYCHHI MPUPOJIHBIX CE30HHBIX MOTOIHBIX YCIIO-
BUM, [ICHOBOW CUTYyallUd HA PHIHKE CBHIPbS, XHUMH-
KaTOB, BOJBI, SHEPI'HH, BO3MEIICHUS yIiiepOa, Ha-
HECCHHOTO OKpYXarollel cpelne MpOU3BOACTBEH-
HOW JICATENBHOCTBIO, 3HAYCHUN YIPABISIONINX
BO3JICHCTBUI ¢ CUHXPOHHBIM BBIYHMCICHHEM Kade-

[eber peku
OneKTponuThLI B peke
Temnepatypa Bofbl
LleHa nonumepHoit fobaBku
LleHa BonokHucTOI Jo6aBKM
LleHa anekTpoaHeprum
LieHa peyHoit Bogb!
Llena cbipbs
LleHa BbiBpoca B aTmMoceepy|
Llena cbpoca B Bogoem
LleHa koarynsHTa
| Pacxon npoMbIBHOM BOabl
~ [Pacxop peyHoit Bogbl
| Pacxopn femnHepan1aoBaHHoil BOAbI
[ Bonyctumo cynedpata Al
[ Pacxon nonumepa
Pacxop BonokHa
CreneHb nomona
[ KoueHTpauus npu otnuse

CkopocTb

CTBa MOJy4YaeMoW MPOIYKIMH, 3arps3HEHHs aTMO-
cdeprl ¥ MPOTOYHOTO BOJOEMA, CYMMBI yIEIBHBIX
9HEProTEXHOJOTHUECKHX 3aTpar (puc. 1).

basa naHHbIX, IpuBeIEHHAA HA PHC. 2, CIYXHUT
MPOCTO OJHUM M3 BO3MOXHBIX MPUMEPOB HAKOII-
nenHoit uHGopmanuu. [ToqOOHBIX MIIOXO CTPYKTY-
PUPOBaHHBIX CBEACHUH CKaIUIMBaeTCSd HEMajo Ha
KaxxtoM npennpusatin u3 xypHanoB OTK u ma6o-
paTtopuy, CHHONTHYECKUX KapT, OyXrajaTepcKux
OTYETOB U IPYTHX UCTOYHUKOB.

B cpene JMP SAS moxHO 3aka3aTh MOITY4YHUTh
OTBET B BHJC ONTHMANBHBIX 3HAUEHHWH pacxoja
BOJIOKHA W CTEIIEHH MOMoia (TJIaBHBIC yIPaBIsio-
IIMe mapameTphl), MpU KOTOPBIX oOecrednBaeTcs
MUHHUMYM 3arpsizHenus (puc. 3, 4). Tem caMbIM MBI
YXOIUM OT HEOOXOAWMOCTH pPaccMaTpuUBaTh BCE
ocTaJlbHBIE MapHbIe B3auMopehcTBus. [lepemerne-
HUSIMH TIOJI3YHKOB MBI JOOMBaeMCsl TAaKOTO UX TO-
JIOKEHUS, TIPH KOTOPOM Ha TpaduKe oTMedaeTcs
MUHMMAJIBHOE 3HaueHue 3arpsizHeHus. llepeme-
IICHUS OKa3bIBAIOTCS IIeJICHANPaBICHHBIMHU, U OT-
najaeT HagoOHOCTH B MX MOJHOM mepedope. Ile-
pemerenue non3ynka Response Greed Slider cun-
XPOHHO NEpeMeIaeT PeleTKy 3HaUeHUH alTuInKa-
THI (3arpsA3HEHUE BOJOEMA), a Tajoyka B OKOLIKE
¢uxcupyer MmunnMaibHoe 3HaueHue (0.17886).

ANbTEpHATHBHBIM WHCTPYMEHTOM ISl TIPOBE-
JeHMsl aHAJOTHYHBIX BBIYMCIICHHH SIBISICTCS Hal-
ctpoiika Microsoft Excel «/HTemnekTyanbHbli
aHanu3 JaHHBIX ¢ moMoIbio SQLServer» (puc. 5).

Ha puc. 5 ocramuch TOJBKO ABa He3alaHHBIX
atpubyta — «/lomyctumo Al» u «Pacxox nmoiume-
pa». Okazanoch, 4To AJs BBIIYCKa MPOAYKIUH 3a-
JaHHOTO KadecTBa (mpouyHocTh 4,78-6,28) mpm
pacxone BonokHa 104,3—132,2 u cTreneHu nmomona
21,7-27,2 pacxox noiauMepa AOJDKEH OBITH B Ipe-
nenax 63,5-110,1, a comepkanue cynbdara anmo-
MUHUS HE JOJDKHO npeBsimatsh 0,093.

IMpoyHoCcTb

nacTyHocTb
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BnaronpoyHocTb
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| 3arpsisHene atmocdeps! |

] 3aTpaTbl Ha MPOM3BOACTBO |

Puc. 1. Apxutektypa HeHpOHHOH ceTH
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13 11,24 |0008._. |1536 |265 17% 00es |252 4318 053 0z 013 TA97.. (1163, (20142 |00500 7499 (9938 (2000 |0700 [150.071 188 963 1058 07356 D18M |77547
20 1225|0007 |1528 260 166 |66 |251 4363 |053 023 |13 733 |1170.. 13456 (00500 (7453 |100.01 |19.59 (0700 15002 153 (358 |1050 (D744 |D1BM  T5E4
21 1257|0007 _ |1521 |257 17 0066 |244 5012 054 023 03 7245|1189 19344 00500 7500 |10002 2000 |0700 |15002 157 950 1043 07397 01805 |758.32
2 1202 (0008  |1516 |255 140 0064|248 4711 D58 023 013 35128 2210 (00500 7507 [10002 (2000 (000 1433928 159 345 1038 07474 01805 75824
3 1209.. |0008... |1512 |263 172 0063|244 4357 056 030 o3 F390.. |1220.. 13995 (00500 7500 10000 (2000 (0700 15000 (201 4 1035 07510 (01805 | /759
24 1253|0007 |1511 263 166 |0Ds4 248 (5029 (D53 023 |13 (729 |1218.. 19584 |00500 |75.00 [100.01 |19.59 |0700 |15004 201 939 |1034 07417 DIBM  FB217
25 1266 |0007_ |1511 |257 163 0067 | 261 4338 |057 023 03 7245|1208 13831 |00500 7500 |100.071 (2000 |0.700 |150.00 202 339 1034 07335 D18M |73647
2% 1296... |0007-. |1512 251 164 0069 |25 5.3 057 023 (1} &3 MR 125 19311 |00200 P02 10000 (2000 (070D 143594 201 341 1035 07478 01805 | 7481
el 1232|0008 1515 |253 169 0069 |253 5223 |05 0z o3 T4 1213 19180 (00500 7303 10000 (2001 |07DD | 14396 |200 344 1037 07638 01805 | 75144
28 1239|0007 | 1518 264 17 |DDeE 252 (5140 (D57 023 |04 7e4d. 1231 20170 (00500 (7502 (9938 (2001 (0700 14398 158 (347 |1040 (D761 |DAB0S | TE233
=] 1269|0008 _ |1521 |274 17 0068 |243 5245 (053 023 o TaZB. . | 1248 20185 (00500 7500 (393 (2000 (0700 |14398 156 351 1043 07571 D184 |733.09
3 11,87..|0008_. |1524 |273 1A 0070|249 4333|050 0.3 013 7351 1253, 13823 (00500 5692 (999 2000 |00 [15002 179 T 817 07577 01453 262
]| 1163 |D007... |1527 | 261 168 |07z (253 (4383 DS 023 |13 7e67.. |1242. 20159 (00640 |5693 (3938 (2000 |07D0 15007 147 (722 |1041 |DF156 |D1403 63222
2 1276|0008 _ |1528 |246 177 0072 |24 5112 |05 030 03 23147 197.50 (00640 5699 |10002 (2001 (0700 |15003 147 M 1042 07635 D144 70085
3 1261|0007 _ |1528 [243 174 0070 |247 4343 056 031 oz 7437|1726 63379 (00640 5653 |10005 2000 (0700 |14398 146 T 1043 06341 01333 73601
“ 1181 |0008... | 1526 |252 17 0068|246 237|058 030 oz F396.. |5264. . 665,86 |00640 5693 10006 (2000 |07D0 15000 |147 i 1047 05225 D.1335 |7B446
B 1270|0007 |1523 | 267 165 |DDSE (246 (5141 (D57 023 |12 | 9007.. |5301.. 66974 (00640 5653 |100.03 (1959 (0700 15001 143 (709 |10.38 |DEM5 |D1339  7ES2D
k) 1348|0008 _ |1518 [275 163 0065 259 4334 053 lﬂ,:ﬂ] [k} 9147 IEMZ 655,02 ID,M 5693 14858 |2000 |0.700 14393 /158 696 1118 07358 01403 | 52927
l SEpTE I [ CrmeTdTs I [ wcnopT B L5V ]
.
Puc. 2. ABromaTHdeckas 3arnich HakaluIMBaeMo HH(OpMaLK
9[ = Mpou4HocTe
¥ Response Grid Slider
—— 56336 | [0
¥| Independent Variables
X_ Y Value Grid
® © [leBerpekn —— || — 13.01
© 0 OnERTRONWTLIEpEKRE b | 0,007844
© © TemneparypaBogel — I — 15,1956
® © LleHa nONWMEpHO# fobaekn —— 2538339
o O LleHa BonokHWUCTOM gobaek ——{}—— 173111
® @ LleHa anektposHepmn — || | 0,066222
o © LleHa peuHoiigogsl ———— 2,59
® @ UeHacelpeA — | | 50,7333
© © Llena euifipoca B aTMochepy — 0,54
® ® LleHa c6poca B Bojoem — | | 0,281556
© © LleHa koarynAawta — | | 0,135333
® ® Pacxof NpoMBIBHO# BogEl ——————{— 102400
® @ Pacxopg peuHoil Bogl — 6750
© O Pacxon OEeMVHEpanuaoBaHHOW Bopel 122,2
0 ® JonvcTumo cvikdara Al ——JF——— 0.0825
@ © Paciognonumepa —— 57,53
o @ Pacxop BonokHz — |} 150,57
L sJ + CTENERE TOMTITE U 35,29
® © KOHUEHTDALMA Npy oTnMBe ———— (| 0,9355
e Ckopocte ——{F——— 150.035

Puc. 3. Onpenenenne peKOMEHIATEIBHOIO PEXKUMA TTOTyYECHUS
3aJ]aHHOTO KayecTBa MPOIYKIUH B CE30HHBIX YCIOBHUIX
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¥| = 3arpaisHenmne sogw ]

v Response Grid Slider ]
i [ 0.695| [

v Independent Variables ]
XY j
[eGeT pekn - i 12,83667

SNeKTPONMMTE B PEKE - { | 0008622
Temneparypa Boasl - } 15,4444
TleHa NONWMEDHON NOGABER - ] 257
LleHa BONOKHUCTOI 0o0aBkn - [] 18
LleHa 3NeKTpOIHEPHH - i 0070222
LIeHa peuHoi BoakE - {1 247
LleHa chipeA ——1 486
LleHa emiOpoca B aTMoCchepy - |} 0562222
LleHa cOpoca B BOODEM - l] 0279778
LleHa KoanmaHTa - 3 0132667
Pacxof NpOMbLIBHON BOOLI - i} 104133
Pacxop peuHoii Bogsl - |3 15000
) Pacxon [eMWHEpanW30BaHHOI BOOLI - 3 766,7
OonycTuMo cyiehara Al - {1 009057
Pacxod nonuMepa - 1 57.53| [¥]
Pacxog BonokHa - H 173,56
) CTeneHs nomona - {t 26,222 ¥
O O KoHUeHTpauna npu oTnnee - il 1,3689
O & CKOpOCTL - {t 150,025

Puc. 4. Onpenenenrie peKOMEHIaTENbHOIO PEKUMA MOTyUEHUS
MUHUMAaJIFHOTO 3arPsI3HCHHS BOJIOEMA B CE30HHBIX YCIOBHSIX

T = =
&063“”_.——--:-'- ==— — . S 'x
ArpubyT SraueHwe -
KoHUEHTDELMA Npii OTIMBE: 0,529 - D502 = Bexonnoit [mm '}
PEMHEOMKHB 104,341 -132.198 3navetme 1: [‘_'?m-lﬂz_smw '.]
Pacxon aemvHepannsosaHHoR B0abl 83.350-131.270
PFIlr:mn NNOMRIRHOE ROk h3 480 70 - 70 3R9 Hh6 | i Jnauerie 2 [cﬂwcwef} 'l
1 m 3
MNepementime:
AmpubiyT 3HaueHme Nomeomar 47768541712 - 62778588 . Nomoaut LO1cyTcmyer> i
Pacxon nonumepa 5.000 - 47.063
Dpnycmmo cynegata AL 0,020 - 0,050 ]
JonycMo cynbgata AL 0.093-0.16D .|
Pacxon nonumepa 79.953-110.040 I
Pacxop nonumepa 63,508 - 79,953 | ]
DonycTamo cynodata AL 0.072 - 0,093 |
Pacxon nonmmepa 47,063 - 63.508 | |
Jpnycmamo cynspara AL 0,050-0,072

Puc. 5. Peammzanus pabouero npumepa B Microsoft Excel

31ech IPOCMATPUBAIOTCS CIOKETH HHTEPECHBIX
BBEIYHUCIUTEIBHBIX JKCIIEpUMEHTOB. OOBIYHO OC-
HOBHBIMHU TIOJICTPauBaIOIIMMU [apaMeTpamMu SBJIs-
oTcs  «Pacxon monumepa», «Pacxon BoJIOKHa»,
«CTeneHb MOMONA», a TJIABHBIM «BO30YAMUTEIIEM
CIIOKOMCTBUSI» BbICTynHaeT «JlomycruMmoe conepixa-

HUE cyib(haTa aTIOMUHUS». 3HAUUT, €CIIM 3aKpe-
MUTh Ha CPEAHEM YPOBHE 3HAYCHMS BCEX BXOTHBIX
atpubyToB, kpome «Pacxon mommmepa», «Pacxon
BOJIOKHAY, «CTemneHs momoiay, a «Jlomycrumoe co-
JiepkaHue cynbdaTa aTIOMHHUS» 3aKpelNuTh Ha
HIDKHEM YPOBHE, TO JUIS 3aJIaHHBIX TpeOOBaHHM 110
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Ka4ecTBY MBI HOJYYHM ONTHMAJIBHBIH TEXHOJOTH-
YEeCKUI PEeXKUM MO TPEM YIIPABIIIOIIUM BO3AEHCT-
BusAM. DUKCHpYEM €ro M jaiee, MocieJ0BaTeNbHO
W3MEHsS 3HaYCHUS BXOIHOTO aTpuOyTa «/lomycTu-
Moe cofiep)KaHue Cylb(arta alTlOMUHUS», MBI MTOJTY-
YUM HEOOXOAMMBIC KOPPEKLUH ONTUMAaJIbHBIX 3Ha-
YEHU! MapaMeTPOB TEXHOJIOTHUECKOTO PEXHMa B
pa3NYHBIX YCIOBHSX COJIEBOTO COCTaBa PEYHOU
Bozbl. Te e camble NEHCTBHS MOYHO IOBTOPHTH
JUISL pa3HBIX TPeOOBaHMI K KaYeCTBY MPOAYKIIMH.
3akmouenne. HelipoHHBIE CeTH OKa3bIBAIOTCS
MOIIHBIM CPEICTBOM HE TOJIBKO JUIS Kilaccuuka-
UUH JaHHBIX, HO U Ui Tpa)uuecKoro pelieHHs

ONTUMM3ALMOHHBIX 337a4 B pa3HOoOpa3HbIX (op-
MYJIMPOBKaX.

[To mpocToTe 1 THOKOCTH HACTPOHKH 3TOT Me-
TOJ ONTHUMM3AIMM MPEBOCXOAUT KIACCHUUECKUE U
TPaJUEeHTHbIE METOIBI.

[TockonpKky B JaHHOM cCIllyyae MCIOJIB3YIOTCS
HE TpaJWLMOHHBIE MaTeMaTnYeckue MoJeny, a Oa-
361 JNAHHBIX PE3yJlbTAaTOB HaOJIONEHWH 3a UIu-
TEJbHBII MEepHuoJ BPEMEHH, TO MpearaeMblil Me-
Ton oOmamaeT HauOOJNBLICH OMEPaTUBHOCTHIO H
9KCIIPECCHOCTBIO B TOJCTPOMKE 3aAay IpU H3Me-
HEHUH TEKYLIMX YCIOBUH (DYyHKIIMOHHPOBAHHS MPO-
W3BOJICTBEHHOI'O KOMIIJIEKCA.

JIureparypa

1. Konecuukos B. JI., Yp6anosuy I1. I1., XKapckuii 1. M. KomnbeloTepHOE MOJETUPOBaHNE M ONITHMU-
3alMs XUMHKO-TeXHoJoruueckux cucteM. Munck: BI'TY, 2004. 532 c.

2. Kolesnikov V., Urbanovich P., Brakovich A. Modeling and software implementation of fibrous
waste disposal processes // New Electrical and Electronic Technologies and their Industrial Implementa-
tion — NEET’ 2015: proc. of the 9-th Intern. conf. Lublin, 2015. P. 37.

References

1. Kolesnikov V. L., Urbanovich P. P., Zharsky 1. M. Komp yuternoe modelirovanie i optimizatsiya
khimiko-tekhnologicheskikh sistem [Computer simulation and optimization of chemical processes: manual
for universities]. Minsk, Belarusian State Technological University, 2004. 532 p. (In Russian)

2. Kolesnikov V., Urbanovich P., Brakovich A. Modeling and software implementation of fibrous waste
disposal processes. New Electrical and Electronic Technologies and their Industrial Implementation — NEET”’

2015: proc. of the 9-th Intern. conf. Lublin, 2015, p. 37.

Nudopmanus o6 aBropax

KonecuukoB Butanuii JleoHHI0BHY — JOKTOP TEXHHUYECKUX HayK, podeccop, mpodeccop kadeaps
WH()OPMAITMOHHBIX CHCTEM W TEXHOJIOTHH. bemopycckuii TOCy1apCTBEHHBIN TEXHOJIOTHUSCKHA YHUBEPCH-
teT (220006, T. MuHCck, yi1. Ceepmiosa, 13a, Pecniyonuka Benapycs). E-mail: vitalykolesnikov@mail.ru

BpakoBuu Anapeii UropeBnd — KaHIUAAT TEXHUYECKUX HAYK, JOLEHT, JOICHT Kadeapbl nHpopMa-
IIMOHHBIX CHUCTEM M TEXHOJOTHHA. benopycckuii ToCynapCTBEHHBIH TEXHOJIOTUYECKHH YHUBEPCUTET
(220006, T. Munck, yin. Ceepmiosa, 13a, Pecrryonuka bemapycs). E-mail: brakovich@yandex.ru

Information about the authors

Kolesnikov Vitalii Leonidovich — DSc (Engineering), Professor, Professor, the Department of Infor-
mation Systems and Technologies. Belarusian State Technological University (13a, Sverdlova str., 220006,
Minsk, Republic of Belarus). E-mail: vitalykolesnikov@mail.ru

Brakovich Andrei Igorevich — PhD (Engineering), Associate Professor, Assistant Professor, the De-
partment of Information Systems and Technologies. Belarusian State Technological University (13a,
Sverdlova str., 220006, Minsk, Republic of Belarus). E-mail: brakovich@yandex.ru

Tlocmynuna 14.04.2017



Tpyasbl BI'TY, 2017, cepusi 3, Ne 2, c. 105-109

105

VIK 004.853

H. U. I'ypun, 5. A. Kyk
benopycckuii rocyjapcTBEHHBIA TEXHOJIOTHYECKUI YHUBEPCUTET

AJITOPUTM MOJAIOTOBKU TEKCTA
OBYYAIOIEN NH®OPMAILIMOHHON CUCTEMBbI
K CEMAHTUUYECKOMY AHAJIU3Y

CraTbsl NOCBSILEHA ONMCAHUIO aJITOPUTMA IOATOTOBKH TEKCTa MH(POPMAIMOHHON CHCTEMBI K Ce-
MaHTHYECKOMY aHanu3zy. OCHOBHBIMH OJIOKaMM JaHHOTO aNTOpUTMa SIBIISIIOTCS Mopdosornyecknit
aHaJIM3 CJIOB, CHHTAaKCUYECKUH aHAJIM3 NMpemIoKeHHHd n (GopmMupoBaHKe 0a3bl THIIOB CEMAaHTHUYECKUX
cBszedl. C LeNbl0 ONTUME3AINN B alTOPUTME MPEIYCMOTPEHO MapajuielIbHOS BBITOTHEHNE ITPOLIECCOB
CHHTAaKCHYIECKOTO aHajm3a u (GOpMUpPOBaHHA 3alIpoca Ha BCTABKY THIIOB CEMAaHTHUYECKHX CBS3EH, ITOITY-
YEHHBIX Ha OCHOBAaHWUH MOP(OIOTHUECKOTO aHalli3a, B TAONHUIy PEJLIIIMOHHON 0a3bl NaHHBIX. Pe3yin-
TaTaMH aITOPUTMA SBJIAIOTCS 0a3a TUIOB CBsI3eH OyT W HAOOp TMOATOTOBIEHHBIX K CEMaHTHIECKOMY aHa-
Tu3y npeanoxeHuit. Mopdomorndeckuii aHau3 HEOOXOAUM Kak ISl COCTaBJIEHHS 0a3bl THIIOB CBs3Ei
CEMAHTUYECKOM CETH, TaK U Ul CUHTAaKCUYECKOro aHajiu3a. B paMKax CHMHTaKCHYECKOIO aHalIM3a Npei-
JIOKEHUH TpesIaraeTcs mpeoopa3oBaTh TEKCT B COOTBETCTBHH C psiioM HpaBuil. [lepBoe npaBmiio cocro-
UT B yJaJICHUH NpeIoKeHUH 1 000pOTOB, HE HECYIIUX CMBICIOBON Harpy3ku. Bropoe — B pa3spemeHun
aHa(op B UCXOJHOM TEKCTe, T. €. 3aMEHE MECTOMMEHHI Ha 0003HaYaeMble MU HH(OPMAIIMOHHBIE €IH-
HULBL TpeTbe — B MpeoOpa3oBaHUH CII0KHOCOUYMHEHHBIX MTPE/TIOKEHUH 1 IPEJUIOKEHHUH ¢ OTHOPOIHBIMU
CKa3yeMbIMH B HA0Op CaMOCTOSITENILHBIX ITPOCTHIX NPeUIOKEeHUH. BhIonHeHne JaHHbBIX TpaBuil obecie-
yrBaeT Y3PPEKTUBHOCTD BBISBICHUS CBSI3€H CEMaHTHUYECKOM CEeTH HH(OPMAITIOHHONW CHCTEMBI.

