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OcecumeTpu4Ha TEPMONPY:KHA JedopMallisi 0araromapoBol JINTH
3 HeileaIbHUM TEeIJIOBUM KOHTAKTOM MIXK IIapaMu

H.M. Antonenko, I.I'. Tkauenko
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InrerpanbHe neperBopeHHs ['aHKens Ta MeTo] (GYHKIIN MOJATIMBOCTI 3aCTOCOBAHO IO PO3B’SI3aHHS OCECUMETPHYHOI 3a/1adi
TEPMOIIPYKHOCTI I OaraTomapoBoi IUIMTH 3 HeiZeaJbHUM TEIUIOBUM KOHTaKTOM MDK InapaMH. Y MaTpuuHil Qopmi
noOyJOBaHO PEKYPEHTHI CIIBBiJHONICHHS, IO IOB’S3YIOTh (QYHKLIi MOJATIMBOCTI CYCiIHIX mIapiB mmmTd. YucenbHi
PO3paxyHKH IPOBEICHO JUIsl IBOUIAPOBOI IUIMTH, IO repedyBae I Ji€l0 TEIUIOBUX HaBaHTaKeHb. [IpoaHanizoBaHO BILIMB
Koe(ilieHTa TEMIOBOro OMOPY Ha PO3MOIIT TEMIIEpaTypH B TOYKaX HIDKHBOI MEXI BEPXHBOTO LIAPY 1 TOYKAX BEPXHBOI MEXKi
HIDKHBOTO LIAPY, @ TAKOXK Ha PO3IOJIiI HOPMAIBHUX HANPYXKEHb Ha CTUKY LIAPIiB [UTHTH.

Kniouosi cnosa: nanpysicenns, memnepamypa, HeioeanibHuil Menioguii KOHmMakm, bazamowaposa nauma, inmezpanve
nepemeopenns I ankens, (hynkyii nooamausocmi.

Axisymmetric thermoelastic deformation of a multilayer plate with
imperfect thermal contact between its layers

Antonenko Nina Candidate of science (physics and mathematics), associate professor of the
department of Higher Mathematics
National University «Zaporizhzhia Polytechnicy,
64 Zhukovskogo str., Zaporizhzhia, Ukraine, 69063

Tkachenko Iryna Candidate of science (physics and mathematics), associate professor of the
department of Fundamental and Applied Mathematics
Zaporizhzhia National University,
66 Zhukovskogo str., Zaporizhzhia, Ukraine, 69600

An axisymmetric stationary problem of thermoelasticity for a multilayer plate with imperfect thermal contact between its
layers is solved by using the method of compliance functions and the Hankel transform. The mechanical contact of their
boundaries is assumed to be perfect. The Hankel transforms of displacements, stresses, and temperature at the points of the
layer can be represented in the form of the linear combinations of the six auxiliary functions. The auxiliary functions are
connected with the Hankel transforms of displacements, stresses, temperature and flow at the points of the upper boundary of
the corresponding layer. Those six auxiliary functions can be found from the boundary conditions in the case considered.
Using the conditions on the boundaries between the layers and introducing a dummy layer the recurrent formulas for finding
other auxiliary functions have been constructed. The auxiliary functions of each layer are dependence which is represented in
the matrix form by using so-called compliance functions. The recurrence relations for the compliance functions of the
thermoelastic multilayer plate have been constructed. The algorithm for solving the considered problem is formulated. The
numerical calculations for a two-layer plate subjected to the thermal loads are performed. The influences of the thermal
resistance coefficient on temperature distribution at the points of the lower boundary of the upper layer and at the points of the
upper boundary of the lower layer and on the distribution of normal stresses on the common boundary of layers is analyzed.

Keywords: stresses, temperature, imperfect thermal contact, multilayer plate, Hankel transform, compliance functions.
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OcecheTpanaﬂ TEPpMOyIpyras z[e(l)opMauml MHOTOCJTOMHOM IJIMTHI €
HEnJICAJIBbHBIM TCIVIOBBIM KOHTAKTOM MEKAY CJI0AMU

AHTOHEHKO K. ¢h.-m. 1., doyenm kagheopul evicuteli Mamemamury
Huna HukonaeBna Hayuonanvuviii ynueepcumem «3anopoicckas nOIUMexHuxay,
yn. JKykogcvkoeo, 64, 2. 3anopooicve, Yrpauna, 69063

TrkaueHKO K. b.-M. H., Ooyenm Kapeopwl PYHOAMEHMATLHOU U NPUKIAOHOU MAMEMAMUKU
Hpuna I'puropseBua 3anopoarcckuil HayUOHANLHBILL YHUGEPCUMEN,
yn. JKykoeckoeo, 66, e. 3anopoaicve, Yrpauna, 69600

I/IHTerpaJ'IBHOC Hpeo6pa30BaHHe XaHkens u MCTOJ q)yHKHI/Iﬁ NOAAaTIIMBOCTU UCIIOJB30BaHbL IJId PEHICHUS OCeCHMeTpPI‘IHOﬁ
3aa4dl TEPMOYIPYTOCTH AT MHOTOCJIOMHOM IUTUTHI C HEHWICAIbHBIM TEIJIOBBIM KOHTAKTOM MEXIY CIOAMH. B MartpmuHOit
(dhopMe MOCTPOCHBI PEeKYPPEHTHBIE COOTHOLICHHs ISl paccuera (YHKLIHUI MOJATIMBOCTH CIOEB IUIUTHL. UKCIIOBBIE pacyeTs
MPOBEICHBI U IBYXCIOHHOH IUTHTHI, KOTOpask HAXOIUTCS MO NeHCTBHEM TEIIOBBIX HAarpy3okK. IIpoaHanu3upoBaHO BIHSIHUE
KO3()UIIMEHTa TEIJIOBOTO CONPOTHBJICHUS Ha PACHpeieieHHE TEeMIIEpaTypbl B TOYKAaX HIDKHEH T'paHHLBI BEPXHETO CIOA U
TOYKax BerHeﬁ TpaHULbI HAKHETO CJIOA IIJIMTHI, TAKIXKE UCCIIEJOBAHO BIIMAHUE YKa3aHOI'O KOSq;)(bI/II_[I/IeHTa Ha pacnpeaciiCHUE
HOpMAaJIbHBIX HaHpﬂ)KeHI/Iﬁ B TOYKax 06ﬂleﬁ TpaHUIBI CJIOCB.

Knrouesvle cnosa: nanpsicenus, memnepamypd, HeUOeibHbulli Meniool KOHMAKNM, MHO20CIOUHAS NAUMA, UHMESPATbHOE
npeobpaszosanue Xankeus, yHKyuu noOamaugoCcmiu.

1 Beryn

BaraTorapoBi IJIUTH € CKJIaIOBUMH KOMIIOHEHTaMU 0araTbOX iHKEHEPHUX KOHCTPYKIIiH Ta CrIOpy/I.
Ha mpakTtumi Taki 00’€KTH 4acTO eKCILTyaTyIOThCS B yMOBaX BHCOKHX TEMIIEpATyp, TOMY IIiJ 4ac iX
pPO3paxyHKy Ha MIIHICTh MOTPIOHO BPaxOBYBaTH, OKPIM MEXaHIUYHUX, IIe ¥ TeMmImepaTypHi €eKTH.
ABtopamu [1-4] 3a momomorow Metony (YHKIH MOAATIAMBOCTI [5] OTpUMaHO pO3B’S3KH 3ajad
TEPMOTIPY>KHOCTI P YMOBaX 1A€aIbHOTO TEINIOBOTO KOHTAKTY MIX IIapaMH 0araTomapoBOi OCHOBH
Ta IUTATA B IUIOCKIH Ta TPOCTOPOBIH IMOCTaHOBKaxX. Po3B’s3aHHA 3amadi MpPO OCECHMETPHUYHY
TEPMOIPYKHY JAedopmaliito GaraTomapoBoi OCHOBH 3 HEiJIcaIbHUM TEILUIOBUM KOHTAaKTOM MIX IIapaMH
HaBEJICHO Y [6].

PoGora [7] mpucBsdeHa po3B’S3aHHIO OCECHMETPHYHOI TEeMIEpaTypHOI 3agadi JUId CHUCTEMH
KOHTaKTYIOUUX TUT LWIHAP-IIAp 3 ypaxyBaHHSIM HEiJealbHOIO TEIJIOBOTO KOHTaKTy. Po3B’ 30K
O0CECUMETPHYHOI KOHTAKTHOI 3ajadi TepMONPYXKHOCTI Ui TPHUILAPOBOTO MPYXKHOTO LWIIHApA TMPH
YMOBI 1/1€aJIbHOT'0 OZHOCTOPOHHBOI'O MEXAaHIYHOTO Ta HEiJeaJbHOrO TEIUIOBOIO KOHTAKTIB HaBEICHO B
[8]. 3ampomoHOBaHO iTepalifHUN alrOpuUTM, L0 IPYHTYETHCS Ha OCHOBI METOJA CKiHYEHHHMX
eneMenTiB. Y [9, 10] mpoBeneHO MareMaTHYHEe MOJCIIOBAHHS IPOIECY TEIIOOOMiHY B KYCKOBO-
HEOJIHOPIHOMY IlIapi uepe3 TOHKe BKIOYeHHS. OTpUMaHO Ta JOCIIDKEHO PO3B’S30K 3aaadi
TETUTONPOBITHOCTI TIPH YMOBI HEiJI€aIbHOTO TEIUIOOOMIHY.

Po3’s3aHHI0 3amadi MPO JIOCIHIDKEHHS HampyKeHo-ae(GopMOBaHOro craHy 0araToIiapoBOIrO
MOPOXKHUCTOTO MUJIIHAPA CKIHYCHOT JOBKWHH, IO 3HAXOIUTHCS I JI€I0 BHYTPINIHBOTO THCKY Ta
TEMIIepaTypd B OCECHMETPUYHIN IOCTAaHOBLI NpHcBAYeHO ctarTio [11]. 3a momomororo crutaifH-
KOJIOKalii 3a7auy 3B€JCHO JO OJHOBUMIpPHOI, IPOaHaJIi30BaHO MOJIS IEPEMILICHB 1 HAIIPY>KEHb 3aJIEKHO
BiJl TUIy Ta BEJIMYMHH HaBaHTaKeHb. MeTOZOM iHTerpayibHOro meperBopeHHs Pyp’e-beccens y [12]
OTPUMAHO PO3B’S30K HECTalllOHApHOI 3a/1adi TEIUIONPOBITHOCTI AJIs JIBOIIAPOBOTO CHUMETPUYHOTO
IPOCTOPY IPU YMOBI Hei/l€aJIbHOI'O TEPMIYHOI'O KOHTAKTY.

Y HaBejieHi# CTAaTTi JOCHIKY€EThCSI OCECUMETpUYHA JieopMallisi 6araTomapoBoi MINTH MIPH YMOBI
HE1/IeaIbHOTO TEIJIOBOI'0 KOHTAKTY MIXK 11 IIapamH.

2 IlocranoBka 3agayi
Posrnsmaerbest OaraTorrapoBa IUIMTA, 10 CKJIAAAETHCA 3 N MPYKHUX, OJHOPIAHUX Ta HEBarOMHUX
mapiB. KokeH map xapakTepusyBaTHMeMoO TOBHIMHOK Ny, momyiaem IOnra Ey, koedimientom

ITyaccona vy , koedilieHTOM TemIonpoBigHOCTI KT | Ta KoedillieHTOM TEMI0BOro POSIMPEHHS AT k

k=1,n. Ha cninpHHX MeXax IIapiB BUKOHYIOTHCS YMOBH iJI€albHOrO MEXaHIYHOTO Ta HEiIeanbHOro

TermoBoro KoHTakTiB [13]. Ha BepxHiii Ta HIKHINM MeKaX IUIMTH 337aHi HAIIPY>KEHHsI Ta TeMIIepaTypa.
[lapyn HymepyBaTMUMEMO 3BepXy JOHM3Y. YCi BEIMYMHHM, IO BIAHOCATHCA 10 K -ro 1mapy,

NO3HAYaTUMEMO HIDKHIM iHAEKCOM K (SKIIO 1e He MPHU3BOAUTHME J0 HEOAHO3HAYHOCTI, TO IHIEKC
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OIycKaTuMeMo). Y KOXHOMY IIapi BBEJEMO JIOKaTbHY MHIIHIPUYIHY CHUCTEMY KOOpDAHMHAT TaK SIK
MoKaszaHo Ha puc. 2.1.

