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V pobomi u4AIOMBCA NUMAHHA NPO 03HAHEHHA THMEZDOGH020 300DANHCEHHA GIKIGCHKOL 6EPCIT Ka-
HOHIMHUL KOMYMAUITHUT CNI6GIOHOWEHL 3 d8oMa cmeneramu c6060du. A came, podaaanymo 36pasice-
HHA, AKD GHYAI0M0TD MAKCUMAALHUT KYOTunud 1deans. Hasedeno 36°a30% posdeaanymoi arzebpu 3 Hisb-
NOMEHMHUMY, as2ebpamu JIi. 3a60AKOMY UbOMY € MOHCAUBICNG BUSHAMUMU IHNEZPOGHE 300PAHCEHHA
68 MEPMIHAL THEAPIAHHOT 06AaCTNE PO3JIABHO AHAAIMUNHUL 8EKMOPI6 0Ad 00pa3ie MeipHur an2ebpu.

Knowoei crosa: 6ikiecvka anzebpa, KAHOHIWHT KOMYMAUITHT cnigsidnowernta, 00Hopionut idean,
THME2POBHE 300PAHCEHHA, GHANMMUYHY BEKMOPU, anzebpa JIi.

In the paper we study integrable representations of Wick version of canonical commutation relations
with two degrees of freedom in terms of creation and annihilation operators. Namely we consider the
quotient of this algebra by the largest cubic ideal. We recall the notion of analytic vector for the family
of closed operators acting on Hilbert space, and introduce the notion of strong analytic vector for the
family of closed operators. We present two versions of integrable representation. First in terms of dense
nwvariant domain consisting of strong analytic vectors for generators of algebra. The second one is given
in terms of dense invariant domain of analytic vectors for Laplace operator. It is shown that algebra
under consideration is isomorphic to nilpotent Lie algebra. Using this fact we prove that two versions
of definition of integrable representation are equivalent. Moreover, we prove that conditions of second
definition is equivalent to the existing of dense invariant domain consisting of separately analytic vectors
of squares of positive components from the polar decompositions of generators.

Key Words: Wick algebra, canonical commutation relations, homogeneous ideal, integrable repre-
sentation, analytic vectors, Lie algebra.

Communicated by Prof. Kirichenko V.V.

1 Bcryn

B niit poboTi Mu nMpooBXKYyEMO BUBYUATH ITUTAHHSI,
II0B’s13aHi 3 IHTErPOBHICTIO 300paXkKeHb BIKiBCHKIO
aHAJIOTY aJIredpu KAHOHITHUX KOMYTAaIliifHUX CITiB-
BiTHOIIIEHD 3 JIBOMY CTEIIEHSIMH CBOOOIN.

A came, posrisgHemo x-ajuredpy WA, mopo-
JIKeHy TBIpHUMHZ a;, a;, ¢ = 1,2, 10 33/I0BOJIb-
HAIOTH CIIBBIIHOIIEHHSI HACTYITHONO BUIJISIILY:
i=1,2, ajay = azaj.

Ta; —aa; =1,

a;

[Iro *-aaredbpy OyaeMo Ha3WMBATHU BiKiBCHKUM aHa-
gorom CCR 3 gBoma cremeHssMu cBOOOMM, IIO-

© O.B. Ocrposcobka, J1.I1. TIpockypin,
P.d. dxumis 2017

J10 Teopil *-aJredp 3 BIKIBCHKUM BIIOPSIIKYBaAHHSIM
B, [4].

OcHoBHY yBary ocTaHHIMU POKaMu OYJIO TIPH-
CBSIYEHO BUBYEHHIO 300pazkenn ayurebpu WA, 1m0
AHYJIIOIOTHh TaK 3BaHI BiKiBCHKI OTHOPIIHI imeastn,
muB. [4].

Osnavenns 1.1. BIKIBCbKUM OZHOPIAHUM ij1ea/10M
B WA Ha3uBaeThCs ABOCTOPOHHIH ineas 7 B BlIb-
it anre6pi C(ai, as), HOpoKeHnit OHOPLIHIMEI
MHOroYJIeHaMU (PIKCOBAHOTO CTEIIEHIO, JIJIsSI AKOI'O

a;jT CIT+7Tai+Zay, i=1,2.

Bigomo, nus. [4], mo mMakcumaabHE KBajpa-
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TUYIHUN BiKIBCbKUil imean 7o MOPOMKYETHCI ejie-
MeHTOM A = asa; — ajas. Takum yuHOM, baxTOp-
anrebpa WA /Ty cuiBnajae 3 anrebporo A KaHOHI-
IHUX KOMYTAIIIHHUX CITiBBiTHOIIIEHD 3 JIBOMA CTe-
HEHAMU CBOOOIIN:

A =C(aja; — a;a; =1,

* * .
ajas = asaj, aza; = ajag, i =1,2).

Hwuxdae nam 6yayTh TOTPiOHI O3HAYUEHHS aHAJITH-
YHUX BEKTOPIB JJIs1 3aMKHEHOT'O OTlepaTopa Ta Cy-
MICHO aHAJITUIHUX BEKTOPIB Jjisi HAOOPY 3aMKHe-
HUX oreparopis, jus. [1].

Osnavenna 1.2. Hexait A — niwiitHuit oneparop,
o i€ Ha rinmpbeproBomy mpocropi H. Bekrop f
HA3UBAETHCS AHAJITHIHIM BEKTOPOM i A, SKIIo
f € D(AF), k € N, Ta pagiyc 36ixkmnocti psy

S~ 141l g
|

— n

HEHYJIbOBUH.

3ayBaxkeuust 1. Bexmop f € D ¢ ananimu-
yHuM 0As A modi 1 auwe modi, Koau 3HATAYMbCA
C >0 ma M >0 maxi, wo

|A"f]| < C'- M™nl.

[Mosnaunmo gepes A, n € N, MHOKUHY BCiX
caiB moexuHM n B andasiri F = {A;, j =
1,...,d}. B nojaubinomy 3 KOXKHHUM CJIOBOM V €
A, Mu 6y J1EMO OTOTOKHIOBATH BiIOBIIHUIN 100y~
TOK OIIepPaTOpPiB.

Osnavennsa 1.3. Hexait obnacre D € inBapian-
THOIO BIJTHOCHO CiM'1 3aMKHEHUX OmepaTopiB J =
{4;, j=1,...,d}. Bygemo kasaru, 1mo BeKTOp
f € D e cymicHo anaiTuaHUM BigHOCHO CiM'T F,
SKINO PaJIiyc 30i1KHOCTI psiy

ST
n=1

’ ZIEAn

€ HEHYJILOBUM.

Osnavenna 1.4. Hexait obnacre D € inBapian-
THOIO BiJHOCHO CiM'1 3aMKHEHUX omeparopiB JF =
{4;, j=1,...,d}. Byaemo kazaru, mo BeKTOp
f € D zamoBoabHsie yMOBI mocmyieHol cymicHol
AHAJITHIHOCTI BiHOCHO ciM’T F, SIKIIO paiyc 30i-
2KHOCTI sy

S sl
n=1

T vEA,,

€ HEHYJ/JIbOBUM.
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3ayBaxkenns 2. /Jlas mozo, wob sexkmop f € D
OY8 CYMICHO AHAATMUNHUM 81OHOCHO Cim’i F He-
0bxidno ma docmamnvo, wobd ichysaru C > 0,
M >0 das axux

> lvfll<C- MMl

UeAn

Bidnosiono nocusena cymicna aHAATMUYHICTVD
EKBIBANEHMHA YMOBT

> lvfll<C- Ml

I/GAQn

Haramaemo osHaveHHsST iHTErpoBHOrO 300pa-
>xenns A.

Osnavenns 1.5. Bymemo KasaTu, Moo 3aMKHEHI
omeparopu A;, ¢ = 1,2, BU3HAYAOTH IHTErPOB-
He 300paykeHHs *-ajareopu A, SIKINO 3HAWIETHCS
muibHa obstacte D, inBapianTha BimHocHO A;, AT,
1 =1, 2, IKa CKJIQJIA€ThCs 3 AaHAJITUIHUX BEKTOPIB
oneparopa A = A A7+ A A5, Ta Ha BCix BeKTOpax
D BUKOHYIOTBCsl BU3HA4YAJIbHI CIIiBBIIHOIIEHHSI.

Haramaemo TakoxK, IO €1uHEe HE3BimHE iHTe-
IrpoBHE *-300parkKeHHst ajiredbpu A BUHAUEHE, 3 TO-
YHICTIO /IO YHITAPHOI €KBIBAJIEHTHOCTI, HACTYITHUM
IIHOM: IIPOCTip 300pazkennst H = lo(Z4 ) ®12(Zy),

Al=a®1l, Ay=1®a,
aen = vVn+ lepy,

TZEZ+

2 3o6paxkennss WA, 1o aHyJiol0Tb KyOi-
YHUA OmHPiAHUI imeast

B po6ori [6] BuBuasics 306pazkennst WA, 1o any-
JIIOIOTh MAKCUMAaJIbHUN KyOITHUI BiKIBCHKHH 11ealt
I3. Tlosnauumo wepes a1s = asa; — aias. TBipHI
MaKCHMaJIbHOIrO KyOIdHOrO ieasy MaioTh HACTY-
HHUNA BUTJIST:

ai2a1 —aiai2, a1262 — a2012.

Kpim Toro 8 WA MaioTh Miclie CIIBBIIHOIICHHS
* * * *
a1a12 = 1244, AoG12 = A1209.

TakuM 4YHUHOM €JIeEMEHT (12 HAJIEXKHUTh ILEHTPY

s-anrebpu As = WA/Zs. Jlerko Takox nepesi-
pUTH, IO el eJIeMeHT € HOPMAJILHIM.

10
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B po6ori 6] BuB4yasmuch He3BijHI 300pakeHHs!
As. 3 memu lypa BumiuBag, 1Mo B HE3BITHOMY 30-
OparkeHHi 0Opa3 eyleMeHTa @12 = Y1 JUIST JTESIKOTO
y € C. OueBunno, mo Bumnagok y = 0 BU3HAUAE
300paxenust anaredbpu A. nsa y # 0 nosHagmmo
4gepe3 A3, anrebpy, MOPOJIZKeHy CIiBBiIHOIIEHH-
MU
aja; —aza; =1, i=1,2,
* *
a1az = a20a4, aza1 —ajaz =Y.
B [6] 6ysi0 nokazano, 1o npu 3aMidi TBIpHUX BH-
rasgny by = ai, by = az — ya] orpuMaeMo cHiBBij-
HOITIEHHS HACTYITHOTO BUTJISIITY:

biby — bibi =1, biby — babs =1+ [y|*,
biba = bob], baby = bibo. (1)

Takox Tam OyJi0 3aIIpOIOHOBAHO BBaXKaTH iHTe-
I'POBHUM 300paskeHHAM A3, Take, B IKOMY 00pa3n
TBipHEX b;, b}, i = 1,2, mOpOKYIOTH iHTErpoBHe
300paxkenHs *-ajredbpu A.

B 1iit wacTrHi MM OKayKeMo, SIKUM UMHOM Ja-
TH O3HAYEHH# iHTerpoBHOIO 300paskenHs A3 , 6e3-
HocepeIHbO B TepMiHax o0pasis TBIpHEX a;, a;,
1 = 1,2. Jlnst mboro mobadnmo, o Ag,y JIJIsT KO-
xmoro y € C e anrebporo Jli.

Orxe, Hexail 3amkneni oneparopu A;, A7,
1 = 1,2, 3aJI10BOJIbHSAIOTL Ha 3aMKHEHIll iHBapiaH-
THI 06aacTi D C H CHiBBIIHOIIIEHHS

ATA; — AAT =1, AJAy = A A7,

A Ay — A1 Ay = yl. (2)
Toni BoHn Bu3HAYAIOTH 300parkeHHsT KOMILIEKCHOI
aaredopu JIi £, MoposKeHol CIIiBBiIHOIITEHHIMY Ha-
CTYITHOTO BUTJISIITY.

ai,ail = Z, lal,a2] =0, a3,a1] =0,

l[ag,a1] =Y, [a;, Y] =0, [a],Y]=0, (3)
Za] =0, (Zal]=0, [,7]=0,
Y*,Y]=0, [Y*,Z]=0, Z=2"

B gakoMy Z — 1 Tta Y +— y1. [lobymyemo omeparo-
pu

_ 1

1 ,
Py =54+ 43), @5 =5

o
(A] —_ 14])7 ] - 1’2.

B Teopii anarebp JIi iHTerpoBHUM HA3WBAIOTH 30-
OpaKeHHsI, Take, 10 BiIIIOBiIHe 300parkKeHHs Jiii-
cuol popMmu aredbpu Bu3HaTAE yHITAPHE 300parKe-
HHga Bigmosignol rpynu JIi. s nporo HeoOXigHO
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i mocrarno, nus. [5], mob as oueparopis Pj, Q;,
1 = 1,2, icHyBaJia muiabHa 00JIACTH CYMICHO aHa-
JITUYHUX BeKTOpiB. O4YeBUIHO, 11O JJisI IIHOTO He-
00XiTHO 1 TOCTATHBO BUMAraTH CYMICHY aHAJITH-
gnicTs D BinHOCHO cim'T {4}, A3, 5 =1, 2}. Takum
UIMHOM Mae€ MiCIle HACTyIIHEe TBePIKEeHHS.

Teepmxkennsa 1. Sobpasicenna anzebpu Ag, 6y-
de 3adasamu thmeezposre 30b6pasicenns anzebpu JIi
£ modi G auwe modi, Koau ICHYSGMUME WLADHA
Heapiarmma obaacms D, sexmopu AKOL € CYMICHO
ananimuwHum 6i0HocHo cim’i {Aj, Az =1, 2},
ma onepamopu A;, A;, j = 1,2, 3adosorvraromo
cnissidnowenns (2) na D.

3ayBaxkenHnss 3. OuesudHno, wo 3 CYMICHOL
anasimuyrocmi  eexkmopie D eidnocHo
{A;, Ar, i = 1,2} 6yde sunausamu ix cymi-
cra ananimuynicms sionocno { Ay, A3, Ba, B3}, de
By = Ay — yA7, a omoice inmeeposnicmo 306pa-
otcenna dsosumipnux CCR, wo 3adacmuvea onepa-
mopamu A1, Bo. Obeprene meeporcermna maxortc
gipre. Taxum “HUHOM THMEZPOSHICMD 300PAICEH-
na anzebpu Asy 6 cenci osnauenna 3 pobomu [6]
EKBIBAAECHMHA IHIMEZPOSHOCTT 306DAdNCEHHA GA2E-

opu JIi £.

cim’i

B pobori [2] noseneno, mo Jyisi iHTErPOBHO-
cTi 300parkeHHsT £ JIOCTATHO BUMATATH PO3/IL/Ib-
Hy aHaJITUYHICTH BEeKTOpiB D BiJIHOCHO OlepaTo-
piB Pj, Q;, j = 1,2. B crarti [3] goBoxurscs, mo
inTerpoBHicTh 300parkenus ajarebpu JIi BuninBae
3 icHyBaHHsI IIIJIbHOI iHBapiaHTHOI 00J1aCTi BEKTO-
PiB, aHAJITUYIHUX JJI OIIEpaTOpPa

1+ (PJZ + Qg) = AT A + A3y,

7j=12

3BijicH JIETKO OJIEP2KATU HACTYIIHUAN PE3YJIbTAT:

TBepmxenas 2. Zamxneni onepamopu A;, i =
1,2, eusnavaromo inmeeposne sobpasicenna A,
modi U auwe modi, KoAu 3HAUIEMBCA CKDI3D
wiavha obaacmv D, iHeapianmma 6i0HOCHO one-
pamopie A;, AY, i = 1,2, eexmopu axoi € anani-
musrumu das onepamopie T2 = A}Ay ma Ty =
A5 As.

Josedenna. Hexait A = TE+T2 ra f € D. 3 ana-
JiTuaHOCTI f 1718t TZ-2 suaiiayTees M; > 0,1 =1,2,
TaKi, 110

T2 f|| < MP'n), i=1,2.
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Tomi
2 n
HA?fH (A"f. f) =

= Z o A
k=0

<N k@ sty <
k=0

- 2(n—k
< ST CEITE || TRR || <
k=0

Crircok BUKOPHUCTAHUX JI2KepeJl
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National University of Kyiv
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2017, 1

M” FME(n — k) <

—Zk. o

<n- max{Ml,Mg} n! <
< 2" max{ My, Ma}"n!.

Orxe,

|A% f|| < 2% max{M;, Ma}2Vn! <
< 2% max{Mj, My} 2n!

Ta BeKTOp f € aHaiTHIHUM I /A O
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Posenanymo konmaxmuy 3a0auy 0ns NPys#CHOI CMyeU, HUICHSL SPAHb KO HCOPCTKO 3aKpiniena, a 'y 6epx-
HIO 2pamb ni0 0i€l0 PIBHOMIPHO PO3NOOINEHUX HOPMATLHO20 MA OOMUYHO20 HABAHMAICEHb 80ABNIOIOMbCSL
084 NIBHECKIHUEHHUX WMAMAY 3 NPAMOLIHIUHUMU OCHO8AMU. B 0biacmi KOHMaKmy 8paxo8ano Cuiu mepms.
ITumeepanvhe pigusanusa 3a0aui 3a donomo2orw memody Binepa — I'onga 36edeno, cneputy, 0o cucmemu QyHK-
YIOHANbHUX PIGHAHb, A NOMIM — 00 HECKIHUEeHHOI cucmemu aneeOpudHux pieHsaHb. Busnaueno po3nooiiu KoH-
MAKMHUX HANPYIHCEHb, HOPMATbHUX MA OOMUYHUX HANPYICEHb HA 3AKPINeHill epaHi cmyeu ma po3nooiiu
HOPpMANbHUX nepeMilyeHb MOYOK BIIbHOI 8i0 HABAHMANCEHHS YACTNUHU 8EPXHBbOI 2PAHI CMY2U.

Kurouosi cnosa: npysicna cmyea, nigneckinuenti wmamnu, memoo Binepa — I'ongha, nanpyoicennsi.

In presented paper the frictional contact problem is considered for two semi-infinite punches with
straight-line bases and an elastic strip with rigidly fixed bottom line. Using the Fourier integral
transformation, the corresponding mixed boundary value problem of elasticity for the strip is reduced to the
integral equation at two semi-infinite intervals with different difference kernels. Applying the Wiener — Hopf
method, the integral equation is reduced, first, to the system of functional equations and second to an infinite
system of algebraic equations with exponentially vanishing coefficients. The solution of the last system is
obtained in the form of the series containing the powers of a small parameter. The factorization of the
functional equation coefficients is performed in the form of the infinite products containing the roots of the
transcendental equations. The analytical expressions are obtained for the contact stress and the normal
displacement of the load-free part of the upper strip line in the form of the exponentially convergent power
series. The complex combination of normal and tangential stresses on the fixed strip line is presented in
quadratures. Calculation of stresses and displacement is performed for the different values of the

dimensionless distance between the punches and the friction coefficient.
Key words: elastic strip, semi-infinite punches, Wiener — Hopf method, stress.

Crartio nipeacTtaBus 1. ¢.-M. H., mpod. Kyk . O.
Beryn

KonrtakTHa B3a€EMO/1isl TIBHECKIHYEHHOT'O ILITAMIIA
3 TPSIMOJIHINHOIO TOPHU30HTAIHHOIO OCHOBOIO Ta
MpYKHOI CMyTH po3risinanacs B pobdorax [1, 2] 6e3
ypaxyBaHHSI TepTa Ta B poOoTi [3] 3 ypaxyBaHHAM
TepTss B 0o0nacTi KOoHTakTy. TodHI PO3B’SI3KHM LHUX
3amad OyJo 3HAWIEHO 3a JOMMOMOT0I0 MeToay Binepa
— Tonda. KoHTakTHa B3a€MOisi IBOX CKIHYCHHHX
LITAaMIIB 3 NPAMOJIHIMHUMH TOPU3OHTAIBHUMH OC-
HOBaMH Ta IMPYXHOI CMYTH Y BHIIQAKY BiICYTHOCTI
TEpTs BIepIlIe po3risiaaiacs B poOoTi [4], ae 3Haii-
JIEHO HAOIMKEHUH PO3B’ 30K 32 JOMTOMOTOI0 aCHMII-
TOTUYHOTO MeTomy. B poboTi [5] i3 3acTOoCcyBaHHIM
METOAY TOCIIiJOBHUX HaONMMKEeHb PO3B’S3aHO 33434y

© T. B. Knimuyxk, B. I. Octpuk, 2017

PO TIaJKUH KOHTAKT ABOX MiBHECKIHUCHHUX IITaM-
MiB i3 TOBUIEHOIO (POPMOIO OCHOB Ta MPY>KHOI CMYTH.
VYV BHUIManKy MiBHECKIHYCHHHUX IITAMIIB i3 MPSAMOITI-
HIHHAMHA OCHOBaMH aHAJIOTIYHY 3a7a9y PO3B’S3aHO B
[6] i3 3acTocyBanHsM MeToay Binepa — [Nonda. Bruus
TEpTS Ha KOHTaKTHY B3a€MOJII0 HPYXKHOI CMYTH 3
JBOMA IITaMIIaMH PaHillIe He JOCHTiHKyBaBCH.

Jana poOoTta npucBsiueHa 3HaXOHKEHHIO TOYHOT'O
AQHAITHYHOTO PO3B’SI3Ky KOHTAKTHOI 3amaui ams
CMYI'H 3 JABOMa MiBHECKIHUYCHHHMMH LITaMIaMH Ta
JIOCJTI[KEHHIO BIUIMBY TEPTS 1 BITHOCHOI BiJCTaHi
MDK IITaMIIaMH Ha PO3MOIIIN KOHTAaKTHHX HAIpy-
JKEeHb, HAlPy)KEHb Ha 3aKpiIUieHId TpaHi CMyrH, a
TaKOX Ha HOPMaNbHi MepeMillleHHS BUTbHOT YaCTHHU
MEX1 CMYTH.
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InTerpaibHe piBHSIHHSA 3a1a4i Ta iforo
IHocTanoBka 3apauvi PO3B’AI3aHHA
Po3riustHeMO TIPYKHY cMyry —o<x <o, —h< VBeaeMo HeBiIOMY (YHKIIIF0 HOPMAaJIbHUX KOH-

< y<h ToBmWHHU 2h B cTaHi IIOCKOI nedopMartii
(puc. 1). BBaxxaTumemo, 110 HWXKHS TpaHb y = —h
(—00 < x<00) CMyTHW XOPCTKO 3aKpiruieHa. Y BepX-
HIO TpaHb y =/ CMYyTH Ha MPOMIXKKax —oo < x < —/
Ta 0< x<o00 BIAaBIIOIOTHCSA JBa MiBHECKIHYCHHHUX
ITaMIIU 3 TPSIMOJIiHIHHMMHA OCHOBamH. Ha mpaBuit
mramn (0 < x <o) mIOTh PIBHOMIPHO PO3IMOAUICHI
HOpMaJbHE Ta JOTHYHE HABAHTAXCHHS I1HTEHCHB-
HocTel p; (p;>0) Ta g BIANOBIAHO, a HA JIBUI
mTamMn (—0 <x<-/) — HaBaHTa)XCHHS IHTCHCHB-
HocTe p, (p,>0) Ta gq,. -1<x<0
BEPXHBOI IpaHi y =/ CMyTd MiX IITaMIIaMH BiJbHA

YactuHa

Bil HaBaHTaXXeHHSA. B o0yacTi KOHTaKTy —oo0 <x<
<-[, 0£x<o, y=h HOpPMalIbHI Ta JTOTHYHI Ha-
MPYKCHHS 3aJ0BOJIbHSAIOTH 3aKOH TEPTSA AMOHTOHA.
JIns iHTeHCUBHOCTEH HOpManbHUX p;, p, Ta JO-
TUYHUX ¢, ¢, HABAaHTA)XKEHb BUKOHYIOTbCS PIBHOCTI
G =P 4 =Hapy s e [l

TepTs, SKi 3a0e3MeuyloTh IOBHE IPOKOB3YBaHHS
OCHOB IITAMIIIB Y310BX MEXKi CMYyTH.

W, | — xoedimieHTH

YA
P ;
pipger g
A g
02[ h 61/
T
] 0 <
—h

Puc. 1. B3aemogis mraMmiB 3 Ipy>KHOK CMYTOIO

KpaiioBi yMOBH 3a7a49i MatOTh BUTJIST

My‘y:h = _61’ Txy y=h :ulo-y‘y:h (0<X<o°),
uy‘y:h =%, Loy y=h :uzo-y‘y:h (eo<x<~l),
a,| T,| =0 (-1<x<0),

ux|y=—h=0’ u)‘y:—hzo (o <x<e), (1
ne O, ta O, — MpOCiNaHHA CMYTH MiJ NpaBUM Ta

JIBAM IITaMIIaM{ BiJMOBiHO. [3 YMOB Ha HECKiH-
YEHHOCTI (X — 00 ) 3Haxomumo [3]:

_1=2v ph _1-2v poh
s =T e s v e @

ne Vv — koedimient [Iyaccona, G — MOAyJb 3CyBY.

TaKTHHUX Hapr)KeHB

o(x)— \ (-o<x<—[,0<x<0) (3)

Ta 1i TpaHC(i)OpMaHTy dyp’e

- 0
o =5 [+ ] |o(ne™ dr. 4)
—00 0

PosrnssHeMO OCHOBHY 3MilllaHy KpaioBy 3ajauy
JUISL CMYTH, KOJIM Ha TpaHi y = A 3a7aHO HOpMaJbHI

2Go(x) ta notnuni 2GH,0(x) HampykeHHs (M, =
=My, 0sx<oos [y =1y,
y =—h — HynpOBi mepemimnieHHs. Po3B’ 130Kk 3HaXO-

—o0 <x<-—/), a Ha rpaHi

JMMO 32 JIOTIOMOTOIO 1HTETPAbHOTO HEPETBOPEHHS
®Oyp’e. BukonaBIy 3aMiHM 3MiHHUX

x=2hE, r=2hn, T=2ph, a=1/2h), (5)
HaTpaHi y =/h CMyTrd MATHMEMO
— T )\(T) = _T —itg
I/ty‘y:h —_J. '[A('[) G(E)e dat,

AT =A (1) (0T <), A(T) =A, (T) (0 <T<-a),
A=A (D +UALD, j=1,2,
)\“(T)=2(1—v)[(3—4v)sh2T—2T],

A, (1) = —21'[(3 —4v)(1-2v)sh’T —rz] :
A(t)=(3-4v)(ch2t-1)+21* +8(1-v)*. (6)

Po3B’s130k (6) OCHOBHOI 3MiIlIaHOI 3ajayl 3a0-
BOJIBHSE BCi KpaiioBi ymoBu (1), OKpiM YMOB mJIst
HOPMaJIbHHX MEepeMillieHb Ha BEpXHil rpaHi.

OYHKIIF0 KOHTAKTHUX HAMpPYXEHb IOJaMo Y
BUTJISAIL

o(x) = -2 +0.(x), 0.(@)=0 (x20),

2G

0(x):— +0.(x), 0,(—0)=0 (x<-I).

7
2G (7)

IToganns (6) migcTaBUMO y KpaikioBi ymoBu (1)
JUIA HOpMaJlbHUX TMEpeMIllleHb Ha BEpXHiM TrpaHi
cmyru. BiTHOCHO HOBOT HEBi1OMOi (hyHKITIT

0&) =—V2nFo,2h§) (E<-a.£>0) (@)
1
OTpUMaAEMO iHTeraJ'IBHC piBHHHHH

L®) = [kE-mdmdn + | kE-mdmdn = f &)
0 —00

(-0 <E<-a, 0<E<w), (9)
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IS | K -it(E-n) (T) + + —iza Kz(z) - Y(z) _
k. =— | K.(1 T, K;(D= + —2 = -—— ==
JE- =5 j JOENI, KO =g KOK @) e TeT ()
_ia F~ F*
J@=S2 122 L T(KO_p KO )t sl B T (&)
2T[ KO 7 KZ(O) ) it K, (z) K, (2)
PiBHsaHHs (9) € iHTErpaabHUM PIBHAHHSAM Ha IBOX K, (0)K; (2)®™(z) + elza K, (Z) O (2)— Y (z2) -
MIBHECKIHUCHHHUX IHTEpPBAIIAX 3 PI3HUMHU pi3HUIIE- K, 7 (2) K2+ (2)
BUMHU sifpaMu. J{7s1 fioro po3B’ A3aHHS BUKOPUCTAEMO _F'(z) F(2)
npouexypu Mmerony Bimepa — Iomda [7] i mimxin = ——+— (c"<Imz<c). (14)
K;(z) K, (2)

pobotu [6], ne pPo3B’SA3aHO aHAJOTIYHE PIBHIHHS 3
OJTHAKOBUMH SIJIPAMH.
BinHOoCHO (yHKIIIH KOMIUIEKCHOT 3MIHHOT

()= = [0E) "k,
0
0
> (2) =% [ o€ -a)e™ac,
W(z) = %TL(E—a)e"ZEdE,
0

W (z) :ﬁ j L(E)e™dE . (10)

@ (z) aHamiTHUHI Y
¢ >0)
BianosigHo, a pynkuii W (z), W (z) — win, oTpu-
Ma€EMO CHUCTEMY (PYHKIIOHAILHUX PIBHSIHB

K (2)®"(2)+e K, (2)® (2) =W (2) = F(2),
W (2)=e™“W (z) (" <Imz<c) (11)

3 IPpaBOO YaCTUHOIO

F(z)=F'(2)+¢™F (2), F'(2) :ﬁ_[f(z)e’ﬁdi ;
0

cepen sxux Qynkuii ®*(z),

miBwionmHax Imz>c¢', Imz<c¢ (' <0,

0
Fr@)= 7= [ fE-aedz. (12)

[Ticna paxTopusauii koediieHTiB

K,(2)= K, (K] (K] (2), K==,

-1
Ki(z)= I+—1-—1 ,
e k|_|=1£ 4 j[ SJ
-1
(1+—J(1+—J (j=1,2) (13)
gy Sk

yepe3 kopeni (| Zi")v (k=1,2,...
)\j(is)=0 (j=1,2) i3 miBmionuH Res >0 i Res <

K;(2)=

s

) piBHSHB

<0 BigmoBigHO Ta KopeHi s, (k=1,2,...) piBHAH-
H1 A(is) =0 i3 miBmmomuan Res >0, piBHIHHSA

(11) 3amumemo y BUTIISIL

Oxpemi ckmanoBi piBHsAHB (14), ski HE € aHANI-
TUYHUMY y miBmIomuHax Imz>c¢’, Imz<c¢™, noga-
MO PI3HHUIICKD AHATITHYHUX y IUX IIBIUIOIIMHAX
dhyHKIIH:

_lZaK
K((Z))rb() X'(D-X (). (15
K(2) .. . )
e K;—((Z))cb () =X (2% ().
F'(2) _ F @ _ e
K() fl(z) fl() K;(Z) fz(z) fz(z)-

KoxHy 3 (yHKIIN 13 TIpaBUX YacTHH PiBHOCTEH
(15) Bigmykyemo y Buriisiai interpainis tuny Komri 3
BIJITOBITHUMHU TYCTHHAMH 13 JIIBUX YACTHH ITUX PiB-
HocTel. PO3BUHYBIIM HTETPAU B PSIAH 32 TEOPI€IO
JIUTIKIB, OTPUMAEMO

X; (z) = Z ¢’(ls)e",
=1 Sk T
X;(z) = Z GJ (is, e ",
= Sk T
K'@-1_p | < a —sia
fr@= iz Pr K>(0) &5 (s, —iz)¢
_p21 Ki(z2)_ | ~ O
L@= iz K, (0) p S (s, +iz) ’
o = Az(—isk) qt = A, (isy)
s Gis)K; (<is) 5O (is, ) K5 (i)
(k=1,2,...). (16)

3 ypaxyBaHHsM TojaHb (15) cuctema piBHSHB
(14) naGyBae BUTISLY

K (0K ()P (2) +X{ (2) = ;" (2) =

V@, W F@,

Ko KG) N@T @,
K, (0)K; ()™ (2) + X (2)  f57(2) =

qJ (Z) iza F'(z) toN_ ot

Ko ¢ Ke 9RO

(c'<Imz<c). (17)
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Jlnst xoxxkHOTO piBHAHHS (17) JiBa 1 IMpaBa YacTUHU
AQHAIITUYHO TIPOJIOBXKYIOTh OJIHA OJIHY Ha BCHO KOM-
TUICKCHY IDIONIUHY 1 SIBIISTFOTH COOOI0 MUTY (PYHKIIIFO.
BuxopucToByoun OmiHKA

K1+(z) = 0(2_1/2+V1) K_(Z) — O(Z—I/Z—yz) ’

1 H;(1-2v)

Y; = ﬁarCth (j=12),

X1 (2, X2(2), £i7(2), 5 (2)=00:"h,
" (2), P (2)=0(1),

|2l - .

(18)

3aKJIFOYAEMO, 0 KOJKHA 13 3a3HAYCHHUX ITHX (YHK-
i TOTOXHO JOpiBHIOE HyJNeBi. OTKe, 3HAXOIUMO
pPO3B’S30K cHCcTeMH (YHKITIOHATBHHUX piBHIHB (11) y
BUTIIAIL

0t (= IO XG)

1
K, (0)K (2) (19
¢ (=LK
Kz(O)Kz (z)
V() =K £ (D -X3 (D) |- F(2),
Y () =K (D] £ (@) -X ()] - F(2).
IMoxnaBmu y nepiit piBHocTi (19) z=is,, a B

ApYTii z =—is,, OTPUMAEMO HECKIHYEHHY CHCTEMY
anreOpUYHUX PiBHIHB

K —
Z A,

z +B; zsk vy =g,
4B Y U =g (n=12,...) (0)
=1 Sk
BITHOCHO HEBIJOMHX
=t (i) + 1
z, P (is,) K.0)s,
Z =¢ ( lSk) plW (k 1 2 ), (21)
y SIKifl Ha MiZICTaBi ACHMIITOTHKH KOPEHIiB s, ~ Tk/2,
k — o, yBemeHo Manmii mapamerp A, =e =
= ME (0< A, <1) Ta xoedinieHTn
~* i —(sk—rlk/Z)a + 1
a s - . >
¢ T 9ke B” K, (0)K, (is,)
} B, -_pB
By=— Ll —— gr="t, g =%—
K,(0)K; (-is,) Sy Sn
(k,n=1,2,...). (22)

Bigmrykyroun po3B’si30K cucteMu piBHAHB (20) y
BUTIAIL

F=3EE A (k=12

m=0

) (23)
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3HAXOMUMO

+ - _*

o -8, (24)
Ta OTPUMYEMO PEKYPEHTHI CHiBBiI[HOIHeHH}I

m

* F
= Zsk+s g (25)

JUTSL BU3HAUEHHSI KOoe(illieHTIB E;’m (n,m=1, 2, ...).

Pos’s30k  $(§)

3HaleMo, 3aCTOCOBYIOYM OOEpHEHE HEPETBOPEHHS
®yp’e 10 piBHOCTI

IHTerpambHOTO pPiBHAHHS (9)

©  —qa

I

Hust >0 3 ypaxysauusiM (19) maTumemo

—Lm + —if =
&= 7 | j O (1)e ™" dt

j

BusnavyeHHs Hanpy:KeHb Ta NepeMillleHb

J‘P(E)eizzdﬁ =@ (2) +e D7 (2). (26)

DO K] (1)
A (1)

1
~ o

[ff O=Xr (r)]e‘”E dr. (27)

HopmanbHi KOHTaKkTHI HampyKeHHS B3JI0BXK OC-
HOBHM TIPAaBOTO IINTamIa 3HAHJAEMO, BUKOPHUCTABIIH
3amind (3), (8) Ta OOYMCIIMBIIY OCTaHHIH IHTETPAT i3
(27) uepe3 numiku. Maemo

| Ay
ﬁGY‘ =h =-1 1(0); Y (Z(l) K (¢, )%
x[z(ll)’ ZS fl‘” Ao ;]el‘k”'i (0<§<).(28)
k n=1

HopmanpHi mnepemimieHHs Ha BUIBHIM 4YacTHHI
BEPXHBOI IPaHi CMyrd OTPUMYEMO Y BUTIISAL

- _ A (lsk) + si&
]y é[zskm is) +¢
z}\ 2(TIS) - =s(ard)

Ze
= 5, A'(is,)
HampyxeHHS Ha HIDKHIN TpaHi CMyTH 3HAXOHMO
Y BUTJIA/II KOMITIEKCHOT KOMOIHAITi 1

A2y ¥
1+ il o ) |+

1 fM®O
A(T)

A(D- zul)\ @)
K* (1)

J (ma<&<0). (29)

e dT (—0<E<w),

]

[

*2

k=1

;Ao

M(1) =4(1—V){

Sp~
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(A=A @)™ ( L _id;)\gz;j
K; (0 ’

A, (0= T=2(=1)/(1=v) [chT+[ T+(=1)/(1-2V) |shT
(j=1,2). (30)

Pe3yabTaTu 064uc/ieHb

Pospaxynku mpoBeneno st koedimienta [lyac-
coHa V = 1/ 3 Ta pi3HMX 3HAYCHb BiJHOCHOI BiJICTaHi
a=1/(2h) wmix wramnamu. [TyHkTHpHI KpuBi Ha
pHUC. 2—5 BiAIOBIMAIOTH BiJICYTHOCTI TEPTS B 00JacTi
KOHTaKTy, LITPUX-MYHKTHUPHI Ta CYLiIbHI KpHBiI —
MIPOKOB3YBAHHIO IITAMITIB BIIPABO Ta BJIiBO BiAIOBII-
HO 31 3HaueHHsIM Koedimienta Tepta 0.25. Bumamok
a =00 BIJNOBIJA€ KOHTAKTHIA B3acMOIil OIHOIO
MBHECKIHYEHHOTO IIITaMITa Ta TMpYXHOT cMyTH [3].

Ha puc. 2 mokazano poszmominu 0e3po3MipHHX

KOHTAKTHUX HAIIPY’KCHb 0= L o y
1

, O0UYHCIIEHUX
P, y=h
3a opmynoro (28).

Ha puc. 3 300pakeHo 6€3p03MipHI HOpMaJIBHI Tie-

peMIIlieHHs U = %uy‘ BUTBHOI Bl HaBaHTAXCHHS

T ly=h
gactuau (—/<x<(0) BepxHbOi rpaHi CMyr", a y
Tabn. 1 mogaHo iXHI MAaKCUMalbHI 3HAYEHHS U,
Il BUMAJKiB (PUKLIAHOTO MPOKOB3YBAHHS ILITaM-
iB Ha3ycTpid oauH oxHomy (M, =0.25, Y, =-0.25)

o

-1.1

0 0.2 0.4 0.6 0.8 £

Puc. 2. Po3noainu KOHTaKTHUX HANpPYy>KeHb (y =h)

a=05

15 K 05 S

Puc. 3. Po3nosinn HOpMaTbHHUX TIEPEMIIICHB (y = /)
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Taommms 1
ﬁmax

“ W =025 | g, =0 |p =-025

M, =—025 | M, =0 M, =0.25
0.2 —0.744 —0.737 —0.731
0.5 -0.389 -0.401 -0.412
1 -0.018 -0.066 -0.111
1.193 0.0570 0 —-0.054
1.5 0.1239 0.0593 -0.002
2 0.1528 0.0871 0.0249
2.052 0.1525 0.0873 0.0255
2.5 0.1384 0.0789 0.0223
3 0.1124 0.0618 0.0137
5 0.0803 0.0457 0.0123
7 0.0761 0.0436 0.0128
9 0.0754 0.0434 0.0129
11 0.0753 0.0433 0.0129
13 0.0752 0.0433 0.0129

Ta B pi3Hi 60ku (M, =-0.25, Y, =0.25), a Takox y
BUIAJKy Iuankoro koHrakry (M, =0, W, =0) [6].

3HaYCHHS ﬁma B OCTAHHbBOMY BHUIAAKY HPAKTUYHO

X
HE BIAPI3HSAIOTHCS BiJ BUMAAKIB (HPUKIIHHOTO IpO-
KOB3YBaHHS WITaMIIiB BIIiBO ab0 BIIPaBO, 30KpemMa
i Yy =|, =0.25 Ta Y, =, =-0.25.

Ha puc. 4 i 5 nokazano po3noaiii HOpMaIbHUX

1 TOTHYHUX T =plt Harpy-
1

Xy ‘y:—h

5|
1 Y y:—h

~
‘‘‘‘ i,
T o ~
.... .
Lmem .
0 2 N T =
i S B e
T N, = o
e . ~ ."a 1 e
g b T R = e
0_— o -
OO ~g P |
----- 00 ac, el N s emmZmZIIZIZERESS
oo =S RSN P gt
Saa, el - (Cagit=g
SN et e ot
N L
-0.2 5 e
Ry _—/
1\

Puc. 5. Po3noninu TOTHIHUX HATIPYXeHb (y =—h)
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’K€Hb, HOPMOBAHHX BEJIMYMHOIO p,, HA HIKHIH rpa-
Hi y=-—h cMmyru.

3ayBaxxMMO, 1110 KOJIU, HANIPUKJIIA], IHTCHCHBHICTh
D, HOPMAaJbHOTO HABAHTAXCHHS, IO Ji€ Ha JIBUH
IITAaMII, MEHIIE 3a p;, a BIACTaHb MK ILITaMIIaMH
BiJIHOCHO MaJia, Kpaii JIiBOro IITaMIia MOKE BHIUTH i3
KOHTaKTy. Y TakoMy pa3i BBa)KaeMo, IO JIiBa Ya-
ctuHa —00 < x < —/ 00J1acTi KOHTAKTy 3HaXOIUTHCS
BCEpPEIUHI OCHOBH JIIBOrO IITaMma, a po3mip [ =/,
HeBimomuid. JJis BU3HAYEHHS OCTAHHBOTO CIIYTYE
yMOBa OOMEKEHOCTI HOPMaJIbHMX KOHTAaKTHHX Ha-
HpyXKeHb y To4ll X = —/. Y Tabn. 2 y BUNaaKy He-
ITOBHOTO KOHTAKTY JIIBOTO INTaMIla 31 CMYror0 Ha-
BEICHO 3HAYCHHS ap=[/(2h) BiZHOCHOI BixcTaHi
MK MiZoOJacTAMH KOHTAaKTy Ui Pi3HUX 3HAYEHBb
P>/ py <1 Ta pi3HHEX BapiaHTaX IIPOKOB3yBaHHSI.
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Taomums 2
an
P2/ Py T W, =-0.25 | W, =025
M, = M, =—0.25 M, =0.25
0.1 0.477 0.485 0.444
0.25 0.316 0.301 0.303
0.5 0.167 0.143 0.161
0.75 0.073 0.045 0.067
ag
P2/ Py W, =0.25 W, =-0.25
M, =-0.25 M, =0.25
0.1 0.433 0.498
0.25 0.291 0.314
0.5 0.149 0.156
0.75 0.053 0.061
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Poxok JI. C., x.¢.-M.H., 1011. Liliya S. Rozhok, Ph.D., (Phys.-Math.), Ass. Prof.
PiBHOBara nopo:KHUCTHX HEKPYTOBUX Equilibrium non-circular hollow

UMJIiHAPIB NpH 3MiHi ¢popmMH iX NoONepevHOro cylinders by changing the shape of the cross

nepepisy section

Hamionanapuuii Tpancmoptauii yaiBepeurer, 01010, National Transport University, 01010, Kyiv, M.

M. Kui, Byn. M. OmensinoBuda-Ilasienka, 1, Omelyanovicha-Pavlenka, 1,

e-mail: r.l.s@ua.fm e-mail: r.l.s@ua.fm

Poszs’sizanna  3a0aui npo pieHosazy NOPONCHUCMUX I30MPONHUX HEKPY2OSUX YUNIHOPIE O0aHo 6
NPOCMOPOBILl NOCMAHOB8YI NPU NeBHUX SPAHUYHUX YMOo8ax Ha mopysax. Ilonepeunuil nepepiz yuninopis, wjo
po3zensdaiomvca  onucanuil  pigHsHuamu  oganie Kacumi. Ilpu yvomy 3acmocogylomvcs:  Mmemoo
BIOOKDEMIICHHS 3MIHHUX 630062iC MGIPHOI mMa HANPSAMHOL YURiHOpA, Memoo anpoxcumayii @yHKyil
ouckpemuumu psoamu Pyp’ec ma cmitkuil yucerbHull Memoo Ouckpemuoi opmoeonanizayii. Haeoosamocs
Pe3VIbmamu po3PAaxyHKie y uisoi po3nooiny Nouie nepemiujerb ma HanpyiceHo.

Kurouosi cnosa: nexpyeosi nopoosicnucmi yuninopu, osaau Kacuni, ouckpemui psou ®yp'e, memoo
OUCKPemHOI OpmMO2oHANI3aYil, HANPYIHCEHULI CIAH.

The paper considers solving the problem on equilibrium of noncircular hollow cylinders is performed in
spatial formulation at certain boundary conditions at the ends.

Object of study — a hollow cylinder which noncircular cross sections. The cross section of these
cylinders is described by the Cassini ovals equations.

Purpose — investigation of influence of the cross section shape on the stress state of noncircular hollow
cylinders.

The paper presents a nontraditional approach to solving boundary-value problems on stress state of
spatial bodies. The approach is based on the reduction of two-dimensional problems to one-dimensional one
using the discrete Fourier series. The two-dimensional problem contains the geometrical and mechanical
parameters as the multipliers on solving functions what makes it impossible to separate variables.
Introduction of additional functions, which include resolving functions, and their derivatives together with
indicated multipliers, allows to reduce the problem to one-dimensional one through expansion of all the
functions into the Fourier series in one coordinate direction. In integrating the one-dimensional boundary-
value problem, the amplitude values of additional functions are determined through the Fourier series of
functions which are specified at the discrete set of points. The one-dimensional boundary-value problem is
solved by the stable numerical method of discrete orthogonalization.

The results of the paper can be used when selecting the cross section of the cylinders of a similar type.

Key words: noncircular hollow cylinders, Cassini ovals, discrete Fourier series, discrete-
orthogonalization method, hollow cylinders, stress state.

CrartTio nipeactaBuB 1.¢.-M.H., mpod. XKyk . O.

Huninapuunai  00ONOHKM  —  OOMH 13 KOHCTPYKTHBHHX TapaMeTpiB, Tak i BIaCTHBOCTEH
HAMBKIMBIMIMX  €JEMEHTIB  JITaKiB,  pakeT, MaTepiaiy, 3 SIKUX BOHU BUTOTOBISTUMYThCH.
MIBOJHUX YOBHIB. Y OYAIBHHUIITBI BOHM 3HAXOAAThH Taka iHhopMarris 3a BIJICYTHOCTI
IIUPOKE 3aCTOCYBaHHS Y KOHCTPYKIISAX OyIiBeNb, EKCIIEPUMEHTAIBFHUX JaHUX MOXKe OyTH oTpuMaHa
pe3epByapiB, ra3roibaepis, TpyoonpoBois [1, 2]. TUIBKH 32 JIOIOMOTOI0 TEOPETUYHHX MOJIETICH.

Ilpu po3poOIli HOBUX KOHCTPYKIiN MamuH, Po3poOka MepCreKTHBHUX BHIIB  KOHCTPYKIIiH
oONajHaHHS, CIOpYJ caMe Ha paHHIX CTadifX 3aJeKUTh Bil HASBHOCTI BUIIEPEIKAIOYUX PO3POOOK
MPOCKTYBaHHS  JUIsI  NPUHHATTS ~ TPOEKTHO- ePEeKTHBHUX 3aC00IB MATEMaTUYHOI'O MOJCITIOBAHHS.
KOHCTPYKTOPCBKUX  pIlICHh ~ HEOOXINHOK  CTae Meroro naHol poOOTH € JOCIHIIKEHHS BIUIUBY
iHpoOpMaIlisi Mpo BIUIMB Ha HANpPYXEHWH CTaH SK HAa HANPYXEHHH CTaH HEKPYrOBHX 130TPOIHHUX
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MOPOKHUCTHX  IIWNHIPIB  3MiHK  dopMmmu  iX
MOMIEPEUHOr0 Iepepizy.

IlocTanoBKka 3aga4i Ta MeTO PO3B’SI3yBaHHS.

Posrnsparorses MOPOXKHHUCTI HEKpYTOBi
LATIHIPY MiJ] TI€F0 BHYTPIIIHBOT'O TUCKY.

[epmra kBagpatnyna ¢gopMa B OPTOrOHAIBHIN
KPHUBONIHIAHIA CHUCTEMI KOOpPJHMHAT 3alHCYETHCS Y
BUTJIAII

ds? =ds* + H (y,y)dy?* +dy*, ()

Ie §,¥,Y OPTOTOHAJIbHI KPUBOJIIHINHI KOOPAMHATH:
S - IOBXHHA JyTH MO TBIpHIH, | - MOJSAPHUH KYT B
MOTEPEYHOMY TIepepisi, ¥ - HOpMaibHa KOOpIUHATa
10 TOBIIMHI I[UTIH/PA.

Byaemo posrisgatv HUIIHAPH, 3 ETINTAYHUM
Ta JIBOMa BUIaMHU OBJILHOTO MOIIEPEYHOr0 Mepepisy.
B po6ori [3] Taki nonepeuHi nepepizu Oyno omnucaHo
TppbOMa pi3HUMH KpuBHMH. [lomiOHi  Qopmu
MOIMEPEYHOr0 Tepepily MOXKHA ONUCAaTH OJHUM
piBHsSHHAM Ut oBaniB KacuHi B monsipHid cucremi
KoopauHart [4]

4
p=c,[cos2p+ cosz2¢+[j—4—l] (03@1/3271),
0<S<la#0, )

a
Ie p — MONSApHUH pajiyc, ¢ — MOJIOBHHA BIJCTaHI
MiK (oKycamu, a — O0OyTOK BiJcTaHel Bix (OKYCIB
JI0 JTOBUIBHOI TOUKH. BimHOIIIEHHS mapaMeTpiB ¢ Ta a
xapaktepusye (GopMy  IONEPEYHOro  Imepepizy
(puc.1). Tak, skmo c=0— maemo kxomo (1), mpu

0<£<L — eminc (2), c=a\2 — oBan (3),

a 2

c .
<—<1 — crurocHyTHH OBa (4).
a

1

2

Puc. 1. [lonepeunuii nepepiz MoBepxHi BiILTIKY.

Tomi  mis mapamerpy Jlame, koedimieHTy
MEPEeXoay BiJ CIEMEHTY Jyrd HampsMHOI 10
KyTOBOI'O IIapaMeTpy 1 Ta pajiyca KpUBH3HU
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MOBEPXHI BIUIIKY, BIIIOBIIHO, MAEMO

/4

Hy(v.7)=|1+—

dp

ay 3)

o),
o(y)=,p +(

f;
)=l

R = - .
p’+c? cos2p

(w

3a BHXIIHI NPUAMAIOTHCS OCHOBHI PIBHSHHS
MPOCTOPOBOT TEOPil MPYKHOCTI.
Bupasu nedopmariiii yepe3 nepemimieHHs
Ou, 1 Ou, 1 6H,
= e, = +— u,
0s H,o oy H, 0Oy
ou 1 Ou, Ou Ou, ou

e 4 s |4 4 + s

:—’es = —+_’es [
" oy Y H,woy os 7 0s 0Oy

6( 1 Ou

2 "
oy H,o oy
PIBHSHHS PiBHOBaru
1 oty 0

ooy dy

e

s s s

b

Uy,

H,

e‘//}’

“4)

oo,
Os

H, (Hzrw)=o,

0
180, , 0

oy

oH,
oy

0Ty,

Os

(H2TW ) +H, Tyy =

w Oy
0 oty,
5;“5@)+H2ag

CHIBBIHOIICHHS 3aKoHy ['yka

o Oy

e, =a,0,+a,0, +a;0,,
€, =a,0,+0ay0, +dy0,,

(6)

ey =4a,50 +023GW +a330y 5

e

wy = aMTW H esy = aSSTsy H esu/ = aéérsu/ >

Jie JUIsl 130TPOITHOTO MaTepially MaeMo

%4
Q) = Ay =ds; ZE;aIZ =43 =dy; =——;
(7
2(1+v)
Ayy =055 =g = £

Ha Topusx muniHapa OpUITyCKalOThCS TPaHUYHI
YMOBH THITY TPOCTOr'O OOIUPAHHS.

OOpaBmn 32 po3B’sBYyBaJIbHI  (QYHKIT
KOMITIOHEHTH HAampyXeHb 1 IepeMillleHb, Iicis
TESTKHX MepeTBOpeHb MOXKHA OTpPHUMATH

PO3B’sI3yBallbHY CHUCTEMY IudepeHIlialbHUX PIBHIHD
B YAaCTUHHUX TOXITHUX IIOCTOr0 TOPSAKY 31
3MIHHUMH KOe(il[ieHTaMu.
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BigokpemuBIM 3MiHHI B HaIpsIMKy TBIpHOI
HWITIHAPa, TOAaloYM PO3B’SI3YyBaNbHI (QYHKIIT Ta
KOMITOHCHTH HABaHTaXXCHHS Y BUIJISJII PO3BUHEHD B
psian Dyp’e B3IOBXK TBIPHOI HUITIHIpPA, OTPHMAEMO
JBOBUMIpHY KpaWoBy 3ajady, IIO ONHCYEThCS
PO3B'SI3YBANBHOI0  CHUCTEMOIO  auepeHIiabHIX
PIBHSHD Y YaCTHHHHX TOXiJHHX OUIBII BHCOKOTO
MOPAZKY BIIHOCHO aMIUIITYA BIANOBIAHMX PSiB
Oyp'e. KoedimienTrn orpumaHoi po3B'A3yBaIbHOL
CHCTEMH DIBHSHb  MICTATh  TapaMeTpH, IO
MEPEIIKOKAIOTh  BIJOKPEMJICHHIO  3MIHHHUX B
HaTpsAMKY HanpsMHOI nuiiHapa. Toxi, BBOAUMO 10
PO3B'SI3yBaIbHOI CHUCTEMHU PIBHSHb JIOMOBHSJIbHI
¢GyHKIIT 1  OTPUMYEMO  CHCTEMY  DiBHSHb,
KoeiIlieHTH SIKOT, (dhopmanbHO, HE
MEPeIKOKATUMYTh  BiJOKPEMJICHHIO 3MIHHHUX B
HanpssMKy — Hampsimaoi  [5].  Tlomaroum  nmami
PO3B'S3YBaIbHI, JIOTIOBHSUTBHI byHKIii Ta
KOMITOHEHTH HABaHTaXXCHHS Y BUIJISJII PO3BUHEHD B
psimn  @Dyp'e  B3OOBXK  HANMPSIMHOI  IHJIHJpA,
MPUXOIUMO JIO OJHOMIPHOI KpaiioBoi 3amadi
BIIHOCHO aMIUTITYJ BIAMOBIZHUX psaiB Dyp'e, 1mio
OIUCYETHCS CHCTEMOIO 3BHYAITHUX
nrdepeHIialbHUX PIBHSHB Y BUTIISII

do
vk 1 1 5
= (Cz - 1)¢1,k + 4Tk = Pay + D00y —
dy
4 3.,
=D APy + byl i
dr
sy.nk 2 3 2
- _Clﬂ‘nay,n,k _¢l,k _b]2ﬂ‘n(ol,k +b]]j‘n us,n,k -
dy
2 .,
—bscPs 1 — (blz + bgg ) 2Py
dr
yy.nk _ | 1 3
—d)/ =—Cy05; — 205 — by + (blz +b66)j‘n(03,k
2 .
_b22(07,k +b66ﬂ‘n ul//,n,k’
du
vk 2 3.
=00, — OPh g FOAU L~ OO (8)
dy
dus,n,k _ -2 .
- aSSTsy,n,k nuy,n,k b
dy
du
vk 2 2 _ e
Ty, p P + 034 (K =0,K5n =0,N)
dy
3 FPAaHUYHUMHU YMOBaMH
Y=Yp' Opuk =Dymis Tsymk =05 Typnse =03
V=74t Opax =0 Ty =05 7 =0. ©)
Jnst  po3B’si3yBaHHS OTPUMAHOI  OJHOMIPHOI

KpaiioBoi 3agadi (8, 9) 3acTOCOBYEThCS CTIHKHI
YHCENFHUI METOJ TUCKPETHOI opToroHamzanii. s
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BHU3HAYEHHS 3HAYCHb JIONMOBHMIBHHX (YHKIIH B
mporeci IHTErpyBaHHS BHKOPHCTOBYIOTBbCS —PsIIH
Oyp’e mna  QyHKIIN, 3a0aHAX HAa JUCKPETHIN
MHOHHI TOYOK.

Yucaosi pe3ybTaTH Ta iX aHAJI3.

Ha ocHOBiI pO3TsHYTOrO MigXOMy JOCHTIKEHO
HATpPYXEHUH CTaH TOPOXHHUCTUX LWIIHJPIB IIij
qzqosin(ﬂs/l)
(g, =const). 3agady po3B's3aHO 3a TAKUX BHXIJHUX
TAHUX: numaapis - [ =80,
nuniHApiB H =4 ; mapamMerpyd TOBEpXHI BIIJIIKY —
a=20; ¢=0 (xono), c¢=8 (eminc), c=14,14 (oBan),
¢c=16 (crutocHyTHi1 oBas). MexaHiuHI MapameTpu:
koedimient [lyaccona v = 0,3, moxyias FOura £=1.

Pesynbratu  po3B's3ky 3adadi  [OJaHO B
CepeHbOMY Mepepisi 1o aopxuHi [ =40 Ha puc. 2
JUIS PO3IOALLY TOJIB TEPEMIlleHb u, TOBEPXHI

JI€l0  BHYTPIIIHBOTO  THCKY

JOBXXHWHA TOBIIMHA

BiUIIKY Ta [UIsl PO3MOJITY TIOJNIB HAaNpyXeHb O, Ha
BHYTpilHIK (puc. 3) Ta 30BHIMIHIN (puc. 4) MOBEpXHI
LHWIIHApa  B3JAOBXK  HAmpsAMHOI B IHTepBai
0<w<rm/2.

uyE/lqo =16

900 -
14,14

600

300 ~

-300

0 1 2 3 4 10/ y

Puc. 2. Poznopin mnepemilieHb MOBEpXHI BiIUTIKy
B3JIOBXK HAIIPSIMHOI IIMITIH/IPA.

Binxunennst gopmu mornepedHoro mnepepizy Bif
KpPYTroBOi IPU3BOAUTH JI0 30UIBIICHHS YKOPCTKOCTI B
nepepizi w =0 1 3MeHIIeHHs B mepepi3i w =7m/2.
YumMm Ointbliie mornepeyHuid mepepiz Bipi3HAETHCS Bif
KpYroBOro, THM OUIBII  3HAYHOI  BEIUYHUHHU
HaOyBaroOTh IepeMillleHHs B nepepisi w =7z/2. Tax
st ¢=8 mepeMinieHHs1 30UIbIyOThC y 2,3 pasw,
it c=14,14 —y 7,9 pa3u i g ¢=16 — B 11,8 pasmu.
[Ipu npoMy, Ha BIAMIHY BiJl HUIIHAPIB 3 STINTUYHUM
MOTMEPEYHUM TiepepizoM (¢=8), Iuid IWIHAPIB 3
OBaJIbHUM TIONepeyHuM mepepizom (c=14,14; 16) B
nepepizi =0, mepeMillleHHsI 3MIHIOIOTh 3HAK Ha

HNPOTUIICKHUI.

Posnoxin HampykeHb SK Ha BHYTPIIHIN, Tak i
30BHIIIHIA ~ MOBEPXHI JUIS  LWIIHAPIE 3
MOMEPEYHNM  Tepepi3oM  HOCHTh

Ha
HEKPYTOBUM
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XBWJIbOBUI Xapaktep. CBOiX MaKCUMaJbHUX 3HAYEHb
HaIlpy>KEHHS JIOCSITAI0Th Ha MPOMIXKKY

[377/10; 277/5].

Gv/qo

60

40 A

20 A

=20 4

40

0 1 2 3 4 10/7 g

Puc. 3. Posnoain HampykeHb B3IOBX HaIpsSMHOI
MWITIHApa HA BHYTPIIIHIM MOBEpPXHi.

Gy/qo

=16
60 -
14,14

30

-30 -

-60

0 1 2 3 4 10/ 7 y

Puc. 4. Po3noain HampykeHb B3IOBX HaMpsSMHOI
HWIIHIpA HA 30BHIIIHIN MOBEPXH.

I[lpy 1BOMY, TOPIBHIHO [JI0 KPYrOBOT'O
LHWIIHApa, X 3HAYeHHs 30UIbIIyoThCs Y 16; 8,2; 4
pas3u Ha BHyTpimHiK (puc. 3) Ta 'y 16,3; 9.,8; 5,5 pasu
Ha 30BHIINHIA (puc. 4) TmOBEpXHI IWIIHAPIB
BigmoBigHo 1 ¢=16; 14,14; 8.

BucnoBku. B mpocTopoBiii  moctaHoBIII
pO3B'A3aHO  3ajady Ta  MPOBENEHO  aHali3
Hampy)>KCHOT0 CTaHy TIOPOXKHHUCTUX I130TPOITHUX
HATIHIPIB, 110 3HAXOAATHCS i €0 BHYTPILIHHOTO
THCKY B 3aJIOKHOCTI Bin (opMH MOMEPEYHOro
nepepizy. 30Kpema pO3MNISAAANUCh [WTHAPH 3
MOMEPEUHUM TIepPepi3oM Yy BHIJISAAI €JIilca Ta ABOX
BHJIIB OBajiB. ByJg0 BCTaHOBJICHO, IO BIAXHJICHHS
dbopMH TIOmEpeUHOro mepepidy  BiJ  KPYroBoi
MPHU3BOAUTS JIO 3MiHHU JKOPCTKOCTI, IO B CBOIO YEPTy
BIUIMBAE HAa PO3MOAUI TMONIB IMEPEMIIIeHb Ta
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HanpyxeHb. OTpHMaHi pe3yabTaTH MOXYTh OYyTH
BHKOPHCTaHI TpU BHUOOPI MOMEPEUYHOro Iepepizy
HWTHAPIB TOAIOHOT hopmH.

Cnucok BUKOPHCTAHUX [IFKePe
1. Kinde K.S. Buckling characteristic of multi-laminated
composite elliptical cylindrical shells / K.S. Kinde, Ch.
Kyoung-Sik // IJASE. - 2015. - 7. —P. 1 - 10.
2. Hatanaka K.S. Numerical investigations on
shock oscillations ahead of a hemispherical shell in
supersonic flow / K.S. Hatanaka, M. V. Rao, T.
Saito, T. Mizukaki // Shock Waves. — 2016. — 26,
Ne 3.-P.299-310.
3. BumaiikoB I'.I'. HekoTtopsie 3a1aum Teopuu yrpyrocta
JUIA  aHU30TPOIHBIX LIWIMHIPOB C  HEKPYIOBBIM
mornepeunbiM  ceuenuem / [ Bunaiikos, A.S.
I'puropenko, C.H. Ilepuenko — K.: MH-T MexaHUKH
um. CII. Tumomenko HAH Vkpaunbl, Tex. 1eHTp
HAH VYxpaunsr, 2001. — 147 c.
4.CasenoB A.A. Ilnockue xpuble. CucremaTHKa,
cBoiicTBa, npuMeHeHue. (CrnpaBo4HOE pyKOBOJICTBO)
/ A.A. CasenoB — M.: DUBMATJIUT, 1960. —292 c.
5. Grigorenko Ya.M. Applying Discrete Fourier
Series to Solve Problems of the Stress State of
Hollow Noncircular Cylinders / Ya.M. Grigorenko,
L.S. Rozhok // Int. App. Mech. —2014. — 50, Ne 2. —
P. 105 -127.

References

1.KINDE K. Buckling characteristic of multi-laminated
composite elliptical cylindrical shells (2015) IJASE. (7).
p. 1-10.
2. HATANAKA K. Numerical investigations on shock
oscillations ahead of a hemispherical shell in supersonic
flow (2016) Shock Waves. 26. (3). p. 299 — 310.
3.VLAYKOV G. Some problems of the theory of
elasticity for anisotropic cylinders with non-circular
cross section (2001) Inst. of Mechanics. S.P.
Tymoshenko of NAS of Ukraine, Tech. Center of NAS
of Ukraine.
4.SAVELOV A. Plane curves. Systematization,
properties, application. (Reference Guide). (1960). M.:
PHISMATHLIT.
5. GRIGORENKO Ya. Applying Discrete Fourier
Series to Solve Problems of the Stress State of Hollow
Noncircular Cylinders (2014) Int. App. Mech. 50(2). p.
105-127.

Haniiinura mo penxonerii 16.12.2016



KOMIPIOTEPHI HAYKH
TA IHODOPMATHKA






Bicnux Kuiscbko2o nayionanbHozo yHigepcumemy
imeni Tapaca Lllesuenxa
Cepis: gizuxo-mamemamuuni HayKu

VJIK 517.9

H. Anies, n.mart.H., mpod.
H. I6parimoB, n.mat.H., ipod.
. Hidrymraea, TOKTOpaHT

Hocaimxxennss  kpaiioBoi  3agaui s
PIBHSIHHSI CKJIQJ€HOT0 THIY 3 IPAHUYHOIO
YMOBOK, M0 BKJIOYA€ HEJIOKAJIbHI Ta
rj00ajibHi BUpa3u

JlenkapaHChKUH IepKaBHUN YHIBEPCHUTET,

mpoct. ['enepana X. Acnanosa 50, M. JIeHkapaHsb,

Az4200, Azepbaiimxanchka PecryoOmika

e-mail: natigq_ibrahimov@mail.ru,
sebineniftullayeva_90@mail.ru

2017,1

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

N. Aliyev, Dr.Math.Sci., prof.
N. Ibrahimov, Dr.Math.Sci., prof.
Sh. Niftullayeva, doctoral student

Investigation of the boundary problem for the
composite type equation with boundary
condition involving non-local and global terms

Lenkaran State University,

General H. Aslanov ave., 50, Lenkaran,

Az4200, Azerbaijan Republic

e-mail: natiq_ibrahimov@mail.ru
sebineniftullayeva_90@mail.ru

Y pobomi oocnioxcyemvca Kpatiosa 3adaua 01s pi6HAHb MPEmMb0o20 NOPAOKY 3 KOMHIEKCHUMU
Koeiyienmamu 3 HEeNOKATbHUMU SPAHUYHUMU YMOGaMU. [l OMPUMAHHA HeOOXIOHUX YMO8 ICHYBAHMSA
PO38 A3KI8 GUKOPUCTNOBYIOMbCSL (DYHOAMEHMANbHI PO36 53K 015 pieHAHb Kowi-Pimana.

Kmouosi cnosa: Pisusnnus Kowi-Pivana, pieHsHHS CKIAOEHO20 MUNYy, HENOKANbHI Ma 2100a1bHI

YMO8U, pyHOaMeHmalbHe piluents, HeOOXIOHI yMOBU

The boundary value problem for the third order equations with complex coefficients with nonlocal
boundary conditions is investigated in the paper. To obtain the necessary conditions for the existence of
solutions, fundamental solutions are used for the Cauchy-Riemann equations.

Key Words: Cauchy-Riemann equation, composite type equation, non-local and global terms,

fundamental solution, necessary condition

CrarTio npeacTaBuB 1.T.H., pod. I'apamenko @.I'.

I. INTRODUCTION

It is known that for the first order elliptic
Cauchy-Riemann equation the boundary problems
with non-local conditions are sdudied by various
authors [1-3].

Boundary problems for the mixed type
equations (being both elliptic and hyperbolic in each
point of the domain) were considered in [4]-[6] and
composite type equations in [7]-[9].

As the starting works we can note the ones
which considered the problems for the partial
derivative equations with local boundary conditions
[10]-[13].

Here we first give the fundamental solutions
of the considered equation and then using them get
the main relations. We identify the necessary
conditions from the main relation and are remove

© H.Anies, H.I6parimos, 1. Hiprynnaesa, 2017

their singularities by the help of the boundary
conditions. The obtained regular expressions allow
us to derive the sufficient conditions for the
Fredholm property of the considered problem.

Note that the boundary conditions here
involve non-local (the agreement condition for the
values of the function and its deruivatives in the
different points of the boundary) and global (the
integrals of the given function and its derivatives
over the booundary and in the given domain) terms.

Il. PROBLEM STATEMENT
Consider the following boundary problem for
the composite type third ordr equation

Q*u(x) . o%u(x)
PV +'axfax2 = f(x), x=(x,%)e Dc R?, (1)
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with the following three not linearly dependent
boundary conditions

2
Z{ ol oa “(X) o) (1) 2%

() ),
2

au(x)

l

+
Xo=7s (%)

|:ﬂ(s) (X t) 0 ;tl(;yyz) ﬂ(s) (Xl,t) au(;vtyz) +

(s)(M)U(X)}

+ZI

s=lg,

aU(t, y2)

A, K, (x, y)u(y)}dyzak(xl),

2
k=13 xe[a.b] 2)
Here D is a domain that is convex in the direction
X,, the boundary I'=0D is a Lyapunov curve. The

data of condition (2) (coefficients, kernels of te
integrals and right hand sides) and right hand side of

(1) the function f(x) is a continous function,

=+/-1 imaginary unit.

Note that (2) is a general boundary
condition, since all the boundary conditions can be
obtained from the non-local ones. We note that
setting of the non-local conditions avoids the
disagreements (the number of the conditions)
between ordinary and partial differntial equations.

dt +
y2:75(t)
au(y)

oy,

+he (%, 1) =722

f

D

B0 0u(t,¥s) |

+K (%, Y) +

+K; (%, Y)

I11l. FUNDAMENTAL SOLUTION
It is known that the fundamental solution of
the Cauchy-Riemann equation is of the form [14]
1

R Rer e M
So,
Uo(x=¢) . Ug(X=8) _ o
ox, +1i ox, =o0(x=¢), (4
where o (X - ) is Dirac’s delta function.

Denoting the fundamental solution of the
considred equation (1) by U (x—¢&) we get
o (x— ., 63U (x=9)
OX OX3 OXZOX,
Rewrite this equation in the form

=6(x=¢). ()
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o .0 U (x-¢&)
(a—xz*'a—xjmzﬂx“f” ©
Then considering (3) and (4) we have
AU TCE T S S
OX,0%, 2 X, =& +i(% &)
This gives
B b i -8, ®

And finally for the fundamental solution of equation
(1) we get

U(x-¢)
x{ln[

IV. MAIN RELATIONS
To get the first main relation we multiply
both sides of equation (1) by fundamental solution
(9) and then integrate on the domain D
J‘Ggu(x)
OX OX5

1 .
o [Xz =& +i(x _51)]><
X, =& +i(X _51)]_1}-

(9)

U (x- )+ ‘;“(gz)U( &)=

D MY
= j f (XU (x — &)dx.
D

If to integrate by parts the left hand side, other words
applying Gauss-Ostragradski formula [14] we have

J' d%u(x)

© 0X,0%,
_I ou(x) ouU(x—

0%, 0X,

+£U(X)%cos(v, Xz)dx_iu(x)%dx+

2 1~7N2
+'I6 u(x)
= 0X,0%,
_ijau(x) U (x-
’ axl 0%,
X=¢)

2

=j f (U (x - &)dx,

U (x—&)cos(v, X, )dx —

9)

cos(v, X )dx +

U (x—&)cos(v, x;)dx —

9)

cos(v, X, )dx +

=)y, _

+|Iu(x) oxiox,

cos(v, %, )dx — |'|.u(x)

here v is the exterial normal to the boundary I" of the
domain D.
Thus we get the first main relation below
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J‘ 62U(X) U (X —
| 90X,
i ou(x) oJ (X_(:)i|COS(V1X2) +
OX, %

{_ u() U(x=¢)

OX, 0%,

M} cos(v, xl)} dx —
0%, 0%,

PU(x=¢&)
OX,0%,

) +u(x)

i d%u(x)
0%, 0X,

U(x-2&)+

+1iu(x)

u($), ¢eb,
—| F(QU (x=&)dx = 1 (10)
! Zu(é), el
The first part of this relation at 5 e D gives arbitrary

solution of (1) in D, ad the second part the first
necessary conditionat £eT .