KiaroueBsbie caoBa: MOpQOIOTHIECKUA aHAIN3, CHHTAKCHYECKUI aHaimu3, 00paboTKa ecTeCTBEH-
HOTO 513bIKa, CEMAaHTHYECKHE CETH.

N. I. Gurin, Ya. A. Zhuk
Belarusian State Technological University

ALGORITHM OF THE PREPAIRING E-LEARNING SYSTEM
FOR SEMANTIC ANALYSIS

The article describes the algorithm for preparing text information system for semantic analysis. The
main blocks of this algorithm are morphological analysis of words, parsing sentences and building a
base of semantic relations types. The algorithm includes parallel execution of the processes of parsing
sentences and the formation of the insert request for semantic relations types, obtained on the basis of
morphological analysis, into a table of a relational database. Results of the algorithm are the database of
semantic relationships types and the set of prepared for the semantic analysis sentences. Morphological
analysis is required both for generating semantic relationships types database and for parsing sentences.
The base of the parsing sentences consists of three rules. The first rule is to remove parts of sentences,
that does not bear semantic load. The second rule is to resolve anaphor in the source text, i. e. make the
replacement of pronouns on the referred information items. The third rule is to convert compound sen-
tences and sentences with homogeneous predicates in the set of independent simple sentences. These
rules provide the further identification of semantic network relations.

Key words: morphological analysis, syntax analysis, natural language processing, semantic net-
works.

BBenenue. Co3mganue amanoroBoii mH(pOpma-
IIMOHHOM CHCTEMBI, CITOCOOHOI TOYHO OTBEYaTh Ha
MOCTaBJICHHBIE BOMPOCH OJJUHOYHBIMHU TPEI0Ke-
HUsMHU, TpeOyeT cocTaBieHus 0as3bl 3HAHWA, CO-
JepKaieit MoHATHS MPEeAMETHON 001acTH U CBSI3U
Mexny HuUMHU. KadecTBeHHOe W3BJIeUeHHE 3HAHUN
M3 TEKCTOB HMH(OPMAIMOHHBIX CHCTEM OCTaeTCs
aKTyallbHOW 3amadeil uis pa3pabOTYMKOB WHTEI-
JEKTyanbHBIX cucTeM. OOIUMH YepTaMH CyIIecT-
BYIOIIINX aJITOPUTMOB M3BJIICUEHHS 3HAHUH SBISETCS
BBIJIETICHHE 3TallOB MOP(OJIOTHYECKOTO, CHHTAaK-
CHYECKOT0 W ceMaHTuyeckoro aHanuza [1]. Hamu-
YK€ TIOJTOTOBUTENBHBIX 3TAllOB MOP(HOIOTHIECKO-

IO U CHHTAKCHYECKOTO aHajIu3a OOYCIIOBJICHO He-
CHOCOOHOCTBIO aJTOPUTMOB CEMAaHTHYECKOTO aHa-
nu3a 00padaThiBaTh NMPEIOKEHUs MTPOU3BOIBHOI
CTPYKTYPBI U HEOOXOAUMOCTBIO MTPEIBAPUTEILHOI
MOATOTOBKM 0a3bl TUIIOB CEMAaHTHYECKUX CBS3EH,
KOTOpasi OyZIeT HCIONb30BaTbCsi IPU BBISIBICHUH
HOBBIX CBSI3€H CEMaHTHYECKON CETH.
CymecTBytomue  OporpaMMHBIE  CPEACTBa
MOP(OIOTUIECKOr0 aHaNW3a, IOCTPOCHHBIE Ha
aHaJIM3¢e MCeBIOOKOHYAHUHN CJIOB, MO3BOJISIOT JOC-
TATOYHO TOYHO OMNpPEEIUTh MOpQoIOoruIecKue
MpU3HaKH ciIoB [2]. B cBs3u ¢ hakTryecku mpous-
BOJIbHBIM TIOPSZKOM CJIOB B MPEIUIOKEHHUSIX Ha
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PYCCKOM sI3bIK€, CUHTAKCHYECKUH aHalu3 Ipea-
JIOKCHUH sABIsgeTcs Oojee CIOXHOHN 3amaueii [3].
OpHako, B pamMKax PYCCKOTO S3bIKa CYIIECTBYET
HaY4HBIH (YHKIMOHAIBHBIH CTHJIb, KOTOPBIH OT-
JIMYaeTCsl MOAYEPKHYTOHW JIOTUYHOCTBIO U TOYHO-
CTbIO, TOCTMUTa€MBIMU IIyTEM HCIOJIB30BaHMS YeT-
KOW CTPYKTYpbl NPEIJIOKEHUNH U CIIELHAIBHON
TEPMUHOJIOTUHU. YUeT JaHHBIX 0COOEHHOCTEH CTH-
JI1 TIO3BOJIMJI OIIPENIENNTh KII0UEBhIE MpaBuiia A
MOJATOTOBKM TekcTa oOyuaromedl nHpOpMalunuoH-
HOW CHCTEMBI, COCTaBICHHOTO B HAyYHOM (YHK-
IUOHAJILHOM CTHJIE, K MpeoOpa3oBaHHIO B CEMaH-
THYECKYIO CETh AUAIIOTOBOIO MOMYIS.

OcHoBHasg 4acTb. /|11 BBINONHEHUS 3amady
MOATOTOBKM TEKCTa K CEMaHTHMYECKOMY aHaJIN3y
ObL1 pa3paboTaH COOTBETCTBYIOIUI anroput™. OH
BKJTIIOUaeT B ceOs OJOKHM MOPQOIOTHIECKOro aHa-
nn3a, (GOpMHUPOBAHUS 3ampoca Ha BCTaBKY THIIOB
CBsi3eil B TaONMIy PeNSIMOHHONW 0a3bl NaHHBIX H
MpeoOpa3oBaHMsl CIIOKHBIX MPEASIOKEHUH, Xapak-
TEPHBIX AJs1 HAYyYHOTO ()YHKLIMOHAIBHOTO CTHJIS, B
MPOCTBIE TPEJIOKEHUS, HaJd KOTOPBIMH MOXHO
OyZAeT BBIONHUTH ONEPALUI0 aKTyalbHOTO UiIeHe-
HUS NPEASIOKEHUS B X0 NaNbHEHIIIEro ceMaHTH-

yeckoro aHamuza. CreayeT OTMETHTb BO3MOX-
HOCTh TMapajuIeIbHOIO BBINMOJIHEHUS TMPOIECCOB
(opMHPOBaHHS 3aIpOCca HA BCTABKY THUIIOB CEMaH-
TUYECKUX CBsi3e B 0a3y AaHHBIX M HOATOTOBKH
TEKCTa K aKTyaJlbHOMY YJIEHEHHIO IpeNIOXKEeHHH.
brok-cxema anropuTmMa HMOATOTOBKH TEKCTa K ce-
MaHTHUYECKOMY aHaJM3y MOoKa3aHa Ha puc. 1.

Hamu oGHapyxeHa B TeKCTax Hay4YHOTO CTH-
7Sl BBICOKasi BCTPEYAaEMOCTh OCO0O0H CTPYKTYpPHI
NpenoKeHUH, UCIoNb3yeMasl ¢ Lelblo obecre-
YeHHs HEJBYCMBICIEHHOCTH BbICKa3bIBaHMM. JlaH-
Has CTPYKTypa COCTOMT M3 TpeX dYacTel: mopie-
JKaIero ¢ OTHOCSIIUMHUCS K HEMY JONOJHEHUSIMU
U OTPEIEIECHUSIMH, CKa3yeMOoro M APYTUX AOMOJI-
HUTENbHBIX YJICHOB MPEJI0KEHHS, CBA3aHHBIX CO
CKa3yeMbIM, a He ¢ mojuiekamuM. BaxxHo orme-
TUTh, YTO TOAJIEKaIIee C HAOOPOM CBA3aHHBIX C
HUM BCIIOMOTATEJIbHBIX WIEHOB MPEJIOXKEHUS B
TEKCTe HAy4YHOTO CTWIA o0Opa3yeT eIWHBIH Tep-
muH. Takum oOpa3oM, ckazyemoe B TaKHX Mpe.-
JIOKEHHUSIX HaXOIUTCSI MEXIy OBYMsl HH(pOpManu-
OHHBIMHU €ITUHHULIAMH, YTO MO3BOJISIET aBTOMATH3H-
pOBaTh BBISIBIIEHUE CMBICIOBBIX €AMHUI ITOCIIE Ha-
XOXIEHUS CKa3yeMBbIX.

( Hauano )

A

A

Mopdodomormaeckuit
aHanu3

A 4

®opMupoBaHUE
maboHa Bompoca

A4

®opMupoOBaHUE
mabaoHa
YTBEPKAECHUS

A 4

®opMupoBaHUE
3ampoca Ha BCTaBKY
THUIIOB CBSI3EH

y

Y nanerne 060pOTOB,
HE HECYIINX
CMBICJIOBOM Harpy3ku

y

Paspewenune
aHagop

y

IIpeobpa3oBanue
MpeI0KEeHU N
B IIPOCTBIE

y

C

Konenn

D

Puc. 1. brnok-cxema anroputma nmoAroTOBKH TEKCTa K CEMaHTUYECKOMY aHAIIU3Y
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IlockonbKy B TEKCTax Hay4yHOIO CTHIS BCTpe-
YaroTcsl NPEUIOKEHUsT U C ApPYyroil CTpyKTYpoOH,
1esnecoo0pasHo Co3AaTh CIHCOK BCEX CTPYKTYP
MpeJUI0KEHUH, BKIIOYMB B HEro YHHBEpCAJIbHBIC
JUIA BCEX TEKCTOB THUIIBI CBsI3€H, 7S OCIenyoIe-
TO BBISABICHUS WH()OPMAIMOHHBIX €IUHUII B XOJC
ceMaHTH4ecKoro aHanusza. [IpumepoM Takux yHH-
BEpCAJIbHBIX CEMAaHTHYECKUX CBs3eH SABIAIOTCA
MIPUYUHHO-CIIEZICTBEHHBIE CBS3H, KOTOPBIM COOT-
BETCTBYIOT Ia0I0HBI NpeANIOXKeHUH «ecu [A], mo
[B]» u «[A] nomomy, umo [BE]». BaxHO OTMETHUTH,
YTO YacTH TaKUX MPENI0KEHUNH, COOTBETCTBYIO-
ue teram [A] u [B], wacto crmexgyer paccMarpu-
BaTh OTAEIBHO KAaK CaMOCTOSITENIbHBIE MpPeIoxKe-
HUS, IS KOTOPBIX HY)KHO CO31aBaTh IMIa0JIOH HpU
MOMOIIM OMHCAHHOTO ajuroput™a. OmNpenennuThb
cllyyad, KOTJa TaKoe paclo3HaBaHue HEOOXOIUMO,
MOKHO IO HAJIMYUIO B JAHHBIX YACTAX MPEIoxkKe-
HUH CKa3yeMBIX, BBISBIIIEMBIX 10 MOP(OIOrHye-
CKUM TIPU3HAKaM.

brnaromapss npuHAANEKHOCTH OOJBIIMHCTBA
CKa3zyeMbIX K ONpEAETICHHBIM YacTsIM peud U Mop-
¢donoruyeckuM (GopMaM CYIIECTBYET BO3MOXK-
HOCTh aBTOMAaTHUYECKOW TeHepaluy CIUCcKa Imao-
JIOHOB TIpe[uIokeHuid. B ocHoBe naHHBIX 1madio-
HOB JIeKaT CKa3yeMble ¢ O0Ope3aHHBIMH IICEBIO-
okoH4YaHussMH. COTJIACHO HAIIUM HAOJIOJCHUSIM, B
KauecTBEe CKa3yeMbIX B TEKCTaX HAyYHOTO CTHJIA
HanboJiee 4YacTO BBICTYHAlOT TJarojiel B (opme
TPEThEro JIMIA, KPaTKUE IMPUYACTHS M KpaTKUC
npuiaratensheie. s 0603HaueHHs TCEBIOOKOH-
yaHuil rnaronoB ucnois3ytorea Teru [I['1], [[2] B
COOTBETCTBHUHU CO CHpsKEHHEM. Takke HCIOJNb3Y-
ercs ter [I'3] mis 0003HaYCHUS IICEBIOOKOHYAHMM
TJIaroJIOB, Y KOTOPBIX MPH CHPSKEHUN U3MEHSAETCs
noce Hsist OyKBa OCHOBBI, HAIIPUMED, «MOJCEm» —
«Moeymy». Jii1 OKOHYAaHUN KPaTKUX NPUYACTHI U
MpujIaraTenbHbIX ucnoiab3yercs Ter [O].

PaspabareiBacmas nuanorosas WH(OOPMAIMOH-
Has CHUCTEMa, HalleleHHas Ha (opMmynupoBaHue
TOYHBIX OTBETOB Ha NOCTABJIEHHBIE BOMPOCHI OJH-
HOYHBIMU TPEIJIOKEHUSIMH, OPHCHTUPOBaHA Ha
BBIpaXEHHE CEMAHTUYECKUX CBs3€l ONpeseeHHO-
rO THIA Nap U3 MabJIOHOB BOINPOCUTENBHOTO U YT-
BepIUTENbHOro npenoxkeHuid. [1labnon Bonpocu-
TENBHOTO MPEAJIOKCHUSI TPEACTaBIseT co0OW Ter
BOIpOCUTENBHOTO cioBa [B], ckazyemoe ¢ Terom
MICEeBIOOKOHYAHUS U Ter mojyiexamiero [A]. Takum
o0pa3oM, O0HapyKEHUE CKa3yEeMbIX MPHU ITOMOIIH
MOP(OJIOTUIECKOro aHaIN3a MO3BOJISIET COCTABUTh
0a3y THUIIOB CBsI3eH M COOTBETCTBYIOLIMX MM IIa0-
JIOHOB TIpeNJIoXKeHUH. BakHO oTMETUTH, 4TO OT-
CYTCTBHE IIA0JIOHOB MPEIJIOKEHUN ISl TPOUTEHUS
CEeMaHTHYECKOH CBSI3M B OOpaTHOM HampaBlICHUH
TpeOyeT KOppEeKIHH MOJAyJIeld CEeMaHTHYECKOTO
aHaIu3a ¥ TUaJora C MoJIb30BaTENIEM.

BrisiBIEHHBIE 3aKOHOMEPHOCTH OBIIIM UCIIOJIb-
30BaHbl B CIIEHUAIBHOM TNPOTPAMMHOM CPEACTBE,

BEITIOJTHSIOIIEM TEHEpanui0 0a3bl TUIIOB CBs3eH
CEMaHTHYECKOW CETH IO MCXOJHOMY TeKCTy. Tak,
U3 TpeUIoKeHus «Ypasuenue Hepnema sensemcs
UPE3BLIUANHO NONEIHBIM YPAGHEHUEM, M. K., ROMUMO
pacuéma 21eKmpoOHbIX NOMEHYUAL08, NO360Ji51em
NPOBOOUMb GLIYUCTICHUS PA3IUYHBIX TMEPMOOUHA-
MUYECKUX XAPAKMEPUCMUK eujecms U peaxyull,
NPOMEKAUWUX 6 2ANbBAHUYECKUX INEMEHMAX»
OBUIM BBISBJIICHBI JIBA CKAa3yEMBIX: «IO3BOJISIETY U
«saBIgeTCs». Ilocie 3amMeHbl OKOHYAHWHA HaHHBIX
IJIarojIOB Ha COOTBETCTBYIOIIUE TETH M JT00aBie-
HUS TErOB, O0O3HAYAIONIMX IMOJOXKEHUE IPYTHUX
YJICHOB BOIPOCUTEIHLHOTO U YTBEPAHUTEIBHOTO
MPEJUIOKCHU OTHOCHTEIBHO CKa3yeMoro, ObLI
COCTaBJICH CIICAYIONIMIA 3apoc Ha BCTaBKY B Tal-
JIUILY THIIOB CBSI3¢H CEMaHTUYECKOW CETH:

INSERT INTO wiabnonwt VALUES

("[B] nozeona[l'l] [A]", "[A] nozeona[ll]
[B]”, N_H) /V_/V, /V_Hy HH} H/I, /I_/Iy VI_H’ H_!Q,

("[B] saenafl'l]ca [A]", "[A] aena[l'l]ca [B]",
nomnon /Iy n H’ HH} H/Iy n H, n H, n N)

B xojie py4HO#t MOATOTOBKH TEKCTOB HAYYHOTO
CTHJIS K CEMAaHTHUYCCKOMY aHau3y ObLT BBIPAOO-
TaH PAA MPaBUI MPeoOpPa3OBaHUS TPEATOKCHUI
JUTS UX KOPPEKTHOTO aKTyabHOTO YWICHCHUS.

IlepBoe TMpaBHIO 3aKITIOYACTCA B YIAJCHUN
BBOJIHBIX M BCTaBHBIX KOHCTPYKIHii. J[aHHbBIC KOH-
CTPYKIIMU HE HECYT COOCTBEHHOW CMBICIOBOW Ha-
TPY3KH U UCTIONIB3YIOTCS TOJIBKO JJISl CBSI3U CEMaH-
THYECKH HATPYKEHHBIX (PArMEHTOB B CIUHBII
tekcT. [1pu popmMupoBaHUM TUATOTOBOW CUCTEMOMN
TOYCYHBIX OTBETOB W3 OJHOTO MPEIIOKEHUS B
JMAHHBIX 00OopoTax HeT HeobxoaumocTtH. Tak, B
npennoxeHun «K momy oce senuuuna Ey.g cywe-
CMBEHHO 3A8UCUM OM CMPYKMYPbl NOSPAHUYHO20
nepexooH020 Cl0s, 8 KOMOPOM pacnpeoensemcs
Oughhy3uoHHbIL NOMOK INEKMPOIUMA; A CHPYK-
mypa cios, 8 c80i0 oyepedsb, ONpedensiemcs Cnoco-
bamu cozoanus U cmaduUIUIAYUU HCUOKOCINHOZ0
coeounenusi O8yX pacmeoposy B COOTBETCTBUH C
JIAHHBIM TIPABUJIOM YAAISIOTCS 000POTHI «K MOMY
JHce», «a» U «8 6010 ouepedby. B pesynbrare 6asa
3HAHWH OyIeT MOTOJNHEHA CEeMaHTHYCCKUMHU CBS-
3SIMH, COOTBETCTBYIOIIUMH HYACTSIM TMPEITOKEHHSI
«senuyuna Ey,g cyuecmeenno 3agucum om cmpyk-
Mypbl NOSPAHUYHO20 NEPEXOOHO020 CA0s, 8 KOMO-
pom  pacnpeoensiemcsi  OU@P@Y3UOHHBILL  NOMOK
INEKMPOIUMA» U KCIMPYKMYPA C10sL Onpeoeisem-
csl cnocobamu co30anust U CMabUIU3AYUU HCUOKO-
CMHO20 COCOUHEHUSL 08YX PACMBOPOBY.