_______ 4.2/ /.
OsiZ2______ P
523
O A
IZn+1

Puc. 2.1 Facamowaposa niuma

Kpaiioi ymoBu 3amaqi:
o21(0.0)=0(p), 7,21(0.0)=7(p), Ta(p.0)= f(p), (2.2)

Gz,n(Pahn)zg'(P)v sz,n( 1hn)=;(/0)’ Tn(P,hn): ?(P)v (2.2)

ne o(p), 5(p). 7(p), 7(p), f(p), T(p) - anani dymuii,
YMOBH Ha CHUTBHUAX MEXaX MIapiB IUTHTH:

o, k1(P.0)=0, k(0.1 ), 752 k:1(P.0)= 7,7k (0 %), (2.3)
Uz k41(0.0) =z k(. ) U ia(p.0)=u,, k (0.1), (2.4)
oT, 1 o7, o7,
kT,k6—k(P,hk)=—(Tk+1(P,0)—Tk(p, he)). kr ki (p0)=kr k(o). (25)
z Ry oz oz

ne Ry — koediuient Tennosoro onopy, Kk y — koedilieHTH TenonposiaxocTi mapis, K =1,n.

HeobxingHo 3HaiiTH Tepmo-HanpyxeHo-nedopmiBanil cran (THIC) y BCcix ToUkax IUMTH B paMKax
OCeCHMEeTPHYHOI Aedopmarii.

3 MeToa po3B’si3aHHS
3agaya po3B’A3y€eThCS 3a JONOMOTOI0 iIHTErpalbHOTO TiepeTBopeHHs ['aHkes:

v"(p; Z)=+fop\/(p, 2)Im(pp)dp. (3.1)
0
v(p; Z)=+Ioop\7m(p, 2)Im(pp)dp, (3.2)

Ie Vm(p) — tpaHnchopmanTa ["ankenst nopsiaka M, Jn — dyHKIiS beccens mepmoro poay mopsiaKy

m, pe [0; + oo) — MapaMeTp IHTErpabHOTO MEePETBOPEHHS.
Bigomo [3], mo tpanchopmanTu [ankens komnonenT TH/C oxpemoro mapy MokHa MPEACTaBUTH
Y BUIJISIL JTiHIHHOT KOMOIHAIIT TOTOMiXHUX (YHKITIH

a=5,(p.0), B=upW(p0), y=upU(p0), §=7,(p,0), (33)
n=T(p.0), e==2(p0) (3.4)
p dz

ObOro mapy HaCTyImHUMU CHiBBi,Z[HOIHeHHﬂMI/I:
2upW(p,z)=((2— w)sh pz — wpzch pz)a + 2(ch pz — w pzsh pz) B +
+2((1- w)sh pz — w pzch pz)y — w pzsh pzS + Ewar ((sh pz+ pzch pz)n + pzsh pzs), (3.5)
24 pU (p,2) = w pzsh pza +2((1- w)sh pz + w pzch pz) 8+ 2(w pzsh pz+ch pz)y +
+((2— w)sh pz + w pzch pz)5 — Ewar (pzsh pzy + (pzch pz —sh pz)s), (3.6)
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&,(&,2)=(ch pz—w pzsh pz)a + 2w (sh pz — pzch pz) g —2w pzsh pzy —
(1— )sh pz + w pzch pz)S + Ewar (pzsh pzr +(pzch pz —sh pz)e), (3.7)
7,2(p.2)=(~ (- )sh pz+ wpzch pz)a + 2wpzsh pz B+ 2w (sh pz + pzch pz)y +
+(ch pz + @ pzsh pz)§ — Ewar ((sh pz + pzch pz)n + pzsh pzs), (3.8)
T(£,2)=chpzzy +shpze, (3.9)
e a(p2)=a0(p2),  Tpu(p2)=75.(p2),  Ulp2)=Tp(p2)  W(p.2)=0(p.2),
T(p.2)=T%p.2), @=1/2(1-V).
Hns 3HaxomkenHs HeBimomux kommoHeHTiB THJC mumTtu Tpeba BU3HAUUTH AOMOMIXKHI (QyHKIIT
Ut KoxxHOTo 11 mapy. [loOyayemMo pekypeHTHI CHiBBiAHOIIEHHS, IO OB’ SI3yIOTh JOMOMIDKHI (DYHKIIIT
cycimHix mapiB. 3actocyemo 1o ymMoB (2.3)—(2.5) npsime iHTerpanpHe meperBopenHs [ankens (3.1).

OTtpuMaHi B pe3ybTarTi CIIBBIIHOIIEHHS NPU BUKOpHCTaHHI piBHOCTeH (3.3), (3.4) Ta dopmyn (3.5)—
(3.9) npu z = hy Mo’kHa 3amKcaTH y BUTIISIIL:

11 =My k@ + Mo kB +Miz k1 + Migk Tnsa (3.10)
Br+1=Mog i ax + Moo i Bic + Moz 7k +Mog ks s (3.11)
Mk+1=Vk 7k, K=1Ln-1, (3.12)
_ () 5 (B) = (™ _
ne ak:( J B =( J Uk:( j L =Rk ks 1tk = A s, =shpg, Ce=chpyc, Py = phy,
Sk 7k L Hi+1
3 Cx — ax Pk Sk —(1— o )Sk — e P Ci 3 Sk—PkCk  — PkSk
M1q = » Mig i =20 :
—(1— ax ) + ox PkCi Cy + oy Pk Sk Pk Sk Sk + PkCx
Pk Sk + Tk (Sk — PkCk) PkCk — Sk
Myz k = Ex o a1 k( v Myg k =Exaxar K ,
’ = Sk — PkCy + T P Sk ’ ’ - Pk Sk
Moy i :i((z_@()sk_@(pkck — ax Pk Sk J
T 20 @x Pk Sk (2- o )Sy + o pcCic )
M22k:i( = @ P Sk + Ck (1_a7k)sk_a'1<kakJ
I (- e )Sy + ey Py Ci @y Pk Sk + Ci
Mon . — EKXOT K ( S + PkCr — Tic P Sk j Mo o = Eka’kaT,ka( Pk Sk ]
23 k= ~= , 2k = S =
2 1y — PkSk — Tk (Sk — PkCx) 2 Sk — PkCx

Cp+LepSk Sk +LcpC —
Vi =| K kPok ok +LePhk k=1n.
Ay Sk Ay Cy
VYBenemo QikTUBHUI 11ap 3 HOMepoM N+1 Ta OyaeMo BBaKaTH, IO Ha MEXi N-ro Ta (n +1) -TO
[IapiB BUKOHYIOTHCS YMOBH 1/IealIbHOI0 MEXaHIYHOTO Ta TEIJIOBOTO KOHTAKTIB:
Up,n+1(p:0)= Up,n( 1hn) ; sz,n+1(PaO): sz,n(P:hn)’ (3.13)
Tn+1(p!0):Tn (Pa hn)v (3.14)
Pienocri (3.13) Ta (3.14) y npoctopi TpandopMaHT ["aHKeJIsI 3aIMIIIEMO Y TAKOMY BUTJISIII:
Ony1 =Mig non + My fn +Mag n 7 +Mag n7nsas 7041 =Cn7in + Spén.-
I3 ocTaHHIX CIIBBIIHOLICHH OTPUMYEMO:

= -1 _ -1 1 = -1 1
Bn=-M13 nM1gnan —M13nM13 770 + M1 n g — M1 01 M1g 0 nias & =—Cth pa gy MR
n

SIKII0 BHKOPHCTATH NPOIEIypYy, OHMCaHy B [4], MOXKHA JOBECTH, II0 MAarOTh MiICII€ HACTYITHI
3aJIeKHOCTI:

P = Ao+ Bramia + D + B tinaas ek =Tk ik + Feinaas (3.15)
ne Ay, By —marpumi mogatiuBocti K -ro mapy ruiMTH, eIeMeHTH X MaTpullb Ta GyHKiii Dy, Ey,

Fy, Iy HazuBaTuMeMo QYHKIISIMH TIOJATIMBOCTI TEPMOIPYKHOI TUTUTH (32 TEpMiHOJOTi€E0 [5]).
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AHajoriuHo [4], oTpuMaHO peKypeHTHI (GOpMYIIH, 110 MOB’A3YI0Th (PYHKIIIT OJATIMBOCTI CYCIIHIX
nrapis:

-1 -1 -1 -1 1
Ay==M13 nM11n, By =M1z n, Dp=-Mip nMig n, En=-M1j 1My, F =5 h =cth pp,
n

A= (Ak+1M12,k - Mzz,kyl('\/' 21,k — Ak+1M11,k)1 By = —(Ak+1'V|12,k - M22,k)>lBk+1v
Dy = (Ak+l M2k — Mzz,kyl('\/' 23,k = Aks1 M3,k = Diya (Cic + L P Sk — i (Sic + L pCyc )))
Ex = (Ak+1M12,k - Mzz,kyl('\/' 28,k = AksM1a, k = Dicsa (S + L PCy )R - Ek+1)’
F - Feia o= Ak Sk + 11 (Cic + Li IOSk)' (3.16)
AKCi + s (Sk + L PCy) AkCi + i1 (Sk + L PCy)

ANTOPUTM PO3B’SI3aHHSA 3a/1a4i:
1) 3a hopmynamu (3.16) oburcaoemMo (HyHKIIIT TOAATIMBOCTI TUIMTH TIOYHHAIOYH 3 N -TO IIapy;

2) BUKOPUCTOBYIOUH TpaHW4Hi yMoBH (2.1) Ta (2.2), 3Haxoanmo monoMikHi GyHKIIT o, d, 77 Ta

@ni1s Onsls el

3) obuncmoemo ponomixkHi QyHKIIT mapis 3a Gopmymnamu (3.15), (3.10), (3.12);

4) mifcTaBIsSEMO BHPA3W Ui AOMOMDKHHUX (QyHKIiH y Tpancopmantu komnonent THJIC (3.5)—
(3.9) Ta 3acTocoByeMO 10 HUX OOepHEHE MepeTBOPEHHS | aHKesI.

4 YnceanbHi pe3yJbTaTl
YucenbHi po3paxyHKH HPOBEACHO IJISl IBOIIAPOBOI IUIMTH 3 TAaKUMH XapaKTEPUCTHKAMH LIApiB:

. 10T0,|X| <h,

hh=hy=h, E=E,=E, v =v,=0375. 3a «kpaiioux ymoB Ty(x,0)= 0 | |> h

’ X = 1
O'le(p,O) =0y, 2(p.hy)=0, sz,l(P,O) =Ty, 2(p,hy)=0  sHalizeHo HOpMambHi  HAIpYKEHHS
o (p, h)= O'zl(p, h)/ (“TlTO El) Ha CTHKY INapiB JBOMIAPOBOi IUIMTH JUIL PI3HUX BiJAHOIIEHb
Koe(hillieHTIB TEIIOBOTO PO3LIMPEHHS Wapis A = ary/ary npu A=Kpy/ky2 =1 (puc. 4.1a) Ta aa
PI3HUX BiJTHOIIEHb KOE(IIi€HTIB TEMJIONPOBIIHOCTI mapiB A mpu A=1 (puc. 4.16). Takox 3HaliIeHO
PO3MOALT TeMIepaTypu B TOYKAX HMKHBOI MEXI MEpIIOro Imapy Tl( ,h)=T1(p,h)/T0 (puc. 4.2a) Ta

BEPXHbOI MEXKi HIKHBOTO IIApy IUIUTH fz(p,O)sz(p,O)/TO (puc. 4.20) nnd pi3HUX BiJAHOIIEHb
koedimieHTiB TeronposBigHocTi 1mrapiB A. Ha puc. 4.1-4.2 xpuBa 1 BigmoBimae ineanpbHOMY
TETUIOBOMY KOHTaKTY, kpuBa 2 — R=1, kpuBa 3 — R=10.