Now we derive the second main relation. For
this purpose we multiply the both sides of (1) by the
derivative (8) of the fundamental solution and then
integrate on the domain D, then apply Gauss-
Ostragradski formula. Similarly to (10) we get

J~63u(x) M-8, J-63u(x) U (x=£) 4
LG 0% LK, 0%

~ [ 10X gy
D aXl

Jazu(x) U (x=¢)

cos(v, X, )dx —

¥ 0%,0%; 0%,
—I u(x) U (x=¢) cos(v, X, )dx +
Doox, Oxo%, '
ou(x) o°U(x—¢)
I v P ax +
D 1 2
2%u(x) U (x—-¢&) ~
+|I ) o, . ox cos(v, X, )dx
J-au(x) oV (x-¢) cos(v, X, )dx +
PO oK i

3
Iau(x) oU(x— cf)d _J-f(x)aU(x §)d
b % Ox; 0%, 24
that gives the following second main relation

I{_[azu(x) U(x-&) au(x) dU(x-¢&)

OX%0X,  OX% 0%, OX%,0X,
i ou(x) . oU (XZ_ g):|COS(V, X,) —
0% 2
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QUM V=8 o, xl)}dx +|f (x)%dx -
D

aXlaXZ aXZL 1
au_(é:), g = D,
_ aéjl (ll)
LG op
2 0&

The second part of this relation gives the necessary
conditionat eI

Here is the third main relation

J-83u(x) oU (x — 5) ] 3°u(x) AU (x— §)
MOXZ % D XX, D%

:Jf(x)wdx’

X5

cos(v, X, )dx —

I o’u(x) aU(x-¢&)
= 0X,0%, 0X,

_rou(x) U (x-¢)
1 o, 6x22 cos(v,xl)dxl+
J-au(x) U (x-&) o

X,  OXOX:

v Iazu(x) U(x-9¢)
= 0X,0%, 0X,

_ijau(x) U (x=9)
OX, 0%, OX,
ou(x) o (x— cf)

%,

cos(v, x,)dx —

cos(v, X, )dx +

U (x=9) 4
OXZOX, If(x) ox,

{GU(f) (-8

f
D
l { X, %)

i6 u(x) ou(x-=¢) N
0%, 0%, 0X,

L 0u() U (x—&)

OX, 0% 0%,

_2lu(x) aU(x=¢)
0%, 0X, 0X,

}cos(v, X)) —

cos(v, xz)}dx +

au(?)
+jf(x)de= 0
! X, 1au(é)
2 0,
And the final main relation is
J‘agu(x) U (x - £) dyr J-63u(x) o°U (x - £) 4y
L OX 0K, O%0X, L OXOX, X%,

¢eD,
(12)
, cel.
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V(-8 o

0%, 0X,

[t

J-azu(x) U (x=9)
L ox0X,  O%0%
J-azu(x) U (x— £) gu s
L OXOX,  OX0X;
+ij82”(x) U (x=§)
© 00X,  O%0X,

cos(v, X, )dx —

cos(v, X, )dx —

[ dYU=8)
dx = ! f(x) o, dx,

r J-azu(x) U (x-¢&)

L 0% 0X, OXZOX,

ou(x) U(x=¢&)
? 0%,0%; 0%, 0X,

[cos(v, Xx,) +icos(v, x)]dx —

o°u($)
_Jogog,
2
TG .
2 05,05,
Note 1. Since the second derivatives of the sought
function is not involved in the both local and non-
local parts of the boundary condition (2) it may be
seen that htese derivatives are not needed for the
main relations.
Note 2. Since the left hand side of obtained main
relations (10)-(12) involves boundary values of the
sought function, its derivatives with respect to x;

and x, , and mixed derivatives obtaining of the main

relation (13) was necessary.
Note 3. Since obtained relations (10)-(13) do not

teD,

jf()‘au(X =) g (13

2
invilve the boundary values of the aau(x) and
X,
2
aau(x) it was not necessary to obtain main relations
X
for them.

Note 4. One could apply the integration by parts in
the relations (10) and (12) by the such way that in
spite of the involving of the second derivatives of the
sought function in boundary condition (2) all the
linearly independent expressions of the necessary
conditions would had to be obtained.
Thus we get the following statement.

Theorem 1. If D is a convex in the direction x,

domain, the boundary I'=0D is Lyapunov curve,
f (x) is a continous function, then any solution of

equation (1) defined in D satisfies main relations
(10)-(13).
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V. NECESSARY CONDITIONS
Let us identify the necessary condition in
obtained main relations (10)- (13)

u(x,7(%))
(51,71 51 ,f -7 (fl ( 1_51)
[ (% }dx1+...
B u(x,7,(%))
(51172 &)) ! ~72(&)+i(x-&)

x[l— i7, (xl)]dx1 +..
here the dots stands for the sum of the non-singular
terms. Using the Lagrange’s finite increment formula
in these relations we obtain

uGnE) =L ECEAC I
e (14)
oG 7o) = [0 g

Now we use (11). Since

Iau(x) {azu (x=8) ,

2U (x=¢) }cos(v, X,)dX =

Loox | oo, X
_ J‘au(x){ 1 N
= 0x 21 X, =& +i(x — &)
i 1
+i-— - cos(v, %, )dx =0, (15)
27[ X, =& +i(X _51):| ?

Relation (11) does not contain the singular parts. By
the same as we see way from (12), since

Jau(x) ZU (X ‘f) 2U (X_é:) COS(V X )dX:
L ox, oxZ %X, T
J~8u(x) 1 N
e OX, 27z| X, =& +i(x — &)
1
+i- "o - gEZJri()(l_fl)}cos(v,xl)dx=0, (16)

the necessary conditions in (12) also do not contain
the singular terms.

Finally from (13) we obtaine the following
necessary conditions

10°u()
2 06105,

52:71(51)

10| AR
- 1

215 040% |, _, (00 (E)Fi(X- &)
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15 _
2069821g,,(&)
_ 11k 1-iyi(x) .
27731 X, 0%, Xzzyz(xl)?/z(xl)_}/Z(él)"'i(xl_‘):l) L
or
ou(é) :Lblazu(x)| dx
060c2lg () 7 5X16X2| T )
d2u(é) _ 82u(x) dx
T A G M)

Thus we get
Teorem 2. Under the conditions of Teorem 1 any
solution of equation (1) in D satisfies (14) and (17),
ou( x
and also regular necessary conditions for a( )
k

k=12.

Note 5. Since only two necessary conditions (14)
and (17) obtained from the main relations involve
singularities, consider the following linear
combination

(l) (51) 82U(§) ) azu(éj)
0608 |e,~n (&) 061082 |, 1, ()

+a (ENU(E, 71 (E)) — B (EDU(E, 7, (&) =
- j { (&)
oy (&K, n(xl)>+a<2>(fl)u(xl,n(xl))] A
. b )
:i.[ fon () —Z{aﬁ) (%)

28 X =75 (%)
_ (s) @ U(t yz) 8U(t yZ)
S

+B5 (%, 1) —2 + B (%, tu(t, yz)}

(&

i u(x)

2

d2u(x)

+0!lE2) (&) xox
10Xy

%=1 (%)

Xz_}’z()‘«l)

5U_(X) algsg(xl)

) (%, 1) —=>2~

au(ti y2)

2

dt —
Yo=7s(t)

2u(y) au(y) 6U(y)
+K
(%, Y) &,

j{ (x,y) 4 N 5

d
+Ko (%, y)u(y)]dy} S, k=13,
X1_§1
Note that to obtain (18) we used boundary
conditions (2). Here we wrote only singular terms.

+Ki (%, Y) ——=

(18)
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Note 6. In relation (18) by changing the integration
turn in all terms, excepting the first three ones, one
can make them regular (the unknown function passes
to the first integral and in the internal integral thereis
no any unknown function).

Now let us consider the first term in (18).
Since it does not contain singularity we can integrate
it by parts

_[ () dx, = (%) In|x =& |
-4

(19)
)In|x, —&|dx.

Iak
If

o (%) eCPla,b], & (@)=a (b)=0k=13; (20)
then integral (19) exists in this sense.

Finally, let’s explane the regularization of
the second and third terms at the right hand side of
(18). Considering (15) and (16) we can see the
regularity of the necessary conditions obtained from
main relations (11) and (12). So, the relations
obtained from (11) and (12) for the boundary values

() g &)
08 0¢,
relations into (18) ang changing the integration turn

one can make them regular as above.

of an are regular. Putting those

Thus we get
Theorem 3. Under the conditions of Theorem 2 if

the coefficients aﬁs)(xl),aﬁfg(xl), k=13s=12 of
boundary condition (2) are from Holder class; the

functions ald(x), k=13,j=12s=12,
ﬂk(S)(Xllt)l ﬂ(S)(Xj_lt)l k=11_31_l:ﬁ s=1,2, and
K(x,Y), K;(%,y),j=0,2 are  continuous;

condition (20) is fulfilled, then the solution of
equation (1) in the domain D satisfies regular
relations (18).

VI. FREDHOLM PROPERTY
First we return to conditions (11) and (12)
and identify the necessary conditions there

1au(§) _ (9%u(x) dU(x=¢) [cos(v %) +
2 04 L 0%, 0%, X '
+icos(v, xl)]dx+jf(x)au(x x, feT,
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10u(é) _
2 08

_[0%u(x) au(x-
= 0X,0%, 0X,

+icos(v,x)]dx + j fx) r et 8U(X ) dx, £eT. 1)
D 2
To obtain (21) we considered relations (15) and
(16). Now we differentiate (9) and get

£) [cos(v, X,) +
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This relation together with (8) and (21) gives
) ) k=12,

aél 52:7k (51) 652 52:7k (51)
Now we consider the following system of 6 algebraic
equations with 6 variables obtained from boundary
condition (2) and regular relations (18) using (23)

(23)

8U (x — 1 .
%:ﬁln[xz_fz""()ﬁ_é)]- (22)
d%u(x) 2 o%u(x)
o o
(1)662 ) (Xl)aax2 ) +
X —71(X1) Xo=75(%)
+[|aﬁ)(xl)+a(1)(x1)]au(x) +[|aff)(xl)+a(2)(xl)J U +
P2 by=n(x) P2 liy=7,00) (24)
afy (U0, 71.00)) + g (DU, 7, 00)) =y 1=13,
(1)( )62u(x) +0((-2)(X)62u(X)
laaz_ VA oxox, |,
X=71(%) X=72(%)
+aﬁ))(xl)u(x1’7/1(x1))_a(l)(x1)U(X1172(X1)) - J=13
If denote
o’ (%) AP () ia®(x)+a@(x) ia@(x)+a@(x) @0 (x) (%)

' (x) AP0 @) +a@(x) ia@()+a@(x) 0 %)  ak (%)
A(Xl)zaél)(xl) ”(6) e () +aD(x) i (e)+ad(x) Fm%) @w )| o (25)
(l)(xl) _alz)(xl) 0 0 al%)(xl) _alg)(xl)

() —af? (%) 0 0 aff () —afy (%)
af () —a? (%) 0 0 aQ (%) —a) (%)

then from system (24) the functions

u(xg, 7, (%), U(x, 7,(x,)), (26)
can be uniquely defined by the Cramer’s method.
These relations indeed are normal, second kind
Fredholm integral system with respect to functions
(26) with a kernel without singulaties.

Note 7. It is easy to see that functions (26) defined
from system (24) will depend on the integrals of
those funcrions (considering (23)) andintegrals of the

au(x) ou(x)  %u(x)

u(x), ,
0%  OX% 0%, 0%,

functions on the

domain D.

Note 8. The equations for the above functions are
taken from the first relations in main relations (10)-
(13).

Thus we get the following theorem.

Theorem 4. Under the conditions of theorem 3 if
condition (25) is satisfied then problem (1) - (2) for
composite type equation (1) with general linear
boundary condition (2) containing non-local and
global terms is of Fredholm property.

IV. CONCLUSION
In this paper, boundary-value problems for
linear equations with partial derivatives of the third
order with complex coefficients were investigated.
Received integral representations of solutions under
non-local boundary conditions.
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Y pobomi nposedeno Oocnioscenns inmenexmyanizayii 66edenHs iHopmayii 3a 00NOMO20H0 CcucmeMmu
NPUCKOPEHO20 68€0eHHsI MEKCmy 8 Yughposi npucmpoi 3 memor nobyoosu mMooeini KOPnycy pOo3MOSHOT
VKpAiHCbKOI Mo8u ma cucmemu Habopy meKkcmy, saka 0Oaszyemvcs Ha yit moodeni. Taxa cucmema
BUKOPUCIOBYE MEHWLY KITbKICHb KOMAHO 051 66€0eH s OYKE Ma NPOSHO3YE 8apianmu cis, 6a3yr4ucy Ha
OQHUX KOPNYCY Ci8 Ma CLOBOCNOLYYEHb Olisl CRIIKY8AHHS. ONucano npunyun 360py mexkcmis, wo Micmsams
maxi dianoeu ma nopsaook Oill 01 HOPMYSAHHA HABUANLHO20 KOPNycy Ciig. [lemaibHo OnUCAHO
CMamucmudny Mooeib MO8U, 5KY NPONOHYEMbC 3ACMOCY8amu Olsk NPOSHO3Y6aHHs clis. [[na oyiHKu
timosiprocmeti suxopucmano moodenv Katz's backoff, wo "eiocmynae" 0o N-epamu meHuio2o nopsoky y
BUNAOKY, KOMU BUKOPUCMAHHS OLIbUL BUCOKO2O NOPAOKY Hemodcause. [l no6yo0o8aHo2o Kopnycy Ciig
EKCNEePUMEHMANIbHO NOKA3AHA OOCMAMHbO BUCOKA SKICMb NPOCHO3Y8AHHSA HACMYNHUX CI6 DeYyeHHs npu
66€0CHHI MEKCMY 3d O0NOMO2010 4-X K1asiul-KOMAHO.

Knrouosi cnosa: anemepnamugna KOMYHIKaAyis, (popmyeants Kopnycy ciis, N-epamu, npocHO3VEaHHL.

This paper investigates the intellectualization of text input using a system for accelerated input of texts
into digital devices with a view to constructing a model of a corpus of the Ukrainian spoken language and a
text typing system based on this model. Such a system uses a smaller number of commands to input letters
and predicts variants of words on the basis of the corpus of words and word combinations for
communication. The described procedure for collecting texts containing such dialogues and order of actions
for the formation of the educational corpus of words. The described in detail a statistical language model,
which is proposed to be applied to the prediction of words. To estimate the probability used Katz's backoff
model, that "backoff" to the N-gram of lower order, when use of higher order impossible. For the
constructed corpus of words is shown experimentally a rather high quality of predicting the following words
of the sentence when entering text with using of four commands keys.

Keywords: alternative communication, formation of a corpus of words, N-grams, prediction.
CratTio mpeacTaBuB A.¢.-M.H., pod. XycaiHoB eHuc Ix’eBuu

BCTYII MOJISIra€ B MaJlii KUIBKOCTI JOCTYNHHUX KEPYIOUHMX
CHTHAIIB, SKI HEOOXIZHO 3B'I3aTH 3 BEIUKUM
HabOpOM CHMBOJIIB KOMYHIKaLIii.

B cywacmux ymoBax po3BuTKy IT-mpucrpoiB
CIOCTEpIraeThcs TEHMACHIlS 11X MiHIMI3amii 3a
po3MipaMu, BKJIIOYAIOYM MEPCIEKTUBHI PO3pOOKU
MPHUCTPOIB-YiIliB, 110 MOXKYTh OyTH IMINITAHTOBAHUMH
y TiNO JOauHU. BUXOMsM4M 3 LBOro CTae€ MOXIMBUM

Konuenuis 1ogaTkoBoi Ta — ajJbTepPHATHBHOL
KoMyHiKaii(Augmentative and Alternative
Communication — AAC) [1] monsirae B HaJaHHI
JOASIM 3 OOMEKEHHUMH MOYIIMBOCTSIMU CIIUIKYBaHHS
3ac0o0iB I KOMYHIKAIlii i3 3OBHINIHIM CBITOM.
OcHoBHa mnpobnema Oyap-sikoro 3aco0y AAC

© 0.B. bapmak, 10.B. Kpak, P.O. Barpiii, 2017
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3aCTOCYBaHHS LMX NPUCTPOIB HE TUIBKH Yy Jns dhopMmyBaHHS KOpITyCy CIIiB HPOMOHYETHCS
CTalliOHAPHUX YyMOBaxX, a W TpU TMEPEMIllEHHAX. eKCIePTHUH miAxin, sAxkuid J03BOIMB OM  3a
BukopucranHsi TakMx ~OPHUCTPOIB  JIOABMU 3 JDKEpelaMd 3 KOHTEHTY YKpaiHOMOBHUX CaWTiB,
00MeEXEHUMH MOXKJINBOCTAMHU CHiﬂKyBaHHﬂ HepiO,Z[I/I‘IHO'f npecu, CHOBHI/IKiB-pOSMOBHHKiB TOIIO,

J03BOJISIE  peali3yBaTH JUIsl HUX aJbTEPHATUBHY
KOMYHiKallifo, sika He OyZe MpHUB’si3aHa 0 SIKOTOCh
MEBHOTO MICIISL.

AnbpTepHaTHBHA KOMYHIKaIlis nepenbavae
MiAXOAHM, METOAM Ta TEXHOJOTII I TEepeTBOPEHHS
JaHUX, OTpUMaHKX 3a Jornomoroo AAC npucTpois B
NMOBHOLIHHY iHpopmManito. Take mnepeTBOpeHHs
MPOMOHYETHCS  pealli3yBaTd LUIAXOM OpTraHizamil
BBEICHHS TEKCTY MEHILIOI0 KUTBKICTIO
KOMYHIKaIliiHUX OJIMHHIIb Ta CTBOPEHHS
mporpaMHoro  3a0e3medeHHs Ui HaJaHHSA
MOXJIUBOCT] CIIIIKYBaHHSI.

ABTOpaMHM  3alpONOHOBAaHO  iH(OpMaLiiHy
TEXHOJIOTI0  albTEPHATUBHOI KOMYHiKamii  [2],
amapaTHO-IpOrpaMHa  peanizalisi KOl IOBHHHA
3a0e3meunTu KOMYHIKAIIi10 MaKCHUMaJbHO
MOXJIUBUMH CrocobamMu. BaxianBoro YacTHHOIO
3alpoNOHOBaHOI  iH(GOpPMAaLIHHOI  TeXHOoJoril €
IHTENeKTyalli3allis BBeIeHHs iH(popMarlii.

IHocTanoBka 3ajaui. OntumizyBatu
MPONYKTUBHICTh BBEACHHS TEKCTOBUX IOBIJOMIICHD
NUISIXOM 3BEICHHS JO MIHIMyMy B3aeMOIii 3
KOpUCTyBaueM Jisi BUOpAaHOrO BHIY KOMYHIKaIlii.
JocnianTy iHTeNneKTyai3aliio BBeAeHHS iHpopmMarii
3a JOMOMOIOK0 CHCTEMH HPOTHO3YBaHHS, IO
aBTOMATUYHO TMpPOMOHYE HACTYIHI ClIOBa, SKi
HaAMOLIBII 4acTO 3yCTPIYarOThCS MicHsl BXKE BBEJCHUX
CIiB y peYEHHI.

MOJEJIOBAHHSA CUCTEMH
MNPOIHO3YBAHHSA TEKCTY IJIsA
CIIIVIKYBAHHA

ANTOPUTMHU MPOrHO3YBAHHS 31aTHI aBTOMATHYHO
3aBepUIyBaTH BBEICHHS TEKCTy, IO JO3BOJISIE
ONTUMI3yBaTH 4ac BBeNeHHA. J[Js MpOrHo3yBaHHS
MOTPiOHO 3HANTH OalaHC MiX IIBUIKICTIO BBEIACHHS
1 ¢pyHKUiIOHANBHICTIO. YNM OiNbIINK CIOBHUK 1 UMM
OUIbllIe TEXHOJOTid BBENCHHS BHKOPHCTOBYETHCS,
TAM  TOBUIBHILIE  CTa€ dYac  BiATyKy, ane
MiABUIIYETHCS SIKICTh PE3yJIbTATIB.

Jns  mocmiDkeHHST 1 MOJENIOBAHHS CHUCTEMH

MPOrHO3YBaHHS TEKCTY JUIst CHITKyBaHHA

MPOMOHYETHCS HACTYHUM MiAXin:

1) ¢opmyBanHs  MHOXHMHH  (KOpIycy)  CIHiB
(coBOCTIONYYEHB) YKpaiHCBKOI MOBHY,
OOMEKEHOT0 CIOBaMHU Ui  OBCSKAEHHOTO
CHTKYBaHHS;

2) 3acTOCyBaHHsI CTaTUCTHYHOI MOJENi MOBU IS
MPOrHO3YBaHHS HACTYITHUX CITiB B
CJIOBOCIIOJTYY HHI.

migiOpaT  ClioBa Ta  CJIOBOCIIOJNIYYEHHS, IO
BHUKOPHUCTOBYIOTECS B MOBCSKICHHOMY CHUIKYBaHHI.
Jns  owminku HMOBIpHOCTEH HACTYyMHUX CIiB Y
CIIOBOCIIOJIYY€HHI, 38 UM KOPITYCOM, IPOIIOHYETHCS
3aCTOCYBATH OJIHY 3 CTATUCTHYHHUX MOJEJICH MOBH.

st cuctemu pOTHO3YBaHHS TEKCTY HEOOXiTHO
chopMyBaTH HaBYAJIBHUN KOPIYC aAanTOBaHUH 0
noTpidHOro BuAy KoMmyHikauii. Bubip HaB4ampHOrO
KOpIyCy Biflirpae Ba)KIHBY POJb B po3podmi Oyab-
SAKOI CUCTEMH MPOTHO3YyBaHHs TeKCTy. CTaTUCTHYHI
MOBHI MOJE€Il HEOOXIOHO HaBYaTH 3a BEIUKHM
Ha0OpPOM TEKCTiB JJIi OTPHMAaHHS JOCTOBIPHUX
OLiHOK  iHMoBipHOCTi. Takoxk, uYMM  Oijblie
HaBU&JIBHUN KOPIYC CXOXHH Ha JaHWM BUJ
KOMYHiKalii, THM OiNbII TOYHHUMU OYIYTh OLIIHKH
HMOBIpPHOCTI.

Jnst  BupimeHHS 1i€l 3amavi  3alporOHOBAHO
BUKOPUCTATH [iaJIoTH Ha MOOYTOBI TeMH, IO
BUKOPUCTOBYIOTHCA B CJIOBHUKaX-PO3MOBHHUKAX JJIS
BHBYCHHS 1HO3eMHUX MOB. Taki Jialoru MOJEIIOI0Th
pPO3MOBH MDX IIFOJIbMH, sIKi 0a4yaTh ONWH OIHOTO,
OXOIUTIOIOTh HaWOIMBII MOXJIMBI OOYTOBI cUTyamil
Ta BUKOPHCTOBYIOTH OOMEXeHU HaOip ciiB i ¢pa3.
Jnst cucteMu KOMyHIKaIii Jirogeld 3 OOMEXEHHMHU

MOXJIMBOCTSIMM ~ MOAIOHI  BJIACTHBOCTI  JiaJiory
MiXOMATH K HE MOKHA Kpallle.
Jnst moOynoBM CTaTHCTUYHOI MOZETi MOBHU

HeoOxigHo o0pobuTH oTpuManuii Habip TekcriB. Ha
CHOTOJTHINIHIN JIeHb iCHye 0e311i4 crioco0iB po30UTTI
EJICKTPOHHOTO TEKCTY Ha OKPEMO 3HAYyIli OXMHHII
UIA  TOJANBIIO  KOMITIOTEpHOI OOpOOKH — IHX
omuHULE. J1st 00poOKK oTprMaHOro HabOpy TEKCTiB
MPOMOHYETHCSI  3aCTOCYBaTH aJITOPUTMH  OOpOOKH
npupoxnoi moBu (Natural Language Processing,

NLP) [3].
IIJ'ISI 3aaa4 MMPOrHO3yBaHHA TCKCTY
3aCTOCOBYIOTHCH CTaTI/ICTI/ILIHi MO,I[CJ'Ii MOBH. B

obnacti xomynikauii AAC g NOpPOrHO3yBaHHS
IIOCJIITOBHOCTI CIIiB YJacTile BCBHOT'O
BUKOPUCTOBYETbCS ~ N-TpaMHa  MOJEIb. 3a
JIONIOMOTOI0  iHCTpyMeHTapito text2ngram [4], i3
MiATOTOBJIEHOTO CIIHCKY pedeHb, MOKHA
sreHepyBaTH N-TpaMH y BHUIIIALI TaOmunbs Oasu
JaHUX.

Meroro  mobymoBu  N-rpam  moxenedl €
BH3HAYEHHS HMOBIPHOCTI BHKOPUCTAaHHS 3aaHOTO
cioBa uyu ¢pasu (cnoBocronydeHHs). HaiOinpm
9acTO BUKOPHCTOBYIOThCA N-rpaMHi mogmeni ne N
nopiBHIOE 2 a6o 3 (6irpamu i Tpurpamu). KOnirpamu
€ BUPOIDKEHUM BUIAIKOM, KOIU MPHUITYCKAETHCS, 110
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HMOBIPHICTh KOXKHOT'O CIIOBa MOBHICTIO HE3aJIeKHA
Big MuUHYNOI ictopii. Yum Oimbme N, TUM Kpaiue
TOYHICTh TPOTHO3YBaHHA, ajle 1 TUM Oilblue
BUKOPUCTOBYETHCSI CHCTEMHUX PECYPCIB.

N-rpamMHi Mozemi BH3HAuYalOTh HMOBIPHOCTI
BUKOPUCTAHHS 3aJaHOi (pa3zu (CIOBOCHONYUEHHS),
¢dopmanbHO,  SK  HMOBIPHICTH  BHUHHKHEHHS
MOCHIIJOBHOCTI CIiB 'y JesikoMy Kopmyci (Habopi
TekctiB). s omiHKM < OMX ~— WMOBipHOCTEH
3aMpONOHOBAHO BUKOPHUCTATH CTATHCTHYHY MOJENTb
moBu Katz's backoff [3], mo 6a3yerbcs Ha xopmyci
CIiB.

OcHoBHoo ineero Katz's backoft mogeni € ominka
YMOBHOI HMOBIPHOCTI CIIOBa HUISIXOM «BIACTYITY» A0
n-rpaMd MEHLIOrO MOPSAKY Y BHIAAKY, KOIU n-
rpama OiTbII BHUCOKOTO MOPSAKY HE 3HaAlAeHa Yy
HaBYaJbHOMY Kopmyci. Takum 4YMHOM, MOAENb 3
CaMoI0 TIOBHOIO iH(OPMAIIEI0 BHKOPUCTOBYETHCS
JUTs 3a0e3MeueHHs HalKpaluX pe3ybTaTiB.

3okpema, IS HaWBHIIIOTO MOPAAKY
MPOMOHYETHCS BUKOPUCTATH TPUTPAMHY MOJIENb, 1
BIZICTyIM BUKOHYBAaTH PEKypCHBHO 10 Oirpam Ta
foHirpam. @Popmyna ans TpUrpaM MoJeNi Mae
HACTYITHUHN BUTJTIAL;

PBO(Wn | Wn-Z’ Wn—l) =
Pw,|w _,,w ),acyo C(w,_,,w, ,w)>0
a(Wn-Z > Wn—l) PBO(Wn | Wn—l)’

AKWYO C(Wn-Z’ anl) > 0

Bow,|w,_,), inakwe

(1)

pi(SH
PBO(Wn | Wn—l) =
P*(Wn | Wn—l) }ZKWO C(Wn—l’ Wn) > 0 (2)

a(w,_ )P (w) inaxue

Cw ,,w _,w
P*(Wn|wn-2’wn71)= ( gl ’1)

€)

C(Wn-Z s anl )

e P *3rna):L>KeHa WMOBIpHICTh, OOYMCIICHA 3a
oninkoro Good-Turing [3] i o — koedimieHTH
Bigctyny. KoedilieHT o HpOMOHYeThCS MPUIHSITH
piBauM 0.4, SIK Takui, 10 3aCTOCOBYETHCSI B MOJIEIL
Stupid backoff [5] Ta mokaszye HaOmKeHy A0 IHIINX
METOJIB  SKICTh TPOTHO3YBaHHSI Ta  CIIPOIIYE
OOYHUCIICHHS.

VmoBipuicts  cmiB, 110
O0YHCIIOIOTBCA K OILIHKAa MOZeNl
MOTOYHOTO KOHTEKCTy. JSIKIO  pedeHHs,

MMPOrHO3YIOTHCA,
MOBH  JIA
1o
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BBOJIMTHCS CKIIAJA€ThCS 3 TPhOX abo0 Oinblle CiiB,
IUTS IPOTHO3YBaHHS BUKOPUCTOBYETHCS MOJIEIb JJIS
TpurpaM. s po3paxyHKYy TpUTpamM-HMOBIpHOCTI
BUKOPUCTOBYIOTbCS ~ JBa  MOIEPEIHIX  CloBa.
Hanpukman, mns  ¢pasu "y wene Oonutsp"
HMOBIPHICTb AJIsl OCTAaHHBOTO clioBa OyJe 3amucaHa

sk P (6onumsw |y mene).

Jns  cnoBocmonydeHHS 3 JBOX CiiB abo y
BHITQJKy, KOJHM CIIOBOCIIONIyYCHHS HE 3HaiijieHO
cepen TpuUrpaM, BUKOPHUCTOBYEThCS BIINOBiIHA
MoneNnb s Oirpam. Y IbOMY BHUMNAQJAKY JUIS
pO3paxyHKy  WMOBIpHOCTI  OepeTbCs  TUIbKH

nomnepeaHe cioso — P (60ﬂumb | MeHe).

Mogenb OHIrpaM BHKOPUCTOBYETHCS y BUIAIKY,
KOITM TIPOrHO30BaHE CIJIOBO € IEPIIMM B PEYeHHI
(robto  BimcytHi  momepeaHi  cioBa)  abo
CIIOBOCTIONTyYEHHSI HE 3HaiifieHo cepen Oirpam abo
TpurpaM. IMOBipHicTH cioBa Oyae IOpiBHIOBATH

foro HopMauti3oBaHiit yactori — P (50ﬂumb).

Jnsi MOKpalleHHsT MpPOLECy BBENEHHS TEKCTY
HeoOX1mHO, mI00 sKoMora Oinbille CIiB, IO
BBOJAATHCA, MPOTHO3YBajHcs sSK  ciloBa  '"3a
3aMOBYYBaHHsSM'", TOOTO BIAMOBIAaTM BUMOIaM
kopuctyBada. Tomi me He moTrpeOyBaTume
JOJTATKOBUMX Jii Bix HBOro. Skimo morpiOHE CloBO
3HAaXOAUTHCS HU)KUYE B CIIMCKY MPOrHO30BAaHUX CIIiB,
TO Horo BuOIp BUMarae OAHY HOJATKOBY Jil0 3a
KOJKHY TIO3ULIIO Y CIIHCKY.

Jliss BU3HAYEHHS SKOCTI NPOTHO3YBaHHS Oyiio
MPOBENEHO PsI CKCIEPUMEHTIB /Il KOXKHOI 3
Mozeneil. Ha MOMEHT TpoBeNeHHS TeCTyBaHHS
npuOiin3Ha KUTBKICTh THIIB IOHITpaM JOpiBHIOBasa
15000, 6irpam — 65000, Tpurpam — 93000.

[lepmie TecTyBaHHS MONSTalo B MPOrHO3YBaHHI
TOr'O X TEKCTY, Ha OCHOBI AKOro Oynu cgopMmoBaHi
N-rpam Mogmeni. 3araibHa KiTbKICTh (pa3 s
MPOrHo3yBaHHA ckiana nmoHax 18000.

FAKICTE NPOrHO3YBaHHA chiB

HOHirpam 83.5

1

60,0% 80,0 100,0%

Birpams

Tpurpamn

0.0 20,0% 40,0%

[ Cnoso 33 3amoe +1 pta A +2 | Glmmuse

Puc. 1. [IporHo3yBaHHs CIIiB 32 Pi3HUMH
MOJETSIMH

IOnirpam Monens moOKa3zana HHU3BKY SIKICTh
nporHosyBanus — 83,5% (puc. 1). Jns iHmmx
BUMAJKIB HEOOXimHO OyJ0 3acTOCOBYBATH OAHY
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JIOAATKOBY Mil0 Uil BUOOpYy cioBa, a iHOAlI OBi i
OutbIIe TakuX Aii. s Girpam Mojeni el oKa3HUK
3HayHO OuTbiie — 95.5%, TpurpamMHa MOIENb I
TPOXM TOKpallye HporHodyBaHHs. Lporo minkom
JOCTaTHBO sl KOM(QOPTHOI poOOTH.

Hacrynni TECTyBaHHS MOJISITan B
MPOTHO3YBaHHI JOBUIBHOTO TeKCTy. OO0cAr TeKcTy
ckinaB Oim3bko 3000 ¢pa3 3 3aranbHOIO KiJIBKICTIO
monax 15000 cmiB. 1 mporHO3yBaHHS
BHUKOpPUCTOBYBajacs 3alporoOHOBAaHA CTATUCTUYHA
Molenb MoBH, wmo "Bigcrymae" mo N-rpamu
MEHIIOr0 MOPSIAKY y BUMAIKY, KOJIW BHKOPUCTAHHS
OUIBII BUCOKOTO TOPSAKY HEMOXIUBE. SIKicTh
MPOrHO3yBaHHs ckiaia 89% cimiB, Bizomux N-rpam
Mojened. 3HIKEHHA TOYHOCTI TMPOrHO3YBaHHS
MOXHA TOSICHUTH TUM, IIO B JOBUIBHOMY TEKCTi
3aBKIM TPHUCYTHIH MEBHHUH BiJICOTOK HOBHUX THIIIB
Oirpam Ta TpurpaMm. Takox, y pasi BiACYTHOCTi
cinoBa B N-TpaM MOAeNi, HacTylHE 32 HHM CJOBO
Moxe OyTH MPOTrHO30BAaHO TIIBKA 3a IOHIrpaM
MOJIETLIIO.
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Y pobori 3ampoIOHOBaHA cucrema
MPOrHO3YBaHHS, IO ABTOMATUYHO  TMIPOIOHYE
HACTYIIHI CJIOBA, sIKi HAWOUIBII YacTO 3yCTPi4alOThCs
IICJISI BXKE BBEACHUX cliB y peueHHi. [logana Mmonens
KOMYHIKaIlii ISl MOBCSKACHHOTO CITUTKYBaHHS, IO
nepeadavyae BUKOPUCTAHHS PO3MOBHUX JIIaJlOTiB Ha
no0yToBi Temu. OnrcaHuii MPUHLIMT 300py TEKCTIB,
0 MICTATh TaKi JiaJIoTW Ta ajirOpUTM i JIs
(hopMyBaHHS HAaBUAJIBHOTO KOPIyCy ciiB. JletaapHO
OmMCcaHa  CTATHCTUYHA  MOAECIb  MOBH, IO
MPOMOHYETHCSA  3aCTOCYBAaTH IS TPOTHO3YBAaHHS
CNiB, IO JO3BOJIUTH MPOTHO3YBAaTH CJIOBA, SIKi € B
CJIOBHUKY, 3 HWMOBIpHIiCTIO 89% Ui JOBUIHLHOTO

TEKCTY.

[Momampmri  mocmimkeHHS  COpsSMOBaHI  Ha
peaizaiio 3aMpONOHOBAHOI O croco0y
aJbTCPHATHBHOTO CIIUIKYBaHHS 32  JIOIIOMOT OO

CTaHIAPTHUX TaJyKeTiB (TUIaHmIeTH, TenedoHu) 3
METOI0 BHUKOPHCTaHHS AJIsl opraHizauii aiasoriB 3
JIOABMH, Yy SKUX THMYacoBO BiACYTHi abo
YCKJIQAHEHHH  KaHall ~ OCHOBHOI  BepOaibHOI
komyHikamii. OCKITbKH 3ampONOHOBAHHM MIIXiT €
3aralbHUM, TO OYIyTh TPOBEICHI JOCIHIHKCHHS
MOXJIMBOCT] HOr0 BUKOPUCTAHHS ISl iHIIUX MOB.
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Y oaniii pobomi 3moodenvosano ma Oocniddnceno npoyec pPO3NOGCIOONCEHH PeKAaMU ULIAXOM
KOMyHIKayii 6 medxcax 3a0anoi yinbogoi ayoumopii. Buxopucmano nioxoou, wo 6asyromvcsi HA MOOensx
coyianvuoi ma Gisuunoi ananoeiii npoyecie obminy ingopmayicio y coyianvrii mepedci. Pezyiomamu
OMPUMAHO OJ1s BUBHAYEHO20 PIBHS 83AEMHOI 008IpU KOPUCTYBAUI8 MA 3A0AH020 NOPO2Y CHPUNHAMIUBOCHI
00 pernamu 6 ocio Yinbogoi ayoumopii, @ MaxKodc Ha OCHOBI UKOPUCIAHHS MoOenell ouys3ii ingopmayii' y
coyianvHitl epyni.

Kurouosi crnosa: pexnama, npoyec po3noscroodicensl, MOOem08aH s, MOOelb HEUPOHONOOIOH020 OOMIHY
iHghopmayii.

In this article a process of the advertisement spreading via communications within a given target
audience and without means of mass media was modeled and studied. We are using a model that describes
the process of communication within the group, so that more users will be interested in advertised product.
The proposed models are formed based on the method of formalizing the processes of penetration (spread) of
the influence of advertising on a given target audience. Approaches based on models of social and physical
analogies of information exchange processes in the social network are used.

Further on the model gets complicated by implementing the assumption that not all people are positive
about advertising, and their attitude may change not only from neutral to positive. So the negative reaction
to advertisement is described and counted. With the quantity of people which are positive- and negative-
opinionated to advertisement an efficiency rating is build. This rating makes it possible to draw conclusions
about the effectiveness of the advertising campaign at any given time, determine the effectiveness of the
advertisement for a certain time interval as an average weighted estimate and compare the efficiency of
advertisement campaign in different time intervals.

On the basis of the Kermann-McKendrick model a system of differential equations that describes the
process of disseminating advertising information is written. Numerous experiments were carried out that
allowed us to conclude the adequacy of the calculation methods.

Key words: advertising distribution process, simulation, model of the interneural exchange.

CrarTio NpeACTaBUB A.T.H., mpod. Bomomwua O.D.

[puitHaTo  BBakaTW, 1[0 BUMIPIOBaHHS BiJyiady BiJ pekiamMHu. bBynb-sike BIAXWICHHS BiJ

e(eKTUBHOCTI PEKIaAMH € JOCUTH CKJIaTHOKO Tpo0bIie-
Moro. Jleski BBOXKAIOTH 11 HEPO3B'sI3HOIO, 1HIII MPOTIO-
HYIOTh SIK TPOCTi, Tak i cknaaHi pimenHs. [Ipore,
a0CONIFOTHO YCi TOTPUMYIOTBhCA TYMKH, IO BUMIpIO-
BaTH e(PeKTUBHICTH pekiaMu Tpeba. 3a BU3HAYCHHAM
Poccepa PiBca, pexinama € «MHUCTEUTBOM BIPOBal-
KEHHSl YHIKQJIBHOI TOProBOi NMPOMO3ULii B TOJOBU
HaHOUTBIIOro YKCIa IOJeH Mpu HAaMEeHITNX BUTpa-
Taxy», 0 HEOOXITHO PO3YMITH SIK CIOCIO MiHIMi3amil
BUTpAaT Ha peKIaMy 3 MeTOl 3amnoOiraHHs
0aHKpyTCTBY. 3 iHIIOro OOKY, MiHiMi3allisl BHTpat
0e3 BUMiproBaHHS €(eKTHBHOCTI HEMOXKIIABA.
TonoBHOIO TIP00IIEMOI0 BU3HAYCHHSI ONTUMAIIh-
HOT'O PEKJIAMHOTO OIOJUKETY € BU3HAYCHHS BEIMUNHH
OI0O/DKETY, IO JTO3BOJIMB O OJIEpP)KaTH TapaHTOBaHY

©¢€ .B.IBoxin, }0.0.Haymenko, 2017

ONTUMAJIBHOCTI MPUBOINTH 10 Hee(heKTUBHOCTI [1].

Po3pobka meroamk QopMyBaHHS SKICHOTO
PEKIaMHOTO OIO/DKETY MPHBOIUTH J0 HEOOXIAHOCTI
CTBOpPEHHS HOBUX CIIOCO0iIB (hopMaizalii nmporiecis,
mo BiAOYBalOTHCS y CYCIIBCTBI 3 ypaxyBaHHIM
0COOJIMBOCTEN CY4YaCHUX IOTOKIB PO3MOBCIOIKCHHS
indopMmartii. JlochikeHHST Ta MOJETIOBAHHS IUX
mporieciB 0a3yloThCs HAa BHUKOPUCTAHHI MaTeMaThd-
HUX CTPYKTYP Ta CXEM, SIKi € TOJAJIbIIIHUM PO3BUTKOM
TPaIUIIHHUX CTATUCTUYHUX ITiTXO/IB.

VY nmaniii po6oti copMoBaHO Ta IOCIIIKEHO
MpoIleC PO3MOBCIOKEHHS PEKIIaMH B MeKax JesKol
IIbOBOT  ayauTopii. Mojeni onucyroTh MpolecH
PO3MOBCIOJUKEHHST PEKJIaMH Ha OCHOBI OOMiHY
iHpopmMartiero, 1Mo BiAOYBae€ThCA TPH KOMYHIKAIlii
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Mk sroapmu. s Qopmamizanii BmuBy iHGOp-
MaliiHUX TOTOKIB IPOTIOHYETHCSI BUKOPUCTATH Pi3Hi
Mozeni oOminy iHdopManii y coniansHii Mepexi [2].

HeiipoHonoaiona Moaens nmpouecy po3noBCio-
J’KeHHSI PpeKJIaMM B MeKaX HiJbOBOI ay M TOPii.

PosrnssHemo  comianbHy — Mepexy S, 10
CKIIAZA€ThCs 3 3a0aH0i N KUTBKOCTI KOPHUCTYBAadiB.
Bynemo BBakaTH KOpUCTYBadiB By3JIaMH HEHPOHHOT
MEpexi, SKi OOMIHIOIOTBCS MiX COOOI MOBIIOM-
JIeHHsIMH (TTaKeTaMu AaHuX). MaTeMaTudHy MOJehb
(dbyuKImioHyBaHHA 0OMiHY iH(OpMaIli€l0 B pamMKax
Mepexi OyaemMo GopMyBaTH Ha OCHOBI migxonmy [3],
0 BHUKOPUCTOBYETHCSA [UIS aHAJi3y TWPOIECIB Y
HEHWPOHAX 1 YaCTO 3aCTOCOBYETHCS TIPH JOCITIKCHHI
3aJ1a4 3 IMITYJIbCHUM BILTHBOM.

Koxna ocoba 3HalioMa ab0 Mae MOXJIMBICTH
i=LLN
iHmmx moneid 3 1iei aymuropii. be3 oOMekeHHs
3arajgbHOCTI BBAKAETHCA MOJIIMBHM, IO iCHYIOTH

CIUJIKyBaTUCSl 3 TIEBHOIO KUIBKICTIO 7, ,

Taki HoMepu k=1,N KOpUCTyBauiB Mepexi, I
akux n, =N —1. 3 iHmoro 6oky, 3p0o3yMmijo, L0,
SAKIIO  JIONMKACYBa4  MeEpeki {  3HaoMui 3
JonMcyBaueM j, To i j Oyne 3Hailommii 3 i. Taky
CTPYKTYpY MOXKHA MPEACTABUTH rpadom, e KOKHA
BepIIMHA rpada npeicTaBiIse COO0 KOPUCTyBaya, a
pebpo MiX JaBOMa BepIIMHAMHU O3HA4Ya€ Te, IO
ocobu 3HalioMi abo cHiNKYIOTbCS Mik coboro. Lleit
rpad 3a7aeTbcsi CHMETPHYHOIO MAaTPHICIO 1HIIUICHT-

Hocti posmiprocti NXN R={r;}, i=1LN, j=LN,

mo cknamaerbes 3 0 ta 1, me 0 y moswmmii (i)
O3Hauae, 110 JIFOJMHA | HE 3HailoMa 3 JII0AMHOI j, a 1
— IO JIFOAWHA [ 3HailoMa 3 JIIOJIMHOIO j.

Koxny rommHy 3  1inboBOi  ayauTopii
XapaKTepHu3ye TaKOXK Hadip JOJATKOBHX MapaMeTpiB.
[lo-nepmre, koXeH HEOJHAKOBO CTAaBHTHCS MO
mo0aueHoi/moYyTol peKiiaMu: B AaHiid MOJelNi KOXKHa
JMoauHA Mae cBin koedimient /[;, I; € [0,1], i=1,N,
oo BimoOpaxkae ii CHpUHHATINBICTD IO PEKJIAMH.
[To-gpyre, KOXeH MO-pi3HOMY CHpUHMae BIUIMB 3
00Ky CBOrO MEpEXEeBOro OTOUYEHHA. BuszHaunMo
BEKTOp, IO 3aJa€ PiBeHb JOBIPH i-1 JIOAWHU [0

KOXKHOTO 3 ii  JOOmHCYBadiB, y  BHUTIIAII
T, =(tystnsty), i=LN, nme t;€[0]1], ¢;=0,
AKWo BignosinHe r; =0, r;— j-A enemeHt i-ro

=1,i=LN,j=1LN.

[Mpumnyctumo, mo mnepes; Mo4aTkoM MOJIEIIOBaH-
HS TIPOIIECy PO3MOBCIOKEHHS PEKJIaMU TPOBEACHO
MEeBHY peKIaMHy Kammadito. JlocmiguMo, SKAM
quHOM Oyze 3MIHIOBATHCS PIBEHBb PO3ITOBCIOKEHHS
peKJIaMu cepell EBHOI LIBOBOI ayAUTOPii, 3aCTOCO-
BYIOYH OIMCAHY BHIIIE MOJICIb.

psiaka matpuui R, ¢;

2017, 1

Bulletin of Taras Shevchenko
National University of Kyiv
Series: Physics & Mathematics

3amaMo TIEBHUH TMOpIT CHPHHHATIHBOCTI 10
pexmamu L, L €[0,1]. IIpu npomy OymemMo BBaKaTH,

110 pekiaMa e(peKTUBHO NOJisIA Ha TIOJMHY I, IKIIO
ii crapnenns [, >L. Bsexmemo Bektop H),

HO =(h1,h2,...,hN) , AC hz’ :0’

h, =1 npu I; > L. llei BekTop XapakTepusye oci0 3

akmo [, <L Ta

IBOBOI ayAnTOpii, HAa SKUX TOJisiia pekiama o
MOMEHTY TI0YaTKy CIUJIKYBaHHS.

BBaxkaemo, 1o y Mepexi BinOyBaeThCsl OOMiH
iH(hopMariero Mixk KopucTyBadamMu. CHpUSATIHBICTD
70 peKJIaMH KOXXHOTO YYacCHHKa MOXKE 3 dYacoM
3MIHUTHCH B 3aJIC)KHOCTI BiJ] HOTO OTOYEHHS. 3MiHY
COPUATIAMBOCTI 3 dYacoM OyneMo OmHUCYBaTH
MOJIEILTIO HeﬁpOHono;:[i6Horo €IIEMCHTY BUTJISITY

dl, (t) 1 1)~ 1)
d [/
3MiHA CTaBJICHHS KO;KHo'i JIOJVHHU 3 IUTLOBOI
aynuTopii crocrepiraerbcs muckpetHo. llokmaBmm
0e3 0OMeKeHHS 3arajbHOCTI IHTepPBaI TUCKpPETHU3AIil
At =1, OTpUMy€EMO PiBHIHHS HaCTynHoro BHTJISIY:

(M

I(t+1)— I(z)_n—ZtU L) -1, ()
a00 0CTaTOYHO
1(t+1)=—2t,, ;@) 3)
}’l

TakuM 4YMHOM, Ha KOXXHOMY IIOCIIiIOBHOMY
KpOIli IUCKpETH3allii MepepaxoByOThCS KoehillieHTH
CTaBJIEHHA 10 PEKJIAMH KOKHOI 0COOM Ha OCHOBI
CepeHbOTO 3HAYEHHS JYMKH OTOYEHHS JIOJUHU 3
ypaxyBaHHSIM piBHS ii AOBIpH 10 KOXKHOTO 3 JIaHOTO
OTOYCHHS.

Sk pesynbTaT OTpUMYy€EMO HOBUH HaOip 3HaUYEHB

I(t), i=L,N, >0,
HOBHI BekTop H () BiamoBimHO 10 mopory L.

JNESIKOMY  KpOIli  BHKOHYETHCS
Ht)=H@-1), t>1, T00T1O
pekiama Oinbllle HE BIUIMHYJIA Ha JKOJHY OCO0Y 3
ayauropii, abo, skmo Bektop H(¢) =(L1,...,1), ToOTO

Imciasgs 4Yoro OOYHUCITIOEMO

Jkmo Ha
CITIBBITHOILIIEHHS

yci 0coOu BXKe 3HAXOASTHCSA IIiJ] BIUIMBOM DPEKIIAMH,
— QJIFOPUTM 3YITUHIETHCS.

BpaxyBaHHs HEraTHBHOIO CTaBJIEHHS /10
peKJaMu.

YckinagHuMO MOelh BIUIMBY Ta PO3MOBCIOJ-
JKEHHSI peKJIaMH B MeXax LUIbOBOI ayauTopii
NPUIYLICHHSM, 1110 HE BCl JIIOIU MO3UTUBHO CTaBIIs-
ThCS IO PEKIIAMH, a iX BiIHOIICHHS MOXE 3MIHIOBa-
THCH HE JIMIIE BiJl HEHTPATHLHOCTI 10 TTO3UTHUBHOCTI.
Jns  BigoOpakeHHS TEpexoAy /A0 HEraTUBHOTO
epeKTy B TIpOIECi PO3MOBCIOJKCHHS PEKIaMU
OyZ1leMO BUKOPHCTOBYBATH HACTYITHHH ITiJIX1]1.
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AHaJOTIYHO TIOPOTY CIPUHHATIMBOCTI peKiami
L BBememo mopir piBHS Z, 1O BIANOBIZae 3a
HEraTUBHE BIJHOIICHHS JO pekinaMu. Skmo Ha
MEBHOMY KpOIli CHPUHHATIUBICTE i-I 0COOM [0
pexnamu [;(t) crae menmow 3a Z ([;(1)<Z), T0

=]

BBAKAEMO, IO JaHa 0c00a IOYMHAE HETaTUBHO
CTaBUTHCA JI0 pekiamu. HeraTuBHe BiJHOIICHHS JIO
pEKJIaMH CYTTEBO HE 3MIHIOE CXEMY aQITOPUTMY
MOJICITFOBaHHsI. 3 TUM CaMUM IHTEPBAJIOM JUCKETH-
3amii Af=1 Ha KOXHOMY KpOIIi BiIOYBa€TbCs, 5K 1
panmime, 3miHa Bektopy H(t), ¢>0, 1o
XapakTepu3ye BIUIMB PeKJIaMH Ha 0ci0 3 LiIbOBOT
aynutopii. BukopmcroByroum mopir Z, MOXHa
CIIOCTEpIraTH 3a 3MIHOIO HETaTUBHOI'O CTABJICHHS 0
IIPOIIECY PO3MOBCIOPKECHHS PEKIIAMH.

Takum unHOM, Ha KOXHIH iTepalii MOXHa
MOpaxyBaTH KUIBKICTH 0Ci0, IO TepeWnuim 10
MO3UTHBHOTO CTaBJICHHS, Ta KUIBKICTh 0Ci0, M0
CTalll HETaTUBHO  BIJHOCUTHCS JO PEKIaMH.

[Mosnaunmo uepes E ' (f), t>0, - KimpkicTh 0ci0,
Ui SIKUX y TpOMDKOK uacy [¢—1,7] cmpaBennusi
uepiBHocti h(f)>h(t—1), i=1,N, a uepes E (1),
t>0, - BIANOBIAHO, KUIBKICTH 0OCIO, IS SKHX
h(t)<h(t-1), i=1,N.

3a monomoror BenmmuuH E°(f) ta E(¢), t>0,

3aMMIIeMO OITIHKY €(DEeKTHBHOCTI PO3IOBCIOKEHHS
pexiaamu, sika (PaKTUIHO € aHAIOTOM PEHTa0eIbHOCTI

E'()-E (1) @
I >

s ominka ma€ MOMXIJIMBICTH 3POOMTH BHCHOBKHU
010 €PEeKTUBHOCTI PEKJIAMHOI KaMIIaHii y JOBiTb-
HUH MOMEHT 4acy ¢>(; BU3HAUUTH CPEKTUBHICTH
peKJaMH 3a TIEBHUM IHTEpBall 4acy, SK CEpeIHI0
3BAXEHY OIlIHKY, IO 0a3yeThCs Ha 3HAYCHHSIX
JAHOTO KPHUTEPil0 B KOXHHUA MOMEHT 4Yacy 3 I[bOTO
MIPOMIXKY; Ta, TOPIBHIOIOYA MK CO00I0 3HAYEHHS
e(heKTHBHOCTI Ha PIi3HUX IHTEpBalIax dacy, 3pOoOUTH
3arajibHi BHCHOBKH MIO/I0 PO3BHUTKY Ta YCIIIIHOCTI
PEKIaMHOI KaMIIaHii.

3 dopmymu (4) 3po3ymino, MO yci 3HAYCHHS
MOKa3HWKa Hanexars npomikky [0,2]. Bemmuwmna
E(t) =1 TpakTyeThCs K TaKa, 3a AKOIO €PEKTUBHICTD

E@®)=1+ t>0.

peKiIaMu Mae HeWTpajdbHHUH eeKT (BUKIHKAE PiBHY
KIJIBKICTh TIO3UTHBHUX Ta HETaTHBHHUX BiJTYKiB) y
uinpoBit ayauropii. Ilpum 3HaueHHsAX E(7)>(<)1
e(eKTUBHICTh pPEKJIaMH XapaKTepU3yETbCS BiJIO-
BiIHUM ITO3UTHBHHUM (HETAaTHBHUM) €()EKTOM.
HeoOxigHo TakoX 3BEpHYTH YyBary Ha 3alex-
HICTh aJTOPUTMY BiJl BUOOPY IMMOPOTOBUX 3HAYEHb L
Ta Z , a TaKOXX BiJl BEJIMYWH PiBHIB B3a€EMHOI JIOBipH,

IO TMOAAI0ThCs BekTopamu 1;, i=1,N . Bignosinui
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,Z[OCJ'IiI[)KeHHH MOKJIMBI 3 BUKOPUCTAHHAM, HAIIpU-
Jlaji, €JIEMEHTIB Teopii JUHAMIYHOTO COI[IaJIbHOTO
BIUuBY Jlatane [4].

liopuani maremaTuuHi monesi
PO3MOBCIO:KEHHSI PEKJIAMM.

Mooenv enaugy pexnamu 8 medcax coyianbHoi
2pynu 3a0anozo oocsaey.

Iloznauumo u(x,t):(x,t)—>[0,1], t<[0,T], -
(YHKITIO PiBHSA PO3MOBCIOJDKCHHS pEKIaMHU B
MeKaxX 3aJaHoi COIiadbHOI TpymH o0csATy X, IO
HE TMEpPEBUIINY€E Harepea BU3HAYCHOI BEJIUYHUHU
A,0<x< 4.

3MOIENM0eEMO 3MiHY BIUIMBY (KOHIIGHTpAIIii)
peKJIaMH 3a TOTOMOTOo0 piBHSAHHSA mudy3ii [5]. Llei
MPOIEC aHAJOTIYHUN PO3MOBCIOPKEHHIO  JCSIKOL

npoiecy

PEYOBMHM  TPOTATOM  KOHKPETHOTO  YacOBOTO
intepBanty t<[0,7] 1 ™oxe OyTh omucaHuit
PIBHSIHHSIM:
du/ — _ d*u
(= kO (5)

3 mo4yaTtkoBoi0 ymMoBoio u(x,0)=0 Ta KpaiioBOIO
ymoBoro u(A4,t)=1, ne k(t) - koediuieHr, 10
XapakTepHu3y€e BIUIMB pekiIamMu (aHajor kKoedirieHTa
Iudy3ii) 1 € NpomoOpUidHMM IIBUIKOCTI 3MIiHU
peKIaMo3aekHO YaCTHHH COIIATBHOT TPYIIH.
Crxian rpymu po3OWMBaeThes Ha 3 MIATPYIH: HA
YyTJIMBUX JI0 PEKJIAMH V|, THUX, IO BXKE 3HAXOAATHCS
i BIUIUBOM PEKJIaMU y,, 1 OalayXux 10 peKiIaMu
»;. Ha ocnosi momeni Kepmana-Maxkkenapika [6]

3alUIIEMO CUCTEMY TU(epeHLiaIbHIX PIBHSHB, 11O
OMKCY€ TPOLEC PO3MOBCIOMKEHHS  PEKIAMHOT
iH(opMarii. it PO3B’SI3KH, BIAMOBITHO, BU3HAYAIOTH
KUTBKOCT1 OKPEMHX TPYIL:
VI==NV2s V2a=NV2—Yas V3=Ds. (6)
BigzHaunmo, 1110 32 TaKOK  MOCTAHOBKOIO
BeNMMYMHA A 3alexaThuMe B 4Yacy, TpU UYOMY
A=AW)=y,()+y,(t). Kpim wnporo, MoxHa
noknacTu k(¢) = u = const .
llykaemo ¢yskmito u(x,t) y urmsami u(x,t) =
=X(x(¢)). Toxmi mist OyIab-IKOTO MOMEHTY dYacy
t€[0,7] oTpuMy€eMO BEIWYUHY pIBHA BILTUBY

u(et) = 1= O,
10, y,(1) -

pexiIaMu BHIJISAT

y
0<x@) <y () +,(0),
po3B’ 3Ky cuctemH (6).

Le#i po3s’si30k Moke OyTH y3arajdbHEHHUH 3a
YMOB MpPHITYIICHHS, 110 YacTHHA TPYIH, sKa Mae
IMYHITET 10 peKJiaMu, MOXKe 4epe3 AesKUi yac Horo
BTpaTUTU. YacTMHAa TpymH CTa€ NPUd LHOMY
YyTIMBOIO 0 PEKIaMH, 30inblIyoun Tpymy (), i

KOMIIOHCHTH

MPOIIEC MEPIOTUIHO MTOBTOPIOETHCSL.
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Mooenv po3noscroodicenHs pekiamu 3a YMos
oughyzii mosapia.

Sk 1 y mnomepenHhOMY BUNAJAKY, IMO3HAYUMO
yepe3 u(x,t) GYHKIIO PIiBHA PO3MOBCIOIKEHHS
peKJIaMH 3a YMOB HAasSBHOCTI 3aJaHOi KiJTBKOCTI
TOBapiB X, sSKa HE NMEPEBUIINYE HaTlepe] BHU3HAUe-
Hoi BeimunHU A, 0<x< A4.

IIponiec poO3MOBCIOMKEHHS pEKJIaMH 3a YMOB
3MIiHH KIUIBKOCTI TOBapiB HAa PHHKY TIPOTATOM
KOHKPETHO 3a/IaHOT0 4YacoBoro iHtepBany f€[0,7]

MoKe OyTH onHMcaHU{ PIBHSAHHAM (5) 3 MOYaTKOBOIO
ymoBoro  u(x,0)=0 Ta KpalioBOIO YMOBOIO
u(A,t)=1, B axomy k(t) - xoedimieHT, IO Xapak-
Tepu3ye 3MiHy BIUIMBY peKlIaMu 3 dYacom. llei
Koe(iIieHT BBa)KAEMO TIPOMOPITIHHAM IIBHIKOCTI
3MiHU KIJTBKOCTI TOBapy.

[Ipunycrumo, 1o npoaax ToBapy NPOBOAUTHCS Y
M ToproBux Toukax. OmmmiemMo Tmporec 3MiHU
TOBAapHOTO 00CATY Ha OCHOBI MaTeMaTHYHOI MOJeIi
Helipony [3].

Maemo

M
KO ==x()+ Yy > x(@0. xO=4,  (7)
i=1

ne x;(f) - cymMapHa KUIBKICTb TOBapy, 1o Oyia
MPOJIaHa i-10 TOPTOBOK TOYKOIO JI0 MOMEHTY Yacy .

TakuM 4MHOM, TpUIycCKarouu, mo k(¢) = (¢),
oTpuMyemo Tiopuany mozaens Burisany (5), (7) ans
PO3paxyHKy piBHS PO3MOBCIO/DKCHHS PEKIaMu 3a
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pe3ylbTaTaMu JaHuX Tpo mpogax toBapis. [lykaro-
uyn QyHKOipo u(x,t) y Burmam u(x,t) =X (x(1)),
BH3HAYAEMO pIBEHb pEKJIaMU i1  KOXKHOTO
MOMEHTY 4Yacy ¢ B MeEXaxX MOXIJIHMBOTO 00CITY
ToBapiB 0<x<x(f), mOTOYHE 3HAYEHHS SKOTO
x(t) orpumyemo 3 piBHAHHSA (7).

Byso mpoBeneHO YuCeNbHI €KCIIEPUMEHTH, SIKi
JIO3BOJIMIIA 3POOMTH BHCHOBOK IMPO aJCKBaTHICTH
OTPUMAaHHMX Ha OCHOBI 3aIPONOHOBAHMX MiAXOJIB
PO3paxyHKIB pe3y/ibTaTaM CIOCTEPEIKCHHS 3a Peasib-
HUMH TPOIIECAMH 3MIHU PEKIAMHOTO BILIUBY.

BucHoBOK.

Y po6oTi 3MOIETEOBAHO Ta MOCIIIKEHO TPOIIEC
PO3MOBCIO/KCHHS PEKJIaMK Ha OCHOBI KOMYHIKaIlii B
MeXax 3aJ1aHo1 IIUTLOBOI ay TUTOPil.

3amponoHoBaHi Mozeni GOPMYIOTECSI HA OCHOBI
METOAMKH (opMaizailii MpoIeciB MPOHUKHEHHS
(PO3MOBCIOJKEHHS) BIUIMBY pEKIaMH Ha 3ajaHy
UIBOBY ayauTOpito. BUKOpHCTaHO MigXoAH, IO
0a3yroThcd Ha MOJENSAX COmiadbHOI Ta (Hi3mdHOI
aHAJIOTI{ TporeciB 0OMiHy iH(poOpMaIIi€o y comiaib-
Hill Mepexi. Pe3ynbTaTi oTpuMaHO 111 BU3HAYEHOTO
piBHS B3a€EMHOI JTOBipH KOPUCTYBadiB Ta 3a/JaHOTO
MOPOTy CHIPUIHSITIUBOCTI PEKIaMi B OCIO IiJIbOBOT
ayJauTopii, a TaKOX Ha OCHOBI BUKOPUCTaHHS MoOje-
neit mudysii iHpopmarii y corianbHil TpyIi.
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Y pobomi npedcmaenieno moO0entosants ma auaniz OUHAMIKU MOOIIbHO20 pobOOMA 8 NPOSPAMHOMY
cepedosulyi, wo 0ae MONCIUBICHb NOACHUMU OesKl OUHAMIYHI ehexmu, SKI NPU3800amMb 00 HeCMIUKOCMmI
NPSMOTNIHINIHO20 pyXy poboma ma 3aHOCI8 HA NOBOPOMAX NpU GeluKux weuokocmsax. Jlana mooens
3ACcmMocosana O AHANIZY OUHAMIKU KOJICHUX AIMAKI8, o 00360J5€ 00CHIOUmMU 00HY 3 AKMYAIbHUX 3404y,
AKI NOCMawms 'y CYYACHOMY MOOENHBAHHI NiMaKoOyOy8anHs - NUMAHHSA CMIUKOCMI 1iMaKa 6IOHOCHO
83AEMHO20 POMIWEHHS KOJIIC [ YeHmpy Mac nio yac to2o pyxy no 3imuit cmy3i. Bukopucmauo incmpymenm
YUCETbHO20 MOOeN08aHHs OuHamivnux cucmem MatLab (sepcis 7.6.0 (R2008a)), 3 O0onomozow saxkoeo
nobyoosari ¢azoei mpaekmopii Kymogoi ma aiHitiHoi weuokocme. Ilpoeedeno ananimuune 00CiONCeHHs
mpaekmopii  pyxy po3ensidy8anoeo MoOIIbHO20 poboma Onsi NOSACHEHHS OUHAMIYHUX HeMmPUGIaIbHUX
eghexmis, w0 SUHUKAOMb NIO Yac pyxXy aimaxie no 3uimuit cmysi. Kpim moeo, daromscsi pekomenoayii 3
ONMUMATLHOL KOHCMPYKYIT waci 015 YHUKHeHHs aeuwja Hecmitikocmi pyxy. O62080poemvcst GUKOPUCAHHSL
OQHUX pe3yIbmamie ma NpPocPAMHO20 CepedosUwd V HABYANbHOMY NpOYeci ma 6 2any3sx NpoeKm)y6aHHs.
CKNIAOHUX MEXHIYHUX CUCTEM 3 MemOI CMBOPEHHs HAUOinbul OOCKOHAAUX POOOMOMEXHIYHUX KOMNIEKCI8,
Wo Marms WUPOKe 3aCMOCYBaHHS.

Knrouosi crosa: mobinbruil pobom, cmitikicme 1imaka, MoOeno8aHHs CUCIEM, NPOSPAMHe cepedosuLye
MatLab.

The paper presents the mathematical modeling, simulation and analysis of the dynamics of a mobile
robot in the software environment, which makes it possible to explain some dynamic effects that lead to
instability of the straight-line robot movement and skidding at bends at high speeds. This model is used to
analyze the dynamics of wheeled aircraft, which allows to investigate one of the actual problems that arise
in modern aircraft design - the question of the stability of the aircraft concerning to the mutual placement of
the wheels and the center of mass during its movement along the runway. MatLab as numerical tool for
simulation of dynamic systems (version 7.6.0 (R2008a)) has been used, with the help of which the phase
trajectories of angular and linear velocities are constructed. An analytical study of the trajectory of the
motion of the considered mobile robot was conducted to explain the dynamic non-trivial effects that arise
during the flight of aircraft in the runway. In addition, recommendations are given on the optimal chassis
design to avoid the phenomenon of instability motion. The use of these results and the software environment
in the learning process and in the design of complex technical systems is being discussed in order to create
the most advanced robotic systems that are widely used.

Keywords: mobile robot, aircraft stability, simulation of the system, software Matlab.
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Beryn
B II mon. 20 cromitTs akTHBi3yBaBCs iHTEpEC A0
JOCHIIKeHb, IO CTOCYIOThCA  BIPOBAKEHHS

poOOTIB B Mpolec aBTOMAaTU30BAHOTO BUPOOHUIITBA.
Tyr norpiOHO 3rajaTH KOCMIYHHX pPOOOTIB Ui
BUBYCHHS TmoBepxHi HeOecHux Tin CoHs4HOT
CHUCTeMHU, pOOOTIB JUIS TMiABOJHHUX JIOCIHI/DKCHB,
poOOTiB,  MpHU3HAYEHWUX I  PO3MIHYBaHHS
MiZ03PUINX MPEAMETIB B MICLSAX CKYMUEHHs JIOACH,
JUISL TACIHHS IOXKEXK1, TAKHUX, IO 3[aTHI CAMOCTIHHO
pyxaTtucs TO 3a3Jaleriib HEBiIOMIH MepeciuHii
MICIIEBOCTi, BHKOHYBaTH PATYBaJbHI oOrmepamii mix
qac CTUXIMHHX X, aBapiit aTOMHUX
eNIEKTPOCTaHIINA Ta iH. Y 3B 3Ky 3 LUM 3 SBUIIACH
rocTpa  HEOOXiAHICTb  CTBOpEHHS  HaiOiIbII
JOCKOHAJINX POOOTOTEXHIUHUX CHCTEM,
JOCHIDKEHHsI ~Ta  TECTyBaHHA  SKHX  MOXKHA
MPOBOAMUTH 3 JOMOMOIOI0 MPOTOTHIIIB MOOUIBHHUX
po0OTiB, sKI BKIIOYAIOTh IMIMPOKUI CHEKTp - Bif
MIiKpOpoOOTiB 10 MEXaTPOHHUX KOHCTPYKLIH TOCUTH
3HaYHUX PO3MipiB. OcoOIMBO 3acHyroBYIOTH Ha
yBary TaK 3BaHi CHOPTUBHI pOOOTH, I SIKHX
MPOBOAATHCS CHELiaNbHI 3MaraHHs Ui BHUSBIICHHS
HalKpalmMx TEeXHIYHUX MapaMeTrpiB Ta CHCTEM
YIOpaBIiHHS NPU NPOXOMKEHHI MeBHUX yMOB. Ilpm
OBOMY HaWTOCTpillla KOHKYPEHIsI i eKCTpeMallbHi
YMOBU 3MaraHb CTBOPIOIOTH if€ajbHi yYMOBH IS
anpoOaiii HayKOBO-TEXHIYHUX HOBHHOK.

VY maniii poOOTi po3rIIIHYTa MOJENb KOJTICHOTO
MOOiITEHOrO po0oTa, sika Moxe OyTH MpHiHATa 3a
OCHOBY JUISL JTOCHI/PKEHHS JUHAMIKH JIITaKiB MpH iX
3JIeT1 Ta MOCaIll Ha 3IIITHY CMYTY.

Jlana Momenb [03BONISIE JOCTIAUTH OINHY 3
aKTyaJlbHUX MpoOjieM miTakoOyIyBaHHA, a caMe -
CTIMKICTB JliTaka MpH HOro pyxy Mo 3JiTHIA cMy3i.
KmtouoBy pomep mpu 1poMy Bigirpae B3aeMHE
pO3MIIIEHHsT KOJic 1 IHeHTpy Mac JIiTaka.
JlirakoOynyBaHHs € BHCOKOTEXHOJIOT19HOI0
raiy3sio, Ka iHTerpye y codi pe3ynbTaTi NepeioBUX
TEOPETUYHUX HAYKOBUX JOCIIIKEHb Ta MPAKTHUYHHX
PO3pOOOK.

MobinpHuit  poboT KiIacy ‘“‘MOHOTHI’, Mae
TPbOX-KOJICHE mIaci 3 JBOMa MOTOPWU30BaHHMH
KolecaMH, SIKi OpHUBOIATbCA B OOEpTaHHsA
enekTpoaBurynamu. KpiM Toro, Ha maci poborta
PO3MIIIYIOTbCS JTaTYUKH, OOPTOBHUH KOMIT'IOTEp 1
CHCTEMa YIPaBIiHHS PYyXOM.

[lepenbauaerscs, 110 YMOBH
¢yHKUIOHYBaHHS (TemIepaTypa, THCK, TOIIO) He
BILTUBAIOTh HAa JUHAMIKY HaHoi Mojeni. OcoOnuBuit
iHTEpec MpeAcTaBise TOM ¢akT, 1m0 B HpoLeci
BUpILICHHS! 3aJadi YOpPaBIiHHSA TakUM pPOOOTOM,
JOBOIUTBCS  3alydaTd  METOOM  AHAJIITHYHOL
MeXaHiKu, Teopii ympaBmiHHsS, craOimizamii 1
crifikocti. Ile moB’s3aHO 3 THM, IO MOOLILHUMN
poOOT AK MeXaTpoHHa CHCTEMa aKyMyJloe B co0i
KOMITOHEHTH Pi3HO1 (i3M4YHOI mpupoau. BaxxamBicTe

OCTIDKEHh JTUHAMIKM MOOUTBHUX pPOOOTIB, SK 1
POOOTOTEXHIYHMX CHCTEM B3araii, BU3HAYAETHCSA
BUHSATKOBUM  3HAUYeHHAM  POOOTOTEXHIKH K
KPUTHUYHOI TEXHOJIOTil, PO3BUTOK SKOI Qopmye
MaiiOyTHe HaykH i cBity [1]. Ha choronnimHiii neHb
omy0JikoBaHO Oarato poOit [2-7], HpHCBIYEHUX
JOCTIKEHHIO PI3HUX MOJIEJIEH KOJICHUX POOOTIB.
I'pynToBHUi1 6i0miorpadiunmii onuc € B [3].