Kpome oO0mux s BCeX TEKCTOB KOHCTPYK-
U, K BCIIOMOTATEIBHBIM 000pPOTaM CIIEAyeT OT-
HOCHTHh HEKOTOPbIE 00OpPOTHI, BKJIIOYAIOIIHE CIie-
MU(pHUUECKHE IS KOHKPETHOTO TEKCTa TJIaroJibl.
OTIUYNTH TJAroibl BO BCIIOMOTATEIBHBIX KOHCT-
PYKIHUAX OT TJIAroJIOB, BBIPAXKAIONIMX CEMaHTHYE-
CKHE CBSI3M, MOXXHO TO MODP(OIOTHUECKUM MpPH-
3HAKaM: TJIaroJibl BO BCIIOMOTATEIBHBIX 000pOTaXx,
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KaK MpaBHJIO, CTOST B MEPBOM JIMIIE, @ TJIAroJbl,
BBIPAXKAIOIINEG CEMAHTHYCCKUE CBS3U, — B TPETHEM.
BcnomoratenbHbIME 000pOTaMU MOTYT OBITH Lie-
JBIe TPEIUIOKCHUS, B KOTOPBIX CKa3yeMbIM SIBIIS-
ercst riaros B ¢opme nepsoro smna. Ha puc. 2
NPUBECHBI PE3yJIbTAaThl peau3allii JaHHOTO Mpa-
BUJIA B Pa3pabOTaHHOM MPUIIOKECHUH.

BBegute TekcT ana aHanuaa

3KCTEHCWBHAA, NepeMeHHan ANA OOHOMO W TOTo e 3NekTpoaa, TK. oHa
33BMCUT OT BLIGPaHHOO Npobera aNeKTPOXMMWUYECKOR peakumn, Hanpumep,
ANA BOAOPOAHOTO 3NeKTpoaa:

Zz=1Monb 3KB ANA ypasHeHna H+ +e == (1/2)H2; (2)

Z =2 Monb 3KB ANA ypaeHeHWA 2H+ + 2e == H2. (3)
MoHATHO, YTO HE3aBMCHMO OT hOPMbI 3aNucH INEKTPOAHOro npouecca
ypaBHeHWe HepHCTa B KOHEUHOM CUETE OKaKETCA OQHUM W TEM e,

WIK otnpaeste chain:

BriGepute dain [eERNETEEEER]

B Pexum oTnaakm

MopdronorM4eckmii aHanus:
YacTh pedu cnos Ckasyembie

CHHTaKCHYECKMA aHanua:

TNnwHwe o6opoTLl M MECTOMMEHNA Paspewenve anacop
Mepexon K NPOCTLIM NPeANOXEeHHAM
CeMaHTHYeCcKHid aHanmus:

TNkl CEMaHTHYECKMX CBA3ER CemaHTUYeckue CeAIn

PesynesTaTel asanuaa:;

JnuHa aHanuanpyemoro Texcta: 1283 cumeonos

Ananus sanan 0.014001 ¢

[T MM npeanorapidMieckuil MHoXMTENL RT / ZF ypaBHeHuA HepHCTa
rnaronbi U3 NUWHKX oGopoTos:

.. plW]

Puc. 2. Pe3ynbraThl noucka
BCIIOMOTATENbHBIX KOHCTPYKLUI B TEKCTE

Kak BugHO M3 pUCYyHKa, peann3oBaHHas (PpyHK-
IIMsl BBIABIICHUS BBOJHBIX M BCTAaBHBIX KOHCTPYK-
nuid o0namaer JOCTAaTOYHO BBICOKOW CKOPOCTHIO
00paboTkm TekcTa (mopsmka 280 CUMBOJIOB B ce-
KyHZAY) W YCHEIIHO BBISBHJIA BBOJIHOE TpPEIOKe-
HUE [0 HAIMYHIO B HEM TJ1arojia B popMe mepBoOro
JUIla MHOXXECTBEHHOTO YHCIIA «PACCMOMPUM).
JlanHOE TIpemIOKeHNEe SBISETCS TPUMEPOM HC-
MOJTF30BAaHUS PACIPOCTPAHEHHOTO B TEKCTax Ha-
YYHOTO CTHJIA TpPHEeMa «aBTOPCKOEe MbD». B Takmx
CIy4asiX B TPEUIOKEHUSX HEBO3MOXHO BBISIBUTH
mojjIexariee, a 3HaUUT U CEMaHTHYECKYIO CBS3b,
MMO3TOMY TaKO€ TIPEeMTIOKEHHEe HWCKITI0YaeTcs U3
TEKCTa IPY CEMaHTUIECKOM aHaIIN3e.

Bropoe mpaBmiio 3akmrodaeTcst B pa3perieHnn
aHadop, T. €. MECTOUMEHHIA U IPYTHX 00OpOTOB,
KOTOpble 0003HAa4Yar0T WH(OOPMAITHOHHBIC CIUHU-
1B, BCTpeuaBImecs B Tekcte panee. [Ipu popmu-
pPOBaHUU JMAJIOTOBOM CHUCTEMOM TOUEUYHBIX OTBE-
TOB W3 OJHOTO IPeJIOKEeHHU MpUMeHeHne aHadop
HEJOMyCTUMO, T. K. IEpell OTBETHBIM MpeI0oKe-
HHEM OTCYTCTBYET HEOOXOIUMBIN KOHTEKCT. B Ba-
puaHTe TEeKCTa ISl CEeMaHTHYEeCKOTO aHaju3a aHa-
(opuueckre 060POTHI, BEICTYIAIONINE B POJIHA WH-
(hOpMaIMOHHBIX €AWHUII, JOJKHBI OBITh 3aMEHEHBI
Ha TIOJHBIE HAaWMEHOBAaHWSA WH(OOPMAITMOHHBIX
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enuuui. Hampumep, B COOTBETCTBHH C JaHHBIM
MPaBUJIOM BO BTOPOM TPEIOKEHHH Tapwl «Eciu
umeemcs obpamumo pabomarowui 13, mo ora
Hezo E > 0 no onpedenenuto (cm. noopaszo. 2.4).
Takoil 2nemenm cnocober npou3gecmu Makcu-
MAnbHYI0 O BeUYUHE NONEe3HYI0 pabomy no nepe-
HOCY 9AEeKMPULecKo2o 3apsa0a» CieqyeT 3aMEeHUTb
000pOT «makotl s1emeHm» Ha BBIPAKEHUE «00Opa-
MUMO paboOmMarowull 2a1b8aHUYECKUL I1EeMEHM
U3 MIEPBOTO MPEUIOKCHUSL.

Tperbe nmpaBUIIO 3aKITIOYACTCS B MPeoOpazoBa-
HUM CJIOHBIX TPEIIOKECHUN W TPEITOKCHUN C
OMHOPOJHBIMU CKa3yeMbBIMH, XapaKTePHBIX JUIs
TEKCTOB HAYYHOTO CTHIISA, B MPOCTHIC MPEIIONKe-
HUS C OJHMM CKasyeMmbiM. MIMeHHO Oaromaps
JAHHOMY TIPaBWJIY KaXdas CBSI3b CEMaHTHUYCCKOM
cetr OyJeT OTBeYaTh Ha KOHKPETHBIH BOMPOC, HE
3arTparuBas HH)OPMAIIMOHHBIC SMHUIIBI, CTOSIIUE
B OJIHOM CJIO)KHOM MPEJIOKCHUH, & TAaKXKe BHIOH-
past CBSI3b KOHKPETHOT'O THIA U3 MPEIOKCHHH,
BBIPAKAIOIINX HECKOJIBKO CEMaHTHUECKUX CBS3EH.
Ilpu opmMaTHpOBaHUK TEKCTa B COOTBETCTBUHU C
JMAHHBIM TPABUJIOM (PparMeHThl MPEIOKEHHH,
CTOSIIHE B CKOOKax W SBIISIONIMECS YaCTIMH
CIIO)KHOCOYMHEHHBIX TPEITIOKEHUH, OyIyT HYX-
JAThCs B JOMOJHEHUM TOJUIC)KAIINM, a WHOTAA U
ckazyeMbiM. [/ yTOUHEHHMH B CKOOKax HYXHO
noAOHpaTh IJIAarojibHOE CKa3zyeMoe W3 YHHUBEp-
CaJIbHBIX UISl BCEX TEKCTOB CJIOB B 3aBUCHMOCTH OT
KOHTEKCTa, a HEe UCKaTh B Tekcre. s ciydaes,
KOTJa B CKOOKax HaxXOIWTCSA OJUH TEPMHUH, HC-
HOJIB3YETCS TIIAr0Jl KHA3bI8Aemcs», a TIPH HaJTMIUU
B CKOOKax MEepEeYHCIICHHs — TJIaroll ¢ MpeioroM
«cocmoum us». Tak, npemnoxenue «3nax Qs
coenadaem co 3Haxom AS peaxyuu, npomexarouyei
8 2AbBAHUYECKOM NeMenme. ecliu IHMPONUsL yee-
JUYUBACTNCS, MO MENioma No2iowaemcs u3 OK-
pyorcaioweli cpedbly CIeIyeT pa30ouTh Ha JBa IO
JIBOCTOUHIO.

BaXHO OTMETHUThH OTCYTCTBHE HEOOXOIMMOCTH
B MPeoOpa3oBaHUK CIOKHOMOAYHMHEHHBIX TPEI-
JoXeHu#l B mpocteie. HampuMmep, B TpeanoxKeHuH
«Bce xumuueckue 2anv8aHUuecKue INeMeHMmbl
(XI'D) cocmasnenvt u3z 21eKmMpooos, pPaA3IUYAIO-
WUXCa o coell XUMUIeCKol Npupooe» BbIpaxe-
HUE «U3 2AeKMPO008, paA3IULAOWUXcsa no ceoel
Xumu4eckoli npupooe» CIeAyeT paccMaTpUBATh
KaK eIUHYyI0 HH(POPMANMOHHYIO EIWHHIY, T. K.
6yaromaps MpUYACTHOMY 000POTY BBISBIISIETCS HO-
Bast MHGOPMAITHOHHAS SIUHUIA, OTIMYHAS OT Tep-
MHHA «21EKMPoObD».

3akawuenne. OnucanHas o0paboTKa TeKCTa
MO3BOJISIET MPUCTYITUTh K aBTOMATHUYECKOW TeHe-
pamu cemaHtmueckoir cetu [4]. Pa3zpaborano
NpOrpaMMHOE CPEACTBO, MO3BOJISIONISE COCTABUTD
0a3y THIIOB CBsI3ell CEMaHTHYECKOW CETH Ha OCHO-
BaHUU PE3yJIbTAaTOB MOP(OIOTHUSCKOTO aHAIH3a.
JIis TOATOTOBKM TEKCTa K CEMAaHTUYECKOMY aHa-
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JU3y BBIPaOOTaHbI MpPaBWIIA, MO3BOJIIOIINE MpPU- 3ei. Peann3oBaH aBTOMaTHYECKUN MTOUCK BCIIOMO-

BECTH UCXOJHBIE IPEIIOKEHUS B COOTBETCTBUE C raTeNIbHbIX KOHCTPYKLHUN, HE COAEPKALIUX CEMaH-

CO3JaHHBIMU WJIM YHUBEPCAJIBHBIMU TUIIAMU CBsl- TUYECKUX CBA3EH, Ul UX JAIBHEUIIETO yIaIeHUs.
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THE CLASSIFICATION AND BRIEF ANALYSIS OF EXISTING DEVELOPMENTS
FOR THE SEARCH OPTIMIZATION IN DATABASES

The article is devoted to the classification and brief analysis of existing developments, which can
be used to optimize the search database in the cloud. The growing demand for service providers offer-
ing a broad range of cloud computing services for large numbers of users all over the world, leading to
increase in the number of applications, the purpose of which is to process large data sets. The operation
of the database in the cloud leads to the need to find new search instruments. The present level of de-
velopment of information technology makes real-time information resources available. In the article the
description of query optimization in the cloud SQL type database, NoSQL type and architecture-
specific solutions are given. For all methods advantages and disadvantages are presented. Common to
all methods is the lack of synthetic nature of the results, that is, that the introduction of statistics ob-
tained in artificial systems created just for testing approach. However, relatively to large number of
studies for a fairly young field suggests that the problem is urgent and the optimization of such devel-
opments in the near future will be in demand.

Key words: database, information technologies, optimization, cloud computing, information re-

sources, forms and methods.

Introduction. The present level of develop-
ment of information technology makes available
real-time information resources of different vol-
ume and content. To facilitate the handling of large
volumes of information are developed a variety of
forms and methods, of its presentation, as well as
search techniques, which is expressed, for exam-
ple, in the creation of proprietary standards and
systems, individually configurable by the user.

Widely used the notion of “information sys-
tem” has virtually no single conceptual definition.
Most often this concept is treated as a “complex of
information collection and procedures: manage-
ment, updates, information retrieval and post-
processing — which allows to accumulate, store,
update and provide information”.

Such user-utilitarian definition of information
systems is associated with a well-established and
already familiar, but, nevertheless, a special form
of purposeful human activity — processing of in-
formation as the information about something ma-
terial presented in the form of traditional paper doc-
uments or computer readable media. That is, the
“system” reflects the essence of the functional rela-
tionship: the composition and structure of the infor-
mation system is determined based on the require-
ments for the efficiency of the service the information
needs of end-users, especially in terms of being in ac-
cumulated arrays of those documents, which are sus-
pected to contain necessary information.

However, the crucial factor in determining the
direction of developing modern information sys-
tems, is that the user interaction with information
resources takes place in the informational self-
service, when a user is substantially no longer di-
vides his activities on information and basic one. It
is especially important in the processes of infor-
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mation support of scientific research, where the
search object can not be clearly defined in ad-
vance, and when the originally defined search tar-
get may change in the course of the search. For ex-
ample, when reading the documents found, and the
fact of changing the target may not be compre-
hended researcher clearly, that in the end can lead
to an incomplete search results.

In addition, using information resources, along
with original author's presentation of the material
in the majority are characterized by high systemat-
ic-dosing as well as almost obligatory presence of
background information. Also it should be noted
that the search tools and technologies used for the
implementation of information requirements, de-
pend on the type and condition of the problem to
be solved by the user operations: the relation of his
knowledge and ignorance about the object.

The functioning of modern information re-
trieval system is based on two assumptions:

— documents needed by a user, are united by the
presence of some feature or combination of features;

— a user is able to specify this feature.

Both of these assumptions are not fulfilled in
practice, and we can only talk about the likelihood
of their implementation. Therefore, the information
search process is typically a sequence of steps
leading to the system by means of some results,
and its completeness. In this case user's behavior as
organizing principle of management search pro-
cess, motivated by the need of not only infor-
mation, but also of a variety of strategies, technol-
ogies and tools provided by the system. Concepts
such as strategy and search technology, tools, and
methods, models and algorithms are enough to
consume, but different authors use these terms in
different contexts [1].
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Main part. For solving the problem of query
optimization in the cloud storage system should be
taken into account network topology.

Query optimization in the cloud SQL type data-
base. Request handling is reduced to transform the
high-level inquiry into the equivalent of a low-level
form, and the main difficulty in this case is to ensure
the efficiency of the conversion-specific cloud stor-
age. Standard SQL statements use the connection, a
selection, projections, groups (group-by). The key
principles of this architecture are as follows:

— all files are stored in the local file system
(e. g., file system Windows, Linux, etc.);

— cloud database is designed to store and manage
huge amounts of index files and metadata. It should
be noted that the cloud database and all its contents is
deployed on top of a distributed file system;

— enter the query and get the results performed
by the web user interface;

— upon receipt of a user request is executed the
current semantic search query plan in the global
scheme (as a subset).

The results of the pilot implementation of the
architecture show four times performance increase,
indicating the efficiency of the algorithms.

Query optimization in cloud databases NoSQL
type. Programming model map-reduce (MR) is a
popular platform for cloud computing, which al-
lows analysis of large amounts of data in the cloud.
MR facilitates parallel execution of special, long-
term problems of the analysis of large data vol-
umes in a cluster with a shared-nothing architec-
ture. The basic idea of MR model is simple. Each
task is represented as a map and reduce tasks. Tar-
get map indicating how to be processed key or val-
ue pairs to generate a set of intermediate pairs,
whereas reference reduce determines how to com-
bine all intermediate values associated with one in-
termediate. MR Kernel for storage and data repli-
cation uses a distributed file system.

At the core of this approach lies the use of al-
gebra queries and application of some higher order
operators that are implemented in the existing
map-reduce systems (for example, Hadoop).
It should be noted that the proposed approach is
primarily targeted for use with MRQL language.
Unlike other map-reduce existing languages such
as HiveQL and PigLatin, which allow to create
scripts using non-declarative languages, MRQL ex-
pressive enough and allows a user to write own
scripts for a large range of tasks in declarative form,
and at the same time lends itself to optimization.

As is the case with relational databases, to op-
timize MRQL query is to find an optimal execution
plan. Performance evaluation plan algorithm
MRQL requests consists of the following steps:

— simplification of the request;

— building a query graph;

— the query graph representation in algebraic
form,;

— formation of algebraic form card for assess-
ment and improvement plan using the algebraic
method optimization;

— create a function of MR combination basing
on MR reduce function.

The advantage of this approach is that the de-
veloped algorithms are implemented as a frame-
work, the source code that is freely available. This
project is currently being actively developed [2].

Another example is genetic algorithm. It is a
search procedure inspired by principles from natu-
ral selection and genetics. It is often used as an op-
timization method to solve problems where little is
known about the objective function. The operation
of the genetic algorithm is quite simple. It starts
with a population of random individuals, each cor-
responding to a particular candidate solution to the
problem to be solved. Then, the best individuals
survive, mate, and create offspring, originating a
new population of individuals. This process is re-
peated a number of times, and typically leads to
better and better individuals.

Generic algorithm theory is centered around the
notion of a building block. The study will be talking
about deception, population sizing studies, the role
of parameters and operators, building block mixing,
and linkage learning. These studies are motivated by
the desire of building better Generic algorithms. Al-
gorithms that can solve difficult problems quickly,
accurately, and reliably. It is therefore a theory that
is guided by practical matters.

Genetic algorithm operation describes the op-
eration of a simple genetic algorithm. The exposi-
tion uses a step-oriented style and is written from
an application perspective. The steps of applying a
genetic algorithm are:

—to choose an encoding;

— choose a fitness function;

— choose operators;

— choose parameters;

—choose initialization method and stopping
criteria.

Large amount of information serves as a huge
information repository for organizations. However,
it also makes finding relevant information from it
extremely difficult. How to help users find their
required information is the central task of any in-
formation retrieval system or search engine. How-
ever, precision and recall, the two most commonly
used performance measures, of commonly used
search engines are usually very low.

Retrieval performance of an information re-
trieval system can be affected by many factors:
the ambiguity of query terms, unfamiliarity with
system features, as well as factors relating to doc-
ument representation. Many approaches have
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been proposed to address these issues. For exam-
ple, query expansion techniques based on a user’s
relevance feedback have been used to discover a
user’s real information need. Similarly, document
descriptions have been modified. Another very
important factor is the ranking/matching function.
It is this ranking function that to focus most of the
discussion on. A ranking function is used to order
documents in terms of their predicted relevance to
a particular query. It is very difficult to design
such a ranking function that can be successful for
every query, user, or document collection (which
we will call contexts). In this search, it is argue in
favor of a method that systematically adapts a
ranking function and tailors it to different users’
needs (i. e. in different contexts). In particular, an
inductive learning technique, for the adaptation
purpose and compare our results against two well-
known retrieval systems.