/. 0.6
1
N
. 0.4 \
022 \
3 N
7/ 0273
2| N S . —_— A=l
= -04| .
v —_— — A=01 [ o —— A =0.1
T e A=10 e A=10
-3 -0.6
a 7]

Puc. 4.1 Hopmaneni nanpyoicenns Oy, 1( ,h) Ha cninbnitt meaci wapie osowapoeoi niumu npu A=1i piznux

giOHOWEeHHAX Koeiyienmie mennooz2o posuwupenns (a) ma npu A =1 i pisnux eionowennsx xoegiyicnmis
mennonposionocmi (6) (kpuea 1 — ideanvruii mennosuti konmaxm, 2— Ry =1,3- R; =10)



BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepis «MaTtematuuHe MogentoBaHHs. IHpopmaLinHi TexHonorii. ABTOMaTM30BaHi cucTeMu ynpaeniHHsy, Bunyck 50,2021 11

A=1 51 4 A=1
—_ — A=0.1 —_ — A=01
A =10 o = w0 A =10

Puc. 4.2 Temnepamypa y mouxax HUICHbOI MedAuCi nepuioco wapy naumu T1( ,h) (a) ma mouxax 6epxuboi Mexuci

Opy2o2o wapy naumu :|:2 (p,O) (6) (kpusa 1 — ideanvnuii mennosuii konmaxm, 2 — Ry =1,3 - Ry =10)

Amnaui3 rpadikiB po3nojily HaBeJCHUX HOPMAIbHUX HANPy>KEHb 1 TEMIIEpaTypH J03BOJISIE 3pOOUTH
HACTYITHI BUCHOBKH:
1) HalOLTBII CYTTEBUH BILTHB KOE(illi€HTa TEIIIOBOTO OIOPY HAa PO3IMOMAL HOPMAaJIhbHHUX HANPYKEHb

5‘2, 1(p,h) cnocrepiraerbes st wut 3 A=1, A=0,1, a HaliMEeHII CyTTEBHIA — I IIUTH 3 A=1,

A=10;

2) And TUIATH, SKa CKIAJAEThCS 3 ImapiB, IO MAalOTh OJHAKOBI XapaKTEPHCTUKH, HOPMAaIbHI
HaNpyXCHHS Ha CTHKY IIapiB BiICyTHi;

3) 30inpmeHHs Koe(imieHTa TEIIOBOTO OIMOpPY MPU3BOAWUTH IO 3MEHIICHHS MOIYINS HOPMAaIbHUX
HaIpy>KeHb 5‘2,1(p,h);

4) 30inbIeHHsT KoedillieHTa TEIUIOBOTO OMOPY MPU3BOJUTD JI0 301bIICHHS TEMIIEPATypH Tl(p, h) B

TOYKaX HIDKHBOI MEXKi IEpLIOro I[apy IUIMTH, a B TOYKAaX BEPXHBOI MEXi JApPyroro Imapy
CIIOCTEPITAEThCS 3BOPOTHIH EPEKT;

5) HalOUTBII CyTTEBU e(eKT Ha PO3IOALN TeMIepaTypu Tl( ,h) cnoctepiraerbess npu A=01, a

JUIs 'Fz(p,O) —npu A=10.

5 OcHOBHUI TeKCT

3amponoHOBaHO CIIOCI0O BU3HAUEHHS TEPMO-HANPYKEHO-IeOPMOBAHOTO CTaHy OaraTomapoBoi
TUTATH 3 HEiZIeaJJbHAM TEIUIOBUM KOHTAKTOM MiX IIapamH, IO rmepe0yBae Iij| Ji€l0 0CECHMETPUIHUX
TEIVIOBUX Ta CHJIOBHX HaBaHTaXeHb. Y TpocTopl TpaHpopmaHT laHkens B MarpuuHii ¢opmi
moOyI0BaHO PEKYPEHTHI CITiBBiTHOMIEHHS, IO ITOB’SI3yIOTh JTOMOMDXHI (DYHKIIIT CyCiIHIX IapiB, yepes
SKI BHpaXaroTbcs TpaHcHOpMaHTH HampyKeHb Ta TIepeMillleHb MIapiB, a TaKoX PEKYpPEeHTHI
CHIBBiTHOMIEHHS MK (YHKIISIMH TIONATIMBOCTI CycimHiX mmapiB muutu. [IpoBemeHo dwMcenbHi
PO3paxyHKH JUIS ABOIIAPOBOI IUTUTH, 10 3HAXOJUTHCS TTiJ] II€I0 TETUIOBUX HABAHTAXKEHb.
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VY cTarTi pO3IIAmAEThCS aKTyaJdbHA MpoONeMa CTBOPEHHS Cy4YacHHX, €()EeKTUBHHX 1 HaIiHHUX CHCTEM KOHTPOIIO 3a
pajiaiifHOI0 OOCTaHOBKOIO Ta OIIEPATHUBHOIO IIONIYKY SIIEPHHUX PaliOaKTHBHUX MaTepiasliB 1 pamialliifHuX JpKepen, sKi
BUHIIIM 3 peryJpoBaHOro Harimy. [t pamianiiHO-€KOJOTIYHOTO MOHITOPHHTY, 3amO00iraHHIO HACTIJIKIB sAEpHOT
KOHTpabaHAM Ta BH3HAYCHHS KOOPIMHAT JDKEpPENl 10HI3YI0UOTrO BHUIIPOMIHIOBAHHS 3aCTOCOBYETHCS INMEPCIEKTUBHIH METOJ
HEepYHHIBHOTO KOHTPOJIIO 3 BHKOPHCTAHHSM HAIiBIPOBIIHMKOBHX AETEKTOPIB iOHI3yIOUMX BHIPOMIHIOBaHb. B Meromi mis
BU3HAYEHHS HAIIPSMKY Ha IMITYJIBCHI 1 OCTiHHI JpKeperia raMMa-BHIIPOMIHIOBAaHHSI BUKOPHUCTOBY€ETHCS BITHOIICHHS KUTBKOCTI
CHUTHAJIB, IKi IPUXOIATH 3 JETEKTOPIB, [0 PO3TAIIOBAHI B IOTJIMHAYAX CIIELiaIbHOI TEOMETPHYHOI POPMHU.

Mera craTTi - BUOIp €JIEMEHTIB JETEKTOPHOro OJOKYy I 3aco0y, B SKOMY BHKOPHCTOBYETHCS METOJ IOTJIMHAHHS IS
BH3HAYEHHS KOOP/MHAT JDKepesa raMMa-BUIIPOMiHIOBaHH. OCHOBHY yBary NpHALICHO HOLIYKY ONTHMAIBHUX XapaKTePHCTHK
Marepiajy MmorjiMHaYa BUIIPOMIHIOBaHHS Ta BUOOPY JETEKTOpa.

B crarTi mpoBoanThCS NETaNbHUI aHANi3 MapameTpiB JETEKTOPIiB SASpHUX BUIPOMIHIOBAHB 3 PI3HUX HAIliBIPOBITHHUKOBUX
MarepiajiiB, BUAUISIOTECS Ta OMHUCYIOTBCS IX XapaKTepHI OCOONMBOCTI. AHali3 eKCIePHUMEHTANbHUX JaHHX 1 TEOPETUIHUX
PO3paxyHKIB JO3BOJISIOTH CTBEP/PKYBATH, III0 B pa3i KOOPAMHATOMETPIT JUKepes rama - BUIIPOMIHIOBAHHS B SIKOCTI MaTepiany
JETEeKTOpY CJiJ BUOMpATH MIMpoKo3oHHMH HamiBrnpoBimHuk CdZnTe. Y nerekTopiB JaHOTO THITy €HEPreTHYHHH Jiana3oH
craHoBuTh Big 20 1o 3000 keB, niamazon poGounx Temmepatyp — Big -40 g0 +50 °C, eHepreTudHoi 103BinT — HOPAAKY
JIEKITBKOX BiZCOTKIB.

Knrouosi cnosa: cucmema konmponio, 0xcepeno 2amma-eunpomMiHIo8anHs, NoIuHeHda 003d, 0emekmop HanienposioOHUKOSUL,
Kymosi koopounamu Oxcepena, CdZnTe HII[]
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The article considers the relevant problem of creating modern, effective and reliable systems for monitoring the radiation
situation, and the operational tracking of nuclear radioactive materials and radiation sources which are not under regulated
supervision. The promising method of non-destructive testing by means of semiconductor detectors of ionizing radiation is
used for monitoring environmental radiation, preventing nuclear smuggling consequences, and determining coordinates of
ionizing radiation sources. The method for determining the direction towards both pulsed and constant sources of gamma
radiation uses the ratio of the number of signals coming from the detectors placed in the absorbers of a special geometric
shape. The purpose of the article is to select the elements of the detector unit for the system, which uses the method of
absorption to determine the coordinates of the source of gamma radiation. The main attention is focused on the search for
optimal characteristics of the radiation absorber material and the choice of the detector. The article analyzes the parameters of
nuclear radiation detectors from different semiconductor materials, highlights and describes their characteristics. Analysis of
experimental data and theoretical calculations allows us to assert that in the case of coordinateometry of gamma-radiation
sources, a wide-gap semiconductor CdZnTe should be chosen as a detector material. For detectors of this type the energy range
is from 20 to 3000 keV, the operating temperature range is from -40 to +50 OC, and the energy resolution is of the order of
several percent.

Keywords: control system, gamma radiation source, absorbed dose, semiconductor detector, angular coordinates of the
source, CdZnTe PPD.

BblﬁOp JIEMEHTOB A€TCKTOPHOI'0 0J10Ka CHCTEMBI I UBMEPECHUS
KOOPpAMHAT UCTOYHUKOB raMmmMa-u3jaydIcHust

AHJIpeeB 00KMOp MEeXHUYECKUX HAYK, npogheccop, npogeccop kagheopsl SNeKMPOHUKU U
Denukc MuxaiigoBny ynpasnsiowux cucmem Xapvkosckozo Hayuonanoenozo ynusepcumema umeHnu
B.H. Kapasuna. I[lnowaos Ceo600vl, 4, Xapvkos, Yrpauna.

Ocunuyk cmapuwuii npenooasament Kageopuvl INeKMPOHUKY U YNPAGTAIOUUX CUCTIEM
AHapeit Xapwvkosckozo nayuonanvnozo ynusepcumema umenu B.H. Kapasuna, ITnowaos
Baagumuposuy Csob00w1, 4, Xapvkos, Yrpauna.

CtepBoenosn KAHOuOam mexHu4ecKux Hayk, OOyeHm, 3a8edyrouull Kagheopou dINeKmpoOHUKY U

Huxkouaii CpuropbeBuy  ynpasisiowux cucmem Xapbko8cko20 HAYUOHAILHO20 YHUSEPCUMEMA UMeHU
B.H. Kapasuna. Ilnowaoe Ceobo0vl, 4, Xapvkos, Yrpauna.