Vke Ha Mepmmux MeTpax NIUIIXy KOJICHOro
poboTa HOro KOHCTPYKTOpU 3MYLICHI BHUSBIATH
(hakTH HECTIMKOCTI MPAMOJIHIMHOTO PyXy Ta 3aHOCH
Ha MOBOPOTaxX Ha BETUKUX MIBUIKOCTSIX MPH MEBHIH
KOHCTPYKLii maci. i MoscHeHHS Ta YHUKHEHHS
OBOTO SIBUIIA HEOOXigHE CTBOPEHHA TI'PaMOTHOI
MeXaHIKO-MaTeMaTuYHoi MOJeNli Ta BCTAHOBJICHHS
YMOB cTidkocTi. B  pmaHiii poOOTI BHKOHaHO
MOJIETIOBAaHHS IMHAMIKH PyXy MOOiIBHOrO podoTa B
cepenoumi MatlLab Ta mMOSCHEeHO BWHUKHEHHS
edekty HecTilikocTi. Takumu 3amadyamMu 3aiMaucs
takox I1. Anens, [1.B. Boponnos ta C.A. Yamuris.
Ha ocHOBi MojentoBaHHs BCTAHOBIIGHO, 110 OMHCAH1
HEeTpHUBiaJbHI JWHAaMi4HI e(EeKTH BHHHUKAIOTH B
3aJIeXHOCT1 BiJ KOHCTPYKUIi maci pobora, a came —
B3a€MHOT0 PO3MIIIEHHS LIEHTPa Mac, BEAYUYUX KOJIiC
1 Tperboro koneca. Lle TBepIKeHHS MiATBEPIXKEHO
eKCIIepUMEHTaNBHO [8-12].

Mopess AHAMIKH MOOIIBHOTO KOJIICHOTO
pobora
PosristneMo MOOinNbHUE poOOT, KUK Mae naBa
HE3IeKHO KEPOBaHMX MOTOPU30BaHUX KoJjeca.
Hexaii pyx poOoTa BiOyBa€ThCsl B TOPU3OHTAIBHIN
IUIOIIMHI, Tpere Kojeco poboTa BBAKAETHCA
Oe3iHepUiiHUM, T030aBIEHUM TEPTS 1 3aKpPilIEHUM
Ha maci pobora. Ha puc. 1 HaBemeHo 3arajibHHI
BUTJIA maci MoOimepHOro podora. Ilpn mpuitHATHX
OPUIYHIEHHSX HOro pyX MOBHICTIO BU3HAYAETHCS
KOOpMHaTaMu (X,)), TOYKH A - LEHTpy BiApisKa,
10 3'€JHY€E MPOBIAHI KoJieca maci, i KyTOM IIOBOPOTY
@, BifyTiuyBaHuM Bix oci OX .

Y4

o

Puc. 1. Cxema maci MoOUTBHOTO po0OoTa
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Pyx ycix komic BinOyBaeTbesi 6€3 MpOCTU3aHHSL.
IIpoBimni komeca 1 i 2 wmaroTh pamgiyc 7 i
MPUBOAATHCS B 00EPTaHHS OAHAKOBHUMH JBUTYHAMU
4 1 5 BignoBimHO, Ha SKI MOMAIOTHCA KEPYyrOUi
Hanpyru: U,; - mnsa miBoro komeca 1, Uy, - mns
npaBoro koneca 2. IloBopoT poOoTa 3AiHCHIOETHCS
3a JIONOMOTOI0 PI3HHUII 3a3HAYCHUX KEPYIOUHX
HaTpyT.

Pyx  pobGora  po3rismaerbcss — BiAHOCHO
HepyxoMoi cuctemMu KkoopauHaT OXY . Pyxoma
cucTeMa KOOpOMHAT Axy 3 MOYaTKoM B Touli A

KOPCTKO ToB’s3aHa 3 Imaci pobora. Bick
OX neprnieHAUKYISIpHA BiPi3Ky, M0 3'€MHYE EHTPU
BEeAy4YnmxX KOJiC, 1 € BicCl0o cuMerpii maci.
[losutuBHMIA HampsiMOK oci  OX  30iraerbes 3
HampsIMKOM pyxy pobOora. ILlentp mac pobGota
3HaxoauTecs B Touli C; abcuucy Toukn C B
pyxomuii cuctemi mo3HauMMo uyepes a. Ilpu
MO3UTUBHUX 3HAUYEHHAX @ LEHTP Mac i TPETE KOJIEeCo
3HaXOAATHCS MOTIEPEAY BELyUHX KOJIiC.

HuHamika PyXy pobora OIHCYETHCS
HeNiHIMHOI0 cHucTeMoo Au(epeHIianbHIX PIBHAHB
[12]. Monmyne ¥V MIBUAKOCTI IEHTpa Mac Ta KyTOBa
mBUAKICTE (2 poboTa 3a0BOIBHIIOTH JUHAMIYHUM
PIBHSHHSIM:

. 2
V=- céV+an+i(UL+UR),
mr mr
. 2¢,1? ma ql
Q=-"2—0-—1o+ (U, -U,) (1)
1,r 1, 4t

ne m - maca kopmyca, I, = I, +ma’ - Horo MOMeHT
iHepuil. Tyt V' - niniliHa mBHIKICTB LeHTpa Mac, (2
- KyTOBa IIBHJIKICTb poOoTa, 2/- BiIcTaHb Mix
LEHTPaMHU POBIJHHUX KOMiC poOoTa.

PosrisiHeMoO BHIAZoOK Tofadi Ha ABUTYHH
BEAyYMX  KOJIC  OJHAKOBHUX  HAOpyr,  LIO
BiAIIOBiaTUME NpsAMONiHIHHOMY pyxy. Bsememo
2c,
mr?

G
MO3HAYCHHA: U = — Ta ng(UL +UR), Je

U - mapamMerp, NpONOpUidHMA Koe]imieHTy cui
p -
MNPONOpUiiHUIA CyMi Hampyr, MO TNOAAIOTHCS Ha
MpoBinHI Koieca pobora, a - aOcuuca HEHTpa Mac
pobora B pyxomiit cucreMi. Ilpy TO3UTUBHUX
3HAYEHHSX @ UHEHTP Mac 1 TpeTe KoJeco
3HaXOAATHCS TMOMEpeny BeAyuux Koimic. Bemuunna

1 m .. .
— =—, ¢ p - paaiyc iHepii poboTa momo oci,

/72 I,

IO MPOXOAWTH depe3 LeHTp wmac. Toxmi y pasi
OZIHAKOBOT'0 PO3MOILUTY HAIpPYT, IO MOAAIOTHCS Ha
JIBUTYHU BEAy4YUX Koiic, qudepeHuianbHi piBHIHHS
PYyXy MOOLTBHOTO pOoO0OTa MAFOTh BUTIISL;

B'SI3KOI'0 TCPTA, IMO3UTUBHUMN napameTp,
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dv

E=-,UV+CI§22 +p,

dQ I? a

o Ja /o @)
df ’ur2 p2

MopnearoBanns y cepenopuini MatJlad

Posrisinemo nany Mozpens AuHaMiku podoTa (2)
Ta TPOBEAEMO Ii MOJNCIIOBAHHS B CEPEIOBUIII
MatLab Ha 6a3i BUKOpHCTaHHS CONBEPA PO3B’A3aHHS
cucTeM IuQepeHIiabHUX PiBHAHB “oded5” .

1. Po3risiHeMO BUNIaIOK MO3UTHBHOTO 3HAYEHHS
napamerpa a, TOOTO BHINAJOK, KOIW LEHTP Mac i
TpPEeTE KOJECO 3HAXOAATHCS TOMepeny BeoyUHX
KOJTiC.

[ R I I i
2 3 4 § 6 1 8
Puc. 3. ®azoBuii noptper npu a < 0

25

TR

(=1
w —---F-

dazoBuit moprtper cucremu (1) B 1BOMY
BUIIA/IKy ITOKa3aHUI Ha pUC. 2, CUCTEMa IEeMOHCTPYE
CTiIliKy MOBEIIHKY pO3B’s3KY, 1, BIAMOBITHO, CTiHKY
0cO0JIMBY TOUKY TUIY «BY30/». baunmo, 110 miHiliHA
HIBHJIKICTD 3 YaCOM MIPSMYE JI0 CTAJIOr0 3Ha4YeHHA O,
a KyToBa IIBUAKICTE TpAMye 1o Hyns. ToOro,
edekty “3akpydyeHHs” Ta 3aHOCIB Ha IOBOPOTax B
IBOMY BUTIAJKY He Oyrie.
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2. Inma cutyanisi BUHHKae, KOJIH HapaMmeTp d
Bil’éMHUH, TOOTO IIEHTP Mac 1 TPEeTeE KOIeco
3HaXOAAThCA MO03ady Beayuux Komic pobota. Ilpm
30iIbIIEHH] HampyrH, M0 MOAAEThCA Ha ABUTYHH, 1
3pOCTaHHI  HOro  IIBHUAKOCTI  CIIOCTEPIraeThCs
HasBHICTH 2-X OCOONMBUX TOYOK cuctemu. [lpu
upoMy Oaunmo (puc. 3), mo JiHIHHA MIBHIKICTH

npsIMye 10 CTajoro 3Ha4YeHHA O, Ta KyToBa
MBUAKICTh ~ HAOyBaTWUME  CTajoOro  JOJATHOTO
3HaueHHs 0,35, ToOTO MOSBH  HE3HAYHOI'O
o0epTambHOTO pyXy 3 IMOCTIHHOK  KYTOBOKO

mBuikicTio. Lle, 3BuMYaiiHO, mpu3Bene OO0 MOSIBU
e eKTy 3aHOCIB Ha ITOBOPOTI.

PosrisiHeMO fneranpHilIe BUMAIOK HECTIMKOro
PYXy 1 MpOOEMOHCTPYEMO SK MO)KHa aHalli3yBaTH
IUHAMIKy cucTeMu 3  jpomomororo  MatLab-
cumyisnii. Lle 703BoMUTh BUKOPUCTATH LI METOA B
HABYaJBHOMY TPOLIECi MPU BUBYCHHI 3a/1a4 aHANI3y
OUHAMIYHHX CcHCTeM. /IS LbOro BUKOPHUCTAEMO
HACTYITHI TIOYaTKOBI JaHi:
m=12xe; [,=0,75em; r=0,08u; [=02m;
h=0,56m; ¢, =0,084H - m/B;c, =0,084H - m-c.

Ha puc. 4 nokazaHo pe3ynbTaT MOAETIOBAHHS
npu p=2,18, p=70,035, na puc. 5 — npoBeaeHO
MOJIETIIOBAaHHS PH 3MEHIICHH] TOAaHUX HAIPYT, IO
BigmoBimae xoedimienty p =60,035, u=2]18,
(uepBoHi TpaekTopii). 3 rpadika puc. 5 (cuni
TpaekTopii) 6aurmo, 110 MpHU 3MEHIIEHH] BiICTaHi 10
a=9 Ta KONMM Hampyra 3aJIULIAETbCS HE3MIHHOIO,
Ma€eMO JIBi HOBI TOUKM PiBHOBAard. BoHM MOKa3yloTh
0 pPIBHOBaXXHE 3HAYCHHS JIHIMHOI IBHIIKOCTI €
OUTBIIIMM, a KYTOBOi IIBUIKOCTI 3MEHIIYETHCS, IO
Oyne [memo 3MeHIIyBaTd e(eKT 3aHOCiB Ha
noBoporax.  Lli  pe3ynbraTh  MOJENIOBAaHHS
O03HAYaloTh, 110 y BHUIAJIKY, KOIH IMPOBiAHI KoJeca
3HAXOAATHCS TOMepeny ILEeHTPY Mac, MOOLIbHUMN
poOOT MOXKe 3IIMCHIOBATH CTIHKAN TPSMONIHIHHUN
pyX TITBKM 31 MIBHAKICTIO, IO HE IEPEBHILYE
JIESIKOT0 TPAaHUYHOTO 3HaYeHHA. 3 POCTOM HAampyTH,
IO TOJAEThCS Ha JBUTYHH, WIBHAKICTH poOoTa
30impmryerscst.  Ilicnst  OocsrHeHHA 3a3HAuYEHOTO
TPaHUYHOrO 3HAYCHHsS TNPSAMONIHIAHUA pyx cTae
HecTilikuM, poboT “3akpydye”, 1 BiH mparHe Ao
OIHOTO 3 00epTaNbHUX pyxXiB. Hanmpsm Bu3HavaeThCS
ManuMH 30ypeHHSIMH, IO ICHYIOTH TpH pyci
peanbHOrO podora.

VY BUIIaAKY, KOIU TPETE KOJECO 3HAXOAWUTHCA
norepeny BeOy4yuX Koiic, pobOT MOXe CTiliKo
pyxatucss mo mnpsMid 3 OyIb-SKOIO IIBUIKICTIO.
3po3ymino, mo crenianbHa CHCTEMa YIPaBIiHHS
MoOXe cTalimi3yBaTH pyx pobora i B pasi, KOIU
BeAydi Kolleca 3HAXOMITbCS IIONepeny, MpoTe
QITOPUTM IIi€i CHCTEMH YNpPaBIiHHS TOBHHEH
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BpaxoByBaTu MIPUPOAY HeCTIlKOCTI, AKa
BHU3HAYAETHCS AU (epeHnialbHUMHU PIBHAHHAMH (2).

Omega

Puc. 4. ®dazsosi
p=70,035.

nmpu  u=2,18,

Omega

Puc. 5. ®a3oBi Tpaekropii. MonentoBanHs Mpu
3MEHILIeHHI TapaMeTpa a (CHHI JiHii).

AHani3 aMHAMIKH pyXy JiTaka 1o 3JiTHii
cMys3i

3a KUIBKICTIO OMOp MIaci JITAaKd MOIMUISIOTHCS
Ha TPHOXOIOPHi 3 TIEPEIHBOIO OMOPOI0, TPHOXOMOPHI
3 XBOCTOBOIO omopor. Haiibinpm mnommpeHoo €
TPHOXOMOpHA CXE€Ma 3 MEePEeAHBOI0 OIOpOI0, SKa
3amobirae KarmoTyBaHHIO 1 “KO3JIHHIO” JIiTaKa.

[aci mpu3HaueHe Ui CTOSHKU 1 IepecyBaHHs
JiTaka mo 3emili. BoHO ocHaleHe aMopTH3aTopamu,
IO MOTJIMHAIOTH EHEPrilo yAapiB MpH MOcaili i mpu
mepecyBaHHi MO  3eMii, 1 TajgbMaMH, LIO0
3a0e3MeuyIoTh TalbMyBaHHA JIiTaka MpU MPoOiry i
pymiHHi. [ns cTiKOro MOJOXEHHs JiTaka Ha 3eMJIi
HEoOXiZHI MIHIMyM TpH ONOpH. 3aJeXHO Bix
pO3TalIyBaHHS OMOp LIaci HIOAO [EHTpa Baru JiTaka
PO3PI3HAIOTH HACTYIHI OCHOBHI CXeMH: Ha puc. 6 -3
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MEPEHBOI0 OMOpPOI0, HAa pHC.7 - 3 XBOCTOBOIO HACTYIHHM: HOCOBa CTiiika oOepirae IiTak Bif

OIOPOIO.

LL.M.

Puc. 6. Po3ramryBanHs onop 1maci 3 nepeIHb0r0
OIOPOIO.

Puc.7. Po3ramyBaHHsl omop maci 3 XBOCTOBOIO
OIOPOIO.

Cxema maci i ii mapamerpd BH3HAYAIOTh
XapaKTEPUCTUKHU CTIHKOCTI 1 KEpOBAHOCTI JIiTaka Ipu
Horo pyci no rpyHTY, BIUIMBAaIOTh HA HABAHTAXKCHHS
omnop. TpuKoITicHI cxema 1aci 3 MepeJHbOI0 OMOPOI0
XapaKTepU3YEThCsl HAABHICTIO JBOX OCHOBHHUX OIIOP,
PO3TaIIOBAaHUX TPOXH TMO3aay LIEHTPY Baru, i omHiel
nepenHboi, BUHECEHOI0 Ha 3HAYHY BiJICTaHb BIIEPEX
BiJ LIEHTPY Bard JiTaka. Taka cxeMa MpUHLLIa Ha
3MiHYy CXEMOIO IIaci 3 XBOCTOBIH OMOPOIO.

Amnaniz mokasye, 1m0 MOOUIBHI poboTH €
HAA3BUYAMHO 3pyYHHM OO0’€KTOM JJIsl  aHalizy
IUHAMIYHAX e(QeKTiB, [0 BUHHUKAIOTH IPH PYCi
JmiTaka TO B3TITHIH cMy3i. 3ayBakuMo, IIO came
BapiaHT KOJHM TPETE KOJIECO 3HAXOAUTHCS TOMeEpeny
BEy4UX KOJIIiC, BUOMpAETHCS NPH KOHCTPYIOBaHHI
I1aci BETMKUX JITAKIB, 110 BKA3aHO TAKOXK y [5].

Yepes HEOOCTATHIO CTIHKICTh TPUKOJICHI CXeMHU
maci 3 XBOCTOBOIO OINOPOI0 B JaHUM 4ac
3aCTOCOBYIOTBCSL DiJKO, B OCHOBHOMY Ha JIETKUX
HaBYAJIbHUX 1 JOIOMDKHHUX JITaKaX.

CaMme TOMy Ha CydacHHX JIiTaKkax HaiOLIbLIIOro
MOUMpeHHA Ha0yna TpUKOJicHA cxema maci 3
MepenHbOo0 Onoporo. TexHIYHO 11e 00rPyHTOBYETHCS
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KaloTyBaHHS, IO JO3BOJNsiE OUIBII  €HEpriiHO
3araJpbMyBaTH  Kojleca; 3amo0irae  “KO3JiHHIO”
JiTaka, TOMY IO LEHTP Baru pPO3TalIOBYETHCS

norepeay OCHOBHUX KOJIIIC, 1 MPH yxapi OCHOBHUMU
cTiikamMu 1o 3miTHO-nocankoBi cmy3i (3IIC) mpu
mocajIi KyT aTakd 1 KOoeilieHT MiAHOMHOI CHIIA
KpHiia 3MEHIIYyIOTbcs. KpiM LBOro ropu3oHTajiIbHE
MOJOKEHHST oci (ro3esKy 3a0e3meuye XOpOIHii
OIJISA], EKillaXy, CTBOPIOE 3PYYHOCTI JUIS MacaKUpiB,

nojerurye 3aBaHTA’XCHH JIiTaKa BaXXKHNMHU
BaHTaXaMu, JO3BOJIA€E pOSMiH_IYB aTu peaKTI/IBHi
JABUT'YHHU TOpPU3OHTAJIIbBHO, IIPpU [LObOMY ra30oBHiI

CTpyMiHb HE PYHHYE aepoIpoMmy, 3abe3mnedye JiTaKky
XOpolny CTIHKICTh MpH Mpooiry i po3oiry.

BucHoBkn

Pe3ynbpTaTé HaHUX AOCTIDKEHBb € aKTyalbHUMHU
1 BarOMHMH, TaK K aHaIi3 AUHAMIKA MOOIILHOTO
poboTa mae 3MOry TMOSCHUTH  e(eKTH, MI0
OpU3BOAATE 1O  (DaKkTiB  HECTIMKOCTI  IpH
¢yHKUIOHYBaHHI ~ pOOOTOMOAIOHMX  CHCTEM  Ta
JMTaJbHUX  amapariB, SAKi  MalTb  NOAIOHY
KOHCTpYKILito. [lana Monenb M03BONsIE aHANi3yBaTH
Ta JOMOMara€e BUpILIyBaTH MpoOieMy CTiHKocTi y
Cy4acHOMY JIITaKoOyAyBaHHI MiJ Yac pyxy JiTaka 1o
3MiTHIA cMy3i. Bpockonaneni MoOUmbHI poOOTH
MOXYTh TaKOXX 3aCTOCOBYBATHCH B TAKUX HANPSIMKax
AK TOTOYHUH MOHITOPHHI Ba)KKOIOCTYIHHUX a0o
HeOe3NeuyHuX 30H MPOMUCIOBUX OyaiBenb (pakeTHi
IIaXTH, pPajioakTUBHI capkodaru). OnepaTuBHE
BTpy4aHHS MOOLTBHOrO poOOTa B MPHXOBaHI SBHUILA
JIO3BOJIUTH 3aIO0IITH TAKKM HPOLIECaM K 3POCTaHHS
TpIIMH, KOpO3id, pyHHYBaHHS  KOHCTPYKUIH,
JO3BOJIUTH 3MEHIIUTH CTYIIHb YYacTi JIOIUHH TpPH
MpoBeleHHI poOiT B HeOe3NMeuyHuX yMoBaX, HpU
TEXHOTCHHUX aBapisfix Ta kaTacTpodax. Y 3B'I3KYy 3
UM JOCHUTB BaXXJTUBHM € CTBOPEHHSA
POOOTOTEXHIUHUX KOMILJICKCIB, MPHU3HAYEHUX IS
MPOBEICHHS POOIT 3 Momnepe/pKeHHs abo JiKBimarii
HACJIJIKIB MMO3aITaTHUX cUTyarii. lle crmpustume
BHKOHAHHIO pOoOIT B HeOE3MEeYHUX 30HAaX (PO3BilKa,

B3ATTA TMpoO, 3eMIIsiHI poOOTH, JEMOHTaX 1
pyHHYBaHHS OyniBenbHUX KOHCTPYKIIN i
MPOMUCIIOBOTO  YCTATKYBaHHS, TPAHCIIOPTYBaHHS

HeOe3NeUYHUX MNPEAMETIB); BUKOHAHHIO DPOOIT MpH
JIKBIAIiT HACHIAKIB HAA3BUYAWHUX CUTYaIlil (OTJIsy

Micup  aBapif, po30uMpaHHA 1  pYyHHYyBaHHS
MOUIKO/PKEHUX ~ KOHCTPYKLIH,  MaHimymsmii 3
pPamiOaKTUBHUMH 1 CHJIBHOMIIOYMMH OTPYHHHUMH

pedoBUHAMH, OOpoTHOa 3 BOTHEM); IPOBEACHHIO
BUOYXOTEXHIYHUX pobit (momyx, BUTAT,
TPAHCIIOPTYBAHHS 1 3HEIIKODKEHHS! ab0 3HMIIEHHS
BUOYXOHEOE3MEUHUX TMpeaMeTiB 1 Ooempuacis;
BUOYXOB1 poboTH).
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B cmammi pozensinymo ocHosHi 3adaui inmenekmyanbHo2o anaunizy eeonpocmoposux oanux (IAIJ]).
Buseneno ochosHi nepedymosu @GOopMySaHHs Yb02o HANPAMY I U020 36'A30K 3 2e0iH(hopMamuxoro,
CUCTHEMHUM AHANI30M 1 IHMeNeKMYAIbHUM AHANI30M OaHux. Y Xo00i 0ocniddicenHsi 6Y10 0aHO BUHAYEHHS
IAT]], suseneno ocnosnui 3aedanns, Qyukyii ma emanu nposedenns IAI]], eusnaueno Koo nepcnexmueHux
Hanpsamkie pozeumxy IAI]] i 1020 36'330K 3 NIOMPUMKOIO NPUUHAMMSA PieHb 8 PECIOHATbHOMY YRPAGLIHHI.

Jlocniosceno 3acmocy8anus mpeHoo8Uux 2e0npoCmoposUX CMAMUCMUYHUX MoOerell 8 aHaui3i OaHux
cmano2o possumky Yrpainu. Po3zensanymo mamemamuunuil anapam, aKuti GUKOPUCOBYEMbCS NPU ROOYO08E
MPEHO0BUX 2e0NPOCMOPOSUX cmamucmuynux moodeiei. Ha npuxnadi oanux iepapxiunoi moodeni cmanoeo
PO36UMKY NPOBEOEHO OOCTIONCEHHS 2e0NPOCMOPOSUX MPeHdie ma Npupoou iX BUHUKHEHHS WLIAXOM
no6y006u NOATHOMIANbHUX pespeciinux modenell, wo 6a3yromscsa Ha 00podYi 2e0NPOCMOpoB8o NPUS s3aHUX
OaHUX.

Knrwouosi cnosa: inmenekmyanvHuti awanis,
NONTHOMIANbHI IHMEPNOAAMOpPU, MPEHO08A NOBEPXHL.

In this article the basic problems of geospatial data mining (GSDM) were investigated. The basic
prerequisites for the formation of this scientific direction and its relation to geoinformatics, systems analysis
and data mining were discovered. During study a definition of GSDM was provided. The main tasks,
functions and stages of GSDM were identified, range of promising directions of development GSDM and its
relationship to support decision-making in the regional administration were defined.

Geospatial trending statistical models for analysis the data for sustainable development of Ukraine were
studied. The mathematical apparatus was used in the construction of trend geospatial statistical models. On
the example of hierarchical data model of sustainable development a study geospatial trends and the nature
of their origin by constructing polynomial regression models based on the processing of geospatial data was
attached. The use of cartometric methods for estimate the parameters of geospatial trends was proposed. The
application methods for constructing geospatial trends as part of data mining were substantiated.

The applied value of trend analysis is the ability to detect spatial patterns in the distribution of data and
establish a general law for their distribution. Trend analysis of sustainable development data allowed us to
establish a general trend in the distribution of indices of the index of sustainable development in Ukraine. It
was found that it is expedient to use for the detection of spatial tendencies of trend surfaces 1-3 orders.

Keywords: data mining, geospatial data, GIS, sustainable development, polynomial interpolators,
trend surface.

eeonpocmopogi  oani, I'IC, cmauii po3eumox,

CraTTrO IpeICTaBUB A.T.H,, Ipod. 3acnaBcbkuii B.A.

1. Beryn. T'eoindopmaniliHi TexHOMOTIi cTanm
BXJIMBOIO CKJIaJIOBOI0 IHHOBAIIH, SKi (OPMYIOTH
CydJacHHH BUTIAN 1HGOPMAIIHHOTO CYCIUIHCTBA.
Bukopucranus reonpocTopoBoi iHdopMmamii y BUpi-
IIeHHI PI3HUX YOPaBIiHCHKUX, OI3HECOBUX Ta
IMKEHEPHHUX 3aBIaHb JO3BOJIAE MIABUIIUTH iX edek-
THUBHICTh Ta HAOYHICTH Ipoliecy BUKOHAHHA. [lopsin
31 cneuugpiuHUM IHCTpYMEHTapieM CydYacHHX T€O0iH-
¢dopmarniitnux cucrem (I'IC) 6azoBuM emeMeHTOM
CTaJH TEONPOCTOPOBiI JaHi, IO HAKOMHYYIOTHCS Yy

©B.B.Ilytpenko, H.M.ITammmaceka, 2017

CIIeriagi30BaHUX CXOBHILAX.

PO3BUTOK TeonpoCTOPOBOi IHAYCTPIl CTAB MOXK-
JIMBUM 3aBISKHA BHUIIEPEHKAIOUOMY HAKOIMMUYCHHIO
TeONnpPOCTOPOBUX HAaHWUX, SKI HAIXOMATh 13 Pi3HUX
mkepen. Ha croromui TpamuiiiiHe BUPOOHHUIITBO
rEOMPOCTOPOBHUX  JTaHMX, M0 IPYHTYETbCS Ha
BUKOHaHHI KapTorpadiuyHux Ta KaJacTPOBUX POOIT,
3a3Ha€ BEIUKHMX 3MiH. Ile MoB’s3aHO 3 MOJOJAHHAM
BHCOKOI BapTOCTi IUX pOOIT, 3MIHOI CYCHIIIEHOTO
3aMOBJICHHSI Ta €BOJIIOLIEI0 CydacHHX iH(opMariii-
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HUX TexHoiorii. IlocTiHO PO3MIMPIOETHCS CHEKTP
ramy3eil AUCTaHIIITHOTO 30HAYBaHHS 3eMIli, B SIKOMY
3 SBIISIFOTHCS BCE HOBI TEXHIYHI 3aCO0M OTpUMaHHS
JaHUX Ta QITOPUTMH iX MOJanbInoi 0OpOoOKH.
Texnomnorii r7n00anbHUX HaBIraliiHUX CYIYTHHKO-
BHX cHCTeM (HalOIIBII BiZloMa aMepHKaHChKa CHCTe-
Ma GPS - anrn. Global Positioning System) cranu
JOKEPEJIOM TIOCTIHHOTO TOTOKY T'€OIPOCTOPOBUX
JAHHUX TIPO MICIIETIONIOKEHHS 00’ €KTIB Ta iX OBEIiH-
Ky y TpocTopi. AKTHBHO pO3BUBAETHCA HAIPSIM
BOJIOHTEPCHKOTO 300py TEOMPOCTOPOBUX JAHUX 3
BIIKPUTOIO JIIIIEH3I€I0 3aBISKNA TaKUM IPOEKTaM SIK
OpenStreetMap [1].

Takuii NaBUHOMNOMIOHMI ITOTIK HAKOIIMYEHHS
CTPYKTYPOBaHHUX Ta HECTPYKTYPOBAaHUX JaHUX 3
TCOTIO3HITIHOI0 CKIIAIOBOIO TIPU3BIB JO0 HE 00Xia-
HOCTI BUKOPHCTaHHS MeToJiB 00poOku Big Data ta
IHTENIEKTyalIbHUX METOMIB aHali3y TeONpOCTOPOBUX
nmaaux (IAT'[]), mo m03BojIs€ BUSABIATH HOBI 3HAHHS
Ta 3aKOHOMIPHOCTI y BEIMKUX 00CATax TeoqaHuX.

ToMy mochikeHHS OCOOJMBOCTEH METOJIB
IHTENIEKTyallbHOTO aHaJi3y TeONPOCTOPOBUX JIAHUX €
aKTyaJbHUM Ta TMEPCIEKTHBHUM HaIpsIMOM HayKoO-
BUX JIOCIIIIKEHb.

OcobnuBe 3Ha4YeHHS PO3pOOKa METOJOJOTii Ta
METOJIUKH 1HTEJIEKTYaJIbHOTO aHali3y TeonpoCTOpoO-
BUX JaHUX Ma€ Ui YNPaBIiHHS TEPUTOPiabHUM
PO3BUTKOM, SIK €JIEMEHTOM MPOCTOPOBOI OpraHizariii
CYCIiJIbCTBA. B IIbOMY KOHTEKCTI iHTEJIEeKTYaIbHHMA
aHalli3 TEONMpPOCTOPOBUX JaHWX MOXE HaJaBaTH
oO0rpyHTOBaHy iH(oOpMaliro 1 OyTH CKJIaJ0BOIO
cucTeM MATPUMKH mpuiHATTA pimens (CIIIIP) na
pi3HOMY aAMIiHICTPAaTHBHO-TEPUTOPIATLHOMY PiBHI.

2. Orasig Jitepatypu. MeTo100TiYHI TiAX011
JI0 IHTENEKTyallbHOIO aHaji3y T'eOMPOCTOPOBUX
JaHWX T[I0YaldW CBill pPO3BUTOK 3 cepenuHn XX
CTOPIYYsI, KO Pa3oM 3 iHAYCTPiaIbHUM PO3BUTKOM
€KOHOMIKH 3’SBUJIACh HEOOXIJHICTH Y JOCIIiKEHI
ONTUMANBHUX MIAXOJIB 0 MPOCTOPOBOI OpraHizamii
CYCHUTBHHX TIPOIECIiB Ta OXOPOHH 1 paIlioHAIBHOTO
BUKOPHUCTaHHS MPUPOTHUX pecypciB. OmHOYacHO 3
MM 3 KiHIs 60-X POKIB TMOYHMHAETHCS PO3BUTOK
reoiHpopMaIliiHAX CHUCTEM sK  iHdOpMariitHOl
OCHOBH ISl BIIPOBA/KCHHSI METO/IIB aHAJII3y JaHUX.
[losiBa  BHCOKOTNPOIYKTHUBHUX  OOYMCIIOBAIBHUX
MalliH Pa3oM 3 PO3BHTKOM T'€OIPOCTOPOBOL
IHIYCTpii Ta 3aroCTpEeHHSIM IPOOJIEM €KOHOMIYHOTO
PO3BHTKY Ta EKOJOTIYHOI CHTYyallii NpHU3BENU 10
aKTHUBI3allii JOCIIPKeHb 1HTEIEKTYalbHOTO aHaNi3y
JAHUX Ta BUIIJICHHS HOT0 B OKpEMUN HAIIPSIM.

B YkpaiHi TakuM MOIITOBXOM CTajia Karactpoda
Ha YopuHoOunbcekiit AEC, sika crmoHykama mupoke
K0JI0 (haxiBIliB 1O BUKOPHUCTAaHHS T€0iH(POpMAIIHHIX
TEXHOJIOTI NP aHaji3i HACMIJIKIB PaJiOaKTHBHOTO
3a0pynHeHHs [2]. B ramysi iHTeneKTyaJlbHOTO
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aHaji3y AaHuUX B YKpaiHi MIMPOKO BigOMi poOOTH
3ryposcskoro M.3., I[TankparoBa H.J., Ilerpenko
A L, bonmaka A.O., YUepHska [3-5].

B XXI cromiTri iHTeneKTyalbHHH aHai3
TEONPOCTOPOBUX JaHUX CQOpPMYyBaBCsS B OKPEMHUH
MEPCIIEKTUBHUN HANpPsAM HAayKOBHUX JOCIIIHKEHb, IO
Ma€ CBOIO CTPYKTYPY Ta 0OCOOJHMBOCTI BUKOPUCTAHHSI.
MixnaponHa pocmigaunbka mkona AT/l chopmy-
Bajach IJl BIUIMBOM OaraTthboX pOOIT, HAMpPHKIAT,
[6-9] Ta iH.

3. MocraHoBka mpodJjemu. MeTow cTaTTi €
JNOCTI/DKEHHSI OCHOB  IHTENIEKTyallbHOTO — aHaJi3y
TeOMPOCTOPOBUX JaHUX, HOTO CTPYKTYPH Ta METO/IB
CHUCTEMHOTO BHKOPHUCTAaHHS B MpOIECi MiATPUMKH
MPUHHSATTS PIillICHb.

3aBHaHHAMU CTATTI € POPMYBAHHS 3 CHCTEMHUX
MO3WIIIA BHU3HAYCHHS 1HTENEKTYaJbHOTO aHaIli3y
T€ONPOCTOPOBUX JAHHX, HOCHIIPKEHHS CTPYKTYypH
IAT’l ta ¥#oro wmicug B I'IC ta CIIIIP, anami3
cxianoBux npouecy [AI'Jl, BUBUEHHS Ta MPUKJIAIHE
3aCcTOCYBaHHS OCHOBHMX MeToiB IAT /I,

4. MetoauuHi ocHoBu IAT'/l. [nTenexkryanpHuit
aHaJi3 TEONMPOCTOPOBUX JaHUX Ma€ MIMOOKE KOPIiHHS
B TPAJULIAHUX O0JIACTSIX TeONMPOCTOPOBOIO aHATI3Y
(HampuKIaz, TPOCTOPOBa CTATHCTUKA, aHATITUYHA
KapTorpadis, MOIIYKOBH aHANi3 JaHWUX) 1 PI3HUX
METOJlaX IHTEJCKTYaJbHOrO aHamidy JaHUX B
cTatucTuni Ta indopmaruui. Moro Mera monsrae B
iHTerpamii i MoJANBIIOMY BJIOCKOHAJICHHI METOJIIB B
pI3HUX OOJACTAX IS aHATi3y BEJMKHX 1 CKIATHUX
Ha0OPiB reoNPOCTOPOBUX JAHUX.

B skocTi BU3HAYCHHS MOXHA 3alpONOHYBATH
HACTyIHE: IHTEIeKTYaTbHUN aHaIi3 TEOMPOCTOPOBHX
naHux (spatial data mining) — HampsaMm reo-
1HpOpPMAaTHKH, CIPSIMOBAHWUN HAa CUCTEMHHI aHai3
TeOMPOCTOPOBUX TaHUX 3 METOK TOIIYKY 3aKOHO-
MIpHOCTEH Ta BITHOCHH B JaHHX, SKi 3aCHOBaHI Ha
MICIENOJI0XKEHHI Ta TOMOJOTIYHUX BiTHOIICHHSX.

IAT ] € 3pOCTaOYUM JOCII THULIEKAM
HampsiMOM, SKHHA OIEepy€e IIUTMM PSIOM  Pi3HHX
METO/IIB, 110 KOMOIHYIOTh OOYHCIIIOBANIbHI, CTATUC-
THYHI Ta Bi3yalbHi METOIUKHU. I[HTeneKTyanmbHHI
aHaNi3 JaHWX Ta BUABJICHHS 3HAHb € iTepaIliiHuM
MPOIIECOM, III0 BKIOYAaE B ce0Oc Kijgbka CTalliB,
BKJIIOYAIOYM BiAOlp NaHUX, (QiNbTpamilo, NepBUHHY
MiTOTOBKY Ta MEPETBOPESHHS;, aHalli3 32 IOTIOMOTO0
00YNCITIOBAILHUX ~allTOPUTMIB 1/a00 MiAXOmiB 3
Bi3yaurizalii, iHTepIpeTainii Ta OIIHKH pe3yJbTaTiB;
(hopmymoBaHHsT 200 Moau(iKaIifo TiNoTe3 1 Teopil;
KOpPETYBaHHS NaHWX 1 METOMIB aHali3y; TOBTOPHY
OLIIHKY PE3YJbTaTiB.

[HTeNneKTyanbHUI aHaNi3 JaHWX Ta BUSBICHHS
3HaHb Ma€ TMOMIYKOBY TIPHPONYy 1 € OUIbII
IHAYKTUBHUM MPOLIECOM, HIXK TpaaUIIiiTHI
cTaTucTU4HI Metonu. lle mpupogHO BIUCYETHCS B
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yHOpaBliHHS TepuTopielo Ta BukopuctanHs [1C B
CIIIIP. Y mporeci 3acTocyBaHHA reoiH(popManiiHux
texHoyorii B CIIIIP TepuTopiadbHOTO yTpaBIiHHS
MOXHA BUAUTUTH Tpu 0a3oBi piBHi. Jlo mepuioro,
iHpopMaliiHOTO  piBHA  BIZHOCHTBCA  BXigHA
iHopmartis, sska BUKOPUCTOBYETHCS 1T 0OpOOKHU B
I'C. Cneuudiyanmu ans Bukopucranns B ['IC e
0a3u reonpocTOpOBHX MAaHUX, JaHi AWCTAHLIHHOTO
30HAyBaHHS 3eMIIi, JIaHi i3 JaTYHWKIB Ta CEHCOPIB 3
BIIOMUMH KOOPJAMHATAMH, T€OTETOBaHAa iHPpOPMAITis
3 IHTepHeT Ta cOLIaNbHUX MEpeXk, ICTOPUUHI
kaprorpadiuHi JaHi, BOJIOHTEpPChKa reorpadidHa
indopwmartis Ta iH. (puc. 1).

[opsin i3 HUMH WIMPOKO BUKOPHCTOBYIOTHCS
MeXaHi3MH 1HTerpauii MpoCTOpOBOi Ta HEMPOCTO-
poBoi iHpopMaIlii Ha OCHOBI MporeciB reorpadiaaoi
NpUB’A3KH Ta TreokoayBaHHA. lle Hamae 3mory
MoBHOLIHHO BUKopucToByBaTH y I'IC iHdopMmarito i3
30BHIIIHIX  HENPOCTOPOBUX  0a3  JaHWX, AKi
CYIIPOBO/DKYIOTBCSI Ta HAINOBHIOIOTHCS  IHIIUMHU
opraHamu ympasiiHHs. HeoOXigHOIO CKIIaJIOBOIO €
0a3u 3HAaHb CTPYKTYpOBaHI 3a TNPEIMETHUMH
TaTy3sIMH, SIKi BUKOPUCTOBYIOThCS y CIIIIP.

AHaTITHYHUI 010K CITUPAETHCS Ha
BUKOPUCTAaHHS TreoiHpOpMaliiiHOT cHUCTeMH  SIK
mwiarpopmMu I OOpoOKM Ta aHamily BXiIHOI
indopmartii. TyT MOXyTh OyTm BHUIIICHI (QYHKII
CTaHAapTH3aLil Ta HOpMalli3alii, CyMicHOI 00poOKH,
IHTEJNIEKTYaIbHOTO aHaii3y naHux. Ha mpomy etari
I'IC ™oxe B3aeMoOmiATH 3 IHIIMMH CHCTEMaMHU
00po0OKu nanux ta OyTH ckiaamoBoro CIIIIP.

CutyaniiftHuit piBEHb MOB'sI3aHUI 3
HEOOXITHICTIO TPUHHATTS pIilIeHb TPH aHaTi31
KOHKPETHHX CHTyallill 3a JOMOMOTOI0 1HCTPYMEHTIB
CIIIP Ta I'IC. BaxiuBuM KOMIOHEHTOM B IIbOMY
BUMNAJKY CTAlOTh MEXaHI3MU KOJIEKTHBHOI y4acTi B
poboTi 3a ydacTi KepiBHHUX OCi0 pi3HUX piBHIB,
eKCTepTiB TEeXHIYHOTO mepcoHany. Jlo Takux
MEXaHi3MIB BIJIHOCATHCS CHTYalliifHi [EHTPH, OH-
naitH KoHbepeHIIii, podoui Hapamy Ta iH.

IMpouiec IAT'JI MicTUTL OCHOBHI  KPOKH
nepeTBopeHHs AaHux. KoxHuil aHami3 301iCHIOETbCS
BHUKOHABLIEM 3 TIEBHOIO METOI0 Ha OCHOBI BXiIHHX
0a3 mammx Ta 0a3 3HaHb, SKi BIAMIOBIJAIOTH
poOJIEeMHOMY HaMpsMY.

51

Puc.1. IAT B ctpykrypi CIIIIP tepurtopiamsHOro
YIIpaBIiHHS

Ha mepmomy kpori o0poOka maHWX 3miHCHIO-
eTbest 3a nornomororo iHTepdeiicy CKB/. Ha upomy
eTari 3I1MCHIOETBCS BUOIpKa NaHHMX 3 YCi€l CyKyIl-
HOCTI 30epeXeHHS JaHuX, TMPOBEIACHHSI IIPOCTHX
oreparliif aHami3y JaHHX, SKi MOXJIMBO 3IIMCHUTH Ha
ocHoBi BOyzoBanux 3aco0iB CKBJ/l. Ha npyromy
Kpotli BigOyBaeTbcs 00poOKa JaHWX 3a JOTMOMOTO0
anroputMmiB IAT'J] abo iX MOCTiTOBHE BUKOPHUCTAHHS.

OTpuMaHi pe3yJbTaTH aHATI3yIOTBCS 3 METOI0
BUSABIIEHHS HOBOi iHQopmamii Ta 3HaHb. 3a
pesyiabTaTaMH  [BOTO  aHaNi3y  BigOyBaeThCs

OIIHIOBaHHs pe3yJIbTaTiB OOpPOOKM Ta NaHUX 1 B
3aJ€KHOCTI Bl TOrO, YW BiANOBIAAaIOTH OTPHMAaHi
pe3yIbTaTH KPHUTEPISIM aHAIi3y MpoIleaypa aHaTi3y
MOBTOPIOETBCS. 3  IHINMMU — MapameTrpamu, abo
OTpPHMAaHi Pe3yJbTaTu MEepeAaloThCs IS NPUHHATTS
Ha IX OCHOBI pimess (puc.2).
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Puc.2. Tlporiec 00po6ku nanux B IAT]]

Jo IAI'Jl BimHOCHUTBCS NEKUTbKa HAMPSMIB, SIKi
JIO3BOJISIIOTh TIPOBECTH PI3HOCTOPOHHE JOCIIIKEHHS
JaHUX 3 YpaxyBaHHSAM T€OIPOCTOPOBOi CKIIAJOBOI.
Jlo iXx dYwncna BIZHOCATBCS METOMW Kiachuikarrii
TEONMPOCTOPOBUX  JaHUX, KJiacTepizaris Ta
perioHanizaiisi, IpaBuiIa acollialiii, reoCTaTUCTHKA,
reoBi3yai3artis. Iei TIepEITiK MIPOJTOBXKYE
po3lIuproBaTHCS pa3oM i3 po3putkoM [AT/I.
KoxxHuit i3 0UX HanmpsAMiB MICTUTh CYKYIHICTh
METO/IiB, 32 JOMOMOTOI0 SKUX BiJIOyBaeThCS aHAIi3
naHux (puc.3).

5. MoainomianbHi iHTepnoasaTopu. ['ModanbHi
METOJY I1HTEPHOJIii OJHOYACHO BHKOPHCTOBYIOTH
BC1 HasBHI JaHi IJI1 BUKOHAHHS TIPOTHO3Y IS BCi€l
JIAaHOi ~ TEepPUTOpii, TOAI SK JIOKAJbHI METOIU
ONMEPYITh Yy MEXax HEBEIMKUX 30H HaBKPYTH
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HAJISKHUX IHTEpHoONAUii BY3JTiB Uil TOro, Ino0
3a0e3MeYnTH BUKOHAHHS OIIHKY TUTBKU 32 JTaHUMH,
pO3MillleHUMH B Oe3mocepenHiii  ONMM3BKOCTI  Bif
TOYOK IPOTHO3Y 200 OLIHIOBAHHSI.
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I'moGanpHi  iHTEpmonsLii, SK  NpPaBUIIO,
BUKOPDHUCTOBYIOTbCS ~ HEe Uil Oe3mocepeaHboi
IHTEPHONAIii, a T JOCIIMKEHHS 1 MOXKIUBOTO

[nTenekTyaabHMi aHaTi3
reQnpocTOpoOBHN JaHIX

sl |

Kmacuduramnia Knacrepuzania [paenaa FeoccTatncTira lNeosizyamzamia
acouiauil
Jepesa piiuen Iepapxiuni AHanis [Mpocroposa Kaprorpadgiune
CNIABHOTD perpecis MOJTENIOBAHHA
| | POSTALIYBAHHA | |
JuckpumiHanTHUI Heiepapxiuni :
pi [lpoc roposa |10LL1}'KGBE1HU
| | Tomonoriummik KOpesamis OpOCTOPOBHIL
; = prs ] aHaT3
= : = Perionanizania dHang I
Hefiponni mMepesxi
| [Ipocroposa
| . IHTEpNOAALis BisyansHa
OUROBE I .
MeTom onopHmx s AHAMITHEA
: PSR Kpirinr
BEKTOPIE

Puc.3. Knacudikariitaa ctpykrypa meronis IATI.

BHUIaJeHHS e(eKTy riaoladpbHUX Bapiamiii (TpeHma),
00yMOBJICHHX 30BHIIIHIMYM YMHHUKaMu. [licist Toro
SIK T00aNbHI eeKTH OyIyTh BHIANICH], BIAXUICHHS
BiJI TTTOOATEHUX Bapialiii MOXKYTh 1HTEPITOTIOBATHCS
3 BUKOPUCTaHHSIM JIOKQIbHUX METO/IIB.

I'moGanbHi METOIU € IPOCTUMH I O0UUCICHHS
1 gacTo 0a3ylOThCS Ha CTAHIAPTHUX CTATUCTHIHHX
npuiioMax BapiaiiiHoro aHamizy i perpecii. Cepen
HUX: Kiacugikanii 3 BHUKOPHCTaHHSM 30BHILIHBOT
iH(hopMarii; MoIiHOMiaNbHy pErpecito 3 reoMeTpH-
HHAMH KOOPIWHATAMU; PETPeciiiHi MOIEIII.

Knacugikaniiini  MeTonn  BHKOPHCTOBYIOTH
IocshKHY iH(opMmarito (Taky, SK TPyHTOBI THIH a0o
aIMIHICTPATHBHI TEPHUTOPIl) A MOIUTY TOCIHIIKY-
BaHOI TEPHUTOpii Ha PErioHH, sIKi MOXYTb OyTH
OXapakTepH30BaHI  CTaTHCTUYHHUMU  MOMEHTaMH
(cepenHiM, amcriepcier0) aTpuOYTiB, BUMIPSHHX Y
TOYKaX, PO3MIMICHUX Yy MEXKaX [UX PETiOHiB.

[ToninomianbHi 1HTEPHOATOPH BiLOOpaXKarOTh
3HaYeHHS y TOYIl VY BHUIJLIAI MOJIHOMY Bif
KOOpJIWHAT. B BOBUMipHOMY BHINAIKY — JJIsl TOUKU
X 3 KoopauHatamu (x, y) Z*(x, y) = P,(x, y), ne P, —
MOJIMHOM 7-TO CTYyMEHs. 3a3BHUYail Ha MPaKTHI IS
JBOBUMIPDHOTO BHMAJIKy BHKOPHCTOBYIOTH OJWH 3
YOTHPHOX TUIIIB MMOJITHOMIB:
- momtina: P;(x, y) =a + bx + cy;
- OuniHIMHO-CciIoBUH: P 5(X, y) = a + bx + cy + dxy;
- kBagpaTuaHuii: P(x, y) =a + bx + ¢y + dxy + exl

+ 57
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- KyOiuHuit: P3(x, y) =a + bx + cy + dxy + ex’ + fi°
+axly+hxy +ix + ).

TeopeTyHO  MOXXHA  BHKOPHCTOBYBATH 1
MIOJIIHOMHA ORI  BHUCOKOTO  TOPSAIKY. BoHu
BU3HAYAIOTHCS MAaKCUMallbHHUM CTYIIEHEM IMpU X,
MaKCUMaJIbHUM CTYIIGHEM TPU ) 1 CIHIIBHUM
MaKCUMaJIBHUM CTYTICHeM. Bci MpOMiKHI CTyTeHi B
MOJIIHOMI OYIyTh MPHCYTHi.

TakuM YHHOM, TOPH30HTAJIEHA ITOBEPXHS Ma€
MOPSIIOK HYJIb, MOXWJIA TIOCKA MOBEPXHS - MEPIINi
MOPSIIOK,  KBQJIpaTHYHA  MOBEPXHS JpyTUit
MOpSIOK,  KyOiuHa  TMOBEpPXHS 3 JlecsITbMa
KoeQillieHTaMi Ma€ TPEeTid MOPSIOK. 3HAXOKEHHS
Koe(iIieHTIB @; € CTaHZapTHOIO TMPOIEAYPOI0 B
3a/jauax Ha MHOXXHHHY PErpecito i JIErKO 004HCIIIO-
IOTBCS 32 JIONIOMOTOI CTAHJAPTHUX CTaTUCTUYHUX
naketiB. [licas 3HaxomkeHHS KoOe(illieHTIB a;
TpPEeHZOBa TOBEPXHSI MOXe OyTH BimoOpaxeHa
OLIIHKOIO 3Ha4YeHb Z(X, ¥) y BCiX TOYKaX PEryisapHOl
Mepexi. [lopsmok  TpeHaOBOi mOBepxHi P 3
dbopMaTbHOI TOYKH 30py MOXKEe OYTH CKUIBKH
3aBrOZIHO BEJUKUM. 301IbIIEHHS MOPSIKY TONIHOMA,
SK TPaBUJIO, MPU3BOAUTH N0 30UTBINCHHS CTYICHS
HOTO BINITOBITHOCTI peanbHil moBepxHi. [Ipore mpu

OBOMYy, 3 OIHOTO OOKy, BTpadaerbcsi (i3uvHe
3HaYeHHS  noOynoBW, 3  iHIIOTO -  Pi3KO
30UIBIIYIOTHCS ~ BUMOTH O  00OCATY  JaHHX,

HEOOXITHUX JJIS 3HAXOKEHHS KOS(IIi€HTIB ;.
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3aB/IaHHs MMOJIIHOMIAIEHOI IHTEPIONALT 3BOHU-
TBHCS IO TOTO, 1100 BU3HAYUTH HEBiIOMi KOe(Dilli€eHTH
a;. Tak, OO0 TIOMHOMH MaKCHMalabHO JI00pe
BIAMOBIJadM JaHMM B 3aJaHuX Toukax. Jlos mporo
3HAXOJIATh MIHIMYM TIO BCiX koedinienTax (a, b, ¢, d
i T. 1) gyHKii }%, ska 3a7a€ IHTErpaTbHY MOMUIKY
THTEPIOJIALT Ta 00YMOBJICHA HACTYITHUM YHHOM:

N 2
ZZZZ[Z(xnyi)_Pn(xwyi)] (1)

MiHiMi3alis TOJSra€ y BUPILIEHHI CHCTEMH
TMHIMHUX PIBHSIHP 3 YHCIOM HEBIJOMHX, IO
JIOPIBHIOE  KITBKOCTI piBHAHB. UHWCIO pPIBHSIHB
(HEeB1IOMUX) 3aJICXKUTH BiJl 00PAHOTO MOJIIHOMA.

['mobanpHU TONiHOMIATBHH METOJ] HE € iHTEp-
TIOJISITOPOM B CTPOTOMY CEHCi, CKOpIIlle BiH BiTHOCH-
ThCS JI0 AIPOKCHMATOPIB. VIOro MOXHA BUKOPHCTO-
BYBATH JUIS BUJUICHHS BEJIMKOMACIITA0OHOTO TPEH/IA.

MoskHa CKOPUCTATHUCS 1 JOKAILHUM BapiaHTOM
MOJIHOMIaJIbBHOTO METOMy, KOJH TOIIyK Koediri-
€HTIB TIPOBOJUTKLCS TIJIBKM Ha OCHOBI JaHUX, SKi
MIOTPaNMIN B 30HY TIOIIYKY.

6. CuctemMa OUMIHIOBAHHS CTAJIOT0 PO3BUTKY.
MeToq0M0Tisl  OIIHIOBAHHS Ta aHAI3y CTaJloro
pPO3BUTKY, siKa BUKJaneHa B pobOorax [1,2] i
BHKOPHCTOBYETHCS B IOMY TOCIIKEHHI, BKJIFOYAE
MOJIENb CTaJIoro PO3BUTKY, sKa €
MDKJIUCIUIUTIHADHAM ~ y3arajdbHEHHSM  MOJEICH,
BIIOMHX B TPUPOJHUYUX, EKOHOMIYHHUX Ta
COLIaJIbHUX  Taly3sIX  HAyKH, Ta  METOIMKY
3aCTOCYBaHHS (DOpPMAanbHUX CTATUCTHYHUX METOJIB
Ta METOJIB €KCIIEPTHOTO OI[IHIOBAaHHS JUIA aHAJI3y
TIPOIIECIB CTAJIOTO PO3BUTKY.

{Q}Zstlel+qucql(1ec’1e’1s)' ()
Ksarepion {Q} MicTuTh YSBHY 3BaXKEHY
CKalsipHy uacThHy j wyC, , AKa onucye Oesnexy
KHUTTS JIFOJIeH 1 3BayKeHY MiHICHY BEKTOPHY YacTUHY,
sIKa OTHMCYE SKICTh KUTTS JIOACH y TIPOCTOPI TPHOX
BUMIpiB: eKOHOMi4HOro (/,), ekonorigyHoro (/,.) i

comiabHO-IHCTUTYLIOHAIBHOTO (/). Barosi xoedi-
uieHTH wg 1w, B (dopmym (2) BUKOpHCTaHi 3

METOI0 BHUPIBHIOBaHHS MacITadiB
Oe3MeKH 1 IKOCTI KUTT.

3 MeTOI KIiJBbKICHOTO OIliHIOBaHHS BUMIDIB
CTAJIOT0  PO3BUTKY  BHKOPHCTAEMO  MPHUHIIMIIH
noOyJ0BU  i€EpapXiyHOi CHCTEMH IIOKAa3HHKIB Ta

1HJIEKCIB, SIKi BU3HAYAIOTHCA K L; -HOPMHU:

KOMIIOHCHT

n
Ii=Zijl-,j,i=l,m, W] =1 (3)
=

.M=

Il
_

J

B TPOCTOpi IMOKAa3HHKIB X' x X2 x.xx™ |
XapaKTepu3yITh EKOHOMIUHHH,

110
€KOJIOTIYHUH Ta
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COLIaNIbHO-IHCTUTYIIOHAIBHUN PO3BUTOK KOXHOTO
i-oro periony. Barosi koediuientn w; B dopmyi

BU3HAYAIOTHCSA €KCIIEPTHUM LIISXOM.
3HayeHHs KOMIIOHEHTH Oe3neku xutra C,; i

j-oro  perioHa  BH3HAYa€Tbcs  SK  HOpMa

MiHKOBCBKOTO BEKTOpa S j = (s/ ),sl-j =1- tl:’ ,Ji=ln:

B n p
Ca =554 (/) @
i=1
3 mapaMeTpoM p =3 .
7. AHami3 TpeHAOBHX TMOBEPXOHb. J[s

MPOBENEHHS OCHIiIKEHHS OyJI0 BUKOPHCTaHO Ha0ip
JIAHUX, SIKMM ONHCY€ CTaJud PO3BUTOK YKpaiHU B
2013 pomi  CpiTOBOro  IEHTPY  JaHUX 3
reoiHGOpMaTHKH Ta CTAIOT0 POo3BUTKY [1]. 3 MeToro
MEPeBIpKHA TIMOTE3W PO ICHYBaHHS MPOCTOPOBOTO
TPEHAY B PO3IMOAUIN MAaHUX TPO CTAIHA PO3BHTOK
OyJl0 BUKOPHCTaHO CIIOYaTKy KapTorpagiuHuii
METOJI, SIKH{ JTO3BOJISIE OLIHWUTH 3arallbHUI MaTTepH
MIPOCTOPOBOTO PO3MOTY 3HAYeHBb. 3 III€I0 METOI0
Oys0 moOymOBaHO psii TEMAaTHYHUX KapT 3HAYCHb
IHAEKCY CTaJIoTO PO3BUTKY Ta HOr0 CKJIAZOBUX 32
o0nacTaMH Ha OCHOBI TOMUTy Ha I’ATh TPYHm 3a
NPUPOAHUMH  MeXaMmMHu  kinacu(ikaiii  3Ha4YeHb.
AHai3 KapT 103BOJISIE CTBEPAXKYBATH PO HASBHICTH
MeBHOI 3MIHM Yy pO3MOUN 3HAYEHHS 1HIEKCY
CTaJIoro PO3BUTKY y TeorpadiuaoMy mpoctopi. Jims
MiATBEP/UKEHHS]  [BOTO  TPHIYIIEHHS  Oyio
BUKOPHCTAHO METOJl TOOYJIOBH IOJiHOMIiaJIbHOT
TPEHIOBOI TOBEpPXHi, ska Oyma moOymoBaHa Ha
OCHOB1 TOYKOBOTO (aiiiny, SKWH MICTUTH AaHi Mpo
TEOMETpPUYHI IEHTpU obnactelt  Ykpainu. B
pe3ynbraTi MIPOBEICHHS €KCIIePUMEHTAITbHUX
MOOYI0B TTIOBEPXOHB OYJI0 3°SICOBAHO, MO TPAKTHIHE
3HAYEHHS NMpHU BUSBICHHI TPEHIIB Y JaHUX MalOTh
MOBEpXHI yTBOpEHI momiHOMamu | — 3 CTymeHiB.
SIKIIO TMONMIHOMH TEPIIOTO CTYIEHsS JOMOMAaraloTh
BCTAHOBUTH  3arajibHi  XapakTepUCTUKU  TPEHAY
JIaHuX, TO TOMIHOMH 2 — 3 CTyNEHIB JO3BOJIIOTH
MIATBEPAUTH ICHYBaHHS IPOCTOPOBOI TEHICHINI Y
JIAHWX Ta BUSHAYUTH 3arajibHi PUCHU 11 PO3MOILIY.

AHari3 noyiiHoMianbHOI MOBepXHi 1, 2 mopsaKiB
JUTA 1HIEKCY CTaJIOTO PO3BHUTKY JIO3BOJISIE BIIEBHEHO
CTBEp/UKYBaTH TIPO  iCHYBaHHSA TeorpadigHoro
TPeHAY B PpO3MOALI iHAEKCY. 3HAueHHS I1HIEKCY
MaloTh 3arajbHy TEHJIEHII0 [0 3MEHIIeHHS 3
[TiBaiuaOTO 3axoay Ha IliBmennuii Cxin. 3BuuaiiHo,
B LIbOMY PO3MOALUII JaHUX ICHYIOTh BIIXUJICHHS, SKi
MOB’s3aHi, HaNpHUKIaZ, 3 BUCOKAM 3HAYCHHSIM
IHAEKCY CTalloTO PO3BUTKY ans M. KuiB, anme BoHH
TINBKM ~ TIIKPECTIOIOTh  HAsSBHICTH  IEBHOTO
reorpagigyHoro TpeHay (puc.4).
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0)

Puc.4. Posmonin TpeHAOBUX MOJENeH U iHIEKCY
CTaJIOr0 PO3BUTKY: a - KapTorpama 3a perionamu; 0 -
IIOJIIHOM | TIOPSIZIKY; B - TIOJIIHOM 2 TOPSIIKY.

JIOTIOMI>KHUM 1HCTPYMEHTOM aHali3y TPEHAY €
rpadik aHaji3y TPEHy, AKUW y IJIONIMHAX MiBHIY —
MiBJIeHb, 3aXiJi — CXiJ JEMOHCTPYE HAasIBHICTb
TPEHIIB y PO3IOAIT MJaHWX, SKi y BUTISAL
PE3YJIBTYIOUOT0 TPEHIY BU3HAYAIOTHCS HAa TPSHIOBIH
noBepxHi (puc.5). TakuMm 4YMHOM, MOXKHA 3pOOUTH
MIPUITYICHHS, 110 3aXiJHI 00JIacTi MarOTh TEHICHIIIFO
II0 OLTIBIIT CTAJIOTO PO3BHUTKY, HIXK 00JIaCTi CXOY.

TpennoBi moBepxHi MOXKYTh OYTH OLIIHEHI SIK 3a
JIOTIOMOTOI0 3Ha4eHb KOe(illi€HTIB, SKi BHKOPUCTO-
BYBAJIUCh Y TIONIHOMI, Tak 1 ommcoM (Pi3uIHuX
XapaKkTepPUCTUK TPEHIOBOT MOBEpXHi. TakuMu xapak-
TEPPUCTUKAMHU € YXHJI TOBEPXHi, KyT MiX JiHIsIMH
CKaTy TMOBEPXOHb IMEPIIOTO Ta JPYTrOro MOJIHOMIB,
eKcTo3uIist cxuiiB. KyTr Haxury mpsiMo mponopiii-
HO Ta KyTH MiX JIHISIMH CKary OOEpHEHO MpOIop-
LIHO BKa3yIOTh HA HASBHICTh BUPAKEHOTO TPEH/Y B
nmauuX. Kopensamiiauii anaiiz MiX IIMMHA TTOKa3HUKa-
MU BKa3y€e Ha iCHYBaHHS TICHOTO 3B’SI3KY, SIKHH 3a
ingexkcom kopensanii  [lipcona gopiBHioe 0,816.
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JlomaTkoBUMHY 1HCTPYMEHTAMH aHalli3y MOXYTh BHUC-
TyHaTH JIOKAIBbHI METOAM IHTEPIIOIALIi JaHUX, TaKi
SIK 00EpPHEHO-3Ba)KEHI BIJICTaHI Ta PO3IMOIIT YXHIIIB
OTPUMAHMX CTATUCTUYHUX MTOBEPXOHb.

Puc.5. I'padix anamizy TpeHIOBOI MOBEPXHIi
IHIEKCY CTaJIOT0 PO3BUTKY

BucHoBku. [HTEICKTyaIbHHHA aHAi3 TEOIpOC-
TOPOBHX JIaHHX € MEPCIIEKTUBHUM HANPsIMOM HayKO-
BHX JIOCHIPKeHb Ha TIEePEeTHHI TeoiH(OpPMATHKH,
MeromiB Data Mining Ta CTaTUCTHYHHX METOIIB
00pOoOKM JaHWX 13 HIMPOKUM 3aIyYeHHSM METOO-
Jorii cucteMHoro ananizy. OCHOBHOIO METOIO BUKO-
puctanas [AT'J[ € momyk 3akOHOMIpHOCTEH Ta
BIIHOCUH Y BEJIMKMX MacCHBaxX HaHUX, SKI MICTATh
MPOCTOPOBO KOOPJAMHOBAaHY NPHB’A3Ky. ToMy BHKO-
puctanns IAT'/] B cknaai CIIIIP B TepuropiansHOMY
VIpaBIiHHI Ta TPOTHO3YBaHHI € BAKIUBAM Ta
aKTyaJIbHUM 1HCTPYMEHTOM OOIPYHTYBaHHS YIpaB-
niHbChKUX pimeHs. [Iponec peamizamii ATl Bixpis-
HAETHCA CTAMIiAHICTIO Ta ITEpaIliiHICTIO 3 METOI0
MOITYKY ONTUMAIIBHUX PE3yJIbTATIB aHANTi3Y.

[lpuknagHe 3HaYeHHS TPEHIOBOTO aHANI3Y
MOJISITa€ Y MOXJIMBOCTI BHSBJICHHS INPOCTOPOBHUX
3aKOHOMIPHOCTEH y PO3MOiIi JAHNX Ta BCTAHOBJIE-
HHS 3arajlbHOTO 3aKOHY iX po3noziny. Exkcrepumen-
TaJIbHE 3aCTOCYBaHHS MOJENEH TPEeHIOBOro aHalizy
IS i€papXigHOi MaTeMaTHYHOI MOJEJi CTajoro
PO3BUTKY PErioHIB YKpaiHU JOBEJIO IOIIIBHICTh
3aCTOCYBaHHS Te€ONPOCTOPOBUX TPEHMIB MPH aHami3i
KOMIIIEKCHUX COIIaJIbHUX, EKOHOMIYHHX Ta €KOJIOT1-
YHHUX SIBUII. BU3HAYEHO MOIUIBHICTh 3aCTOCYBAHHS
JUIsl BUSIBIICHHSI TPOCTOPOBHUX TEHACHIIH TPEHAOBHX
moBepxoHb 1-3 mopsinkiB. Cnenudika 3acTOCyBaHHS
TPEHAOBHUX MOBEPXOHB IIPH aHAJI31 TEOTMPOCTOPOBUX
JaHUX TIOJISATA€ Y MOKIMBOCTI BUKOPHCTaHHS JOAAT-
KOBHX METOJIB aHajli3y OTPUMaHMX MOBEPXOHb Ha
OCHOB1  3arajJbHO-NPUHHATHX  KapTOMETPHUYHHUX
METO/IB BU3HAUEHHS KYyTy HaXWIy MOBEPXOHb Ta
eKCTIO3UIIi] CXUIIIB.

TpennoBuii aHai3 JaHUX O3BOJIKMB BCTAHOBUTH
HasBHICTB 3arajibHOTO TPEH/Y Y PO3MOMALII MOKa3HHU-
KiB 1HOEKCY CTaJloro PO3BUTKY Ha TepHUTOpii YKpai-
HU, SKAH B TOJAIBIIOMY MOXKe OyTH PO3KJIaIeHUH 3a
CKJIAJIOBUMHU 1€papXidHOT MOIEIII.
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B pobomi pozensioacmucs nogHicmo agmomamu308anull Memoo nob6y008u NAHOPAMHUX 300PaAAHCEHb, WO
nepeobauae minimanvhe empyuanua onepamopa. Pospobneno anapammuuil komniekc na o6asi niamgopmu
Apoyino, npusnauenuii 01 A8MOMAMUYHOI NAHOPAMHOI 3UOMKU WLIAXOM 3MIHU NONONCEHHS Kamepu Y
npocmopi. Peanizoeano pobouuii npomomun, wo OemoHcmMpye pobomy 3anponoOHOBAHO20 Memooy.
Buxopucmanna agmomamu3o8ano20 KOMNIEKCY 00360]€ NOKPAWUMU AKICMb Ma YHUKHYMU NeGHUX
CNOMBOPEHs, NO8 A3aHUX 3i 3MIWEHHAM Kamepu y HpOcmopi. Aoanmoeano npocpamHo-aneopummivHull
KOMNEeKC 05l n00Y008U NAHOPAMHUX 3HIMKI6 8 PEJCUMI PeanbHo20 4acy OJis GUKOPUCIAHHSL 3 PO3POOIEHUM
npucmpoem. B pobomi onucano 0ea ocrnosnux emanu no6yooeu nanopammno2o sobpaicenns. Ha nepuiomy
emani i00y8aeMbCsi NOULYK B3AEMHO20 NONONCEHHS 300pAdNCEHb 3a O0NOMO20I0 ANCOPUMMY CHIBCMABIEHHS
epanuysb. 11i0 uac opyeozo emany UKOHYEMbCA 00 €OHAHHA 3HIMKI6 8 NAHOPAMHE 300PadCeH sl HA OCHOGI
aneopummy 6a2amocmy208020 3MiuLy8aHHs. Bukopucmani aneopummu onmumansri 018 nocmaesieHoi 3a0ayi
ma 3abe3neuyroms CIMIUKUll pe3yibman.

Kurouosi cnosa: nanopamui 3uimku, 00pobKa 300pasicens, peccmpayisn 300paxcens, ApoyiHo.

The paper considers a fully automated method for producing a panorama by image stitching, which
involves minimal operator intervention. During the research, we have developed and tested a hardware
complex based on the Arduino platform. It is designed for automatic shooting of panoramic images by
changing the position of the camera in space. As a proof of concept, we implemented a working prototype
that demonstrates that the proposed method obtains high-quality results. The use of the automated system
allows to improve the quality and avoid certain distortions associated with the displacement of the camera in
space. Proposed algorithm for real-time image stitching was adapted for being used on the developed
device. The paper describes two basic steps in constructing a panoramic image. At the first stage, the edge
detection algorithm is used for determining pairwise positional relationships between captured images.
During the second stage, the stitching of images into a panoramic image is performed based on the
multiband blending algorithm. The used algorithms are optimal for a given task and provide a stable result.

Key Words: panoramic shots, image processing image searching, Arduino.
CrarTio nipeicTaBuB: 1. T. H., npod. ['apamenko O.I.

Beryn
MICIIIMH Ha IIIaHETi, npoaaxk ado 31aya B OpPEHIY

Haii0inpm HOBaTOPCHKOIO Ta MEPCHEKTHBHOIO
cdeporo AisTbHOCTI B iHQOPMALIHUX TEXHOJIOTIsAX
Ha CBOTOJHINIHIA JIeHb SBJSETHCS BIpTyalbHA
peanbHicTh.  [Ipoliec  mepeBe/ieHHsT — PeajbHOTO
MPOCTOPY Y BIpTyalbHUN Mae ayxe Oarato cdep
3aCTOCYBaHHS, TaKHX sK: EKCKypcil pi3HHMH

© Pynuunpkuit A.B., Ko63ap A.1O., 2017

HEPYXOMOCTI Ta iHILIE.

OnHi€l0 3 TEXHOJIOTIH, SKI [IO3BOJSAIOTH II€
poOUTH € TaHopaMHi 3HIMKH. MeTonu X moOyoBH,
SK1 9acTillle BCHOTO BHKOPHCTOBYIOTHCS CHOTOJIHI,
nepeadayvaoTh BENUKY KUIBKICTh PyYHOi POOOTH SIK
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Ha eTami 3OMKH Tak i miJ yac oOpoOKH, O PoOUTH
e mpolec J0BIUM Ta BUCHAKIMBUM.

B poGoti mpexacraBieHo mporpamMHO-amapaTHHHA
KOMILJIEKC, SIKHIHA JIO3BOJISAE MOBHICTIO
ABTOMAaTU3yBaTU MpoOLEC MaHopamHOi 3iMoMku. Lle
BiIOYBa€ThCS 3aBASKH TPHUCTPOIO, SKUH JO3BOJISE
COpsiMyBaTH 00 ’€KTHB KaMepd B JOBIIBHOMY
HampsIMKy Ta TIporpaMHOMY 3a0e3leueHHI0, SKe
Kepy€e IMPUCTPOEM Ta 3IIHCHIOE 00pOOKY OTpHUMaHUX
300paxecHb.

[Iporpamue 00’egHaHHS PpI3HUX 300pakeHb
3MIACHIOETHCS 3aBISKA aNrOpUTMY, SIKUHM
CIIBCTaBJIsIE CTiMKi TpaHWIll O0’€KTIB HAa HUX, A
OTpUMAaHHS HaWOIIBIIOI KIJTbKOCTI CITiBIIA/IiHb.

AnapaTHuii KOMILIEKC

Jns moBHOi aBTOMaTHu3alii mpolecy NoOyAoBU
MaHOPaMHOTO 3HIMKY Ta YHUKHEHHS 30ypeHb,
MOB’S3aHUX 31 3MIHOIO TIONOXKEHHS Kamepu Yy
MPOCTOpi, 3alPONOHOBAHO arapaTHUH KOMIUIEKC Ha
06a3i  Arduino — miarpopMu 3 BIIKPUTUM
mporpaMHuM KoldoM. bymo po3poOmneno mnpunarp,
MPU3HAYCHUH 7SI aBTOMATHYHOT 3MiHU TMOJIOXKCHHS
KaMepH y TIpOCTopi 3a 337aHOK0 TPAEKTOPIEIO.