Fuzzy theory, as a framework describing for-
mally the concepts of vagueness, imprecision, un-
certainty and inconsistency provide interesting
extensions to the area of information retrieval.
Imprecision and vagueness are present in natural
language and take part in real-world human com-
munication. User friendly and flexible advanced
information retrieval system should be able to offer
user interface for non experienced users allowing
natural deployment of these concepts in user sys-
tem interaction for more effective information re-
trieval. Information retrieval models exploiting
fuzzy techniques can overcome some of the limita-
tions pointed out in first part of this article. They
support different grades of document-query rele-
vance, cut inaccuracies and oversimplifications
happening during document indexing and intro-
duce the concepts of vagueness and imprecision in
query language.

Architecture-specific solutions. Decentralized
management of migrating virtual machines in
large-scale cloud-based processing centers. The
main interest of this approach lies in the fact that
its purpose is to balance the load on equipment
through the migration of virtual machines in the
cloud environment, which indirectly leads to an in-
crease in the quality of the search (it is obvious that
the speed with which the cloud responds to user
requests, is one of the search quality criteria).

It often happens so, that for resource manage-
ment in large-scale data centers are developed and
implemented a centralized solution, but in this case
the occurrence of a failure at the control node, re-
sulting in malfunction of the whole system. As
shown in Figure, each active node in the process of
functioning selectively at a predetermined interval
sends its own index of congestion in some nodes of
the system, at the same time to get the index of
congestion random active nodes.
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Decentralized exchange of index congestion

This change target nodes at each iteration. In-
formation on the utilization of other components
added to the vector of current workload. Thus, the
average length of the vector unit load is equal to
the number of iterations of sending the index.
A load information will be stored in a decentral-
ized, in order to avoid trouble in the event of a
failure of the node, another positive aspect is that
the network traffic is distributed across all active
nodes (as opposed to the scheme with centralized
management, where all packets should go through
common node).

Unit load index is a tuple of the form:

LI = <src, dest, util>,

where src — node identifier, when it has received
index; dest — contains a node ID that will receive
the index, util — CPU usage source node (src).

Conclusion. As virtual machines are host to
deploy a variety of applications with different
workloads on the CPU, then eventually the physi-
cal CPU utilization can vary. The decision on the
virtual machine migration can be taken in two cases:

— when the CPU usage exceeds a certain level
(the upper limit). The purpose of establishing an
upper threshold is to keep the additional computing
power in case of situations with a sharp (un-
planned) increasing load;

— when the CPU usage is below a certain level
(the lower limit) — unit underutilized. The purpose
of establishing a lower threshold is to possibly in-
creasing the number of physical units that trans-
ferred to the “sleep” mode, thus reducing power
consumption.

After the decision to migrate a virtual machine,
start searching the destination node. To do this a
user has to crawl load vector of the current node to
detect the node with lowest amount of CPU pro-
vided in contact with predetermined intervals. If a
node can not detect this unit searches for the index
which load when transferring to it the selected vir-
tual machine does not exceed the lower utilization
of the border. If in this case no search results, one
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of the nodes are in “sleep” mode is transferred to
the active state and migrating.

In the article is given the description of query
optimization in the cloud SQL type database,
NoSQL type and architecture-specific solutions.
Each of mentioned methods has both advantages
and disadvantages. Common to all methods is the

lack of synthetic nature of the results, that is, that
the introduction of statistics obtained in artificial
systems created just for testing approach. Howev-
er, the relatively large number of studies for a fair-
ly young field suggests that the problem is urgent
and optimization such developments in the near fu-
ture will be in demand.
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10. O. T'epman’, O. B. Tepman’, A. A. Jlynaes’
'Benopycckuii rocy1apcTBEHHBII TEXHONOTHUECKHH YHUBEPCHTET
*BenopyccKuii roCy1apCTBEHHbIH YHUBEPCUTET MHDOPMATUKH H PAJHOICKTPOHHKH

METOJ YCTAHOBJIEHUA N30OMOP®U3IMA I'PAD®OB

B pabore mpezacraBiieH OpUrHHAIBHBIN ITOIX0/ K MPOBEPKe M30MOpdH3Ma JBYX CBS3HBIX rpados.
HO[[XO[[ OpPHUCHTHUPOBAH Ha MPUKIAJHBIC CUCTEMBbI UICKYCCTBECHHOI'O MHTCIUICKTA U CUCTCMbI IPUHATHA
peleHn, UCIONb3YIOIUe TEXHUKY paclio3HaBaHHs Ha OCHOBe H3omopdusma rpadoB. JJoCTOMHCTBO
TaKOro IMOJX0JIa COCTOUT B TOM, YTO OH «HE UyBCTBUTEJIEH» K MCKaKEHMSM N300pakKeHHH, HO «CXBa-
TBIBAET» TOTIOJIOTHIO CBsA3ed. Pa3paboTaHHBIN aBTOpaMM 1MOJIX0 Oa3upyeTcsi Ha MCIOIb30BaHNH OIIpe-
JIEIICHHON WHBApHUAHTHOW XapaKTEpUCTHKH Tpada, MpeacTaBIIomeld MaTpUIly KpaTJaiIIux paccTos-
HUM MEXIy IapaM BepIIMH. JlaHHAs XapaKTepHCTHKA BBIYHMCIAETCS Yepe3 BBOAMMEBIE UIMHBI pedep,
orpenenseMble 4epe3 crereHn BepmuH rpada. TakuM oOpa3oM, UIMHBL pedep OTpaKaroT XapakKTep
CBsI3ell MEXIy BepIIMHAMH W U1 H30MOPGHBIX rpadoB OCTalOTCs HeM3MEeHHBIMHU. IIpencraBieHo
000CHOBaHHE YCTaHOBJIEHHS N30MOp(hu3Ma Ha Oa3e BBEIECHHOTO KPUTEPHS, a TAKKE METOM OTBICKAHHS
COOTBETCTBHSI BEPIIMH Ha OCHOBE MATPHUIIBI KpAaTUalIINX paccTOsiHUN. PaccMOTpeHHas B cTaThe 3aaada
MOKET BCTPETUTBCS, HAIIPUMED, IPU PACIO3HABAHUU JIUI[ B YCJIOBUSAX HAJIUYUA UCKAXKCHUM HA WU30-
OpaxeHusix. Bepimmnamu rpaga n3o0pakeHHs SBISIOTCS HEKOTOPbIE XapakTepHble TOYKH. Todku co-
CAUHAKOTCA pe6paMI/I, €CJIM UX APKOCTb U HBCT AOCTATOYHO CXOKH. O‘leBl/II[HO, 4YTO IPpU UCKAKCHUU
n3o0pakeHni pedpaM MOTYT OBITH IPUIMCAHBI OLIEHKM CTEIIEHH CXOJCTBA, OTJIMUHBIE OT «1». Ilpen-
CTaBJIEHHBIH B CTaTbe MOAXOJA MOKET OBITh MHTEPECEH JUIS CIELHAINCTOB-IIPUKIAJHUKOB, 3aHUMalO-
MXCcsl TpoOJIeMaMy Pacio3HaBaHUSI U KJIACCU(HUKALIIH.

KaroueBsbie ciioBa: rpad, m3oMophu3M, KpaTyaillliee pacCTOsIHIE, PACIIO3HABAHUE.

Yu. O. Germanl, 0. V. Germanl, A. A. Dunaev?
'Belarusian State Technological University
*Belarusian State University of Informatics and Radioelectronics

AN ALGORITHM FOR ESTABLISHING GRAPH’S ISOMORFISM

An original approach to test two connected graphs isomorphism is given. The approach is oriented
at applied artificial intelligence systems and decision making systems based on the recognition tech-
nique with graph isomorphism. An advantage of the suggested approach is based on its indifference to
images distortions and a possibility to catch the topology of links. The suggested approach uses a defi-
nite invariant characteristic of a graph representing a modified the shortest-length paths matrix between
the pairs of nodes. This characteristic is computed through the edges lengths defined with the help of
the nodes degrees. The edges lengths reflect the graph topology and remain invariant for isomorphic
graphs. A ground for isomorphism on the basis of the introduced invariant feature is given with a metod
to find the correspondence between the graph nodes. The problem considered in the paper may be en-
countered in face recognition with some distortions. The graph nodes are associated with characteristic
points on the face. The points are connected if they have similar brightness or/and color. If the face is
distorted the similarity degrees different from «1» may be used instead. The entire approach may be in-
teresting for those specializing in pattern recognition and classification.

Key words: graph, isomorphism, the shortest length path, recognition.

BBenenue. 3anaua msomopduzma rpadoB ume-
€T BaXHOE MpHUKIagHOe 3HadeHue [1-3], ocoOeHHO
JUTSL 3a7ad pacro3HaBaHWA. B cBs3M ¢ mpuKIamgHON
HaTPaBIEHHOCTHIO BBIYMCIUTENBHBIA aCIIEKT UMEET
BakHeiee 3HadeHne. He Tak maBHo JI. Babam [4]
AHOHCHPOBAI METOJ C KBa3HWIIOJIMHOMHUAIBHON
CIIO)KHOCTBIO JIISI 3a/Ia4d YCTAHOBJICHUS W30MOp-
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(uzma rpadoB. OH ucnonb3oBain moaxox Jlrokca [1]
i (GOpMHUPOBaHHS OJIOKOB TPYIIBI HEpECTaHO-
BOK, IpudyeM mnpoOieMa CBOAMJIACH K OIpenesne-
HUIO uH30Mop(du3Ma ONOYHBIX CTPYKTYp ABYX
rpymIl nepectaHoBoK. Ha MOMEHT HamucaHus 3ToH
CTaThU HaM HE M3BECTCH PEe3yJbTaT HE3aBUCHMOU
sKcnepTu3bl pabotsl baban. Bmecte ¢ Tem, umeer-
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cs, IO KpailiHell Mepe, JBa MYHKTA IS KPUTHKH
nmonxona JI. babau. Bo-nepBeIX, ero KBa3WIONIU-
HOMHUAIILHOCTh CBfi3aHa C CyOPKCIOHEHLIUATBHO-
CTBIO MeToAa AJsl rpadoB OONBLION pa3MEpHOCTH.
Bo-BTOpBIX, TeEopeTHKO-TpyMIoBas IuaThopma
Uit 00OCHOBaHMsSI METOZa JeflaeT ero TPYIHOIO-
HUMACMbIM JIAXKe NI MAaTEMAaTHUKOB, CIICI[UAIIN3U-
PYIOIIUXCS HA TEOPUU TPYIIL. 3aMETUM TaKXKe, YTO
anroputm babGau He pemaer mpoOlieMy H30MOp-
(¢u3Ma mpu 3a/JaHHBIX U B OOILIEM Cllydae HE COB-
najarnmx Becax pedep. Mmeroresa ykazanus npen-
BapHUTEJILHOTO XapaKTepa O BO3MOXHOH OmuoOke B
JI0Ka3aTeNbCTBE ATOTO aBTOPA.

JlanHass cTaThs W3NAraeT WHOM IMOAXON s
pelenus 3a1a4u n3oMopdusMa B TOCTATOUHO 00-
IeM Ciydae C TMO3UIMH, AENAlONIMX alTrOpUTM
JOCTYIHBIM IIUPOKOMY KpyTy Jiul. DT 00CTOS-
TEIbCTBA CYIICCTBEHHBI HE TOJBKO JUIS OLICHKU
QITOPUTMA, HO U PACIIUPCHHS CPEPhI €ro UCIOIb-
30BaHus, T. K. alTOPUTM OPUCHTHPOBAH Ha B3Be-
meHHsle rpadel. Pabora umeer Hekuii ananor [5],
KOTOPBIA aHOHCHUPYET MOJUHOMHAIBHOCTH HU3JI0-
KEHHOT0 TaM MeTofa. Vcnonp30BaHHAs 34eCh WH-
BapHaHTHAas XapaKTCPUCTUKA CYIICCTBEHHO HHAs.
Msbl oTmMeuaeM mepeOOpHBI B 00IIeM XapakTep
OIMCBIBAEMOTO 3/1€Ch METOJIa, HO YKa3bIBaeM, UTO
Ha TPAaKTHKE aTOPUTM BEICT Ce0s MPaKTHYSCKU
KaK 3 EeKTUBHBIH.

OcHoBHast 4yacth. J[Ba rpada G(U;, W),
G»(U,, W,) ¢ mHOXecTBamu BepimH U; (pedep W)
W30MOP(MHBI, €CIH CYLIECTBYET B3aHMMHO-OJHO-
3HAYHOE OTOOpaskeHHe H MHOKECTBa BEPILIMH OJI-
HOro rpad)a Ha MHOKECTBO BEpPIIMH JAPYroro, co-
XpaHSIONIee CBSI3U MEXJY BEpIIMHAMH, T. €. JJIS
Tr00BIX BYX BEpLIMH mepBoro rpada o, B, coenu-
HEHHBIX pebpom, Bepumusl H(o), H(B) BTOporo
rpada Takxke coeAMHEHBI peObpoM, U Ha00OpOT.

Omnpenenenne 1. XapakTepucThka BEpIIUH
rpada Ha3bIBacTCS WHBAPUAHTHOM, €CIM OHA HE
U3MEHSIETCSl B KaXIOM rpade, M30MOpPPHOM HC-
XOZHOMY.

Omnpenenenne 2. JIBe BeplIMHBI Tpada HA30-
BEM DPa3IMYMMBIMH, €CJIH XOTs OBl OJIHA WHBapHU-
aHTHas XapaKTepUCTHKA rpada y STHUX BEpPIIUH
pasiuyHa.

Hanpuwmep, crenenp 0007 BEpIIMHBI HE W3-
MEHSIETCS TIPH M30MOP(HHOM OTOOpaKEHUH JaHHO-
ro rpada.

Byaem ucnonp3oBaTh MUHHMAIbHBIE PACCTOS-
HUS MKy Napamu BepiimH rpada. SIcHo, 4To B
n3omMopdHOM rpade 3TH PacCTOSHUS AOJKHBI CO-
xpaHaThcs. [1oaTOMy CHauama ykaxem, Kak ompe-
JIeNATh MHUHHMaJbHbIE paccTosiHusA. [lycTh naH
rpa¢p Ha puc. 1 (M3HAYANBHO 4YHCIa pedpaM He
npunucanbl). ONpenenuM pacCTOSHUE MEXIy Ia-
poii BepiirH 0, B, COSIMHEHHBIX PeOpoM:

Pop = (deg(o) + deg(P)) / 2, (1

rae deg(x) — cTeneHb BepunHb X. Mcnonb3ys, Ha-
pUMep, aNropuT™ JleMKCTphl, TOCTPOUM MAaTpPUILY
D xparyalllux pacCTOSHUN MEXIYy IapaMU Bep-
muH. Jlanee ccputaeMcs Ha TaKyro MaTpUIly Kak Ha
D-matpuny.

Puc. 1. Beraucienue s pedep

Tabiumna 1
Martpuna KpaT4aifluumx paccTOsTHUM
1 2 3 4 5 6 7
1 - 2 2 45 | 45 ] 65 | 65
2 2 - 4 25 [ 55 145175
3 2 4 - 55 125 | 75 |45
4 |45 125 |55 - 3 2 5
5 45 | 55 |25 3 - 5 2
6 | 65|45 175 2 5 - 7
7 6,5 | 7,5 | 45 5 2 7 -

ITockobKy MHHUMAJBHBIE PAacCTOSHHS B H30-
MOp(hHBIX Tpadax COXpaHSITCA, TO Cpa3y ycra-
HaBJIMBaeM CJICIYIOUINE MHOXECTBA IOIMApPHO He-
pa3IMYUMBIX BEpIIHH (Harmpumep, BEpIuHbI {2, 3}
HEPa3IHMYMMBl 110 MHHUMAJIBHBIM PACCTOSHUSIM.
HasoBeMm Takue BepUIMHBI d-HEPa3INIUMBIMH):

{1}, 42,3}, {4, 5}, {6, 7}. )

Omnpenenenue 3. HazoBeM rpad cumMMmeTpud-
HBIM, €CITH €0 MOYKHO NPEICTaBUTHh KaK CyMMY
IBYX win Oojee m3oMop(dHBIX moarpados, comep-
JKaIMX XOTsS OBl OJHY OOIIYI0 BEpPITHHY W OTIIH-
YJaIOMTUXCs XOTS OBl OJTHOM IMapoil BEpITHH.

Taxk, rpad Ha puc. 1 SBIIETCI CHMMETPUYHBIM.

M3omopbHBEIME SIBISIIOTCS TToArpadsl ¢ Bep-
mHamu {1, 2,3,4,5,7Yu {1,2,3,4,5, 6}.

Jlemma. IlycTe naHbl J1Ba CBSI3HBIX CHMMET-
puunbIX Tpada G(U,, W), Go(U,, W>). Torna onn
H30MOP(HBI, €CTU HW30MOP(HBI 00pa3yIoIMMe HX
noarpadBml.

OO6patuMcst K pazIokeHuio (2), MOTydeHHOMY
o Tabir. 1. Ecim ObI MHOMKECTBaA d-HEpa3TMINMBIX
BEPIINH COJIEP’KAIA POBHO I10 OJHOW BEPIIHHE, TO
YCTaHOBUTH N30MOPp(H3M rpadoB MOKHO OBIIIO OBI
MPOCTOH TTpoBepkoii. B obmmieM ciaydae HaM moTpe-
Oyercsi cienarh CIeAyIONIyl0 MpoBepKy. Bo3smem
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MeToa ycTraHoBAeHUs M3omopdmsma rpados

Kakoe-HUOY/Ib MHOXECTBO d-HEpa3IMuiMBIX Bep-
UIMH MUHUMaJbHOW MoHIHOCTH. Tak, BO3bMeM,
Hanmpumep, MHOecTBo U = {2, 3}. [loctpoum zaBa
noarpada mcxomguoro rpada Ha puc. 1. Bepem
MEPBYI0 BEpIIMHY M3 |, HalpuMep BepIIMHY 2.
VYnpansem u3 ucxomHoro rpada Bce pebpa, MHIU-
JICHTHBIE BEPIIMHAM M3 |, KPOME BEPIIMHBI 2, HC-
KJIIo4asi Takke pedpa, CBA3BIBAIOILME TOJIBKO BEp-
IHMHBI U3 [. Ecam mpu 5TOM BepIIMHA JIWIIAeTCS
Bcex pebep, TO yIalduM W 3Ty BeplunHy. B mrore
MOJMy4YHM TepBbId moxarpad (Ha3oBeM ero 2-

noarpad) (puc. 2).

Puc. 2. 2-moarpad

Ta6numa 2

MaTtpuua kpaTyaiilnux paccrosinmii 2-noarpada
1 2 4 5 6 7

1 - 1,5 3,5 6 5,5 7,5
2 1,5 - 2 4,5 4 6
4 3,5 2 - 2,5 2 4

5 6 4,5 2,5 - 4,5 1,5
6 5,5 4 2 4,5 - 6
7 7,5 6 4 1,5 6 -

MHOXeCTBO d-Hepa3MMYMMBIX BEPILIHH B COOT-
BETCTBHU C TalJ. 2 COCTOMT TOJBKO W3 OIHOAJIE-
MEHTHBIX ITOJJMHOXECTB.