B craThe paccMaTpuBaeTCs aKTyalbHas MpoOsieMa CO3IaHUS COBPEMEHHBIX, S(M(EKTUBHBIX U HAJCKHBIX CHCTEM KOHTPOJISL
paanalOHHON OOCTAaHOBKH M OINEPATHBHOIO MOWCKA SACPHBIX PAJHOAKTUBHBIX MATEPHANOB M PAJHAIlMOHHBIX MCTOYHHKOB,
KOTOpBIE BBILUIA W3 PErylIupyeMoro Hansopa. Jus paJualioHHO-KOJIOTHYECKOr0 MOHHMTOPHHTA, IPEeIOTBPAICHHs
HOCJIE/ICTBUH SIIEPHOI KOHTPaOaHIBI M ONpeNeTeHNUs] KOOPAWHAT MCTOYHHKOB MOHH3UPYIOLIETO H3JIYYCHHs HCIOIb3yeTcs
MEePCIEeKTUBHBIA METOJ] Hepa3pyLIAoIIero KOHTPOJIS C HUCIOJIb30BaHHEM IOIYIPOBOIHUKOBBIX JIETEKTOPOB MOHHM3UPYIOIINX
n3nydeHuid. B Merone mis ompeneneHus HalpaBieHHs Ha WMITYJIBCHBIE W IIOCTOSIHHBIE HCTOYHHKHM TaMMa-U3JIydeHHs
UCIIOJNB3YeTCS OTHOIIEHHE KOJWYECTBA CHUTHAJOB, NPHUXOASAIIMX OT JETEKTOPOB, DACIOJIOXEHHBIX B IOTJIOTHTEISX
crienuanbHoi reomerpudeckoi ¢opmbl. Llenb cTaTbu — BBIOOp 3JIEMEHTOB JETEKTOPHOrO OJOKa IS CPEICTBA, B KOTOPOM
HCHOJIb3YETCSl METO TIOTJIOIISHHS JUTS ONIPEe/ie/IieHHs] KOOPANHAT HCTOYHUKA raMMa-u3iydenus. OCHOBHOE BHUMAHHE Y/IeJICHO
MOKMCKY ONTHUMAaJbHBIX XapaKTepPUCTHK MarepHalia MOTJOTUTENs M3JIydeHHs M BBIOOpPY AeTeKTopa. B crarhe mpoBOAMTCS
HOIPOOHBIH aHAIN3 MAapaMeTPOB JETEKTOPOB SICPHBIX U3IYUSHHIH U3 Pa3HBIX MOJTYHPOBOJAHUKOBBIX MAaTEPHAIIOB, BBIICISIOTCS
Y OIUCBIBAIOTCS UX XapaKTePHbIE 0COOCHHOCTH. AHAIIM3 KCIIEPUMEHTAIBHBIX ITaHHBIX U TEOPETHYECKUX PACYETOB MO3BOJISIOT
YTBEpXKIaTh, YTO B CIIy4ae KOOPIAMHATOMETPHU MCTOYHHMKOB raMMa — U3JIy4eHHs] B Ka4eCTBE MaTepuaja AETEKTOpa CIeayeT
BBIOMpATh MIMPOKO30HHBIH moiynpoBoaHuk CdZnTe. Y neTekTopoB HaHHOTO THIA YHEPreTHYECKHH IHMANa30H COCTABISIET OT
20 1o 3000 k3B, nuanason pabounx Temmepatyp — oT -40 g0 +50 °C, sHepreTHueckoe paszpelieHue — MOpsAKa HECKONBKHX
MPOLIEHTOB.

Knrouesvle cnosa: cucmema KOHMpPOs, UCTIOYHUK 2AMMA-U3LYYeHUs], NO2IOUWEHHAs 003d, NOJYRPOBOOHUKOBbLIL OeMeKmop,
yenosvie koopounamoi ucmounuxa, CdZnTe II1]].

1 Beryn

[IpoGiieMa CTBOpEHHS Cy4YacHHMX, C(EKTUBHUX 1 HAJIMHMX CHUCTEM KOHTPOJIO 3a paialliiHO0
00CTaHOBKOIO Ta MOIIYKY SJCPHUX PaJi0aKTUBHUX MaTepialiB i paaialiiHuX JHKEPE, Ki BUMIIUIHA 3Bi
PETYIIEOBAHOTO HATIISAAY, OCTa€ThCSl AaKTyallbHOI. Taki 3aco0M BUMIPIOBaHHS 10HI3aliHHUX
BUIIPOMIHIOBaHb, IO € OCHOBOIO BKa3aHUX CHCTEM, SK IOHI3aliliHI KamepH, NpPONOPLiHHI Ta
ra3opo3psi/iHi JIIYUIBHUKH, COMHTWIAMIAHI Ta MIPOENEKTPUYHI JETEKTOpH HE B TMOBHOMY 00cCs3i
BIJMOBiAal0Th MOTpedaM ChbOroJeHHA. sl 3aXMCTy HaBKOJHMIIHBOTO CEPEIOBHMILNA Ta 3am00iraHHIO
HACIIAKIB siiepHOT KOHTpabaHAW MEePCHEKTHBHUM € METO/ HEPYHHIBHOTO KOHTPOJIIO 3 BUKOPHUCTAHHIM
HAIIBIPOBITHUKOBUX JIETEKTOPIB 3 acCHMETpUYHUMH TornuHadamu [1—3]. JlaHa poOota mpucssueHa
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BHOOpPY OCHOBHHX CJIEMEHTIB JCTEKTOPHOTO OJOKY CHCTEMH IJII BUMIPIOBAHHS KOOPIWHAT JDKEPET
raMma-BUITPOMIHIOBAaHHS, SIKi BU3HAYAIOTh HOTO BUMIPIOBAJIbHI XapaKTEPUCTHUKH.

2 IlocTanoBa 3aBJAaHHS TA AHAJI3 Pe3yJbTATIB BiIOMHX J0C/TiTKEeHb
B po6oti [4] moka3zano, 1m0 1151 BU3HAYEHHS OJTHOT KyTOBOI KOOPIWHATH JKEepeia BUIIPOMiHIOBaHHS

JIOITLHO BUKOPUCTOBYBATH 3 JIETEKTOpa 3 MoriinHa4aMu. B po0oTi [5] ekcriepuMeHTanbHO J0Ka3aHa
MOXKJIMBICTh BHMIPIOBaHHS JIBOX KYTOBHX KOOPAWMHAT TOYKOBOTO [DKEpesia TaMMa-BHIIPOMIHIOBAHHS 3
BUKOPUCTAHH]IM KyJbOBOTO IIOIVIMHAYa Ta TPbOX OJIOKIB [E€TEKTyBaHHS Ha OCHOBI KpPEMHIEBHX
¢doromioniB. MoknuBiCTh BU3HAYCHHS HANPSIMKY Ha HKEPETIO MPOHUKAIOYHX SACPHUX BUITPOMIHIOBAHb
B YMOBaxX HEPiBHOMIPHOI'O PaJi0aKTUBHOTO 3a0pyIHEHHs BCTaHOBIICHA B poOoOTi [6]. B kanauaaTchkoi
mucepranii 3. B. binnka po3pobnenuii mpucTpiii 3 BAKOPUCTAHHS IbOTO METOAY, BU3HAYEHI MIOKa3HUKH
TOYHOCTI BUMIPIOBaHHS KYTOBHX KOOpIHHAT [7].

lNpgHicT, MaHOTO METOMYy — ONEpPATHBHICTh, TOOTO BHCOKa MMBHAKOAISA. lle poOuth itoro
MIEPCTIEKTUBHUAM ISl TPUAHATTS TEPMIHOBUX 3aXOMIB B aBTOOPOHETAaHKOBUX BIHCHKAX AJIS 3aXHCTY Bij
yAapHOi XBHUIIL SIZEPHOTO BHOYXY 332 paXyHOK MaHEBPYBaHHS Ta MO3UIIIOHYBAHHA TEXHIKH 0 il MPUXOTY
[8], a Takox BHpimeHHs MPOOIEeMH BHUMIPIOBaHHS HEOOXIAHUX 1 IOCTATHIX MapameTpiB IMITyJIbCHOTO
BIUIMBY SIZIEPHOTO BUOYXY 3 METOIO ONEPATUBHOTO BUSBIICHHS 00€3IaTHOCTI MiAPO3/iiiB 1 yacTuH [9].

[To3a yBaroro AOCHITHWKIB BUSBHIIOCS MUTAHHSA, TIOB'S3aHE 3 HAYKOBO OOTPYHTOBAHMM BHOOPOM
€JIEMEHTIB 3ac00y BHMIpIOBaHHS KOOpAMHAT JDKEpeNl 10HI3aIlllifHUX BHUIPOMIHIOBaHb, B SIKOMY
BUKOPUCTOBYETHCSI BKA3aHHUI BUILIE METO/I.

Mera crarTi: BHOIp €NeMEHTIB AETEKTOPHOTO OIOKy 3aco0y, B AKOMY JJIsi BH3HAYCHHS
KOOPJMHAT paJliallifiHuX JKEpes BUKOPUCTOBYETHCS METOJ OCJAOJICHHS raMMa-BHIIPOMIHIOBaHHS B
ACMETPUYHHUX MOTJINHAYAX.

3 Bu3HaYeHHS KOOPAMHAT [)Kepej raMMa-BHIPOMIHIOBAHHS €00CO00M acHMETPHYHHX
NMOTJIMHAYIB.

B nmanomy cmoco0i assi BU3HAYeHHS HamNpsSMKy Ha IMIyJIbCHI 1 TOCTiHHI JpKepela TaMma-
BUIIPOMIHIOBAHHS BHKOPUCTOBYETHCS BIJHOIIEHHS CHTHANIB, SKI TMPUXOMATH 3 JETEKTOpiB, IO
PO3TaIIOBaHi B IOTJIMHAYAX 33JaHOT TEOMETPUYHOI (POPMH.

[TpoxomkeHHS MOHOCHEPTETUYHOTO ITyYyKa raMMa-BUIPOMIHIOBAHHS Yepe3 PEUOBHHY OIMUCYETHCS
3akoHOM byrepa, 1110 BpaxoBye TUIbKH €(eKT MOTJIMHAHHS raMMa-KBaHTIB,

—u(lg)h
| = IOe #1(lo) ’ (1)
ne |, iHTeHCHBHICTP raMMa-BUIIPOMIHIOBAaHHS 10 BXoay B pedoBuHy (h = 0), — TOBmIMHA PEYOBHHH,

M= Uy + My + Uy,p — TiHIAHENA KOe]iLieHT ocnallieHHs raMMa-BUIPOMIHIOBAHHS (PO3MIPHICTb
cml), mo 3anexuTH Bix eHeprii raMMa-BUIIPOMIHIOBAHHS, i XapaKTEPUCTHK IIOTJIMHAEC PEYOBHHH.
[MapuianbHi KOe(iUi€HTH OCIAONEHHS B AL = Lgn + My + Mp o0ymoBieHi (oToedeKToM,
KomntoH-epekTOM 1 HapoMKEHHSM eNEeKTPOH-TIO3UTPOHHUX Map BiAmoBigHO. EHepris Bim pkepena

ramMMa-BUIIPOMIHIOBAHHS, PO3TAlIOBAHOTO Ha Bijcrtani R Bix TOYkM mpuitoMy, MONIMPIOETHCS B
paliabHOMYy HampsMKy, Tak IO B TOYI NPUHOMY IIiIJBHICTE TOTOKY TamMMa-BUIPOMIiHIOBaHHS

I, (M:aB

2 2

4R cmce
VY pa3i BUKOpUCTaHHS €(QEeKTy MOIIMHAHHS TaMMa-BUIPOMIHIOBAHHS AJISl IOLIYKY, BHSIBICHHS 1

BUMIPIOBAaHHS TIOJOXEHHS JPKEpesl Ha MICHEBOCTI MIUIBHICTh TMOTOKY TaMMa-BHUIIPOMIHIOBAHHS, SKHMA
JUHIIOB JI0 IETEKTOpa, Ma€ BUIJIS

JIOPIBHIOE ), =

| g 4o
_ o

Y4 _an(lo) , )

ne f,(l,) — eneprernunuii GpakTop HAKOIUIEHHS /ISt JAHOT PEYOBUHH, 3QJIEKHUN Bijl IHTEHCUBHOCTI
ramMMa-BHIIPOMIHIOBaHHSI Ta SKHH BpaxOBY€ pO3CiOBaHHS rama-kBaHTiB npu Kommnron-addekre.
JNaunii  dakrop T, (l,) Bu3HauaeThCcs [ TOMIMHAKOYOI PEYOBUHH  EKCIIEPUMEHTAILHO. 3
ypaxyBaHHAM (2) MNIUIBHICTE MOTOKY TaMa-BUIPOMIHIOBAHHS |, sKa (IKCYETbCSA JIETEKTOPOM
3aMUCYETHCS SIK
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_ | g+
J:7d(|o)fd(|o):047fn(lo)fd(lo) ) (3)

ne f,(l,) — sanexuicts paxyHKOBOrO 4YHCJa BiJ IIILHOCTI MOTOKY TaMMa-BHIIPOMIHIOBAHHS JUIs
nerekropa. Ilepembauanocs, mo BiACTaHb MK TOTJIMHAYEM i AETEKTOPOM y OaraTo pasiB MeEHIIe
BIJICTaHi J0 /DKepesa TaMMa-BUIIPOMIHIOBaHHS 1 WOTO BIIMBOM Ha IMPOIEC MPUHOMY TaMMa-KBAaHTIB
MOJKHa 3HEeXTyBaTH. He BpaxoByBayacsi TaKOK €HEPTis 10HI3yIOUOTOo BHUIPOMIHIOBAaHHS, MOTJIMHEHA B
noBiTpi. Bupa3 (3) xapakrepusye piBHSHHA TramMma-JoKamii, Koiau e(eKkT MOIJIMHAHHS TraMMa-
BUIIPOMIHIOBaHHSI BHKOPHCTOBYETHCS Ul BUSBJICHHS 1 BU3HAYCHHs HANpsMKY Ha TOYKOBI JpKepena
raMMa-BUITPOMIHIOBAHHS.