[Ipn moOymOBi MOBHOTO MAHOPAMHOTO 3HIMKY
BUHHMKAE€ HEOOXiJHICTh MOBOPOTY KaMepH B JIBOX
TUTOIMHAX.

Ans moBopoTy KaMmepu B
TUTOIHHI 3aIpOIIOHOBAHO BUKOPHUCTOBYBAaTH
KPOKOBUI1 JIBUT'YH, OCKIJIbKM BiH 3a0e3rneuye
o0epraHHs poOTOpa Ha 3aJaHUi KyT IpHU
BiJIIOBITHOMY cUrHaji KEpyBaHHS. 3
KOHCTPYKTHBHOI TOYKH 30py 1€ 3a0e3leuyeThes 3a
paxyHOK ToJadi JKMBIICHHS Ha pi3HI KOTYIIKH
BCEpEIWHI JABHI'YHAa B MEBHIM MOCTIIOBHOCTI.
Jeuryn moneni 28BY J-48 BuKOHye TOBOPOT Ha
360 3a 4096 kpokis, mo sigmosimae 0,09° 3a

TOPU3OHTABHIH

onuH Kpok. Jlnsi KepyBaHHS KPOKOBUM JIBUT'YHOM
BUKOPUCTOBYEThCS JpaiiBep Ha 0a3i MIKpOCXeMHu
ULNZ2004 3 iHauKaIiero akTHBHUX KOTYIIIOK.

J1st IOBOPOTY KaMepH y BEPTUKAIbHIN MIIOMHKHI
JIOLIJIBHO BUKOPHCTOBYBATH CEPBOJBUTYH-TIPUBIA 13
KEepyBaHHSM uepe3 BiJ’€MHUH 3BOPOTHIH 3B’SI30K,
IO JIO3BOJISIE TOYHO KEpyBaTH MapamMeTpaMu pPyxy.
3a3Buuail KyT oOepTaHHs Bajlly [BUTYHIB TaKoro
turny He Oumbmie HiX 18(P, y mHamomy Bumamky
LBOTO JI0CTATHBO.

Ha pucynky 1 300pakeHO cxeMy IiIKIYCHHS
JKUBJIGHHSI Ta BCIX NPUCTPOIB HEOOXiAHUX JUIs
(YHKLIOHYBaHHS IPUCTPOIO.
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Puc. 1 Cxema nioknrouenus MoOynie ma H#usjieHHs

3asznadeni gerami  Oymo  3akpilyieHo  Ha
ATIOMIHIEBHH KapKac, 10 3a0e3MeYmIo MEeHIIy Macy
BupoOy. JlaHa KOHCTPYKLiS HaJae MOXKIHMBICTh
KOpEeryBaTH MOJ0KEHHS! MOOITBHOTO MPUCTPOIO, IO
HEOOXiTHO /ISl TIOKpPAIeHHA SIKOCTI ITaHOPaMHOTO
3HIMKY Ta Tepeabadyae BUKOPUCTAHHS PI3HUX
cMapTQOHIB i3 BCTAHOBJICHUM Ha HHOTO MPOTPAMHUM
3a0€3MeUeHHSIM.

PospoOnennii mpunax QikcyeThcss Ha INTATUBI
JUIE  YHUKHEHHS 3MiHM TIOJIOKEHHS KaMmepu Yy
MpOCTOpi, IO Ja€ 3MOTYy TOKPAIIUTH SAKICTh
BUXITHOTO  300pakeHHs. MOOUTBHHN  TIpHIIajg
PO3TAIIOBYETHCS TaK, 100 00’EKTHUB 3HAXOAMBCS B
HEHTPl KOOpAMHATHHUX ocel. B skocti mxepena

JKUBJICHHST ~ 3alpOIIOHOBAHO  BUKOPHCTOBYBATH
GaTapero THITy «KPOHa».

KepyBanns arapaTHUM KOMILJICKCOM,
300paXeHMM Ha  PUCYHKY 2, BHKOHYETBCS

Oe3mocepenHBO 3 MOOUIBHOTO MpUCTPorO uepe3 USB
iHTEepdeiic.

U

Puc. 2 Anapamnuii xomniexc 01 aemomamuyHol
3MIHU NOJIOJCEHHA Kamepu Y npocmopi
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Buainennst cTabiibHUX rpaHUllb

VY pamkax pobotu Oyn0 BUKOPHUCTAaHO alTOPHUTM
BUJIICHHS TpaHWIb, 3amporoHoBanuii B  [1],
OCKUTBKHM BiH XapaKTEPHUH CBOEIO IIBHIKOIIEIO Ta
CTIWKICTIO 10 adiHHUX mepeTBopeHb. CTIHKICTh, B
CBOI0O Uepry, TapaHTye TIOBTOPIOBAaHICTh: Ha
300paXCHHSX OJTHOTO U TOTO X 00’€KTa a0 CIIECHH,
3pOo0JICHUX 13 pI3HUX TIOJOKEHb KaMepH, IIpH
pizHOMY OCBITJIEHI, MaciTaOi, OUTBILIICTD
BIJIMOBITHOCTEW Oyj1e 3HAWICHO.

PobGora AITOPUTMY  PO3MOYMHAETHCS i3
MepeBeIeHHsT KOJILOPOBOTO 300payKEHHS Y BIATIHKH
ciporo 3a ¢popMyJIorH:

77R+150G +29B
256

Ile Y — SICKpaBicTh TiKcens y BiATIHKAxX ciporo, R, G,
B — HacHueHICTh BiAMOBITHOTO KOJHLOPOBOIO
KaHaly.

Jig e eKTUBHIMIOTO BUAIIEHHS TPAHULb Ta
3MEHIIIEHHSI BIUIMBY LIyMiB BXiJHE 300paKeHHS
PO3MHBAETHCS 3a JOMOMOT0I0 (ibTpa rayca
(Bimomoro sk “Gaussian blur’[2]) 3 mapameTpom
o =3. Hexaii Bxigne 300paxxeHHs 3a1aHe
intencusnictio | (X, Y), raycose sapo 3

NapaMeTpoM O PO3PAXOBYEThCS AK:
—(u%+v?)

1
G(x,y,0) :FZe 20*

ne U,V — rpaHuli CyMyBaHHS, SIKi BU3HAYarOTh
po3mip siapa. HoBe 3HaYCHHS IHTEHCUBHOCTI
KOKHOTO TIKCENsI PO3PaxOBY€EThCS SIK 3TOPTKA sipa
rayca 3 300paXeHHsIM.

JJ1st KOJKHOTO TiKcessl 300paskeHHsI BUKOHYETHCS

ol ol

—y | 3a
OX oy
JIOIIOMOTOK0 IUCKPETHOTO OlepaTopa BUTIIALY:

1
G,=[-1 0 1]JG,=| 0
-1

Ha ocHoBi 1i€i iH(opMaltii 3MiHCHIOETHCS BUAUICHHS
IpaHMLb, OCKIIBKH Ha HiA JOCSTaeThCsl JIOKAJIbHHUN
MaKCUMYM CYMH NPOEKLiH I'padi€HTIB TOYOK OKOIY
Ha HaNpsAMOK IpaJli€eHTa B TOYIII Ii€] IpaHHIIi.

Hanmi Bci mikceni kinacugikyrloTbes Ha Ti, LIO
JexaTb OMU3BKO A0 TpaHHIi Ta JajeKo Bix Hei.
[Mikceni, 1o Jiexarh OUIA TpaHMI HOAUISIOTHCS Ha
Ti, MO JIeXKaTh Iepe] Hero (3a HampsaMKoOM  ii
rpafieHTy) Ta mo3aay Hei. s KOXHOI TOUKH
300paKeHHS  BBOJHUTHCS  CHUCTEMa  KOOPJMWHAT,
HaTpsSMOK OCl a0cuuc sKOi BIAMOBINAE HANPIMKY

nomyk BekTopiB rpagientis grad |l =
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BICH

BEKTOpa rpajieHTa, a
MEPIICHANKYJISIPHA 10 HEl.

OpaUHAT

Puc. 3 Cucmema xoopounam o1s mouxu

HoBa cucrema koopamHAT PO3MITAETHCS Ha IIICTH
OJIOKIB 3 [iara3oHOM 3HAYEHb [—3,—2], [— 2,—1],
[-10] [04] [12] [2.3] mo x, ta [-11] mo y.
KoxaoMy OmOKy CTaBUTBCS Yy BIANOBIAHICTBH
spadenHst V;,1=1..6, sike Ha modarky Oeperscs
piBHUM 0.

I'panmienTn BCiX TOUYOK (Xo,yo), LIEHTPU SIKUX
HOTPAIUISIIOTh 10

[-3,3]x[-11]

MPOEKTYIOThC Ha Bich abciuc. Bemmuuny mpoekiii

MIPSIMOKYTHOT'O OKOILy

TOYKH sgKa PO3TIIAAAETHCA,

JOMHOXKYIOTh Ha 1—|y0|, [O3HAYHMMO L0 BEJIUYUHY
ak P/, Ta nogaroote 10 enementiB V Tak, o6 BKIaj
B V, enemeHT OyB piBHUIA:

P = Po’max{0,1—|x0 - x|}

Ha ocHoBi amamizy V, poOuTbCS NpHITyIIEHHS

PO TOJIOKEHHS TOYKHM BifHOCHO rpanuili. Cepen
3HAaY€Hb o0OupaeTbes MaKCUMAJIbHE: SKIO

MaKkcHUMyMy Bifmoinae V, ,V3 TOUYKA JIEKUTD
nepesl TPaHWIEe (SKIO0 TUBUTHCH B HAIPIMKY il

TpajiieHTa), SKII0 V4 ,V5 — 3a TpaHMIel0. Y BHIAIKY

KOJIMW MaKCHUMAaJIbHHUM € 3Ha4YCHHIA Vl’VG — TOYKa

BU3HAYAETHCS SIK Ta, 1110 JIGKUTH JAJICKO BiJl TPaHMIII

1 B MO IBIIIOMY HE PO3TIISAAETHCA.
Jns  3HaXOMKEHHS  ITOJIOKEHHS

CyOIiKCeThbHOI  TOYHICTIO

rpaHuli 3
KOOPJIMHATH  TOYOK

OJIM3PKUX [0 TPaHWIN YTOYHIOIOTHCH. 3HAYCHHS \/I

00’ €THYIOTHCSL:

A=V, ,+V,,1=1.3.
HoBe monoskeHHs TOUKH 3HAXOMTHCS SIK EKCTPEMYM
KBaJIPaTHYHOTO TPUUJICHA:

- A-A
(X, y)=(xy)+ A_2A + A (G, (x,).6,(x,y))
Touky sKi 3HAXOMATHCS Ha BigcTaHi MeHmii Hixk 0,5
MiKCesIs OHa BiJl OJJHOT 00’ €THYIOTHCS B OJIHY.
BBaxkaemo, 110 rpaHHIs 300pakeHHS IPOXOAUTH
B THUX MICISX, [J€ TOTUKAIOTHCS TOYKH, SKI
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3HAXOJIATHCS TEpell TPaHMICI0 Ta mo3aay Hei. Jami
JUTE KOYKHOI TOYKH 3HAXOIWUMO Bl CYCiTHI, Bi/ICTaHi
70 SIKAX MIHIMAJbHI Ta HE MEPEBHUIIYIOTh 2 TIKCEIs.
Hnst moOyzoBu Oifbll TOpsAMHUX JiHIH TpaHMIi
BBOAWTHCA M€ OAMH KPUTEPId: KyT MK MPSIMIMH,
o 3’€IHYIOTh TOYKY 3 Ii Cycimamu, MOBHHEH OyTH

MaKCUMAaJIbHO BEJIMKUM Ta He MeHIuM Hixk 120°.

Jlinis  rpammmi  sBisge coboro  Tpad, 110
CKJIAIa€ThCsl 31 3B’S3aHUX MIDK CO0OI0 CYCITHIX
TouoK. KokHa BeplIMHA MOXKE MaTH HE OUIbIINE Hik
2 3B’SI3KH, IO BiJIMOBIIa€ HEPO3TATYKCHIM TPAHMUIII.
JIiHii, sKi CKIAmaroThCS MEHINE HIXK 3 5 BepIIHH,
BBAKAEMO  HECTAOLILHMMHM 1  BHKJIIOYAEMO 3
po3TIsiay.

Ha 3akmounoMy erami poOOTH anropuTMmy st
KOXXHOI TOYKH 3 JiHII TpaHHWIl PO3PaxXOBYETHCA
BEKTOpP HOpMaJi, SKUH BU3HAYAETLCI  SIK
NEPHIEHIUKYISAp 00 MpsIMoi, 10 3’€IHyE CycimHi
TOYKH. Y BHUMAAKY KOJIW TOYI BIiITOBIJA€ JIHIIE
OJIMH CYCil, B SKOCTI JIPyroro cycijia oOHpaeThbcs
TOYKa SIKa PO3TIIAAA€ETHCS. Hanpsimoxk
MEPIEHIUKYIsApa OOHPAETHCS TAKUM, IO YTBOPIOE
MEHIIHHA KyT 3 BEKTOPOM Tpaji€HTa HAHOIMKIO01
CYCIIHBOT TOUKH.

Homyk 3mimeHHs1 300paxkeHb

OCHOBHOIO i7Ie€I0 MiAXO0Y, 3alpOINIOHOBAHOTO B
[3], € onrumizamis  mporexypu — 1M0OyIOBH
MaHOpaMHUX 3HIMKIB 3a JOIOMOIOK JaHUX 13
JaTyvka TOpUCKOopeHHs. [lomyk — 3HaXOJKEHHS
MOJIOKEHHS  3HIMKIB B CHCTeMi  KOOpIWHAT
300pakeHb 3BOAUTHCSA JIO 3HAXO/DKEHHS TPBHOX
HeBiiomux KytiB Eiinepa. [laTunk NpUCKOpEeHHS —
e TMPHUCTPid, SKUH BUMIPIOE HANpsAM Ta CHIY
NPUCKOPEHHS, IO i€ Ha Hboro. Ha ocHOBI 1bOro
JaTUMKa pPO3PAaxOBYIOTHCS JBA HEBIIOMI KyTH
Eiinepa.

PoGoTa anroput™my 3BOANTHCS /0 MOLIYKY TaKOTO
KyTa MOBOPOTY (X HAaBKOJIO BEPTHUKAIBHOI OCi, IPH

SIKOMY MHOXHWHHU rpaHuIb 30 6pa>1<eHH$[

I,

IIOJIOKCHHA AKOT'O BiILOMC, Ta 306pa)K€HH$I |2,

MOJIOKEHHS
CITIBIIAJAIOTh.

Sk pesynbTaT poOOTH aNrOpUTMy BUAUICHHS
CTaOUIBHUX TpaHulb OyJl0 OTPUMAHO MHOXKHHY
TOYOK OO0’€JHAHWMX B JIiHII Ta BEKTOPH HOpPMAIi
KOoXHOT Touku. [lomryk HeBiZOMOro KyTa BeleThCs 32
JIOTIOMOTOI0  TICTOrpaMH, sIKa BimoOpaxae cymy
PO3MIpIB T'paHHUIlb IO CHIBAJAIOTh MPU HECBHOMY
KyTi . Cnodatky mpocTip po30uBaEeThCsS Ha
TOPH30HTAJBHI CMYTH, JUIsl 3pYYHOCTI BHCOTa CMYTH
Oeperbcst B 1 mmikcenb Ta B TOJANBIIOMY

SAKOro IIYKA€THCA, MaKCHMaJIbHO
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PO3TIIANAETHCS IEKiIbKa CYCiTHIX CMYT 00’ €IHaHUX
B OJIHY. Y BHUIAJKy KOJIM 3HAUEHHS HEBIZJOMOTO KyTa
HEOOXiHO YTOYHUTH, TSI CKOPOYEHHS KITBKOCTI
00YHCIIeHb TOPU30HTANBHI CMYTH PO30MBAIOTHCS Ha
CETMEHTH.

[lepepaxoByeTbCSl TMOJMOKEHHS TOYOK Ta iX
BEKTOPIB HOpMasieli 000X 300pakeHb, B 3aJICKHOCTI
Bi iX TONOXKEHHS y TpocTopi. 3HAYEeHHS

HEBIZIOMOrO  KyTa  JuIi  300paskeHH: I,
BCTaHOBJIIOETLCS PIBHUM HYIII0. PO3paxoByeThest KyT

nosopory  Bcix  Towok  (X,Y,Z) HaBKOJIO

BEPTHKAIBLHOI OCI.

KimrouoBnit  acmekT  poOOTH  aNTOpHUTMY—
3amoBHeHHsT ricrorpamu. CrodaTtky HEOOXiTHO
3HAWTU HOMEPH, JI0 SKHX BIJHOCATHCA TOYKH

(X, y,2) 3 s

CKOpHCTaEMOCS (OPMYJIOIO:
arcsing)
T

300pakeHHS IEOTO

1.

m=min<N -1, +05|+N |+,

ae N — KinbKicTh TOPU3OHTAIBHUX CMYT.

[locmimoBHO  OMpaIbOBYIOTBCS ~ BCi  TOYKH

300paxkeHHs |, , JUIst KOXKHOT PO3PaxOBYETHCS HOMEP
CMYTH JI0 SIKOi BOHA HAJIC)KHUTh. TOUYKU 300paKCHHS
|, , 1m0 3HaxX0AATHCS B Tiil XxKe CMy3i, HOPIBHIOIOTHCS

3 TIOTOYHOO Ta IMPH YMOBI, IO KYT MiX BEKTOpaMHU
Hopmaiieit He Oinbinuit Hibk 90°. Ilig mopiBHSHHIM
pPO3yMieEMO Ipolec IOLIYKYy HEBIZOMOIo KyTa J
MOBOPOTY HABKOJIO BEPTHUKAIBHOI OCi MPH SKOMY
TOYKM CHiBNaAaTh. EjeMeHT ricrorpamu, sSKui
BIJINIOBiTa€ KyTy ¥, 30UIBIIYEThCS Ha MIiHIMYM
BEJIMYMH TPAIi€HTIB JIBOX TOYOK, 1110 MOPiBHIOKOTHCS,
IMOMHOYKE€HHMI Ha KBaJIpaT KOCHHYCa X HOpMaJeu.

B 3amexxHOCTI Big KyTa MOBOpPOTY 300paskeHHS
HaBKOJIO BEPTHUKAIBHOI OCI IUIOHIA TEPEeTHHY
300pakeHb MOKE BIJIPI3HATUCH. B pe3ynbraTi Moke
BUHUKHYTH CHTyallisl, [0 NpPH Maiil TuIomi
MEPEeTHHy 300paKeHb KIMBKICTh CIUIBHUX TOYOK
TpaHMIli MOXXe OyTH MEHIIOK HDK  XWUOHO
BU3HAUYEHMX TNpH Benukiid. us Toro, mob ue
VHUKHYTH BCi €JIEMEHTH TiCTOTpaMH IiIATHCA Ha
IUIOILy TIEPEeTHHY 300pakeHb MPH BiJNOBIIHOMY
KyTi. 3 pO3IiIsily BHIYYalOThCS €IEeMEHTH JliarpamH,
10 BiAMOBiAAIOTH KYTYy MPH SIKOMY IUIOLIA TIEPETUHY
MOPIBHIOBAHUX 300pakeHb 3aHagTo Mama. Jnsa
3MEHINIEHHS BIUIMBY IIYMiB Ta HETOYHOCTI JATYMKA
MIPUCKOPEHHS €JIEMEHTH TiCTOTpaMH 3TIIaIKyIOThCS

rayciaHom.
[lykanuii  KyT  IOBOPOTY & HAaBKOJIO
BEPTHKAIBHOI OCi  BiJNIOBila€ MaKCHMaJIbHOMY

€JIEMEHTY TiCTOTrpaMHu.
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Hexait Z — cepeaHe 3HaueHHS EJICMCHTIB
ricTorpamu, 7 — JOKaTBHUI MaKCHMyM BiIMiHHHA
Bij ro6anbHOro, 7 — ruobanbHuil MakcuMyM. SIKIIo
icHye Take Z , IpH AKOMY BUKOHYEThCS:

|2—'z‘|>%|7—2|,

TO BB)XAEMO, 1110 PE3YJIbTAT HE CTIHKUH 1 HEBIIOMUIA
KYT 3HaTH HEMOKJIHBO.

Janwii miaxia TakoX JOUITFHO BUKOPHUCTOBYBATH
JUIS YTOYHCHHS YXKE€ BIIOMHX KYTiB 3 METOM
3017bIIEHHS TOYHOCTI OOYHCIIEHD.

00’eqnanHA 300pakeHb

Ha ocrammpoMy ertam Bci  ¢parmMeHTH
00’€MHYIOThCSI B OJWH ITAHOPAMHUH 3HIMOK i3
BUKOPUCTAHHIM CEPUIHOT MPOEKIIii.

Haii6inmpin  mmpoko BXWBaHUM MmAXim OIS
00’eqnanns 3HiMKiB — e multi-band blending [4].
Bynyerscst mipamina Jlannaca, 300paxkeHHs JiHIIHO
KOMOIHYIOTBCS Ha KO)KHOMY 3 piBHIB. DiHanbHUI
pE3yNbTaT OTPUMYETHCS LUIIXOM JIOJAABAaHHS BCIiX
3MilIaHUX 300pa)KeHb 13 Pi3HUX PIBHIB.

OcHoBHa mpoOiieMa Ha JAaHOMY €Tali MoJsrae B
TOMY, IIIO TPAHUIIl 3IIMBAHHS JOCHUTH TIOMITHI depe3
mepemagy  sickpaBocTi. s yCyHEHHS  pPi3KUX
nepenaiB Ha TPAHUISIX POOUTHCS MPUITYLICHHS, 110
3MiHa SCKpaBOCTI Mae€ miHiliHMH xapakrtep. Tomi

koedimieHT sickpapocti K, st koskHOTO dhparmMeHTy

3HAXOJUTHCS SIK PO3B’ 30K ONTUMI3AI[iHOI 3a1a4i:
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n
2 .
zsij (kiCij _kJCji) —min
ij=1
3 OOMEXEHHSIMU:

Zn:ki =n.
i=1

[IpobGnemMy Ppi3KHMX NEPEeXOMdiB HA TPAHMIILX
MiJXi TOBHICTIO HE BHPINIYE, OCKUIBKH Ha

300paKCHHSIX  MPHUCYTHI  HENIHIMHI ~ 3MIHH
KOJIBOPIB.
BucHoBok
[ToGynoBa mnaHOpaMHUX 300pakeHb — 1€

aKTyaJlbHa TeMaTHKa fAK i MnpodeciiiHux
dororpadiB Tak 1 s srobureniB. B gamiid
poOOTI onucaHui OAWH 3 METOIB aBTOMAaTUYHOT
noOy/IoBM  MMAaHOPAMHUX  300pa)keHb, IO
noTpedye MiHIMAILHOTO BTPYYaHHS OIepaTopa.
JIns MOCSTHEHHS MaKCHUMajbHOI aBTOMaTh3allii
Oyno  peani3oBaHO  IMPOrpPaMHO-amapaTHUI
KOMIUICKC, TPU3HAYCHUHA IS aBTOMATHYHOT
3MiHH MOJIOKEHHSI KaMEepH y TPOCTOPI.

3anponoHoBaHUM IIPOrpaMHo-
QITOPUTMIYHUI TIIX1JA XapaKTepHUH BHCOKOKO
PE3YIBTYIOUOIO SKICTIO BHXITHOTO 300paKEHHS
Ta MIBUAKOJIEIO, B CYKYIHOCTI 3 amapaTHOIO
YaCTHHOIO 3a0e3redye IMOKpalIeHHS SKOCTI 3a
paxyHOK YHUKHEHHA 30ypeHb TMOB’SI3aHUX 31
3MILIEHHSAM KaMepH y pocTopi
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06’ckmom pobomu € npoyec po38’A3V8aAHHA 3A0AY HA GUSHAYUEHHS ONOpPY eNeKMPUUYHO20 KOId.
Posensanymo ocobnueocmi ancopummie po3paxyHky enexmpuunoz2o onopy. Brxazano Hna nepesacu ma
HeOOIKU GUKOPUCMAHHS eleKMPOHHUX 3acobie y npoyeci nasyanus. [lpedcmaeneno npoepamuuil 3acio, wo
HAOAe MONCIUBICMb 8I00OPANCEHHA MA OOUUCIEHH ONOpPY OLIAHKU eNeKMPUUHO20 KOold. 3anponoHO8AHO
peKomMeHOayii 3 BUKOPUCMAHHS A 8NPOBAOI’CEHHS NPOSPAMHO20 3AC00Y.

Kniouogi cnosa: npocpamuuil 3acio, cxema enekmpuyHo2o Koaa, onip OLISHKU e1eKmpUYHO20 Koad.

In this paper, the process of solving tasks for determining the resistance of an electric circuit is
investigated. Peculiarities of algorithms for calculating electric resistance are considered. The advantages
and disadvantages of using electronic means in the process of education are described. A software tool is
represented that provides the ability to display and calculate the resistance of the electric circuit. It is also
possible to show a step-by-step simplification of the electric circuit, which gives a clear idea and
representation of the calculation and reduction of the circuit. On the basis of the created model, using the
object-oriented programming language tools to develop a software product (computer model) with a user-
friendly interface, high speed and ease of work with the possibility of its practical use in the study of physics
in general education institutions. The Java programming language was used to perform the work. The
algorithms for qualitative construction of geometric structures, which is an electric circuit and for
simplification of the scheme, were applied. This work is suggested recommendations on the use and
implementation of the software.

Keywords: software tool, electrical circuit, resistance to the electric circuit.

CrarTio npeacTaBuB 1.T.H., Tpod. 3acnaBcekuii B. A.

1. Beryn Ta nocTaHoBKa 3aaayi (hi3MYHOTO EKCIIEPUMEHTY 3aco0aMu THPOpMAaIITHIX
CyuacHa }i3uKa K HABYAJIBHUN MPEIMET 34aTHAa TEXHOJNOTiH,  BiANpanbOBaHi  OKpeMi  acleKTH
cBOiM 3MicToM (¢opMyBaTd OCOOHCTICTH /JJsl BHKOPHCTAaHHA B HaBYaJIbHOMY mporeci 3 (isuku
MOBHOIIIHHOTO JKUTTS, ajie OJHOYAacHO (i3UYHA MOJIENIOBAILHUX MPOrpaM, KOMIT IOTEPHHX irop Ta
OCBiTa  BHMMAara€  BiANOBIJANBHOIO  CTaBJICHHS IPOEKTIB. [IpioputeTHicTb KOMIT FOTEpHO-
mejarora 0 Oprasi3alii HaBYaJbHOTO TIPOLIECY. OPIEHTOBAHUX TEXHOJIOT1H y ¢dhopmyBaHHi
[ndopmariitai TexHoMNOrii HaBYAaHHS MependavyaoTh KOMIIETEHTHOCTEW Y4YHIB y TMpoleci HaBYaHHS
IIMPOKE BHKOPUCTAHHS KOMITTOTEpPHOI TexHikd Ta (isuku goBoauB M. B.TomoBko [1]. Tomy
CHELIaIbHOTO  NPOTPAaMHOTO  3a0e3Me4YeHHs sK AaKTyaIbHUM € CTBOPEHHS 3aco0iB, sKi  3a

MOTYXKHOTO 3ac00y HaBYaHHS (Pi3UKH. JIOTIOMOT 01O eKCIIePIMEHTAIBHIX 3a/aq
[IpoGnemamMu  BHpoBa/pKEHHS iHGOpPMALIMHUX —3a0e3MeUyIOTh OBOJIOTIHHS MMOBHOLIIHHUMH

TEXHOJIOTI y HaByanpHMA mpoumec 3 (i3MKM BMIHHSIMH.

3aliManucs O. I. byraiios, €. Kopmak, OpHuM 3 Takux 3aco0iB Moxke OyTH IMporpamHa

B. 3a6omoramit, }O.XKyk, O.Jlamenko, H. cucrema miIg  po3paxyHKy ONOpPY  OUISTHKA
CocHuiibka Ta 1iH. Y TpamsgX OUX BYCHHX CICKTPHUYHOTO  KOJIa, SKa  TaKOX  UTIOCTPYE
PO3TISAAAOTHCS MUTAHHS YJOCKOHAICHHS MIKUTBHOTO
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MIOKPOKOBE CIPOIIEHHS TUITHKH €IeKTPUIHOTO KOoJa
JUIs1 IPaBUIIBHOTO PO3PaxXyHKY OMOPY.

Ha ocHoBi cTBOpeHOi MaTeMaTH4HOI Mozeni 0yi0
pO3pO0IEHO TPOTpaMHUIl MPOIYKT (KOMIT IOTEPHY
MOJIeNIb) sl TPAaKTHYHOTO BHKOPHCTaHHSA MU
BUBYEHHI ¢izukn B 3arajibHOOCBITHIX
HaBYAJIBHUX 3aKJIa/1aX.

2. IlepeBarn Ta HeNO0JiKHM BHKOPHUCTAHHS

eJIeKTPOHHHMX  3aco0iB B  mpoueci
HABYAHHS
Enextponni 3acobm HaBYaHHSI JO3BOJIIIOTH

MOJICJIIOBATH CUTYyallil, M0 HE pPeani30BYIOThCSI
EKCIICpUMEHTAIFHO B HIKUILHOMY KaOiHeTi (i3uKu
(Hanpukiam, pobOTy saepHOi ycraHoBKH). B [2]
BiJJ3HAUYAIOTh TaKi MepeBard eJICKTPOHHHX 3aco0iB
HABYaHHA. MOYKIMBICTH 3M1JICHEHHS IWCTAHIINHOrO
HaBYaHHS, HEBEIWKI MaTepiaibHi 3aTpaTH; JIETKICTh
Moaudikarii, OHOBJICHHS, JIOTIOBHEHHS,
JOCTI/DKEHHS TOBEAIHKH (hi3MYHOrO 00’€KTa 3a
3HAYHO KOPOTIIMH Yac MpU JOBUTBHUX 3HAYCHHSX
HOro mapaMeTpiB, y Pi3HHX 30BHINIHIX yMOBaX, IO
4acTo TpU peaJbHOMY JOCHTI[DKEHHI € MpoCTo
HEMOKJIMBUM 200 HAJITO IOPOTHM.

ITopsa 3 THM, BHKOPHCTaHHS MOJEIIOIOYMX
CUCTEM IIpH BHBUYEHHI MIKIILHOTO Kypci (Bi3uKu Mae
psa HemomikiB. 30KpeMa, Y4HI  [E€PecTaroTh
PO3ropHYTO BIAMOBITaTH Ha 3aIMTaHHS,
BIJIMOBITalOTh CTHUCJIO W JIAKOHIYHO, Tporpama He
CIIPOMO’KHA TOSICHUTH YYHIO MaTepiall iHIIAMH
(mOCTYymHIIIMMHU) CJIOBaMU Ta METOAAMH, TOMY IpHU
MPOBEJIEHHI  YpOKiB  HEOOXiMHO  KOMOiHyBaTH
BUKOPUCTAHHS TPOTpaMHHUX 3aco0iB 13 1HIIMMHU
¢bopMamMu HaB4aibHOI HisibHOCTI. JlOo HeAOiKiB

TaKOX BIJTHOCATH HEMOKJIUBICTH HaOyTH
MPAKTUYHUX HABUYOK MPOBEJICHHS  PEATbHOTO
¢izngHOTO €KCIIepUMEHTY, poboTtu 3

BUMIpIOBaJbHIMH TIPHUJIAIaMH, BiAIIOBIAHICTh JIHIIE
3 TEBHOIO TOYHICTIO pPE3YyJIbTaTiB MOJEITIOBAHHS
EKCTIEpUMEHTAITLHHM.

3. Po3paxyHoK onopy eJeKTPUYHOT0 KOJa

B enektpuuHMx Kojiax, 3 SAKMMH MOXKHA
3yCTPITHCS HA MPAKTHUII, TIPOBITHHKH 3'€JHYIOTHCS B
pi3Hi criocodu.

Jnsi  BIEBHEHOTO  DO3B’sI3aHHS  3agad  Ha
BU3HAYEHHSI 3arajibHOTO OMOpY EJIEKTPUYHOTO KOJia
Ba)XXIIMBO BMITH B CKJIQJIHMX CXEMaxX pO3Mi3HaBaTH
MIPOBITHUKH, 3'eHAHL IIOCJI1JIOBHO abo
napanenbHo [3].

Jns mpukiagy, Tpd BU3HAUCHHI 3aralibHOTO
OIopy Kojla, cxeMa SKoro 3o0pakeHa Ha Mai. 1,
MOKHa BHIUIMTH TPH TOCHIOBHO 3'€IHAHHUX
npoBigHuKka Ry, R4 i Re (Ma. 2).

Ha exBiBaneHtHi cxemi (Man. 3) ix MokHa
3aMiHUTH OJJHUM TPOBiTHUKOM onopoMm R246 = R2 +
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R4 + R6. Tenep BUAHO, 110 MPOBIAHUK OMOPOM Rass
3'eJHAHUI TIAPaJICILHO 3 MMPOBITHUKOM onopoM Ra.
=~

Ha ekgBiBanmenTHi#f cxemi (Man. 4) BHIHO, IO
3HUKIIM BYy3JIM Mik mpoBimHukamMu Ri; Rass 1 Rs,
TOMY i MPOBITHUKH BUSIBUJIUCS
3’€qHAHMMH IOCIIJOBHO.

[lepeTBOproroun Koo A0 OUIBII  MPOCTOTO
€KBIiBaJICHTHOTO, MOKHa Ha CXeMmax 3TWHATH,
NOJOBXKYBaTH  a00  BKOpOYYBaTH  IPOBOJIH,
MepeMIIaTH By3JIH B3OBX HUX, OCKIJIbKU TPOBOJIH,
IO CIONYYaloTh EJNEMEHTH CXEMH, BBa)KalOThCS
iIealbHUMH, TOOTO MalOTh HYJIHOBHH OIIIp.

Kono, mo ckmamaerscsi 3 TPHOX MOCIHITOBHO
3'€IlHAHUX TIPOBITHUKIB 3  OJHAKOBHM OIIOPOM,
3MIHUTBCS, SKIIO JIOJATH IHIN  TPOBIAHHUKH.
CriouaTKy [oJaMo [Ba NPOBITHUKH 3 HYJIbOBUM
0OTmIopoM, 3'€THABIITN HUMH TOouky A 3 Toukoro C, a B
—3D (man. 5).

Mamn. 5
Tak sk Touku A 1 C 3’€aHaHI TPOBOJOM 3
HYITBOBUM OIIOPOM, TO iX TWOTEHI[iaId pPiBHI, a
3HAYHUTE, Il TOYKH MAIOTh OJHAKOBUH IMOTEHINA, 1 1X

MOXKHa 3i0paTh B OJIWH 3araJbHUN  BY30Il.
Amnanoriyao ynHuMoO 3 ToukaMu B 1 D. OTxe, kKoxkeH
MPOBITHUK BUSBUBCS IMiJKIFOYEHAM 10 OJHUX 1 THX
e TOYOK, TOOTO BCi TpH MPOBIIHUKK 3’€JHaHI
MapajelbHo, i MOKHA 3HANTH 3arallbHUH OITip KoJa.

3aMiHHMBIIW APYTUH i1eanbHUN TPOBITHUK B KOJIi,
cXeMa SKOro IIOKa3aHa Ha Mall. 5, peajibHuM,
OTPUMAEMO HOBE KOJIO, CXE€Ma SKOIro 300pakeHa Ha
Man. 6. Tyr Baxko BHABHTHM Xoua O OJHY mMmapy
MOCJIIZIOBHO abo rapaierbHO 3'€eTHAHUX
npoBiHUKIB. [ToTpiOHO MOIUQIKYyBaTH CXeMy Tak,
mo0 MokHa Oyno mobayuTh B HIM eleMeHTH
cumeTpii. OTpuUMaeMO CXeMy, sIKa HOCHTb Ha3BY
«MOCTOBA cXeMay (Mai. 7).

OCKiTbKM BCi TIPOBIJIHUKH MAalOTh OJJHAKOBHMA
omip, To o rinkax ABD i ACD TteuyTrh omHaKoOBi
CTpyMH, a dYepe3 BHUAUIeHY mnepemudky BC cTpym
Htu He Oyme. Tomy mepeMuuky MoOkHA 0€300J1iCHO
BUJAIIUTH 3 KOJa, HE 3MIHMBIIM TPH I[HOMY
3araJibHAM orip Koja (Mai. 8).
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Mai. 2
Tenep BHAHO, IO KOJO CKIAZAETHCA 3 JBOX

Mau. 3

Maun. 4

JISTHOK, B SKHX
IBa IOCJIIIOBHO

rmapajeibHO 3’ €THAHHUX
3HAXOAUTHCS o
3’€IHAHHUX MPOBITHUKA.

[lpn BH3HAUEHHI 3arajbHOTO OMOPY «MOCTOBOI
cxemu» Oyna BHKOpHUCTaHa CHMETpis. ICHYIOTBH
OpUHOMH, IO JO3BOJIIOTH PO3PAXOBYBATH OIip
momiOHMX Kid. JJs mbOTO PO3TISTHEMO KOJO, IO
CKJIaJa€ThCsl 3 OJHAKOBHX MPOBIAHUKIB, BKIIOYEHUX
B KOXHY 3 CTOpiH KBaapara. Kpim Toro, xoxHa 3
BEpIIMH 3'€HAHA 3 LEHTPOM KBaJIpaTa TaKUMH XK
npoBigHUKaMHK (MaJT. 9).

3aJie)KHO BiJl TOYOK MiJKIIFOUCHHS KOJIAa B HHOMY
BUSIBJISIFOTHCS Pi3HI BUAU CUMETPIi.

Jus BuzHaueHHs omopy Mik Toukamu A i C
3aCTOCYEMO METOJI BUKITIOUCHHS JAUISTHOK JIAHITIOTA.

3 cumerpii cxemu (Man. 10) ciuigye, mo 1o
BHUIJICHIM  3€JIEHUM  KOJBOPOM  TIPOBiIHHKAM
WTUMYThH OJTHAKOBI CTPYMH, OTKE, IOTEHITiaI TOYOK
B, O i D O0yayts oxnakoBi. Toai mo mpoBigHHKAM,
IO BHUJIUICHI YEPBOHUM KOJBOPOM, CTPYMH WTH HE
OyayTh, 1 iIX MOXHA BUIAIUTH 3 KOJIA, [Ie HE 3MIHUTh

Horo 3arampHUMiA omip. B pesymbrari cxema
cnpoctutbess  (man. 11), BuIileHI  OJHAKOBO
MPOBIAHUKNA TPHOX TUIOK BHABJIATHCS 3'€THAHUMHU
MOCHIZOBHO, a cami TUIKA 3'€qHaHl  MDK
CO0O0I0 MapaesbHo. ’ )
a e B lc B c

I
A D A D A ] D
Man.9 Man.10 Mau. 11

PosriistHeMo iHINE IMIKIIOYEHHS KOJa, CXEMa
SIKOTO TOKa3zaHa Ha May. 21. Buxopucraemo meton
po3pizaHHs BY3JTIB A BU3HAYCHHS ONOPY MiX
toukamu A i D kona.

Jus uporo By3on O po3giumMo Ha JIBa,
oTpuMaBIIY IpH 1boMy Touku O1 1 Oz 3 0THAKOBUMHU
MOTEHIliaIaMU (piBHUMHI CepeTHHOMY
apuMETHIHOMY TIOTeHIiaiB By3mB A 1 D).
[IponymepyeMo  MpOBIAHMKM  JUISI  3PY4YHOCTI
ommcy (main. 12).

[Micns pospizanas By3nma O mpoBiaHUKKA 5 1 6
BUSIBWIINCS 3 €IHAHMMH IOCTIIOBHO TaK camo, fK i
npoBigHuKK 7 1 8. 3amMiHMBIIM iX NPOBIAHUKAMHU 3

CKBIBAJICHTHUMH  OINOPAaMH, OTPUMAEMO  OiJIbII
npocty cxemy (mai. 13).
3aMiHUMO  Temep  HapalenbHO  3’€AHaHi

MPOBIAHUKN 2 1 56 TPOBITHUKOM 3 €KBIBAJICHTHUM
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omopoM  Ross.  3pobmmo  aHamorivHo 1 3
npoBigHuKamMu 78 1 4: ekBiBaeHTHU# omip Riss
takox gopiBHioe 4 Om. Temep cxema me OinbII

MeTtoa CcKICIOBaHHA BY3JiB € 3BOPOTHIM TIO
BiJTHOIIIEHHIO JIO TMONICPEIHBOTO.
HaBeneni Meroam  mepeTBOPEHHS
peaiizoBaHi y HaBYAJIbHIN
OTIMCaHil HIKYE.
4. HaBuyajbHa cucTeMa /Ui BinoOpakeHHS
Ta  OOYHCIEHHSI  ONOpPY  AUISIHKH
€JIeKTPUYHOI0 KOJIa
[Ipouec po3B’A3yBaHHS 3aJa4 Ha BHU3HAUCHHS
OIOPY €JEKTPUYHOTO KOJIA HAOYHO AEMOHCTPYETHCS
3a JIOIOMOTOI0 TMporpamMHoro 3aco0y «HaBuambHa
cucTeMa JUIsl BiIOOpaKeHHS Ta OOYMCICHHS OIOPY
JUISHKH €JIEeKTPUYHOTO KOJIa», NPU3HAYEHOTO IS
BUKOPHUCTAHHS TiJl Yac BUBYCHHS TeMH «EnekTpuuni
aumia. Enextpuunuii crpym» 3 Kypcy ¢i3ukn

KOHTYpiB
CHUCTEMI,

CepeaHbOl 3arajibHOOCBITHBOT IIKOJIH 3a
JIOTIOMOTOF0 KOMIT FOTepa.

[MporpamMuuii  3aci®  1O3BOJNSIE  MOJENIOBATH
noOyJIoBy  AUISHKH — EIEKTPUYHOrO  Kojia  Ta

JIEMOHCTPYBAaTU 11 IIOKPOKOBE CHPOILUCHHS JJIA
00YHCIIeHHS OTIOPY i€l TUISTHKY.

OyHKI[IOHANBHI XapaKTEPUCTHKH KOMIT IOTEpHOT
HaBYAJIbHOI CUCTEMHU:

— 100y/a0Ba OUISHKU €eKTPUYHOIO KOJIa;
— TIOKPOKOBE CHPOLICHHS MAITSIHKH €JIEKTPUYHOTO

KOJ1a;

—  BijoOpaxkeHHss QopMyn st OOYHCICHHS OMOpY

JISTHKY €JICKTPUYHOTO KOJIa;

[Ticns BuOopy KoMaHIM «3amycTUTH» Y BiKHI
3’SBIA€TbCA ~ TONE JUIL  TOOYyAOBH  AUISTHKH
EJIEKTPUYHOTO KOJIa Ta KHoIKa «Kiemm.

[Ticast po3MillieHHsT KJIEM Ha MoJii Ui Mo0yA0BU
3’SIBIAIOTHCS. 00’€KTH YNPAaBIiHHSA, 33 JIOTIOMOTOO
SKHX CTBOPIOETHbCS 3’€JTHaHHs JiHisMU. Ha miHisx
PO3MIIIYIOTBCSI ~ PE3HCTOPH, SIKI ~ aBTOMATHYHO
HYMEPYIOTbCS IO TTOPAIKY.

Haruckanusim kHOomku «CHPOCTUTH» TOKPOKOBO
CIPOIYEThCS CXeMa JUISIHKH 1 aBTOMaTHYHO
00YHUCITIOETBCS OMTIP KOMIIOHEHTIB (MaiL. 15).
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Man. 15

OcKinbKH B PO3pOOICHOMY MPOrpaMHOMY 3aco0i
MOJICTIOEThCSA ~ TIpOllec, MO0  BHUBYAEThCA — abo
TOCTIKY€EThCS, BiOOpaXaeThCs HAaOYHA HaBYAIbHA
iHpopmaliss y  BHIVIIAI  YHCIOBUX  JaHUX,
aHIMaIlIfHUX MAaNIOHKIB, pPO3po0Ka MoXke OyTH
BUKODHCTaHA B 3araJlbHOOCBITHIX HaBYAIBHUX
3aKiiaiax MpH BUBYCHHI OKPEMHX TE€M MpPOrpamu 3
po3miny  «Enextpuuni  sBumia.  Enekrpuunuit

ctpym» [4].

Jlyis peanizallii CTBOpEHHS MPOTPAMHOTO 3aco0y
OyJ0 BUKOpHCTaHO cepenoruine po3podku NetBeans
IDE 7.2.1 — Ge3koImToOBHE, BITbHO TOIIUPIOBAHE, C
BIIKpUTHM BUX1IHUM KOIIOM IHTeTpoBaHe

CnucoK BUKOPHCTAHUX JIKEpes

1. TomoBko M. B. T'eneza BmpoBamKeHHS
iH(OopMaIitHO-KOMYHIKalliIHHUX TEXHOJOTIH
y (i3WuHii  OCBiTi: BiA KOMII IOTEPHOI
NIATPUMKH ~ HaBYaHHA 10  (OpPMYyBaHHS
KJTFOYOBHX 1 TIPEMETHHX KOMIIETEHTHOCTEH /
M. B. T'onoeko // [nopmarriiini TexHOIOTI 1
3acobu HaBuanus. - 2015. - T. 45, Bum. 1. - C.
1-11. - Pexxum noctymy: http://nbuv.gov.ua/
UJRN/ITZN_2015 45 1 3

2. Oco0aHMBOCTI BUKOPUCTAHHS KOMIT IOTEPHO-
OpI€HTOBaHUX 3aco0iB HaBYaHHS
[EnextponHuii pecypc]. — Pexum noctymy:
khustlicey.ucoz.ua/atestaciy/
Telishko_S_l/ayto_ref/3.doc

3. bonmmapoB M. H. Pacuer conporuBnenus

3IEKTPUYECKOU LEIN. [Enextponnnii
pecypcl]. - Pexnm JIOCTYITY:
http://potential.org.ru/pub/Phys/WebHome/E-
13(1).pdf

4, ®izuka. 7-9 xnacu. HaByanmbHa mnporpama.
[Enextponnuii pecypc]. — Pexxum moctymy:
http://mon.gov.ua/content/OcBira/fizika-08-
06-2015.pdf
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cepenoBuie po3podokn momatkie (IDE) ma moBi
mporpamyBaHHs Java.
5. BUCHOBKH Ta MOJQJbIIi
po6oTH

B pesynmpTari mpoBEeOeHHMX OOCHIIKEHb OYI0
PO3TIAHYTO AesiKi (Pi3MyHi eKCIIEPUMEHTH 3 PO3IALTY
«Enextpuuni  suma.  Emexktpudanuit - cTpym»,
moOyIoBaHO MaTeMaTH4HI MOJeNi, a Ha iX OCHOBI
PO3pO0JICHO Ta peaTi30BaHO aNTOPHUTMHU, K JArOTh
3MOTY 3MOZENIOBATH TMpolec MOoOyIOBH IUIAHKH
EJeKTPUYHOTO Koia 1 obumcienHs ii omopy. Ha
OCHOBI MOOYIOBaHMX MAaTeMaTHYHHX  MOJeNel
CTBOPEHO  IporpamMHuii  mpoxaykr «HapdanbHa
cucTeMa JUIsl BimoOpakeHHS Ta OOYHCIEHHS OIOpy
JUJISTHKY €JICKTPUYHOTO KOJIay, SKHH Ja€ MOXKJIUBICTb
HAO0YHO NMPOAEMOHCTPYBATH BHIIEC3TaAaHi IPOLECH.

[lomanpmri  mocHifpkeHHS ~ CHpsIMOBaHI  Ha
NEPEeTBOPEHHSI CTBOPEHOro 3aco0y HaBYaHHS Ha
MOBHOIIHHUKM TIearoriYHui MpOorpaMHUil 3acid 3
BKIIIOYEHHSIM  BCIX HOro  CKJIaJOBHX  YacTHUH
(TeopeTHYHOTO MaTepiany, CHCTEMHU TECTyBaHHS Ta
KOHTPOJTIO TOIIIO).
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Crosta B.A., npodecop V.A.Stoyan, professor
Hanum C.T., acipant S.T. Danysh, PhD candidate
IIpo maTeMaTH4YHE MOJEJIIOBAHHSA About mathematical modeling of three-
PO3B’SI3Ky TPUBHMIPHO] 3a1a4i JMHAMIYHOI dimensional problem solving dynamic
Teopil NPYKHOCTI elasticity

Kuischbkuii HamioHaneHuii  yHisepcurer imeni | Taras Shevchenko National University of Kyiv,
Tapaca IlleBuenka, 03680, M. Kwuis, mp-T. 03680, Kyiv, Glushkova st., 4d,

Axanemika ['mymkoBa 47, e-mail: v_a_stoyan@ukr.net, danysh@i.ua

e-mail: v_a_stoyan@ukr.net, danysh@ji.ua

Poszensadaemovcs 3a0aua nobyoosu noasi OUHAMIYHUX 3MIiWeHb MPUBUMIPHO20 NPYICHOZO Minad 3
008LIbHOI 2e0MeMPIEI 11020 306HIUHBbOI N0gepxHi. OCHOB010 O/l NOCMAHOBKYU 3a0ati € KIACUYHI PIGHAHHS
npocmoposoi meopii npyjicnocmi y gopmi Jlame, 00nosueni epaHuiyHo-OUHAMIYHUMU CHOCMEPEINCCHHAMU 3a
miaom.

Poss’sasox 3a0aui 6ydyemvcsi y 6uensioi cymu mpvbox CKIA008ux, sKi eionosioaroms Oii 06’ €MHO
BUSHAYEHUX, NOYAMKOBUX A SPAHUYHUX 306HIUHLOOUHAMIYHUX 30Vpens. Posenadaromves unaoku, Koau
OUCKDEMHO BU3HAYEHT 3068HIUHbOOUHAMIUHI CNOCMEPEdICEHHs 3d NOYAMKOB0-KPAUOBUM CMAHOM Mina
MOOENIOI0MbCSL CUCTHEMOTO OUCKPETNHO MA HENEPEPEHO BUSHAYUCHUX MOOeT0I0UUX QyHKYyil. /[na Henepepanux
cnocmepesicetb CUcmema MOOemoUUX PYHKYITL 00MeHCYEMbCA iX OUCKPEMHUM GU3HAYEHHSM.

3Haxo0oicents 66e0eHUX MAKUM YUHOM MOOERYUX QYHKYIU 3600UmMbCsi 00 pPO36 SI3AHHS CUCTHEM
JUHIUHUX ~ aneeOpaiyHux, [HMe2panvbHux [ QYHKYIOHAILHUX pIGHAHL, SKI NCeB0000epmaomvcs  3d
cepedHboKsaopamuyHum Kpumepiem. bByodyiomovcs i 00CniodNcyromvcss HA MOYHICMb [ OOHO3HAYHICMb
MHOJCUHU NCe800PO38 A3KI6 HA36AHUX DIGHAHb, A MUM CAMUM [ MHONICUHU PO36 A3Ki6 3a0ai no noOyoosi
MPUBUMIPHO20 NOJISL OUHAMIYHUX 3MIWEeHb PO32TIA0Y8AH020 MINA.

Kniouosi  cnosa: mamemamuune MoO0eno8anus, HENOBHO CHOCMEPENCYBAHI OUHAMIYHI cucmemu,
nPOCMOPOSI 3a0ayi Meopii NPYICHOCHII.

The task of building a dynamic displacement field of three-dimensional elastic body of arbitrary geometry
of its outer surface. The basis for the formulation of the problem is the classical equation of spatial elasticity
in the form Lame, supplemented maximum dynamic monitoring body. There is no limit to the number of
observations, as well as their quality is not imposed - they must be content with differential-linear
combination of dynamic displacement vector points of the body and its boundary surface.

Solution of the problem is constructed as a sum of three components that meet the specified action space,
initial and boundary external dynamic disturbances. The fate of the space defined dynamic disturbances
defined three-dimensional integrated solution Lame equations with the kernel, which is the transfer function
of the proposed elastic medium and is constructed in the form of a complex Cauchy integral defined area.
Initial and boundary perturbations modeled by external dynamic system of fictitious disturbing factors
identified outside the proposed body and the time interval in which it examines the dynamics.

The cases where discrete external dynamic by monitoring the initial boundary state body modeled system
discretely and continuously defined modeling functions. For continuous observation system modeling
Sfunctions limited to discrete definition.

Finding imposed thereby simulating the functions is reduced to solving systems of linear algebraic,
integral and functional equations for the pseudoinverse criterion. Constructed and investigated the accuracy
and simplicity of set pseudosolutions these equations, and thus the set of solutions of problems on the
construction of three-dimensional dynamic displacement field proposed body.

Keywords: mathematical modeling, incompletely observed dynamical systems, spatial problem of
elasticity

CraTTIO IpeACTaBUB I.T.H., Tpod.['apamenko O.I'.
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Beryn KOOpJAMHATHUX oceit Ox,,0x,,0x,, a
TpuBuMipH1 3amaudl Teopii MPYNKHOCTI s /
MPOCTOPOBO-AUHAMIYHUX  OOJacTeil  TpaguLiiHO f =col(f,, /5, f;) — Bexrop macosix cu.
BBaanucsa ckiaaHuMu. [IpobimeMu BUHHMKANIM SK B 3 Ha3BaHOI'o IIPY>XHOI'O cepeaoBuIa
MaTeMATHYHOMY OIHCI MudepeHIianpHux mpouecis  MOBEpXHE0 [ BUALIMMO mpyKHE TUIO, AMHAMIKY
y Takux oOjacTaX, Tak 1 B MAareMaTHYHO TPOCTOPOBOI  oOmacTi S, SKOro  Oymemo

KOpEKTHOMY (OpPMYIIIOBaHHI T0OYaTKOBO-KPaOBHX
3amad Ta NO0OyaoBI e()EeKTUBHUX aIrOPUTMIB IX
po3B’s3aHs. CTpori MateMaTu4Hi po3B’SI3KH TaKHUX
3a/1a4 OTPUMaHi TUTbKU IS KAHOHIYHHUX o0nacTelt 3
KJIAaCUYHO BHU3HAYEHHMH IOYATKOBO-KPAHOBUMHU
ymoBamH. [IpukiiajHi >k MOCTaHOBKYM 3aJad Ha kajlb
3aJUILAI0THCS BAXKKO JOCTYITHUMU JJIS1 PO3B’SI3aHHSL.

Hwxue, rpyHTYI0YMCh HA KIACHYHO BitoMuX [ 1]
PIBHSHHSIX TPHUBUMIPHOI Teopii mpyKHOCTI y dopmi
Jlsime Ta MeToOMI MAaTEMaTHYHOTO MOJETIOBAHHS
PO3B’SI3KIB HEKOPEKTHO copMyIIbOBaHUX
MOYaTKOBO-KpaOBHX  3afady A HEMOBHO
CIIOCTEPEKYBAaHMX  MPOCTOPOBO  PO3IMOIIIEHUX
JMHAMIYHAX CHCTEM, 3alporoHOBaHii B [2],
CTaBIISTHCS Ta PO3B’SI3YIOTHCS CKIIAJHI 1 MPAKTHYHO
BOXKJIMBI 3amadyi  MOOyJOBM TONSA JAMHAMIYHHUX
3MillIeHb TOYOK TPUBUMIPHOTO MPYXKHOTO Tijga 3
JOBITBHOIO TPAaHMYHOIO ITOBEPXHEIO 3a HAsSBHOCTI
JOBUTLHOI KUTBKOCTI JUCKPETHO Ta HEMEePEPBHO
BHU3HAYEHUX CIOCTEPEKEHb 3a MOYATKOBUM CTaHOM
Tila Ta NOTOYHHMH YMOBaMH 3aBaHTa)XEHOCT1 HOTo
moBepxHi.  OIIHIOETBCS  TOYHICTH  PO3B’SI3aHHSA
cOpMynBOBaHUX 3a/1a4, BU3HAYAIOTHCS 1 YMOBH iX
OJHO3HAYHOCTI.

1. Ilocmanosxa 3a0aui. Posrnsnemo
TPUBHMIpHE MPY)KHE CEPEAOBHILE, AUHAMIKA SKOTO
Ha dvacoBomy iHtepami ft €[0,7] B nexapTosiit

CI/ICTCMi KOOpAUHAT )Cl N xz 5 x3 OIMUCYETHCA
PIBHSHHAM
L0, Ju(s) = f(s) (1)
e
10,)=
(A+2w0, +W(0;, +0;)-p0, (A +wd,0, (A+wo,0,
=| M +wd, 0, (A+2w0, +1(@; +0,)-pd; (A+w?2,0,
(A+w?0,0, (A+wo,0, (A+2w0a, +w(@, +3;)—p0;

— MaTpHYHHYHUN IudepeHuianbHuil omeparop, B
akoMy 8 = (x,1) = (x,X,,%;,t), 0,=(0,,0,)=
=(9,,,9,,0,.,0,) IOXiTHUX

IPOCTOPOBUMU KOOpAUHATAMHU X,,X,,X; Ta HaCOM

BEKTOP 3a

t, p— nurtoMa Bara Tima, A 1 Y — KOHCTaHTH

Jame, u =col(u,,u,,u,) BEKTOp JMHAMIYHUX

3MillleHb TOYKH X = (X, X,,X;) B HaIpPAMKY

66

JOCIiIKyBaTH Ha yacoBomy inTepsani [0,7'].

ByaemMo BHXOAMTH 3 TOro, IO 3a TiIOM B
MomeHT yacy t =0 Ta ioro moBepxueto [ mpu
t €[0,7] maroTh Miclie HACTYIHI CIIOCTEPEKCHHS:

=U(x) (x<S;r=LR).2)

L(@)u(s)=UN(s) (scTx[0,T;p=1R).(3)
abo L
Lo(a Yu(s)|i=o = Uf, (r=LR,; ) 4)
X=X ESO
L@ s 0ry=Us (P=LR:1=1L),(5)

re L)@,) (r=LR,),

JIHIAHL

Lg @) (p=LR,)

IudepeHnianbHi OTepaTopH,

U'(x) (r=LR,), UpF(S) (p=1,R,.) — 3anani
O (r=LRy; I=11L),

(byHKIIIi, a

U, (p=LR,

; 1=1,L,) — ix 3Ha4eHHs B TOYKax
(x),0),1a (s]) Bimmosimo.

[ToGymyemo BekTOp-pyHKIi0 u(S) 3MilIeHb
TOYOK Tija, sika Oynma O pos3s’sskom (1) 1 3a
CepeIHbOKBAIPATUIHIUM KPUTEPIEM Y3rOMKyBajacs
31 cnoctepexenHsamMu (2), (3) ta (4), (5) He3aneKHO
Bl KiTBKOCTI Ta fKOCTi ocraHHiX. [Ipu npoMy
OyJIeMO BHXOJUTH 3 IHTETPATBHOTO CKBIBAJICHTY
cucTeMH piBHSHB (1), IKuil mogaMo y BUTIIAIL

u(s) = j G(s—s)f(s")ds', (6)

ac

G(s—s") = 9)D(p.q,s - ' )dpdq, ()

(2 0" -
[ — ysIBHA OIMHHILIA, P = (pl,pz,p3), a
D(p,q,s —s') =diag(e’* " [ =1L).
2. Mamemamuune Mmo0en106anHA OUHAMIKU
HEenepepeHo CROCHMEPEIHCYBAHO20 NPYIHCHO20 mina.
Posrnsemo 3amauy (1) (3). 3 BpaxyBaHHSIM
nepenaTouHux BractusocTeil Qynkuii  G(s —s')
PO3B’S30K 33/1a4i MOAaMO Y BUTIISIL
u(s)=u,(s)+u,(s)+u.(s), (8)

ac
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u,(s)= jdx'jt G(s—s") f(s"dt',

()= G5 =52) foms 9)

m=1

up(s) = Y G(s =0 fr

m=1

a me (mzl’MO) Ta anz (m :17MF) -

3HaYCHHS HEBIAOMHUX  MOZCTIOIYMX  (PyHKIIN
f,(s) (s€8°=58,x(-0,0]) Ta
fi(s) (seS"=(R’\S,)x[0,T]) B Touxax

so (m=1,M))tas. (m=1,M.).

m

Ockinbku npeacrasieHss (8), (9) piBasuHIO (1)
3aJJ0BOJIbHSIE TOYHO 2] 3a JFOOMX

fo, (m=LM)) ta f, (m=1,M.), To mns
3HAXODKEHHS BEKTOPIiB

fo=col(f,,, m=1,M,),
fr=col(f,, m=1LM_)

criBBigHOMeHH (8), (9) miactaBumo B (2), (3).
B pesynpTraTi 1BOro OTPUMAEMO HACTYIHY
cucreMy (pyHKIiOHAIbHUX PiBHSHB!

A(s)f =U(s)

ne f=col(f, f7).
A(S):((An(x) (xeSy) (A4,(0) (xeS,)) j
(Ay(9) (seIX[0,T]) (Ay(s) (selx[0,T7))

(10)

U(S):[(Uo(x) (x €5,)) J
(Up(s) (seI'x[0,T]))
4,(x) = col(st(L)(0)Gls —s,)|_ - m=1,M,),r=LR,),
A, (x) = col(str(12(8,)G(s —s™)| ,m=1,M_),r=1,R)),
A, (s) = col(str(L(0,)G(s —s0),m=1,M,),p=LR,),
Ay (s) =col(str(Ly(0,)G(s—sh),m=1,M,),p=LR,),
U,(x)= col(Uf(x), r=LR,)),
U.(s) = col(Upr(s), p=LR,).

Posp’s3koM  (a00  cepeIHbOKBaApaTHUYHHM
HaOMWKEeHHsAM J10 Hboro) cuctemu (10) Oyayts [2]
BEKTOPH

Jo=(011,0)4, +v, —(0,1,0,,) P,
Jr =(051,00) A4, + v = (0,0 Py,

t=0

(11)
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ne 3a noBinbHUX M - Ta M. -BUMIPHUX BEKTOpIB V)
1V
v =col(v,, V),
(0,15 =P,
P= j A" () A(s)ds,
(®)
4, = j AT (5)U(s)ds,
(*)

a 3HAaKOM () TMO3HAYEHO IHTErpyBaHHS MO 00JacTi
BHU3HAYEHHS apTyMEHTY MiJiHTErpanbHoi GYHKIII.
Po3B’s30k (11) O6yne omHo3Haunum v =0,
skio  det P> 0. TouHICTIO MCEBIOOOCPHEHHS
cucremu (10) Oyme Bu3HA4YaTHUCS 1 TOYHICTH
PO3B’si3aHHs PO3TIAAYBaHOI 3a/1a4i, a caMe

Ry
& = [IL@)us)],o ~U ) [ dx +

r=1 S,

[ IL@ ) ~UL () [P ds =

p=1 rx0,7]

= [14s)f-U(s)|P ds =
(*)

T T 2
= j 1UT (s)U(s)ds — ALP* 4, |-
O]

3. Mamemamuune Mmo0en106anna OUHAMIKU
OUCKDEMHO CHOCHEPENHCYBAH020 RPYIHCHO20 MINa.
Hamo posp’sizok 3amadi (1), (4), (5). Buznauaroun
BEKTOP-QYHKII0 #(S) 3MIllleHb TOYOK MPYKHOTO
Tina criBBigHOmeHHsIME (8), (9) s 3HAXOHKEHHS
MOJIEIIIOI0YOr0 BeKTOpa f , K i BHUILE, OTPUMAEMO
cHcTeMYy JIiHIMHUX anreOpaidHuX piBHSIHD

Af=U,
B SIKUX [IPH BU3HAYEHOMY BHIIE BEKTOpi f ,

A= (col(strd,, j=1,2),i=12),
4, = col((str(L(8,)G(s ~s,))

(12)

1=0 )m:LMo)al:laLo))r:E)a

X=X

Ay =col((str(L)(0)G(s —sh)|o sm=1M,),1=LL,),r=1R,),

A4, =l(sL0)Gs )] _, m=LM).I=LL)p=LR),
A, =col(str(L(0,)G(s =5, -m=1M,).1=LL).p=LR,).
U=col(U,,U,),
U, =col(UY, 1=1,L,), r=LR)),
Uy =col(UY, 1=1L), p=LR,).

Po3B’A3KOM OCTAaHHBOI TAKUM, IIIO
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npu

| A7 =U [P~ min.
OyLyTh BEKTOpH '
fo=(A", ALYPT(U — Av) +v,,
fr = (AL, AL)P (U — Av) +v,
3a poBinbHUX 3M - Ta 3M - BUMIpHUX BEKTODIB

Ta V

Jak)
detA"4>0,
LbOMY

Vo TOTOXHO P IBHHX HYJO, SAKIIO

VZCOI(VO,VF)a P:AAT HpI/I

R, I
& =2 Y0 Uyl +

r=0 /=0
Rr
2
p=0

I

;IILi(ﬁx)u oy ~Un P =
=|Af-U|f=U"U-U"PPU.

3amaua (1), (4), (5) moxe OyTH YyCHIIIHO

po3B’s3aHa 1 Yy BWIAAKy, KOTU JUCKPETHI
cnoctepeskeHHs (4), (5) MOAETIOITLCA (YHKITISIMU

fo(s) ta f.(s), Bu3HaueHHMMH HemepepBHO. B
LIbOMY BHIAJKY CKIamoBi u,(s) Ta u,(S) BekTop-

¢yukuii #(s) momamo CHiBBiIHONICHHSIMH
uy(s) = [ G(s =) f,(s))ds’,
SO

(13)
uq(s) = .[G(s —s") fr(s")ds'.

[Micns  miacranoBku  (8), (13) B (4), (5)
OTPUMAEMO PO3B’SI3yI0YY CHCTEMY pIBHSHb JUIS

3HAXO[DKCHHS MOJCMIOIYNX QyHKIiH f,(s) Ta

f+(s). Bona Gyne HacTynHOO:

j A(s) f(s)ds =U, (14)
(®)

AC 3a BU3HAUCHOI'O BUIIIC BCKTOpa U

A(S):[Mn(s) (€80 (Au(s) (seSF))}
(4,(5) (5€87)  (Au() (s€5T)

fo(mj

Sr(s)
CnucoK BUKOPUCTAHMX JIZKEpe

1. Jlypve A. M. IlpocTpaHCTBEHHBIE 3aJja4d TEOPUHU
ynpyroctu. — M.: TOCTEXU3JIAT, 1955. —492 c.
2. Cmosan B. A. MaremaTtiuuHe MOJCITIOBaHHSI
MHIHHAX, KBa3UIIHIHHMX 1 HEMIHIMHUX TUHAMIYHHAX
cucteM. — Kwuis.: BIIL «KuiBchkuii yHiBepcHUTET»,
2011.-320c.

1) =[

68

A,(5) = col(L(0)G(s =50 , 1=1,Ly), 7=

x=x

LR,)>

A, () =collL(0)G(s—s)| ., I=1L), p=LR)
(s'eS’npui=1;seS npni=2).
Po3B’s3kom (14) Takum, oo
| [ AC)()ds ~U | min.
*) 7

_J°
s=5;

oyne
So(8) = (A4(9), 4, (NP U~ 4) +v,(s),
S (8) = (45(5), Ay () P* (U = 4,)) + v (),
npu v(s) = col(vy(s), v(s)),
P= j A(s) A" (5)ds
(*)

4 = j A(s)v(s)ds
(®)

mo 1 po3B’s3ye 3ajadyy 3 BU3HAUCHOI BWIIC
. 2
TOYHICTIO £ .
Bucnosok
Po3p’s3ana  ckjiagHa MaTeMaTH4Ha  3ajada

MoOYZOBH MOl IPOCTOPOBHUX AMHAMIYHUX 3MILLICHD
TOYOK TPUBHUMIPHOI'O TPYKHOTO Tija 3 JOBUIBHOIO
TeOMETPi€I0 HOro rpaHNYHOI OBEPXHI 32 TOCTYITHOI
IVl CIIOCTEPEKEHb AMCKPETHO a0 HemepepBHO
BH3HA4YEHOI iH(opMawii Mpo MOYaTKOBUH CTaH Tina
Ta MOTOYHMHA CTaH WOro TPaHUYHOI MOBEPXHi.
3Haiizeni B poOOTI  KOMIIOHEHTH  BEKTOpa
OUHAMIYHAX ~ 3MilleHb ~ TOYOK  Tila  TOYHO
3aJIOBOJIBHSIOTh KJIACHYHO BiIOMHM PIBHSHHSIM
Jlaime 1 3a cepenHbOKBAIPATHYHUM KPHUTEPiEM
Y3TOKYIOThCA 3 HasBHUMH I0YaTKOBO-KpAaHOBUMHU
CIIOCTEPEKECHHSIMH 32 TUIOM. 3a7ada QOpMYIIOETHCS
1 pO3B’SA3YETHCS 3 MAaKCUMAJIBHOIO HAaINpaBJICHICTIO
HAa TPAaKTUYHE BUKOPHCTAaHHA, WIO OCOOIUBO
BaXJIMBO JUI TaKUX MAaTEMAaTUYHO CKIAIHUX 3373
MIPOCTOPOBOI TEOPii MPYKHOCT.
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llana poboma npuceauena po3pobdyi npocpammozo 3abezneuenHs 0aa auanizy 2.5D
300padicens 3podnenux 3a oonomozor kamepu Kinect 6i0 kopnopayii Microsoft. 3anpononosano
aneopumm, Ha OcHo8i diazpamu Boponozco, ons po3niznasanns ma no6y0oeu KOHmypie 00H020, abo
Oinbute 006’ €kmie AKI 3HAXOOAMbCS HA NeBHIll 8BI0CMAHI 8I0 Kamepu He3AanexCcHo 6i0 ix ¢opmu ma
muny. 3pooieno 0emanbHull 021510 CYUACHUX Memoodie noOy0osu Kowmypy 00’ ekma Ha 300paicenHi
ma nPoeeoeHo NOPIGHANbHUL AHANI3 NPAKMUYHO20 3ACMOCYBAHHS YUX MEmMOo0i6 3 3anponoHO8aAHUM
aneopummom. OOSPYHMOBAHO — ACUMNMOMUYHY — CKAAOHICMb  3ANPONOHOBAHO20  ANICOPUMMY.
Onucano npakmuuny peanizayiio 3anponoHO8aAHO020 ANCOPUMMY MA CMPYKMYPY OAHUX HeOOXiOHY
ona  onmumizayii. Ilpugedeni 300padcenus 3 pesyibmamamu NPAKMUYHOZO 3ACMOCYBAHHSA
3anponoHOBAHO20 ANOPUMMY OJisL ONUCAHOL 3a0aUi.

Knrouosi cnosa: xomn’tomepuiii 3ip, po3nizHasauHs 00 €Kmis,
diacpama Boponozco

nobyooea KoHmMYypis,

This work is devoted to developing software for the analysis of 2.5D images taken by the camera
Kinect from Microsoft. The proposed algorithm is intended for segmentation of different types of
objects on the RGB-D image. An algorithm based on Voronoi diagram for recognition and building
outlines of one or more objects located at a certain distance from the camera, regardless of their
shape and type. Make a detailed review of current methods of constructing contour of the object in
the image and a comparative analysis of the practical application of these methods, the proposed
algorithm. Asymptotic complexity of the algorithm is proved. Describe a detailed comparison of the
proposed algorithm with Brute-force based algorithm. Fortune's algorithm is examined, an
O(nlog(n)) algorithm for generating a Voronoi diagram from a set of points in a plane. Describe
the practical implementation of the proposed algorithm and data structure necessary for
optimization. Image shown the results of practical application of the proposed algorithm described
problem.

Key Words: computer vision, object recognition, building outlines, Voronoi diagram
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1. Berym. [iif  TemaTuii y  TEXHIYHIA  JiTeparypi

CporomHi Bce OUIBIIOT MOMYJISPHOCTI B
rajy3i IITY4YHOTO I1HTEJIEKTY HaOyBa€ TaKWid
HaIpsIMOK SIK, KOMIT IOTEPHIH 3ip.
Komm'torepauit 3ip abo komm'toTepHe OadeHHS
— Teopisl Ta TEXHOJIOTisl CTBOPEHHS MAIlUH, SIKi
MOXYTh TPOBOJUTH BHSIBIICHHS, CTEXKCHHS Ta
Kiacudikariro 00'eKTiB. Sk HayKoBa
JMCLUIUTIHA, KOMITTOTEPHUH 3ip HaJIEKUTH JI0
TeOpii Ta TEXHOJOTii CTBOPEHHS INITYYHUX
CHUCTEM, SIKI OTPUMYIOTH 1H(POpPMAIIIIO Y BUTIISAII
300pakeHb.  Binmeomani  MOXyTb  OyTH
MIpeJICTaBJICH] y BUIJISAL 0aratbox (Gopm, Takux
SK BIJICONOCIIJOBHICTD, 300paKCHHSI 3 PI3HUX
kamep a00  TPUBUMIPDHUMH  JIAaHUMH 3
MEIUYHOTO CKaHepa.