AHAJOTUYHBIE MOCTPOCHHS MOXKHO HPOBECTH
st 3-rpada M yOeAMThCS, YTO €ro MHOKECTBO
d-Hepa3NMMYMMBIX BEPIIMH TaKXKe MPEACTaBICHO
OJTHODJIEMEHTHBIMH TTOJJMHOXKECTBAMH. Y CTaHaB-
JMBaeM COOTBETCTBHE BEpIIMH 000MX moAarpaos
u daxt ux nzomoppuszma. Takum oOpa3oM, HaMu
onmucaHa HEeKoTopas 0a3oBas MpOIeypa paclien-
nenus rpada Ha moarpadsl Mo BepIIMHAM HEKOTO-
pOro IOIMHOMKECTBA d-HEPa3IMYUMBIX BEpPIIMH.
OTta npoueaypa BHIIOIHACTCS C LENbIO BBISBICHHS
n3omMop¢HBIX moarpadoB (UCXOmHOTO) Tpada. 3a-
MeyaresbHO, YTO €CJIM YIAacTCS YCTaHOBHUTH H30-
Mophu3M IBYX WM Oonee moarpadoB UCXOTHOTO
rpada, TO MOXHO OCTaBHTBH [UISl IOCIEYIOIIETO
paccMOTpeHust TOJIbKO oauH moarpad. Ecmm Ml
oOHapyxuM 1Ba HeuzoMophHBIX moxarpada, To
HY)KHO TNPOBOAUTH NalbHEHIINE PACCMOTPEHUS C
KQXIBIM U3 HUX. DTUM MBI ONPEICTHIN HEKOTO-
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pyro o0myto cxemy YCTaHOBICHHS HM30MOphu3Ma
IBYX rpagoB.
[lycte nan rpad ¢ mMarpuuei kpaTdaiimx pac-
CTOSTHHI, IPEJICTaBIICHHON B Ta0I. 3.
Tabmuua 3
Matpuna KpaT4yaillimx paccTOSTHUH
u3zomMoppHoro rpada

a b c d e f g

75| 2 | 45| 7 5 — |65
2 |45 2 | 65 | 45

a | - |55 4 |45 [ 2575 | 2
b |55 - [ 25] 5 3 45
c | 4 [25] - [ 75 [ 5545 2
d |45 5 |75 | - 2 7 | 65
e | 25| 3 |55 2 — | 5 |45
f

g

6,5 -

MHOXecTBa d-HEpa3IMYUMBIX BEPIIMH H HX
COOTBETCTBHH B 000MX Tpa)ax TAKOBBHI:

) & {gh, 12,3} & {¢, aj,
4,5} & {e,b}, 16,7} &> {fd}.  (3)

Tenepb, MOIB3YSICH COOTBETCTBHEM {2, 3}<>{c, a},
MOJKHO pacIIeNuTh BTopol rpad Ha asa moarpada
1o BepmuHaM ¢ U a. Kak u s mepBoro rpada, mo-
mydaeM JBa m30MOpGHBIX moarpada: c-moarpad u
a-noarpad C OXHORIEMEHTHBIMH MHOXECTBAMHU
d-Hepa3mumuuMbIX BepmnH. lIpocToil mpoBepkoit
HaxoAWM WX COOTBETCTBHE 2-moarpady u 3-mon-
rpadyy. Micxoms U3 3THX paccMOTpeHHH, chopMyIn-
pyeM MeToJ ycTaHOBJICHHS n3oMopdm3ma rpados.

1. Pacmemiars TepBBIH HUCXOMHBIA Tpad mis
BBISIBIICHUSI N30MOP(HBIX KoMIoHeHTOB. Ecnn Ta-
KOBBIE OYIyT OIpeNeNeHbl, TO 3aMEHUTh PAcCMOT-
peHue BcexX 3THX M30MOP(HBIX moarpadoB ogHIM
u3 HUX. Ecimu OymyT ompenereHsl Hen30MOpQHBIC
KOMIIOHEHTHI, TO pacCCMaTPUBAaTh WX II0 OTAEIHHO-
cti. O4eBUIHO, pacIieIuIeHNe BBITOIHSAEM JI0 TI0-
Jy4YeHUsI OJHODJIEMEHTHBIX MHOXECTB d-Hepa3iu-
YUMBIX BEPIIHH.

2. PacmierisaTe BTOPO# MCXOMHBIH Tpad 1Mo HoA-
MHOXKECTBAM d-HEpa3NUINMBIX BEPIIHH, COMOC-
TaBJICHHBIM aHAJIOTHYHBIM ITOAMHOXKECTBAM TIep-
BOTO HCXOmMHOTO rpada (Tpedyemoe CoIocTaBe-
HHUE OCYIIECTBISETCS Ha OCHOBAaHUH MAaTpPHIl KpaT-
YaHIIIX PacCTOSHUN).

3. YcTaHOBUTH COOTBETCTBHE UTOTOBBIX OJHO-
3JIEMEHTHBIX TTOJMHOXKECTB d-Hepa3TUINMBIX BEp-
mH 00onx TpadoB.

Ha mnpaktuke mnporenypa pacIierjieHHs 3a-
BEPIIAETCS] CPAaBHUTENBHO OBICTPO, XOTS TEOPETH-
YECKH OHAa UMEEeT epeOOPHEBI XapakTep.

3akaouenue. BrrauciuTenpHAas CIOKHOCTH
METOJ]a HAIPSAMYI0 ONpEAEINseTCS TEM, CKOJBKO
noarpadoB OBLIO TOPOXKIECHO B pE3yibTaTe OIIe-
panuu pacuieruieHust ucxoxHoro rpada. B xyamem
Cllyyae 3Ta BEIWYMHA OIIGHWBAETCS CBEPXY Kak
0(2"), 1. e. MeTon coxpamsier cBoiicTBa mepeGop-
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Horo airopurMa. Ha mpaktuke, ogHako, mporecc
OCTAaHABIIMBAECTCS JOCPOYHO, KOTJa MAaTpPUILIbI
KpaTyailllinX pacCTOSHUU pa3nuvaroTcsi XOTs Obl
II0 OJHOH CTpPOKE, 4TO SIBISAETCS, CKOpee, TUINY-
HOHU curyauuen. IIpoBeneHHBINH 3KCIEPUMEHTANb-

HBII IUKII TTOKa3al MpaKkTHIecKyo 3¢ deKkTHBHOCTD
METOJIa «B CPEIHEM.

Eciu rpader He m3oMopdHBI, TO CUTyalMH, KO-
r7la MaTpHULbl MUHUMAIBHBIX PACCTOSHUHI OKa3bIBa-
I0TCSl LACHTUYHBIMH, IPAKTHYECCKH MAJIOBEPOSTHBI.
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CLASSTECHNOLOGY ANALYSIS OF BIG DATA

The article discusses an overview of some technologies of BIG DATA class. The article includes the
classification and analysis of methods of processing large amounts of data. The theoretical aspects associ-
ated with the emergence of the phenomenon of big data, explores the epistemology and heuristic possibili-
ties of big data. The practical significance of the chosen theme is to develop new methods and algorithms
for analysing large amounts of data (BIG DATA), allowing early detection of possible loss or distortion of
information, which in turn may lead to reduction in financial losses. This article will be useful for special-
ists dealing with the problems of organization and processing of databases, in particular BIG DATA.

Key words. Big Data, business, factor, scoring technology.

Introduction. The category of large Big Data
includes information which is no longer possible to
process by conventional methods, including
structured data, media and random objects. Some
experts believe that in order to work with them to
replace the traditional monolithic systems have
new massively parallel solutions. From the name
we can assume that the term “great data” simply
refers to the large amounts of data management
and analysis. According to the report McKinsey
Institute “big data: the new frontier for innovation
and competition” (Big data: The next frontier for
innovation, competition and productivity), the term
“great data” refers to data sets whose size is be-
yond the capabilities of typical databases for
named, storage, management and analysis of in-
formation. And global repository of data, of
course, continue to grow [1].

Big Data suggest something more than just an
analysis of huge amounts of information. The
problem is not that organizations create huge
amounts of data, but the fact that most of them are
presented in a format that bad associated traditio-
nal structured format database — a web-based
magazines, videos, text documents, computer code,
or, for example, geospatial data. Everything is
stored in a variety of different storage facilities,
sometimes even outside the organization. As a
result, corporations can have access to a huge
amount of their data and do not have the necessary
tools to establish the relationship between these data
and make on the basis of their significant
conclusions. Add to this the fact that the data is now
updated more and more, and you get a situation
where the traditional data analysis methods can not
keep up with the vast amounts of constantly updated
data, which ultimately paves the way for big data
technologies. The aim of the further work with big
data is the development of methods and algorithms
for processing large data scoring model [2].

Main part. The Big Data movement has only
magnified the complexities that have existed in da-
ta architectures for decades. Any architecture
based primarily on large databases that are updated
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incrementally will suffer from these complexities,
causing bugs, burdensome operations, and ham-
pered productivity. Although SQL and NoSQL da-
tabases are often painted as opposites or as duals of
each other, at a fundamental level they are really
the same. They encourage this same architecture
with its inevitable complexities [3].

In fact the concept of big data involves work
with the vast volume of information and varied
composition, very frequently updated and located
in different sources in order to increase efficiency,
create new products and improve competitiveness.
Forrester Consulting Company gives a brief formu-
lation: “Large data combined techniques and tech-
nologies that extract meaning from data practicali-
ty” extreme limit.

Craig Baty, Executive Director of Marketing and
Director of Fujitsu Australia Technology, pointed
out that business analysis is descriptive results of the
analysis process, achieved business in a certain pe-
riod of time, whereas the speed of large data allows
us to analyze predictive capable of offering business
recommendations future. Big Data technologies can
also analyze more data types in comparison with
business intelligence tools, which makes it possible
to focus not only on the structured storage.

Matt Slocum from O'Reilly Radar says that alt-
hough big data and business analytics have the
same target (search for answers to the question),
they differ from each other in three dimensions.

Big data is designed to handle larger amounts
of information than a business analyst, and this, of
course, corresponds to the traditional definition of
big data.

Big data is designed to handle more quickly
received and changing information, which means that
in-depth study and interactivity. In some cases, the re-
sults are generated faster than loading a web page [4].

Big data is intended for processing unstructured
data, use of which we are only beginning to study
after they were able to organize the collection and
storage, and we need algorithms and the ability to
dialogue in order to facilitate the search trends con-
tained within these arrays [3].
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According to the Oracle white paper published
by “Oracle Information Architecture: Architect
Guide great data” (Oracle Information Architec-
ture: An Architect's Guide to Big Data), when
working with large data, we come to the infor-
mation other than during business analysis.

Analysis of Big Data, which raises the question
of how to work with unstructured information,
generate analytical reports, as well as the imple-
mentation of predictive models [4].

Market Big Data projects intersect with the
market of business intelligence (BA), the volume
of which in the world, according to experts, it
amounted to about 100 billion dollars in 2012. It
includes a networking component, servers, soft-
ware and technical services.

Also, the use of Big Data technologies relevant
for the class revenue assurance solutions (RA),
designed to automate the activities of companies.
Modern revenue assurance systems include inconsis-
tencies detection tools and in-depth analysis of data,
allowing early detection of loss or distortion of
information that could lead to a decrease in financial
results. Against this background, Russian compa-
nies, confirming the presence of Big Data techno-
logies in demand in the domestic market, noted that
factors that stimulate the development of Big Data in
Russia are data growth, accelerate management
decision-making and improve their quality.

Unfortunately, today, only 0.5% of analyzed
digital data accumulated, despite the fact that there
are objectively industry-wide problem which could
be solved by making analytical grade Big Data.
Development of IT-markets already have results,
which can assess the expectations associated with
the accumulation and processing of large data. One
of the main factors which hinders the implementa-
tion of Big Data — projects, in addition to the high
cost, it is considered the problem of selecting data
to be processed: that is, to determine which data
need to extract, store and analyze, and what — is
not taken into account.

There are many hardware and software combi-
nations that allow you to create effective solutions
for Big Data of various business disciplines, from
social media and mobile applications to intelligent
analysis and visualization of business data. An im-
portant advantage of Big Data — it is compatible
with the new tools are widely used in business da-
tabase, which is especially important when dealing
with cross-disciplinary projects, for example, such
as the organization of multi-channel sales and cus-
tomer support.

The sequence of work with Big Data includes
data collection, structuring the information
obtained via reports and dashboards (dashboard),
creating insights and contexts, as well as the
formulation of recommendations for action. Since

working with Big Data implies high costs of data
collection, which is the result of processing is not
known beforehand, the main task is a clear
understanding of what data are needed, and not
how much they have in stock. In this case, the col-
lection of data is converted into the process of ob-
taining the necessary solely for specific tasks of in-
formation [4].

Based on the definition of Big Data, we can
formulate the main principles of work with the fol-
lowing data:

— horizontal scalability. Since data can be arbi-
trarily long — any system that involves processing
of big data must be scalable. 2 times increased the
volume of data in 2 times increased the amount of
iron in the cluster, and all continued to work;

— fault tolerance. The principle of horizontal
scalability implies that the machines in the cluster
can be many. For example, Hadoop cluster Yahoo
has more than 42,000 machines. This means that
some of these cars is guaranteed to fail. Methods of
working with big data should consider the possibil-
ity of such failures and survive them without any
significant consequences;

— the data locality. In large distributed systems
data spread over a large number of machines. If the
data is physically located on the same server, and
processed on the other — the data transfer costs can
exceed the cost of the treatment itself. Therefore,
one of the most important design principles big
data solutions is the principle of data locality —
if possible, process data on the same machine on
which they are stored.

All modern means of big data one way or an-
other followed these three principles. In order for
you to follow — you must invent some methods,
techniques and paradigms of development, deve-
lopment tools data. One of the classical methods I
will explore in today's article.

MapReduce is a distributed processing model
proposed by Google for processing large amounts
of data on computer clusters. MapReduce is illus-
trated by the following (Fig. 1).

MapReduce assumes that the data is organized
in records. Processing of data occurs in three stages:

1. The Stage Map. At this stage the data predo-
stavlyayutsya function map () that the user defines.
The work of this stage is pre-processing and filter-
ing. The work is very similar to the map operation
in functional programming languages — user-de-
fined function is applied to each input record.

The map() function applied to one input record
and outputs a set of pairs key-value. Many ie only
issues a single entry may not give anything, and
can give out a few pairs key-value. What is the key
and the value to solve, but the key is a very impor-
tant thing, since the data with one key in the future
will fall into one instance of the reduce function.
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(T

SHUFFLE

MAP()

REDUCE()

Fig. 1. The distributed processing model

2. Stage Shuffle. Runs invisibly to the user. In
this stage, the output of the map function and
“versed in the baskets” — each basket corresponds
to one key of the output stage of the map. In the fu-
ture, these will serve as input to reduce.

3. Stage Reduce. Each “basket” with the values
generated at the stage of shuffle, gets the input of
reduce().

The reduce function is specified by the user and
calculates the final result for the individual “bas-
ket”. The set of all values returned by the function
reduce () is the final result of a MapReduce task.

A few additional facts about MapReduce:

1) for All runs map function work independent-
ly and can work in parallel on different machines
of the cluster;

2) all runs of the reduce function are independ-
ent and can run in parallel, including on separate
machines in the cluste;

3) shuffle within itself is parallel sorting, so it
can also run on different machines in the cluster.
Paragraphs 1 to 3 allow you to perform the principle
of horizontal scalability;

4) map Function, usually used on the same ma-
chine on which data is stored — it allows to reduce
data transfer over the network (the principle of data
locality);

5) mapReduce is always a full scan of the data, no
indexes, no. This means that MapReduce is hardly
suitable when the response is required very quickly.

Those who are accustomed to working with
relational databases, often use a very convenient
Join operation that allows to simultaneously
process the content of some tables, combining
them according to some key. When working with
big data this problem is also sometimes. Consider
the following example.
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There are logs of two web servers, each log is
as follows:
\t\t. Example piece of log.

144679211139

178.7118.82.1/sphingosine/unllhurrying.css
144679211139126.3111.163.222 /accentually.jsll
1446792139 154.11164.149.83
/pyroacid/unkemllptly.jpg
144679211139 202.2117.13.181/Chawia.jsll
14467921113967.12113.248.174
/morphograllphical/dismain.css
144679211139 226.7114.123.135 /phaneritell.php
144679211139157.11109.106.104
/bisonant.css

You need to count for each IP address on
which of the 2 servers he often came by. The result
should be presented in the form:

\t. An example of the result:

178.1178.82.1 first
126.1131.163.222 second
154.164.149.83 second
226.111174.123.135 first

Unfortunately, unlike relational databases, in
General the Union of two logs according to the key
(in this case IP address) is a rather heavy operation
and can be solved using MapReduce pattern and
Reduce the Join (Fig. 2).

It is important that at this moment on reduser
get entries from both logs and the type field can be
used to identify from which of the two logs got to a
specific value. So the data is enough to solve the
original problem. In our case, reducere just have to
count for each key of the records with which the
type was found more and bring this type.
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[ first_input ] second_input
\ 4 \ 4
Mr 1, Map only Mr 2, Map only
input_line > input_line ->
key -> (“first”, value). key -> (“second”, value).

Mr 3, Map: identical

Reduce:
key -> [(type, value)] ->
result record

\ 4

result

Fig. 2. The MapReduce pattern

Another example — how banks can use Big Data ~ factor in achieving business goals when working
to prevent fraud. If the customer says about loss of ~ with large data is to choose the right strategy,
the card, and when making a purchase with the which includes analytics, that highlights the
help of the bank sees in real time the location of =~ demands of consumers, as well as the use of
the customer's phone in the shopping area, where innovative technologies in the area of Big Data.
the transaction, the bank may verify the infor- In practice, a chain of MapReduce tasks can be
mation on the client's request, I did not try whether ~ quite complex sequences that MapReduce tasks can
he deceive him. Or the opposite situation, when a  be connected as series and parallel to each other.
customer makes a purchase at the store, the bank Thus, it must be noted that while the “Big Da-
sees that the card, on which the transaction, and the ta” — this is a great potential that still need to be
client's mobile phone are in one place, the bank able to take advantage of.
may conclude that the card uses the owner. Due to Thus one of the goals is the development and
such advantages Big Data, expand the boundaries analysis of new methods and algorithms for the or-
of which are endowed with traditional data  ganization of unstructured information for big data
warehouse. Analytics on the basis of scoring model, and classi-

Conclusion. After analyzing the different fying the customer base into different groups with
approaches to big data revealed that an important unknown characteristics that separates these groups.
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IMPOEKTUPOBAHUE MUKPOCEPBUCHOM APXUTEKTYPBI
NNPOI'PAMMHOI'O OBECIIEYEHMUA

CraTbsl MOCBAIIECHA N3YyYCHUIO TEXHOJIOTUH MOCTPOEHHUS MUKPOCEPBHCHON apXUTEKTYpPbI, KOTOpas
MIO3BOJISIET COXPAHATh MOAYJIBHOCTh M HE3aBHCHUMOCTb Pa3BEPThIBAaHMSA KOMIIOHEHT Enterprise mpuio-
KeHHA. MHUKpOCEpBUCHAsI apXUTEKTypa — 3TO MOAXOJ K CO3JaHHUIO IPUIIOKEHHs, ITOAPA3yMEBAIOINI
OTKa3 OT €MHOW, MOHOJIUTHON CTPYKTYpbL. TO €CTh BMECTO TOTr0O YTOOBI UCIIOJIHATH BCE OIPaHNYEHHBIE
KOHTEKCTHI NIPHJIOKEHHS Ha CEPBEPE C MOMOIIBIO BHYTPUIIPOLIECCHBIX B3aUMOCHCTBUIM, HCIOIB3YETCs
HECKOJIBKO HEOOJIBLINX NPHIIOKEHHH, KaX10€ U3 KOTOPBIX COOTBETCTBYET KAKOMY-TO OTPaHHYEHHOMY
KoHTeKCTy. [Iprudem st nprtoskeHus: paboTaroT Ha pa3HBIX CepBEpax M B3aMMOJCHUCTBYIOT JPYT C APY-
roM 1o ceru, Hanpumep nocpeacrsom HTTP. B crathe onucsiBaeTcs npouecc MOAEIUPOBAHUS CEPBH-
COB, CITOCOOBI MHTETPAIIM MHUKPOCEPBHCOB MEXIY cOOOW, MX OCHOBHBIE CBOIcTBa. PaccMmaTpuBaeTcs
QITOPUTM Pa3OMEHNsI LEJIFHOTO MPHIOKEHUS (MOHOINTA) Ha YacTH, METOJBI Pa3BEPTHIBAHUS MHUKPO-
cepBHCOB. Takxke MCCIEAOBAHbI PA3INYHbIC THUITBI MUKPOCEPBUCHON apXUTEKTYPHI U CIIOCOOBI HX CBSI-
3u. brarogaps aHanu3y noxy4eHHOH MH(GOpPMAIMK 1O TeMe CTaTh ObUIN BBIABICHBI IPEUMYILECTBA U
HEJOCTATKA B CPAaBHEHHMU C MOHOJIMTHBIMH CHUCTEMaMH. Pe3ylIbTaTOM BBIIOJIHEHHOIO HMCCIIEIO0BAHUS
ABJISIETCSI MOTyYEHNE HAYYHBIX U NMPAKTUYECKUX 3HAHUH JUIA IPOEKTHPOBAHMS M Pa3pabOTKH BBICOKO-
s dexTuBHbIX Enterprise npuiokeHui, a Takke AJs HOIYyYSHUsT XOPOIIeH MPOU3BOAUTELHOCTH MIPH-
JIO’KEHMS ITPU MUHHUMANBHBIX TPYJ03aTpaTax.