Jns Bu3HAueHHs HampsSMKYy Ha TOYKOBE J/DKEPENo TramMma - BUIPOMIHIOBaHHS JETEKTOp X
PO3TAIIOBAHKI B ACHMETPUYHOMY MOMNIMHAYY - «PAKYIILi», TOBIMHA AKOro Ny miHifHO 3MiHIOETHCS B

3aJIEKHOCTL BiI[ BI/IMipIOBaHOFO KyTa & , 110 XapaKTEepHU3ye HAIIPSIMOK Ha JLKEPEIO BI/IHpOMiHIOBaHHH
(24
(I (4)
360

ne C, — BU3HAuYa€ MiHiMalbHy TOBIMHY ToramHaua st o = 0°, a b, — makcumaneny ToBIMEY MpH

hy =c, +by

a = 360% Jlerektop Y po3TalioBaHMii y ILIEHTpi KoakciaapHoro uwiinapa-normuHada (KI[) 3
NOCTIHHOK0 TOBIIMHOIO TOTMHA4a B JianasoHi KyTiB 277 pagiad, ska pgopiBuioe N, =C;.

[TinpaxoByeThCcsl BiTHOIICHHS] YMCIa IMITYIbCIB Ha JeTekTopax X 1 Y, sfike Mae Ha3By KoedimieHT
MPOTOPLIHHOCTI

K, =exp[-u(h, —h,)]=exp| — 4 ¢, —c, +b =f (). (5)

a
* 360°

KoxkHe KOHKpeTHE 3HAYeHHS BiJHOIICHHS I1HTEHCHBHOCTI TaMMa-BHIPOMIHIOBAaHHS, IO
BHAMIPIOIOTHCS BIATIOBITHIMH JAETEKTOPaMU, TOOTO KOE(]Ii€HT MPOMOPIIHHOCTI, OJJHO3HAYHO 3B’ SI3aHE
3 HampsIMKOM Ha JDKepesio TaMMa-BulpoMiHioBaHHs. KoedimieHTH mnpomopuiiiHocTi B Teopii
IPOCTOPOBHX BUMIPIOBaHb MAlOTh HA3BY IIEJICHTAIIHHUX XapaKTEPUCTHK, OCKUIBKU XapaKTepU3yIOTh
3aJIeKHOCTI YHCeN BiA TeieHry (HampsMKy) Ha JpKepeno ramma-unpomintoBanus [10, C. 163].

Koediumient Ky, — Teopernuna mesneHrauiiina xapakrtepuctuka mpucrporo fy (cr). Peanbna

TIeJICHTalliifHa XapaKTePUCTUKA BiAPI3HAETHCS BiJl TEOPETHYHOI HASBHICTIO 30HM HEBH3HAYEHOCTI
106/M3y Nepexo 1y TOBIIMHM MOTJIMHAYA Bl MAKCUMAIBHOI 10 MiHiMaibHOI (360—0)°, 1e 3ailicHIOeThCS

3miHa Koeimienta mpomopiiiinocti K xy BUI MaKCHMaJbHOTO [0 MiHIMAJbHOIO, Ma€ Micle
HEOJIHO3HAYHICTh, 3HAK MOXMOKW HeBimomuit. ToMy BHUMIPIOBAaHHS HANPSIMKYy Ha JDKEPEsIo
BHIIPOMIHIOBaHHS 3 JOMOMOIOK LIUX JIETEKTOPIB 3iHCHIOCTLCA B AianasoHi KyTiB Bix 5° no 355° [1, C.
36].

CratucTHYHI TOXMOKM  BHMIDIOBaHHS KyTa O 3ajexarb BiJl KPYTH3HH TMelieHralliifHol
xapakrepuctuku K, = f,, (). Ii mudepenmian

_ (1)( )
dK,, = flade, (6)

ne tla nepina noxinHa ¢yskuii Ty, (). 3 Bupasy (6) crigye, mo moXuOKKM BUMipIOBaHHS KyTa
Ao OpiBHIOIOTH

AKXY
—_—, 7
(@) g

ne AK,, — noxubku BuMiproBaHHs KoedinieHTa nponopuiiHocti. 3 Bupasy (7) 6auumo, 1m0 3HaYCHHS

Ao =

noxuO0K AQ 3BOPOTHO IPONOPLiiiHi KpyTH3HK neneHrauiiinoi xapakrepuctuku Ky, = f,, (@) , saxa

3rigfHo 3 (5) € eKCHoHeHHiaabHOW (yHKIE€. YuMm Oliblle IMOXiJHA, THM MEHIIE [TOMHUIIKH
BHUMIPIOBAaHHS HAMPSIMKY Ha JDKEPEIO raMMa-BUIIPOMIHIOBaHHS. Bupas /it moxigHoi Mae BUTIISA

b a
ffv) = —pu—2=exp| — 4 Cy —Cy +by 360°

8
360° ®
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4 Bu6ip maTepiajay norjimHa4ya raMa-BUIPOMiHIOBAHHSI.

B skocTi mornMHauiB MOXIMBE BHKOPUCTAHHS CHIYYMX MaTepianiB, JiHIAHI KoegilieHTH

MOTJIMHAHHS TSl IKUX HaBeneHi B Tabmwmi 1 [11].

Tabnuysa 1. Jliniini koegiyicumu no2IUHAHHA CURYYUX Mamepianie

Marepian W, MeB
1 3 6

Ilerna Boruerpuska | 0,129 0,0738 0,0543
I'nmuua 0.13 0.0801 0,059
Ilement 0.133 0,076 0,0559
ITicox 0,14 0,0825 0,0578
I'padir 0,143 0,0801 0,065
I'panirt 0,153 0,0887 0,0654
Banusk 0,187 0,109 0,0824

3rigHo 3 Tabmumero 1 miHIAHI Koe(ii€HTH TOTJIMHAHHS CHITyYWX MaTepialmiB HEe3HAYHO
BIJIPI3HSAIOTECSI OIWH BiJ OJHOTO, MPUUYOMY MAIOTh HE3HAUYHY BEJIMYHMHY. MeTalu MaloTh OUTbII
BEJIMUYMHY I[LOTO MTOKa3HuKa (auB. Tabnwumro 2) [11, 12].

Tabnuysa 2. Jliniini koegiyicumu no2IuHAHHA Memanie

W, MeB
Martepian 1 3 6
AmomiHii 0,165 0,095 0,0725
Cranp 0,46 0,276 0.234
3anizo 0,471 0,284 0,242
CauHelb 0,798 ).475 0,493

3miliCHUMO TIOPIBHSHHS TOXiHUX TEJeHTalliiHNX XapaKTepucTUK (Bupa3 6) B BHUMAJAKY
BUKOPHUCTaHHS SIK TOTJHHAYi-TpadiTy, 3amiza, cBHHI. B Tabmumi 3 HaBeneHi 3Ha4eHHS KOoeillieHTiB
JHIAHOTO MMOTTMHAHHS JUISI CBHHIIA, 3ajli3a Ta rpadiTy I Aiama3oHy eHeprii raMMa-BHIIPOMiHIOBaHHS
Bix 0,1 70 50 MeB [12].

Tabnuys 3. 3nauenna xoeghiyicnmis MiHitIHO20 NO2IUHAHHA [

W, MeB 0,1 0.5 1,0 5,0 10 50
M, CBUHELD 65 1.8 0,798 0,48 0,552 0,915
eml 3aJ1i30 2,51 0,661 0,471 0,247 0.233 0,299
rpadir 0.342 0,196 0,143 0,0603 0,0439 0,032

Jlnst cBuHUS MiHiMaibHe 3HaueHHs A, = 0,472 cm™ mae micue npu 4 MeB, s 3amiza u,, =

0,233 cm™* — npu 8,0—10,0 MeB, ms rpadity 4, = 0,032 MeB — npu 40—50 MeB. Bsaxaemo

cy, =C, , b, =6cm[7,C. 6]
PesynbraTi po3paxyHKiB 3a BUpa3oM (8) HaBeeHi B Tabmuili 4.

Tabnuys 4. 3nauenns noOXiOHUX ne1eHeayitiHuX XapaKmepucmux

W, MeB 01 05 1,0 5.0 10 50
Ceunens | 0,0048 0,0258 0,0124 0,00769 0,00879 0,01413
107 7-107° 118-10™ 4,67-10°* | 351-10™* 7,4-107
3amizo 0,038 0,0104 0,00755 0,004 0,0038 0,00496
1,6-107° 2,2-107" 484107 95410 | 6,55-10° | 85-10™*
I'padir 0,0055 0,0032 0,00235 0,001 0,00073 0,00053
75-10" | 10,2410 | 10,22-10* | 7,0-107* 56-107" 4,4-10™
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B tabnuni 4 B 9nceNbHUKAX HaBeICHI 3HAYeHHs MoXigHuX s KyTiB @ = 0°, a B 3HAMEHHMKY — IS
a = 355° T0oO6TO mIs MeX miamasoHy BUMiproBaHb. OCKiNBKM MENEHraliiiHa XapakTepHCTUKA €
EKCIIOHCHIIIabHO (DYHKITIED 3pO3YyMLIO, 10 MiHIMaJIbHI 3HAUEHHS TTOX1/IHA M€ MiCIIe JJIs HAIPSMKIB
0 B KiHII [iama30oHy BUMIipIOBaHb. B BUMaAKy OmHOI mapu neTekTopiB X 1 Y 3HAYEHHS MOXITHHAX
PI3HATBCS CYTTEBO. 3 pOCTOM €HEprii Jykepena raMMa-BUIPOMIHIOBaHHS 301JbIIYETHCS BiJHOIICHHS
CUTHAJI/IIyM, SIK HACTIIOK, 3MEHIIYIOTHCSA CTAaTUCTHYHI TOMWJIKM BHMIpIOBaHb. ToMy BHOip THITy
MOrJIMHAYA JOLIIBHO 3MIMCHIOBATH I MiHIMaAbHMX 3HaueHb i€l eHeprii. Skmo Wym = 0,1 MeB,
MOTJIMHAY-3aJ1130 Ma€ OIbLIY MOXiAHY B MOPIBHSHHI 3 MOTIIMHAYOM-TpadiTOM JHIIE B Jiama3oHi KyTiB

5%— ¢, °. 3uavenns Kyra 3HANHIEMO 3 PiBHSHHS
6 6
2’91% exp(2,91x6x a, /360) = 0’342ﬁ) exp(0,342x6x ;1 360). 9)

JliBa yacTuHa piBHAHHA (9) — moxigHa JId TOINIMHAa4Ya-3aji3a npu ¢ , a NpaBa — IOIJIMHAYa-
rpadity npu «; . Ilicas nepeTBopeHb MaEMO