Icuyroui Teopii Ta Mojeni JI03BOJSIOTH
CTBOPIOBATHU aBTOMAaTH30BaHI CHCTEMU
KOMII FOTEPHOTO 30DY.

[TpukamaMu TaKUX CUCTEM MOXYTh OYTH:

1. Cucremu KepyBaHHS  IpoOllECaMU
(mpomMuciioBi poOOTH, aBTOHOMHI TPaHCIOPTHI
3acobn) ) [5];

2. Cucremu BimeocnocTepexenns [5];

3. Cucremn opranizamii  iHpopmarii
(mampuknax, Ans  iHAekcamii  06a3  JaHuX
300paxkens) [1];

4. CucreMH MOJENMIOBaHHS 00'€KTiB abo
OTOYYIOYOr0 CepeloBUIla (aHAI3 METUYHUX
300pakeHsp, Tornorpadidne mozentoBanHs) [3];

5. Cucremn B3aemomii  (Hampukiam,
OpUCTPOi BBENEHHS IS CHCTEM JIIOJUHO-
MamrHHOT B3aemoii) [3].

OpHI€I0 3 TONOBHUX LiJ€H KOMII'FOTEPHOTO
30py Ipu 00poOIIl 300pakeHb € THTepHpeTais
BMICTY Ha 300pakeHHi. [[ng 1poro HEoOXimHO
SAKICHO  BIIOKpeMHTH (oH BiJ  00'eKTIB.
CermeHnraitist po3isise 300paKeHHs Ha CKIIaJ0BI
gyacTUHU ab0o o00'ektTu. Bona Bigokpemiroe
o0'ekt Bix (oHy, MO0 MOXKHA OYJIO JErKo
00pobusiTu 300pakeHHs 1 11eHTU(IKyBaTH Horo
BMicT. B 1aHoMy BUMNaAKy BUIITICHHS KOHTYPIB
Ha 300pakeHHl € (QyHIaMEeHTaJbHUM 3aco00M
TS SIKICHOT CerMeHTanii  300pa’keHHS.
BuninenHs koHTypiB 00'eKTiB Ha 300pakeHHI B
3Ha4YHI{ Mipl 3MEHIIYIOTh KUIBKICTh JaHUX, SKI
HEO0OX1THO 00poOuTH, 1 B TOM ke "ac 30epirae
BaXIUBY 1HQoOpMamito 1mpo 00'ekTH Ha
300pakeHHl, iXx (opMy, po3Mip Ta KUIBKICTb.

70

MPUCBAYCHO BEIMKY KUIBKiCTH poliT [2,6,8], 1
30KpeMa, HaBEJCHO 1 OMUCAHO BEJIUKY KUIbKICTb
aJITOPUTMIB BUJIUICHHS KOHTYpIB [4,7,9-10].

B pobGori PobGeprca [9] mnpomonyeTbes
METOJl BHJIIJICHHS KOHTYpIB, SIKUA BHKOHYE
MPOCTi 1 MIBUIKI OOYUCIICHHS HA 300pa)KeHHI Y
JBOBUMIPHOMY BUIIAJKY. Llei METOI
MiJIKpectoe  00J1acTi  BHCOKOi  MPOCTOPOBOT
9acTOTH, SKi YacTO BIANOBiNalOTH KpasMm. Ha
BX1J] oOmepaTopa IIOJA€ThCS HAIMIBTOHOBAHE
300pakeHHS. 3HAYEHHS MIKCENTIB BHXITHOTO
300pakeHHSI B KOXKHIN TOUIll mependaydae siKych
BEIMYMHY MPOCTOPOBOTO TPATIEHTA BXIJIHOTO
300pa)keHHS B II1{ e TOYII].

VY wmeroni BusiBieHHst KoHTYpiB Cobens [7]
BUKOPUCTOBYETHCS HAOJIMKEHHS JI0 IMOXIJIHOI,
[0 JTO3BOJISIE BHSIBJIITH Kpaid B THX MICISX, /€
rpaaieHT HavBummi. JlaHuii croci® BHSBISE
KUTBKICTh TPaJi€HTIB Ha 300pa)XXeHHi, THM
caMMM  BUAUIAIOYM  00JIacTi 3  BHCOKOIO
MIPOCTOPOBOKD YaCTOTOIO, SIKi BiJMOBIIAIOTH
KOHTypamM. B 1inmomy 1e mOpuUBOIUTH [0
3HAXOJDKEHHS  IependauyBaHOI  aOCOIIOTHOI
BEJTMYMHU TPaJi€HTa B KOXHIM TOYIl BXiTHOTO
300paxkeHHs. JlaHui omepaTop CKJIAJa€eThCs 3
JBOX MaTpHib, po3mipoMm 3 Ha 3. Jlpyra
MaTpULIsl BIAPI3HAETHCS Bl NEPIIOT TUIBKU THM,
1110 moBepHyTa Ha 90 rpanycis.

Meton IlpeBitra [7/] ayxke CcXOoxuil Ha
Meton PoOeprca, mpoTe BUSABIEHHS KOHTYpIB

TaHUM METOIAOM OOYMCIIOETHCS  Hadararto
npocrime, Hik  Merogom  Cobens,  ane
MPU3BOAUTE 70 OUIBIIOI  3alIyMJIEHHOCTH
pe3yNbTyI04Oro  300pakeHHS.  BusBneHHs

KOHTYPIB JIaHUMH OIIEPaTOPOM 3aIPOTIOHOBAHO
B 1970 poui. IIpaBuibHUM HampsSIMKOM Yy
JAHOMY aJTOpUTMi OyJia OIllIHKa BETMYMHH 1
opieHTaniss KoHTypy. HaBiTh mpu TOMYy, IIO
BUJIIJICHHSI KOHTYPIB € JOCUTh TPYJOMICTKHUM
3aBJaHHAM, TaKUH MiOXIA Ja€ JOCHTHh HEIoraHi
pesynbratu. JlaHuii anroputM Oa3yeThcs Ha
BUKOPHUCTaHHI Macok po3Mmipom 3 Ha 3, sKi
BpPaxoOBYIOTh 8 MOJMJIMBHX HAaINPSIMKIB, aje
IpsiMi HAIIPSIMKK TAIOTh HaWKpallli pe3yibTaTH.
Bci Macku 3ropTkH po3paxoBaHi.

Y 1971 poui Kipmem OyB po3pobieHiit
METOJ BHSIBICHHS KOHTYpiB [4]. Anroputm
3aCHOBAaHUN Ha BHUKOPUCTAaHHI BCHOTO OAHIET
MackH, sIKy 00epTaroThb IO BOCBMM T'OJIOBHHUX
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HampsiIMKax: TiBHIY, MIBHIYHMHA 3axijd, 3axif,
MIBIEHHUA 3axix, MIBAEHb, MIBACHHUHA CXII,
cxig 1 mBHIYHUK cxin. Benuuumna KoHTYpy
BU3HAYCHAa SK  MaKCHUMaJbHE  3HAYEHHS,
3HaiiieHe 3a JomoMoror wmacku. IlesHoro
MAacKOI0  HAalpsIMOK  BHJA€  MaKCUMAJIbHY
BEJIMYHHY.

Meron PobGincona [10], po3poOnenuii B
1977, noni6uuii 1o meroxy Kipima, ane € 6iabI
OPOCTUM B peaji3aiii B CHJIy BHUKOPHCTaHHS
koedimienTiB 0, 1 1 2. Macku naHoro omneparopa
CUMETPUYHI  BIJHOCHO  IEHTPaJbHOI  OCI,
3allOBHEHOT HyJsIMHU. JlocTaTHBO —OTpHUMATH
pe3yapTaT Bix OOpPOOKM MEpHIMX YOTHPHOX
MacoK, IHIII JX MOXXHa OTpUMATH, Yepe3
iHBepTalio nepmux. MakcumanbHe 3HAYCHHS,
OTpHMaHE IICJIsI 3aCTOCYBAaHHS BCIX YOTHPHOX
MAacCOK JI0 MIKCeJIs 1 HOro OTOUEHHIO BBAKAETHCS
BEJIMYMHOIO TPAIi€HTA, a KYT IPajJieHTa MOYKHA
aNpOKCHMYBATH K KyT JIiHIM HYIIB B MacIli, sKi
JaF0Th MAKCUMAJIbHUH BiJII'YK.

[TpoBiBmIM  aHami3 ICHYFOYHX METOMIB
noOyJOBH KOHTYpY OYyJ0 BHM3HAYCHO, IO
oreparopu PoGeprca, Cobens i Ilpesitra [7]
Jar0Th ayxe pi3Hi pezynbraTtu. Kipm i Po6iHcoH
[4, 10] orpumanu npUOIM3HO  OJHAKOBI
pe3ynbTaTd, TMpoTe OTpPUMaHi pe3ylbTaTh
anroputMy PoGiHCOHA B1A3HAYAIOTHCS OLIBIIOO
TOYHICTIO CerMeHTalii. Yci 3a3HadeHi MeToau
I'PYHTYIOTbCSI Ha OJHIH 3 6a30BUX BJIACTUBOCTEN

CUTHAJy SICKpPAaBOCTI - PO3pUBHOCTI  abo
BUKOPHUCTAHHI MACOK, y 3B'SI3Ky 3 YUM BOHH HE B
NOBHIM  Mipi  3aJ0BOJIBHAIOTH  Oa)kaHMA

pe3ysbTaT, a/pKe aJrOPUTMH HAJAIITOBaHI Ha
MOIIYK KOHTYpiB a0CONIOTHO BCiX 00'€KTiB, SIKi
€ Ha 300pakeHHI.

2. OcHOBHA YacTHHA.

IMocranoBka 3agaui. Jlng 300pakeHHs,
oJiepxkaHoro 3a jgomomoror 2.5D xkamepw,
BUKOHAaTH  CErMEHTAllll0 MOro  €eJIeMEHTIB
(BUIUIMTH KOHTYpU OO €KTIB 300paskeHHS)
BUKOPHUCTOBYIOYH CTPYKTYPHI METO/IH.

2.1 Metoa po3B’si3aHHs 3a1a4i.

Jns  po3B’si3aHHA  IOCTaBJICHOT  3amadi
HaWOIIBI MIAXOMSAIIMM IIAXOAOM, Ha Hally
IYMKY, € BAKOPUCTaHHS JliarpaMu BopoHoro.
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Ha BXim maHOTO aNropuTMy IONAETHCS
300paxkeHHss y ¢opmari 2.5D 3pobnene
creriaapHo0 Kameporo Kinect Big Microsoft.
Mu maemo aBa 300pa)XeHHS, OJHE KOJIHOPOBE
inme yopHooOine (Puc. 1).

Puc. 1 Kompopose ta Depth 300paskenns.

ToOGro I8  KOXHOIO  IKCEJIs  Ha
300paxkeHHi mMu Maemo He Tinbku BGR(Blue,
Green, Red) pnaHni, sKki BIONOBIZAIOTH HOTO
KOJhOPY Ha 300pakeHHi, a W 1Ie OJIHY
nonatkoBy BenuunHy Depth, sika BinmoBigae 3a
BIJICTAaHb HA fAKIM 3HAXOMAUTHCS JAHWUU IIKCEIb
BimHOCHO Kamepu. BGR 3a3Buuail 3amaeTbces
Tpilikoto ymcen Bim 0 mo 255, ymm Oinbie
KOXXHE 3HAa4YeHHS THUM OUIblIa TPUCYTHICTH
BIJIITOBIHOTO KOJIBOPY Y 300pa’keHH1 MIKCEsl.

2.2 JleTaJIbHUI ONIUC AJTOPUTMY.
1. Ha nmepmomy etami poOOTH anroputMmy
MH CTBOPIOEMO TPH TOPOKHI MHOKUHH
toyok Diagram, Object Ta Context.

JloBUIBHO 00MpaEMO MEBHY KUIBKICTh
TOYOK Ha 300pakeHHI, KOXXHY 3 HHUX
J0JJa€EMO 10 MHOXKMHHU Diagram, sika €
CHIJIBHOI0 MHOHHOIO JII 000X BHIIB
to4ok (Puc. 2, a).

Jis KOXHOi 3 TOYOK THepeBipseMo i
BIJIHOCHE  pO3TallyBaHHS,  IHIIUMHU
CIIOBaMHU 4YM MOTpaIUIs€ JlaHAa TOYKa B
NOTpiIOHMIT HamM  mpoMikoK.  SIKio
MOTpAIUISIE TO JOJAEMO II0 TOYKY [0
MHOXUHU Object, KO HI TO JT0Aa€EMO
no mHoxunau Context (Puc. 2, 0).

[Ticns Toro sk Mu oOpanu HEoOXiIHY
KUTBKICTh TOYOK, OyayemMo MO JaHiid
MHOXHHI TOYOK miarpamy Boponoro —
Diagram (Puc. 2, B).
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Puc. 2 a)Diagram; 6)Object; B)Context.

3aBepInaryoro YaCTHOIO poboTH
QITOPUTMY € TPOXOJDKEHHS TIO0 BCIM
pebpam niarpamu Boponoro, mig uac
SKOTO MH TIEPEBIPIEMO JI0  SIKUX
MHOXHH HaJIeKaTh TOYKH, KIITHHUA
SKUX PpO3IUIIE KOXHE pedpo. Skmio
TOYKH HAJICKATh JI0 PI3HUX IIJIMHOKHUH,
OJIHA TOYKA HAICKHUTh 10 MHOXHHH
Object a inma g0 mHoxkuHu Context, TO
MH JIOJIA€EMO JIaHe pedpo 0 KOHTYpYy
o0'exta (Puc. 3).

Puc. 3 Pesynprar podotu anroputmy Ha 2250
TOYKaX.

Takox, BapTO 3a3HAYMTH, 110 YUM OijblIa
KUIBKICTH ~ TOYOK THM  OLIbIIa  TOYHICTh
no0ynoBu rpanutli Koutypy (Puc. 4, Puc. 5).

Puc. 4 Pesynbrar podotu anroputmy Ha 20000
TOYKAaX.
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Puc. 5 Pesynprar pobotu anroputMmy Ha

130000 Toukax.
3. OOrpyHTyBaHHs CKJIQJHOCTI
aJropurmy.
Teopema 1. 3anauy cerMeHTarii

300paXkeHHs, OJIepPKaHOTo 3a jJonomororo 2.5D
KaMepH, MokHa BHKOHaTH 3a uac O(n log n)
BHKOpHUCTOBYIO4H [liarpamy Bopororo.

Hoeseoenns. OckinbkH 3a OCHOBY
3aIPOIIOHOBAHOTO  AITOPUTMY  B3ATO  caMme
miarpamy  Boponoro, TO  acumMmTOTHYHA

CKJIQJIHICTh POOOTH &ITOPUTMY Ha TPSIMY
3aNIeXHUTh BiJI CKJIQJHOCTI MOOYAOBU Alarpamu,
a TOYHINIC BiJ KUIBKOCTI TOYOK B3SITHX 32
OCHOBY Ta KIJTBKOCTI pebep OTpUMaHHX IiCIs
MoOyIOBY Jiarpamu.

Ouninka kiibkocTi pebfep 1 BepIIMH.
JUia n >= 3 KUIbKICTh BEpIIMH Yy Jiarpami
BopoHoro 3 n TO4OK Ha TUIOMIMHI CTAHOBUTH HE
OubIIe HIXK 2n - 5 1 KUIBKICTh pedep He Oiblie
HiX 3n - 6.

Anroputm  ®opuyHa —  aNrOpPUTM
3aCHOBAaHMH Ha 3aCTOCYBaHHI  3aMiTarouoi
npsimMoi. 3aMiTaroua mpsMa — 1€ JOMOMIXKHUI

00'eKT, 110 SBJIsSIE COOOI0 BEPTHKAIBHY NPSAMY
niHio. Ha Ko)kHOMY KpOIll aJirOpUTMy Jiiarpama
Boponoro mnoOynoBaHa i MHOXHHH, IO
CKJIQJIAEThCSL 3 3aMiTar04oi MPsIMOi Ta TOYOK
miBopyd Bin Hei. Ilpm npomy Mexa Mix
obnactio miarpamu Boponoro Ta o6Gmactamu
TOYOK CKJIAJa€TbCs 3  BIAPI3KIB  mapabon
(OCKUIBKM ~ TeOMETpHUYHE  MICHE  TOYOK,
PIBHOBIIaNIEeHUX BiJ 33JaHOT TOYKH Ta MPSMOT
— 1me mapabomna). Ilpsima pyxaeTbcs 3imiBa
HanpaBo. KoxxHui pa3, KoM BOHA MPOXOIUTH
gepe3 YeproBy TOUKY, IISI TOYKA JOJAETHCS IO
BXKe noOymoBaHo1 TUIAHKH Jiarpamu.
JlonaBaHHs  TOYKM [0  JiarpamMd  IpH
BUKOPUCTaHHI JIBIHKOBOIO JiepeBa MOLIYKY Mae
ckiaaaHictb O(log n), Bchoro TOUOK n, a
COPTYBAHHSI TOUOK IO X-KOOPAUHATI MOKE OyTH
BuKoHaHa 3a O(n log n), ToMy oOuYuCIIOBaIbHA
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ckiaaHicTh anroputMmy dopuyHa nopisHoe O(n
log n).

OTxe KiHIeBa OOYMCIIOBaJIbHA CKJIAIHICTH
AITOPUTMY CKJIAJA€Thes 3 BOX 4yacTuH. Ilepra
YacTUHA - 1Ie mo0OyIoBa aiarpamu Boponoro 3a
O(n log n) 3a gonomoroto anropurmy PopuyHa,
7€ N 1€ KUTBKICTh BUIAIKOBO OOpaHUX TOYOK Ha
KapTuHUi. Ta Jgpyra 4YacTHHA AJITOPUTMY, Iie
MPOXIiJI IO BCiX pedpax miarpamu Boponoro st
MEPEBIPKU KOXKHOTO pedpa Ha HAJIEKHICTH 10
KOHTYpY o0’ekta. Ockinbku pebep Oyne He
Oimpiie HiX 3N — 6, TO cymMapHa CKJIAIHICTb
anmroput™y Oyae ckmagata O(n log n) + O(3n -
6) o B cBOMO 4epry 3Boauthes g0 O(n log n).

Ha Puc. 6-7 300paxkenuii rpadik pocTy
O0YHCITIOBANIFHOI CKJIATHOCTI 3aIIPOTIOHOBAHOTO
AITOPUTMY Ta aIroput™my Tpyooi cumu(brute-
force). Jle mo oci OX 300pakeHa KiIbKICTh
MOYaTKOBHU OOPAaHUX BHIIAJKOBUM YHHOM TOYOK,
mo oci OY 300paxeHa 3aranbHa KUIBKICTB
ormepamid. AJNroputM TpyOoi CHIM MOJIATae B
OPOXO/DKEHHI MO0  KO)XKHOMY — TKCEN0  Ha
300pakeHH1 Ta BU3HAUEHHI B SKOMY Jiama3oHi
BiH 3HAXOJIUTKCS, SIKIIO MIKCEIh 3HAXOJAUTHCS Y
noTpiOHOMY Jlama3oHi Ta MeXye 3 Oyab-sKoi
CTOPOHHM 3 TIKCEIeM SKUH JISKHUTh 32 MEXaMu
noTpiOHOro Jiama3oHy TO LeH mikcenb Oyne
4aCTUHOIO KOHTYpY. [Ipu moOynoBi rpadiky 3a
OCHOBY OyJI0 B3TO 300pakeHHs y po3mipi 640
Ha 480 mikceliB, TOXK 3arajibHa CKJIaaHICTL IS
anroputMy rpy6oi cunu 6yzae cknagaru 307200
omepamnii. 3 maHoro Tpadiky BHIHO IO
3aMpONOHOBaHUN JITOPUTM JIOLILTEHO
BUKOPUCTOBYBATH y MOPIBHSIHHI 3 aIrOPUTMOM
rpy0oi cuiIM TpU YMOBI, SKIIO BUIAJAKOBUM
yiHOM Oyze o6pano He Oubiie 40000 TodoK.

b} $ s + + t t
‘ H ‘ i !

Puc. 6 I'padix acuMOTOTHYHOT CKIAIHOCTI
3aIPOIIOHOBAHOTO AJITOPUTMY.
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Puc. 7 I'padik acCHMITOTHYHOI CKJIaJTHOCTI

3aMpoIIOHOBAaHOTO aNTOPUTMY Y MTOPiBHSHHI 3 Brute-
force.

4. BucHOBOK.
B mpencraeneniii po6GOTI 3ampONOHOBAHO
HOBUH MNiAXIJ O pO3Mi3HAaBaHHA Ta MOOYIOBU

KOHTYpy oO'ekta Ha 2.5D 300paxenHi
oTpumaHoro 3a jnonomororo Kinect kamepu. B
OCHOBI  MiAXOAy  JI&KUTh  3aCTOCYBaHHS

HMiarpamu Boponoro Ta cTpykTypa, sfka ii
nigrpumye. Lle no3Bonsie opepkaTH  Kparly
SIKICTD poO3IMi3HaBaHHSA Ta PO3LIKMPUTH
MO>KJIMBOCTI cerMeHTallii 300pakeHHs. Takox y
JMaHld cTarTi Oyso AOCHIIKEHO Ta JETaTbHO

PO3IIISIHYTO HOMYJISpHI aJITOPUTMHU
pO3Mi3HaBaHHSA KOHTYPY 00’ekTa Ha
300paxkeHHi. Ha  ocHOBI  mpoBemeHOro

MOPIBHSUIBHOTO ~ aHaJi3y BHM3HAUY€HO OCHOBHI
NepeBary Ta HeJOMIKH ICHYIOUUX alTOPUTMIB.
CtBopeHa mporpamMHa peajizaiisi JaHOoTro
AIrOpUTMy MNOTYXHOCTSIMM MoBU C/CH++ Ta
610ioTeKH 7151 KOMIT toTepHOTO 30py OpenCV.
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YV 0aniti cmammi po3enanymo npukiao mMooentosaHHs napanebHo -pekypPCUsHo20 npoyecy 0 6 4ucieHHs
MHOICEHHS MAMPULYb 3 0OMEHCEHHAM 3a 00 CA20M ONEPamu6Hoi nam 'ami, KilbKocmi nepeoanux 0 aHux i
00MeAHCEHUMU MONCTUBOCIAMU 0O UUCTeHHA 3a 0onomozoio [TAPKC-C #.

Knwouosi crnosa: [IAPKC, napanenvhie npospamyanHs, 00pooKa mampuypb.

Due to the increase in the number of cores in modern CPUs, the development of high-parallel systems is
becoming more and more interesting. In this article, we will consider an example of modeling parallel-
recursive processes using the PARKS-C # technology. In this article will be implemented parallel-recursive
algorithm for matrix multiplication in terms of PARCS. The PARCS model is based on the conception of a
control space, which is used to describe parallel interacting processes. Structurally, the control space
consists of addressable “points” and ‘“channels”. Executing modules are assigned to points and
communicate through channels connecting points. Recursive embeddings of processes are allowed. An
additional condition is that the computed fragments can only be two-by-two dimensions. Also, you can not
transfer fragments of matrix larger than two-by-two.

The recursive algorithm operates in 2 stages. During the recursion expand phase, divides the matrix to
the desired size. During the recursion feedback the two-by-two matrixes are retrieved and multiplied. Results
that are multiplied - sending back and the necessary elements are summed up.

Key Words: PARCS, parallel computing, matrix processing.

CrarTio npencrasuB wi.-kop. HAHY, n.¢.-M.H., ipod., AnicimoB A.B.

Beryn.  HemomaBHo — kOMmaHii-jmimepy 3 pO3NOAUICHMX OOYHUCICHh Ha 0OaraTomnporiecOpHUX
BupoOHmrrBa CPU (AMD i Intel) mpe3enryBamm (Oaratosgeprnx) cuctemax. OCHOBHI — KOHIICTIIi
HOB1 cepii cBoix mpouecopiB («Ryzen» Bix AMD i IIAPKC, Taki 5K KOHIEMNsI HECKIHYCHHOTO
cepit «i9» Bin Intel). B 000ox Bumajgkax OCHOBHUM TMapajenizmMmy Ta  PEKYPCHBHICTh, TOBHICTIO
TPEHAOM € TIABHUIICHHSI MPOAYKTUBHOCTI 32 PaXYHOK BIIINOBIIAIOTh CYYaCHMM TEHJCHISIM  PO3BUTKY
30UThIIIEHHSI KUTbKOCTI sijiep i MOTOKIB. L TeHneHiiss amapaTHoro 3a0e3medeHHs, a TakKoX BUMOraM
B CBOI 4Yepry CHWIHAIBYE TMPO HEOOXIMHICTh pO3pOOHMKIB 70 TEXHUHMX 3aco0iB  peamizarii
PO3BUTKY  airOpUTMIB  [apayieibHoi ~ OOpOOKH TapajelbHUX aJrOpPUTMIB.
iHpopMmarlii, a TaKoK TEXHOJOTiH TPOrpaMyBaHH [TapanenpHO-peKypCHBHI aIrOpuTMu €(heKTUBHO
napaJielbHuX nporeciB. Sk 0yj0 BKa3aHO B CTATTSIX 3aCTOCOBYIOThbCS B Oe3niui amropurMmiB [4, 5]. Sk
[1,2,3], TEXHOJIOT'iS ITAPKC (mapanenpHi BKazaHO B cTaTTi [6], 3acTocyBaHHA peKypcii B
ACHHXPOHHI ~ PEKYPCHUBHO-KEPOBaHI CHUCTEMH) € JIeSIKUX alropurMax MOXKe MIBHIUMTA  HOro
3py4HMM ~ 3aco0OM  peaii3aifi TapaielibHAX 1 TMPOAYKTHBHICTb.

Omnuc IMAPKC. [TAPKC-TexHomorisi BHKOPHCTOBYETHCS ~ JUII ~ ONMCY  JIOTIMHOI 1
NporpaMyBaHHI  SIBIA€ CO0O0  nesikuii  HaOlp KOMYHIKAIHOI CTpYyKTypu 3anadi  3asasku KII
nmporpaMHMX 3aco0iB mo 3abe3medyrorh mporec [TAPKC-texHomoris mo3Bose:
po3poOKKM 1 peanizamii anropuTMiB - TIApaseBLHOL * MATPUMYBATH CTPYKTYpHE TMapaliesbHe
(posnionineHoi) oOpoOkuM iHpopMmalii Ta Oa3yeThbesi MpOrpaMyBaHHI  HA  OCHOBI  JUHAMIYHOTO 1
Ha  koHnemmii  kepytouoro mpoctopy  (KIT). craTmuHoro mapanieiizmy;

Kepyrounii mpocTip € avHAMUHEM TpadoM, SKHi * OIMC peKypcil 3a JaHUMHU 1 YIIPaBIIHHSIM;
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* HAa JIOTIMHOMY PiBHI B SBHOMY BHIJISIII
OIMCYBATH PO3MONLUT PECYPCIB, CXEMU;

* OynyBatu cucremy Bipryanpaux I[IAPKC-
MalliH, SIKi 3a0€3MeUyI0Th MOKIIMBICTD MapaieabHOl
/TiceBIonapalieIbHOi 00pOOKH iHpOpPMaIIii.

OcHoBanmu Tepminamu [TAPKC e:

* Touxa,

* [Iporpamunii kanan (I1K),

* Anropurmivanii Moayis (AM).

CtpykTypa Kepyrdoro mpocTopy - rpad,
BEPILIHAMH SIKOTO € TOYKH KEPYIOUOro mpocTopy, a
pebpamu - mporpamui kaHanmu. [{o koxkHoi Touku KIT
npuricannii AM, skuii € mporeayporo TTAPKC-
posmpents 6a3oBoro MoBU. Bukonanus AM Moxe
npuBecTH 10 3Miak B cTpykTypi KII (momasanms /
BUIAQJICHHS TOYOK, KaHamiB). AM BHKOHYIOTHCS

nMapajeibHO, OJHAK I1X BHKOHAHHI MOXe OyTH
npmymuaeHo. Touku KII, 3'emHani mporpamuum
KaHaJoM, MOXYyTh OTpHUMYBaTH  Ta MOCWIATH
TIOBI/TOMJICHHSI.

AnropurMidHMII MOIyJab - Le Hporeaypa
[MTAPKC-po3mmpensss 6a30B0i alropuTMidHOI MOBU
nporpamyBanesd  (Hampukian —Java, C#), sxa

3a0e3mneuye piBHI MOMIHMBOCTI [JJIS BIpTyajbHUX
IMTAPKC-manms.

KII cximamaerbcs 3 TOYOK, @ TAKOXK KaHAJIB, SIKI
iX 3'€MHYIOTH. Y KOXHIM TOYLl, HA HACTYIHOMY DiBHI
IEpapXiyHOTO YSIBJICHHS, MOXE PO3BUBATHCS HOBHIA
kepytounii  mpoctip. Ilpm moOymoBi Ta 00poOIi
NPOCTOPY MOKE BHKOPHCTOBYBATHCS PEKypCis IO
crpykrypi KII. Touka KII noBuHHa OJHO3HAYHO
BU3HAYATHCS JedkuM inentrudikaropoM. Kanamm KI1
NpU3HAYCHI JUIA B3aeMonii MK Toukamu. Jlist
KOXXKHOTO ~ aJlfOPUTMYy  ICHye aJeKBaTHa HOMY
crpykrypa KII. Hanpuknan, mis mapaiesbHOTO
aNropuTMy MHOXEHHS MaTpuipb cTpykTypa KII 6yzne
npejcTaBieHa 8-38's13HUM rpadom [7].

ITAPKC-Monens  BH3HauaeThCs  HACTYIHHM
YHHOM
* Buninsirorecss  KiHIEBI Habopu  0a30BHX

QITOPUTMIYHIX MOIYNIB, SIKi ONMCYIOTh IUIAXH
po3mapaleioBaHHsl allTOPUTMIB 3a PIBHAMU PIBHIMH
JeTamizarii,

* BU3HAYAIOTHCS TpaBWIa B3a€MOJI MOIYJISl Ta
MPOCTOPY Ha BCIX PIBHAX JeTai3alli,

* YTOUHSIOTHCS TIOHATTS PEeKypcil 3a JaHuMmu i
peKypcii 1o ympaBIiHHIO I 3a1aHOI aJITOPUTMITHOL
MOBH.

IIportec  dyaxmonyBansst  [TAPKC-monemni
CKJIa/Ia€ThCS 3 CTBOpPCHH, 3HUIICHH,
(YHKITOHYBaHHSI Ta  JIMHAMIYHOI  B3aeMOMil
aNrOPUTMIYHUX MOJYJIIB.

Omc AM  sBiase co0O  PO3MIMPEHHS
BIMMOBITHOI KOHCTpPYKIi 0a30BOi MOBH OreparisMu
ITAPKC.
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Pekypcis Ha piBHI aJITOPUTMIYHOTO MOMIYJIS
NPOSIBIIIETBCSL B TOMY, IO AaKTWBHI Komi AM
MOXYTh TIOPOJUKYBaTH HOBI aKTWBHI Komi AM.
Amapar  CTBOpPEHHsA, 3HUIICHHA, MomubiKarli,
NPUMACKY aKTUBHOI KOMii aJrOPUTMIMHOTO MOJIYJS B
Touku YII, B3aemonii akTUBHMX Koriii AM 103BojIsI€
ONMCYBAaTH PEKypCilo 3a JaHuMH, PEKypcito
YIPABIIHHS Ta iX KOMIIO3HMIIIO.

Po3pobka [MAPKC-monemni nependavae
MOXJIMBICTE aBTOMaTuyHOi mooyxoBu KII, sixuit
BiloOpa’kae JMHAMIYHY CTPYKTYpy 3B'S3KIB B
ITAPKC-mopneni.

IlocTranoBka 3aBAaHHA Ta  peasizauis.
OO0umcutrt  1O0YTOK  KBaJApaTHHX  MAaTpPHIlb

posmiprocti 2¥, ne 1 <N < 32, 3a ymoBH, 1m0
anapaTHAd MOAYJIb MOXe poOUTH OOYHUCIICHHS
TUIbKM 3 MaTpPUIFIMU po3MipHOCTi 2 X 2 1 30epiraTu
B I1aM’SITi He OUTbIIIE YOTUPHOX TAKUX MATPHIIb.

Jlis  BUpIIEHHS 3aBJaHHS 3aCTOCYEMO 1eto
KJIACHYHOTO aJITOPUTMY «PO3AUITH Ta BOJIOIAPIOID.
OckiuTbKM MaTpHIll KBaJpaTHL, a iX PO3MIPHICTH €
CTyNeHeM JIBifiKK - OyaeMo AUMTH MaTpuiro Ha 4
pIBHUX OJIOKH i1 00UHCITIOBATH 32 TAKOIO (POPMYIIOI0:

(511 '5'1:)_ (!111 !"’12)(5’11 Bi:)
Cay Caa) NAzy App/\By By
(—41115’11 + AyaByy Ay Bys +—41:B::)
~ \AgByy + AxpByy ApByp + A58 @

O4eBWIHO, 10 B TAKOMY pa3i KOYKHE MHOKCHHSI
onokis A;;Bup, (roei,j,mk € N) ¢ muOKeHHAM
MaTpullb PO3PATHOCTI B 2 pa3ud MeEHIIE, TOOTO
3aBganEs MHOokeHHs Matpr 2° X 2V 3eneno o
8 MHOXeHb 1 4X CyM MaTpullb pPO3PATHOCTI
28=1 % 281 Cyma marpup, sika BHKOHYETBCS 3a
dopmynoro: €ij = @;;+ bi; tak camo Moxe OyTh
3BElICHA JI0 CYMH MAaTpHIlb MEHIIHMX TOPSJIKIB.
TakuM 4YWHOM MHOKEHHS MATPHIb PO3MIPHOCTI
2% % 2% Moxma 3BecTH 0 Onepariii 3 MaTPUISIMK
po3MipHOCTI 2 X 2.

ITepetinemo 0 ommcy pilieHAs 3aj7adiB TEpPMiHAX
ITAPKC (ITAPKC-monmenp). s BuUpilieHHT Ham
3HA00JIATHCS 2 BUIH aJITOPUTMIYHUX MOJTYJIIB:

1) TlouaTtkoBuii Momynb. Moxayns, skuii Oyme
TOYMHATHU aHANI3 3aBJIaHHS 1 BUKOHYBATH TIOYATKOBE
po3ourts. Kpim 1mporo, BiH Oylae 3ammcyBaTH
Pe3yNILTaTH OOYNCIICHB.

2) PexypcuBHHi Monyib. Monynb, sikuii Oyme
aHalli3yBaTH OTpUMaHuii (parMeHT i, SKIIO BiH
po3mipHocTi 2 X 2, Oyie Horo o04ucmoBaTH. SIKIo
K oTpuMaHuid (pparMeHT OUIBIIOI PO3MIPHOCTI, TO
MOJAYJIL Oy/ie NUTMTHU HOro Ha YaCTHHH 1 Tiepe/1aBaTh
iX must OOYMCIICHHS HOBHM, TMOPOKCHHM TOYKaM 3
GdyHkiioHanoM  pekypcuBHoro  monyis.  [licns
PO30OUTTSI BiH YeKaTUME Pe3yJIbTATH Bill TOPOJKEHUX
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TOYOK, 30HupaTuMe iX 1 mepeaBaTUME B TOYKY, IIO
3HAXONIUTHCS BHILE B iEpApPXil.

3aragbHa CTPYKTypa KEpyKOUOro IpOCTOpy 3
OISy HA TOYKH 1 KaHAJHM IO iX 3'€qHYIOTh, OyAYyTh

2017,1

Bulletin of TarasShevchenko
NationalUniversity of Kyiv
Series Physics & Mathematics

yTBOpIOBaTH 8-MUCTOBE JepeBo. Hampukman, s
Matpumi po3MipHocTi 8 X 8 nepeBo Oyzae BUIISLIATH
HACTYIHAM YUHOM:

[TouaTkoBHit MOAYIb PiBens: 0
PiBens: 1

PexypcuBHuit PexypcuBHuii PexypcuBHuii PexypcuBHuii

Moayib NeO Moxayib Nel Momynb Ne. .. Moxayib Ne7

PiBenn: 2

PexypcuBamMit PexypcuBamit PexkypcrBHuit PexkypcrBamMit

Mo yib NeO Moxayib Nel Monyib Ne. .. Moxyib Ne7

Cxema 1.
Be3nocepeaniii MPUKJIA peanizamii. pesymbraTiB (MeTox SetSubmatrix B Tabmu 1).

PosrmsHemo  getampHO  cxeMy  (DYHKIOHyBaHHS
KEpYI4Oro mpocTopy 1 aJrOpUTMIYHHX MOIYJIB Ha
MPUKIIAJIi MaTpHUIlb po3MipHOCTi 8 X 8.

Peanizamjss BuMarae cCTBOpEHHS OKpeMOro BeO-
CEpBICY, SIKUH HAJAa€ OCTYI N0 MATPHIlh, OCKUIBKH
nepen0avaeTscs, M0 MAaTpHIl He MOXYTh OyTH
TIOBHICTIO PO3MIIIIEHI B OMNEpaTHBHI MaM'saTi Ta
TOTCHINAHO 3HAXOAWTHUCS HAa IHIIOMY TPHUCTPOIL
Beb-cepBic Mae 0a3oBuii (PyHKINOHAT JJISI HAJIAHHS

JOCTYITy 1O MaTPHIIb:

CreateMatrix | CTBOpPEeHHS MaTpHIll 3a3HAYEHOTO
PpO3Mipy 1 3 3a1aHUM IM'SIM

GetSubmatix | OTpUMaHHs 3a3HAYEHOTO
(parMeHTa MaTpHIIi 3 3aJ1aHAM
M'siM

SetSubmatrix | 3amaTu3HaveHHs PparMeHTy
MaTpHIl

Tabmmg 1

Po3noain nanux. [louatkoBuii Monyns (piBens 0
Ha cxemi 1) oTpuMye po3mipu MaTpHuib, 100yTOK
SKMX HEOOX|QHO OOYWCIMTH, a TakoX BMIE
B3aEMOSITH 3 CEPBEPOM-CXOBHILEM JJISI 3aICy

[TouatkoBuit Mogynb Gopmye 8 TOUOK, popMmye A
IMX TOYOK <«ITIOCWIaHHS» (IHIEKC TMOYaTKOBOI'O
psiKa, CTOBMIM B MaTpHIl, a TaKOXK KUIBKICTh
€JEeMEHTIB TiCIsl HWX) HA YaCTHHHM MAaTpHllp, SKi
HEOOX|THO TIEPEMHOXHTH, Ta TMepelja€ B HUX
PEeKYpCHBHHMI ~ aJTOPUTMIUHHMA  MOXYyJdb. Takum
9UHOM, (OPMYETHCA pPIBEHb |, HA SKOMY ICHYIOTH
MOCIIAHHS HA MAaTpHI, SIKi B)K€ MAaIOTh PO3MIPHICTh
4x 4.

OTpuMaBIIY TIOCHIIAHHA HA MATPUIl PO3PSATHOCTI
OutbIn HK 2 X 2 , Moxymi piBHS | TIOBTOPIOIOTH Ti
XK Jii TI0O PO3MOJIVICHHIO MaTpPHIlh, MO W TOYaTKOBHI
MOJyJb, IPYHTYIOUNCh HA «IIOCHIAHHIX», IO OyIH
HAMHU OTpuMaHl. Takum YuHOM, BOHHM (DOPMYIOTH
MOy piBHS 2.

Monyni piBEHSI 2 OTpUMYIOTh TIOCWIaHHA Ha
MaTpui poO3MIpHOCTI 2 % 2, a TaKoK HeOOXimHI
(parmMeHTH MaTpwii 3 cepBepa-CXOBHIIA (METOX
GetSubmatix B Tabmmy 1). [lami BOHM NpOBOASTH
obuuciaeHHs A00YTKy MaTpuilb 1 MepeaaroTh Mo
KaHajax pe3yapratu (MaTpuii 2 ¥ 2) B TOUKY, 10 iX
CTBOpIIA, PiBHI 1.

PekypcuBHa Touka 1ro piBHSL.

— N

PekypcrBHuit PekypcuBHuit PekypcuBHuit PexkypcuBHmMit
Moxyib NeQ Monyib Nel Moayib Ne. .. Monyib Ne7
Cxema 2
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PexypcuBHI MOy pO3/1af0Th 3aB/IaHHS B CTPOTO
3amaHoMy TopanaKy. PexypcuBHuit Moxpyns  NeQ
(cxema 2) oTpuMye MaTpuii 3 TIEPIIOrO
nepemHoxkeHHs: Gopmynu (1). Tobto, BiH oTpumae
Aq1By,, a Mmoaynb min HomMepoM 1 onepkuth Azy Bay.
Takum uwmHOM, cyma pe3ynbtatiB 3 0 i 1 momyniB
Oyne pesynbrarom Cyy. Cyma mogymiB 2 ta 3 — €4,
415 — C3y, 617 — C35. Pesynmbrar C;; Ha piBHi | €
OJTHIEI0 MAaTpHIelo po3MipHOCTI 2 X 2. PesynmpraTn
nepealThcs Ha piBeHb 0 B TOMY K TOPSIKY, B
SIKOMY 1 O0YHCITIOBAIIHCH.

PiBenr 0 30mpae pe3ynbTaTH aHAJIOTTIHO PIBHIO
1, ogHaK OYiKye He OJHY MaTpuIlto 2 X 2, a 4OTHpH,
K1 10 4ep3i mACYMOBYIOThCS MDK c000t0. OCKUTbKH
BillIpaBKa 1 OTPHMaHHS MIMAaTPHIlL BiTOYBA€ETHCS B
CTPOr0 3aJaHOMy INOPAAKY - HE BLIOYBaeThCs Hi
36ep1raHH;1 3aiBOro 00CSTY JJaHWX, Hi TIOMIUIKOBOTO

TICYMOBYBaHHS. Haiikparme neu Tporec
OIMCY€EThCs PParMeHTOM KOAY:

for (int j = @; j < getMatrixNumber(size);
j++) o

for (int 1 =0; i < 8; i +=2) {
var firstPart
(MatrixPart)points[i].GetByteArray();
var secondpart =
(MatrixPart)points[i+1].GetByteArray();
firstPart.matr.Add(secondpart.matr); }}

e getMatrixNumber (size) o0UYHCIIOE KUTBLKICTh
OYiKyBaHMX (PparMeHTIB JJISI TIOTOYHOI PO3MIPHOCTI
2x2 KBaJIpaTHOI MAaTPHI. Jammit  xom
CTIPaBE/IMBHIA SIK JUJISI PEKYPCUBHOTO MOJYJISA, TaK 1
ons  moudaTtkoBoro. IIpore, B pa3i mo4aTKOBOro

2017,1 Bulletin of TarasShevchenko
NationalUniversity of Kyiv
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MOAYJISL ~ pe3yyibTaT  KOXKHOI  irepamii — Oyne

3amMCcyBaTHCSl HA CEPBEP-CXOBHWIIE, & Y BHITAJIKY
PEKYpCHBHOTO - TIepeJlaBaTUCS B TOYKY, IO HOTO
nopoamwna. 30upaTH pe3yabTaTH MOXHA JIBOMa
criocobaMy, TPEJCTaBICHUMHM Ha cxemi 2, e
€JIEMEHT MaTPHII NPEICTABIISE MOPSIOK OTPUMAHHS.

1 5 2 & 1 2 5 &

9 13 10 14 3 4 7 8

3 7 4 8 9 10 13 14

11 15 12 1& 11 12 15 16
Cxema 2

VY nepiioMy BHITAJIKy MH 30MPaEMO IO OIHOMY
€JIEMEHTY KOXKHOI YaCTHMHM MaTpHll, Y Ipyromy -
MM CTIOYaTKy TIOBHICTIO 004HCcIOeMo Cyy, a MOTIM
12,029,000, Y peaniamii oOpaHuii came MepImi
METOJl, OCKUIbKM CTBOPEHHS 1 3alyCK TOYOK Wie
CHHXPOHHO Ta came B Il MOCIAOBHOCTI, @ 3HAYMUTD,
IIBUAILE 32 BCE, pe3yJbTaTH OyayTh TOTOBI B TaKiit
e TIOCJIIOBHOCTI.

OTxe, MOXHA TIOMITUTH, IO  YIpPaBJIiHHSI
TPOLIECOM TIePEIA€ThCS CTIOYATKY BHU3, SIK TIOKA3aHO
Ha cxemi 1, a motiM Bropy (cxema 3). Takum umHOM,
cXeMa Kepyndoro MpoCTOpY € JIBOHATIPABICHUM
rpa(bOM Jie Baroro pebpa Moxe 6yTI/I cymapHa
KUIbKICTh (bparmeHTiB- pGSYJIBTaT]B AKi
NIepeIal0ThCS HAM TPU CKJIa/IaHH] pe3yabTaTiB. JaHe

YHUCJIO MOXKHA NPEICTAaBUTU y BT
4 “J Tﬂ? M €N, CKIaJIHICTh IHOTO aJTOPUTMY
6yne 0(n?).

ITouatkoBuii MOTYIIH PiBenn: 0
PiBens: 1
Pexypcusauit Pexypcusnuit Pexypcusnuit Pexypcusamit
Moayb NeO Monynb Nel Moxyib Ne. .. Moxyib Ne7
PiBenb: 2
PexypcuBHuit PexkypcrBamMit PexkypcrBHuMit PexypcrBHuit
Moyis NeQ Moxayib Nel Monyib Ne. .. Moayib Ne7
Cxema 3
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BucnoBku. Xoua HaBeJeHa 3ajlaya € CKOpIIIC
IITYYHOI, IPOTE€ BOHA TIOKA3y€ IIMPOKI MOMKIMBOCTI
3actocyBannsi cucrem IIAPKC nna BupimeHHs
HapajaeabHO-PEKYPCUBHHUX 3a7ad, K HAa OKPEMHUX
kopuctyBanmbHMIbKHX [IK 3 GararospepHumu
nporecopaMy, TakK 1 HA MHOXKHHI KOMITIOTEpIB,
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00'emHAHMX  JIOKAILHOKO  Mepexeto.  [lomiOHi
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QITOPUTMH MOXYTh OYyTH ayke eQeKTHBHI TpU
HasiBHOCTI MHOXWHH TIPUCTPOIB, AKI HE MOXYTb
CaMOCTIHHO BHUpINIyBaTH CKIagHI W  00'eMHI
3aBJIaHHs.
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3 MaJIUM NapaMeTpoM Mathematical models
of information spreading process
KuiBchkuii HalioHaIBHUWI YHIBEPCHUTET 1MEHi with small parameters
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Y cmammi  Odocnioocyemvcs  Oumamiyna MoOenb  PO3NOGCIOONCEHHS OO0BIIbHOI  KiIbKOCMI  Munie
iHhopmayii i3 cmayioHapHuMu napamempamu KepygaHv O AKOI 3a OONOMO20N0 Memoody Maio2o
napamempy OMmMpUMAHO HAOIUNCEHUl pO38 A30K. Takodc HagedeHi yMOBU 3a AKUX yell po3e 30Kk 0Oyde
obmedicenuti ma Hesio ‘emuuil. Pe3ynomamu  YUCI08020 eKCHEPUMEHMY OeMOHCMPYIOmb NPAKMUYHI
MOACIUBOCHIE OAHOI CXEMU.

Kurouosi cnosa:mooeini posnoscioddcenus inghopmayii, cmayioHapui napamempu, MAaiull napamemp.

We consider mathematical model with stationary parameters of spreading any number of information
type with external influences. The number of information made by each of the sides is taken as key parameter
promoting accomplishment of aim. Information is spread in the community along internal (interpersonal
communication of the member of social community) and external threads (mass media). The model takes the
form of N (number of information channels) non-linear ordinary differential equations. A search analytical
solution for these models is a difficult problem. The method of the small parameter is offered to search the
approximation solutions of system of differential equations. In this work is shown the result of this approach.
Special cases of presenting external influence are considered. Conditions of existence of a non-negative
bounded solution are considered for general model. The offered model of information spreading process
except theoretical interest has an important practical meaning. The innovation of this work is the
approximation solutions of the model with stationary parameters of spreading any number of information
channels with external influences.

Key words: models of information spreading process, stationary parameters, small parameter.

CratTrOo IpeAcTaBuB A.T. H., ipod. ["apamenko O.I".

Beryn B po6orax [1] - [4] npoBomuBCs aHani3 piBHSIHB
Posrnsimaerbest gmesika  comianbHa  rpyna (1) mpu MOCTIHHHMX Tapamerpax 1 CrHelialbHOMY
YHCENBHICTIO L, Ha Ky MpOBaauThCs iHpopMaliiiHa BuOopi ¢yHkuid  Ux(t). Amnami3 BiacTuBOCTEH
nist mo N kaHaynax, IpUYOMY 4YUCIIO CyO’€KTiB, IO PO3B’s3KiB cuctemu (1) mpu cneuianbHOMY BHOOpi
cripuitHsuT iHpOpMalito k-ro TuIy 3anexuts sk Bix  Uy(t) mpoBoauBcs B pobori [5].
30BHIILHBOI Aii, TaK 1 BiJ COUIKYBaHHS Cy0’ €KTIB MiX

coboro. Skmo mosHaunmo uepe3 X(t) umcio AHani3 3arajbHoi Mojaei
cy0’€ekTiB, MO cripuitHsM iHopmanito K-ro Tumy B PosrnsimemMo  BuMmamok 31 cranioOHapHUMH
MOMeHT t, gepe3 by(t) — IHTEeHCHBHICTB CHIJIKYBaHHS, IapaMeTpaMHy, KOJIH 30BHIIIIHI BILTUBH

Uk(t) — 3oBHImHI mii, TO 3MiHY 3 4aCOM BEIHUYHHH MOJCTIOIOTHCSA Y TAKOMY BUTIISII

Xk(t) MOXKIHMBO OIMHCATH CHCTEMOIO MU(epEHITIHHUX N
PIBHSHb . u, (1) = yx,. (1) + a; L—in(t) k=1,N.
: _ _ _ i=1
® = bOw© (L= ), 5©)Fw®, o (1) agye
xk(t{]) = Xok = '3, k= 1, N. (1) xk(t) = (ak + (b + Ebk)xk(t)) X

© I0.M. IlleBuyk, 2017
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X (L —Zilxi (t)) +yx(t),

x (o) = xo1,k =1, N, 2
npraomy yZ£0.
Teepaxennss 1. Hexaii  x,(t),k=1N
po3B’s3kH  cucteMH  (2), TOmi Mae  Micie
Ipe/ICTaBICHHS

t £
Xi (t) = Xko (t) + EJ g»[: (y+by(s))ds X
to

X (B0 @y(@) = (i + bxo(1)z() ) d +

+O(£)J k = 1! NJ

ac

xk{] (T) — kaeftU(hy(q}—i-}’}dq +

T
+ J el VM g, y(q)da,
t

0

N
z(1) = Zkzlbk X

T .
% J efq{a+2by{s}}ds
t

0

v(q)x0(q)dg,

i+ ?(1 —ee) D>,

v+ (bt +¢,)71,D =0,

y(@) = V3 :
D D _

——4btg T ~ D +y3+¢c3,D<0,

N
d=vy—blL —Zk_lak,

a++D
2b

D =a? + 4ybL,y;, = —

L—Y¥-1%0x — V2

L—Y¥_1Xox — 51

r

¢, = e VDto
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-1

N
c; = (fs —L +Zk_1xko(f)) — bty,

N
C3ZL_§ Xop — V3 —
k=1

p [, | D
4p 9\ | Tap )

lloseoenns.
[IpencraBuMo po3B’sI3KK cUCTEMH (2) K

x5 (£) = x;30(t) + £x5,(£) + 0(£), k = 1N,

TO.I
Xio () = x4 ()] c=0,

dx (t)
de

,k=1,N.

e=0

X1 () =

3BijicH OTPUMYEMO JIBI CUCTEMU AUDEPeHIIIIHHUX
PiBHSIHB

Xro(t) = (ak + bxyo (f))}’(f) + ¥ xio (),

Xro(to) = xgi, k = 1N,

N
yO=1-) @i G

N
Xy (t) = _(ak + bxyo (f))zz 1xi1(f) +

+yxgq (£) + (bxkl(f) + bixXko (f))}’(f),

xkl(tﬂ):{)Jk:]-JN' (4)

Cro4aTKy pO3IJITHEMO OLIbII J€TATBHO CHCTEMY
(3). st y(t) orpumaemo piBHstHHS PikaTTi

N4
oy =—y P00

k=1

=— (Z::lak + bz:rzlx:m (f)) y(t) —

N
v, k@ =byX(O) + ay(©) — vL,(5)
3 IIOYaTKOBOIO YMOBOIO
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N
y(tg) =L — Z Xok-
k=1

[Ipoanamizyemo JUCKpPUMIHAHT MPaBOi YaCTHHU

(5):
Al. Hexait D > 0. Toxi oTpumMyeMo piBHSHHS

y(@) = by —7,)(y = 7,).

Horo po3s’sskoM 6yze

VD

v =n+-

— 1
(1 — cle"'m) ,
_\‘,"ﬁto .}T(tﬂ) - fz .

y(to) =1
A2. Hexait D = 0. Toai orpuMyeMo piBHSIHHS

Jc

c, =8

¥(t) = b(y —7,)",

PO3B’SA30K SIKOTO €

y(t) =33 — (bt + )71,
e

€ = (3?3 —}’(fﬂ))_l — bt,.

A3. Hexaii D <2 0. Toxi oTpuMyeMo piBHSHHS

, _ 2 _ 2 yL
v()=0»b (}’_}’3) - ((}’3} +?) .
OCKUIBKH
., YL
F+— <0,
Vs 5
TO
(t) b tg| t b + y3 +
e
— y(to) 7 D
€3 = Yllp) — Va3 — _Et‘g Lo 2 |

Cucrema mudepeHIiianx piBHsSHb (3) HaOyme
BUTJISILY

X0 () = (by(t) + ¥ )xpo (t) + azy (1),
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Xgo(to) = Xoi, k = L N.

3a popmynoro Komri ii po3B’ 30k MaTUMe BHUTIIST

t
Xgo(t) = xﬂkgfto{bl’fﬂﬂ}dr n

t
-l—[ ef:{by{‘“}"'y}dsaky(r)dr.
t

0

Temep posrmsiHemMo cuctemy (4), SKy MOXKHA
MPEICTaBUTH y BUTIISII

N
1 (8) = —(ag + bxyo (f))z: lxil(f) +

+yxgq (£) + (bxkl(f) + bixXko (f))}’(f),

xkl(t{]) = O,k = 1,N

3poOHBIIY 3aMiHy

N
2= ) xalo)

OTPUMAEMO

z(t) =z(t)(@+ 2by(t)) +

+y(t) Zﬁz 1 ey (2),

N
z(tq) :Z B X1 (t) = 0.

3a dopmysoro Komi

t .

t £ N
+ J el (d+2by(s))ds },(T)Z byxo(T) dt
¢ k=1

0

N e
= Z by [ gle (@+2vy(s))as v(T)x0(T) d.
k=1 ta

OTrxe, cucremy (4) MOKHA PEACTABUTH SIK

Xp1(8) = (¥ + by (£))x,, () +

+bpxo(Oy(t) — (ak + bxyo (f))z(f),

xkl(tﬂ) = {:I’k = 1.IN

Posp’s3ku miei cuctemu Xgq(t),k =1,N 3a

hopmymnoro Konri MaTUMyTh BUTIISI

t
X1 (8) = xkl(to)gftng’Jfby(S}}ds N
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t
+ [ JE by (s)ds 5
t

0

X (bkx:m (@y(r) - (ak + by (T))Z(T))d'f =

t
:I e r+py(s)as o
t

X (b0 (Dy(T) — (@r + bxo(1))z(1))dr.

BpaxoByroun  HaBeeHE  BHILIE, PO3B’S3KHU
cucreMu (2) MOXKHA MIPEJCTaBUTH y BUTIISI

Xy () = x40(t) + exp1,(8) + 0(e) =

2017,1
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t
ol r+by(s)as o

= Xpo(t) -I-EJ

to
X (bkxm (D)y(r) — (ak + bxyo (T))Z(T))d‘[ +
+o(e),k=1,N.

TBepaxennss 2. [ns Ttoro, moO po3B’si3ku
cuctemu (3)
xk{](t)lk = 11 NJt € [tGJT]J
3aJI0BONBHANE YMOBY Xo(t)e[0,L], mneobximno,
110 napaMeTpu  3aJ0BOJIGHSJIM ~ yYMOBU  JUIS

k=1N:

b=0y<0,y+bL<0,a=0,
b<0,y<0a =0,

=1,
a,L ., . a;L 3 _
> G (o-yT-to) _q L+ T—to) _ 1 }
oi = max [ (e ) (e )",
Qi - Ay _ _

K (e—v(T-to) _ 1 (BL+Y(T-to) _q }{ 1 (6)
maxy e )’bL—I—}'(B ) =1,
b a + bty | < 0,

y(te) + 35
1 1
b — & + bty | > 0, a3 < 0.
! ¥(to) + 57 b (y(to) +57)

Jloseoenns. 3a ITOCTaHOBKOO 3a7a4i b0 0 N bL
y(t) = L—Y¥  xxo(t) wmae  3anoBombHsTH >0y < ’Zkzlak > Y~ oL,
HEPIBHOCTSIM: N

0=vy() =L b{G,}f}{),Z a, <y — bL,
k=1

Hwxue npoBeaemo anami3 y(t) B 3a1eXHOCTI Bix
3HaKy JucKkpuMiHanTa D:
B1.Ilpu D = @ + 4ybL > 0 maemo:

© =5 + VD 1

vy =3 +— —

b | _ VBt y(to) =
y(to) — ¥2

Toni y(t) p— ¥,, OTIKE MOBMHHO BUKOHYBATHCh

0=y, =L
[IpoBiBmM  aHami3 TpH  SAKAX  3HAYCHHAX
mapaMeTpiB  BHKOHyeThcs  ymoBa 0 =< y(t),

OTPUMAEMO TaKi 00JIaCTi:

83

b<0,y <0.
3uaiinemo, konu Oyse BUKOHyBaTuch v, = L :

B1l.1 mexaith > 0,¥ < 0,d < 0, Toxi MaeMo Taxky
MOCTiIOBHICTh MIEPETBOPEHD
=L
—&—+/a% + 4ybL < 2bL;
J(@+2bL)? + 4ybL — 4GbL — 4b%12 >
> —(d + 2bL);

@+ 2bL <0,
4bL(y — & —bL) > 0;
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2017,

N
y+bL—Z a; < 0,
k=1
y—d—bL > 0;

N
¥+ bL<Z a,
k=1
N
Z ﬂ,k:}o.
k=1

OCTaTo4HO OTPUMAEMO TaKy CYKYIHICTh yMOB
JUISL IIbOTO BUIIAKY

N
b >'D,;V<'D,Z a = 0,
k=1

N
Z a; =y + bL.
k=1

Bl.2muexait b < 0,y = 0,& = 0, Toni
V= L;
—d —+/@* + 4ybL > 2bL;
{ a+ 2bL < 0,

4bL(y — @ — bL) < 0;
N
y+bL—Z a; < 0,
k=1
y—d—bL > 0;
N
jr+bL<Z a,
k=1
N

Z ag = 0.
k=1

B nanomy Bumaaky oTpuMyeMo

(7)

N
bc:{),'y:::{),g a; = 0,
k=1
N

y+bL<Z a4, <y—bL (8)
k=1
Bl.3mexait b < 0,y < 0Ta
=L,
Tomi

N
y+bL<Z a, ,
k=1
N

Z a, > 0.
k=1

Ockinpku b < 0,¥ << 0Tay + bL << 0, TO MOXKHA
3aITUCaTH CYKYITHICTh YMOB JUIS TPETHOTO BHUITAAKY

N
b<0y<0) >0 (9)
k=1

B2. IIpu D = 0 orpumyemo rinepooiy

y(t) =75 — (b(t —ty) + (y(ty) —¥) ™)~ h
Po3B’s130K
y(t) P Ya,

AKIIO OyAyTh BUKOHYBATUCH YMOBH
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b((y(to) — ¥3) 71 + bty) < 0,
{b((}’(to) —¥3)" 1+ bty) = 0,
(by(te) —by3)™t < 0.
IIpu 0 = y; =< L, oTpuMaemMo

N
'yz a; =0,
k=1

0<y, <L,
b((y(tg) — 1)~ + bty) < 0,

(10)

{b((}’(fu) —y3)71 + btp) >0,
(by(ty) —by3) ' < 0.
C1. Ouinnmo x4 (t),k = 1,N, po3riasHyBIIN
PIBHSIHHS
Ao = (bY(1) + 1) x40 (0) + a3 y(0).
BpaxoByroun, mo 0 < y(t) < L, orpumyemo

BHIIAKU:
Cl.lumexaith > 0,aq;, >0, (5.1,5.4), mo
3agoBosbHsie ymoBH (7) ta (10), Tomi

YXio(t) = %0 =
= (bL +}’)xk0(t) + akL,k = :I.,—N,
i B cuuty iemu ['ponoyiuia-bennmana [6] 6ymnemo
MaTH

0 < xg, e’ < x, () <
a;{L akL

bL + }f) CBL+y
[IpaBa wactunHa Oyne obmexeHa, skmo y<O. Il
obacth Mictuthes B (7), ane s (10) mopynryersest

yMOBa
N
TZ ay, =0,
k=1

i Tomy B (10) ii mopeuyHo 3aMiHUTH Ha
y <0,

N
Z a; < 0.
k=1

Takox 110 (7) momaerbest ymosa bL + y < 0.

< oWL+P)(t-to) (xm N

Cl.2 mexait b > 0, a;, < 0, To, 3 BpaxyBaHHAM
(10), cripaBmKYIOTBCS. HEPIBHOCTI

Yxpo(t) + apL < %pp <
= (b‘[’ +'}")x;{0(f),k = 1JNJ
ettt (xﬂk — 2 < (D) <

v
= xUke{bL+y}{t_t0},k = 1, N.
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IIpaBa wuacTMHa ocTaHHBOI HepiBHOCTI Oyxe ] Gl e
Xor = (e bL+r)lr—t) _ 1) k = TN,

obmexkeHa 3a ymoBu bL + ¥ < 0, 1110 3a10BONBHSE bL +y

JI <0 y - - —
(10). JliBa yacTrHA TaKOX OOMEKEHA B CHILY ¥ , (e (L+y)(T—tg) _ 1) <1k=TN.
TOMY CIIPABIKYEThCS bL +y

min (e]’(t‘tﬂ] (x e+ QLL) — QLL) =
teltqT] 0 ¥ ¥
a.Ly a,lL
= p¥(T—tg) (Io.ﬁ: + L) — L,k =1,N
¥ ¥

OT1xe

a, L
E}-‘(T—to] (Iok + ke

— —— < xp(t), k= 1,N.
4

akL)

Kopucrytounce Takumu wmipkyBanHsmu, 10 (10)
JIONAITHCA YMOBU

akL

xﬂk = T g_y{T_tG} — 1),

I (e 7Tt _1) =1,k = T, N.
Y
Cl3mexait b < 0,a;, = 0, (5.2, 5.3) 10,

BpaxoBytouu (8) Ta (9), oTpumMyeMo

(BL +¥)xio(t) S kg =
< ¥Xpo(t) + a, Lk = 1,N,
0< xoke(bb+}r‘j(t—t0] = Xko (t) =
< (et (xm + ‘E) _ %l
14 14
[IpaBa yacTriHa OCTaHHBKOI HEPIBHOCTI Oyie
obMmexkeHa, akimo ¥ < 0, mo He 3agoBonsHse (8), it

,k=1,N.

ToMmy (8) He MOXKHA BiZIHECTH 10 HEOOXITHUX YMOB
JOJTATHOCTI Ta 0OMEXEHOCTi PO3B’s3KiB cuctemu (3),
Xpo(t).k = 1,N.

Cl.4 mexait b < 0,a; < 0, o0 3a10BOIBHSAIOTE
(10), To

(BL + ¥)xpo(t) + axL =
< Xpo = VXpol(t),k =1,N,
o (BL+Y)(E—£o) (1'01.: a,L ) _alL -
bL +y bL+y
< X0 (t) < xppe? %) k =T N.
Ockinbku ¥ << 0, To JiBa i MpaBa YaCTHHU

00MeXeH1. 3HaX0 MO

(e(bL+y](t—to] (Iok + aL

min — ) =
teltq.T] bL + vy

ﬂ,kL )
bL +y
ﬂ,;‘:L
bL+ 7y’

_ e(bL+y](T—tD] (Iok aL )

k=1,N.
bL +y
Toni

o (BL+Y) (T 1) (xm

a;L ) a;L -
bL+y ©bL+ ¥y
< Xpo(£),k=1,N.
Tomy 1o (10) nogarotbcst yMoBU
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Takoxx moTpiOHO BpaxyBaTH, IO B KOXKHOMY 3
PO3IIISIHYTUX ~BHIIQJIKIB BHMArac€TbCs OJHAKOBUI
3HaK WA @,k = 1,N, # ToMy 3aMicTh yMOBH
YN _,a; =0 BUMaraerbcsi OUIBII JKOPCTKI yMOBH
a, >0,k=1N. TN a, <0
3aMiHIOETBCSA Ha @y, < 0,k = 1, N.

Otpumyemo HeoOXinHi ymMoBH (6) momaTHOCTI Ta

AmHaoriumo,

00MEKEHOCTI PO3B’sI3KiB CHCTEMU (3),

Xpo(t), k = 1,N, mo i Tpeba 6ys0 mokasaru.
Hacainok. Ha  pgoBinmbHOMY  CKiHUEHHOMY

npomiskky [tg, T] icHye Ttake € 1mo Komu

X0 (t)€l0, L], To i1 x5, (t)€[0, L] 3 TounicTIO 110 €.

2. Anaji3 mozeJi 3 kKepyBaHHAM cnenugiuHoro
BULJISY

Posrngaaemo okpemuii Bunazok (1), komu N=2, a
30BHIIIIHI KepyBaHHs HAOYBarOTh BUTJISILY
up (1) =y (t) — myL)x, () +
tag (L — Xy X3 (f)),
my+my;=1m,=20k=12
Toni oTpumyemo cucremy
it = (ag + (b + ebp)x () X
X (L —x,(t) — xz(f)) + ¥ (x (t) —my L),

xk(tg) = xm‘,,k = 1,2 (11)

Teepmxenna 3. Hexait x,(t),k =1,2,

po3B’si3ku  cuctemMu  (6), TOmI Mae  Micie
MPECTABICHHS

g g4l
‘I‘E'th}’(t—f} i — by(ty)edT2to) )
ty a — b}r(tﬂ)ea{t_Zto}

X (bky(r)xmj () — (al + bx;p (T))z(r))dr +
+o(e),k=1,N,

ne
—defta)p—
Xpo(t) = xﬂke{(y detto)e-yto) X

& — by(ty)e .
de—at — by(t,)e2ato

— ym;‘,L) X

-I-Jt ady(ty)

to ae_a{T_tG} - b}]’(tﬂ)g_atﬂ
@ — by(ty)edT=2t0)

@ — by (tg)ed® 2t

ot
x e¥(t-7) [ l dr,k = 1,2,
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r
z(t) =J edt-1) %
tg
at
a— b},(tﬂ)eé‘(r—zto) 2e%%0 )
a— by(tp)edlt-2t0)
X (blxlﬂ () + byxzg (T))d’f,
ay(ty)
y(©) = ——s aty’
de o) — by(t,)e~4to
y(tg) = L — x91 — Xp3.

Jloseoenns. TlpencraBUMO pO3B’SI3KH  CHCTEMU
(12) sx
X (t) = Xpo(t) + x5, (t) + 0(2), k = 1,2,
TOmIl
Xio(t) :(x)k (3] P
dx;‘, t
t) = k=12
xk‘l( ) d&' . ) ]
OTpuMyeMO JBi CUCTEMH PiBHSHb
Xpo(t) = (ﬂlk + bxyo (E)) X
X (L — x10(t) — X3¢ (f)) + ¥ (xxo(t) — myL),
Xro(to) = x01,k = 1,2, (12)
X1 () = —(ﬂk + bxkﬂ(f))(xn(f) + le(f)) +
+yxg (t) + (bxkl(t) + byxyo (E)) X
X (L — x10(t) — x9 (f)),
xkl(t{]) = O, k = 1,2, (13)
Cniouatky po3ristHemMo cuctemy (12), 3pooumo
JUTS Hel 3aMiHy
y(£) = L —x39(t) — x20(2),
v(to) = L — x91 — Xq3,
B pe3yJbTaTi 40ro OTpUMaEMO IudepeHItiine
PIBHSHHS

7(8) = — (g + az + b(x10(8) + x20(D)) X
X (L — x10(t) — x29 (f)) —

—y(x10(t) + x20(t) — L).
OCKIUIBKHA

i=y—blL—a, —a,,

TO OTPUMAEMO PiBHSHHS Pikkari

dy(t)
I = dy(t) + by?* (1),

PO3B’S30K SIKOTO Oye HACTYIHHUN
() = ay(to)
Y T Gematt—to) _ by(ty)e~ato’

Toni cuctema (12) nabyBae BUIIALY

Tro(8) = (¥ + by(£) )xio (1) + @y (t) —ymyL,
xkg(t{]) = x‘Jl,k = 1,2,

111 po3B’A3KH MOKHA MIPEACTABUTH Y BUTIISIII
oy @ ar

xo(t) = xgxe
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+thff(hy(s}+}'}ds %

tp
X (apy(t) — ymyL)dt, k = 1,2.

ITizcraBumu 6e3nocepennso v (t), oTpumaemo

Xpol(t) = xme((y_&emo)t_yt") X

& — by(ty)e 4t .
de~at — by(t,)e2dto

t Py
a,dy(ty)
+£G (&e—ﬁft—tg} _ b}r(tﬂ)e_&tﬂ _'}Jka) >

at
a — by(ty)ed2t)]’
x g¥(t-1) y(to) — dr,k =1,2.
i — by (to)ed®2t)
Tenep posrisinemo cuctemy (13). 3poOuBmin
3aMiHy

z(t) = x11(t) + x2,(8), 2(t,) = 0,
OTPUMYEMO ITiHIHE HeogHOpimHE audepeHIiiiae
PIBHSIHHS

2(t) = (2by(t) + @)z(t) +

+3(6) (b1x10(t) + byx20(1)).

Horo poss’si3koM Gyne

t
z(t) :f edt=1) x
Lo

@ — by(tp)ed=2t)
@ — by (t)e—2t)

X (by%10(7) + byx30(7) )dr.
B pesyibTaTi  OTPUMYEMO  TaKy
T epeHIIHHUX PiBHIHb
K1 (£) = 21 () (by (1) + ¥) +
+biy(D)x30 (1) — (@i + byo(1))z(2),
X1 (to) = 0,k = 1,2.
[i po3B’s3Kk0M Gyie

t
xkl(t) :J- g}({t—T} X
t

0

X (bk}’('f)xkﬂ () — (fll + ’-‘ixkﬂ (T))Z(T)) X

t
a— by(ty)ed20)]"
—~ — dr,k = 1,2.
a@ — by(tg)edt=2t)
3 BHUIIC HABEICHOTO PO3B’s13ku cuctemu (11)
MOJKHA IIPEACTABUTH Y BUTIISII
Xp (1) = xp0(8) + 825, (0) + 0(8) =
t

= X0 (1) + EJ- eyt
to

CUCTEMY
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X (bey(Dxi0 (@ — (a1 + b (D)2(7)) X
i — by(ty)ed 21" "

@ — by (t)e@(—2t0)
o 1 Tpeba Oy TOBECTH.

dr,k =1,2,

3. Pe3yabTaTi KOMII’IOTEPHOT0 eKCIEPUMEHTY

B skocTi mpuKkiaamy HaBEAEMO PE3yNbTaTH
KOMIT'IOTEPHOTO MOJICITIOBAHHS JUHAMIKA YHCIA
MPUXWIBHUKIB TIEBHOTO THITY iH(pOpMaIii.