KaioueBble ciioBa: MUKpOCEpBHUCHAs apXUTEKTYpa, IPOEKTUpoBaHue, Enterprise npuiioxenus.

A. M. Shytska
Belarusian State Technological University

THE DESIGN OF THE MICROSERVICE ARCHITECTURE OF SOFTWARE

The article is devoted to the study of the technology of building a microservice architecture that al-
lows to preserve the modularity and independence of the deployment of Enterprise application compo-
nents. Microservice architecture is an approach to the creation of an application, implying a refusal
from a single, monolithic structure. That is, instead of executing all the restricted application contexts
on the server with the help of intraprocess interactions, several small applications are used, each of
which corresponds to some limited context. And these applications run on different servers and interact
with each other over the network, for example, via HTTP. It describes the process of modeling services,
the ways to integrate microservices between each other, their basic properties. It considers the algo-
rithm for partitioning a single-piece application (a monolith) into parts, methods for deploying
microservices. Also, various types of microservice architecture and methods of their connection were
explored. Analyzing the obtained information on the subject of the article, advantages and disad-
vantages were revealed in comparison with monolithic systems. The result of the research is to obtain
scientific and practical knowledge for the design and development of high-performance Enterprise ap-
plications, as well as to obtain good application performance with minimal labor costs.

Key words: microservice architecture, design, Enterprise applications.

Bgenenune. C poctom o0beMa Koia v (DyHKIHO-
HAJIBHOCTH TIPOTPaMMHOTO TPOIYKTa, BO3HUKAET
HEOOXOAWMOCTh YIPABICHUS CIOKHOCTHIO ITPHIIO-
JKeHUs. XOpOIIo MpOoIyMaHHas apXUTEKTypa U Tpa-
BWJIbHOE pa30MeHUe TPUIIOKEHUST HA MOIYJIH TIOMO-
Tal0T CIIPABJIATECS € TOCTABICHHOW 3a1aueii. Bapuan-
TOM peaTH3alii apXUTEKTYphl MOXET OBITh MOHO-
JIMTHOE TPHJIO’KEHUE, KOT/Ia BCS WM OOJIbIIas 4acTb
Om3Hec-3a/1a4 UMeeT OIHY KOJIOBYIO 0a3y. AKTyajb-
HBIM pEIICHHEM B HACTOSIIIEE BPEMs SIBIISETCS II0-
CTPOSHHOE Ha MUKPOCEPBHCAX MPHIOKEHHE, B KOTO-
poMm obmast Ou3Hec-3a7a4a pa3OMTa Ha OT/IENbHEIC
YacTH, KaXIasi U3 KOTOPBIX MMEET OTIENbHOE TpPH-
JIOeHUe (MUKPOCEPBHC) CO CBOEH KOJJOBOM 0a30ii.

Tpyabl BITY Cepuss3 Ne 2 2017

OcHoBHast YacTh. MHUKPOCEPBUCHAS apXUTEK-
Typa — 3TO apXUTEKTypa, B KOTOPOH UMEIOTCS Clie-
IYIOIIIAE CEPBUCHIL.

1. HeGoabmme cepBucel. CepBUC B MUKPOCEDP-
BHCHOM apXHTEKType HE MOXKeET pa3padaThIBaTh-
cs1 OoJIbIlle YeM OmHOM kKoMaHmo¥. OmHa KOMaH-
Ja pas3pabaTeIiBacT He Ooliee IIECTH CEPBHCOB,
IPYU 3TOM KaXXJIbIH CEPBHC pEIIaeT OOHYy OHM3HEC-
3aJady, U e¢ Cchoco0eH IOHATh OJHWH 4Yelo-
BEK, B IPOTHBHOM CJIyd4ae CEpBHC HE0OXOIUMO
pa3aenuTh.

2. Y3ko0 chokycupoBaHHble cepBUCHl. CepBHC B
MHMKPOCEPBUCHOW apXUTEKType pellaeT TOIbKO
onHy OusHec-3amauy. Ero MOXXHO OTAENTUTH OT
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CUCTEMBI, U, TOMHICAB HEKOTOPYIO JIOTUKY, UCIIOJNb-
30BaTh KaK OTJCIbHBIN IIPOAYKT.

3. CnabocBsi3aHHbIE CEPBUCHI. M3MeHeHHe O1I-
HOT'0 CEpBHUCA HEe TPEOYET U3MEHEHHI B IPYTOM.

4. BricokocoriiacoBaHHbIe cepBHUCEL. Kiacc mmm
KOMIIOHEHT CEpPBHUCA COACPIKUT BCE HY>KHBIE METO-
JIbl IS PEIICHMS MOCTaBIICHHOM 3aJadM TOJILKO B
ATOM KJIacce Wiu KoMIoHeHTe [1].

Xapaxmepucmuku MUKpOCEpSUCHOU apXumex-
mypsi. BHE 3aBUCHMOCTH OT TOTO KOTJa HYXKHO
MPUMEHUTH MUKPOCEPBUCHBIN MoaX0. (IIpU paspa-
0OTKE TPUIIOKECHHS C HYJS WU pa3OucHUH CyIile-
CTBYIOILIETO MOHOJUTHOTO TPWIOKEHUsS) I00ast
MHUKpPOCEPBUCHAS apXUTEKTypa JOJDKHA 00J1a1aTh
OTIpEJICIICHHBIMU CBOMCTBaMuU. IlepBoe W3 HHUX —
9TO pa3OUEHHE Yepe3 CEPBUCHL. 31€Ch CYIIECTBYIOT
JBa TOHATHS. OHONIMOTEKA M CEPBUC, KOTOPHIE
B3aMMOJCHCTBYIOT IO CeTH. B Mupe MukpocepBHu-
COB OHMOIMOTEKH — 3TO KOMIIOHEHTBI, KOTOPBIE
MOJKIIOYAIOTCS K IPOTPaMME U BBI3BIBAIOTCS €10 B
TOM K€ IIPOIecce, B TO BpeMs KaK CEPBHCHI — KOM-
IIOHEHTHI, BBINOJHICMBIC B OTACIBHOM IIPOIECcCe U
CBA3BIBAIOLIMECA JPYT € ApyroM ¢ nomoineo REST
niu RPC. Taxkum oGpasom, eciau MMeeTcs MpH-
JIO)KEHHE, KOTOPOE COCTOHUT M3 HECKOILKHUX OHO-
JHOTEK, pabOTAONUX B OJHOM IIpoliecce, Tr000e
W3MEHEHHE B JTHX OHMOIMOTEKax MOTPeOyeT Iie-
pepa3BepThIBaHUS Bcero mnpuiaoxkeHus. Ho eciam
MIPUIIOKEHUE Pa30UTO Ha HECKOILKO CEPBHUCOB, TO
M3MEHEHUS MOTPEOYIOT Mepepa3BepThIBAHUS TOJIb-
KO MU3MEHHUBIIIETOCS CEpBHCA.

Tpynnuposka xomano no busnec-zadauam. Kak
MPaBWJIO, NP pa3pabOTKe MOHOJIUTA Pa3padOTIH-
KU TPYNIUPYIOTCSA MO HMHTEpecaM: TpyIla paspa-
0OOTYHMKOB BHEUIHETO MPEACTABJICHUS, TPYIa pas-
pabOTYMKOB BHYTPEHHEW peanu3alii WU TpyIina
MPOEKTUPOBaHUs 0a3bl JaHHBIX. Korma kxoMaHbl
pa30oUTBl TakUM 00pa3oM, TO OHH BBICTPAHUBAIOT
OTIPEJICIICHHBIE TPaHUIIBI, KaXaasi CO CBOCH CTOPO-
HBL. A 3TO MeIIaeT MPOXOXKICHUIO OM3HEC-3a]1auH,
T. K. OHa TIPOXOJUT U CJIOM BHEIIHETO MpeIcTaBIie-
HUS, U CIIOW BHYTPEHHEW peanu3aluu, U cioi Oa-
3Bl JAHHEIX, 1 00paTHO. ITo3TOMY IS MpaBUILHO-
ro CO3JaHus MHUKPOCEPBHCHOM apXHTCKTYpPhI HE-
00xoauMO TpUAEpPKUBATHLCA 3akoHa KoHBes, Ko-
TOPBIA TJIACHT, YTO CTPYKTypa BalleTO HPHUIONKE-
HMS IIOBTOPSIET CTPYKTYPY Ballleii KOMaHIHI, T. €.
HEOOXOaMMO (OPMHUPOBATE KOMAHILI COIIACHO
Ou3Hec-3aauaM. ITO MO3BOIUT CO30aBaTh MUKPO-
CEPBHUCHI, KOTOPBIE OYIyT IMONHOCTHIO COOTBETCT-
BOBaTh BCEM MOTPEOHOCTSM ITOCTAaBIICHHOW OuW3-
Hec-3a1auu [2].

«Ymnvley cepsucol u npocmole KOMMYHUKAUUU.
Ecth pa3Hble BapuaHThI B3aUMOJCHCTBHUS CEPBHU-
coB. Yale Bcero B MeXaHHU3MEBI IIepeJadl JaHHBIX
IIOMEIIACTCS CYIISCTBECHHAS YacTh JOTHKH. Torma
IOJIy4aeTCcs OYEHb «yMHBIM» KaHal IIepeladyd U
«TIYTIBIEY» CEPBUCHL. B MUKPOBEPBUCHON apXUTEK-

Type BCS OHM3HEC-IOTMKA IOKHA HAaXOIUTHCA B
cepBHCax, a MO KaHally Mepedadyd OTChLIAIoTCS
TOJBKO JAaHHBIE, OH HHKAK HE CBs3aH C OM3HEC-
3ajauei.

Jleyenmpanuzosannoe ynpasienue OAHHbIMU.
IIpu npoekTUPOBAaHUU MUKPOCEPBHUCHOM apXUTEK-
TYpbl Ka)Jblii CEPBUC MMEET TOJILKO CBOKO 0azy
nauubx. [Ipumep mpencrasieH Ha puc. 1.

Muxpocepsuc 2

OBIIZ

Muxpocepsuc 3

Muxpocepsuc 1

(J
OEI[I

O
O

b3

Puc. 1. Cxema 3K3eMIUISPOB
0a3 JaHHBIX MUKPOCEPBHCOB

EnmHCTBEHHBIN CciydaM, KOrJa pa3HbIe CEpBH-
Chl MOT'YT HCIOJIb30BaTh OJHO XPAHIIMIIE — €CIIH
ITH CAYKOBI IIPEACTABIAIOT COOOM TOYHBIE KOIIUHU
IpyT Apyra, HO 0asbl JaHHBIX NPYT C APYTOM HE
B3aUMO/ICUCTBYIOT.

Asmomamuzayusi pazeepmuvléanus U MOHUMO-
punea. ITO CBOWCTBO, TOXKAIyH, caMOe BakKHOE,
KOTOpOE JIOJKHO IIPUCYTCTBOBATh B MUKPOCEPBHC-
HOM apXuTeKType. B IaHHOM KOHTEKCTE IIOJIpasy-
MEBaeTCs HaJHMYHe aBTOMATHYECKOTO pa3BepThIBa-
HHSI ¥ HETPEPHIBHON HHTErpalyu, T. €. aBTOMaTH-
YeCKOH TOCTaBKU KOJa M €ro MPOBEPKHU, YOEIKIasICh
B TOM, YTO KOJ CKOMITWJIMPOBAaH H TECTHl C HUM
npoxoaar 0e3 cooeB. Tak Kak CEpPBHUCHI MOT'y OTKa-
3aTh B IIO0OOE BpPEeMs, OUCHb Ba)KHO MMETh HeTIpe-
PBIBHBIIT MOHHUTOPHHT, YTO AACT BO3MOXXHOCTH OBI-
CTPO OOHAPYKUTH HEIONAJKH U, €CIM BO3MOXKHO,
aBTOMAaTUYECKH BOCCTAHOBHTH Pa0OTOCIOCOOHOCTH
cepuca. Takke MOHHTOPHHT IOJIC3€H IS OTCIe-
JKUBaHUS pab0vMX IOKa3aTeIeii MUKPOCEPBUCOB.

TIpoexmuposanue nod omxasel. Takke BaxKHas
XapaKTepUCTHKA, O3HAYAroIlas, 4TO HadyuHas CTPO-
HTh MHUKDPOCEPBHUCHYIO apXUTEKTYPy, HEOOXOIHMO
HCXOIUTh U3 MIPEAIONIOKEHHUS, UTO CEPBUCHI TOIXK-
HBl paboTaTh NIPH OTKa3e OTICILHBIX CEPBHCOB.
Takum 0o0pa3zoM, HEOOXOIMMO PEATU30BELIBATE JI0-
MMOJHUTEIBHYIO JIOTUKY JJISI TOTO, YTOOBI CHCTEMA
OblIa YCTOHYHMBA K TAKHM COOSIM.

Bzaumooevucmeue ¢ muxpocepsucamu. Korma
MBI TOBOPHM O MHMKPOCEPBHCAX, TO BCETJa CTOUT
BOIIPOC O TOM, KaK KJIHEHTHI MPHIIOKCHUS Ha OC-
HOBE MMKPOCEPBUCOB ITOJYYAlOT JOCTYIl K OT-
JenbHBIM yeryraMm. CyIIecTBYIOT pa3JIMYHBIC MaT-
TEPHBI B3aUMOJCHCTBHS ¢ MUKpocepBrcamu. Ham-
Oomee 0OmIEU3BECTHOI sBIseTcs Mouenb API
Gateway, Ipe/ICTaBICHHAsI Ha PHC. 2.

Tpyabi BITY Cepus3 Ne 2 2017
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)

BeG-knunent Muxkpocepsrc 1

1 U

MoOHUIBHEIH API Gateway

KITHEHT
Mukpocepsuc 2

—
Puc. 2. Cxema B3aumoneiicteus APl Gateway

API Gateway — IOIOJHHUTEILHBIA CEPBUC, 3a-
Jlada KOTOpOro — coOmparh OM3HEC-BBI3OBHI K IIE-
JIEBBIM cepBHCaM. 10 €cThb BMECTO TOTO, YTOOBI
oOpaIaThCs K KaXKJI0My CEPBUCY, KJIMEHT oOpala-
eTCs K IIITI03Y, a TOT B CBOKO OYepeb IepeHanpan-
JIAET 3ampoc K HykHOMy cepBucy. Taxke API Gate-
way OCYUIIECTBIAET MOAAEPKKY pasHbix APl mist
KaKIO0TO KIMEHTA.

Temnepp pacCMOTPHM CXEMBI CBSI3H MHKpPOCEP-
BHCOB MKy co00i. [IepBrIif MOIX0 Ha3BIBACTCS
«O6Hapyxenne ciry>k0sD» (Service Discovery, SD).
B nmanHOM ciydae cepBHCHI 3HAIOT APYT O APYTre U
O0IIAf0TCA HAMPSIMYIO C WCIOJB30BAHHEM TEXHO-
morud RPC. JlaHHbIF mAOJIOH WMEET JBa BHIA
peanmm3aruu. [lepBerit THn — 310 Server-Side SD.
JlaHHBI MaTTepH HMEET CIEeAYyIolMe CBOMCTBA:
KaXAbIA O3K3EMIUISIP MPEAOCTaBISET yAAJICHHBIN
API, Taxoit xkak HTTP / REST ¢ ompeneneHHBIM
azpecoM (XOCT U TOPT); KOJUIECTBO IK3EMILIIPOB
CIIy’X0 M UX aIpecoB M3MEHSIETCS aBTOMATHYECKH;
BHPTYaJIbHBIM MallliHAM ¥ KOHTeifHepaM OOBIYHO
Ha3HAYalTCs TUHAMUYecKue ip-aapeca. Ha puc. 3
MIpEJICTaBIeHa CXeMa B3aMMOAECHCTBUS MHUKPOCEp-
BHCOB corjlacHo Monenmu Server-Side SD.

Banancuposmuk

Harpy3Ku
Py Peectp ximenToB

M-c 1

Peectp knneHToB
M-c 2
Knuent
WIH

API Gateway Peectp xnnenToB

M-c 3
Peructpanumonsslit
CepBHUC

Puc. 3. Cxema B3aumoneiictsus Server-Side SD

HpI/I JaHHOM THUIIC KIIMCHT BSaHMOHeﬁCTByCT
HC HAIIPpAMYIO C KOHKPETHBIM MUKPOCCPBUCOM, a4 C
6aJ'I2.HCI/IpOB].LII/IKOM Harpy3Ku. ,HOHOJ'IHI/ITCJ'IBHO
MMPUMCHSCTCA peI‘HCTpaL{HOHHLIfI CCpBUC. Ero 3a-

Tpyabl BITY Cepuss3 Ne 2 2017

Jlada — XpaHUTh PErUCTPAIlMOHHBIC JaHHBIC CEPBH-
COB, M JIeNaTh 3TO OH MOXET MO-Pa3HOMY: MOXET
OMpallBaTh CEPBUCHI, OpaTh JaHHBIC W3 BHEIIIHE-
ro koH¢purypanuonHoro ¢atina u T. a. banancu-
POBIIMK Harpy3ku OEpeT BCE JaHHBIC Yy PErucTpa-
LIMOHHOTO cepBUca. Takum oOpa3zom, 3amada Oa-
JAHCHUPOBIIUKA — TONIYyYaTh JaHHBIE O MECTOIOJIO-
JKECHHH CEPBUCOB U3 PETHCTPAIIMOHHOTO CEpBUCA U
nepeiaBaTh 3apOChl K HUM.

Hpyroii peanmzanueit SD monenu sBiseTcs
Client-Side SD. /lanHOMY maTTepHY XapaKTEPHBI
TE K€ CBOWCTBA, YTO W MPEABIAYIIEMY THUIY CBS3U
MUKpocepBucoB. Ha puc. 4 mpejicraBieHa cxema
B3auMoencTaus corinacHo mozaenu Client-Side SD.

Peectp kinentos

Kinunent
WA M-c 1
API Gateway
» PeecTp KIMEHTOB
M-c 2

Peectp knneHToB

M-c3
Perucrpanmonnsiit
CEPBUC

Puc. 4. Cxema B3aumopeiictsus Client-Side SD

IIpu manHOM BHZE B3aUMOJIECHCTBHS OTCYTCT-
ByeT OallaHCHPOBINUK HArpy3Kd M KJIHEHT oOpa-
[IaeTCs HAMPSIMYIO K PETUCTPAIlMOHHOMY CEPBUCY.
OTOT MOIXOJ IIydille TeM, YTO BBHITIOJHSETCS Ha
OJIMH 3aIlpOC MEHBIIE, N3-3a YeT0 B3aMOICHCTBHE
MIPOMCXONT OBICTpEE.

Bropem ciocobom CBSI3M MHKPOCEPBHCOB SIB-
nsercs «llluna coobmenwnit» (Message Bus, MB).
B manHOM citydae MUKpOCEPBHUCHI TIOIITUCHIBAIOTCS
Ha OIpeNleIeHHbIe COOBITHSA, TP BO3HHUKHOBEHUHU
KOTOPBIX MHKPOCEPBUCHI OTPEAarupyrT Ha 3TO CO-
OTBETCTBYIOIIMM 00pazoM. JlaHHEIN crmocob Hy-
JK€H, YTOOBI OJUH CEPBUC MOT COOOITUTE APYTOMY,
YTO y HETO U3MEHWIOCH COCTOSIHHE, YTOOBI pyTHe
CEPBHCHI MOTJIM Ha 3TO CPEarupoBaTh.

TaxuMm oOpa3om, TIpH aHATH3¢ MAKPOCEPBHUCHOM
ApXHUTEKTYPHl OBUIM BBIABICHBI CIIEAYIOIINE IIpe-
MMYIIECTBA: MOMYJIBHOE JelieHHe KOMaHAbI — pa3-
OueHne KOMaHABI MO OW3HEC-337adaM MO3BOJISIET
YBEIMUUTH dPPEKTUBHOCTL Pa3padOTKH TIPHITOKE-
HUIl 3a CUeT KOMIIETEHTHBIX B JAaHHOW 00JacTu
Om3Hec-3a/1a4 YYaCTHUKOB KOMAHIBI; BBICOKAs
JIOCTYITHOCTh — TP HapyIIeHUH padOTHI OJHOTO U3
CEpPBHCOB OCTAJIbHBIC MTPOIOIDKAIOT paboTaTh; HEOT-
paHUYCHHBIA BBIOOP TEXHOJIOTHUI — JUIA OTPEIeIICH-
HOW 3a7]a9¥ €CTh BO3MOXKHOCTB TIOA00paTh HYXHYIO
TEXHOJIOTHIO, & TaKXe €CTh BO3MOXXHOCTH IIPOCTO
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MPOTECTUPOBATH €€ Ha KAKOM-HHOYAb CEPBHUCE, YTO
HE TOBIUSET Ha JpPYTHUE CEPBHUCHI; HE3aBHCHMOE
pa3BepThIBAaHNE — MPOCTHIE CEPBUCHI MPOILE Pa3BO-
pauuBaTh, U MEHbIIIE BEPOSTHOCTH OTKA3a CUCTEMBI.