In8,509

o) =————

0,0428

rpadir. Ockinbku neii mianazon B 305%45° = 6,8 pa3 Ginblle HaCTYMHOrO MepeBary CIii BifmaT

MOTJIHHAYY-TpadiTy.
[Ticas Bubopy THITy OTNIMHAYA HEOOXiAHO 3/ificHIOBaTH BHOIp Horo mapaMerpis. B pobotu [7] mis
npuctporo Bubpani 3nadenns ¢ =10 mm, b = 60 mm. Hassuicts Bupasy (8) no3sonse 3Haiitu

=50°. B mianaszoni kytiB Bix 50° g0 355° Ginbury moxigHy 3abesnedye moraMHay-

ONTUMAaJbHE 3HAYECHHS bx , SKe 3a0e3rneuye MakCHMalbHE 3HAYCHHS IMOXIMHOI Ha JallbHIA MexXi
nianazony BumiproBanb @ = 355°. JI1s bOro noTpiGHO PO3B’A3aTH PiBHAHHS

df
— =0, (10)
db,
360
Maemo bo" = =, (11)
1o
Jas rpadity mpu W = 0,1 MeB u = 0,342 em? . Jlns o = 355° maemoby™ = 30 mm, a
MaKCHUMAJIbHE 3HAUEHHS KPYTU3HH TeJeHramiiHoi XapaKTEePUCTHKH JIOPiBHIOE

0,342%6Xp(—0,3423;—2055) = 0,001036. Bona B 0.001036/0,00075 = 1,38 pa3y Oiiblue Hix mpu

b, =60 mm.
l'onoBHe, MmO 3HaYyHO OiNbIIe 30UMBIIYETHCS E€HEPrisi CHUTHANY, TaKk SK BTpaTH B TMOTJIMHAYI

3MEHILYIOTHCH B exp(—0,3423—;)355)/exp(—0,342%)355)=exp(—1,01175)/exp(—2,235) =275

pa3y. Kpim Toro, 3HWXYIOTbCSI Maco-rabapuTHI XapaKTEPUCTHKH MTPUCTPOIO.

5 OorpynTyBanHs BuGopy HamiBnpoBogHukoBoro CdZnTe gerekropa.

HactynmHuMm eneMeHTOM TpUCTPOlo, SIKUii moTpeOye OOTPYHTYBaHHS, € HAIiBIIPOBIAHUKOBHHA
nerekrop (HIIH). VY cydwacHiii HayKOBO-TEXHI4HIH JIiTEpaTypi HETAIbHO PO3MISHYTI HUTAHHS
3actocyBanHs HIIJl B cmekrpomerpii, pamiomerpii, no3umerpii. L[poro He MoOxkHa ckaszard, SKIIO
npWiIa]] MpU3HAYSHUI Ui BHpIIIEHHS 3aBAaHb KOOpAiHATOMETpil. B BUMajaKy xoopauHAaTOMETpIl 110
HITJ npex'aBasiroTbes Taki BUMOTH:

3abe3neueHHs] HEOOXiIHUX ONEepaliiiHAX BIaCTUBOCTEN, TOOTO 3py4HOCTI poOOTH 3 HUM;

BononiHHs  HEOOXiMHUMH  eNeKTpOo(i3MYHMMHU ~ XapaKTepUCTUKAMH, TaKHUMH, SK  BHCOKa
e(eKTHUBHICTh PEECTpallii ramMa-BUIIPOMIHIOBAHHS, MaKCHMAaJbHO MOXIIHMBA ILIOIIAa POOOYOi 30HH,
MakcumanbHo Mokl nokasuuk fy (1)), MiHiManbHO MOXKIIMBHIT eHEpreTHUHMIT €KBIBAJICHT LIYMY;

Lli BuMOrM BH3HAYAIOTBCS  HEOOXIAHOCTI 3abe3ledeHHs MAaKCHMAaIbHOTO CITiBBiIHOIICHHS
CUTHQJI/IIyM TPH TpPOBEACHHI BHMipioBaHb. KpiM TOro, moTpiOHa OIEpaTHUBHICT BHUMIpIOBaHb 1
npremMIieMi Maco-TabapuTHI XapaKTEePUCTHKH.
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MarepianoM 11 BUTOTOBJICHHS HamiBIpoBigHUKOBUX merektopiB (HII/), sixi peectpyroTs rama-
BUIIPOMIHIOBaHHS, € TepMaHill, KpeMHil M JBOKOMIIOHEHTHI HamiBPOBOJHUKOBI KPHCTAIIH, SIKI MAIOTh
mIMPOKY 3a00poHeHy 30HY. Bimomi B miTeparypi OcHOBHI (hi3M4HI XapaKTEpUCTUKW IMX MaTepiaiiB
HaBeneHi B Tabmmmi 5 [13, 14].

Tabnuys 5. @izuuni eracmugocmi 0esKUX HANiBNPOBIOHUKOBUX MAMePIanié

Mare- | Atom- | Iline- | PaGoua Mupuna Cepenns | Hpeiidosa Cepenniii
pian HAN HICTB, | TeMepaTypa, | 3a00pOHEHOI | eHeprisd | PyXJIHBICTb, gac
r/em® | K 30HEI, €B Ha mapy, | u,cm?/Be KITTS
HOMEp eB T,C
Z
Enek- | [ipka | Enek- | Hdipka
TPOH TPOH
Si 14 2,33 300 1,12 3,61 1350 | 480 103 103
Ge 32 5,32 77 0,74 2,98 3,6 4,2 210° | 210°
10* 10*
GaAs | 31;33 | 5,36 300 1,4 4,2 8600 | 400 108~ | 108~
10° 10°
GaSe |31;34 | 4,55 300 2,03 6,3 60 215 1,6 510
10—9 10
2,5 7107
108
CdTe |48;52 | 6,06 300 1,47 4,43 1100 | 100 10 5107
Hgl. | 80;53 | 6,40 300 2,13 4,2 100 4 10 2,5
10
Pbl, 82,53 | 6,16 300 2,6 7,68 8 2 2,5 108
10°
AlISb | 13;51 | 4,26 300 1,62 5,055 1200 | 700 2,6 1,3
10° 10°

3 ypaxyBaHHSIM MEPIIOi BUMOTH 31 CITUCKY MOMJIMBUX MaTepialiB MOKHA BUKIIOYMTH Ge, OCKIIIBKU
3a HaBeIEHHMMHU XapaKTEPUCTHKAMHU BiH Ma€ Il XapaKTEpPUCTHKHU IPU TEMIeEparypi piKoro asory, a
po3po0iroBanbHUil pucTpiil Mae OyTu nepeHocHuM, koMmmnakTHUM. Kpim GaAs, CdTe, Hgl2 inmi
HIIPOKO30HHUE HAMIBIPOBITHUKOBI MaTepian, Oyaydd TEepCIeKTUBHUMU JJISi BHUTOTOBIICHHS
oxonomkyBanux III1Jl, mocTynaroThCsl mepepaxoBaHUM B CTYIIEHsS OIPALIOBAHHS 1 B MOPIBHSHHI 3
HUMH 3HaXOJAATHCS B IOYATKOBiM cTanii mpaktuuHoro Bukopuctanus [13, C.120]. Tomy mnepeinik
MOJJIMBUX MaTepiajiB nam oOMEeXMMO paMKamu 4-x marepianiB: kpemHii (Si), miiomia pryti (Hgl2),
apcenin ramito (GaAs), tenypun kamMmito (CdTe). Bucoka edexrtuBHICT peecTpallii ramma-
BUIIPOMIHIOBaHHSI Iepeadadae BUKOHAHHS YMOB:

Tpek 4acTK¥ MOBHHEH MMOBHICTIO YKJIaaaTHCs B uyTimBoi obnacti [TI1/1;

HepiBHOBaXkHI 3apsiiu, SKi TEHEPYIOTbCS ) - YacTUHKOIO, TIOBMHHI TOBHICTIO 30MpaTHCS Ha
€JIEKTPO/IaX, 3aBISIKU YOMY 3a0€3MeUy€eThCs IPONOPLIHHICT CUTHALY Ha BUXO1 €JIEKTPUYHOI YaCTHHH
MPUCTPOIO.

IIlo6 BuKOHaTH 3a3HaueHi yMOBH MaTepian s BurotosieHHs [II1/] MoBMHEH MaTH IEBHI
BiactuBocTi. [lo-mepiie, npu B3aeMoii YACTHHKU 3 PEYOBHHOIO Ma€ YTBOPIOBATHCS BEJMKA KUIBKICTb
BIJIBHUX HOCIiB 3apsafiB. [Ipu peecrparii KBaHTIB €eKTOM MEPLIOTO MOPSAKY € ioHi3auiiHui mporec,
NoB'si3aHuil 3 yrBopeHHsAM B peuosuHi HIIJ] enekrpoH-nipkoBux map. BenwmunHa iMmynbcy cTpymy B
30BHIIIHBOMY JIaHIIIO31 mponopitifina E, skiio Bce HOCIi 30MparOThCS Ha BiJIMOBIIHOMY €JICKTPOI.
Sxmio 30upaerbes unciio 3apsiniB Menme N, npuiiHsaroro 3a 100%, curaai 3MeHIy€eThbCS.

IToBre uncno HepiBHOBiXHUX HOciiB Ny Tpeky nopisaroe

N=E/¢g, (12)
ne E — eHepris, sika BTpadyaeThcs yacTuHKOIO B 00 emi HIT/I; & — eHepris, HeoOXiHa AJisi CTBOPSHHS
OJTHOI eneKTpoH-NipkoBoi nmapu. OTxe, BUOMpaTH Tpeba pedoBHHY, B skoi E mMakcumanbha. SkicTh
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JNETCKTOPHUX CTPYKTYP, SIKA PO3IJIAAAETHCS, XapaKTEPHU3YEThCS MapaMeTPOM, 3BaHUM «E(PEKTHUBHICTIO
peectpanii» [15]. Koam Ha gerekropa 3 poOOYOH MOBEPXHEW S B OAMHMIKO 4Yacy BILIMBAE
BUITPOMIHIOBAHHS 3 IHTCHCHUBHICTIO Io , YMCIIO TIOTJIMHCHUX KBAHTIB JIOPIBHIOBATUME

Nn = |0[1—9Xp(—pdn)]3t | (13)
Je 4 — KOX(HIMEHT MOrJIMHAHHA BHUNpOMiHIOBaHHsA BemectBom HIIJ, d]7 — TOBIIMHA IIApy

normrHaHesL. 11106 matu nopuit mokasuuk N, , marepian HIIJ] mOBHHEH MaTW BHCOKHH aTOMHHI
HoMep Z W WimbHICTL o (r/em®), ToMy, sik nepetuH (otoedekty 30impmyerbess sk Z" (N=3,5—5) u
NPOIOPLIHHO WiNBHOCTI p [16]. W3 Tabnuui 5 BurumBae, 1mo kpemHiit (Si) 3 mix napameTpiB ycTymae
OiHapHMUM MartepiayaMm. ILieil HeJONMIK KpPEeMHII0 MO)Ke OYTH KOMIIEHCOBAHO ITiIBUIIICHHAM TOBITUHU

H,

wapy normuuanns dg, . Lle mMee micTo, Konu BuKOHyeThes ymoBa g > d, , ne g, d,, —
sl

KoeQillieHT TOTJIMHAHHS M TOBIIMHA MIApy NOTJIWHAHHS AJIbTEPHATHBHOTO MaTepianxy BiAIMOBIIHO.

Hanpuknan, y mopiBusiHHI 3 Temypuay kammito (CdTe) ToBmmHA mapy MOTJIMHAHHS NMOBUHHA OYyTH

oimpire B 6.06/2.33 = 2,6 pasis.