Hexaii € neBHa criyibHOTa yncenbHicTIO L = 100
oci0, 111(0) i Ta€ThCS BIUIMBY  TIEBHOTO
indopmarmiitHoro moroky. Tomi B MOMEHT wHacy
t € [0,T] Ty uwacTuHy CHITbHOTH, LIO Migganack

BIUTMBY, 3aCBOLIM TpaHCIHOBaHY 1H(OpMAIIIO,
noszxaunmo 4epes x(t).

[Ipunyckaerbes, 10 iHpOopMais
PO3MOBCIOJDKYEThCSI  TIO  JTBOM  iH(OpMAaIlitHuUM
KaHaJaM:

1) Misxcocobose CRINKY8AHHS. unenie
cninbHomu. KoxkeH, XTo 3acBoiB iH(popMalliiiHe
TIOBITOMJICHHSI, TIOYMHAE BIUTMBATH Ha HEOXOIUICHUX
ynieHiB. CyTTEBUM TYT € Te, SIK YacTO BiH JUTUTHCS
CBOEW  iHopMalier0 1 HACKUIBKM BOHA €
npaspononionoro. [IpeacraBumo meil BIUMB Yepes
napamerp b.

2) BoeniwHili no GiOHOWEHHIO 00 CRIIbHOMU
ingopmayitinuii enaus. Vioro XapakTepuCTHKAMH €
YacTOTa TPAHCIIOBAHHS IIOBIJOMJICHHS, HACKIUJIbKH
BOHO TpaBJonojioHe Ta pe3onaHcHe. [IpencraBumo
LIeH BILIUB Yepe3 MapaMeTpu & 1a 'y.

[Iporec posmoBcroKeHHS 1HPOpMAaIIii B corliymi
MOJKHA IPEJICTABUTH 3a JIOIOMOTror0 3aaaui Korri

£(0) = (a—bx(0) (L - x(0) - yx(D),
x(0) = x,.
3a J0mOMOrox 3aMiHH
x(t) = x(t)/L,

3BosuMO 110 Oe3po3MipHOro BUTisay. Tomi

7'(2) = (a - LB2(®) (1 - £(0) - y2(2).

%(0) = x, /L.
Hexaii a=0.1,b = —0.00018 ta y = —0.25,
i mHa wMoment =0 B cmomeHOTI X4 =90

MPUXUIBHUKIB gaHoro tumy iHdopmarii. I[Tporec
PO3IOBCIOKEHHS 1H(pOpMarIii Ipy Takiil MOCTAHOBII
3aJla4i MOXKHA TIPEJICTABUTH Y BUTIISII MOJICITI
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() = (0.1~ L52(®) (L — (D) — 0.25%(1),
x(0) = 0.9. (14)
Toxi MoxxHa goCTiAnTH auHaMiky cuctemu (14),
KOPHUCTYIOUHCh ~ METOJIOM  MAaJIOr0  Tapamerpa,
npenctaBusmu Lh = b + b, = —0,02 + 0,01 x
% 0,2 =—0.018 (Mam. 1).

09“
08
07
06
05
04
03

02

Man. 1.

(14)
Lh=b+ eb; = —0,02 +0,01 = 0,2 =—0.018, ne
CYLIIBHOIO JiHi€r 300paxkeno x(t), a IMyHKTUPHOIO

Hunamika cuctemu npu

— AaCUMIITOTHUKY HYJBOBOI'O HaOJIKEHHS.

BucnoBku
[ToOynoBani HaOIMKEHI aHATITHYHI PO3B’SA3KH,
OTpUMaHi 32  JOMOMOTOK  METOQy  Majoro
napameTpy, JJis MOJIENI PO3IMOBCIO/IKCHHS TOBUIbHOT
KUTBKOCTI THMIB iHpOpMALii, a TaKoX OKPEeMOro

BUMAJKY, M0 XapaKTepPHU3yeThCs  CIICIiaJbHUM
BUIJIAIOM  30BHIIIHBOTO  KepyBaHHS.  Takox
BCTAaHOBJICHO YMOBHM  ICHYBaHHS  HEBiJl'€MHHUX

0o0MeXeHHX PO3B’s3KiB JUIA 3aranbHoi cucrtemu. Ha
OCHOB1 HaBEJICHOTO KOMII IOTEPHOTO E€KCIIEPHUMEHTY
MOJKHA2 TOBOPUTH TPO HAasBHY NPaKTUYHY IIHHICTH
OTPUMAHMX PE3YNIbTATIB.
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Compensation of magnetic field spatial
heterogeneity in magnetic resonance imaging
system

Taras Shevchenko National University of Kyiv,
01601, Kyiv, Volodymyrska str., 64/13,
e-mail: 'natarovx@gmail.com.

Ilpononyemvca memoouxka cunmesy nNpocmoi WUMYIOUOI cucmemu NOCMIUHO20 MacHimy O0as nompeo

MAZHIMHO-pe30HancHoi  momoepagii. Memoouka

b6azyemvcsi  HA  HIGENIOBAHHI  OpY2020  NOPAOKY

HeoOHopiOHocmi y 3a0anit niowuni. Cucmema peanizosana 3a 00NOMO2010 080X KBAOPAMHUX KOMYULOK.
lna  asmomamuzo8ano20 po3paxyHKy napamempie KOMYWOoK O6y10 po3pobieHo npozpamuull 3acio.
Egexmusnicmv  npononoeanoi wumyouoi cucmemu niomeepodceHo 3a 00NOMO20H0 KOMN TOMepHOT
cumynayii. /Jocaenymo HeoOHOpiOHicmb Kopekmoeano2o macnimuozo noaa 0,1 mTn y obracmi posmipom
20 mm, wo2o docmammubo 0l CMBOPEHHS MASHIMOPE30HAHCHOT MoMOo2pahiunol 1abopamopHoi YCmaHosKu.
Kniouoei crnosa.: macHimmno-pe3onancna momozpagis, HeoOHOPIOHICb, aKMueHe WUMYBAHHS, KOMYULKU.

The initial homogeneity of any MRI system’s magnet is away from ideal specifications levels. The
synthesis technique for a simple permanent magnet shimming system of magnetic resonance equipment is
proposed. The previously obtained magnetic field distribution was applied to identify unwanted components
in the inhomogeneous field. The technique is based on an active shimming, where currents are directed
through specialized coils to improve homogeneity further. We focus on reduction of the second order
magnetic field heterogeneity term in a specified plane. For each unwanted component in the uncorrected
magnetic field, a carefully controlled supplemental magnetic field is generated for minimizing the number of
coils. The system may be implemented with only two square coils. The author’s software for automated
calculation of the coils’ parameters for neutralization and cancellation of the magnetic field error was
developed. Computer simulations confirmed the efficiency of proposed system. The achieved inhomogeneity
of corrected magnetic field is 0.1 mT within the area of 20x10x10 mm’ is enough for construction of
laboratory training magnetic resonance imaging setup. Proposed technique also can be applied for reducing
the higher terms of magnetic field inhomogeneity.

Keywords: magnetic resonance imaging, magnetic field, inhomogeneity, active shimming, coils.

Crartio nipeactaBus 1.¢.-M.H., mpod. Anicimos 1. O.

Introduction. Today magnetic resonance
imaging (MRI) is one of the leading methods for
noninvasive diagnostic of living objects. This
method is based on the nuclear magnetic resonance
phenomenon i.e. sampling the -electromagnetic
response of atomic nuclei in the superposition of
oscillating and static magnetic fields. The main
component of magnetic resonance (MR) scanner is
the polarizing magnet that provides a highly-
homogeneous static magnetic field. This magnet
regardless of type  (permanent,  resistive,
superconducting), has magnetic field inhomogeneity,
which leads to a distortion of a reconstructed image

© P.M. Harapog, O.0. Cynaxos,
C.I1. Paguenko, 2017

pixels’ values and spatial distribution. Decreasing of
the field’s inhomogeneity leads to decrease the
effective spin-spin relaxation time that affects signal
attenuation, broadening of spectral lines and
deterioration of resolution in turn [1]. A spatial
distortion rises from the fact that signal’s frequency
obtained from the certain object’s regions in the
inhomogeneous magnetic field does not correspond
to the expected frequency of excitation radio pulse,
phase and frequency encoding. To avoid such
distortion the inhomogeneity of static magnetic field
By in the magnet’s volume should be about 10° T

[2].
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Creation of large magnets with a specified level
of inhomogeneity is a very difficult task. For
correcting of the field’s inhomogeneity passive and
active shimming approaches are used. Passive
shimming is performed by the placing of
ferromagnetic plates inside the MRI system. This
method has significant drawbacks: changing the
magnetic properties of ferromagnetic under the
influence of temperature and the impossibility of
adjusting irregularities caused by the patient's body
during his MR study. The idea of active shimming is
in placing of coils with specific form and current
inside the magnet for creation of magnetic field that
compensates the inhomogeneity of B, field. The
problem of shimming coils synthesis for known field
distribution is fairly nontrivial. Several practical
methods [3, 4] for synthesis of shimming coils exist.
In this paper we simulated the shimming system (SS)
for a permanent magnet with a high magnetic field
inhomogeneity that is comparable with the magnetic
field itself.

Methods. The permanent magnet (Fig. 1) has
two poles with diameter and the distance between
them — 7 cm. Magnetic field induction in center is
250 mT. The magnetic field distribution between the
poles of the magnet is assumed to have an axial
symmetry that was proved by measurements [5]. The
proposed SS consists of two square coils placed
inside the magnet (Fig. 1.) Square coils’ form was
chosen for development simplicity. According to [5]
the distribution of the magnetic field is:

B, =245.703-0.11x-0.23z -

—0.01xz — 0.04x> + 0.08z>, (M

the field’s induction is in mT, coordinates — in mm.
The center of the coordinate system (CS) does not
match the isocenter of the magnet. Thus
displacement of the CS was applied. After that (1)
was transformed to:

B,, =245.634—0.01xz —0.04x* +0.08z>. (2)
The final field distribution along Z axis is:
B,,. =245.634+0.08z". 3)

The inhomogeneity along Z axis is described by the
second order polynomial:

B, =B -0.08z2° 4)

So the compensation coils should provide the
corresponding special magnetic field dependence.

The value of the coefficient BY” is not essential.
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The field distribution of the single coil is the
superposition of fields from four rectilinear wires
with finite length. For simplicity the diameter of
wires considers infinitesimal. Applying the Biot-
Savart-Laplace law gives wire’s spatial field
distribution:

X

0 35

70 (mm)
Fig. 1. Relative position of the magnet and coils

)

B =1p,u tosg —cosgp, I,]'4,'rr,',,

where 7, — distance from point to wire, @, @, —
angles between direction of current / and lines, that
connect ends of the wire and spatial point. For the
wire of length 25 and the spatial point equidistant to
the wire’s ends (Fig. 2) (5) can be rewritten:

1y, p1b
271y \B* + 1]

Thus the magnetic field at the point A that is
moved from center of CS at the distance s (Fig. 2) is
as follows:

B, = (6)

2 27[\/S2 +b2\/s2 +2b? .

Fig. 2. Field from single wire of the coil
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Considering that induction is a vector and its
transversal components E’l are compensated (Fig.
3), the field from each wire is given by the equation:

Ib?
Bi — .uo.u . (8)
27r(s2 +1)2)\/s2 +2b*
1
I —— <)
B ' B
b + j
! o
b Bt \ 5@
2

Fig. 3. Field from two wires of the coil

Field from the single coil is a superposition of
the fields from all four wires:

21 o pab’?

7r(s2+b2)\/s2 +2b* '

Described SS has several limitations:
e currents are low for heating prevention;
e small size, that is sufficient for a placing an object
10x10x10 mm, in the region of homogeneity;
e distance from isocenter to the center of the coil is
less than 35 mm for avoiding magnet poles effects.
The synthesis problem in analytic form is very
complicated. We applied the much simpler “brute
force” approach for coils parameters determination.
Such parameters are: b, s, 1.

Computing automation. Taking into account
the large number of parameters’ variations and the
needs for approximation it was decided to create the
software for automated calculation of SS parameters.
The software was developed using Visual Studio
2010, programming language is C#. Software has
user-friendly Graphical User Interface that allows
interactive monitoring of the calculations’ progress.

The algorithm has the following steps:

1. Shimming field distributions along Z-axis is
calculated in 40 points located from -35 to 35 mm.

2. Data is approximated by 4+8 degree
polynomial using the ordinary least squares method.

3. Quadratic term of this polynomial is
compared to the inhomogeneity term (3). If they
match within tolerance, calculated parameters are
added into the result area.

By = ©)
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4. Parameters are increased by the step value.
Calculation continues from the step 1 until the
parameters reach their final values.

Results. For preliminary evaluation of the SS
the parameters synthesis was performed in the wide
range and with large step. The obtained parameters
distribution is described on Fig. 4. Balls on the graph
correspond to parameters that meet (4). Also this
graph shows the needs increasing the current while
the coil is enlarged.

Fig. 4. Rough estimate of the parameters boundaries

The optimal SS parameters that correspond to
smallest current are as follows: /= 1076 Ampere-
turns, »=19.3 mm, s=7.94 mm. Polynomial that
describes the SS magnetic field is as follows:

B, =52.3+1,1-10"°2-0,082" -

-9,4-10"2* +55.107 2 +
49,4105 -1.4-107825.

(10)

Magnetic field along Z-axis after shimming is
described in Fig. 5, line 2.

T T v
-20  -10 0 10 20 30

T
-30

Fig. 5. Magnetic field’s distribution along the z-axis
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Fig. 6. Results comparison in plane yOz

Filed inhomogeneity obtained in present work
(line 2) outperforms the previously obtained
inhomogeneity for the same magnet (line 4) [6].
Thus inhomogeneity along Z-axis was decreased 45
times to AB =~ 0.1 mT in area 20 mm, compared to
magnet without SS (line 1).

The simulation in ANSYS Maxwell 3D 16.0
was performed to verify the obtained SS

Cnmcok BUKOPUCTAHUX JzKepet

1. The Physics of Medical Imaging / Ed. by S. Webb.
— Moscow: Mir, 1991. — Vol. 2. 203 p.

2. Kostyrin E. Modeling the temperature fields in the
working zone of magnetic resonance imaging in
order to reduce magnetic field inhomogeneity / E.
Kostyrin. // Engineering Herald. — 2013. — Ne6. —
p. 555.

3. Jezzard P. Shim coil design, limitations and
implications [Enextponnuii pecypc] / P. Jezzard. —
2006. — Pexxum poctymy a0 pecypcy: http://mri-
q.com.

4. PacyerT W IPOEKTUPOBAHME MArHUTHBIX CHCTEM
[Enextponnuii pecypc] // CII6. — 2012. — Pexum
JOCTYIy A0 pecypcy: open.ifmo.ru/images/b/b6/
144261 book.pdf.

5. Solyanik V., Sudakov O., Radchenko S. Robotic
system for measuring of heterogeneity of steady
magnetic field in MRI system / V. Solyanik,
O. Sudakov, S. Radchenko // The XIV International
young scientists' conference on applied physics.
Kyiv. —2014. — P. 148-149.

6. Maluk D. et al. Compensated coils for reduction of
magnetic field inhomogeneity / D. Maluk // The XIV
International young scientists' conference on applied
physics. Kyiv. — 2014. — P. 144-145.

2017,1

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

characteristics. Simulated magnetic field distribution
proves field inhomogeneity (Fig.5, line 3 and
Fig. 6). Magnetic  field  distribution  after
compensation with the proposed SS was calculated
and described on Fig. 6. Field distribution is rotated
around the x-axes because polynomial (2) has term
—0.01xz . Incompatibility between line 2 and line 3
(Fig. 5) is explained by the limitations of the SS.

Conclusion. Proposed simple active shimming
system  compensates the  quadratic term
inhomogeneity of permanent magnet’s field. The
achieved relative inhomogeneity is 10 that is
enough for magnetic resonance imaging. Designed
software can serve as a tool for design, calculation
and optimization of shimming, gradient and other
coils of MRI scanners. Described method can be
used in X and Y-directions. The practical
implementation of the coils should provide the
possibility to move the coils along all axes in the
range of £5 mm and the rotation around each axes in
the range of +15°. The main shortcoming of this
system is relatively large currents in the coils. Future
work may be related to design the shimming system
that compensates the higher order terms in magnetic
field spatial dependence.
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KonTpakuisi BOAHHX PO34YHHiB METaHOJIY Contraction of water-methanol solutions
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B pobomi oocnioxcyemovca konmpakyin (Koegiyicnm cmuciugocmi) po30asieHo20 800HO20 PO3YUHY
MEMAHONY 6 HAOMUICEHHI GIPIanbHO20 pO3KAady pieHaHHA cmaHy. Boma eusnauaemvcs ycepeonenumu,
PAodianbHO CUMEMPUYHUMU, NOMEHYIANAMU 83AEMOOTL MIJC MOAEKYIamMuU 600U ma cnupmy. Bzaemodis mioc
MONeKYIamu pi3HO20 COpMY Nepesajdcac HAo 63aeMOOIEI0 MONEKYl 00H020 copmy. Biomeopena nosedinka
KOHMPAKYii 600OHUX PO3YUHIE MEMAHOILY, OCHOBHI i XaPAKMePUCTUKU: NOJIONCEHHSA MIHIMYMY, U020 2TUOUHA.

Knouosi cnosa: koumpaxyis, 600a, MEMAHON, PO3UUHU, NOMEHYIATU 83AEMOOIT

The present work is devoted to theoretical investigation of the equation of state for aqueous solutions of
alcohols. The main attention is paid to compressibility coefficient (contraction) of water-methanol solution,
i.e. total volume of solution is not equal to sum of volumes of its components. The equation of state of the last
is investigated with help of the virial expansion up to the second virial coefficient. The thermodynamic
properties of solutions, in particular contraction, is determined by averaged potentials between water and
alcohol molecules. Averaging of potentials is caused by thermal rotation of molecules. Attention is focused
on building averaged potentials for cross-particle interaction. The potential of cross-molecule interaction,
proposed in this paper, has such a structure as the potentials between molecules of the same type. Their
parameters are derived from modified Lorentz-Berthelot combining rules. Interaction between molecules of
different types dominates over the interaction between molecules of the same type what leads to formation of
stable solute. The behavior of the contraction of aqueous solution of methanol and its main characteristics
are reproduced: position of a contraction minimum, depth of the minimum.

Key Words: contraction, water, methanol, solutions, interaction potentials

Crartio npeacraBuB akajgemik HAH Ykpainu, 1.¢.-m.H., npod. bynasin JI.A.

Beryn KpPHMBI KOHTpAKIlii MarOTh MiHIMyM, TIHOWHA SKOTO
3MEHIIYETHCSI 3 POCTOM TEMIIEPATYPH.

KoHTpakifiss BOAHOrO  pO3YMHY  €TaHOIY
YTBOPEHHsI PO3umMHY, 06’eM Vi, SIKOro MeHImMH 33 jeranpho posrisiHyTa B podorax [1, 2].

cymapHuii 06’eM iioro xommonentis V; Ta V,. Ile JlociipkeHHsl  KOHTpaKkuii ~ Ha  NpUKIaai
. KOHTpaKLii BOZHOTO PO3YUHY €TaHOJy BIiepiie Oyio

3MillyBaHHS BOIM 31 CIIUPTOM MPU3BOAMTDH [0

SIBUILIS HA3WBAETHCS KOHTPAaKIIi€10 i ;
XapaKTEpH3YETbCs apaMeTpoM BukoHaHo . L MeHnenegBI/IM [3]. BlI-'I posrisgae
MpoIiec YTBOPEHHsI PO3YMHIB B KOHTEKCTI YTBOPESHHS
0= Vip 1 KJIACTEPiB 3 BIATIOBITHUX MOJICKYII.

V, +V, BrnactuBoCTI  BOAHHMX ~ PO3YMHIB  CIIUPTIB

o )  posrmsfatothes B pobotax [4 - 6]. Ilpore, aBTopm
KOHH?HTPaHIﬁHI Ta TEMIIEPATypH1 3alICKHOCT]  oOMEKYIOThCS BpaxXyBaHHSM JIMIIH CTPYKTYPHHX
KOHTPaKIIT XapaKTepU3yIOThCA HACTYIIHUMM  gcoOnmuBOCTe 4acTHHOK posumHy [4,5], abo

0006HH?00T’IMH3 _ KOHTpaKIld  BOMHO-CHUPTOBUX  pygopucTaHHAM MOJENIOBAaHHA MeToaoM MonTe-
PO3YMHIB Ma€ BiI'€MHHMH 3HAK, KOHUCHTPALIHHI Kapo [6].

© B.IO. Bapauk, M.B. Tumodees, 2017
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OueBngHO, IO  KOHTPAKIis  BHKIMKAaHA TpHYWHAMHU. BipianbHi po3KIagd SBHO MOXHA
HEOJTHOPITHICTIO TEOMETPUIHOL OyZ0BH BUKOPWUCTOBYBATH i TOOYIAOBH aCHMIITOTHYHHX
KOMIIOHEHTIB PO3YMHY Ta BIAMIHHICTIO B iX PO3KJIaAiB KOHTPaKLii MPH MaluX KOHLEHTPAisx
MDKMOJIEKYJISIPHIN B3a€MOIII. cupry (X—>0), a Takok — TpH Manux
Meroro  miei  poborm € 1) moOynoBa konueHTpamisX Bomd. Y  HaOMIKEHHI JpYyrux
YCEPEAHCHOTO MOTCHINIAILY MDKMOJIEKYJISIDHOI  BipianbHUX KOe(ili€HTIB i PO3KIag¥ MOXKHA
e . 2 2 . . .
B3A€MOJIii Mi MOJEKyTaMH BOAM Ta CIHPTY Ta 22 Gyaysatn o X° ta (1—X)? mignosimmo. Ll
aHalli3  TeMIeparypHoi Ta  KOHIEHTpaIiiHOi . . .
. . aCMMIOTOTUYHI KpHBI TpH  TOJAIBIIOMY  iX
3aJIKHOCTEH ~ KOHTPAkKIii  BOJHUX  PO3YMHIB . . .
IIPOJIOBXKEHHI TIEPETHHAIOTHCS B TOYIN, SKa Maixe
MertaHoiy. [leBHuM umHOM 111 TpoOiemMa Haramye . ..
TOYHO CIIBMANAE 3 TOJOXKEHHSIM  MIHIMyMy

BIJIMOBIIHY 3aJady U CyMillleld aTOMapHHUX PiTuH.
Hobpe BigoMo, 1m0 B HbOMY BHIIQJKY KOHTPaKIIis
Ma€ MO3UTUBHUI 3HAK, [0 BiJAMOBIJA€ TEHICHINI 0
po3IIapyBaHHS IIMX PO3YHHIB 3a aTMOC(HEPHOTO
THCKy. Ha BiMiHY BiJ I1bOTO, KOHTPaKIlis BOIHHX
PO3UYHMHIB CIUPTIB 32 aTMOC(PEPHOrO THCKY Mae
HEraTWBHUH 3HAK, 0 CIPUYMHEHO B3aEMOJIEI0 MIXK
PI3HIMH KOMITOHEHTaMH OiJTbII CHIIBHOIO TTOPiBHSIHO
31 B3a€EMOJII€I0 KOMITIOHEHTIB OJJHOTO copTy. Came 15
oOctaBuHa i Oy/ie 00’ €KTOM YBa)KHOTO JTOCIIKEHHS
y IpeAcTaBIeHiit poOoTi.

KonTpakuisa BoaHO-cHUPTOBHX cyMillell B
Ha0JIMKeHH] BipiaJbHOro PiBHSIHHS CTaHy
CHCTeMHU

B poborax [7, 8] mist onMcy KOHTpaKIlii BOAHUX
PO3UYHHIB CHHPTIB BUKOPUCTOBYETHCS HACTYIMHUN
BUpa3:

X(L—Xx)AB
1-X)v,, +xv,

p(x) =— (1)

7e X - MOJbHa 4YacTKa CHHpTYy, U, 1 U, - MUTOMI

00’eMu BOOM Ta CHUpTy BigmosigHo, AB
KOMOIHAIlisl Jpyrux BipianbHUX KoedimieHTiB. Ls

w

komGiHauis nmopieuroe: AB =B, + B, -2B,,, 1e
B, ta B

w - Apyri BipianbHi Koe]illieHTH BOIM Ta
CHUPTY BiJIOBIIHO,

B

wa
KOeIli€HT, 0 BPaXOBYE B3aEMOJII0 MOJEKYI
pizHoro copty. Homamo, mo BipianbHI KoedimieHTH
PO3paxoBYIOTECSI 32  JIOIIOMOTOK)  yCEPEIHEHUX
MOTEHINAIB  MDKMOJNEKYISIpHOT  B3aemonii. B
3aralibHOMY BHITQJIKY, B32EMOJIiS M MOJIEKYyJIaMu
BOJIHO-CIIUPTOBUX PO3YMHIB ONHUCYETHCS AOCTATHBO
CKIIAJHUMHU  TOTeHIiamamMu  B3aemomii. Ilpore,
TEIUIOBUH OOEpTaNbHUNA PyX MOJEKYN IPHU3BOIUTH
JI0 CaMO-yCEpeIHEHHS TIOTEHIaliB 3a KyTOBHUMH
sminaumu (muB [9, 10, 11, 12]). Buacnigok boro
TEPMOJIMHAMIYHI ~ BJIACTUBOCTI pPO3YUHIB  OyIyTh
BU3HAYATHCS yCEPEIHEHUMH MOTEHIIaJaMu.
MoxIuBiCTD BUKOPHCTaHHS BipiaJIbHUX
pPO3KJIQIiB TpH OOYMCIIEHHI KOHTPAKIlii BOJIHO-
CIMPTOBUX PO3YUHIB IIOSCHIOETHCS HACTYIHUMHU

a

- Jpyruii  BipiaNbHUH
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KOHTpaKWii peaJlbHUX BOJHO-CIUPTOBHX PO3YHHIB.
Ls obOcrtaBuHa Jae HaM TpaBO BBaXKAaTH, WIO
BiplalbHUHA PO3KIIAJ pPIBHAHHSA CTaHy pO3YMHY
JI03BOJISIE BIJITBOPUTH HaANWOIBLI CYTTEBI
0COOJIMBOCTI MOBEAIHKY KOHTpaKIlii. JlogaMo Takox,
10 BUKOPUCTAHHS O1JIBI 3arajbHOTO piBHSHHS Ban-
nep-Baanpca He momae maibke HIYOTO O KapTHHH,
IO BiJnoBigae piBHAHHIO (1).

VYcepemHeHi  TOTEHINiaNM  B3aEMOJIT MK
MOJIEKyJIaMH BOJH Ta CITUPTY OyIeMO OMUCYBAaTH 3a
JIOTIOMOT OO0 HANMIPOCTINIOrO MOTEHIlIATYy — —
noreHiiany CasepieHzaa:

6
. o
u(r)= r) . o<r
o, <o

Tyr O - po3mip 4acTUHKH, £ - €HEpris B3aeMOii,
I - BiicTaHb MIDXK IICHTPaMH Mac 4acCTUHOK. BHecok
CHJI TPHUTSATaHHS B  YCEpEIHEHHH IOTEHIal
TOJOBHUM YMHOM 3YMOBJICHHI IUIONb-AUIOIBHOIO
B3aeMoiero. Ii ycepenHennii BHECOK MpoHOpILiiHMit
~1/r° [12,13].

Buxopucranus ycepennenoro norexmiary U (r)
JO3BOJIIE  pO3paxyBaTH  JpPYyTHi
Koe(IiIlieHT cTaHAapTHUM yrHOM [14]:

B =27 [ (L—exp(~ AU (r)))r*dr

Jlist crIpoleHHs MOJAIBIIOr0 aHaii3y, TYT MHU

BipiaIbHUH

PO3IIISIHEMO TiJIbKM BUIAJI0K & < 1. 3azHauumo,
B

10 OCHOBHI 3aKOHOMIpHOCTI B MOBEAIHLI PiBHSIHHS

CTaHy pO34YMHYy 3aranoMm 30epiratotbes. [pyruit

BiplaJibHUI KOE]IIIEHT Y I[bOMY BHMAJIKy HaOyBae

BUTJISIAY:

&

_20’(, &
KgT

3

B @)

Kom0inaniro AB mpencrasumo y Burismi
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A CHCTeMI BOJa-METaHON 1 Boja-eTaHod. Jlus
AB =Af - KT’ ©) pealbHHX pO3YMHIB BOHA Mae€ OYTH CYTTEBO
B .
OLIBIIO0 (|Aa| =3-10), ame uporo MmoxHa
e JOCSATTH  30INBLICHHSIM  €Heprii  mepexpecHoi
271. cee . . _
_ 3 3 5 3 B33aEMOJIT &, y TOPIBHAHHI 3 &, =+/&&, , a
AB = 3 (al +0, —20,, ) 4 12 ’
. . o, t+o,
L TaKoOX O, Y NIOPIBHAHHI 3 0, = ————
€ KOMOIHAIIi€10, 10 MOPOKYETHCS 2
BiJIIITOBXYBAIHHOIO YaCTHHOIO MTOTEHIII ATy
B3a€EMO/II, a
_ 3 3 3
Aa = —( LEL+ 0,8, — 20‘12812) (5)

3

BU3HAYAETHCS OT0O MPUTATATHHOIO YaCTHHOIO.

3a3Ha4nMo, IO IS MPAaBHIBHOTO BiATBOPEHHS
XapakTepy TEeMIIepaTypHOI 3aJeXHOCTI MiHIMyMy
KOHTpPaKIii — 3MEHIIEHHS TIHOWHU MiHIMyMy 3
TEMIIEPATypOr0 — HEOOXigHO, 100 BHKOHYBaJacCh
HepiBaicts Aar < 0.

Minimym KOHTpaKIIii BU3HAYa€THCA
CHIBBIIHOIIEHHIM
1 Aa
Omin(T) == A8 =] ©
(,/UW +4/0, ) B
a 11 TemMmeparypHa moxijaHa
dmin _ 1 Aa
2 2
T oo}

AHaJII3 moTeHIiagiB B3aeMOIii

Aa Ap
CHIBBIIHOLICHHSM MIXK MapaMeTpamMy MOTEHIIaTiB
MDKMOJIEKYIsipHOT  B3aemonii. TyTr  rosioBHOO

Bennuunan 1 BU3HA4YarOTbHCA

HpO6HeMOIO € IIpaBHUJIbHE BiZ[TBOpeHHH BCIIMYHUH 812

Ta Oy, Ui TIepexXpecHoi  B3aeMOJIii  MiX
MOJICKYJIaMHU.

3a3Ha4uMo, 110 B JITEpaTypi IJisl BiATBOPEHHS
&, Ta O;, BUKOPHCTOBYeThCs NpaBuiio JlopeHua-

o, +0,

beptno: &, =466, , Opp = Bono €

HACJIJIKOM TPOCTHX TE€OMETPUYHUX MIpKYBaHb IS
pO3MIpy YacTHHOK, a TaKOX IPOCTOI 3aJICKHOCTI
KOHCTaHTH IrcIiepciitHol B3aEMOIIT Big

HOJIAPU30BHOCTI: &, ~ 4, - JUId PI3HUX Ta

&~a’- I OQHAKOBHX YAaCTHHOK. 3HaK A«
3aJIC)KMTh BIJ CIHIBBIIHOIIEHb MDK JiaMeTpamMu
YaCTHHOK Ta KOHCTaHTaMHu B3aeMomii (muB. puc. 1).
B obnacti Aar <0 na Puc. 1, A 6nusbka 10 Hysist
B 00NacTi 3Ha4YeHb MapaMeTpiB, MIO BiNOBIAAIOTH
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2.0

1.6 1.8

Puc. 1. 3Hauenns Aa. 0, =0,/0,, &, =¢&,/¢,.

Moaupikanisi moTeHuiagdy ycepeaHeHoi
B32€MOJiI MisK MOJIEKYJIaMH BOJM i CIUPTY

Mornekynmi BOIW 1 CHHUPTIB € TOJSIPHUMH 1
B3a€EMOJIII MK HUMH BH3HAYa€ThCs, T'OJIOBHUM
YUHOM, €JEKTPOCTATUYHUMH CUJIaMH, EHepris
B3a€MOJIIT SIKMX 3aJICKUTh BiJ] B3a€EMHOI Opi€HTAIlii
MoJsiekyn. ToMy Bxke He MOKHA CTBEpPIKYBaTH, IO
IUIsL YCePEHEHOr0 MOTEHIIANy &, =+/&&, . Mu
moaudikyemo cmiBBigHOmeHHs JlopeHma-beptio y
HaWOpOCTIMH  CcHocid, BBOJASYH  KOPEKTYIOUH

koediuientn A ta A, :
Ep = A6,

o, +o0,
2

Ix 3Hauenns Mu 3HalizeMo 3 BUMOTM
ONITUMATILHOTO BiJITBOPEHHS TeMITepaTypHOl
3aJIeKHOCTI MIHIMyMy KOHTpakilii. 3a3HauuMo, M0
JUI BiICYTHOCTiI pO3IIapyBaHHS BOJHHUX pO3YMHIB

Oy =4,

CIIUPTIB MOTPIOHO, MO0 &, > &,&,.
3HaveHHs &,,0, Ta &,,0, 0OepyTbcd 3 pobiT

[12], npucBsdeHUX OCIHIKEHHIO BIIACTUBOCTEH
OTHOKOMIIOHeHTHHX piauH. [lpn mpomy, 3HaUYeHHS
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JiaMeTpiB  MOJCKYJ BH3HAYAIOTBCS 3  YMOBH: OtpumaHe 3HaueHHA O, (OuB Tabm.1l) maibxe
U(r,=0)=0, e U €  YCCpCOHCHUM  cripnamae 3 CyMOK pajiyCcy MOJCKYJId BOJU Ta

MOTEHIIIaJIOM B3a€EMOJII MK MOJEKYJIaMH OJIHOTO
COPTY, @ & BHU3HAYAEThCH iX rimOuHOM0. BimmosinHi
3HAYCHHSI MPEICTaBJICHO B Ta0mii 1.

B Hammx po3paxyHKax MH BPaxOBYEMO, IO B
IIUTBHOMY CEepPEeZOBHIII E€NEeKTPOCTaTHYHA B3aEMOIl
MOCTa0II0EThCA BHACTINOK €(DeKTiB eKpaHyBaHHS:

1
O >—-—D,
9

BHCOKOYaCTOTHOIO CKJIaa0BOIO

ae S €
JeNeKTpUYHOI TpPOHUKHOCTI. BoHa moB’s3aHa C
TYCTHHOIO PEYOBUHH CITiBB1THOIIEHHSIM

cp)-1_4zp
gp)+2 3 m

e O - eNeKTPOHHA MHOJSIPU30BHICTH, M - Maca
MOJIEKYJIH, O - TYCTHHA PEYOBHHHU.

)

Jns BOAM 1 METaHOTY OTPUMAEMO 3HAYCHHS,
omuseki 10 ¢ =1.8. Ile 3HaueHHs 3aJ0BIIBHO
Y3TOJUKYETBCS 3 KOe(illieHTOM 3aJIOMJICHHS CBITJIA Y

. 2
IMX PEYOBUHAX: ¢ = N
Tabmums 1
3HaueHHsS O Ta & MOTEHIAJIB ISl BOJIHOTO
PO3YMHY METaHOIy. T, - TeMIepaTypa MmoTpiiHo1

TOYKH BOJIM.
o, A &,kgTy,
Bona 2.85 2.34
Meranoin 3.3 2.2
Bopa-meranon 3.05 2.36

3nauenHs A, Ta A, M0 HAWKpaUM YHHOM

BiJITBOPIOIOTh TIOBEJIHKY MIHIMyMY KOHTpPAKIIil
PO3YHHY BO/Ia-METAaHOJ, CTAHOBIISTh:

A, =1.041, 4, =0.9923

Biagmosinni 3HaueHHs O, 1 &, NEPEXPECHO]

B3aeMoJii po3mimeno B Tabmumi 1. Enepris

nepexpecHoi B3aeMolii &,, fAK 1 O4YiKyBaJlOCh,

NEpCeBUILYE 3HAUCHHIA 81 Ta 82 . OTpI/IMaHe

3Ha4YeHHsd O;, TPOXH MEHIE 3a CEpe]Hid TiaMeTp
MOJIEKyJT po3uuHy. lle MOKHa TIOSICHHTH THM
(hakTOM, 110 MOJIEKYJIM MalOTh HecepuuHy dopmy,
a B TOBEAIHII KOHTPAaKLil MEepeBaKaloTh TakKi ix
B3a€MHI Opi€HTAIll, SKi 3MEHIIYIOTh BiJICTAaHh MIX
HUMH.

HaWMeEHIIOT 3 Oced eNincoixy, SKUHA OXOILTIE
MOJIEKYITy METaHOIy. BOHO € IOMITHO MEHIINM Bif

3Ha4YeHHs1, oTpumanoro B [8]: o, = 3.61A.

OcCHOBHI pe3yJbTaTH Ta BHCHOBKH

Bukonana po06oTa mpucCBSUEHa JOCIIIKEHHIO
KOHTpakIii BOTHO-CIIMPTOBHX PO3YHHIB, SKa €
OJHIEIO 3  HAWOPOCTIMIMX  TEPMOAWHAMIYHHX
BIACTUBOCTEH  PO3UMHIB. i  XapaKTepMCTUKH
BU3HAYAIOTHCS  YCEPETHCHWMH  IMOTEHIlaTaMu
MDKMOJIEKYIISIPHOT B3aEMOJTI. YcepenaeHHs
NOTEHIIaTiB  3YMOBJICHE TEIUIOBUM OOEpTaHHIM
MoJieky1. [Tapamerpu ycepeJHEHUX TIOTSHIAIB JIs
BOJIM Ta METAHOJY JOCTiKeHI B poborax [8, 12].
CaMe TOMYy B TIpeICTaBlIeHIH poOOTI o0coOJIMBe
3HAYEHHS HAJA€ThCSl JETATBHOMY JIOCITIIKCHHIO

MOTEHIIaly  TMEepeXpecHoi  B3aeMOMil  MOJEKY
pO3UuHYy.
Ycepennenuit NOTEHIIIaT IIepEXPECHO]

B32€EMOJIII MOJETIOEThCS 3a JOMOMOTOI0 PajialbHO
CUMETPUYHOTO TMOTCHINANY, KU Mae TaKy camy
CTPYKTYPY, SK YCEpPEIHCHI MOTCHI[iaJIi B YHUCTUX

pe4oBUHAX. [Mapamerp  1BOrO  TOTEHIATY
BH3HAYEHO 32  JIONOMOTOK  MOAW(IKOBAHOTO
mpaBuina  Jlopenma-bepTio. Beeneni HaMU

KOHCTAaHTH TEPEHOPMYBaHHS €HEeprii i Jiamerpy
nepexpecHoi  B3aeMOAii  J03BOJSIOTH  TTOBHICTIO
BIITBOPUTH TEMMEpPaTypHY IOBEAIHKY MIiHIMyMY
KOHTPAKIIii BOJHUX PO3YHHIB METAHOITY.

Ha pwuc.2 mpencraBneHi po3paxoBaHi 3a
tdbopmymoro (1) 3HaueHHS KOHTPAKIIl BOJHOTO
PO3YHHY METAaHOIY.

? o
0.01}
0.02
0.03 - 0°C
20 °C
-0.04 . : : :
o 02 04 06 08 1

X

Puc. 2. KonTtpakiiis po34nHy BoJa-METaHOI IPH
T =273K,293K . Jlinii — po3paxynok. Touku —

eKcriepuMeHTalbHi naHi [15,16].

100



Bicnux Kuiscbkoco nayionanbHo2o yHieepcumemy
imeni Tapaca Illesuenxa
Cepis Qizuxo-mamemamuyni HayKu

Hns IIOTO BHUKOPHCTAHO napaMeTpu
noteHuianiB B3aemoii 3 Tabmn. 1, a Takox dopmynu
(3) - (B). Sk i mae OyTH, KOHTPAKI[isi BOJHOIO
pO3YMHY METaHONy Ma€ BiJ €MHHH 3HaK — PO3YUH
CTHCKA€ThCS  TOPIBHSHO 3  00’€MOM  CBOIX
KOMIIOHEHTiB. 3 pOCTOM TeMIIEpaTypu TIIHOWHA
MiHIMyMY 3MEHIITYEThCA.

IlopiBHSIHHES MOKa3ye,
XapaKTepUCTUKU  KOHTPaKIii,
JIOTIOMOT'OFO PIBHSHHS (1), 32JI0BUTEHO
Y3TO[UKYIOTBCS 3 THMH, IO  BUMIPIOIOTBECS
CKCIIEPUMEHTAILHO (IUB. Ta0II. 2).

110 OCHOBHI
po3paxoBaHOi  3a

Tabmuns 2
Xapakrepuctuku KonTpakuii mpu T = 283K . X,
- KOHIIEHTpAIlisl METAHOITY Ta BETMYMHA KOHTPAKIIi{
@ pin B TOULI 1T MiHIMYMY.

ekcrl. naui [15,16]  po3paxyHok
X . 0.4 0.4
min
. -0.036 -0.036
min
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Ilposedeno ab initio pospaxyHox 63aemo0ii Kpatlogoi Ouciokayii 3 OOMIUKOSUMU AMOMAMU A30MY 8
Haoxomipyi 3 180 amomie kpemnito. Po3paxyHox nposedeno memooom yHKYIOHAny 2yCmuHu 6 y3azaibHe-
HOMY epadienmnomy Habnudxcenni. Ompumano Kpugy 63aemooii OOMIWKOBUX AMOMIE a30my 3 Kpauoeoro
oucnoxayicio 8 KpemHii. Bcmanogneno pienosadiche noi0NCeHHs OOMIUKOBUX amMOMi8 noOIU3y A0pa OUcio-
Kayii, obpaxosani eHepaii 38 "A3Ky OOMIUKOBUX amoMie azomy 3 Kpauogow oucioxayiero. Ilpedcmasneni ma
NPOAHANI308AHT eJIeKMPOHHI CNEKMPU 00PAHOI HAOKOMIPKU NPU PIZHUX NOJONCEHHIX 0OMiutok. Pesynomamu
PO3PAXYHKI8 NPOAHANI306AHO 3 MOYKU 30PY MONCIUEOCHI BUHUKHEHHS 30HHO20 MACHEMUSM).

Knrouosi cnosa: kpemuiil, enekmponHa cmpykmypa, Kpatosa Ouciokayis, 0oOMiKa a3zomy, MaeHimue
BHOPSOKYBAHHSL.

Ab initio calculations of interaction of the edge dislocation with nitrogen impurity atoms in supercell
composed of 180 Si atoms are presented. The density functional theory in the general gradient approxima-
tion has been used for numerical calculation. The interaction curve of nitrogen impurities with the edge dis-
location in silicon was obtained. The equilibrium positions of impurity atoms in the vicinity of the edge dis-
location cores are calculated. The binding energy of nitrogen impurity atoms with edge dislocation is 5.05
eV per nitrogen atom, indicating the possibility of formation of impurity atmospheres around dislocations
cores. The electronic spectra of supercell (composed of 180 Si atoms) with dipole of two edge dislocations
with nitrogen impurities in different positions are presented and analyzed. In general, the obtained spectra
correspond to the spectra of pure Si, the main difference is formation narrow impurity peak nearly Fermi
level in the case, when nitrogen atom is in the vicinity of the edge dislocation cores. Results of calculations
are analyzed in terms of the possible formation of the band magnetism.

Key Words: silicon, electronic structure, edge dislocation, nytrogen impurity, magnetic ordering.

Crartio npencrasuB wieH-kop. HAH Ykpainu, 1.¢.-M.H., mpod. Maxkapa B.A.

JIUCIIOKAIIHHY B3a€MOJIIF0 B KPEMHIl, ajie MOKH 110
HEe ICHy€ NOCHIiJOBHOI Teopii, fka O MOsACHIOBaJA
BIUIMB MAarHiTHOTO MOJSl Ha Ae()EKTHY CTPYKTYpY
JlaMarHiTHUX HaliBIPOBiIHUKIB [3].

Omxke, Meror0 poOOTH €  JIOCIHIKCHHS
€JIIEKTPOHHOT CTPYKTYPH KpPEMHII0 3 JIOMILIKOBUM
a30TOM B fApi KpaloBOi JUCIOKalLii Ta aHaji3
MOJKJIMBOCTI (POPMYBaHHS MarHiTHUX MOMEHTIB Ha
00ipBaHMX 3B’ S3KaX.

Beryn

Bimomo, 1m0  enexkTpodizuyHi  BIACTHUBOCTI
KPEMHII0 CHJIBHO 3ajiekaTh BiJl HAasBHOCTI Ta
B3aeMomii JedekTiB, 1m0 ©W J0ci € 00'eKToM
IHTEHCHBHOI'O JociimkenHs. Hanpuknan, B poGoTi
[1] Oymno mokazaHO, 110 JIeryBaHHsS a30TOM KPEMHIIO
NPU3BOANUTH JO CHIIBHOTO 3MIIHEHHS BHXIJTHHX
KpuctamiB. Ham Bimomo nuimie Kigbka pobiT 1O
PO3paxyHKy €HepTii B3aeMOJIii TOUKOBUX AC(PEKTIB 3
JMCIIOKALIIMA B KpeMHii, Hanpukiaa, [2]. Takox
3’SBJISIIOTECS.  HOBI  €KCHEPUMEHTaNbHI JaHi Tpo
BIUINB  MAarHiTHOTO  MOJsi Ha  JOMIIIKOBO-

Pe3yabTaTu po3paxyHKy Ta iX 00roBopeHHst

[TpoBexeHo ab initio po3paxyHKku MOBHOI eHEprii
Ta eNEKTPOHHUX CHEKTPiB HaxKkoMipku 3i 180 aTomiB

© T.B. I'opkasenko, [.B. [Tnromait,
O.1. Imromait, B.A. Makapa, 2017
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Si, 110 MICTUTPH THUIIOIE 3 ABOX KPaOBUX IHMCIIOKAL
Ta JIBa aTOMH a30Ty B 00JacTi sApa AuciIoKamii, mpu
pi3HKX MIOJIO>KEHHSIX a3oTy. Po3paxynku
MIPOBOIITUCH METOJOM (DYHKIIOHATY TYCTHHH B
y3arajJbHEHOMY TpaJi€eHTHOMY HaONWKeHHI 32
nornomMororo naketa nporpam ABINIT.

Ha pwuc. 1 mokazaHo KpuBY 3aJeXHOCTI TTOBHOL
€HEeprii BiJl ITOJIOKEHHS aTOMIB a30TYy, SIKa 110 BUTIILY
BIJIMIOBiZIa€ MOTEHIiaTy TapHOi B3aemonii JleHapma-
JKoHCa, IO CBIMYUTH TPO ANCKBATHICTh HAITUX
pO3paxyHKiB. PiBHOBa)kHE ITONIOKEHHS IOMIIIKOBUX
aToMmiB azoty Ha ~ 0,5% Omrxde 1o sapa AuciIoKarii
y TIOpIBHSHHI 3 TTOJIOKEHHSAM aTOMa KHCHIO TTOOITU3Y
sapa auciokarii [3]. Enepris 3B’s3Ky aToMmiB a30Ty 3
KpaioBOIO TUCIOKaIli€ro ctaHoBUTH 5,05 eB Ha oquH
aToM a3oTy.
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Puc. 1. BanexHicTh TOBHOI eHeprii HagkoMmipku Si
BiJI ITOJIO’KEHHS JOMIIIIOK.
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[Mpuknanu eNeKTPOHHUX CIEKTPIB HAIKOMIPKH 3
PI3HUM TOJIOKEHHSIM JOMIIIKOBOIO a30Ty MOKa3aHO
Ha puc. 2. Y BHUIAJKY MOJIOKEHHS a30Ty, KOJIH MOBHA
CHEpris HAJKOMIPKH BHUXOJIUTh Ha IIOJUYKY, B
3a00pOHEHIH 30HI 3’ABISETHCS TOCTPUHM TIK TIif
30HOI0 TIPOBigHOCTI. PiBens ®Depmi momnamae Maiixe
Ha MAaKCUMYM IIbOT'O TiKa. Y BUIAJAKY PIBHOBa)KHOTO
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€HEepTisl HaJIKOMiIPKU BUXOJHUTh HA TIOJIHYKY.

MOJIOKEHHSI ~ a30Ty JIOMIMIKOBHH TIK  3HHKAE
BHACJIIIOK TIacHBaIlii 00ipBaHUX 3B’ SI3KiB.
3a kpurepiem CtoHepa, UIS BUHUKHCHHS

Mar"iTHOTO BIIOPSAJKYBaHHA HEOOXiTHa HasBHICTH
HAIliB3allOBHEHOI BY3hKOI MIJA30HW B OKOJI DiBHSI
®epmi [3]. SIkpa3 TakuM € JOMIIIKOBUH MK (IUB.
puc.26) 'y BUNAIKy, KOIM TIOBHA EHEPris
HaJIKOMIpKH BUXOAWTH Ha MOIHYKY. OTXe, B JAHOMY
BUTAJKY MOXKE BiI0yBaTUCh ()OPMyBaHHS MarHITHAX
MOMEHTIB Ha 00ipBaHMX 3B’sI3KaX.

BucnoBku

BcraHoBeHO pIBHOBaXKHE TMOJIOXKEHHS ATOMIB
a30Ty NOOJNM3Y AUCIIOKAIid B KPEeMHii. 3HAYCHHS
eHeprii 3B’sA3Ky aTOMiB a30Ty 3 KpaHoBOIO
JIUCIIOKAIIEI0 CBITYUTH PO MOXKJIMBICTH YTBOPCHHS
JIOMIIIKOBUX aTMoc(ep HABKOJIO sjpa JUCIIOKAIlil.
Po3paxyHku mpoaHai3oBaHO 3  TOYKH 30Dy
MOJJIMBOCTI BAHUKHEHHSI 30HHOTO MarHeTH3MY.
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Polytetrafluoroethylene (PTFE) is one of atype of polymers that posses many unique mechanical,
optical and electrical properties therefore it is widely used in electronics. This paper is devoted to possible
applications of perfluorinated thin films in different electronic devices such as organic light-emitting diodes
(OLEDs), organic field-effect transistors (OFETS), sensors, electrets and photovoltaic devices (PV).
Advantageously, the paper considers PTFE films obtained by vacuum deposition. The aim of the paper is to
present short review describing the peculiarities of these electronic devices with teflon layer. Article also
contains the comparison of the different electronic devices fabricated with and without perfluorinated thin
films. PTFE films can be used as a protective coating for electrical devices, buffer layer in OLED and PV,
the second gate layer in OFET. Using a PTFE layer in the devices gives the possibility to enhance their
optoelectronics properties and working time as well.

Key Words: PTFE, OLED, OFET, PV, thin films.

CrarTio nipeactaBuB wieH-kop. HAH Ykpaiuwu, a1.¢.-M.H., mpod. Makapa B.A.

Introduction

Polytetrafluoroethylene (PTFE) is one of a class
of polymers that has many unique properties as low
friction coefficient, high heat resistance, abillity to
be used under cryogenic temperature, resistance to
aggressive environments and durability, which make
it valuable in scores of applications. In general, the
PTFE drawing process can give rise to preferred
orientation of the molecular chain axis. This gives
possibility to create a PTFE material with oriented

© K.II. I'punienko, B.M. Amyk, O. M.
Hago3senko, C. llpanep, 2017

dipole moments [1, 2]. PTFE is one of most thermal
stable polymers. PTFE mechanical properties, for
example, flexible and elastic are the same in large
temperature range, from -269 till 260 C. PTFE
resistant to prolonged exposure to ultraviolet
radiation at moderate doses of radiation. Also PTFE
has unique chemical resistance to the most known
aggressive environments. Such amazing resistance
and stability can be explained by the high strength of
the C-F bond which is the strongest bond among all
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known carbon bonds in inorganic chemistry. High
spatial size of the fluorine atom and spiral position of
the fluorine atoms around carbon chain make
impossible the destruction of the C-C bonds by the
chemical reagents. PTFE surface energy has the
lowest value among all known solid materials.
Wettability of PTFE by water and organic liquids is
very low. The low adhesion of PTFE to any
materials, including adhesives, is well known, and
therefore PTFE is widely used in engineering. Weak
adhesion forces are explained by the small surface
energy and poor wettability of PTFE. Among all
known solid insulating materials, PTFE has the
lowest dielectric constant and the tangent of the
dielectric loss angle [3, 4]. These advantages make it
possible to use it as protective coatings of organic
nanocomposites defending them from external
influences. However, it is known that Teflon is
breathable [2].

Different perflouoropolymer (PFP) and partially
fluorinated fluoropolymer (FP) films were deposited
using various methods: thermal decomposition of
bulk PTFE in vacuum, magnetron, ion and laser
sputtering of bulk PTFE target, plasma
polymerisation and hot wire initiated chemical vapor
deposition, using fluoromonomers and fluorogasses.
Scientific researches work on design new materials
based on thin perfluoropolymer film created by
deposition from gas phase of chemically active small
molecules. PTFE films obtained by wvacuum
deposition are transparent in the visible, ultraviolet
and near infrared regions and have low surface
energy. These properties are important for
production of modern materials for optical devices.
Radially these materials can be used into industrial
technologies [5, 6, 7, 8, 9].

Together with earlier used
polytetrafluoroethylene (PTFE), the novel polymers
like Teflon AF and other with a more complex
chemical structure were used in organic light-
emitting diodes (OLED), organic field-effect
transistors (OFET), sensors and photovoltaic devices
(PV) [10]. We include these valuable examples in

the review due to the same films can be made from
the gas phase.

The aim of the paper is to present short review
concerned applications of perfluorinated thin
polymer films in OLED, OFET and PV devices.

OLED

Several studies have shown that improvements
of OLED performance can be achieved by inserting a
buffer layer between the ITO anode and hole
transporting layer [11]. One of classes of the
substances which are suitable for this goal is the
fluorocarbon (CFx), for which PTFE belongs to.

In these works [12, 13, 14] hole-only devices
with the Teflon buffer layer were fabricated. Thin
buffer layer in OLED was deposited in vacuum by
thermal heating of the bulk PTFE. The thickness of
the buffer layer was varied from 2 to 20 nm. The
optimal thickness of 2 nm was found out for the
device structure of ITO/buffer layer/Algs/Al.
Compared with the devices without buffer layer, the
OLED with PTFE buffer layer it was shown, that the
external quantum efficiency of devices was
improved.

The explanation of this effect lies in the fact that
fluorine atoms align on top of the ITO surface
creating the dipole moments directed inward the
ITO. Such dipole moments reduce the energy barrier
between the ITO and adjacent organic interface,
reduce electron escape and thus increases the work
function of the anode. Figure 1 shows a diagram of
the energy levels of the structure of ITO-CFx-NPB
(a-napthylphenylbiphenyl diamine). The dipoles due
to the CFx buffer layers can effectively reduce the
injection barrier from the Fermi level of the ITO to
the HOMO level of NPB [15].

Another attempt to use PTFE in OLED
structure was done by authors in reference [16]
where (ITO)/Polytetrafluoroethylene (PTFE)/tris(8-
hydroxyquinoline) aluminum (Alq 3)/Al  OLEDs
were constructed (Fig. 2). When an insulating layer
with an optimized thickness was inserted between
the organic layer and the metal electrode, an increase

ITOCFXNPB  |TO UV-CFx NPB
ITO NPB 0.31 I \A=0.64eV (33t "\ A=0.37eV
49| 4o 491(|| 4.70 4.9 4.84
0.68 0.6 .
&__‘_—— EHOMO H\-LEHOMO — EHOMO
(a) 2nm (b) 2nm (C) 2 nm

Fig. 1. Energy level diagram showing the interfaces of: (a) ITO/NPB, (b) ITO/CFx/NPB and (c) ITO/UV-
CFx/NPB. Evac, Er and Exomo correspond to vacuum level, Fermi level and HOMO level, respectively.
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in charge injection was caused by a lowering of the
charge injection barrier due to a voltage drop across
the insulating layer.

It should be mentioned, that the best results were
obtained when the thinnest PFP buffer layer was
used. It is known, that films were not smooth and
continuous (Fig. 3). So the more correctly the system
should be considered as OLED with PFP
nanoclusters on the interface.

The surface morphologies of the PTFE films are
thickness dependent. A lamellar structure is shown to

Al
Al,O; (0.3 nm)

+

PTFE (2 nm)

ITO (180 nm)

Glass

Fig. 2. Scheme of OLED.

develop starting from a thickness of 2 nm and the
diameter of the lamellar is thicker when the film is
thicker. A uniformly smooth surface was observed in
the PTFE film with a thickness of 1 nm and a worm-
like lamellar structure was not observed. For the

©am -

Fig. 3. Surface morphologies of PTFE films with
thicknesses of 1, 2, 3 and 7.2 nm.

PTFE film with a thickness of 2 nm, a worm-like
lamellar structure was observed on the smooth
surface and the length of lamellar was 100 - 200 nm.
When the thickness of the PTFE film was more than
2 nm, the lamellar structure was more developed by
linking to each other. Therefore, the surface

roughness was increased. When the thickness of the
PTFE was more than 2 nm, the decrease in the
current density could also be explained by the
increasing interfacial roughness at  the
ITO/PTFE/AlQg3 interface.

Thin films used in OLEDs, for example,
PEDOT:PSS may have large microstructural and
electrical inhomogeneities, with morphology and
conductivity varying by orders of magnitude over
different film regions. These effects doubtless lead to
inhomogeneous charge extraction with enhanced
conductivity in some locations and “dead spots” in
others. Therefore, there is a need for an anode
interfacial layer that has greater charge-blocking
characteristics, has strong adhesion to the anode
surface. This can give an increase of hole injection,
improve carrier balance and device efficiency. In the
hole-only devices hole injection was improved by
the insertion of the Teflon buffer layer. The effect of
the self-assembled monolayer was interpreted in to
enhance hole injection via reduced charge
backscattering [17, 18, 19].

A method for improving the efficiency of charge
carrier injection at both cathode and anode of
inverted top-emitting organic light-emitting diode
(TOLED) was proposed [20]. A bottom-emitting
OLED (BOLED) is first fabricated on a flexible
substrate, which is then transferred as a whole to a
glass substrate for the fabrication of the inverted
TOLED (ITOLED). The electrode engineering that
is responsible for the improvement, which is not
possible in the traditional fabrication of ITOLED, is
made realizable by the whole device transfer. The
mold material used for this work is poly
(urethaneacrylate) (PUA). The mold properties are
such that it is rigid enough to withstand the pressure
applied and yet flexible enough in its film form for
large area applications. Onto a flat PUA mold with
poly(ethyleneterephthalate) (PET) as a backing
plane, a Teflon AF 2400 film (100 nm) was spin-
coated. Gold is then deposited onto the Teflon
coated mold by VD, followed by depositions of
NPB, Alg3, LiF, and Al cathode in succession. The
device thus fabricated was optimized green BOLED.
The whole device on the flat mold is then brought
into contact with a glass substrate. A pressure of 0.5
MPa was applied at 50°C for several minutes. When
the mold is removed after cooling, the whole device
on the flat mold was transferred onto the substrate.
The substrate surface is cleaned bysonication in
trichloroethylene, acetone, and isopropyl alcohol and
then it is spin coated with a 100 nm thick PMMA
film to increase the surface energy.

The effect of thin fluoro-acrylic polymer as
an anode stabilizer on the lifetime of an OLED was
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investigated. Surface properties of FP FC-722
(Fluorad™ of 3M) film on ITO were characterized
by XPS. An OLED with 1 nm thick FP film showed
identical brightness and efficiency behavior and
improved operational stability compared with the
reference device. The improvement of the lifetime
was accompanied by the suppression of the voltage
increase at the initial stage of constant-current
driving, which can be attributed to the smoothing of
the ITO surface by FP film [21].

OLEDs with Alg3 as a single-active layer were
prepared by using a series of FP buffer layers. The
OLEDs with a 10-nm-thick poly-(tetrafluroethylene-
perfluoroalkylvinylether) (PFA) layer had a current
efficiency of 4.46 cd/A at a current density of 2000
A/m2, where as conventional double-layer OLEDs
with N, N-bis-1-naphthyl-N, N-diphenyl-1, 1-
biphenyl-4,4-diamine (NPB) and Alg3 showed a
current efficiency of only 3.81 cd/A at the same
conditions. The action of the “insulating” FP buffer
layers could be interpreted to enhance hole injection
and improve carrier balance [22, 23].

The insertion of a thin PTFE film at the
interface between poly(ethylene dioxythiophene):pol
y(styrene sulphonic acid),(PEDOT:PSS), and an
electroluminescent polymer leads to improved
device efficiency and longevity. The presence of the
superficial dipole increases the effective work
function of the anode and improves the charge
balance which enhances the external quantum
efficiency (EQE) of the devices by up to a factor of
two without significant effects on the luminance
levels. The insertion of the PTFE layer reduces the
photoluminescence guenching at the
PEDOT:PSS/polymer interface, however we show
that the EQE enhancement is mainly due to a better
confinement of minority carrier electrons in the
active layer. The lifetime of the devices showed a
remarkable increase correlated with the insertion of
the PTFE layer. Such improvements are ascribed to
the reduced electrochemical interaction between the
electroluminescent polymer and PEDOT:PSS. The
PTFE acts as a chemical zipper of two heterogeneous
media can be used for charge balance [24].

Thin PTFE film, deposited from gas phase using
a hot filament deposition method, was tested as
protective layer for wvarious electronic devices
including OLED [25]. Among the different methods

the plasma polymerization of perfluorinated gas also
are developing for OLED encapsulation by industrial
companies, for example, Selvac [26].

OFET

The pentacene layer in an OFET was
encapsulated with 1.5 um thick film of PTFE by
magnetron sputtering (MSp) and stored for 4 months
in laboratory conditions. The on-current at —40VDS
and —40VGS was reduced from an initial value of —
6.2 mA to -1.1 mA after 4 months. Compared to
unprotected samples, the rate of degradation was
strongly reduced. A positive threshold voltage shift
occurred, indicating that humidity can be excluded as
a degradation factor. Oxygen may have diffused
through the PTFE layer. Experiments revealed a
positive threshold voltage shift due to the presence of
oxygen [27, 28].

Threshold voltage of OFET was adjusted using a
design similar to a dual-gate structure with an
insulating Teflon electret layer as a second gate. The
threshold voltage of a pentacene bottom gate OFET
was shifted from +13.1 to —2.3 V by deposition of a
1.7 um thick electret layer. This tuning of the
threshold voltage compensated one of the main
drawbacks of organic electronics and even allows
switching from a depletion to non-enhancement-type
transistor behavior [29].

Schematic of this device is shown in Figure 4.1.
Copper phthalocyanine (CuPc) and Teflon(PTFE)
were used as the semiconductor layer and dielectric
layer in OFET (Fig. 4.2). The source and drain
electrodes were made from ITO, the gate electrode —
from Ag. The channel length between the source and
drain was 50 mm. After preparing the source and
drain electrodes by lithography, the CuPc layer,
teflon layer and Ag layer were prepared by vacuum
deposition sequentially. The field effect electron
mobility of the device reached 1.1-10° cm2/(V ),
and the on/off current ratio reached 500 [30].

Deposited in vacuum polyamide-6/PTFE film
was studied as a gate dielectric for flexible OFET
(Fig. 4.3). The same deposition method was used for
the formation of both organic semiconductor and
gate dielectric films. The fabricated transistors
showed good electrical characteristics. Ambipolar
behavior was observed even when the device was
operated in air [31].
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Fig. 4.
1) Schematic of the OFET structure [29];
2) The device structure of organic transistor [30];

3) Schematic cross section of the CuPc organic field effect transistor with PA6/PTFE gate insulator on an
ITO PEN substrate. The channel length and width are 20 um and 1 mm [31];
4) a - Various polymer electret materials, PS, PVN and Teflon;

b - Device configuration of the bottom gate/top contact PEM device [32].

Charge transfer and trapping characteristics of
various dielectric layers: polystyrene (PS), poly(4-
vinyl naphthalene) (PVN), and Teflon AF in non-
volatile pentacene OFET memory devices were
studied (Fig. 4.4). The degree of threshold voltage
(VTh) shifts (memory window), the programming and
erasing bias, and the retention time, depended on the
material of a charged layer. The pentacene OFETSs
with PVN or PS showed reversible positive and
negative VVTh shifts by an application of external gate
bias. In device with Teflon AF positive VTh shift was
obtained indicating a efficient electron injection
whereas showed inefficient erasing characteristics via
hole injection and storing due to a high electro-
negative properties of fluorine units in the dielectric.
This result indicates importance of a selection of the
polymer dielectric to obtain efficient organic non-
volatile memory with a long retention time [32].

Electrets

PTFE films, deposited by pulsed laser ablation,
were found to be crystalline, with spherulite sizes
adjustable over more than one order of magnitude by
annealing. Films with large spherulites showed

excellent charge stability, comparable to industrial
PTFE foils. Such thin PTFE films can be interesting
for miniaturized electret devices [33].

A novel polymer electret was obtained by
doping a silane-coupling reagent into the CYTOP
polymer. Measurements of surface potential and
thermally stimulated discharge spectra were made
for various films, prepared with different silane
concentrations. It was found that the surface charge
density, charge stability and thermal resistibility of
electric charges were improved by the doping. A
surface charge density of 1.5 mC cm2, which is
three times larger than that of Teflon AF, has been
obtained on a 15 um thick film. Power generation
experiment was performed using the patterned
CYTOP electret of 20 x 20 mm? [34]. By adding
aminosilane derivatives into CYTOP, the films
included aminosilane-based nanoparticles on copper
substrate were formed. The formation of
nanoparticles in the film was effective to improve the
properties of electrets [35].
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PV

As many of the achievements in the field of
OLED and OFET were applied to organic
photovoltaic devices design, the PFP films were
tested for PV as well. As mentioned above, PTFE
obtained by vacuum deposition is transparent in the
ultraviolet, visible and near infrared (Fig. 5). It is
known that the spectrum of solar radiation is within
the 300-2500 nm [36]. In this region (300-1100 um),
most spectrally sensitive solar cells [2, 37, 38], such
as silicon cells (Fig. 6) [5].

It makes it possible to assume that PTFE can be
used as solar cell cover. But the radiation spectrum
of the sun and the transmission range PTFE is a
much wider range, so urgent expansion of the
sensitivity of solar cells or use transmission methods
of solar energy from long-wave range to the short,

for example, up-conversion [39].

Authors of [17] introduced the PTFE buffer
layer into the organic photovoltaic devices (OPV).
They investigated the effects of PTFE spacer on
poly(3-hexylthiophene):phenyl-C61-butyric acid
methyl ester (P3HT:PCBM) based organic PV
devices by inserting thermally evaporated PTFE
films between indium-tin-oxide (ITO) and
P3HT:PCBM layers. Significant improvement in
terms of open-circuit voltage, short-circuit current,
and thereby in its commensurate power conversion
efficiency is achieved compared to devices with
poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) layers. As it was demonstrated that the
devices with PTFE buffer layer exhibited at least a
40% increase in terms of power conversion
efficiency comparing with reference devices without

100 20

WV R 18

80} ’ \ —-=Substrate 116
SN — PTFE 114 ¥
= 60 12 'g'
S 50 10 §
E 40 g 8
£ 2
% 30 6 o

10. - 2

O 1 1 L L L 0

300 450 600 750 900 1050 1200

Wavelength [nm]

Fig. 5. Visible light transmittance and reflectance spectra of the fluorocarbon thin film (PTFE) and
magnesium difluoride thin film (MgF,) sputtered onto the PET film substrate.
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PTFE. Figure 6 shows the energy levels of the single
components of the photovoltaic cell with a simple
schematic of the ITO/PTFE interface. As in [15, 16]
the fluorine component aligns on top of the ITO
surface as shown in Fig. 7, creating a dipole surface
with the dipole moment directed inward the ITO.

polyethyleneterephthalate (PET) layer. Under solar
light irradiation (12 W/m? in a rainy day, the
fabricated solar cell provides an open-circuit (Vo) of
0.43 Vand short-circuit current density (Js. ) of 4.2
A/m?. The TENG designed for collection of raindrop
energy gave an AC V,. of 30 V and J,, of 4.2 mA/m?

ITO ; -33eV
C: _~F —-3,7eV
~F -43eV
~F 48eV A Al
~F [
F ITO/ & [52eV
< PTFE ! |P3HT -6,1eV
N \ PCBM
:— ‘—-_____________.-J
D)
ITO/PTFE
Interface

Fig. 7. Energy-level diagram shows the highest occupied molecular orbitel and lowest unoccupied molecular
orbital of each material in the OPV device. Inset: Schematic of the ITO/PTFE interface.

The PVs performance enhancement is attributed to
the formation of an artificial dipole layer resulting
from the rich, negatively charged fluorine that
facilitates the hole extraction process. This reduces
the energy barrier between the ITO and organic
interface. This result showed the high potential of
PTFE as a low cost and stable 1TO buffer layer for
PV devices. The use of a FP optical spacer with 250
nm thickness allowed an independent optimization of
both the electronic and optical properties of the
tandem solar cell. The optical transmission window
of the bottom cell is optimized to match the optical
absorption of the top cell by varying the layer
thickness of the optical spacer. The two bulk
heterojunction  subcells have complementary
absorption maxima at maximum wavelength 850 nm
for the top cell and maximum wavelength 550 nm
for the bottom cell. The subcells are electronically
coupled in series or in parallel using four electrical
contacts. The series configuration led to an open-
circuit voltage of more, than 1 V, which is equal to
the sum of both subcells. The parallel configuration
leads to a high short-circuit current of 92 A/m?
which is equal to the sum of both subcells. The
parallel configuration results in a much higher
efficiency compared to the series configuration [40].

Protective layer, made from PTFE nanorods-
composed film, was used in the transparent
triboelectric nano-generator (TENG) for
simultaneously or individually harvesting solar and
raindrop energy. The TENG was made of a specially
produced PTFE film, an ITO and a

when impacted by water drops at a dripping rate of
0.116 ml/s. In rainy days, the performance of solar
cell decreased, while TENG can be a good
compensation as for green energy harvesting. The
hybrid cell formed by a solar cell and a water-drop
TENG has great potential for harvesting both solar
energy and raindrop electrostatic energy under
different weather conditions [41].

A method for producing superhydrophobic
nanograss-coated (SNGC) glass surfaces that possess
both reduced reflectivity and self-cleaning properties
at the air/glass interface was developed. The
refractive index of a CaF, nanograss(NG) layer on
glass substrate, deposited by glancing angle vapor
deposition, was 1.04 at 500 nm, which is the
second-lowest value ever reported so far. The PTFE-
coated NG layer gives rise to a high water contact
angle (>150°) and efficientcleaning out of dust with
water drops. The superhydrophobic organic PV cell
with excellent power conversion efficiency was
demonstrated [42].

Conclusions
Thanks to their unique optical and electrical
properties, thin films obtained by vacuum deposition
are used in OLED, OFET, electrets, PV and sensors.
It allows to enhance useful optoelectronics properties
and working time as well.
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B pobomi euxopucmano memoo HepiHOBANCHOI MOAEKYIAPHOI OUHAMIKU OJiA OOCHIONCEHHS BNIAUBY
degopmayii nHa mennonpogionicme SiGe eemepocmpykmyp 3 K6AHMOGUMU MOUKAMU. [ MOOenio8amHs.
MEeNIONPOGIOHOCME  KDEMHIl-2EPMAHIEBUX — 2eMEPOCMPYKMYP  3ACMOCOBAHO  eMNIPUYHI  NOMeHYianu
Cminninoocepa-Bebepa i Tepzoggh. Bueuanuce 3anexcrHocmi Koegiyienma menionpogioHocmi  6io
eiopocmamuunoi ma oo0Hogichoi depopmayii. [lokasano, wo menionposgionicme SiGe cemepocmpykmyp
HENnepepsHo 3MeHUWYEMbCs  (30inbuyemovest) npu 3MiHI  2iopocmamuinol  (00HO8ICHOL) Oeghopmayii 6i0
oeghopmayii cmucnenns 0o degpopmayii posmsaey. [ns 3’acysanus pyHOameHmanroHux QisuuHux mMexanizmie
NPOAHANI308aHO WBUOKOCI A MENnJOEMHICIYb, N08 a3aHi 3 onouHumu mooamu. Taxooic pospaxosano
mennonpogionicme SiGe eemepocmpyxkmyp npu T=300 K 3 piznum 06 eMHUM MICIOM KEAHMOBUX MOUOK.
Bcmanosneno, wo menionpogionicme 2emepocmpykmyp HeliHiliHO 3MEHUYEMbCS NPU 3pOCMAHHT 00 €MHOT
YACmMKY HAHOBKAIOYeHb., Ompumanuti pe3yibmam HNOACHIOEMbCS 3POCIMAHHAM UMOBIPHOCMI  (POHOHHO20
PO3CIIOBAHHA HA  2paHuysx nooiny. Busenewi 6 pobomi 3aKOHOMIpHOCMI €  8axcaugumu O/
mepmoeneKmpudHux sacmocyeans SiGe eemepocmpyKkmyp 3 K6AHmMoSUMU MOYKAMU.