Ho, B cBOIO ouepenb, €CTh Pl HEIOCTATKOB:
MOJ/Iep’)KKa KOHEYHOH COTrIacoBaHHOCTH — HEO0O-
XOAUMOCTh paboTaTh C OTJIOKEHHBIMU JaHHBIMH,
910 TpeOyeT MOCTOSHHON AOCTYMHOCTH MpPHUIIOXKe-
HUS; CIOKHOCTh ONEPAllMOHHOM MOANEPKKU — He-
00X0IMMOCTb TOAJICPKKH HEMPEPHIBHOTO Pa3Bep-
THIBaHMsI, HENIPEPBIBHON MHTErpalliil U aBTOMaTH-
YeCKOr0 MOHUTOPUHTA.

3akmaouenne. TakuMm 00pa3oM, HCIIOJIB30Ba-
HUE MHUKPOCEPBUCHOI'O MOJXO0/a MO3BOJISIET CO3/1a-
BaTh OTKa30yCTOMYUBBIE MNPHIOKEHUS, KOTOpBIE

0e3 Tpyaa MOXXHO MacmTaOWpoBaTh 0€3 TECHOM
MPUBS3KH K IeNIeBO# Iiardopme, a Takxke TrHOKO
KOH(UTYPHUPOBATh CEPBUCHI U Pa3BEPTHIBATh UX B
pa3nuuHbIX cpenax. [loMrMo Bcero mpoyero ObLIO
YCTaHOBJICHO, YTO HCIOJb30BAaHHE MHKPOCEPBHC-
HOM apXUTEKTYphl 3HAYUTEIBHO COKPATUT BpPEMs
HEMPEPBIBHOTO Pa3BEepPTHIBAHUS M IOCTABKH I10
CPaBHCHHUIO C MOHOJUTHBIMH apXUTCKTypaMH 3a
cueT cnaboil CBSA3HOCTH MEXKAY KOMITOHCHTaMH
Bcell cucteMbl nennkoM. K coxanenuto, 100aBiis-
€TCsl CII0HOCTh B OPTaHM3AIMK B3aUMOJCHCTBUS
CEPBHCOB MEXy CO0O0I, YTO MPUBOIMT K MAJICHHUIO
o0IIel TPOU3BOAUTEIBHOCTH BCEH CHUCTEMBI 3a
CUET CETEBBIX 3aJICPIKEK U MPOITYCKHON CIIOCOOHO-
CTH KaHAaJIOB CBSI3H.

JIuteparypa

1. Heromen C. Coznanne mukpocepsucos. CI16.: [Tutep, 2016. 304 c.
2. Microservice Architecture [DnekrpoHHslii pecypc]|. Pexxum gocrtyma: http://microservices.io/. [lara

nocrymna: 30.01.2017.

References

1. Newman S. Building Microservices. USA, O'Reilly Media Publ., 2016. 304 p.
2. Microservice Architecture [Electronic resource]. Available at: http://microservices.io/(accessed

30.01.2017).

HNndopmanus o0 aBTope

IIurbko Anapedi MuxaitnoBu4 — acnupaHT. benopycckuii rocyJapCTBEHHBIA TEXHOJIOTMUYECKUN YHU-
BepcuteT (220006, r. MuHCk, yi. Ceepmiosa, 13a, PeciyOrmuka benapycs). E-mail: andrew.shitsko@gmail.com

Information about the author

Shytska Andrei Mikhaylovich — graduate student. Belarusian State Technological University (13a,
Sverdlova str., 220006, Minsk, Republic of Belarus). E-mail: andrew.shitsko@gmail.com

Tocmynuna 20.04.2017



126

Tpyabl BI'TY, 2017, cepusi 3, Ne 2, c. 126-128

VIIK 519.86

H. H. Bycmolcl, B. A. HoBukos®
'Benopycckuii rocy1apCTBEHHBIH TEXHOIOTHYECKHIT YHUBEPCHTET
*BeopyccKast FoCy[apCTBEHHAS AKACMUs CBA3U

METO/I PEHIEHUSA 3AJJAYN CETEBOI'O IINIAHUPOBAHMUSA
P O'PAHUYEHHBIX TPYJOBBIX PECYPCAX

B mpaktuyeckux 3amadyax EHHOCTh MPEICTABIsACT (HOPMUPOBAHKUE CETEBOrO IIaHA, OCHOBAHHOTO
Ha BHIOOpE M3 BO3MOXKHBIX abTEPHATHBHBIX BAPHAHTOB CAMOTO ONTHMAIBHOTO. B KauecTBe MCXOIHBIX
JAHHBIX B TAKHMX 3aj1a4ax 3a/1aeTCs MATPHIIA BPEMEH BBIMOJIHEHHS KaXKI0W pabOThl KAKABIM pabOUHM.
JanHas 3aja4a npejcraBisieT co00H KOMOMHALIMIO 33/1a41 O HA3HAYCHUH M 33J[a4H CETEBOro IIaHUPO-
BaHMs. B 001ieM ciiydae MOXHO cliesiaTh IPEIOJIOKEHHE O BO3MOXKHOCTH BBIIIOJIHEHUS IBYX U Oouiee
paboT ogHUM pabounm. Penrenue 3Toi 3aauu HA MATEMAaTHYECKOM YPOBHE ITO3BOJISICT BBHIIOIHITH MU-
HUMU3AIHIO CETEBOTrO rpadiKa Mo KPUTEPHIO TPYIOBBIX PECYPCOB.

B craTtbe npeuiokeH METO pelieH s 3a/laud ONTHMAIBHOTO HAa3HAYCHUsI B CETEBOM ILIAHUPOBA-
HHUM C OTpaHHUYEHHEM Ha KOJMYECTBO PabOT, BHIMOJIHAEMBIX OJHOBpeMeHHO. [Ipeanaraemslii anroputm
MTO3BOJISICT CTPOUTH JIOKATEHO-ONITUMANIFHBIN IIJIaH 32 JIMHEHHOE BpeMs OT KOJIMYECTBA JIYyT B CETEBOM
rpade. PaccMoTpenHast 3a/jaua MmoMoraeT ONTUMH3UPOBATh CTOMMOCTh MPOEKTA [0 CYMME BPEMEHH, 3a-
TPa4eHHOTO paOOTHUKAMHU Ha BBITOJIHEHHE PaboT.

KuaioueBbie cjioBa: ceTeBoil rpaduk, KpUTHIECKUH ITyTh, AyTa Tpada, Bepirnaa rpada, 3a1ada o
Ha3HAYCHUSX, 33/1a4a CETEBOTO IJIAHMPOBAHUS, AITOPUTM.

N. N. Busnyuk', V. A. Novikov*
'Belarusian State Technological University
*Belarusian State Academy of Communications

SOLUTION METHOD OF NETWORK PLANNING TASK
WITH RESTRICTED MANPOWER

In practice, the formation of a network plan based on the selection of the best possible alternatives
is of special value. As the source data in such tasks the performance time matrix of each work done by
each worker is set. This is a combination of task assignments and task network planning. Generally it is
possible to make the assumption about the ability to run two or more jobs by one worker. The solution
to this problem on a mathematical level allows you to carry out the network chart according to the crite-
rion of minimizing manpower.

The optimal solution method of task assignments in network planning with the restriction on the
amount of work performed at the same time is received in this article. The proposed algorithm allows
us to build locally optimal plan in linear time from the number of arcs in a network graph. Reviewed
task allows you to optimize the cost of the project for the amount of time spent by employees to exe-
cute works.

Key words: network chart, critical path, arc graph, a vertex of a graph, task assignments, task net-
work planning, algorithm.

BBenenue. B [1] Obuta paccmoTpeHa 3amada,
MPEJICTABIIAIONMAs COOON CHHTE3 3a/laydl O Ha3Ha-
YeHWH W 3a/ladll CEeTEeBOTO IUTaHWpoBaHUs. Beca
IyT ceTeBoro rpada SBISUINCH TEPEMEHHBIMH Be-
JTUYWHAMY, U ObUIa TIPeIOKEeHa METOMKa Ha3Ha-
YeHUl pabOTHUKOB Ha paboTHI B ciydae, eciid pa-
OOTHHKOB MEHBIIIE, YeM PadoT.

OT mpaBWIBHO CIUIAHUPOBAHHOTO CETEBOTO
rpaduka pabo4nx MpPOIECCOB BO MHOTOM 33aBHCHUT
3¢ (eKTUBHOCTh (PYHKIMOHUPOBAHUS TPEIIPH-
atusg. Kiaccnueckne MaTreMaTHYeCKHE METOIMKH
HE TO3BOJIAIOT AITOPUTMH3HPOBATH MPOIECC MO-
TUQUKAINKA ceTeBoro rpada, Hampumep, u3 ycio-
BUSA ONTHMH3AIMU JIOTUCTHYECKHX I[EHOYEK IO
KPUTEPHIO TPYAOBBIX PECYPCOB.

Tpyabl BITY Cepuss3 Ne 2 2017

OcHoBHAas 4acTh. B Kilaccuueckoil 3ajade ce-
TEBOTO IJIAHUPOBAHUS 3a/laHa TIOCIICA0BATEIHbHOCTh
BBITTOJTHEHHST pab0T HEKOTOPOTO MPOEKTa U UX TIPO-
JOJDKUTENBHOCTE [2]. B cooTBeTCTBYIOLIEM OpHEH-
TUPOBAaHHOM B3BEIIEHHOM II0 Jayram Tpade OTHI-
CKMBaeTcs HanOoJjee JTUHHBIA MyTh W3 UCXOTHOTO
y371a B 3aBEpUIAONINI y3el. DTOT MyTh 33JaeT Bpe-
M1 BBITIOJTHEHHSI BCETO TIPOEKTa. AJNTOPUTM HaXO0XK-
JICHUsI TaKOTO MYTH OIpejenseT u rpaduk BBION-
HeHHs Bcex pabor mpoekra. Ilpu (ukcupoBaHHBIX
Becax JyT ONTHMAIbHBIA (KPUTUYECKUI) IyTh B Ce-
TEBOM Tpade ornpesenseTcs 3a BpeMs, JHHEHHO 3a-
BHUCSINEE OT KOJIM4ecTBa AyT B rpade [3].

Ha npaktuke 9acto ObIBaeT, 4TO CPOKH BHI-
MOJTHEHMSI pa0oT He onpeaeneHbl. MOXXHO CTPOUTh
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HEKOTOpbIE MPEATNONI0KEHNS O BPEMEHH BBINOIHE-
HUS KaXI0W paOoThl, HO HEJB3sl NMPELyCMOTPETH
BCE BO3MOXKHBIC 3aJepKKH BBITIONHEHHs. B Oonee
o01weil 3a1a4ye ceTeBOro MIaHMPOBaHUS NpEAToa-
rarTcs NPOJOKUTETILHOCTH PadOT IepeMEHHBIMH
BEIMUNHAMM; 33JaI0TCS HWXKHSS, BEPXHSS OLEHKU
JUTMTETILHOCTH paboT 1 HanboJiee BeposATHAsI Cpell-
Hsis OLleHKa. Jyi yTpaBlieHus IPOEKTaMH C HEoll-
peleieHHBIM BpEeMEHEM BBINOJHEHHUs paboT pas-
pabaTbIBarOTCS BEpOATHOCTHBIE MeTonbl. [lo mepe-
MEHHBIM OIICHKaM PacCUMTBHIBAIOT Haubojee 0Xu-
JlaeMoe BpeMs BBINOJHEHHs Bcero mnpoekta. llo
Takoi cxeme paboTaeT U3BECTHBI METOJ OLIEHKU
u nepecmotpa npoektoB (PERT) [4].

B [5] paccMoTpeH HWMUTaMOHHBIA METOJ
OLIEHKH CpOKa 3aBEpLICHMs] MPOEKTa Ha OCHOBE
aHaJlu3a ero BEpOosTHOCTHOM ceTeBoi moaenu. [loxg
BEPOSITHOCTHBIMH CETEBBIMH TpaUKaMy ITOHHMa-
IOT TaKWe CEeTEeBble MOJENH, KOTOpble 00JanaroT
JNETEPMUHUPOBAHHON CTPYKTYpOH, a TNpOJOIKH-
TENBHOCTH paboT 3aJal0TCsl HEKOTOPBIMH CIydai-
HbIMH BenuuuHamu. Ilpu sToM mnpeamosnaraercs,
YTO 3aKOHBI pacHpefesieHUs] ITUX CIydyalHBIX Be-
JUYUH JOJDKHBI OBITH yCTAHOBJIEHBI Ha OCHOBE
aHaJgM3a aHaJOTMYHBIX paboT, MPOBOAUBIIMXCS
panee. IlpruMeHeHe MMUTAIIMOHHOIO METOAA IO-
3BOJISIET MCIIOJIB30BaTh JI000H 3aKOH BEPOSITHOCT-
HOTO pacmpelesIeHust Al KaXA0H paboThl ceTeBo-
ro rpaduka, He TpeOyeT NPEANONIOKEeHHH O HEeU3-
MEHHOCTH KPUTHUYECKOTO IyTH M HE HaKJIaJbIBaeT
OTpaHUYCHUH Ha CTPYKTYPY CETEBOTO Tpaduka.

Takue OIleHKH XapaKTepHbI Ul THIOBBIX MPO-
eKTOB W THUMHYHBIX paboT. Ho MoxeT okazaThbcs
TaK, 4To pabOTHUKU MHIUBHIYaTbHBI, KaXIbIid 00-
JafiaeT Npucyleil eMy MpOU3BOAUTEIBHOCTBIO A
pasnuuHbIX padot mpoekta. CereBoil Tpaduk 10-
MyCKaeT OJHOBPEMEHHOE BHINMOTHEHHE PadoT, He
JIeKaLIMX Ha OJHOM IyTH, T. €. HE MPEIIIEeCTBYIO-
mmx Apyr Apyry. Koraa mpoekt BkiIrouaeT MHOTO
paboT, a UCTOMHHUTENEH — OrpaHUYeHHOE KOJIn4e-
CTBO, TO HE HUCKIIIOYEHO, YTO HEKOTOpHIE U3 paboT
OyayT mpocramBatb. /s cBeOeHHs peHICHUS K
KJIACCUUECKOMY METOJY B TaKUX CUTYallUsAX BBO-
JSIT TOHSATHSA (PUKTHUBHBIX paOOT U COOBITHH.

Ha mpaktuke ocoOyio IEHHOCTb MPEACTaBISET
(opMHpOBaHHE CETEBOTO IJIaHa, OCHOBAHHOTO Ha
BEIOOpE M3 BO3SMOXKHBIX abTEPHATUBHBIX BapHaH-
TOB CaMOT0O ONTUMAaJIBHOr0. B KauecTBe MCXOMHBIX
JaHHBIX B TaKMX 3a/Jadax 3a/JaeTcs MaTpulia Bpe-
MEH BBITIOJHEHHsI KOKIOH paboThl KaXKIbIM pado-
yuM. B o01mem cirydae MOXKHO cAenaTh npennoso-
KEHHE O BO3MOYKHOCTH BBITIOJIHEHUS JBYX U Oolee
pabot omHuM pabounm. PemeHune 3To# 3amaum Ha
MaTeMaTHYeCKOM YPOBHE IO3BOJISET aBTOMaTH4e-
CKH BBITIOJHATH MUHUMH3ALHUIO CETEBOTO Trpaduka
10 KPUTEPHUIO TPYAOBBIX PECYPCOB.

IIpy orpaHM4YeHHBIX TPYAOBBIX PECYpCax ONHO-
BPEMEHHO MOJKET BBIIOIHATHCS JIMIIb CTOJIBKO pa-

00T, CKOJBKO B HaIW4YMK Pa0OTHHKOB. EcTecTBeH-
HO, YTO JIF00OH pabOTHUK BBITIOIHSACT HE OoJiee of1-
HOU pa0bOTHI B OJTH U TOT K€ MPOMEIKYTOK BPEMEHH.

Cdhopmynupyem 3amauy B obmem Buze. [lo-
MyCTHUM, YTO CETEBOH rpadUK CONEPKUT 1 padoT, u
B HAJTMYUH Y UCTIOJHUTEISI UIMEETCS M PaOOTHUKOB:

m<n.

Kaxxnomy paboTHHKY IpHCyIIa CBOSI IMPOHU3BO-
JUTENBHOCTD ISl KaX 10 U3 paboT. DTH mpou3BoO-
MUTENFHOCTH (IUIMTEIBHOCTH BBIMTONHEHUS paboT)
ompeaelieHsl MaTpuileit HazHaueHu A. CTpoku
9TOH MaTpHUIbl COOTBETCTBYIOT pabodrM, CTOJO-
bl — paboTaM, a DIEMEHTHI a;; — TPYJAOEMKOCTIM
pabor. Beca nmyram BBIOMpaOTCS M3 MaTpHIBI Ha-
3HAUCHUH 4.

IlenmeBo#t ¢dyHKITHEH TaHHOW 3a7avd SBIIICTCS
KPUTHUYECKUH MyTh CETEBOTO TpaduKa.

Jis ommcaHus anropuTMa HaXOXKISHHS JIO-
KaJbHOTO ONTUMyMa BBeJEeM ClieAylolmue 0003-
HauCHHUS:

G — ceTeBoii rpad MpoeKTa;

1 — KOJTUYECTBO paboT; j — HoMep paboThl; [ —
Tekymas (paccMarpuBaemas) pabora;

€, — JUTMHA YaCTHYHOTO IyTH W3 UCTOYHUKA U
3aKaH4MBAIOIIEroCs TyTroH /;

m — KOIMYEeCTBO paDOTHUKOB; i — HOMEp pa-
OoTHUKa; kK — Tekymui pabOTHHUK (Ha3HAYCHHBIN
Ha pabory /);

A — Marpuma BpeMeH BBINIOJHEHHS pPaOOTHI j
pPabOTHHUKOM i, @;; — DJIEMEHT MaTPHILbI A4;

t; — MeTKa paboThl MO HOMEPOM j; O3HAYaAeT
paHHHM CPOK ee HayaJa;

pi— MeTKa 1uisi pabOTHHUKA O]l HOMEPOM 7; 03-
HavaeT PaHHUHU CPOK, K KOTOPOMY paOOTHHK i OC-
BOOOJUTCSI TOCIE BBHIMONHEHUSI OPYYCHHBIX €My
pabor.

Bnavane paGoThl anropuT™Ma BCe METKU paB-
HBI HYJIIO.

[pennaraemplii aaropuT™ TMO3BOJISET CTPOHUTH
JIOKaJIbHO-ONITUMAJIBHBIA TIJIaH 32 OJWH TPOXOJ
rpada, T. €. 3a JTUHEHHOE BpeMs OT KOJIMYECTBa
nmyr. Jlmsa atoro myru cereBoro rpada G Hymepy-
FOTCS CJIEIYIOIIUM 00pazoMm.

Brauane Bce y3mbl rpada G HyMEpyrOTCs IO
BO3PACTaHUIO B COOTBETCTBHU C METOJOM TIOMCKa B
mupuny. Ha ocHOBaHMM 3TOM Hymepalluu 3aTeM Hy-
MepyIoTcs oyTd rpada oT 1 10 n TakuMm oOpaszoM,
9TOOBI PaboTa ¢ MEHBIIIMM HOMEPOM TIPEAIICCTBOBA-
J1a paboTe ¢ OOJBITUM HOMEPOM, €CIT OHU JIeXkKAaT Ha
OITHOM ITyTH. JIyTH, HCXOSIIINE U3 OAHOTO M TOTO XKe
y3J1a, TIOTy4YaroT COCEHNE HOMepa TI0 TOPSIKY .