Sk ButumBae 3 (12), g 30inpmeHdst e)eKTUBHOCTI peecTpallii MoBUHHA & OyTH MiHIMAIBHOO.
3rigHo 3 AaHUMH Tabnumi 5 KpeMHii Mae HaHMEHIIy cepelHBbOi EHEprielo & , M0 BUTPAYAEThCS Ha
MOSIBY OJHI€T EeNeKTPOH-IIpKOBOi mapw, sika nopiBHoe 3.61 eB, B mopiBHsAHHI 3 OiHapHUMH
Mmatepianamu. HepiBHOBaXkHI HOCIT 3 Tpeky Apel(yloTh A0 BiAMOBIIHUX €JNEKTPOAiB, Tak sk a0 HIT
MpHUKIIafeHa pi3Hums noteHmiam. [lig gac 1mporo pyxy makeTiB €lIEKTPOHIB 1 JipOK YacCTHHA HOCIIB
PEKOMOMHHUPYIOT a00 3axOIUTIOEThCS IeHTpaMu mnpwinnanHs. lle npusBoamTh 10 BTpaT, sKi
BU3HAYAIOTHCSI, B OCHOBHOMY, YHCTOTOIO MaTepiany. [TMOWHa MPOHUKHEHHS €JIEKTPUYHOTO TOJIS B
ctpykrypy HIIJl nmpu HasBHOCTI mMOTeHIIHHOTO Oap'epy i MOCTiIHHOI KOHIEHTpamii (OHOBUX JOMIIIOK

nmopieHtoe [15, C.157]
d,;;“ =3,5-1031/U/N¢ , (14)

ne U — wanpyra smimenns. Yucrora marepianry 0OMeXy€e TOBIIMHY YyTIMBOIO LIAPYy MaTepiaiy

JETEKTOpa, TaK SIK KOHIEHTpALis 3aIHIIKoBHX (GoHoBHX pomimiok N, 3amae ¢popmy posmoainy moss B

cTpykTypi. ToMy 4uCTi MaTepiaan MaioTh 3aBXkau nepesary 3a sadeHnsm 0, nepen iHmmmu. ko
B MOPIBHAHHI 3 OyIb-KAMH MIEPCIIEKTUBHUMHU OiHAPHUMHU MaTepiajJaMH 3a paXyHOK 30UIbIICHHS IIapy
TIOTJIMHAHHS KPEMHII0 HE BIAETHhCS 3a0e3MednTH OibIl BUCOKY e(EeKTHBHICTH peecTpallii B Iit0
BCTymae Apyruii (akrop — rmioma po6odoi nmosepxui S . Jlanuii mapamMeTp B IOPiBHAHHI 3 OiHApHUMHU
MaTepianaMM Mae BEIMKy BeluuMHy i Moxke gocsratd 500 mm? [17]. dosxuHa npobiry HOCIiB, 110
JOCSATAIOTh  €JIEKTPOJIB 1 BHOCATh BKJAJ B CyMapHUH HaBEJICHUH CTPYM, XapaKTepU3y€EThCS
npeidoBIME JIOBXKHHAME eIeKTPoHiB L

n 1 AIPOK Lp , K1 JOP1BHIOIOTH

L,=v,-7,, Ly=0, -7 (15)

ne v, =1n,-¢& i v, =1, & — yCepenHeHi Apei(oBi MWBUAKOCTI, WO BU3HAYAIOTHCS PYXJIHMBICTIO

n?

CIICKTPOHIB 77, 1 JPOK 77, 33 yMOBH PiBHOMIPHOTO PO3IOJLLY €JICKTPHYHOIO IOJIs, &(x) =const
7,1 T, — 4ac KUTTs €JICKTPOHIB 1 JIIPOK BiATOBIHO. Bi MOBKUHHU MPOOIry HOCIIB 3aJICKUTH I1I€ OMH

MIOKA3HHUK, SIKHH HOCUTH Ha3By «e(EeKTHBHICTb 300py 3apsaay» (B 3apyOixHii mirepatypi CCE — charge
collection efficiency). [lns 1utockoro KoHaeHcaTropa HMOBIpPHICTH 300pY €JIEKTPOH-IIPKOBHX THap,
c(hopMOBaHKX B JIOBIJIbHIN TOUIII BiJI KATOJa, CTAHOBUTH [ 15, hopmyia 4]

1 d-x X
CCE =—<L,|1-exp| —— +Lp 1-exp —— . (16)
d L, L,
SIkuo BUKOHYy€eThCs ymoBu L. > d i Lp. >d ekcrionenty B (16) MOXHa pPO3KIACTH B DS,

OOMEKHUBIIHCH NepurMHU WICHAMHU PO3KIIaJaHHS. OTpI/IMaCMOZ
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L d-x,| L X d-x X

CCE > |1-(1-—2) [+ 2 |1-(1-) [=—2+2 =1 (17)
d L d L d d

n p
VY «aucToMy» KpeMHii 4ac KUTTS eJIEKTPOHIB 1 TIPOK OJHAKOBI 33 BEIHMYMWHOIO (3rigHO Tabm. 5 = 10
%C) i 3HAYHO MepeBepUIYIOTH AHAJIOTNYHI MOKA3HWKHM iHIIMX MartepianiB. TOMy BHKOHYIOTBCS YMOBH

Ln. >>d i Lp. >>d , i crynine Habmmwkenuss CCE 10 1 it 9MCTOro KpEMHIIO BHUIIE, HiXK JUIS 1HIIHAX

Marepiaiis.

ITomunku BUMipiB TP KOOPAIHATOMETPIi 3aIeXkKaTh BiJl BITHOIIEHHS CUTHAN / IITyM, TOOTO HE TUTHKH
BiJl piBHS CHTHaITy, ajne i piBHA mymy. Llel piBeHb XapakTepHU3Yye€ThCS EKBIBAJCHTHUM IIYMOBHM
zapsimom (ENC B 3apyOixHiii mitepaTypi), sSKuii BpaxoBye, sik BiacHi HIIJ[, Tak i mrymu eiaekTpuyHOi
YaCTUHHM BUMIPIOBAJIBHOTO IMPHUCTPOIO. B SKOCTI mepmioro eneMeHta Takoi YacTHHH, SIK TPaBHIIO,
BUKOPHUCTOBYETHCS 3apsA0dyTIuBuil onepennin miacmmosad (3UIIII). Bin inTerpye BXigHuii cTpyM, i
HEepPETBOPIOE HOTO B BUXIAHY HANpyTy, MPOMOPLIHHY 3apsdy, 3aJHIIEHOMY ¥ —KBAaHTOM B JICTEKTOPI.
CurHan 3 miAcuWIOBaya MOJAETHCS HA (OPMYIOUMH MiACHIIOBAY [Jsl MOJNAIBIIOTO IMOCHJICHHS 1
¢opmyBaHHA IO (POPMI Ta TPHUBAIIOCTI.

EKBIBaJICHTHUH IIYMOBHIl 3apsifli O, BH3HAYAETHCS CTATHCTHYHO HE3AICHKHUMU NapaleIbHUM 1

MOCIiOBHUM IymMamu. BenwuuHa nepioro 3 Hux B cuctemi HITJ] - 3UIIII 3aexuTh BiJi TEMHOBOTO
CTpyMY JICTEKTOpa, a APYroro — BiJi EMHOCTEH JIETCKTOpa 1 piBHS IIyMiB mijcHitoBada. EHepreTHuHMiA

eKBiBalIeHT BXigHOro mymy O (3B) BusHauaeTbes sk
9B

napa
Jist kpeMHist cepenHst eHepris, M0 BUTPAYae€ThCS Ha HAPO/DKEHHS OIHI€T eIeKTPOH-TipPKOBOI MmapH,
nopiBHioe 3.61 eB, MeHma B MOpiBHSAHHI 3 OIHAPHUMH MaTepialaMH. Y CHEKTPOMETpii A OLiHKH
piBHS mIyMiB yactime BUKopucToByloTh He ENC, a mmpuny po3mnoainy Ha piBHI 0,5 MakCUMaIbHOTO

sHaueHHs - 2A » (3a xopgonom NLW a6o FWHM) [13, C. 158]
V2N =235-0, . (19)
[lopiBHANBHMI TEOPETUYHUH 1 eKcrepuMeHTanbHui aHami3 edextuBHocti [II1J[ ma GaAs i1 Si
nposefeHo B [19]. BceraHomieno, mo ¢ortoenekrpuune mnocwieHHs GaAs HIIJI mopiBHSHO 3
aHAJIOTIYHUMK TapaMeTpaMu 3pas3kiB npomucioBux HIIJ] 3 BucoxkoomHoro Si. Ajie NpuiIamoBi
xapaktepuctuku Si HII/I (exBiBanentHuil eneprernunuii mym ENC = 2 xeB, eHepreTnyHuii 103Bid
FWHM =10 xeB) npu xiMHaTHi# Temneparypi Buie, HbX y Kpamoro 3pa3ka GaAs [T/ 3 «anuctoro»
mapy apceHiny raniro (kouuenrpamis enektponis ~ 10 cm®) 3 p — nmepexonom B onTUManbHOMY

o (9B) = o, (snexmpornos) - &( (18)

pexxumi 36igHenns (~ 30 B), mo mae ENC = 8,3 keB, FWHM = 15,1 keB. [Ipu Takux piBHSX IIyMiB
BUTpalll y BiJHOIIEHHI curHan / myM npH BukopuctanHi Si III1J] 3anumae 6 ab, mo npusBoauTs 10
301IBIIEHHS TAILHOCTI BUSBJICHHS JUKEpela ¥ - BATIPOMIHIOBaHHS B 2 pa3H.

B poGoti [16] mpoBemeHo ekcrnepumentanpie mociimkeHHs CdTe i CdZnTe HIIA ans
BUMIPIOBaHHS PEHTTCHIBCBKOTO 1 J - BHUNpOMiHIOBaHHS. [loka3aHO, IO CTPyMH BHTOKY, IO

BU3Ha4alOTh piBeHb miymy, i CdZnTe HIIJl 3unauno menme B mopiBHsHHI 3 CdTe HITJ] (ans
eNeKTpoHiB — 26 HA mporm 95 HA; mna mipok — 2,3 HA nporu 8.6 HA). lle o3Hawae, mo 1O
exBiBajieHTHOMY eHepretnuHoMmy mymy ENC CdZnTe HIIJ mae nepemary mepen CdTe HIIZ.
PeanpHmii piBeHb TeXHOJOril Ha TOW 4Yac JO3BOJIUB OTPUMATH EHEPreTHYHY PO3AUIBHY 3aTHICTbH
FWHM 6xm3bko 70 keB (enepretnunuii exBiBasieHT mrymy o6ins 70 / 2,35 = 29,8 keB) npu FWHM s
€JIEKTPOHIKH 0Jin3bKO0 7 KeB.

Takum 4wHOM, KpemHil, sk Matepian aiust HIIJ[, 3a mokazHukamu e(EeKTHBHOCTI peecTparii
BunipoMiHtoBaHH:, 300py 3apsany (CCE) i eHepreTHYHOMY €KBIBICHTY BXIJHOTO IIYMY MEpPEBUIILYE
OiHapHi MaTepiajdM 1 Kpaluluid NIpH BUPILICHHI 3aJa4 KOOpJIHATOMETpii B pa3i HU3BKOI eHeprii
PEECTPOBAHUX ¥ - KBAHTIB.

Bimomuii umonHEHHH 110 TUTAHAPHOM TEXHOJIOTIi CEHCOpP 10HI3yI0UOr0o BHITPOMIHIOBAHHS HA OCHOBI
KPEMHII0 OECTUreJIbHOW 30HHOTO IUIaBJICHHS [ - THIy NMPOBiAHOCTi. BiH 4yTiauBui m0 BCiX BUAIB

10HI3YIOUMX BHUIPOMiHIOBaHb, KpiM HEHTpoHiB. HIpkHS Mexka eHeprii peecTpoBaHMX 4YacTHHOK He
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O6impme 1000 eB, 1 mpakTHYHO BH3HAYAETHCA PIBHEM IMTyMiB elleKTpoHiku. CepemaHs BeTUIMHA
10HI3aUiiHUX BTpat cTaHoBUTH 388 eB / MM (ass1 cencopa ToBmmHOo0 500 MkM — 194 keB) [20].