Kiro4oBi ci10Ba: TEIUIONPOBIHICTE, TETEPOCTPYKTYPa, KBAHTOBA TOUKA, MOJIEKYJISIpHA TUHAMIKA.

In this paper, non-equilibrium molecular dynamics simulations are employed to study the effects of
strain on the thermal conductivity of SiGe heterostructures with quantum dots. The Stillinger—Weber and
Tersoff interatomic potentials are employed to simulate thermal conductivity of SiGe heterostructures.
Dependence of the thermal conductivity on hydrostatic and uniaxial strain is studied. The thermal
conductivity of the strained SiGe heterostructures is shown to decrease (increase) continuously when the
hydrostatic (uniaxial) strain changes from compressive to tensile. To achieve a fundamental understanding of
the physical mechanisms, mode-specific group velocities of phonons and the specific heat of each
propagating phonon modes are analyzed in details. We calculated also the thermal conductivity of SiGe
heterostructures with different volumetric ratio of quantum dots at 300 K. It is found that by raising the
volumetric ratio of nanoinclusions, thermal conductivity of heterostructures decreases nonlinearly. The
decreasing thermal conductivity is due to the increased phonon scattering at high surface to volumetric ratio.
Our findings are important for the thermal management in SiGe-based electronic devices and for
thermoelectric applications of quantum dot heterostructures.

Key Words: thermal conductivity, heterostructure, quantum dot, molecular dynamics.

CrarTio npencrasus wi.-kop. HAHY, n.¢.-m.H., mpod. Makapa B.A.

Beryn PO3pOOKH  TEPMOCJICKTPHYHUX  EPETBOPIOBAYIB
eHeprii [1]. OckinbKu e(heKTHBHICTH
TEPMOETIEKTPUYHOT'O  TIEPETBOPEHHSI  OOEpPHEHO
NpOIOpLiHA 10 TEIUIoNpoBigHOCTI [2], TO HH3Ka
CyYacHHX IOCIHI/DKEHb B JaHIM Taly3l CIpsMOBaHa

Ha CBOTOZHI KpEeMHil-TepMaHieBi
TeTePOCTPYKTYpH 3 KBAaHTOBUMH  TOYKaMH
pO3MIISINAIOTRCS  SIK TEPCIIEKTHBHI MaTepiayid st
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Ha TIONIYK METOJIB KOHTPOJBLOBAHOTO 3HHKCHHS
TEIUIONPOBITHOCTI MarepiamiB 0e3 CyTTEBOi 3MiHH
Woro enektpomnposigHocti [3]. OmHMM 3 Takux
METO/IIB BIUTMBY MOXE€ PO3TIIANATHUCH AeopMarlis.
30kpeMa, HasBHI JaHi BKa3ylOTh Ha MOXJIHUBICTB
nedopMariiftnoro TIOHIHTY KoedinieHTa
TEIUIOTIPOBITHOCTI KBAaHTOBHUX HHTOK, KPEMHIEBHUX
HAHOILTIBOK Ta MOHOIIIapiB (cuiminen) [4-6].

B ganiii poOOTi 3 BHUKOPUCTAHHSIM METOLY
MonekyisipHoi  muHamiku  (MJ])  mpomemeno
MOIEITFOBAHHS TIPOIIECIB TeIUIonepeHeceHns B SiGe
rerepocTpykTypax 3 kBantoBuMu Toukamu (KT) min
JIi€r0 30BHIIIHBOI jaedopmarii. PosrisHyTo BrumB
rigpocTaTH4HOI Ta OJHOBICHOI nedopMmariii Ha
KOoe(ILi€HT TEIUIONPOBIAHOCTI CTPYKTYP.

MeTtoauka po3paxyHkiB

Hnst PO3paxyHKy KoedilieATa
TEIJIONPOBIAHOCTI K  BHKOPHUCTOBYBAaBCS — METO[
HEPIBHOBAXHOT ~ MOJICKYJNSAPHOI  JAMHAMIKH 3
anmroputMoM  Mromnep-Ilnare.  Jlerami  mertomy
BUKJIaZIEHO B poboti [7]. MonensoBaHa Komipka
CKlajanach 3 KPEMHI€BOI MaTpHili po3MipamMu
10x10x100 B omuHMIKX CTajmoi Tpatku Si 3
HaHOBKIIOUeHHsIMU Ge kyOiunoi ¢opmu. Bxazana
CTPYKTypa CHOYaTKy BHTPUMYyBajach BIPOAOBK 10
HC TpH CTaNMX TeMIeparypi Ta THCKY st
penakcamii BHYTPIIIHIX HamNpyKeHb, IICIS YOTo
BHUKOHYBaBCS PO3PaxyHOK TeruionposiaHocTi K.
KoxxHe 3HaueHHs K OTpUMyBajioCh  NLIIXOM
YCepEIHCHHS  PE3YJIbTaTiB 10 HE3aJIEAKHUX
MOJIeTIOBaHb. BCi po3paxyHKH BHKOHYBAJIHCh 32
JIOTIOMOTOI0  MIPOTPAMHOT0  TTaKeTy MOJIEKYISIPHOT
muHamiku LAMMPS.

Pe3yabTaTu Ta 00roBOpeHHs

Ha mnepmomy etami pobOOTH MPOBOIUIOCH
TECTYBaHHS IOTCHINANIB MIKaTOMHOI B3a€MOIl

Crimutinmkepa-Beoepa (SW) [8] ta Tepsodda [9] Ha

TOYHICTB onHcy TEIUIONPOBITHOCTI k
MoHokpucTamiyaux Si ta Ge. Pesyiapraru MJI-
MO/ICITIOBAHHS CITIBCTaBJISUTUCH 3
eKCIepUMEHTATbHUMU 3aJIeKHOCTSIMH k(T),

orpuMaHuMu apropamu pobdotu [10]. Sk BuaHO 3
puc.l, TeopeTnyHi 3Ha4YeHHs K B ychbomy Jiama3oHi
JOCII/DKYBAaHUX TEMIIEpaTyp JieKaTb BHILE, HIXK
eKcrepuMeHTanbHi. Lle moB’s3aH0 3 THM, L0 NpH
MOJISJIFOBaHHI ~ HAMH  PO3TJISIABCS  iJeabHUN
KpucTan 0e3 >KOAHMX Ae(eKTiB, TOAl SK peanbHi
KpUCTaIH 3aBXIH MICTATh IMEBHY KOHLIEHTPALi€0
TOYKOBUX nedekTiB Ta auciokami. Bxazami
GdaxkTopy  CIHYTyIOTb  JDKEpEJIOM  JOAATKOBOTO
po3citoBaHHS (DOHOHIB, IO 3YMOBIIOE 3HHKCHHS
KoeillieHTa  TEIIONpOBiAHOCTI. 3  OTpUMAaHOl
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3aIeKHOCTI Ha puc.l BUOHO, IO IOTCHINAT
Tepzodd mpm omHAKOBHX yMOBax Ja€ Kpalle
Y3TO/KEHHSI TEOPETUYHOI Ta EKCHEepUMEHTaIbHOI
3anekHocTe. OCKUTbKM — aHaJOTidHI  pe3yNbTaTH
Oynu OTpUMaHi i npu MOJICTIOBaHHI
TEIUIOTIPOBIHOCTI ~ TE€pMaHilo, TO  MOTEHLial
Tep3obd Oymo obpano mas moxpemoBanHs SiGe
TeTepPOCTPYKTYpP 3 KBAHTOBHMH TOYKAMHU.
Po3paxyHoxk TETUIONPOBIAHOCTI k
rerepocTpyktyp SiGe B 3aiexHOCTI Bi 00’eMHOI
gacTkH 1) repMmaHieBux KT BHSABUB, M0 301IBIICHHS

200
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40 b 3
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Puc. 1. Po3paxoBaHa TemmepaTypHa 3aJeKHICTh

KoeilieHTa TETUIONPOBIAHOCTI KpHcTary Si 3

noreHuiazaMmu  SW (1) 1 Tepzodda (2) y

mopiBHsHHI 3 ekcriepuMenToM (3) [10]

400

00’emHOi 4acTku GE€ TPOSBISAETBCI B PI3KOMY
3MEHIIeHHI KoedillieHTa TerIonpoBiaHocTi (puc.2).
[lpy mnomanbmIOMy 3pOCTaHHI 1), BeduuuHa K
MOYMHAE TTOBUTHLHO 3POCTATH.

Pizke 3meHIeHHs1 K mpu 301IbIICHH] 7 MOXKHA
MOSICHATH 301JIbIIIEHHSIM IUIOIII TPAaHUIh TOJLTY, Ha
SIKUX BiI0yBa€eThCs po3citoBaHHs (POHOHIB. B TOM *e

1.0
=, 08
N
0.6
1 1 1 1
0.0 0.2 0.4 0.6 0.8
O0'emua yactka Ge

Puc. 2. PozpaxoBana KOHIIEHTpaIliiiHa

3aJIeKHICTh KoedimieHTa Teronposignocti SiGe
rerepoctpyktypu 3 KT npu T=300 K

yac, MOBiMBHE 3pOCTaHHSA Koedirienta K mpu
nonanpimoMy 3poctaHHi udactku KT wmoxke Oyt
OB’ sI3aHE 3 (hopMyBaHHIM HETepepPBHUX
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JIAHITIOKKIB KBAaHTOBUX TOYOK, Yepe3 sKi YacTHHA
(hOHOHIB TIOITUPIOETHCS 0€3 PO3CIFOBaHHS.

Ha puc.3 mnpeacraBmeHo  pesynbTaTtu
pO3paxyHKy 3MiHH BIZHOCHOI TEIUIOMPOBITHOCTI
crpyktypu SiGe 3 06’emHoro uyactkoro KT #=0.5
npu T=300 K B 3anexHOCTI Bil BETUYMHH 1 3HAKY
OJTHOBIiCHOI nedopmarii. BuaHo, 1Mo mpu oqHOBICHIH
nedopmariii  CTHCHEHHS  B3/IOBX  HaIPSIMKY
MOLIMPEHHS  Temja  BigOyBaeTbCsl  3HMIKCHHS
TEIUIONPOBITHOCTI CTPYKTYpPH, SIKE TIPOSIBISIETHCS
THM CHJIBHIINE, YUM OUIBIIOI0 € JedopMaris
CTHCHEHHsA. 31 3MIHOIO  3HaKy  OJHOBICHOI
nedopmarii, TOOTO MpU PO3TATY OCITIIHKYBAHOTO
3pa3Kka, CIIOCTEpIra€TbCsl 3BOPOTHIA  edeKT —
3pOCTaHHs KoedilieHTa TeIIOMPOBITHOCTI.

Ha  puc.4d  npexacraBieHO — pe3ynibTaTH
MOJIETIIOBAHHS  TEIUIOMPOBIAHOCTI  AOCHIKYBaHOI
CTPYKTYpPH TIpH [ii TigpocTaTndHOoi aedopmarii. Jlis

1.08
1.04
24 .00

0.96

0.924

T T T
-0.01 0.00 0.01 0.02

OnnoeicHa nedopmartis (%)

T
-0.02

Puc. 3. Po3paxoBana 3anexHicTh KoedillieHTa
TEIJIONPOBiAHOCTI TeTepoctpykrypu SiGe 3 KT
(n=0.5) mix giero ogHOBICHOI nedopmarrii

rigpocTaTUIHOI nedopmartii CTUCHEHHS
TIPOSIBIISIETHCS B 3pOCTaHHI KoedirieHTa
TEIUIONPOBITHOCTI MaTepiary, TOJi SK BCceOIUHMHA
PO3TAT JOCIIIKYBAaHOTO KOMIIO3UTY PE3YJIBTYETHCHA,
HaBIIAKH, B 3MEHILIEHH] TETUTOTIPOBITHOCTI.
[NopiBHSHHS pe3yNbTaTiB, NMPUBEIECHUX Ha pUC.3 Ta
puc. 4 CBiqUMTH MPO T€, IO BIUIMB OJHOBICHOI Ta
rizpocratuuHoi aedopmanii Ha TEIUIONPOBIAHICTh
SiGe CTpyKTypH 3 KBAaHTOBMMH TOYKAMH IIPH
¢dikcoBaHii  00’€eMHIH  4acTHi  TepPMaHiEBHX
HAHOBKJIIOUEHb Ma€ MPOTHIICKHUH XapaKTep.

Jiis nosicHeHHs geopMaiiiHuX 3aIeKHOCTEH
koedimienTa TermronpoBigHOCcTI K Bpaxyemo, 110
BeJIMYMHA K 3riZIHO KIHETHYHOI Teopil BU3HAYAETHCS
ak k=ACV/3, me A - HOBXHMHA BIJIBHOTO IPOOIry
(donoHIB, V - iXHA mMBUAKICTh, C - TEIUIOEMHICTH
kpucraiy. [Ipu BcebiuHOMY CTHCHEHHI BiICTaHb MiXK
aToMaMy 3MEHINYETHCS, MO0 BeA€ OO0 3POCTAHHS
JKOPCTKOCTI y MIKATOMHHX 3B’S3KiB. Bpaxomyrouw,
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0 dYacToTa KOJHMBaHb @ aTOMIB B KpHCTali
NpomNopLiiHa OO0 BEIUYUHH ), HNPUXOAUMO JO
BUCHOBKY, 1110 JedopMarllisi BCeOIYHOrO CTUCHEHHS
3yMOBIIOBaTUME 3pOCTaHHS . OCKITBKH 3T1IHO
Teopii TerumoeMHOCTI BenmnumHa C~®, TO BKa3aHi
epexTH 3yMOBIIOBaTHUMYTh 30impmienHss C, B
pe3yNbTaTi 4Oro 3pOCTaTHME 1 TEIIONPOBIAHICTE K
Matepiaxy. IHmmM  ¢akTopoM, MO0 BH3HAYAE
3poctaHHs K mpu BceOIYHOMY CTUCHEHHI MaTtepiaiy €
30UTBITICHHS TIBUAKOCTI MTO3MOBXKHIX 1 MOMEpEeIHUX
(OHOHIB, CIpPUYUMHEHE 3MEHIICHHSAM MIXXATOMHHX
Bigcraneil. Edekr  3meHmenns — koedimieHTa
TEIUTONPOBIHOCTI MPH [Iii T1APOCTATUIHOTO PO3TATY

MOJKHa MOSCHUTU BHUXOASYM 3  AHAJOTTUYHHX
MipKyBaHb.
104
1.004
A‘c
g
oF
0.96
0.92

0.02 0,01 0.00 0.01 0.02
I'igpoctaruuna nedopwmarris (%)

Puc. 4. PospaxoBaHa 3anexHicTh KoedilieHTa

TEIIONPOBIAHOCTI rerepoctpykrypu SiGe 3 KT

(m=0.5) min miero rigpocraTuHOi Medopmartii

I[Ipu  mosicHEeHHI  BIUIMBY  OJHOBICHOI
nedopmaiii  Ha  KOe(IIIEHT  TEIUIONPOBIAHOCTI
TeTePOCTPYKTYp BpaxyeMo, IO 3MiHA PO3MIpy

3pa3Ka B OJTHOMY 3 HaIlpsSIMKiB BeJie 10 MPOTHICKHOI
3MIHM ~ JBOX IHmWHAX po3MmipiB. Tomy mpum
OJIHOBICHOMY CTHUCHEHHI MaTepiairy, BiJICTaHb MiX
aToMaMM B JBOX IHIOMX HampsMKax Oyne
301IbLIYBaTHCH, 3YMOBJIIOIOYH 3MEHILEHHS
MIBHJIKOCTI TOIMUPEHHsI TONEepeYHUX (OHOHIB Ta
3MEHIIICHHS TEIJIOEMHOCTI Marepiaiy. 3
ypaxyBaHHSIM BHpa3y Ui K me mpuBomutume i 10
3MEHIICHHS KOe(illi€HTa TEIIONPOBIAHOCTI.

BucHosxu

Orxe, orpumMani B poOOTi  pe3ynbTaTH
MOJIEKYJISIPHO-TMHAMIYHOTO MOJIEITIOBAHHS TIPOIIECIB
terionepeHeceHHs B SiGe  rerepocTpykTypax 3
KBaHTOBUMH TOYKAMH IEMOHCTPYIOTb MOKJIHMBICTh
3HIDKCHHS KOoe(iIieHTa TETUIONPOBIMHOCTI MUIIXOM

Bapiaii 00’ eMHOTO BMICTY repMaHiEBUX
HAaHOBKJIFOUYEHb, & TaKOX MOXKIHUBICTh KEPOBaHOI
3MiHH KoedirmienTa TETUIOTIPOBITHOCTI 3a
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JIOTIOMOT'OI0  30BHIIMIHBOI gedopmartii. Ileft dakr
MOke OyTH BHKOPHUCTAHHM TIpPH MPOEKTYBaHHI
MPUCTPOiB HAa OCHOBI HAHOMATEpialiB, 30Kpema,
TEPMOCIICKTPUYHUX TIEPETBOPIOBAUIB  ITiBUIICHOL
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Ilposedeno enincomempuyny 0iacHOCMUKY HAHOCMPYKIMYPOBAHO20 KPEMHII0, ChopMOBaH020 y 6unsioi
OKpeMUx KOMIPOK HA NOGEPXHI NAACMUHU MOHOKPUCMATIYHO20 KPEMHII0 3 00NOMO2010 Memody 1a3epHoi
abnayii. Jlazepue onpominenHs npoeooUNIOCh GOJOKOHHUM 1A3epoM Ha OocHosi Yb, wo cenepye imnynvcu 3
enepeiero 0o 1 m/uc  Ha uyacmomi 1 MIy 3 Oosdxcunoro xeuni 1060 um. Ilomyowcnicme nazeproco
ONPOMIHEHHS HA MNOBEPXHI MOHOKPUCMANIYHO20 KpeMHito koaueanacs 6i0 100 mBm oo 1 Bm. Jna
Xapaxmepuzayii OnNMuuHoi aHi30Mponii choOpMOBAHUX NOBEPXHEBUX CINPYKINYD BUSHAYEHO eNiNcCOMEempPuyHi
napamempu cosA ta tg¥V y 2-x 63aemMHO nepnenOUKyIApHUX A3UMYMATLHUX HANPAMKAX Y GAACHIU NIOWUHT

3paska GiOHOCHO 1020 p-HaANpAMKY. Buseneny 3nauny 6iOMinHicmb Y 3HAYEHHAX eNINCOMEMPUUHUX
napamempie AK npu 6a2amoxKymosux SUMIPIOGAHHAX, MAK I NPU GUMIPIOBAHHI NpU 0OOHOMY KYMIi NAOIHHA
CBIMA, NOSCHEHO PO3NOOLIOM HANPY2 8 CKIH-uapi, 30HO08AHOMY NOAPUZOBAHUM CEIMIOM.

Kuwouoei  cnosa: Hanocmpykmyposanuii Kpemuil, J1azepHa abOnayisa,  enincomempis, ONMUYHA
aHizomponis.

Silicon nanostructures are perspective material in plasmonics, plasmonic nanolithography, photon
detection and nanophotonics. The samples of the nanostructured silicon as isolated cells were formed on the
single-crystal silicon wafers by a method of the laser ablation. The laser source was a home-built Yb-doped
fibre laser, operating at a central wavelength of 1060 nm and generating pulses with up to 1 mJ energy at 1
MHz, which can be compressed to 100 fs. The powers incident on the samples ranged from 100 mW to 1 W.
The pulse-to-pulse power stability was on the order of 0.05% (measured from 3 Hz to 250 kHz). Laser beam
scanning modes provide the synthesis of nanostructured silicon dioxide particles or silicon nanoparticles.
The ellipsometric parameters of the samples such as a cosA and tg¥ were measured by a laser

ellipsometer JIED@-3M-1 with A= 632.8 nm for two mutually perpendicular directions in own plane of the
sample for characterization of optical anisotropy of nanostructured silicon. The angular dependencies of
ellipsometric parameters cos A and tgV¥ of nanostructured silicon were analyzed and the principal angle

of incidence (cos A= 0) and minimal value of the tg\¥ are obtained from these dependences. It is found that
the difference between the significance of the principal angle of incidence and tg¥ for two these directions

is essential and equal to about 9° and more than 15 ° respectively. The essential difference between the
values of the cosA and tg¥Y for two mutually perpendicular directions in own plane of the sample when
measured at one angle of incidence ©=53°was observed too. This means that the formed silicon
nanostructures possess great optical anisotropy as a result of deformation influence and appearance of
elastic stresses on the surface of the nanostructured silicon.

Key words: nanostructured silicon, laser ablation, ellipsometry, optical anisotropy.

CrartTio npencrasus a.¢.-M.H., mpod. Makapers M.B.
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Beryn

Kpemuiii HaOyB IIMPOKOrO 3acTOCYBaHHS B
MIKpO- 1 HaHOENEKTPOHIlli, CEHCOPHIM TEXHOIOrii,
OloMeUInH1 " T.II. 3aBISIKA CBOIM
TEpPMOJIUHAMIYHHM, ($i3uKO-XIMIYHUM i
HaNiBIPOBIJHUKOBUM BIACTUBOCTAM. [HTEpec 10
HAaHOKOMITO3UTHUX 1 HAHOCTPYKTYPOBAHHUX CTPYKTYP
Ha OCHOBI KPEMHiI0 00yMOBIIEHHH MEPCIEKTUBHICTIO

iX 3acTocyBaHHS TIpU CTBOPEHHI IPHUCTPOIB
KpeMHieBO1 ¢dhoToHikK [1] i MIPUCTPOIB
SHEepTOoHe3IeXKHOI maM'sTi [2].

BaraTtooGirstounm METOJIOM OJIepKaHHS

HAaHOYACTHHOK PI3HUX MaTepialiB € ja3epHa aOsiis
[3]. [lependayaeTbes, MO MPOIECH exXeKITii (abmsIrii)
€ YHCTO TeMmJIOBUMH  (TemjoBa  jaecopOris,
IUIaBJICHHS, TMeperpiB, BHOYXOBE CKHUINAHHS) 1
3ajexarb, Hacamiepel, BiJ BETMYMHHM IIUTBHOCTI
eHeprii  iMmynasCy, [0  TOIJIMHAETBCS Y
MOBEPXHEBOMY wIapi MileHi. 30kpema, mepexia Big
necopOrii g0 abnsAii # KUTbKICTh €KEKTOBAaHOTO
MaTepialy TOBHICTIO BH3HAYalOTbCA EHEPTI€l0
BUIIPOMIHIOBAaHHS, IIOYAaTKOBOIO  TEMIIEPAaTypOIO
MillleH1 i KoedilieHToM MOTIMHAHHS [4].

OpHiero 3 XapakTepHUX puc abmsamii mpu
BUKOPUCTaHHI TMOTYXKHHX IMITyJIbCIB  J1a3€pHOTO
BUIIPOMIHIOBaHHS € (OPMYBaHHA pI3HOTO pOAY
gacTok  (kimactepiB, Kpamenb ab0  TBepAMX
¢parmenTiB).  MoxiuBicte  mepegbadath i
KOHTPONIOBATH EXEKIII0 YacTOK 1 CKIajg XMapu
OpOnyKTIB  abmsimii €  Ba)XJIMBOIO  YMOBOIO
ONTHMi3allii TapaMeTpiB MpomeciB B 0aratbox
NPaKTUYHUX JojaTkax. HalOinpll IIMPOKO B
OCTaHHI POKH Jla3epHa aOALis BUKOPHCTOBYETHCS
IpU Ofiep>KaHHI HAHOKOMIIO3UTHHX MaTepialiiB Aus
ENIEKTPOHHOI TEXHIKH.

VY mpencrasieHiii poOOTi HaBedeHI pe3ylbTaTH

eTNCOMETPHYHIX JOCITiIKEHb ONTHYHHUX
BJIACTUBOCTEH  HAHOCTPYKTYPOBAaHOTO  KPEMHIlO,
OTPUMAHOI0 B pe3yabTarti ONIPOMiHEHHS
BOJIOKOHHUM J1a3epom MOHOKPHUCTaJIIYHO1

KPEMHI€BOT TJIACTHHHU.

TexHoJI0orist BATOTOBJICHHS
HAHOCTPYKTYPOBAHOI'0 KPEMHII0 Ta METOANKA
€KCIIePUMEHTY

HanoctpykrypoBanuii kpemHiii opmyBaBcsi Ha
MOBEPXHI IUIACTHH MOHOKPHUCTAIYHOI'O0 KPEMHIIO
(100) opienTanii i3 TPUPOAHUM ILAPOM OKCHUIY
MeTogoM JaszepHoi aoOmsamii [3]. OnpomiHeHHS
MPOBOAMIIOCS Y TOBITPsHIM aTMocdepi.

@dopMyBaHHSI HaHOCTPYKTYPOBAHOTO KPEMHIiIO
BinOyBasocsi BOJIOKOHHUM Ja3epoM Ha OcHOBi YD,
o TeHepye iMIynbcu 3 eHepriero a0 1 mJlx Ha
gactori 1| MI'n 3 noexkunoro xBuii 1060 Hwm.
[ToTyXHicTh Ja3epHOr0 ONMPOMIHEHHS HA MOBEPXHI
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MOHOKPHUCTAJIYHOIO KpeMHil0 KonmBanacs Big 100
MBT nmo 1 Br. Pexumu ckaHyBaHHS Ja3epHOTO

MPOMEHS 3a0€3MeYyI0Th CHHTE3
HAaHOCTPYKTYpPOBaHUX YaCTHHOK JIOKCHAY KPEMHIIO
ado KpeMmHi€BUX HaHOYacTOK. Ha  moBepxHi
KpEMHIEBUX IUTaCTUH Oynu CTBOpEHI
HAaHOCTPYKTYpOBaHI IIapd y BHUIVIAAI OKPEMHX
KOMIpOK. 3pa3Ku BUTOTOBIIEHO B Jabopartopii

Bunkent yniBepcurery (Ankapa, Typuis) [3].

Ha puc.l cxemaTnuHo 300paskeHO KOMip4acTy
CTPYKTYPY Y BUIJISIII NPSMOKYTHHKIB Ha MOBEPXHI
3pa3ka KpeMHII0.

o]
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Puc. 1 Cxemarnune 300pa)K€HHS KOMip4acToi
CTPYKTYPH Y BUIJISAI NPSMOKYTHHKIB Ha MOBEPXHI
3pa3ka KpeMHII0.

Oxpemi komipku porymepoBaHo Big 1 1o 20, a
iXHe pO3MIIIEHHS Ha TOBEPXHI 3pa3Ka IMO3HAYEHO
TPbOMa PsIIaMH 3 OPIEHTALIEI0 B3AOBK MYHKTHPHUX
npamux A, B ta C. Enincomerpruyniii aiarHocTumi
MiJUIATaIA Ti YW 1HIOI KOMIPKH, JUIsl SKUX BBEICHO
NEBHE IMO3HAYEHHS, a caMe 3a3HaueHo, SIKUM €
BUOpanuii pan i3 A, B un C, a Takok HOMep KOMIpKH
y BIINOBITHOMY DPAIKY.

HocnimxyBani komipku 1-8 Tta 10-20 wmamm
posmipu 15x7 MM’, Ha NOBEpXHi AKHX Bi3yalbHO
cmocTepiraiack copMoOBaHa [Ii€l0 Jasepa 3
HAJAKOPOTKUMH IMIyJIbCaMH MOBEPXHEBA CTPYKTYpa,
OKpiM KOMIipkH Mg HoMepoM 9 Ha puc.l 3
po3mipamu 7x7 M.

[onsipuzaniiini ONTHYHI BHUMIPIOBaHHS
NpOBOAMIKCA Ha 0araTOKyTOBOMY  eIilcoMeTpi
JIE®-3M-1 Ha mopxuHi XBrIi A =632,8 HM [5].

PesynbraTn Ta 00roBOpeHHA

BusHayeHHS  eMINCOMETPUYHUX  MapaMeTpiB
cosA ta tg'¥ B 3aneXHOCTI Bl KyTa MaaiHHs CBITJIA

Ha 3pa30K ¢ TmpoBeAeHO mius komipku B10. Ha
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puc. 2, a 1 0 TPEACTABICHO 3aJIGKHOCTI IUX JBOX
napamerpiB s KoMmipku B10 3paska kpemHilo,
BUMIpAHI 3a YMOBM, KOmM HampsiMok B Oys
NEPHeHIUKYIAPHUM [0 IUIOIIMHM 3pa3ka, TOOTO
JIOBra CTOpoHa NpsAMoKyTHuUKa B10 3Haxonmmnacs B
p-mwiowmuHi (kpusi 1), abo 36iraBcs 3 Hero (KpuBi 2),
Jie, HaBIIaK{, MEHIIa CTOpOHa NpsAMOKyTHHKa B10
JieXxxaa B p-TUIOLIMHI.
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Puc. 2. 3anexnocti cosA(e) (a) Ta tg¥(¢) (0) ans
komipku B10 (1 — mapanensHO OOBTii CTOpOHI
koMipku (a.=90°), 2 — mepneHAuKyIsIpHO A0 Hel
(a=0°).

Buano, mo mi 3anexHocti cosA(p) Ta tg'¥(¢)
CYTTEBO BINPI3HAIOTHCS Ui 000X  OpieHTAIliH
KOMIpPKH TI0 BiJHOIIEHHIO 0 P-TUTOUIMHU. [ 0noBHUHI
KyT (32 yMOBH coSA=0) mpu ObOMY 3MiHIOETHCS
Maiike Ha 9° , a KyTOBe MOJIOKECHHs MiHIMAJIBbHOTO
3HaueHHs tgV . 3MiHIO€ThCs OLnbin Hixk Ha 15°. Lle
O3Hauae, M0 JiarHOcTOBaHa komipka B10 uepes
YTBOpEHY B Hiii NOBEPXHEBY CTPYKTYpy micist Aii
MOTYXXHOTO JIa3epa MPOsBIISE ONTHYHY aHi30TPOIilo,
MIpOIO SIKOT MOXKYTb OyTH OOHMIBI Pi3HHILI B KyTOBUX
MOJOKEHHSIX TONOBHUX KYyTiB 1 MiHIMadbHUX
3HaueHp tg'¥ . JUI1 3a3HAUCHUX Opi€HTail
KoMipku o =0° (Majma CTOpOHa TPSIMOKYTHHKA
po3MillleHa B3JIOBXK p-IUIOMMHK) Ta o =90° (moBra
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CTOpoHa NpAMOKyTHHKa B10 po3mimena B3I0BX p-
TUTOIMHM ) Y BJIACHIH IUIOMIMHI 3pa3ka KPeMHII0.

B Tabmumi 1  mpeacraBieHO — 3HAUYCHHS
eIINCOMETPUYHUX MNapaMmeTpiB cosA Ta tg¥ mis
Pi3HUX MPSIMOKYTHUX KOMIpoK (pHc. 1) Ha moBepxHi
3pa3ka KpeMHil0 Npu KyTi mamiHHa ¢ =53° mns
o=0°Ta a=90°.

Taomumg 1

3HayeHHs eNINCOMETPUYHUX MapaMerpiB cosA Ta
tgV g mpsAMOKYTHHX KOMIpOK Ha MOBEPXHI 3pa3ka

KpeMHito st ¢ =53° mpu a=0° Ta a.=90°

Ne HANPAMOK cosA tg?
A2 o =90° -0,1338 0,0944
a=0° -0,4813 0,8721
A3 o =90° -0,1680 0,0917
a=0° -0,4675 0,8408
A5 o =90° -0,2448 0,1198
a=0° -0,5803 0,9601
B8 o =90° -0,2349 0,0948
o=0° -0,5240 0,8366
B9 o =90° -0,9804 0,0838
a=0° 0,1469 0,6132
B10 o =90° -0,2037 0,0960
o=0° -0,5048 0,8468
BI1 o =90° -0,2301 0,0986
a=0° -0,5218 0,9094
B12 o =90° -0,2148 0,0979
o=0° -0,5103 0,9182
C17 o =90° -0,1740 0,0973
o=0° -0,5235 0,8632
C18 o =90° -0,2094 0,1111
o=0° -0,5686 0,8790

3 wi€l Tabnuni BUAHO, IO I KOXKHOI 3 KOMIPOK
B TpbOX 3a3HaueHux psagax A, B i C 3zaBxmun
3HavyeHHs tgV Maiibke Ha MOPSIIOK OuIbIIE THX, IO

¢ikcytoTecs pu o = 0° (HaBMaK{, MEHIIA CTOPOHA
NPSIMOKYTHHKA PpO3MillleHa B3JOBX P-TUIOLIMHU
3paska).

[Ipu mpomy [y Maiike BCiX KOMIpPOK 3MiHa
3Ha4YeHHS cosA mpu o =0° Ta o =90° mimisirae Tii
e 3aKOHOMIpPHOCTI, a came: 3a aOCOJIOTHUM
3HAYEeHHSM LS BeIuuuHa B 3.5-4 pasu Oinblia mpu
a=0° HiX npu o=90°. IleBHe BimxuieHHs
crocTepiraeTeesl aume s Komipku B9, mo, B
Mepury 4Yepry, MOB’S3aHO 3 30HAYBAHHAM MEHMIOL
HaTIOJIOBHHY 3a IUTOLIEI0 KOMIpKH, Miananoi o0poOoii
nazepoM. Jlo Toro x Bi3yanbHO Ha ii TIOBEpXHI He
CIIOCTEPIraeThCsl XBHJLSICTA CTPYKTypa y BHITIALL
rpeOHIB B3M0BXK KOPOTKOi CTOPOHH HPSMOKYTHOI
KoMipku (o =0°), sIKa YiTKO IOMITHA Ha BCIX 1HIIMX
KOMipKax. 3a3HaueHMMH TaOJMYHUMU JaHUMU
MiATBEPIKYETHCS, MO-TIEpIIe, BUCOKA OAHOPIAHICTH
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ONTHYHUX BIACTHBOCTEH C(OPMOBAHUX J1a3EPHOIO
Ji€10 AUISTHKY Ha TIOBEPXHI KPEMHIIO, a Mo-Apyre, 10
Il BIACTUBOCTI € aHI30TPONHUMH IS KOXKHOI i3
KOMIpOK, 00 3HaueHHs cosA Ta tg¥ B 1BOX

B3a€EMHO MEPHEHINKYIAPHUX HANpsSMKax OpieHTamil
3pa3ka CYTTEBO BIPI3HAIOTHCA. 3 OMHOrO OOKy, i3
3arajibHUX ~ CUMETpPilHMX  MIpKyBaHb  TaKWi
pe3ynbTaT Mir OM OyTH MPOCTO MOSCHEHWH THM, IO
KOMIpKM HE € KBaApaTHHMH Ha MOBEPXHI KPEMHilo,
AKMA 3a JieNeKTPUYHOI0 MPOHHUKHICTIO Ta il
00’€MHMMH BJIACTUBOCTSIMH TOJI € i30TPOIHHUM, a 3
IHIIIOT O, OUTBIII  MPHUCKIIUIUBOTO, - TaKOro
«CTPYKTypHOTO»  (pakTopy  HEHOOCTaTHBO IS
iHTepHpeTanii OTpPUMAaHUX JaHUX.

Ham nmocnix, sk 1 momepenHiit 3 amophHUMEU
METaJIeBUMHU CIUIaBaMH, ONTHYHI BIACTUBOCTI CKiH-
mapy sSIKAX OpOSIBISIIOTH aHi30Tpomio [6], BKkaszye Ha
pesynbraT Aii Aedopmaniii i BUHUKHEHHS MPYKHUX
Hampyr Ha TMOBEPXHI 3pa3Ka KPEMHII0 B MeXax
MiATaHuX Jla3epHii 00poodii obnacTei.

Came posmonmin  Hampyr B CKiH-ILapi,
30HJOBAHOMY TOJISIPU30BAHUM CBITJIOM, BIUIMBAE HA
3MiHM B aTOMHO-EJIEKTPOHHII1 Oy10Bi Takoro mapy, a
Bapiawii y Horo BiATyKy Ha 30yIXKEHHS CBITJIIOM i
PEECTPYIOTHCSl EIIMCOMETPUYHOIO JTIarHOCTHKOIO Y

CnHcoK BUKOPHCTaHHUX JKepeJt
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2-X B3a€EMHO NEPINCHAUKYIIAPHUX a3UMYTAJIbHUX
HaIrpgaMKax.

BucHosku

TakuM 4YHHOM, EIINCOMETPUYHUNA METOH €
YYTIUBUM JI0 BHSBICHHS ONTHYHOI aHi30Tpomii

MOBEPXHEBOT CTPYKTYpH HAHOKPHCTAJIIYHOT'O
KpEMHII0, CPOPMOBAHOTO Yy pe3yabTaTi Ja3epHOl
00poOku.  BcraHoBneHo, 1m0  emimcoMeTpUYHi
napameTpu,  OTpUMaHi y 2-X  B3aEMHO

NEPIEHINKYISIPHUX a3UMYTaIbHUX HampsMKax Y
BIIACHIM IUIOMMHI 3pa3ka BiTHOCHO #oro p-
HanpsIMKy, 3HAYHO BIJIPI3HSAIOTBCS SIK y BHUIAAKY
0araToKyTOBUX BHMIpIOBaHb (30KpeMa, TOJOBHUM
KyT — wMaibke Ha 9°, a KyTOBe MOJIOXKCHHS
MiHIManbHOro 3HaueHHa tg¥ . — OuIbII HIK Ha
15°), Tak i npu BuMmiproBaHHI cosA Ta tgV mpu
OIHOMY KyTi MaJiHHA CBiTJIa Ha 3pa3ok. OTxke, Taka
MOBEIIHKA ONTHYHUX BJIACTUBOCTEH € HACIIAKOM il
nedopmaniii i chOpMOBaHUX TMPYKHUX HANpyr Ha
MOBEPXHI 3pa3Ka KpPEMHII0 B MeXaxX MiJJIaHuX
na3epHiit 00podui obnactei.
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B pobomi cghopmynvosani ochosHi npunyunu yu@pposoeo momocuHmesy 3 GUKOPUCHAHHAM ICHYIOY020
001a0HaHHs 0151 Yyughposoi penmeenocpagii. ITlokazano 6ucoky 0iaeHOCMUYHY YIHHICHb OMPUMAHUX 3Di3i6 6
NOPIBHAHHI 3 KIACUYHOW peHmeeHo2padicio, ma Huzbke 00306¢ HABAHMANCEHHS 6 NOPIGHAHHI 3
KoMn tomepHoio momozpaghicio. 3anpononosanuti nioxio nepesipero Ha Mecmosii yCmaHo8yi.

Kniouosi cnosa — Komn tomepra momocpaghis, momocunmes, anzopummu peKOHCmpyKyil.

Thomosynthesis is a new diagnostic method that combines advantages of computed tomography and X-

Ray projection radiography. Thomosynthesis provide a series of slices with small radiation dose. Basic
principles of digital tomosynthesis mode implementation in the radiographic table are formulated in this
paper. The possibility of tomosynthesis realization according to the principles is experimentally shown with
prototype X-ray unit. Patient radiation dose was significantly less than in computed tomography. To

optimize patient radiation dose next steps were suggested:

- downsample X-Ray projection images;
- use sensitive Csl X-Ray detectors;

- digital pre- and postprocessing of X-Ray projections and tomography slices;

- optimize X-Ray exposition according to scanning angle.

Suggested steps helps to reduce patient radiation dose in more than 60 times compared to non-optimized
thomosynthesis. Software for thomosynthesis slices reconstruction, pre- and postprocessing was developed.
High diagnostic value was shown with the experimental phantom that simulates human chest.

Keywords—Computed tomography, X-ray tomosynthesis,

algorithms, Biomedical imaging

Filtered backprojection, Reconstruction

Crartio npeacrasus akagemik HAH Ykpainu, n.¢.-m.H., npod. bynasin JL.A.

Beryn

[lepeBuiieHHs J030BOTO HABAaHTAXEHHS Ha
narieHTa npu KoMmm'totepHid Tomorpadii (KT) €
MIPOKO BigoMow Tpobiemoro [1]. Hampuknan
CepeHE T030Be HaBaHTaXKeHHs Ha marfienta B CLIHA
npu KT nporarom 1996-2010 ckiagano Onu3bko
2,3mM3B. OgHKMM 13 CIOCOOIB 3MEHIIEHHS J030BOTrO
HaBaHTaXeHHS € IU(POBUIT TOMOCHHTES.

ToMocuHTe3 €  METONOM  TPUBUMIpPHOI
PEKOHCTPYKIIi BHYTPIIIHBOI CTPYKTYpH 00'€KTYy 32
HermoBHUM Habopom mpoekmiid [2]. HemoBHoTa
Ha0Opy MPOEKIN HakiIanae OOMEXEeHHs Ha SKIiCTh
pexoHCTpylHoBaHux paHux B mopiBHsHHI 3 KT.
IIpoctopoBa pozmineHa 3matHicTs Tpu KT Maibke
OJHAKOBa B YCIX HampsAMKax, TOAl fK TMpH
TOMOCHHTE31 BOHa HEOAHOpiHA, BHCOKa B

© 0.B. Moroimura, C.I1. Cenuypos, 2017

HanpsiMKax MapaielbHUX IUIONIMHI JETeKTOpYy Ta
HHU3bKa MEPIEeHAUKYIIpHO 10 nerekropa [3]. V
HAIMX [ONEepenHix  JochipkeHHsx [4]  Oyino
MOKa3aHO  JOIUIBHICTh  peaiizamii  Iu¢poBOro
TOMOCHHTE3y 3  BHUKOPUCTAaHHSIM  iCHYIOYOTO
oOmagHanHs  anst uuppoBoi  ;maminorpadii.
KnrouoBuM nuTaHHSIM Oysia HasBHICTH LU(POBOTO
JIETEKTOpa  PEHTTEHIBCHKOTO  BHUIPOMiHIOBAHHS
30aTHOTO JOCTAaTHBO IIBUKO 3UUTYBATH.

Himtro 1iei poOOTH € BHBYMTH MOXKIIMBOCTI Ta
BU3HAYUTH TEXHIYHI BUMOTH JUISL BIPOBAJKCHHS

MUPPOBOTO  TOMOCHHTE3y 3  BHUKOPUCTAHHSM
ICHYI04YOTO o0agHaHHS JUIS uudpooi
nmaminorpadii.

3HWKEHHS ~ JIO30BOI'O  HABaHTAXCHHS 9

BaYXJIMBOIO 33/1a4€i0 B KOMIT IOTEpHii ToMorpadii. B
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Hamid poboTi Mu OyaeMo HamaraTHCh JOCSTTH
JI030BOTO HaBAaHTAXCHHS Ha TMallieHTa Ha piBHI

eKBIBaJICHTHOMY OJTHOMY 3BUYATHOMY
PEHTTeHIBCbKOMY 3HIMKY.

[Ilo6 mocsartTm miei mimi HaM  MOTPiOHO
PO3B’SI3aTH PSII MPAKTHYHMX 33/1a4:

* Croputu uuQpoBuit JIETEKTOp

PEHTTEHIBCLKOTO BUIIPOMIHIOBAHHS 3 IMiJBUIICHOO
YYTIMBICTIO Ta MOXKIHUBICTIO OTPUMYBaTH cepii
PEHTICHIBCHKHUX 3HIMKIB;

* Bukopucratn uudposi meromu 00poOku
3HIMKIB Ta IU(POBI METOAN MOCT-00POOKH 3pi3iB y
TOMOCHHTE31 JUTS 3HKCHHS JI030BOTO
HaBaHTa)KCHHSL.

YcranoBka 11 JiniiiHOI ToMorpadii Ta
1 GppoBOro TOMOCHMHTE3Y

CraHgapTHUM BUTJISA YCTAHOBKH JUISL JIIHIHHOL
tomorpadii Ta TUPPOBOrO TOMOCHHTE3Y MOKa3aHO
Ha puc. 1. lls ycraHOBKa po3pobiieHa mist pobotu y
TPBOX PEKHMAX.

B mnepmomy pexumi
OTpUMYBAaTH  OJWHUYHI
Mali€HTa.

Y npyromy pexuMmi JETEKTOp Ta JIKEepeo
PEHTTCHIBCBKOTO ~ BUIPOMIHIOBAHHA  PyXaroThCs
TMHIAHO Yy TPOTHISKHUX HampsAMKax. 3pi3 10
MICTHTh IX CHiJIBHY BiCh OOEpPTaHHS HAa3UBAETHCS
LeHTpajdbHUM. Bucota oci 00epTaHHS BiTHOCHO
narieHTa 0OupaeThCs HapiBHI 00J1acTi MO0 HEOOX1THO
nocuiauty B Timi. Yac excroswiii peHTreHiBChKOTO
3HIMKY BIJIIOBiJ]a€ TIOBHOMY 4Yacy pyXy CHCTEMHU
JDKepeIno-eTeKTop. TakuM YHHOM OTPUMYETHCS 3pi3
nmiHidHOI TOMoOTrpadii. BiH MICTUTHP KOHTpACTHI
KOHTYpH 00’€KTiB B IIEHTPATLHOMY 3pi3i Ta pO3MHTE
300pakeHHS OO0 €KTIB HW)KYE Ta BHIIE BIJ
HEHTPAIBHOTO 3pi3Yy.

< 4

YCTaHOBKA  JIO3BOJISIE
PEHTTEHIBCBKI  3HIMKH

(L~

4

7T 6 _\q

= s T

Puc. 1. Cxema yCTaHOBKHM ANl TOMOCHUHTE3Y.
Jlxepeno peHTreHiBChKOro BUTpoMiHIOBaHHS (1),
BiCh [0 CHHXPOHI3YE PyX JIeTEKTOpa Ta JuKepena (2),
namient (3), crin  (4), unudpoBuil AeTEKTOp
PEHTTEHIBCLKOTO  BUNpOMiHIOBaHHI  (5),  BicCh
obepranHs cucteMu (6), pyxoma omopa (7).

Puc. 2.
TOMOCHHTE3Y..

ExcnepumeHnTanbHa
Hxepeno

BurpoMiHtoBaHHA (1), BiCh IO CHHXPOHI3yE PyX
neTekTopa Ta Jukepena (2), dantom (3), crin (4),

yCTaHOBKA ISt
PEHTTEHIBCHKOTO

UUpPOBHHA JETEKTOP PEHTTeHiBCHKOTO
BHIIPOMiHIOBaHHA (5), Bick oOepTaHHs cuctemu (6),
pyxoma omopa (7).

B tperpromy pexuMi pyx H(pOBOTO AeTEKTOpa
Ta JpKepena TaKMd caMuil SIK y Jpyromy, HpoTe
300paKeHHs, OTpPHMaHi MiJl PI3HAMH KyTaMu
30epiratloTCsi OKpemo. B pe3ynbraTi MH MaeMo
cepiro 3HIMKIB, 3a3Bu4ait 60-90. Leit HaOip mpoekiiit
BUKOPUCTOBYETBCS ISl IUQPOBOI  PEKOHCTPYKIT
BHYTPILIIHBOT CTPYKTYPH 00’ €KTY AOCIIPKEHHS.

ExcnepumeHTanbHi BUMIpHU HA TeCTOBil
YCTAaHOBIIi.

TecroBa ycTaHOBKa, IO TMpAaIIOE B PEXUMI
TOMOCHHTe3y Oyna BurortopieHa cmiibHo 3 HBO
Teneotuk  (puc. 2). BuroroBrmeHa  ycTaHOBKa
BiJIpi3HsIACh BiJ 300pakeHOi Ha Puc. 1 TuMm mo B
HI JDKEpeao PEHTICHIBCHKOrO BHIPOMIHIOBAHHS
3aJIMILIAIIOCH HEPYXOMUM, TOJI K JI€TEKTOp Ta CTid 3
JOCHI[DKEHUM 00’ekToM pyxanuck. llporte, skmio
nepeiTH B CHCTEMY KOOpJAWHAT 00’€KTy, TO
reoMeTpisi pyxy JKepena Ta JeTeKTopa CIiBHajgaa
31 cxemolo Ha puc. 1. EkcriepumenTanbHa ycTaHOBKA
JI03BOJIsAJIa OTPUMATH CEpil0 3HIMKIB B Jiana3oHi
KyTiB Big -32°...+32° 3 IUCKpETU3aIli€l0 10 KyTy B 1°,

Pexoncrpykuis BHYTPiLIHBOT CTPYKTYpH
00’€KTy BHUKOHYBajach IIOLMIYKOM HaOJIMIKEHOIO
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YHCCJIBHOTO PO3B ’HBKy piBHSIHHSII

I
Ly = R—gcos(anij) exp(—j y(s)ds) 1)
nij
Hde n — Homep mpoekuii, I,

nij

KOOpAWHATH

mikcenss Ha  HPOEKIii, IHTEHCUBHICTh

peHTFeHiBCBKOFO BI/IHpOMiHIOBaHHSI o10 IMmoIIaJio Ha

merektop. |, - mouyarkoBa  IHTEHCHBHICTH
PEHTIeHiBCbKOrO  BUmpominroBanns,  u(S) -
MIPOCTOPOBHM PO3MOALT KOedilli€eHTa ITOTJTHHAHHS
PEHTIeHIBCHKOTO BHUIIPOMIHIOBaHHS B3IOBX

npomento. Ry - Bigcramb Bix jokepena 0

ACTEKTOpa, Cf,; - KyT HAaXWIy NMPOMCHIO IO Iajae

Ha nerekTop. [HTerpyBaHHs BinOyBaeTbcs B3HOBXK
IPOMEHIO IO TaJa€ Ha 3HIMOK N B TOYKY 3
KOOpAMHATaMH i,J.

Y piBHSHHI | BHKOPHCTOBYIOTHCS HACTYIIHI

HaOJIMKCHHS:

1. Jxepeno PEHTTEHIBCHKOTO
BUIIPOMIHIOBaHHSI € MOHOXPOMHUM;

2. Poscisaus PEHTTEHIBCHKOTO

BHIIPOMIHIOBAHHS BiJICyTHE;

3. TlepemaTo4yHa XapakTEpUCTUK AETEKTOpa €
JIHIAHOO

TomocunTe3 3a 64 mpoekmisMH B [iama3oHi
KyTiB  -32°...+32° 703BOJISIE OTPUMAaTH TapHE
300paskeHHS BHYTPIIIHBOI CTPyKTypu 00’ekTy. Ha
pHc. 3 moka3aHo 3pi3 PeKOHCTPYHOBaHOIO (aHTOMY.
PozninpHa 37aTHICTE Y IUTOMWHI  JIETEKTOpa
CTaHOBHTSH 2.5 map JiiHild/MM Ta 0.2 map JiHIA/MM 110
oCi TepneHAWKYISIpHiA aeTtekTopy. PizHuns B
PO3AUTBHIN  3JaTHOCTI  BHUKJIMKaHa OOMEKEHUM

HabOpOM TIPOEKIiH M0 BHKOPHCTOBYBABCS JIJIS
PEKOHCTPYKIIii.

danTomMy

3pi3zy
PEKOHCTPYHOBAHOTO 32 64 MPOEKITISIMH.

Puc. 3. [Ilpuxman TPYIHOTO

OTnuMi3zanis 1030BOro HAaBAHTAKEHHSA

3anponoHOBaHUI IMPOTOTHI YCTAHOBKU UL
TOMOCHHTE3y BHUKOPHCTOBYE 64 peHTTeHIBCHKI
NpPOEKIii, J030Be€ HAaBAaHTAXCHHS  IEPEBHIIYE
HaBaHTA)XCHHS IPU 3BUYAalHOMY PEHTI'CHIBCBKOMY
3HIMKY V BIANOBIAHY KUIBKICTH pa3. Hamroro
HACTYIMHOI METOI0 OyZe 3HIKCHHS JI030BOTO
HaBaHTaXeHHsA. [Ilo0 mocartu 1wiei 1im  Ham
HEOOXiTHO MiIBUIINTH YyTJINBICTh PEHTT€HIBCHKOTO
JeTexTopa y 64 pasn.

IcHye kinbka [UIAXIB 3HIDKEHHS J1030BOTO
HaBaHTAKCHHJ, 1 BCI iX HOTPIOHO BUKOPHUCTATH.

1. 3MeHmUTH PO3aiIbHY 3IATHICTH Y 4 pa3u A0
~1.2 map miHi#/MM B IM(POBOMY TOMOCHHTE31 Ta
~2.4 map niniii/mMm y nudposiii gurooporpadii. dus
PeKUMY TOMOCHHTE3y 1€ JO3BOJUTH 3MEHIIUTH
JI030B€ HaBaHTaXeHHA y 16 pa3 (4x4) 3aBmsIku
OLNBLIIN TUTOIII OJMHUYHOTO IKCEJIA Ha JETEKTOPI
10 PEECTPYE PEHTTEHIBChKE BUIPOMIHIOBAHHS.

2. BukopucroByBaTu OimpI Yy TIIMBHA
nerektop. Tak  BuxopuctanHs Csl  ToHKHX
JIETEKTOPiB TO3BOJIUTH OUTBII HDK B 2 pasu
3MEHIINTH J030BE HaBaHTaXeHHs [5].

3. BukopucroByBatH HU(POBY MepeaoOpodKy
3HIMKIB Ta MOCTOOPOOKY PEeKOHCTPYHOBaHHMX 3pi3iB.
st miei mimi Moke OyTH BUKOPHUCTaHO —SK
CaMOCTIHO peaji3oBaHi aNrOPUTMHU TaK 1 TOCTYITHE
KOMepliiiHe  mporpamHe — 3abe3medeHHs  [6].
BukopucTanHs 1IbOr0 MiIXOAY H03BOJISIE 3MEHIIUTH
JI030BE HaBaHTAXXEHHs Maibke BBiui [7].

4. OnTuMi3yBaTH €KCIIO3UIlI0 B 3aJIe)KHOCTI
BiJl TeoMeTpii ckaHyBaHHA. Slk Oyno mokazano B (1)
IHTCHCUBHICTh IO IOMAaJae Ha JETEKTOP 3aJIeKUTh
BiJl KyTa CKaHyBaHHS Ta Bij BIJICTaHI 10 JETEKTOpA.
Tak HanmpuKIaa Mpu Pyci AETEKTOpa Ta JuKepela By
-32° ngo 0° , BenmuumHa 3poctae y 1.5 pasu. Otxke
SKIIO HE KOPEKTYBAaTH €KCIIO3MUIIIO 1€ 03HAUYUTHME
0 KpaiHi 3HIMKH OyJIyTh HEIOCKCIIOHOBaHi, a
LHEHTpalibHI  nepeekcrnoHoBaHi.  dDakTUuHO 1€
npusBele A0  Hee(EeKTUBHOTO  BHKOPHUCTAHHS
PEHTTeHIBCHKOTO BUIPOMIHIOBAaHHS Ta 301TBIICHHIO
JI030BOTO HABAHTAKEHHSI HA TMAIli€HTA.

BucHoBku

[lincymMmyeMo eKCIepUMEHTAIbHO OTPUMaHy PO
TOMOCHHTE3 1H(OpPMAIIitO:

1. 3MeHIIEHHS J030BOTO HABAaHTAKEHHS IIPU
U(POBOMY TOMOCHHTE31, MOMKIIMBO JIOCATTH PiBHIO
OJIMHAYHOTO PEHTI'CHIBCHKOTO 3HIMKY;

2. BUKOPHCTaHHS  IIMPPOBOTO  JETEKTOPY
PEHTTEHIBCHKOTO BUIIPOMIHIOBAHHS 31 3MEHIIEHOO
PO3IUIBHOI 3/aTHICTIO J0 1.2 map mniHil/MM Ta
MUPPOBOI0 TIpe- Ta MOCTOOPOOKO  JTO3BOJISIE
3HM3UTH JI030BE€ HaBaHTaKEHHS | 3HIMKY Maibke y
64 pa3u B MOPIBHSIHHI 3 JO30BUM HaBaHTaKCHHSIM
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Opyu 3BUYAHOMY pEHTIeHOrpadiyHOMY 3HIMKY 3
PO3ITHHOIO 3AATHICTIO 4.6 map JiHii/MM;

3. ekcrmosuIlisi TOBMHHA Oyt  mimiOpaHa
BIJIMOBIIHO 70 KyTa CKaHyBaHHS LIO0 OTpUMATH
3HIMKH OJTHAKOBOI SIKOCTI MiJ PI3HUMH KyTaMH, Ta
e(heKTUBHO BHKOPHCTOBYBAaTH PEHTTeHIBChKE
BUIPOMiHIOBaHHS,
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Poboma npucesuena oensdy memooy HenpystcHO20 PO3CISIHHA HEeUMPOHI8 01 OOCAIONCEHH OUHAMIKU
MONeKya. 3a80aKu MoMcIugocmam, peanizoeanum Ha ycmanosyi HEPA, posmawoeanoi na 7 Kanani
peakmopa IbP-2 O6’ednanozo iHcmumymy s0epHux O0ocuioxcenb (M. [[yOHa), 0OHOUACHO MOJMCHA
BUMIPIOBAMU CNEKMPU NPYAHCHO20 MA HENPYICHO20 PO3CIAHHA HeUmponis, ougparyitni cnekmpu. Bucoka
NPAKMUYHICMb  YCMAHOBKU 3YMOGIEHA MAKONC (DYHKYIEIO NIOMPUMKU MEMNEPaAmypHO20 PetCUmy y
dianasoni 8i0 memnepamypu piokoeo eenito 4 K 0o 400 K. 3aznaueni napamempu oaroms 3m02y APO8oOUmMu
excnepumenmu Ol OMPUMAHHA [HGOpMayii w000 GHYMPIWHLOI OUHAMIKU MA CMPYKMYPU MONEKYI,
30Kkpema, O00CNIONHCeHHS DPevyo8UH, 6 AKUX ¢haz08i nepexoou cCynposoONCYIOMbCA 3MIHAMU CMPYKMYPU,
OQuUHaMiKu pewlimky abo xapaxmepy CMOXACmMuyHO20 PYXy MOJLEKYI ab0 MOAEKYyAaApHux zpyn. ¥ pobomi na
NPUKIA0i OMPUMAHO20 3 eKCHEPUMEHMY CREKMPY HENPYHCHO20 PO3CIAHHS HeUMPOHi6 8UKIA0EHA npoyedypa
00pOOKU eKChnepUMeHMAanbHux Oanux 01 inmepnpemayii pesyiomamis. Hasooumvcs kopomxuil ananiz
nepegae ma Hedonixie ycmanoexu HEPA.

Kniouosi cnosa: wnenpysicne po3cCiimHs HeUmMpoHie, Memoo UYdcy HpOAbOmy, Memoo HeumpoHHOT
NOPOWKO60T OUGPAKYLL, MOLEKYIAPHI KDUCTNATIU.

The work is devoted to review of inelastic neutron scattering method to study the dynamics of molecules.
To obtain information about elastic and inelastic parts of spectra, neutron diffraction simultaneously is
possible due to opportunities realized on NERA spectrometer located on the 7th channel of reactor IBR-2 of
Joint institute for nuclear research (Dubna). The high practicality of the spectrometer is also due to
possibility of changing the temperature in the range from the temperature of liquid helium 4 K to 400 K.
These parameters make it possible to do experiments for obtain information about internal dynamics and
structure of molecules, particularly, investigation of substances in which phase transitions are accompanied
by changes in the structure, lattice dynamics or in the character of stochastic motion of the molecules or
molecular groups. The processing of experimental data for inelastic neutron scattering is demonstrated on
example of calculating of experimental spectrum. A brief analysis of the advantages and deficiencies of
NERA spectrometer is provided in the article.

Key Words: inelastic neutron scattering, time-of-flight method, neutron powder diffraction method,
molecular crystal.

Crartio npencraBus akagemik HAH Ykpainu, 1.¢.-M.H., npod. bBynasin JI. A.

iM. .M. ®panka O6’e€aHAHOTO iHCTUTYTY SICPHUX
JOCIHIHKEHb (M. 1yOHa). VYcranoBka €

Crektpomerp oOepHeHoi reomerpii HEPA e(heKTUBHUM TPWIAJAOM JUIS BUBYCHHS TUHAMIKA
posTamioBaHuil Ha 7 TOPU3OHTAIBHOMY KaHall  MONEKYJ, a TaKoX Au(paxiii ToCiiIpKyBaHHX
peaxropa IBP-2 y JlaGoparopii HeliTpoHHOT Gi3uku  pewosun [1-3].
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MeTon HEnmpy:KHOTO DO3CISIHHS HEHTPOHIB €
HaHOUTBI YyTIUBUM JI0 KOJIMBAaHb MOJICKYJISIPHUX
KOMIUJIEKCIB, 1[0 Y CBOEMY CKJaJi MalOThb aTOMH
BomHio. Takmm umHOM, crmekTpomerp HEPA €
VHIKaJbHUM 1HCTPYMEHTOM JJIsl  JTOCHiJKEHHS
HACUYCHUX MMPOTOHAMU O10JIOTIYHUX PEUOBHH.

Y Meromi obepHeHOI TeoMmeTpii Ha 3pa3ok
najgae «OiIuiD» CIIeKTp HEUTPOHIB BiJl IMITYyITLCHOTO
JpKepena. Le JI03BOJISIE e(eKTUBHO
BUKOPHCTOBYBAaTH TIOBHUH CIEKTP HEWTPOHIB,
OTpUMaHWX 13 kepena. Ilicims  poscistHHS
pPEECTPYIOTBCS. ~ MOHOXPOMATHYHI ~ HEWTPOHH.
Enepris HelTpoHIB, fKi MOTpammid Ha 3pa3ok,
aHAIIBYETHCS 32 YaCOM TIPOIBOTY Bif JDKEpera 1o
3pasKa.

Cnextpomerp HEPA
Crexktpomerp obepHeroi rteomerpii HEPA
po3ramoBanmii Ha Bigctami 109,05M  Bin

crioBiTbHIOBaua peaktopy IBP-2 (puc.1) [4]. ¥V
3aJIe)KHOCTI BiJi BUKOPHUCTAHOTO Mojeparopy (Boaa
a00 XOIIOMHWH CIIOBUTHHIOBAY) IMITYJIbC MIBHIKHX
HEUTPOHIB  CHOBUIBHIOETBCS 10  BEJIWYHMHU
IMIynbCy TepMiuyHHX ab0 XOJOJHMX HEWTPOHIB

[5].

Puc. 1. Bbaok-cxema posramryBaHnHs HEPA Ta
crioBiIbHIOBaYa peaktopa IbP-2 [4]: 1 — akTuBHa
3oHa IBP-2, 2 — TemwnoBUil Ta XOJNOOHUI
CHOBUIBbHIOBAY, 3 — mmbep mydka, 4 — domep
MIBUJKUX HEHTPOHIB, 5 — BaKyyMHHH CILUIITTEp
TPbOX HEWTPOHHUX KaHaIiB, 6 — A - yomep, 7 —
BaKyyMHHH J3epKanbHuil Ni-HEUTpOHOBL, 8 —
BAaKyyMHa CEKIif JOBOAKH IIydKa IO 3pa3Ka,
9,10 — wmomnitop Ta miadparMu MAZAKOUOTO
nydka, 11 — 3pasok, 12 — cekmii HEWTpPOHHOT
mudpakiii, 13 — ceknii HenpyxHoro (INS) Ta
KBa3ipy>KHOrO po3cisHHS HEHTpOoHIB (QNS).

Jani my4ok HEUTPOHIB MIPOXOAUTH Yepe3 BIKHO
mubepy mydka (3) Ta domep IMBUAKAX HEUTPOHIB
(4). Iicns goro y cromiTTepi MOBXUHOIO 16,5 M (5)
7-ro KaHaITy MOYHHAIOTHCS J3epKajbHi
HeliTpoHoBoauM TphoX ycraHoBok: HEPA (7),
CKAT Tta EIICUIOH. V 3B’s3Ky 3 THM, IO Ha
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ycranoBkax CKAT Ta EIICUIOH mnanysanock
MPOBEJICHHS ~ €KCIICPUMEHTIB 13 XOJIOAHUMU
meiitponamu 10 A=14A G6yma meoOxinma
IHCTaJIALiT HOBOTO A -domepa. [liamerp domepa
MBUIKAX HEHTpOHIB  ckmamae 134 cM® i3
TOBIIMHOIO MOrIMHauUoro mapy TiH, 6,2 cMm Ta
pamiycom 48 cMm. IlepepuBau po3TamoBaHuii Ha
Bigcrani 26,95 cM  Big  CHOBIJIbHIOBAaYa Ta
obepTaethes i3 wacrororo 2,5 [,

Bigcrans, m
=1 2 3 5 7 8

- 9 10 11 12 l?? 14 A

o1 ) il )
0 50 100 150 200 250 300 350 400
Yac npoabory, Mc

Puc. 2. [liarpama gacy-nposboTy A - dorepa [4].

I3 miarpamu 4yacy-nponbOTy, IpeACTaBICHOI Ha
puc. 2, BugHo, 110 ais ycranoBku HEPA A - wonep
JIO3BOJISE  BHKOPHUCTOBYBATH  HEUTPOHU 3
JIOBKUHOIO XBUi 110 7 A.

3arajipHa AOBXKHMHA I3EPKATBHOTO BaKyyMHOTO
ueitrporoBoay (7) cknamae 80 m. Moro mepepis
nopiBroe (5x16) cm?. HeiiTpoHoBix 3akiHdyeTHCS
MOHITOPOM Ta JiagparMamMu KoJiMamii mydka
(9, 10). Ocranni 2 M 70 3pa3ka My40K MPOXOIUTH
0 BaKyyMOBaHOMY HEHTPOHOBOY (8).

Cnextpomerp HEPA ckmamaetbest 3 ABOX
cumerpuyHux vactuH (A 1 b mHa puc. 3a), mo
MICTSTh CeKLii Ui BUMIPIOBAaHHA HEWTPOHHOL
mudpakifii, HEHOPYXHOr0O 1  KBa3iMpy»HOIro
PO3CIsSIHHS HEUTPOHIB.

IIpn mpoBeneHHI eKcrepuMEHTy 3 Audpaxmii
po3cisiHHS Ha 3pa3ky (1) HEWTpPOHH MPOXOMIATH
yepe3 kosimatopu (3) 1 HETEKTYIOTbCS JBOMA
BUJIAMH JICTEKTOPIB: MHIJIIHAPUYHUMHU TeITi€EBUMHU
miyunpHuKamMu (7) 0e3 momaTkoBoi Komimarlii 3
BUCOKOIO SICKPaBICTIO 1 MPSIMOKYTHHMH T'eJTi€EBUMH
nmiunnbHUKamMu (8) 3 BHCOKMM piBHEM KoJiMallii,
AK1 3alUCYIOTh CHEKTP 13 HU3BKUM piBHEM (OHY.
OTrpumaHi JaHI  pPEECTPYIOThCS  JIA  KYTIB

30° <20° <70° Ta 110° <20° <150°.
Jetani kaMep HENPY:KHOTO 1 KBa3ilpy>KHOT'O
pO3CisiHHSA OiNbII AOKIAJHO MPOLTIOCTPOBaHI Ha
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a) 0)

Puc. 3. OcHoBHi cknanosi cnekrpometpa HEPA
[4]: 1 - 3pa3sok, 2 - OepuumieBi ¢inbTpu, 3 -
kosimaropu, 4 - nerekropu He-3 (INS i QNS), 5
— PG-ananizaropu (INS), 6 - MoHOKpHCTaTiUHI
aHamizaropu  (QNS), 7 -  neTekTopu
BHCOKOIHTEHCUBHOI HEHTpPOHHOI mudpakiii, 8 -
TG PAKIiiHI TeTEKTOPH 3 BUCOKOIO PO3ILITHHOIO
3MaTHICTIO, 9 - 3axucT cmekrpomerpa, 10 -
HIKENIEBUH  J3epKalbHUN  HEUTPOHOBIA Y
BakyyMmHii TpyOi, 11,12 - miadpparmu Ta
MOHITOp MaAaldoro myyka, 13 - BakyyMHUi
HEHUTPOHOBI/I.

puc. 3 6. Poscigai 3paskom (1) HeliTpoHH
MpOXonsTh 4Yepe3 OepwrieBi dimbrpu (2), 1o
OXOJIOKYIOTBCSL  PIKUM  a30ToM. [licist 1boro
eHeprisi HeWTpoHIB He mnepesumye 5,25 MeB.
CrHekTpu  HENpPYXHOTO  Ta  KBa3ilpyKHOTO
PO3CISIHHSL peecTpyroThes it KyTiB Big 20° 10
160° i3 kpoxom 10°.

AHami3 eHeprii po3CiSTHUX HEUTPOHIB MOXKe
3MIIACHIOBATUCS TAKUMH TPbOMa CIIOCOOaMH.

e Jlerextop 4) PO3TalIOBY€ETHCS
OesmocepeHb0 3a  OeputieBuM  QimbTpoM  (2).
Takuii crnoci® J03BOJISIE BUMIPIOBATH  CIIEKTP
HENPYXHOTO PO3CiIHHS 3 BHCOKOIO
IHTEHCUBHICTIO, TPOTE 3 HU3BKOK PO3ILUILHOIO
371aTHICTIO.

e BukopucroBytoun  OepuiieBi  ¢inmpTpu i
PO THIHUH KpHUCTal-aHaIi3aTop (PG-
aHaJli3aTop), M0 PO3CIF0E HEHUTPOHM IIiJ KyTOM

20=90" nmo nerekropa. Takuii THI MOXHA
3aCTOCOBYBaTH  JJIi  BUMIPIOBaHb  CIEKTPY
HEMNpPY>XKHOTO PO3CiSHHS 13 CepelHIM 3HA4YCHHSIM
IHTEHCHBHOCTI Ta PO3ALILHOT 3ATHOCTI
CIIEKTPOMETpA.

e AHami3 3a JOnoMorow OepuitieBUX (QiTbTpiB
Ta Kpuctana-anamizatopa (Cu, Al, Zn a6o PG) i3

KyTOM po3cigans 20 =174°. V TakoMy BUIaIKy
IHTCHCHBHICTh OOMEXCHA, aje duepe3 PO3CITHHS
Ha3aJl PO3/iNbHA 3/[aTHICTh CIICKTPOMETPA 3HAUHO
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3poctae. lled TN WAXOMWTH TSI TOCIIHKEHB
KBa3IMPYXKHOTO po3CisHHA. TakoXX BiH MOXKe
BUKOPUCTOBYBATHChH Pa3oM i3 ciocoOoM 2.
3amexxHO Bim OOpaHOI METOAWKH —aHajizy
eHeprii po3CisTHUX HEUTPOHIB OTpUMaHi CHEKTPH
MalTh  pi3HY  pO3AUIBHY  3AaTHIiCTh. I3
30UTBIIEHHSM PO3IUTHHOI 3MaTHOCTI IHTCHCHBHICTh
MaJaf09iX HEWTPOHIB TMOMITHO 3MEHIIYETHCA.
OyHKIIT po3AITBHOT 34aTHOCTI PI3HUX KOMITOHEHT
CIICKTPOMETPIB ~ 0OepHEeHOI TeoMeTpii  OLIbIIT
JeTaJIbHO MpeCTaBieHI y poOoTi [6].
InTeHcuBHICTh po3cisHux HeitrponiB | (t,6,T)
BU3HAYAETHCS 5K 3rOPTKA ITOTEPEYHOrO Mepepisy
PO3CIsTHHS O'(Ei,Ef ,H,T) Ta MOTOKY Magalouux
D ( Ei ) 3

HEUTPOHIB (hyHKIIEFO  PO3MIIBHOT

3aTHOCTI ciekTpomeTpa R ( E.E¢ ,to,t) :

1(t,0.T)At = At[[[o(E,E(.0.T)®(E;) x

1)
x R(E;,Eq 1o, t)dE,dE  dt,
ne At — iHTepBan yacy, SKMH BiANOBiJa€e MUPUHI
KaHally aHani3zaropa, E; i E; — eneprii magarounx
Ta PO3CISTHUX HEUTPOHIB, BiMIOBIAHO.