Obwuii wae |. Haznawaem Ha paboty j = [ pa-
OOTHUKA k = i, OTIPENIENIUB €ro MOPSIKOBBIH HOMEP
i 13 COOTHOIIICHUS

e, = min{max{p,,;,} +a,}. *)
1<i<m
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s Bcex ayr j rpaga, Hadyano KOTOPBIX COBMa-
JaeT ¢ KOHLIOM IYTH /, KOPPEKTHPYEM METKH

t; =max{f,,e}.

Koppektupyem MeTKy, COOTBETCTBYIOIIYIO pa-
0ouemy k, HA3HAYCHHOMY Ha paboTy /:

by =¢-

Jls ydera BpeMeHHU BBIIIOJIHEHUS BCETO IIPOEKTA
(TMHBL KPUTUYECKOTO MyTH) BBeleM (HKTUBHYIO
paboty n + 1, ucXoasIIyI0 U3 CTOKa. 3HAUYCHHE MET-
KU t,+1, HAWJIEHHOE Ha TOCJTEIHEM Liare, Oyjer orl-
penenaTs JMHY Kputudeckoro mytd. IIo paccras-
JICHHBIM METKaM MOHO BOCCTAHOBUTH CaM IIyTb.

HalineHHBI anropuTMOM JIOKAJIbHBIA OITH-
MyM OyzeT ri1o0albHBIM, €CIIM KaKAOH oyre cere-
BOro rpaa OyJeT mprcBoeH B KauecTBE Beca Hau-

MEHBLIMHA 3JIEMEHT COOTBETCTBYIOIIETO CTONOIA
Matpuubl 4, u B popmyne (*) Bcerna

t, = max{p,.1,}.

3akmouenue. Kiaccuyeckas 3aqa4a o Ha3Haye-
HUSAX HE JOMyCKaeT OXHOMY PaboueMy BBIIOJHATD
HECKOJIBKO paboT. B To ke Bpems ceTeBod rpaduk
9TO TO3BOJIsieT. bomee TOro, MOXKET OKa3aThCs, YTO
NPy MEHBIIEM YHCIE 33/JCHCTBOBAHHBIX PaOOUMX
MCKOMBIN KPUTHYECKHH ITyTh OKYKETCSI MEHBLIIE.

B Takoii 3aaue HEOOXOMMO yIECTh BO3MOXKHO-
CTH BBITIOJHEHHSI HECKOJIBKHUX pad0T OJJHUM PaboUrM.

[lo BenMuMHE KPUTHYECKOTO MYTU OMPEACIISIOT
JUTUTENTBHOCTD BBITIONHEHUS TPOEKTa U €ro CTOM-
MocTh. PaccMoTpeHHas 3aa4a mo3BosisieT OLCHUBATD
CTOMMOCTh TIPOEKTa [0 CyMME BPEMEHH, 3aTpaucH-
HOTo m pabOTHUKaMH Ha BBITIOTHEHHE 7 paloT.
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A. C. Ko0Gaiis1o
Bbenopycckuii rocyjapcTBEHHBIH TEXHOJIOTHYECKU YHUBEPCUTET

OCOBEHHOCTHU APXUTEKTYPHOM OPT AHU3AIINA
BBIYUCJIUTEJIBHBIX CUCTEM PEAJIBHOI'O BPEMEHM.
UHTETPUPOBAHHBIE KOHBEMEPHBIE BBIYUCJIUTEJINA

[TocTpoeHre BBHIYMCIUTENBHBIX CHCTEM PEaJbHOTO BPEMEHH B OOJBIIMHCTBE CIYy4YaeB CBS3aHO C
pemieHneM 3agadu oOecrieueHus BEICOKOH IPOU3BOAMTENLHOCTH. [lombiTka pemnTs mpobieMy MOBBI-
LIEHUEM OBICTPOJECHCTBHS 3JIEMEHTHOW 0a3bl MPUBOAUT K IpEAETy, 00YCIOBICHHOMY KOHEYHBIM 3Ha-
YEeHHEM CKOPOCTH CBeTa. B maHHON CBs3M HamOosee MEepCHEeKTHBHBIM HAIPABICHHEM ITOHUCKA IPHEM-
JIEMBIX PEIICHUH yKa3aHHOW 33/1a4H SIBJISETCS NOUCK HETPAJUIIMOHHBIX apXUTEKTYPHBIX pemenuit. On-
HUM U3 TaKHX PELICHUH, NPEIIOKEHHBIX aBTOPOM HACTOALIEH CTAThH, SIBIISIETCS MOIAXOJ, OCHOBAHHBIN
Ha MOJIEPHU3ALMM M3BECTHOIO NPHUHIIMIA OPTaHU3alMH BBIYHCIHMTENBHOIO MPOLECCa — KOHBEHEepHU3a-
nun. Konseliepusamuys o3BOJSIET HOTYIUTh 3HAYUTEIIbHBIN BBIMIPHINI B IIPOM3BOJUTEIBHOCTH 110 CPAB-
HEHHIO C TOCIIENOBATENILHOM CUCTEMOM NPH HAIWYMU BO3MOYKHOCTH BBIACICHHUA B pEIIAEMOW 3anade
MHOXCCTBaA HO)Z[(i)yHKIJ,I/II‘/II le/I6J'Il/I3l/ITeJ'l])HO C OJIMHAKOBBIMU BPEMCHAMM HX BBIIIOJIHCHUS. B IMPOTUBHOM
ClIy4ae CyILECTBEHHBIX NMPEUMYILECTB KOHBeWepu3auus He Aaet. [IpeanokeHHblil MEeTo/1 OCHOBaH Ha He-
TpaJULIMOHHON KOHBEHEPHOU OpPraHu3ally BBIYUCIUTEIIBHOTO IIPOLECCa — pealu3alul HEKOTOPOU I10-
CJIC/IOBATENIFHOCTH TOAMYHKLUH ONHON CTYNEHBIO B CIIydae CYLIECTBEHHOTO Da3IM4Msl BPEMEHHBIX
MOKa3aTesIel BHIIOIHEHUS ONEpaluil U peannu3yeTcsa Ha TaKk Ha3bIBAEMOM MHTETPUPYEMO KOHBEHEepHOM
BBIUHCINTENE. B cTaThe Takxke MPUBOAATCS pacyeTHbIE COOTHOIICHHS JUIS OmpeesieHus 3G PEeKTHBHO-
CTH BBIYUCIIUTENBHBIX CUCTEM, OPTaHU30BaHHBIX HA OCHOBE MPEATIOKEHHBIX METOJIOB.

[IpumeHeHne MHTETPUPOBAHHBIX KOHBEHEPHBIX BBIYMCIHUTENEH OKAXKETCS IEIeco00pa3HbIM IpH
IIOCTPOEHUH BBIYHCIUTENBHBIX CHCTEM B YCIOBHAX OTCYTCTBHMS B PaCHOPSIKEHHH IPOEKTUPOBILHKA
(YHKIMOHANBHBIX YCTPOHCTB C BPEMEHEM BBINOJHEHHS OIEpalyil aJropuTMa, HE HMPEBBILIAIOIIUM
JUTUTENBHOCTH LKA 00pabOTKK JaHHBIX, TpeOyeMON B COOTBETCTBHHM C 33JaHHBIMH YCIOBHUSIMU pe-
AJIbHOI'O BPECMCHHU.

KutioueBble ¢j10Ba: MPOU3BOAUTENHHOCTh, BEIUUCIUTENbHAS CUCTEMA, TTapauIeTu3M, KOHBeHepH-
3a1usl, peaibHOE BpeMs, IUKJI KOHBeiepa.

A. S. Kobaylo
Belarusian State Technological University

THE PECULIARITIES OF ARCHITECTURAL ORGANIZATION
OF COMPUTER SYSTEMS OF REAL TIME.
INTEGRATED CONVEYOR CALCULATORS

The construction of real-time computing systems in most cases is connected with the solution of the
problem of ensuring high performance. An attempt to solve the problem by increasing the speed of the
element base leads to a limit due to a finite value of the speed of light. In this regard, the most promis-
ing direction of finding acceptable solutions to this problem is the search for non-traditional architec-
tural solutions. One of these solutions, proposed by the author of this article, is the approach based on
the modernization of the well-known principle of organization of the computational process — pipelin-
ing. Pipelining allows you to get a significant performance gain over a serial system if you have the
ability to allocate multiple subfunctions in the problem to be solved with approximately the same exe-
cution times. Otherwise, there is no significant advantage in terms of conveyerization. The proposed
method is based on the unconventional pipeline organization of the computational process — the realiza-
tion of a certain sequence of subfunctions with one step in the case of a significant difference in the
timing of the execution of operations and is realized on a so-called integrable pipeline calculator.

The use of integrated pipeline calculators will prove to be useful in the construction of computing sys-
tems in the absence of functional devices at the disposal of the designer with an algorithm execution time that
does not exceed the processing cycle time required in accordance with the specified real-time conditions.

Key words: performance, computational system, parallelism, pipelining, real time, conveyor cycle.

BBenenue. OnHOW W3 OCHOBHBIX MpoOJIEM, necTBus (MMPOU3BOAUTENBLHOCTH). 1 mocieno-
BO3HHUKAIOMNX MPHU NMPOEKTHUPOBAHUM BBIYUCIH- BaTeJbHOT'O BBIMTOJIHEHUS alroputMma u3 / omnepa-
TEeNBHBIX CHCTEM peanbHOTO BpeMenu (BCPB), M1 HEOOXOAMM pecypc BpeMeHH, KOTOPHIH om-
SIBISIETCA JOCTHKUMOCTH TpedyeMoro OBICTpO- penensiercs
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rae T, — KOJI MPOIODKUTEIbHOCTH BBITIOTHEHUS i-i
omnepauuu, T, — TaKT WK BpeMs LUKIA, KOTOPOMY
MPOMOPIIMOHANIBHEI MOMEHTHI Hauaja WIN 3aBep-
IICHHS JIOOBIX NEHCTBUM B cucteMe. [loBbIeHne
OBICTPOJEHCTBUS DIIEMEHTHON 0a3bl WM, YTO TO
e caMoe, YMEHbILIEHHE 3HAYeHUs T, UMEET CBOM
npeaes, OrpaHUYEHHBIN CKOpoCThIO cBeta. 1loarto-
My s pelieHus Ha3BaHHOW mpoOiieMsl Ooiee
MEPCIEKTUBHBIMU SIBIIAIOTCS NMYTH IMOUCKA apXu-
TeKTypHOU opranm3anuu BC, cBsi3aHHBIE, B TIep-
BYIO OU€pelb, C COBMELIEHUEM onepanuii. J[Ba oc-
HOBHBIX MIOJX0Ja B 3TOM HaIlpaBICHUH — KOHBEe-
pHU3aIus U MapajuieIns3M.

OcHoBHast 4yacTb. OCTaHOBUMCS Ha MEPBOM
W3 Ha3BaHHBIX MOJIXOJOB MOBBIIICHUS TPOU3BOIU-
tenpHOCTH BC. IlpumeHeHune koHBeilepHOW opra-
HU3AlUKU BBIYUCIUTEIBHOIO IMpolecca TeopeTnye-
CKH TIO3BOJIICT YBEIMYUTH CKOPOCTH 00paboTKH
JAaHHBIX B P pa3, i€ P — KOJIUYECTBO CTyINEHEH
(rmybuna) xonBeliepa [1]. PeansHO Takoe yckope-
HUE BBIUYMCIHUTEIHHON CUCTEMBI JOCTHUTHYTO OBITH
HE MOXET 0 Py MPUYHUH, OCHOBHOM U3 KOTOPBIX

{x} {x'}

=

SIBIISIETCSI HEBO3MOXKHOCThH BBIICTICHHSI B IIEMIOYKE
BBIYHCIICHUH onepaunii (moAQyHKIH KOHBEHepH-
3UpyeMol (PYHKIHU) C MPUMEPHO PABHBIMH [JTH-
TETHHOCTSIMH UX BBITIOJTHEHHS.

MokHO BBIIEIUTH JBa YPOBHS KOHBelepu3a-
A — Ha 0a3e KOHBEHEPHBIX (YHKITHOHATHHBIX
ycTpoiictB (DY) u Ha OCHOBE KOHBEHEPHBIX BHI-
gucnurenei (KB).

IlepBhlif U3 BBIIENEHHBIX YPOBHEW MpeaycMar-
pHUBaeT BBHIMOJTHEHNHE HEKOTOPOH (YHKIMH KakK IO-
CIIEIOBATEIHHOCTH MOAMYHKIINI U OPHEHTUPOBAH
Ha BO3MOXHOCTh pealn3aliy 3TOH (YHKIHU OJI-
HUM @DV, OpraHuM3OBaHHBIM [0 KOHBEUEPHOMY
npuHuuny. I[IpumMepsl KOHBeHepu3aluu Ha MepBOM
YPOBHE MPUBEICHEI B [1].

Btopo#i ypoBeHb KOHBeWepHu3alluu SBISETCS
Oosyee oOIMM W OPHUEHTHPOBAH HAa KOHBEWepH3a-
[IUI0 TIOCJIENOBATEIBHOCTH OTEpaIfif, KOTOpPbHIE
MOTYT OBITh CAaMBIMH Pa3HBIMH KaK 0 CBOEH CyII-
HOCTH, TaK W IO BPEMEHH pPEaH3aIliy, MpHIeM
KaXKIasg U3 Omeparuii MOXeT BBIIOJTHATHCS cOOCT-
BeHHbIM DVY. Takol moaxoa K KOHBeWepuzaluu
BBIUMCIIATEBHOTO TIporiecca ObUT MPEIOKEH aB-
TOpPOM JAaHHOTO HWCCIIEJIOBaHWS W Hambolee IMoj-
poOHO paccMOTpeH B [2].
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OcHOBHBIE OCOOEHHOCTH 3TOro HoAXoja 3a-
KIIIOYAKOTCS B CIEAYOIIEM:

— JUIsl YMCEHBILICHUS Pa3HUIIBI BO BPEMEHU BbI-
MIOJIHEHHS OIEPALMKA Pa3HBIMU CTYIIEHSIMU Ha pea-
JIM3ALMI0 OJHOU CTYIIEHBIO OPHEHTUPYETCS IOCIIEe-
JOBaTeNbHOCTh ONepauuii (a He oaHa HOAQYHK-
us), T. €. KaKIbI U3 YPOBHEH KOHBeliepa MHTer-
PUPYET PsA NOCIENOBATEIBHO BBIOIHIEMBIX OIe-
pauuii aNropuTMa;

— KaxJas U3 CTylEeHEH KOHBehepa CTPOUTCS
Kak IocienoBarenbHoe coequHenue @Y pasnnu-
HOT'O Ha3HAYECHUS;

— BXOJHBIC JAHHBIE CTYIIEHU KOHBEWepa MOX-
HO IOJIYy4aTh KaK OT IPEIbIAYLICH CTyIEeHU, TaK U
OT JpPYTUX TEXHUUYECKHUX CPEACTB CUCTEMBI, B TOM
YHUCJIE U OT IPYTUX KOHBEUEPOB.

Ha3oBem KkoOHBeliep, peanu3yroUuil JaHHbIE
OPUHIUIBL, B OTIWYHE OT TPATUIMOHHOIO KOH-
BediepHoro Berumciurens (KB) [3], uHTerpupo-
BaHHBIM KOHBelepHbiM Bhrunciurenem (MKB).

CymHOCTh OpUHLMIOA TPOWLIIOCTPUPOBAHA
Ha puc. 1, COOTBETCTByIOLlasg BpeMEeHHas Jaua-
rpamMma npuBoAuTCs Ha puc. 2. Ha 3Tux pucyHkax:

{Xﬁ;},j =i i+Li+2 .o =12 .,p:k=12, .., K,~

BXOJHBIE CHTHAJBI [I-ii CTYyNeHH Ha j-M IIHKIIE.
3nech K, — o0Iriee KOJIMIECTBO ONEPAIiid - CTy-
neHn, 0003HAYEHUsI BEPIIUH — TOCIIEI0BATEIHHBIE
HOMepa BEPIIMH KOHBeWepuzupyemoro mytu. Me-
TOIWKa pacdeTa K, Ha OCHOBE YCIOBHUS pean3ye-
MOCTH TYTH aJTOpPHTMa B pEalbHOM MaciTade
BpEMEHH TIPHUBEICHA B [2].
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Kongseiliepuzanus BTOpOro YpOBHSI NpPEACTaB-
nsieT co0oi rHOKMiT MHCTPYMEHT HPH BBIIIOJTHEHUH
CIIOHBIX AJITOPUTMOB U IIOCTPOEHUU COOTBETCT-
BYIOIIUX BBIYHUCIUTENBHBIX CTPYKTYD, SBISIETCS
OTHUM U3 YPQPEKTUBHBIX IMyTeH BBIOJHEHUS Tpe-
OoBanuii peanbHoro BpemeHu. [lpu 3TOM cymiect-
BEHHO IOBBIIIAETCS BBIUIPBIII B IIPOU3BOJUTEID-
HOCTH 110 CpaBHEHHIO ¢ TpaguunonHeiM KB (ycko-
peHHe) 3a CUeT MOBBIILIEHUS 3arpy’KEHHOCTH CTy-
IIEHEN KOHBeMepa.

OtmeruM, 4Yro 1000 M3 PacCMOTPEHHBIX
YPOBHEH KOHBEWEpPU3AaLUU IIO3BOJISIET IOJIYYUTh
CKOpOCTh 00pabOTKM MOTOKA AaHHBIX, OIpeessie-
MYIO LIUKIIOM KOHBENepa

_ /7
Ty =T T

X=1/1,

rae X — KOJMYECTBO MAaIIMHHBIX CJIOB Ha BBIXOJE
KOHBEWEpa B €AUHULY BPEMEHM, T, — KOJ LMKIIA
KOHBeiepa. DTOT MoKa3aTelb OTPaHUYCH JJIUTEIb-
HOCTBIO CaMOM JJIMHHOW W3 ONEpAaLUil, BBIIOJIHSE-
MBIX KOHBEHEPOM:
rA€ T, — BpeMs BBIIIOJIHEHUS i-il Ollepaluy U3 KOH-
Bellepu3upyeMOi MOCIEeI0BATENbHOCTH.

[Tpu 3aganuu TpeOOBaHMI pean3aluy BBIYKC-
JINTEJILHOTO TIpOllecCa B peajJbHOM BPEMEHHU Ia-
ramu JAUCKpeTh3anuu A¢; IUKII KOHBeiepa MpUHH-

MaeTcs paBHBIM IIary JUCKPETU3aLNU JJI BEPIIUH
KOHBellepuzupyemoro nyT [2], T. e.
T, =Af

i3 i

Ycekopenne R UKB no cpaBHeHHIO ¢ mocie/no-
BaTEJIbHOM CUCTEMON OIpPEAENSIETCs CIEAYIOUUM
COOTHOIICHHEM:!

I I
R=Q t)NQ. /1)l 1
i=1 i=l
rae |-[ — onmxkaiiiee 1eaoe, He mpeBkIatoniee (+),

1
. ](Zri/ru)[= p — rioyOuHa KoHBelepa, U IO
i=1
cpaBHeHMIO ¢ kiaccudeckuM KB — BoIpaxeHuem
R=1/p.

Jpyrue HeTpaiuLMOHHBIE APXUTEKTypHBIE
HOJXOIbl K PEICHHIO 3aa4l MOBBIMICHUS MTPOU3-
BouTenbHocTH BC OyayT paccMOTpeHB! B mociie-
JOYIOLIMX CTaThAX aBTOpa HACTOSILEH padoTHI.

3akarouenue. IIpennoXeHHBIN OPUHITUIT pea-
JU3alMU KOHBelepa Ha WHTEIPUPOBAHHOM KOH-
BeliepHOM BBIYHCIIMTEIIC OCHOBAH HA BO3MOKHOCTH
00bEeJMHEHHS] Ha OJHOM YPOBHE psilia IOCIEI0Ba-
TEJIFHO BBINIOJNHSAEMBIX MOA(QYHKIMHA C y4eTOM HX
peanu3alnuy B peaJbHOM BPEMEHH, YTO HO3BOJISET
MaKCHUMaJbHO 3arpy3uTh CTYIIEHH KOHBeiepa H
OpUOIU3UTh PEANbHOE IOBBILICHUE IPOU3BOIU-
TEJILHOCTH KOHBEWepa M0 OTHOLIEHHIO K MOCIeN0-
BaTEJIbHON BBIYMCIUTEIBHON CHUCTEME K TEOpEeTH-
YECKOI, paBHOM ITyOrHE KOHBeiepa.
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