ODYHKIIIO PO3AITBHOI 34ATHOCTI CHEKTPOMETpa
HEPA moxHa 3anucaty y BUTJISIL:

R(E; Ef . to,t) =

(2
= p(Ei’tO)n<Ef)5(t -t - b)),
e p(Ei,tO) — PpO3MOAIN 3a YacoM TaJalouux

HEHTpOHIB 13 eHeprieto E;, mo Bumerinm i3
JDKepesa y MOMEHT uacy fo, n(Ef ) — pO3MOAiT 10

eHeprii pPO3CISIHUX HEWTPOHIB, 5(t—t0—t1—t2)
3aJa€ yMOBY peecTpanii y MOMeHT dacy 1
HEUTPOHIB, sIKi BWIETUIN i3 JpKepena, Y MOMEHT
yacy 1o Ta micis pO3CISTHHA Ha 3pa3Ky Malu
eneprito E; Yac tlzaLl/ JE; — uac mpomboty
HeHTpoHIB i3 eHeprieto E; Bigcrani L; (109,05 m)
Ta t, =al, / |[E¢ — bac TIponbOTY HEHTPOHIB i3
eHepriero E¢ Bincrani Bij 3paska o aerexropa L
(1,015m), o — xoediuieHT  BiAMOBIAHOCTI
HIBUJKOCTI Ta €Heprii HeWTpoHa.

BinHocHa po3aiibHA 3MATHICTH CHEKTPOMETpa
HEPA 1ns HenpyKHOTO po3CisiHHA, sika Oyna
BUMIpsiHA 13 BUKOpHUCTaHHSAM PG-ananmizatopa ajis
KyTiB PO3CisTHHS 20=90°,120°,174°,
TIpeICcTaBlIcHa Ha puc. 4.
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Puc. 4. 3anexHicTh BiTHOCHOI pO3ILIBHOI 3TATHOCTI
cnektpometrpa HEPA Bim mepemaui  eHeprii
Heirponis s KyTis 90° (1), 120° (2), 174° (3).

Po3ninbpHa 30aTHICT CIEKTPOMETpA Y JTiana3oHi
nepenavi  eHeprii  Big SwmeB go 100 meB
po3paxoByeTbest Bin 2 10 3 %. 31 30iibLICHHAM
nepenadi eHeprii po3aiipHa 3/IaTHICTD
CIIEKTPOMETPA 3MEHIITY€EThCSL.

MeTox yacy npoJiboTy

B ocHoBi pobotu cniektpomerpa HEPA nexunts
METOJ 4acy IMpOJNbOTY, CYTh SIKOTO IOJISATaE Yy
BU3HAYEHHI JIOBXXMHHM XBHJI HEWTPOHA IUIIXOM
CHIBCTaBJIICHHS  BIJICTaHI Bill  JpKepena  JI0
nerektopa (109,5 M) Ta dacy, 3a SKUil HEUTPOH
nojosaB 10 BiacraHb. Toxl JOBXHWHA XBWIII
3apeecTpPOBAHOrO HEHUTpoHA Oyae BHU3HAYATHCS

bopmyioro [7]:
A =h/mv = (h/mL)t, (3)

e M — Maca HEHTpoHa, V — Horo mBUAKICTh, L —
BiJICTaHb, AKY IPOJIETIB HEUTPOH, { — yac MpoIbLOTY
HEWUTPOHA.

3 Jukepena, 110 3HaXOIUThCs Ha BigcraHi L Bifg
JeTeKkTopa, i3 mepioanyHicTIO t 3a wac A t
BUIITAIOTh IIy4yKd HEUTpoHiB. Helitponun 3
OUTBIIOID EHEPri€l0 MOTPAIUIIIOTh Y JIETEKTOP
Mi3HiIIe, H’XK HEUTPOHH 3 MEHIIOK. TakuM YuHOM,
JNETEKTOP PEECTPYE IHTCHCHUBHICTh MaJar0umXx
HEUTPOHIB Ta iXHIH 4ac mponboTy. OTpUMaHUit
CHEKTp PO3CISTHUX HEHUTPOHIB HOPMYEThCS Ha
Majarouuii  MOTIK  HEHTPOHIB, TMiCIs  YOro
MPOBOJUTHCS KOPEKIist Ha (oH.
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AHaJi3 eKCIIepUMEHTAJBHUX TaHUX

Ob6epuena reometpist cnekrpomerpa HEPA nae
VHIKQIbHY MOXKJIMBICTH OJHOYAcHOI peecTpauii
YacoBO - MPOJOTHUX ~ CIIEKTPIB  HEHPY)KHOTO
pO3CisiHHS HEWTpOHIB 1 cmHekTpiB  audpaxuii
HEUTPOHIB BiJ JOCHijKyBaHoro 3paska. [licns
BUMIpPIOBaHHS CIEKTPIB HEMPYKHOTO PO3CISTHHS

HEHTpOHIB 3a momomoror mporpamu  NuVIS
3IIMCHIOETHCS IiICyMOBYBaHHS CIIEKTpiB
HETMPYXXHOTO  PO3CITHHS 3 JETEKTOpiB,  SIKi

3HAXOAATHCS TMiA pi3HUMH KyTamu. llicis 1soro
BiJTHIMA€eThCsl (JOH BiJl TpUMaya 3pa3ka i KpiocTary.
Crnig 3a3HaYWTH BXKIUBICT i€l TPOLEAYPH,
OCKINTbKM KOpPEKTHE BigHIMaHHS (DOHY Mae BelWKe
3HaueHHs TpW iHTepnperanii manmx. [lpukmazn
orpumanoro Ha cnekrpomerpi HEPA chmektpy,
MIpeICTaBICHUI Ha pHC. 5.

L, y.o. Ipysicue poscianns
1000 |
|
|
Henpyacne | Henpyaicne
po3cianus | poscianna
M
500 4 | i
e {4y
i R
v \ WA
e N
M "'\
™,
- /;""'.,..,\»“W,.\.v“gq, Mttt w""""‘,m L
1 2 3 4 5 6
A A
Puc.5. Coektpu  HENpyXHOIO  PO3CISIHHA

HEUTPOHIB aMIIO/IUITIHY OechiiaTy, OTpUMaHi MpH
pisaux Ttemmnepatypax: 290 K (1), 150K (2),
10K (3).

VY cnekTpi MOXKHA BUALTUTH YaCTHHU, TTOB'sI3aH1
i3 Henpy»KHUM pO3CisHHAM HelTpoHis (10 3,85 A),
Ta TIPY’KHUM PO3CisHHAM HelTpoHis (Bix 3,9 A no
5A). s moCHipKeHHST BHYTPILIHBOI JTMHAMIKU
MOJIEKYJ 1 3pa3ka HEeOoOXiHO IHTepIpeTyBaTH
HETPYXXHY YacTUHY. Y HaBeJleHOMY IPUKIIaJi BOHA
3HAXOJUThCA y Mexkax 70 3,85 A i cknagaerscs 3
ONTUYHUX Ta aKyCcTUYHUX Moa. Ilpm KiMHaTHiH
TeMIeparypi ONTHYHA Ta aKyCTHYHA MOJIH
BIJIPI3HAIOTECSI HE3HAYHUM 4YuHOM. OJHAK TIpu
temneparypi 10 K moxna Gauurtn, mo g0 2,2 A
MalTh  MiCLE€  MDKMOJEKYJSIpHI  KOJHMBaHHS
(onTruHi MoxW), a y miamasoni Bix 2,2 A 1o 3.9 A
— MDKMOJICKYJISIpHI KOJIMBaHHS (aKyCTHYHI MOJIH).
MoIUBICTh PO3PI3HUTH JAaHi 00JacTi Moxe
CBIIUYMUTH TPO HASABHICTh BIOPSIKYBaHHSA Y
KpUCTaTIvHIN (asi.
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AHaN3y0uN 9acTHUHY CIEKTPY, SKa BiJlMOBimae
HETNPYKHOMY  PO3CISHHIO  HEHTpPOHIB, MOXXHa
MPUITYCTUTH, IO NMPH KiMHATHIM Temmeparypi Ta
temreparypi 150 K BHyTpimHROMONEKYISApHI
(onTHyHi) Ta  MDKMONEKYJSpHI  (aKyCTHYHI)
KOJIMBAaHHS HE MAalOTh SBHOTO PO3MEKYBaHHS.
Opnak npu temnepatypi 10 K moxna 6aguth, mo
MDKMOJIEKYJISIpHI ~ KOJTUBAaHHS ~ 3HAXOAATHCA Y
Jiamna3oHi BiX 22A bi o) 3,9A, a
BHYTPIIITHPOMOJIEKYJIIPHI KOJHBAHHS - Yy MeXaXx,
MeHmmx 3a 2,2 A.

[Ipy mopmanbpmOMy TpeACTaBICHHI OTPUMaHHX
pe3yIbTaTiB BUKOPHCTOBYETHCS IIKaIa MepeaaHux
eHepriii ab6o wactor. Ilpm meperBopeHHI
TUMYAcOBOI IIKaJIM B EHEPreTUYHYy st QyHKIil
¢ononHnx craHiB G(w) BHKOPHUCTOBYETHCS
cepeqHe 3HadeHHA FEj, fKe BIANOBIZAE TMEBHOMY
KaHaJly TUMYacoBOTO aHamizatopa. s 3pydHocTi
npu 3roprui y piBHSAHHI (1) BHKOPHCTOBYIOTH
CepeqHl BENWYMHH EHEPreTHYHOTO PO3MOILTY
pO3CITHUX HEWTpOHIB FE; , cepemHs BEIUYMHA
4acOBOTO PO3MOJTY TaJaloyux HEHTPOHIB ty Ta

cepenHiit KyT poscisHHA ¢ =90°. Ilicisa mporo

BiITHOBJIOIOTh y3arayibHeHi (yHKHii (HOHOHHUX
cradiB G(w) B 0IHO()OHOHHOMY HAOIIKEHHI

(pwuc. 6).

G(®), y.o.
A

A

|
Ml 1{1 ,"“1"
fa'
| Y
[2
| N e Y
, /'J/“"' iy
/ A v
/1

0 200 400 600 800
A,em!

Puc. 6. Cnektp rycTuHU (OHOHHUX CTaHIB TPHU
temneparypax: 290 K (1), 150 K (2), 10 K (3).

OnHodoHOHHE HAONMIDKEHHS KOPEKTHE MpH
HU3BKMX TeMIeparypax, y TOH dac 5K i3
301IBIICHHSM TeMIepaTypu HEOOX1JTHO
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BpaxoOBYBaTH BHECOK 0araro(OHOHHHX IPOLECIB.
Crexktp TycTMHH (DOHOHHUX CTaHiB 3arajom
NPEACTABIAIOTh y IIKadl XBHUJIBOBHX YHCEN IS
3pYyYHOCTI TOAANBIIOTO MOPIBHAHHA 13 1HIINMHA
pesynbTaTamu, Hanpukian, [Y-cnekrpockomii abo
KOMOIHOBaHOT'O CBITJIOPO3CiSTHHS.

Sx BugHO 3 puc. 5, mpu Temmeparypi 10 K
CIEKTP TYCTHHH CTaHIB MOXHa yMOBHO TOIUTHTH
Ha JBl YacTWHH, AKi TOB'SI3aHi 3 BHYTPIIIHBO-
MOJIEKYJISIPHUMU Ta MDKMOJIEKYJISIPHUMH
KonuBaHHAMH. JlificHO, mpW mepemavi eHeprii
105cm™ i 155cm™  cmocrepiraethcs  aBa
MakcuMyMH. Lle cBiTUMTH Mpo pyx JHIIEe TEBHUX
TPYH aTOMIB, a HE BCi€l MOJIEKYJIH Pa3oM.

BucHoBku

MeTton HEnpy>KHOTO PO3CISIHHS HEHTPOHIB €
HalOLIbII ONTHMAJIBHUM CHOCOOOM JOCIHIIKEHb
peYOBMH 13  BHCOKMM  BMICTOM  BOJIHIO.
Cnekrpomerp HEPA mae mMoxnuBicTH OTpHUMATH
CIIEKTPH Tepenavi HU3BKUX €Hepriii i3 BHCOKOIO
PO3MUTBFHOIO  3JATHICTIO IS MOJEKYISIPHUX
KpHUCTaNiB, IO J[JO3BOJSE ONUCATH IHHAMIKY
KOJINBAHHS aTOMIB.

OpHouacHe BUMIpPIOBAaHHS CHEKTPiB Iudpakuii,
OPY)KHOTO  Ta  KBa3ipYy)KHOTO  PO3CISHHSA
HEUTPOHIB 13 MOXKJIMBICTIO BapifoBaTH PO3JIiIBHY
3/IaTHICTh CHEKTPOMETpa Ja€ YHIKaJbHY Haromy
JUIA  CIOCTEPEKEHHS JAWHAMIKM MOJIEKYd Ta
CTPYKTYpH  JOCH/DKEHMX  3pasKiB, M0 €
HEOOX1THAM JIJIsl TOCITI/PKEHb OPTaHIYHUX CIIOIYK

Tum He wenum, cnektpomerp HEPA Ha
peaxropi IBP-2 Ha CbOTOHI 3HAYHO TOCTYIAETHCS
ICHYIOYMM CBITOBHM aHaJloraM Ta CIUIAHOBaHUM
cnektpomerpam cxoxoro tuny (TOSCA Ha
iMmmynbcHoMy jkepeni ISIS (BenukoOpuranis) Ta
LAGRANGE B ILL (®panuis), Tomy s
ontuMmizamii poOOTH CHEKTPOMETpPY HeoOXinHa
YCTaHOBKa HOBOT'O «OaicTHYHOTO»
HEUTPOHOBOAY. Y 1bOMY BHNAAKYy HEUTPOHU
3aXOIUTIOIOTHCS 13 MaKCHMalbHO  MOMJIMBOT
MOBEPXHI  CIOBUIBHIOBAYa, IIEPEHOC  MOTOKY
HEHUTPOHIB Ha BEJIMKI BIJACTaHI 3AIMCHIOETHCS
JI3EPKabHAM HEUTPOHOBOJIOM OLIBIIIOTO Tiepepizy
Ta (OKyCyBaHHS IIy4Ka Ha 3pa3Ky 3A1MCHIOETHCS 3a
JIOTIOMOT0I0 KOHYCHO1 CYNepA3epKaIbHOI CEeKIIii.
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Memodom  penmeenigcokoi  ounamomempii  eKCHePUMEHMANbHO — OOCHIONCEHO — MeMnepamypHi

sanexcrHocmi napamempie a, b, ¢ enemenmapnoi xomipku C ma 2C nonimunie kpucmanie TlnS, ¢ obnacmi
memnepamyp 180 K — 300 K. Busseneno, wo memnepamypui 3anexcnocmi napamempie a, b, ¢ ons maxux
noimMunie 0eMoHcmpyome cymmesi giominnocmi. Y 3paskax C-noaimuny napamemp a 6 oonacmi 226 K —
300 K xapaxmepusyemucsa 0odamuim ninitinum Koegiyiecnmom mennoeozo posuupents (0., ), 8 inmepsani

214 K- 226 K napamemp a 3anmuwaemvcsa cmaium, mooi sk npu T1<214 K koegiyichm o, cmae

6i0'emnum. Ha 6iominy 6i0 yvoeo, y nornimuni 2C napamemp a ciabko 3anedxcumsv 6i0 memnepamypu i
BUABTIAE MEHOCHYII0 00 3MEHUEeHHs npu 3pocmanti memnepamypu. Bussenenuti xapakmep 3anexcrhocmi a(T)

ceiouums npo ymeopenust y noaimuni C HecnigposmipHoi MOOYIbOSAHOI CMPYKMYpU 3i CMAMUYHUMU
scyeamu amomie 63006dxc gici OX npu T = 214 K i siocymuicmv maxux 3cy6ie 63006xc OX y nonimuni 2C .
Knouosi cnosa: Mooynvosani cmpykmypu, peHmeeHiecbKa OUlLamomMempis, CIMamuyHull 3cy8 amomy

The unit cell parameters a, b and ¢ for C and 2C polytypes of TIInS2 crystals were experimentally
investigated by X-ray dilatometry method in temperature range 180 K — 300 K. It was revealed that the
temperature dependences of the unit cell parameters a, b and ¢ for such polytypes demonstrated significant
differences. In C-polytype samples parameter a in the interval 226 K — 300 K was characterized by a positive
coefficient of linear expansion (o, ), in the interval 214 K — 226 K parameter a remained the same, while at

T<214 K the coefficient o., became negative. In contrast, in crystals of 2C polytype parameter a was weakly

dependent on temperature and tended to decrease with increasing the temperature. The revealed character
of the dependence a(T) testified about formation in crystals of C polytype of incommensurate phase with
static displacement of atoms along axis OX at T=214 K and absence of static displacement along OX in 2C
polytype.

Keywords: modulated structures, X-ray dilatometer method, static atomic displacement

Crartio npeacrasus wieH-kop. HAH Vkpainu, a.¢.-M.H., npod. Makapa B.A.

Beryn

BaxmBoro  0coONMBICTIO  HAMIBIPOBITHUKIB-
cerneroenekrpukie B -TIINS, e icHyBanHs B HHUX

¢dazoBux mepexoniB (P®II), mpu sKUX BHUHUKAIOTH
(a3y K 3 CiBpO3MIpHUMHU, TaK i HECIIBPO3MIPHUMHU
MOJIYJIbOBAaHUMH CTpyKTypamu. HesBaxarounm Ha
YHCIIEHH] eKCIIEPUMEHTANIBHI JTOCTIKEHHS, BiZIOMi B

(H®)" ta "H® — cniBpo3mipra ¢aza (CD)" y nux
KpHUCTaJax € JOoCHTh cymepewinBumu  [1-4].
Hanpuknazn, 3a ganumu HedtpoHHOi audpaxmii [2]
MOJYJIALIAHI ~ caTeNiTh, 1o BignosigaoTe HO,
CHOCTepirarThest B iHTEpBami Temmepatyp T = 200 —
216 K i MaroTh BEKTOP MOIYJISALIT
9(0;0;0,25) (6=0,012), Tomi sK 3rIIHO 3

pe3ysbTaTaMu PEeHTI€HOCTPYKTYpHOro aHaiizy [3,4]

JiTeparypi AaHi oo MexaHi3miB 1 Temmepatyp DI1 BekTop  Momynmmii  ckmamae  (F5;0;+0,25)
"mapaenekTpuuHa  (aza — HecmiBpo3MipHa  (paza
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T=194K-

214 K. JIas TOSCHEHHS WX Ta PIay I1HIIHX
po30ikHOCTel napameTpiB HO Oyio 3anpornoHoBaHO
BpaxoByBatu Toi ¢axt, mo aist T1InS; xapakrepHum
€ icayBanus pany nomitunie — C, 2C, 4C Ta 8C 3
mapaMeTpoM eJIEMEHTapHOI KoMipku C = C', 2C', 4C',
8c' (c'~15 A) BimmosizHo [5]. 3okpeMa, B HAIImMX
HemaBHIX pobotax [4,6] mokasaHo, 1110 B KpHUCTajlax
THNS, 2C-nmonituny, Ha BinaMminy Big C-momitumy,
MoxyIsnirHi catenité sk HO, tak i CD B3aram He
CIOCTEPIraroThCsl, M0 CBIAYUTH PO BIJCYTHICTH
XBWJIb  CHIBpO3MIpHOI  Ta  HECHiBpO3MipHOI
MonyJsimii. Paninie Oyno BcTaHoBieHO, mo st C
ta 2C mnomitumiB TIInS; icTOTHO BiAPI3HSAIOTHCS 1
TeMIlepaTypHi  3aJeXHocTi mapamerpa ¢ [7].
CyTTeBo, IO TeMmepaTypHa TIOBEAIHKA 1HIIMX
napaMeTpiB eleMeHTapHOi Komipku a, D sk i
momitumy C, Tak i 2C, B3araii eKCriepuMEeHTaIbHO He
nocmipkyBanacsi. B Toil ke Wac, 3aleXHOCTI
napameTpis €JIeMEeHTapHO1 KOMIpKH Bif
TEMIEparypu € UyTIUBUMH JI0 TepeOynoBH
KpUCTAINIYHOI TpaTKd 1 3a IX 3MiHAMH MOXHA
BU3HAYUTH XapakTepucTuku PII, mo BinOyBaroThCs
y kpuctanmi. Tomy B mpencTaBiieHiii poOOTI st
kpuctanie TlInS, C ta 2C mnomitumiBe MeTomoM
PEHTTEHIBCHKOI YOTHPHUKOJIOBOI  AudparToMeTpii
OyJl0 BWUKOHAHO JOCHI/DKEHHS  TEMIIEPaTypHHX
3aJI)KHOCTEH TapaMeTpiB eJIEeMEHTapHOI KOMIpKH
a,b,c B miamasoni remneparyp 7 = 180 K — 300 K.

(6=004) B obmacti Temmeparyp

MeTtoauka eKkcriepuMeHTYy

Hocmimxenust cTpykrypu kpuctanis  TlInS,
BUKOHYBAJIOCS 3 BUKOPUCTAHHSIM PEHTTEHIBCHKOTO
mudppakromerpa JPOH-4-07 3 4OoTHPUKOJIOBOIO
roHiomeTpuuHoto mpuctaBkoto ['TI-15. Ka-minii Co
ta Ni BUALSUIHCS 3 IEPBUHHOTO TOJIIXPOMATHYHOTO
BunpomineHHs TpyOoku BCB-29 monoxpomaropom
Ha OCHOBI TiponiTHuHOrO Tpadiry. Pexum podotu
TpyOKn cxmangaB: Hampyra 30 kB, cuma crpymy
30 MA. 3pa3ku pO3MILIyBaINCS B TEMIEpaTypHiil
KaMepi 1 OXOJIOJKYBAIUCS TIOTOKAMH TapiB PiJKOTO
azotry. TumoBmii po3mip 3paskiB 7X4x0,5 wMwm.
Temmnepartypa 3pa3kiB miaTpuMyBajacs 3 TOUYHICTIO
1m0 0,5 K (3 ypaxyBaHHS MOMJIMBHX TEMIIEPATyPHUX

TpaJi€eHTIB y 3pasKy) 3a JIOTIOMOT 01O
TeMIeparypHoro  perymsaropa  BPT-2. [Ipn
IOCTyBaHHI PEHTTeHIBCHKUIA MIy40K OyB

CHIpsIMOBaHMi B310BXK TutoniuH ckostoBanHs (00I).
JiaMeTp pEeHTreHiBCBKOrO IIydKa Ha MOBEPXHi
3paska He nepeBunryBaB | Mmm. CkaHyBaHHS

BUKOHYBAJIOCS Yy IUIOMIMHAX OOEpPHEHOI TpaTKu
B3JIOBX DpAMIB, fAKI PO3XOAMIHMCA 3 MOYaTKy
KoopauHat  oOepHeHOro  mpoctopy.  Kpoku

ckaryBanus: Ay=0,05-0,10°, A(26)=0,03 —0,08°,

3aJeKHO Bix 00sacTi 0OEpHEHOTO MPOCTOpY, Yac
HakonmueHHs curHamy 3 - 10 c.

Pe3yabTaTH Ta 00rOBOpEeHHS

Kpucramu B -TIInS,

HaJIekKaTh 710 MPocTopoBoi rpynu C2/C MOHOKITIHHOT
CHHTOHII 1 MarTh mmapyBary OyHOBYy, 3YMOBIEHY
ylnakyBaHHsAM ImapiB B31oBxk HampsMky [00I].
MoHokIiHHa eneMeHTapHa Komipka C-momitumy
TIINS, mictute 16 GopMyIbHHX OAWHHIL Ta TPH
T=290K XapaKkTepHU3yeThCs napaMmeTpamu
a=1090 A, b=1094 A, c=1518 A, p=100,21°
[3]. ¥V nomitumi 2C mapamerp C € MOJBOEHUM 1 B
KpHCTanax, M0 JOCTiIKyBalucCs B MpPEICTaBJICHIN
po0OTi, 3a KIMHATHOI TeMIepaTypd BiH CKJIaJae
c=3032 A.

Ha mnepmomy eram poboTu AocmimKyBaiacs
3anexHictb C(T). Jlns mporo Bu3Ha4amocs KyTOBeE
nosokerns pedurexcy 00.14 (st 2C-nomitury —00.28)
B mianazoHi Temmneparyp 7 =180 K—300 K 3 kpokom
o temneparypi AT =2K. Ockiibku KBapaTudHa
(hopMa 17151 MOHOKITIHHOT CHHTOHI1 Ma€ BUTIIS

3a HOpPMAJbHHX YMOB

1 1

B H? L* 2HLcosp) K’
2

= +
sin?pl a?  ¢? ac b?

q 1)
HKL
(dpk, - MbkIutommHHa  Bincraws), To st 00.14-
peduexcy  €=14dyy,,/SINP. doo1a
BH3HAYaacs 3a KyTOBHM MOJIOKCHHSM MaKCHMyMY:
dog14 =A/28IN04,1, (A - nosxuna xBunb Koy, -

Bennunna

BUTIPOMiHEHHS).

Jns BuzHauenns 3anexxHocredt a(T) ta b(T)
BUMIpIOBaJIMCS KyTOBi IMoJioxeHHs1 peduekcie 808
ta 088 BiAMOBIAHO, OCKITBKA KOHCTPYKTHBHI
0COOJIMBOCTI TEMIEpPATYypHOi KaMepH HE JT03BOJISIIH
Oe3nocepenHbo AociikyBatu peduiekcu Trmy HOO
ta OKO. Tomi, mns pednekcie HOL mapamerp a
BU3HAYAETHCS K KOPIHb PIBHIHHS

2 qin?
C7SINTB 12 |32 _ (2cHL cosp)a— H2L2 =0, (2)
dlaOL

a s OKL mapamerp b nopiHioe

b=K(dg2 —c2L2sin?p) " 3)
TakuM YHHOM, EKCIIEPUMEHTAIBHO BUMIPIOBAINCS
TEeMIIepaTypHi 3aJIe)KHOCTI MDKIDIOITAHHUX
BijicTanHell Ogoy Ta dogg 1 32 popmynamu (2), (3)
3HAa4YeHHs  mapametpie  a,b.
HeoOximHa I Takoro po3paxyHKY 3aJIeKHICTh
c¢(T) Oyma momepemHb0  EKCIIEPUMEHTAIBHO

00YHCITIOBAINCS

134



BHU3HA4YCHA. Bi[{HOCHa MoxuoKa BHU3HA4YCHHs

napameTpiB a,b,C ckiamana BiAMOBiZHO 2,8-104,
22-10%ra 18.107*
0 =50° Ta a6eomroTHiii moxubui A =0,01°).

Ha ©puc.1 HaBegeHO eKCIEPUMEHTAIBHO

BH3HAYCHI 3aJIC)KHOCTI TapaMeTpiB eJIeMeHTapHOI
koMipku kpuctanis TlInS, C-noxitumy. 3anexHicTh

(mpu  OperiBcbKOMY  KYTi

o

- -
[}
o

15,150

15,120

[EY
o
o
©
o

o

o

a’b',&;|||||||||||||||||||||||||||
10,920—5 180 200 220 240 260 280 300

10,9002  settittsbeatetsstepitatt Mt b
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TK
180 200 220 240 260 280 300
Puc. 1. 3anexnocri mapamerpis a,b,c

eneMeHTapHoi komipku kpuctaiis TlInS, C-onitumy

c(T) mpakTHYHO 30ira€Tbcs 3 OTPUMAHOI HAMHU

panitre [7] nans 3pa3kiB IHIIMX TEXHOJOTIYHHX
napriit. Ii xapakTepHoI 0COONMBICTIO € 3MiHA KyTa
Haxwiy B okojii 214 K—216 K Ta crpubkomnoaioHa
3mina ipu 196 K, BenuunHa sK01, mpote, 6JIU3bKa 110

abcomotHoi moxubkun AC~0,003 A. Jliniitnuit
Koe]ilieHT TEIIOBOTO PO3IIMPEHHS
a,=(6c/aT)/c  wa gimsmmi 215K -300K

moxaTHii 1 ckiagae 4,9- 107° , a B iaTepBani 180 K —

215 K nopiBHIOE 8,6-107. 3BepTae Ha cebe yBary
ICTOTHAa BiIMIHHICTh TEMIEPATYpHUX 3aleXHOCTEH
napametpiB a,b Bixg C(T). 3okpema, mapamerp b B
YCbOMY  PO3IVIIHYTOMY  Jiana3oHi  TeMIeparyp
sanmmaeThest Maibke cramam (o, =(0b/6T)/b=

7,8-1077), rtomi sk sanexwicts a(T) BusiBise

CYTTEBO PI3HHH XapakTep Yy Pi3HUX TeMIIEpPaTypHHX
obnactsx. B intepBami 226 K—300 K mapamerp

Oy = (8a/ aT)la=1,3 10", B oGmacti Temmeparyp

214 K—-226 K BiH mNpakTHYHO CTajuid, a IIpH

T<214 K 3MiHIOE 3HaK o,= —52 107°. Takum

YMHOM, TEMIIepaTypHa TOBEAiHKa MapaMeTpa a
BitoOpakye mepeOynoBy kpucramiyHoi rpatku C-
nonitunty TlInS; B oxoni 214 K, B pe3ynbraTi Kol
3MIHIOETBCS ~ XapakTep TEIUIOBOTO  PO3IIMPEHHS
KpucTanmy. BigoMo, 1o cTaTuyHi 3CyBH aTOMIB IIpH
yrBopeHHi H®, sk mnpaBuno, npu3BOAATH A0
aHOMaJill y TEIIOBUX 3MilleHHs X aroMiB [8]. Tomy
BusiBieHa 3miHa 3anexHocti a(T) mpm 214K
CBIIUUTh MpPO Te, MO0 CTaTW4Hi 3CYBH aTOMIiB
BiJI0OyBalOThCs came B310Bxk oci OX .

Ha puc. 2 mpencraBieHO eKCIEPUMEHTAIbHO
BU3HAYCHI 3aJIGKHOCTI apameTpiB a,b,C kpucranis
TIINS, 2C-nonitumy. ITepir 3a Bee, 3anexHicts C(T)
€ MPAKTUYHO JIIHIHHOK 1 HE MICTUTh OCOOJIHMBOCTEH,
XapakTepHHUX s Kpuctamis nomituiry C. B ychomy
JOCITI/DKEHOMY  IHTEpBalli TeMIleparyp JIiHIWHUN
Koe(ilieHT TETUIOBOTO PO3MIMPEHHS y HanpsiMKky OZ

crammii i nopiBmioe @ = 57-107, mo mocuTh
OJIM3bKO JI0 BETMYMHU ¢, KpucTaniB nomituny C Ha

nmistam 215 K — 300 K. OTxe, TenmoBe po3mupeHHs
kpuctaniB C ta 2C noJiTUIIB B3I0BXK Hanpsmky OZ
npu 7> 214 K € cx0kuM, a BiIMIHHOCTI BAHUKAIOTh

TIT I [TI T[T [TIT[TIT[TTI]T
1180 200 220 240 260 280 300

i e
o

ol e

IIIIIIIIIIIIIIIIIIIIIIIIIII
T.K
180 200 220 240 260 280 300
Puc. 2. 3anexHicTh nmapamerpis a,b,c

eneMeHTapHoi koMipku kpuctaiiB TIINS, 2C-nonitury
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yume npu nosisi H® (abo mpu 77 < 196 K — nossi
C®) vy «xpucramax C-momitumy. HeoOxigHO
BIJI3BHAYUTH, IO y kpucramax 2C-TIONITUILY
TeMIiepaTypHa 3MiHa mapaMmeTpa b jemio cuibHimia,
HDXK y C-momitumi, — KOe(]Imi€eHT TEIIOBOTO

PO3IIMPEHHS JUI  IBOTO  HANPSMKY  CKJIAJa€e
o= 6,1-10_6. Kpim Toro, B ob6macti 220K
crocrepiraereest  meperin  3aiexsocti  b(T),

BEIMYMHA SKOI'0, BTIM, OJM3bKa [0 HOXHOKH
excriepuMenTy. OqHaK HaHOUIbINA BiMIHHICTD MiX
momitunamu  C  Ta  2C  cmoctepiraerscs  y
TEMIIEPATypHUX 3aJISKHOCTSIX Hapamerpa a. Y 2C
TIOITHII TIapaMeTp a Maibke He 3alleXKUTh Bil
TEMIIEPATypH 1 BUSIBJIAE TCHICHIIIO JO 3MCHIICHHS

npu 3pocramHi Temmeparypu (o, = —2,6-107°).
BigcytHicts ocobnuBocteii Ha 3amexxuocti a(T) e
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MOJYJbOBAHHUX CTPYKTYP B KpHcTanax 2C-TONITUITY
B miana3oHi Temmepatyp 180 K— 300 K.

BucHoBku

Y po0OTi eKCIIepUMEHTAIBHO BCTAHOBJICHO, 110
TEeMIIepaTypHa MOBE/IiHKA MapaMeTpa a BioOpaxye
nepedyoBy KpUCTalniyHOi rpaTkd  C-TIOMITHIY
TIINS, B oxom 214K, B pesynprari sKoi
3MIHIOETBCS ~ XapakTep TEIUIOBOTO  PO3IIMPEHHS
kpuctarmy. Ockinpku  Temmeparypa 1 =214 K
Bigmosigae ®II "mapadaza<>H®D", To mosBa
HECHIBPO3MIPHOi XBWJII MOIYJSAIil BIUTUBAaE Ha
CHJIOBI KOHCTaHTH KpHUCTaly TaKUM YHHOM, IO
3MIHIOE 3HaK KoeQilieHTa o,. Buspnena 3MiHa

sanexsocti a(T) mpu 214 K cBiqunTh mpo Te, 1o

CTaTU4HI 3CYBHM aTOMIB BiIOYBarOTbCS B3JOBXK OCi
OoX.
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Cxkanywua TyHeJIbHa Mikpockomisi Bitaminy B12 | Scanning tunneling microscopy of vitamin Bi2
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Bimamin Bio (yianoxobanamin) namecenuti na noaipoeamy Midb 6UBHABCS 3d OONOMO20K0 MEMmMOOUK
CKAHYIOUOi MYHenbHOI MIKpOCKONIi 3 amOMHOI0 NPOCHOPOBOI0 PO30LIbHOK 30AMHICII0 Md ONMUYHOL
cnekmpockonii. Ckawyioua myHenvbHa MIKPOCKONisi 003601UNA 3APEECMPYBAMU  AMOMU KOOATbmMY, SKI
6x005mb 00 cKknady Mmonexkyau eimaminy Bix i maroms euwuii 6i0 omouyrouux amomie enexmpuyHuil
nomenyian. Pezynemamu Oynu nosicHenHi 3a 00NomMo2010 K8AHMOBOMEXAHIUHUX PO3PAXYHKIE 30 MEMOOUKOIO
@yHukyionany sycmunu.

Knrouoei cnosa: simamin Bio, ckanytoua mynenvna mikpockonis, kobauiem.

Vitamin Bi, (cyanocobalamin) deposited on polished copper surface was studied by scanning tunneling
microscopy with atomic spatial resolution, atomic force microscopy and optical spectroscopy. This chemical
compound was chosen for experiments because its chemical structure contains heavy cobalt atom. Vitamin
B12 on the copper surface revealed crystal structure, with the degree of spatial ordering which decreases
with smaller sizes of crystals. Scanning tunneling microscopy allowed us to register single cobalt atoms as a
part of B1, molecule structure. The atoms had higher than neighboring atoms electrostatic potential and were
visible on the scanning tunneling microscopy scans as very bright spots. Numerical quantum mechanical
density functional theory calculations were performed as a part of the studies. The experimentally registered
cobalt atoms as a bright spots were explained both as having higher vertical coordinate in respect to the
copper surface and additional positive electric charge.

Key Words: vitamin Bi2, scanning tunneling microscopy, cobalt.

Crartio npeacrasus wieH-kop. HAH VYkpainu, a.¢.-M.H., npod. Makapa B.A.

Beryn

Ckanyroua TtyHenpHa Mikpockomnis (CTM) 3
MOMEHTY i1 BUHAaX0/ay Ta BUKOPHCTAHHS B HAYKOBHX
mocimimkeHHsx [1]  3apexkomengyBanma cebe  SK
VHIKallbHa eKCIIepHMEHTAIbHA METO/INKa
JIOCIIJPKEHHSI aTOMHOT CTPYKTYpH MPOBIIHUX Till. B
TOW K€ Yac, He3BaXKAOUU Ha Bpa)karoui MPUKIAIH ii
3aCTOCYBaHHS JUIS KPHCTAIYHUX 3pa3KiB, BOHA HE
Tak e(eKkTMBHAa TIpU  BUBYEHHI  OpraHIYHUX
BHUCOKOMOJICKYJISIDHUX CIONyK. YacTKOBO 1€ MOXKHA
MOSICHUTH ~ BIJICYTHICTIO  JIOKadi3allil XBUJIbOBUX
GbyHKIIH cKIagHOT MOJIeKyH J10 11 aTomiB [2], sk 11e
BiJOYBAa€ThCSI Y BUNAJKY KPHCTAIIYHUX Tiln. B ToM
K€ Jac, SKIIO OpTaHiYHa MOJICKYJIa MICTUTh BaXKKHMA
aToM, XBWIbOBAa (YHKISI Mae OYTH YacTKOBO
JIOKaji30BaHa B OKOJIi IThOTO aroMmy. SIK mpukiag
TaKoro poAy PEUYOBHH MOKHA Ha3BaTH BiTaMiH Biy,
© J1.B. ITonepenko, B.B. IIpopox,

C.I'.Posysan, [.A.IllaiikeBuy, 2017

KM MICTHTh aTtoM KoOaibTy (XimiuHa (opmyia
Ce3HgsCON14014P). BaxknuBicTh 1Mi€l pe4OBHHH IS
IHTEHCUBHHUX
JOCIIDKEHb CTPYKTYpH MoJeKkynu Bi» Ha mporssi
Oaratbox gecsaTwiith [3], sKki Oynmu Bin3HaueHi

opraHi3My JIIOAWHU  TIPpU3BCJIa 10

TppomMa HoOeniBcbkuMu npeMisiMu 1o XiMii 1 O/IHI€I0
mo memunmHi (1934, 1964, 1965 Ta 1981 pokn).
Bracnifnok cknaaHoi XiMi4HOT CTPYKTYpPH MOJIEKYJH
BiTaMmiHy i
PO3paxyHOK,
HaJ3BUYAHO TpyaomicTkuM [4]. 3 Toukm 30py

HAOJIKEHUIT KBAaHTOBO-MEXAHIYHUN
aHajl3 OITHYHUX BIIACTUBOCTEN €

3aCTOCYBaHHS CKAaHYIOUOi TYHEJIBHOI MiKpOCKOIIii,
BaXXJIMBUM € BUBYCHHS MPOLECIB B3a€MOIT MOJIEKYT
miaHokoOamaMmiHy 3  TOBEPXHEIO, a  TaKoX
OCOOJIMBOCTI, TTOB’sI3aHi 3 BaXKHMM aTOMOM KOOaIbTy
y 1i ckaami. Taki 3amauyi i OyJIu IOCTaBJICHI HAMU MTPH
BUKOHAHHS TaHUX JOCIIKECHb.
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ExcnepuMeHTA/IbHA YaCTHHA.

Jns mpuroTyBaHHS 3pa3Ka, BOAHHUH PO3YHH
BiTamMiHy Bi» OyB HaHeceHWI Ha CKJIO 1 TIiCHA
BUITAPOBYBAHHS BHBYABCS 32 JIOTMIOMOTOIO ONTHYHOI
MIKpOCKOmii Ta  aTOMHO-CHJIOBOI  MiKPOCKOITIi.
PesynpTatn excnepuMeHTIB mpeacTaBieHi Ha puc. 1.
Sx BUAHO 3 pe3ynabTAaTIB ONTUYHOI MIKPOCKOMIT
niaHokoOanamiH Ha MOBEPXHI CKJIa CTPYKTYpOBaHUH
y BUTJISIAI KyOIUYHHX MIKPOKPHUCTAJHMKIB MPaBUIBLHOT
dhopmu po3MipaMu B ACCITKH MIKpOH. B Tol ke dac
CTPYKTypa IIbOTO JK 3pa3ka 3apeecTpoBaHa 3
OUTBILIOI0 MIPOCTOPOBOIO PO3IiNBHOI 37aTHICTIO (50
HAaHOMETPiB) 3a  JONMIOMOTOID  aTOMHO-CHIIOBOL
MIKPOCKOIIi ~ JIMOHCTPY€E  TOHIDKEHUH  PiBEHb

BITOPSIIKOBAHOCTI HA CYOMIKpOHHOMY DiBHI - Ky0OiduHa
(dopMa MIKpOKPUCTAIHMKIB pO3MipaMH B OJUHHUII
MIKpOH - BiACYTHSL.

AN,

r‘i

Puc.1. OnruunHa  MIKpOCKOIiSE  KPUCTAIMKIB
niaHokoOanmaMiny Ha ckimi. Bucora pucynky 50
MIKpOH.

Jnst OUIbII AETAJLHOTO BHUBYCHHS CTPYKTYPH
MOJIEKYJIM BitamMiHy Bi» MM BHKOpHCTOBYBalN
CKaHYIOUMH TYHEJIbHMH  MiKpockon Ha  0asi
Hanojiaboparopii IHTEI'PA, 1m0 [103BOJISII0O HaM
pEeECTpYBATH TOMOJOTiI0 MOBEPXHI 3 MPOCTOPOBOIO
pO3AUTEHOK 37aTHICTIO, sika gocsrana 0,08 Hw.
loctpy ronky mist CTM MM BUTOTOBISUIM 3 JIPOTY
JliaMeTpoM 0,5 MM, 31 CILIaBY Ptoslroz,
BUTOTOBJICHOTO IUIIXOM MEXaHIYHOTO BiJpi3aHHs
HOTo KiHIIA.

Huis BUI'OTOBJICHHS 3pa3kiB 3
MOHOMOJICKYJISIDHUMH ~ IIapaMd  BITaMiHy MU
BUKOPUCTOBYBAJIM IIBUJIKE BHUIIAPOBYBAHHS BOJHOIO
PO3UYHMHY BiTaMiHy y BaKyyMi- IiCJIsi HAHECEHHS Karuli
pO3YMHY Ha TOJIIPOBAaHY Miab, 3pa30K BHOCHBCS Yy
BaKyyMHY Kamepy.

HdetanbHi  €KCIEpUMEHTH Ha  TYHEIBHOMY
MIKPOCKOI BUSIBUIIM, IO TYHEIBHHHA PEXUM Ha
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Puc. 2. CnekrpasibHa  3alie)KHICTh  ONTHYHOTO

MOTJIMHAHHS ~KPHUCTAIUKIB IllaHOKOOalaMiHy Ha

noBepxHi  ckia. [lOrnmvHAHHS — MPUBEICHO B
JNIOBUIBHUX OJIMHUIX. B pamii mpencrarieHa
CXeMaTH4YHAa CTPYKTypHa (GopMyla  MOJCKYIIH

BiTamiHy Bio.

JaHOMY 3pa3Ky JOCSTAEThCS TUIBKM IIPU HAaIpyrax Ha
roimi Bumie 5 BodbT. sl aHamizy 1bOrO eQeKTy
HamMu Oyna BHMIpsSHA 3aJIe)KHICTh  ONTHYHOTO
MOTJIMHAHHSA 3pa3ka 3 puc. l. Ha cnekrpambHiit
KPHBili ONTHUYHOTIO MOTJIMHAHHS (pHUC. 2) OTpUMaHIi
Ha cnekrpodoromerpi CD-26 Ta oOumcneHuit 3
ypaxyBaHHSIM  (DPEHENIBCHKOTO  BiJOWBAaHHA Ha
Mexax Bip- moBitps Ta Bip- ckio, momiTHi JBa
MaKkCUMyMa TOTJIMHAHHS- OAWH IIMPOKUN B oOjacti
550uM, a apyruil BY3bKHM 1 BUCOKAN 3 MAKCHMYMOM
B obmacti 375 um (3,3 eB). Illupokuit makcumym
MO’KHa BIAHECTH 10 CMYTU IOTJIMHAHHS MOJIEKYJIH
Bi2, a By3bkuii- 10 aroma koOanbTy. OcTaHHe g00pe
Y3TOKYETHCA 3 JAaHUMH pobdotn [5], Ae mpuBemeHi
KpUBI ONTHYHO TMPOBIMHOCTI KOOAIBTY MAarOTh
MakcumyM nipu 3.2 eB. Teopetnuna kpuBa, B MoJei
MpSIMUX MIK30HHHX IEPEXOJIiB po3paxoBaHa B [6] 3
OpsMAM ~ OOYUCICHHAM  MaTPUYHHX  CJIEMEHTIB
NepexoAiB Mae MakcuMyM B obmacti 3.5 eB.
AHANOTIYHUI MakCUMyM B il  CIEKTpaibHiA
oOmacTi Mae KpuBa pO3paxoBaHa B HaONMKEHHI
HENPAMUX MDK30HHHX TmepexoaiB [5], ame meit
MaKCHUMYM LIMPOKUIA. Hns HEUTPAIILHOTO
HEIOHI30BaHOrOo aroMy KoOaibTa 3rigHo [7] Mae
Micle Iepexif 3 NOTMIMHAHHAM 3 HWkKHIX “‘F Ha
BepxHi °D piBHi 3 enepricro nepexomy 3eB.

B ayroBux = cmekTpax — BHIPOMiHIOBaHHS
CIIOCTEpIraeThCsl iHTEHCHMBHA JiHiA 389.4 HM, sKa
Habarato iHTCHCHUBHIINA B TMOPIBHSAHHI 3 CYCIITHIMH
ninismu [8].
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Puc. 3. Ckanyioua TyHeNbHa MIKPOCKOIIS TpaHyI
niaHokoOanaMiHy Ha moBepxHi wimi. [Ipocropora
pO3AiIbHA 3AaTHICTH BUMIPIB 4 HM.

TyHemroBanHS 3 mapy IiaHOKOOalaMiHy
JOCSITAEThCS TIIBKM TPH HASABHOCTI HOCIIB B HOTO

30HI mpoBimHOCTI. [IpW  JOCATHEHHI  aTOMHOI
pPO3IiMBbHOI  3AATHOCTI  CKaHYK4Ol  TYHEJBHOI
MIKpOCKOmii, Ml peecTpauii aToMmiB KOOaIbTy

MOTPIOHE TYHEIIOBAHHS EICKTPOHY 31 30YIPKEHOTO
3allOBHEHOI'O PiBHS aToma KoOalbTy, IO HAKIIAAa€e
YMOBH Ha po0O0Ui HAIIPyTu B €KCIIEPUMEHTI.

Pesynprat ckaHylo4oi TYHENBHOI MIKpPOCKOTIIi
MOBEPXHI Mili 3 HaHECEHMM MIapoM BiTamiHy Bir
npencTasieHi Ha puc. 3. Mu 6auuMo OKpeMi IpaHyin
pO3MipaMH JECATKU-COTHI HAHOMETDIB Ha TOBEPXHI
MiZi, sIKi BXe HE MOXHa IJCHTU(PIKYBaTH SK
HAaHOKPHUCTAJIMKM OCKUIBKM iX Kpal BXe He €
npsMuMH JTiHiIMH. ToOTO CTymiHb IPOCTOPOBOIO
BIIOPSJKYBaHHS I[laHOKOOAIaMiHy 3 MOJaJIbIINM
3MEHIIICHHSIM Jiala30oHy peecTpaiii 0 COTCHb
HAaHOMETPiB 3MEHIIYETHCS B IOPIBHAHHI 3 JAHUMH Ha
puc. 1.

Pesyneratt CTM 1150TO X 3pa3ka 3 aTOMHOIO
MTPOCTOPOBOIO PO3ILIEHOIO 3/IaTHICTIO TPEACTaBICHI
Ha puc. 4. [lo-mepuie, MU MOXXEMO cKa3aTu, IO B
TOMIII CKaHyBaHHS MU crocTepiraemo
MOHOMOJICKYJISIPHHH ~ OCTPIBKOBUI IIap MOJICKYI
niaHokoOanaMiHy OCKUIBKM B MPOMDKKax BHUIHI
BIIOPSJIKOBAHI aToMM Mial miAKmagkd  (crpasa
BHU3Y). Ilo-npyre, Ha pUCYHKY IOMITHI JEKiIbKa
3HAYHO SICKPaBIIUX aTOMiB (OKiJ OJHOTO 3 HHUX
NpelCcTaBlIeHuil Ha pHUCYHKY 4 y 30UIbIICHOMY
BUTJISIN), SIKI MU iICHTU(IKYEMO SK aTOMHU KOOAIBTY.
ATtoM koOanbTy Ha 30i7bLICHIH YacCTHHI pPUCYHKa
OTOYCHUH TEMHHMMH TPOMDKKaMH, SKi MOXXHA
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Puc. 4. Ckanyroua TyHeJIbHa MIKPOCKOITiSI MOJIEKYJT
niaHokoOanaMiny Ha moBepxHi Mmimi. IIpoctoposa
po3aineHa 3aaTHICTE BUMipiB 0.08 HM.

iIeHTU]IKYBaTH SK 37¢(POpPMOBaHI TeTEPOUUKIIUHI
Kinmpnsg Monekynmu Bir (muB. cTpyKTypHY dopmymy
B12 3 puc.2)

Binbm sickpaBi Toukn Ha CTM ckaHax MOXYTh
OyTH HACiJIKOM TphOX NpHUYUH- 1. Binbmoi Bucotn
penbedy TOBepxHI B JaHid Touli, 2. Bwumoro
€JIEKTPUYHOr0 MOTEHLialy B AaHii Touwi, 3. Bumoi
KOHIIEHTpALii HOCIiB €JIEKTPUYHOr0 3apsiiy B AaHid
TOYIIl B IOPIBHSIHHI 3 OTOYYIOUUMH 00JIaCTIMHU.

Jns  aHamizy  IpPOCTOPOBOTO  PO3IOJILTY

€JIEKTPUYHOTr0 MOTEHIially TOBEPXHi Mifi HaMu Oyu
MIPOBEEHI PO3paxyHKH 3a METOJIOM (YHKLIOHATY
CYCTHHH JJs1 TJIOCKOI HaakoMipku Mimi (2x2x1) 3
aTOMOM KOOallbTy Ta aTOMOM BYIJIEIf0 Ha il
Hdnst po3paxyHKiB

MOBEPXHI. BUKOPUCTOBYBABCS

Puc. 5. Po3paxoBaHi €KBINOTEHIIaIbHA TOBEPXHS
no6ym3y piBHs Depmi 11t aTOMIB KOOANBTY (JTiBHIA)
Ta Byrjiewo (mpaBuii) (MO3HA4YeHi CTPiIKaMu) Ha
MOBEPXH1 MiJli B MiHIMyMi eHeprii.
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makeT mporpam ABINIT B omepariiinii cucremi
LINUX.

BuKOpHUCTOBYIOUM METOI TPaJi€eHTHOTO CITYCKY,
porpaMa IIyKajia Take MOJ0KEeHHS aTOMiB KOOaJIbTy
Ta BYIJIEIIO, sIKe€ O MiHIMI3yBajo 3arajbHy €HEpTio
ciucreMu. Pe3ynapraTH po3paxyHKiB  (iHaIBHOTO
MOJIOKEHHS aTOMIB MpecTaBieHi Ha puc.5. PizHuis
BUCOT IMX JBOX aromiB craHoBuTh 0.047 HM. 3
(i3M4YHOT TOUKM 30py Lie 3PO3yMil0o- aToM KOOaJIbTy
Mae OUTBIIy KIUTBKICTH ENEeKTPOHIB, a 3HAYUTH 1
OUTPIIMK  miaMeTp  HE3alOBHEHOI  30BHIIIHBOI
CJICKTPOHHOT OOOJIOHKH, IO MPUBOJIUTH 10 OUIBIIOI
JUCTaHIlIi MK HAM 1 TIOBEPXHEI0 MiTHOTO KPUCTAIY
B TOpIBHAHHI 3 aTOMOM BYIJIEHmIO. TakoX aToM
KOOaJIbTy B MOJICKYJIi BiTaMiHy Bi, Ma€e mMo3uTHBHUIA
3apsi, IO TPHBOIUTH 10 JTOJATKOBOTO 301IBIICHHS
fioro sckpaBocti Ha CTM 300paxeHHSIX.
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BucHoBkH

Bitamin B12 HaHeceHMit Ha TOBEPXHIO MiJli Mae
KpUCTAIIYHY CTPYKTYpPY, CTYIIiHb MPOCTOPOBOTO
BIIOPSIAKYBAHHSA SKOI 3MEHIIYETHCA 31 3MEHLICHHAM
PO3MIpIB KPHUCTAJIMKIB Ta 3MCHIICHHSM TOBIIUHU
Horo mapy. ATOMHU KOOaNbTy, AKi BXOJSATH 10 CKIaay
MOJIEKYJIH BITaMiHy MOXYTh OYTH OJHO3HAYHO
iICHTU(IKOBaHI TNpPH BHUKOPUCTaHHI  METOIUKH
CKaHyI040i TYHEJIBbHOI MIKpPOCKOMIi, TpPH LHOMY
MOJKHAa IPUILYCTUTH, IO TYHEJIOBAHHS EJIEKTPOHY
BitOyBa€eThCs 31 30yHKEHOTO PiBHS aToMa KOOalbTa.
3 UYMCTO NPaKTUYHOI TOYKH 30pYy, L€ H03BOJISIE
3HaXOAUTH 1  BHMBYATH  HAA3BUYAHHO  Maii
KOHIIEHTpaIlii (2 0 OKpEeMHX MOJIEKylN) BiTaMiHy
By, a Takox IHIIMX OpraHiYHUX MOJEKYN 3
NpUETHAHUME JI0 HUX BOKKUMH aTOMaMH.
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The observation of the coherent reemission by

nepesunpomMinioBanaa mapy HF vy
OararonpoxiaHiii komipui Yaiita

HF vapor in the multiple-path White cell
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Y poboti mpoxeMoHcTpoBaHO iH(pauepBoHUil Gyp’e crektp mapy ¢ropogaro (popmyna HF) mpm
KiMHaTHIA TemmepaTypi Ta TuckoBi mopsaky 1 Ila. Byma cmocrepekxeHa rpyra BiZHOCHO IIiIBHO
PO3TAIOBaHUX JIiHIM MOTJIMHAHHS Ta MEPEBUIPOMIHIOBAHHS OiJIs1 PE30HAHCHOTO KOJNHMBAIBHO-00EPTATEHOTO
nepexoxy vi =0 — 1 taj = 0 — 1 npu Oararopa3oBoMy MPOXOKEHHI iH()PAUYEPBOHOTO MPOMEHS 3MIHHOI
YacTOTH Uepe3 ONTHUYHY KOMIipKy Yaiira.

Kniouoei cnosa: noenunanus, ingppauepsonutl ¢hyp’e chexmp, keanmosa onmuxa, epexm Jonnnepa,
KOIUBATIbHO-00epMAabHULL CHeKMp, (PMopo8oOeHs.

In this work the infrared spectrum of room-temperature HF vapor at millitorr pressures is demonstrated.
The spectrum was obtained by means of Infrared Fourier Spectroscopy. It was observed the group of relatively
densely located absorption and reemission lines near a resonant ro-vibrational transition, namely vi =0 — 1 and
j =0 — 1. The spectrum corresponds to the detected intensity of infrared beam of variable frequency after
passing the optical multiple-path White cell with the vapor. The Lamb splitting, the nonhomogeneous Doppler
effects, a superradiance, and collective quantum-optical effects are discussed in order to build a model of the
spectrum. A quantum optics character of the observed effect is assumed. Mainly, the system of molecules
interacting with the oppositely directed scanning beams, at the densities of order 0.5x10° — 1x10* molecules
per resonant cubic wavelength, can be in a coherent states with a probability defined by a magnitude of
intermolecular interaction. This intermolecular interaction is nonlinear with respect to the molecular
density. At this point, the type of the intermolecular interaction is determined by the so-called quantum
optical dipole-dipole interaction. The quantum optical dipole-dipole interaction is caused by the exchange of
quanta of field energy between molecules.

Key Words: absorption, infrared Fourier spectrum, quantum optics, Doppler effect, ro-vibrational
spectrum, hydrogen fluoride.

Crartio ipenctaBuB J1.¢.-M.H., ipod. €xxo C.M.

Beryn nepeBUNpoMiHIoBaHHs € pobota LlkpibaHoBiva [2].

) ) ) VY 3rajaniii poOOTi OMUCAHO CIIOCTEPEKEHHS ePEKTY

) I[OCJ'IIZ[)KG.HHH edextin TACKACHHT iy imyiipcHoro Hagsunpominiosanns Jlike (muB. [3]) y
IHTEHCHBHOCTI  ONTHYHOTO Ny4Ka B ONTHYHO 1.y dropopommio onTHamo (B iH(pauepBOHii
AKTHBHHX CepeOBUILAX, CHPHIUHCHOTO 6 racri ois PE30HAHCHOTO KOJINBAJILHO-

KOJIGKTUBHUMH KOT€PEHTHHMH CTaHAMH, MalOTh
3HAYUMICTh MPH MOJAITBIIIOMY BHBYCHHI MEXaHI3MIB
BAMYIIEHOTO T2 HEBUMIIIICHOTO BUIIPOMIHIOBaHHS. Y
CBOIO Uepry, 3HAHHSI MEXaHi3MiB BUMYILEHOTO Ta
HEBUMIIIICHOTO BUTMIPOMIHIOBaHHS € aKTyallbHUMH Ta
BOKIMBUMHM TIPH  pO3paxyHKax Ta MOOYHOBi
HETNEepEepBHUX Ta IMIYJILCHUX KOT€PEHTHHX J[Kepel
(Ma3epiB Ta J1a3epiB: AMB., HANpPUKIAL, [1]).
BigomumM npukIiTamoM moHEpChKoi poOoTaMu 110
CIIOCTEPEKEHHIO KOJIGKTUBHOTO

o0epTaibHOrO  Mepexoay) 30Yy/DKeHOro (3HayHa
iHBepcis Ha 30ymKeHOMY CTaHi) (PTOPOBOIHIO NpHU
KIMHATHIA ~ TeMIepaTypi Ta MUTTOpaX THCKY
(mopsiaky 1 IMa). [HIMMY npHUKIagaMu JOCTIPKEHb B
oOnacTi ONTHYHMX KOJEKTHMBHUX SBHII MOXKHA
MPUBECTHU Taki podoTw, sk [4] —[7].

Y mamiit poboti mpomemMoHCTpoBaHO (yp’e
cnekTp mapy ¢ropoBoanio (dopmyna HF) npum
KiMHaTHIA Temmeparypi Ta ThckoBi mopsinky 1 Ila
(00y1acTh THCKIB MITITOpP) 0€3 ONTHYHOI HAKAYKH.

© A.C. Cixyk, 2017
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Byma cmocrepexkxeHa rpyma BiZHOCHO MIUTBHO
pOo3alIoBaHuX JHIA MOTJIMHAHHSA Ta
MepEeBUIPOMIHIOBAHHS npu OaraTopazoBoMy

MIPOXOKECHHI  1H(QpadepBOHOTO TIPOMEHS 3MIiHHOI
YacTOTH 4Yepe3 ONTHYHY KOMipky VYaiita. Takum
YrHOM, c(OopMyJIbOBaHa BEpCis, MO, MPHU IMEBHHUX
ymoBax, map HF Moxe  mepeBunpoMiHIOBaTH
CHUTHAJI, BHU3BAaHWHA TICBHOIO KOTEPEHTHICTIO MIX
MOJIEKYJIaMH Ta IToyieM pu nepexoxi j = 0 — 1 (tak
3BaHa R-kpmio) ta vi = 0 —» 1 (dbyrnameHTamsHa
4acToTa BIJHOCHMUX KOJHMBaHb aTOMa BOIHIO Y
monomepi HF).

YKcrnepuMeHTAJIbHI pe3yJbTaTH
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(2000 — 25000 cm'). V umx ekcmepuMeHTax
netexktop InSb 3 iHCTpyMEHTANbHOIO PO3ILITOBOIO
smataictio 0.01 cM™! oxonomkysases  piakum
azotoM. Ywmcio ckanyBaHb piBHe 10. Ameptypa
BCTaHOBJIeHa JgiamMeTpoM | MM. ONTHYHHN TUIAX
HaJamToBaHo nopsaxy 60 m.

Sk BUJIHO 3 MPEJCTaBICHUX CKaHyBaHb HA PHC.
1, pe3oHaHCHa JIiHIA KOJIMBAJILHO-00EPTAIHLHOTO
noriuHaHHA vi = 0 — 1 Taj = 0 — 1, mo Bignosigae
yactoti mpubamuszno 4001 cm™!, € 9iTKO BHpPa)KeHOH
JUTS BUIIMX TUCKIB (HWKHiM rpadik Ha puc. 1). dnsa
tuckiB Hiwk4ye 1 [la (Bepxwiéi rpadik Ha puc. 1)
crocTepiranach rpyma MOTJIMHAITBHO-
BUITPOMIHIOBAJIFHUX MEPEXOIiB.

Ha puc.1 mokasaHo pesyiasrar — ¢yp’e OOroBopeHHs eKCePUMEHTATBHO
ckanyBaHnHa napy HF y emkocti 2-0X MeTpoBoi CIOCTEPEesKyBAHUX
noBxuHA (Ta mpubmmsno 0.18 M miamerpom) mpu
KIMHATHI{ TeMIieparypi Ta Tuckax nopsaky 1 [la ta PosrnsHeMo  JeKinbka  Bepciii  IOsACHEHb
10 Ia (BepxHiii Tpadik Ta HUXKHIH, BiIIOBIIHO). CHOCTepeXKyBaHiit cepil TTiHiH 3

MEPEBUIPOMIHIOBAHHS.
1 —— HF, p<1Pa
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Puc. 1. ®yp’e cmnektp iHppaduepBOHOrO TPOMEHsS MICIHs MPOXOJHKEHHS 4epes
OararonpoxinHy onTHuHy KoMipky Yaita 3 mapom HF mna tucky p < 1 Ila
(BepxHili criekTp) Ta asst TUCKY p > 10 Ila (HMKHIHN criekTp).

Skiuio BUPIBHIOBAaHHSIM JI3epKan y
OaratorpoximHii  emkocti  (koMipmi — YaiiTa)
3HEXTYBATH, TJIOBHUH BHECOK y €KCHEPHUMEHTAIIbHY
MoxuOKy € THCTpyMeHTaNbHUM. J1J1si CKaHyBaHHs OYB
BUKOpucTanuii Qyp’e cnekrpomerp BOMEM DAS
Fourier transform spectrometer system Ta KkpioreHHa
CHCTEMa OXOJIO/DKEeHHs 3 neTekTopoM InSb (1800-
14000 cm™'), Bikmamu CaF» (0o6nacts Tmpo30pocTi
1200 - 8500 cm'), Ta mKepeno ceitaa "Globar"

Tak, pi3Hi Ipynu LIBUIAKOCTEN MOJIEKYJ MAlOTh
pi3Hi monmiepiBChKi 3CyBH (AMB., Hapukiag, [8]).
BinnosinHa JIOTIIIJICPiBChKa ITUpPUHA JIHIT
OIIHIOETHCS IS IOHOT'O TUITY MOJICKYJI ITPH 3a1aHuX
ymoBax nopsaky 0.01 cM™!, mo e monaliMenme Ha
TTOPSIIOK MEHIIIE 3a BiJICTaHb MIXK BUTUMUMH TTIKaMH.
CkaHyrouuii  mpoMiHb  Tpu  OaraTopa3oBOMY
MIPOXOKEHHI pe3oHye 3 BIJIITOBITHOIO
JIOTITUIEPIBCHKOIO TPYIIOI0 Ta MOXKE ITiJICHITIOBATHCH
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mpu BuMyIeHii ewmicii. [Ipu mpomy, TpoxomKeHHs
MPOMEHS Y MPOTWICIKHUX  HAMPIMKaX  MOXKE
BUKIIMKATH TICBHHUM THUI PO3IICIUICHHS, TaK 3BaHi

JIeMOIBCBKI mIiTuHU (muB., Hapukiad, [9]) Ilpore,
IHTCHCHBHICTh BHUMYIICHOI eMicii TpomnopiiiiiHa
IHTCHCHMBHOCTI ~ MPOMEHS Ui  HEKOTEPEHTHOIO

30yKEHHS, 1 TOMY, JUI BUIIAJIKy BIJTHOCHO HHU3BKOI
IHTEHCHUBHOCTI iH(}padepBOHOTO MPOMEHs, HE MOXE

OyTH OCHOBHOIO MPHYUHOK CIIOCTEPEIKYBAHOTO
TIepEBUTIPOMIHIOBAHHS.

Bzaemomiss MK pI3HUMH TONIUIEPIBCHKUMU
rpynaMm  Ta MIPOTHIICIKHO HANPSMICHUMHU

MPOMEHSIMHU Y OaraTonpoxinHiii koMipmi Yaiita npu
MEeBHIH  KOTePEeHTHOCTI  MOXE€  CIPUYUHUTH
MiZICHIeHHS. TPOXiJHOTO TIPOMEHS TMpH peemicii Ha
YacTOTI 3 BIAMOBITHUM JONIUICPIBCHKUM 3CYBOM.

TakuM 49WHOM, TIpM HAsIBHOCTI KOTEPEHTHOCTI
MDK MOJIGKYJISAPHUMH 30y/UKEHIMH CTaHAMHU Ta
CJIEKTPOMArHITHUM TIOJIEM HMOBIPHICTH MEpPEXoy 3
MIEPEBUNPOMIHIOBAHHAM MOXe OYyTH TpONOpIliiiHa
KOHIEHTpallii aromiB. Takuii MexaHi3M MOXXEe MaTH
npupony  Jlike  HagBUNpOMiHIOBAaHHS  (IUB.,
Hapukiajg, [2]) Ta XapakTepus3yBaTHCh IIMPUHOIO
JMiHIl TPOMOPIIIHOI KOHIEHTpAIlii MOJeKydT 1
MOPIBHIHO BUILIOIO 3a IMOIIMHAHHS BUCOTOIO IIiKiB.
OctaHHE He € BHpPaOXCHHM  e(pEeKTOM  Ha
MTPOJIEMOHCTPOBAHMX Tpadikax.

KpiMm 1poro, MOXyTh OyTH 1 iHIII KBaHTOBO-
OIITHYHI MeXaHI3MH NePEBUTNPOMIHIOBAHHS,
OCHOBaHI Ha KOJIGKTUBHHX KOTCPEHTHUX SIBUINAX Yy
B3a€EMOJII0UOMY 3 mosieM cepenosuiui. Hampuknarn,
sk OyJjio mokazaHo B poborax [10] — [12], cucrema
aToMiB (4d MOJIEKYJ), B3a€EMOJi04Ya 3 JBOMA
NPOTUJICKHO  HANpSMIIEHMMH  IPOMEHSIMH 3
gacroraMd ONM3bKMMH JO0 PE30HAHCHOI, NpHU
KOHIeHTpalisx mopsaky 0.5 — 1 x 10° aromis y
KyOiuHii JOBXHHI XBHJI PE30HAHCHOTO TEPEXOYy,
MOXXYTh (pOPMYyBaTH IIEBHI OCOOJHUBI KOTr€pPEHTHI
CTaHM CHCTEMH, IO BiJ3HAYAIOTHCS BHCOKOIO
HECTaOUIBHICTIO TpPW BITHOCHO HEBEIHKIM 3MiHi
KOHIIeHTpanii razy. OCTaHHE, K MPOJEMOHCTPOBAHO
y po6oti [12], s KOHIEHTpaLiii aToMiB MOPSAKY
0.5x10° — 1x10° aTomiB y KyOiuHili KOBKMHI XBHII
PE30HAHCHOTO TMEPeXoay, MOXe MPHU3BOAUTH [0
MOSIBM Cepii JIHIH MpU JOCTATHIM BIJHOCHIN 3MiHI
koHleHTparii. Taka cama o00JacTh 3HAYCHb
KOHIIeHTpauiii monekyn y mnapy HF Bigmosigae
TuckoBi mopsinky 1 Ila Ta goBkuHI XBuWI
PE30HAaHCHOIO MOINIMHAHHA 3 4YacTtoToro vi =~ 4001
cm!. Tomi WMOBIpHICTE (uyKTyamili I'yCTUHH €
BiTHOCHO  BHCOKAa  JAJs  JOCTaTHRO  Maioi
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KOHIICHTpaIlii 9acTHHOK Ta (a00) pi3HOI KITBKOCTI
YaCTHHOK, W0 TMPUHMAalOTh Y4YacTh Y PI3HUX
JIOTIIIJICPIBCHKUX TPYIIaX.

BucHosknu
OTxe, IpU TIEBHUX YMOBaX y OaraTompoximHii

ONTHYHIA KOMIpmi YaiTa KOJHBAIbHO-00epTATEHAN
cnekTp mnapy ¢ropoBoanio (popmyna HF) moxe

BUSABISITH ~ OCOONIMBOCTI, IO MOXYTh  OyTH
CTIIPHYHMHEH] KOTePEHTHUMH KOJICKTHBHIMH
SBUIIAMHU npu 3aJaHOMY PE30HAHCHOMY
KOJINBAIbHO-00EpTAIbHOMY — MEpEeXoJi Ta MaTu
KBaTOBO-ONTHYHY MpPUPOLY. 30Kpema, CcucTrema
MOJIEKYJ, B3a€EMOJil04a 3 JIBOMa IPOTUJIEKHO
HaNpsSMICHUMH OpOMEHSIMH 3 YacTOTaMU

ONMM3BKUMH JIO PE30HAHCHOI, MPHU KOHIEHTpPAIisIX
nopsaky 0.5x103 1x10° aromie y KyOiuHiii
JMOBKMHI XBWJII PE30HAHCHOTO TIEPEeXOmy, MOXKe
nepeOyBaT y KOTEPEHTHUX CTaHaX, HMOBIPHICTH
SIKUX BHM3HAYA€TLCS TEBHOIO, HEMHIAHOIO BiIHOCHO
KOHIEHTpAIlil,  BEIUYMHOI  MDKMOJEKYISIPHOL
B3aemomii. [lpm mBOMYy, THO MIKMONEKYISPHOL
B3a€EMOJi1 y JaHOMY BHIAJKy BH3HAyae, Tak 3BaHa,
KBaHTOBO-ONITHYHA JUIOJIb-IUIOIbHA B3a€EMOJIS,
CIpUYMHEHA oOMiHOM KBaHTaMU HOJIS
(BipTyaneHuMH ~ (QOTOHaMH) MK  MOJEKYJIaMH.
BennunHa Takoi 6araTro4acTHHKOBOI (KOJEKTUBHOI)
B3a€MOMii Ma€ CHIIBHO HENiHIHHWUN  Xapakrep
BIJIHOCHO KOHIIeHTpalii. ToMy 3ramani crierudivni
KOJIGKTHBHI ~KOT€PEHTHI CTaHU  BiJI3HAYAOTHCS
BHCOKOIO HECTaOUIbHICTIO TIPY BiJJHOCHO HEBEJWKIH
3MiHI KOHIICHTpaIii rasy. Ocranne, SIK
MPOJICMOHCTPOBAHO Y POOOTI [6], I KOHIICHTpAIliit
aromiB nopsaky 0.5x10° — 1x10° aromis y xy0iunii
JIOBKMHI XBWJII PE30HAHCHOI'O IEPEXOay, MOXKE
MPU3BOAUTH 10 TIOSIBU cepii JiHIH NpH JOCTaTHIiN
BiJTHOCHI 3MiHiI KOHIleHTparii. Takum unHOM, Oyra

CITOCTEpEIKEHA rpymna BiJIHOCHO IIJIBHO
pO3alIoBaHUX JHIT MOTJIMHAHHSA Ta
MEPEBUIPOMIHIOBAHHS.

IMopsika

ABTOp pPOOOTH BHpaxkae OCOOJHMBY BJSYHICTD
TpyIli HAYKOBHX JIOCIIJHUKIB MiJ TPOBOAOM Mpod.
Jx. bepana, Texacekuii EHEM YHiBepcuter, CIIA,
(2009 — 2011 pp.), 3a KOHCYNbTaTUBHY, (iHAHCOBY,
Ta 1HCTPYMEHTAILHY MIATPUMKY, HaJIAHHS JOCTYILY
JI0 CIIEKTPOCKOMIYHO1 TabopaTopii.
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