VY pa3i peecTpauii KBaHTIB BHUCOKHMX EHEpPTrili CHTyallisi 3MIHIOETbCS, TaK Ka KPEMHId MEHII
pamiamifHOCTIMKAN B MTOPIBHSAHHI 3 OiHApHUMH MaTepiayiaMu. PamiamiitHi MOMKOKEHHS CTBOPIOIOTHCS
MIBUIKUMH €JIEKTPOHAMH, IO HApOUKYIOTBCS B pe3ynbTaTi ()OTONOTIMHAHHS, KOMITOHIBCHKOTO
PO3CitOBaHH 1 HAPOHKEHHS €IeKTPOH-IipKoBHX Hap. [Ipeacrapnenuii B Tabmauui 5 womun pryti (Hglo)
B TIOpiBHSHHI, Hampukiaa, 3 TtenypuaoM kaamiro CdTe (abo CdZnTe) kpamme mnpoTHUCTOITH
OTPOMIHEHHIO HeWTpoHamu 1 mportoHamu [18]. OmHak, WOMy NpUTaMaHHI CYTTEBI HENONIKH, SKi
NEPEIIKO/KAIOTh [IMPOKOMY BHKOPHCTaHHIO KHOro Ha mnpaktumi. Jlo HHX BIiZHOCATBCS HHU3bKa
PYXJIMBICTH HOCIiB, HM3bKa TeMIepaTypHa CTIHKiCTb, Maja MeXaHi4Ha MIOHICTh Ta iHmi. 3 miel
MpUIUHA BHOIp HEoOXiaHO poOuTH 3 1BoX MaTepianmiB: GaAs i CdZnTe.

Apcenun ramieBi HIIJl mMoxyTe OyTH BUKOHaHI Ha OCHOBI HaMiBi30JbOBAaHOMY i BHCOKOOMHOTO
GaAs. Taxi HIIJ] BusiBunmcs mpumaTHUMHU Tinbku ais peectpauii wactuaok [13, C. 106]. Bimpm
nepcreKTuBHUMU BBaxaroThesi HIIJ] Ha ocHOBI KoMmieHcoBaHOTO GaAs, B SIKHX MaTepiall BUPOIIYEThCA
METOJIOM BHICOKOTeMIieparypHoi anudysii, xkinkodaszoBoii i razodazosoit emitakcii [20]. Po3pobrneHo
OpUTiHABHI TEXHOJNOTIi BHUPOIIYBaHHS METOAOM >XigKoda3oBol emiTakcii mapiB HamMiBi30JIIOIOYUX
GaAs netektopHoi skocti. OTpuMano P —i — N 1ioau 3 HU3BKOIO MIIBHICTIO 3B0pOTHOTO j (—100 B) =

107 A/cm? . Lle B KinbKa pa3iB MeHINE, HiX y AM(y3HUX CTPYKTYp. Y HOPIBHAHHI 3 OCTAHHBOKO y HHX
NpU OJHAKOBIM TOBIIWHI AKTUBHOI YaCTWHHU OUTBII BUCOKI 3HAYEHHS 4acy >KUTTS HEPIBHOBAKHUX
enekTpoHiB 1 mipok. ToBuHa wytimBoi oOsacti HITJ[ Ha OCHOBI YMCTHX €MITAKCIHHHUX IIapiB HE
nepeBuirye 40 MKM, a Ha OCHOBI €MITaKCIHHUX IIAPiB 3 BBEACHHIM MeToA0M Iudy3ii xpomy — mo 240
MkM. [linpHicTE 3BOpoTHOrO MOTOKY aisi Oinbmocti Takux HITJ mpu nHanpysi - 100 B craHoBuTh
(1.5—5) 10-7 A /em? [21].

3a roBmmHOIO emitakciiHux mapiB GaAs HIIJ] mocrynarotsest CdZnTe HII/] i BuKOpHCTOBYIOTBCA,
HallyacTinie, B CHEKTpoMeTpii -BUMpoMiHiOBaHHS Hu3bkux eHepriii [13, C. 106]. Kpim HeBemmkoi
toBiuHYU, HeaoaikoM HITJ] Ha ocHoBi GaAs € Takok Mayia poOoya MOBEPXHs, a 1€ BaXKIUBUH (pakTop
JUTSL KOOpIiHATOMETpii. € 1Ie oHa MpUYHHA, 10 SKil nmepesary ciig Bigmatu CdZnTe. GaAs B OinbImiid
Mipi CXHIBHHH 10 Aerpajamii Bif 9aCTHHH BUIPOMIHIOBaHHSI, 3yMOBJICHOT HEHTPOHAMH i MPOTOHAMH
[18, C. 59]. A ue mimKoM MOKIIMBO TIPH KOOPAIHATOMETPI1, HAPHUKIIAJ, SIICPHUX BUOYXIiB.

Onpowminenns CdTe i CdZnTe HIIJ[ y - xBanramu Co 3 moryxsicTio 10311940 I'p / rox

npoBenieHo B [22, 23]. BusiBunocs, mo HITJ manouytiusi 1o onpomineHss 103 B 10 k['p. [derpanamis
CIIEKTPOMETPUYHMX BJIACTUBOCTEH HacTae MpH 1031, 110 aopiBHioe =~ 30 k['p. o 1iel BepxHbOI Mexi
criekTpoMeTpudeckue xapaktepuctukn CdTe 3HIKYIOThCS MPHUOIM3HO 3a JIIHIHHUM 3aKOHOM. BinmbIr
JISTAJIbHO BU3HAYeHHs pamianiinoro pecypcy HIIJ na ochoBi mmpoko3onnux CdTe (CdZnTe) HIIJ
npoBenieHo B [18]. ExcriepumeHTanbsHO BcTaHOBIEHO, o jerpananis CdTe mpu y - onmpomiHEHHS

IIOYHMHAETHCA 3 JO3 MCHIIUX, HIXK JUISA CdZnTe. Bemuuunu T'paHUYHUX 103 IOITIMHAHHA ) -

BUTIPOMIHIOBaHHS, ITpH sIKil XxapakTepucTukd HI1/l HenpuitHATHO 3MiHIOIOTHCS, CKIIaJaI0Th TPHOIN3HO
200 xI'p 1 800 kI'p s nozumerpiB Ha ocHOBi CdTe i CdZnTe BiamoBinHo.

6 BucHoBkH

HaBeneni pgaHi J03BOJNSIOTH CTBEPIKYBaTH, IO B pa3i KOOpAiHATOMETpil Jmkepen y -
BUIIPOMIHIOBaHHS Y LIMPOKOMY AManas3oHi eHeprii B sxkocti matepiany HIIJl ontumansnum € CdZnTe.
B HamionansHOMY HaykoBOMY IEHTpi «XapKiBCbKHH ()i3MKO-TEXHIYHHHA I1HCTHTYT» pO3poOIIeHi,
BUTOTOBJICHI Ta ekcriepuMeHTanbHo gociimkeri CdZnTe HIIJ] y - BumpomiHIOBaHHS, €HEPreTUYHUH

niana3oH skux ctaHoBUTH Bix 20 mo 3000 keB, miamazon pobounx temmnepatyp — Bix -40 mo +50 0C,
EHEPreTHYHOI JJO3BLI — MOPSIKA ACKIITBKOX BIICOTKIB [24, 25].
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P0o3po0iieHO METOAMKY HMPOTHO3YBAaHHS CTalliOHAPHOTO PO3MOJULY KOHLEHTpALil eIeKTPOHHO-AIPKOBOI INIa3MH B i-00JacTi
MOBEPXHEBO-OPIEHTOBAHUX P-i-N CTPYKTYP, siKa 3abe3nedye MOXKIIUBICTD 3 TOCTATHIM CTYIICHEM aIeKBaTHOCTI OMUCYBATH CTaH
IUIa3MHU HE TUTBKH BCEPEIMHI aKTHBHOI 00JacTi Aiona (BIATBOPIOIOYM PE3yJIbTATH 3aCTOCYBaHHS HAOMIKEHHS aMOIMOJIIpHOT
nudysii), ane i, 1o BaKIMBO, MOOIM3Y 30H P-i- Ta N-i- KOHTAKTIB. BixmoBinHa MaremMaTinyHa MOJENs CHOPMOBAHA y BUTIISI
HEIiHIHHOT CHHTYIISIPHO 30ypeHol KpaioBOi 3a1a4i Uil CUCTEMH PiBHSHB HENIEPEPBHOCTI CTPyMy HOCIiB 3apsny Ta Ilyaccona.
OtpumaHo ii HaOMIKCHUH PO3B’S30K Y BHUIVIAAL BIANOBIAHUX ACHMITOTHYHUX PSAMIB 332 CTEHECHAMH MAaJlorO IapaMeTpa.
IIpoBeneHO KOMII'IOTEPHUN EKCIIEPUMEHT.

Knrwuogi cnosa: memoo 306ypens, cuHeyispHO 30ypeHa Kpainiosa 3a0aud, ACUMAMOMUYHUL pPAO, NPUMEHNCO8d (DYHKYIA,
oughysitino-opeiiposuil npoyec, inme2panrbHa NOGEPXHE80-0picHMosana P-i-N cmpykmypa.

Prediction of the charge carriers stationary distribution in the active region
of the p-i-n structures by the perturbation theory methods

A. Bomba, |. Moroz

Bomba Andriy PhD, Doctor of Science, Professor, Prof. of Department of Computer Science and
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National University of Water and Environmental Engineering, 11 Soborna str.,
Rivne, Ukraine, 33028
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The p-i-n diode is an electronic device that is widely used for switching a microwave signals. The theory of the p-i-n diode is
based on linear mathematical models that satisfactorily explain the diodes switching properties at low microwave power levels.
The developed methods for modeling the corresponding devices on p-i-n diodes turned out to be untenable when studying the
properties of diodes and diode structures under the with high-power microwave signals (typical for high-power switches and
protective devices). Here are faced with the need to take into account the mutual influence of diffusion-drift, wave, thermal
processes, in which the nonlinear components of the mathematical models will dominate. The development of the computer
technology and the corresponding mathematical methods (for example, the perturbation theory methods) determines the
possibility of improving the existing p-i-n diodes mathematical models and the possibility of the new approaches developing to
the analysis of the nonlinear processes in p-i-n diodes and similar electronic devices. The goal of this paper is to improve the
mathematical model and methods for predicting the electron-hole plasma stationary distribution in the active region of surface-
oriented p-i-n structures based on the use of the boundary functions method. The mathematical model of the electron-hole plasma
stationary distribution in the integrated surface-oriented p-i-n structures active region is constructed in the form of the nonlinear
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singularly perturbed boundary value problem for the system of equations of the charge carriers current continuity and Poisson.
An approximate solution of the corresponding boundary value problem is found in the form of the asymptotic series leading
terms in powers of a small parameter. A scheme for finding the problem solution is proposed, which automatically includes the
classical formulations of problems for modeling the p-i-n structures characteristics and allows you to make significant
amendments to the solution. This ensures an increase in the level of adequacy of modeling and understanding of the features of
a number of physical processes (diffusion-drift, recombinant, injection) in the p-i-n diodes active region. We consider the
proposed approach a promising tool for studying nonlinear thermal, diffusion-drift, generation-recombination stationary and
non-stationary processes occurring in the p-i-n structures elements under the action of the external microwave radiation, and
predicting new physical effects in the studied systems, for example, due to the influence of local surface and bulk defects on the
p-i-n structures characteristics.

Keywords: perturbation method, singularly perturbed boundary value problem, asymptotic series, boundary function, diffusion-
drift process, integrated surface-oriented p-i-n structure.
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PaspaboTana METO/IMKa IPOrHO3UPOBAHHUSI CTALOHAPHOTO PaCIPECIICHHS KOHIICHTPAIIUH 3JIEKTPOHHO-ABIPOYHOH I1JIa3MBl B i-
001IaCTH MOBEPXHOCTHO-OPUEHTUPOBAHHBIX P-i-N CTPYKTYp, KOTOpas 00eCreYnBacT BO3MOKHOCTD C HOCTATOYHOW CTEHCHBIO
aJICKBaTHOCTH OIUCHIBATH COCTOSHME IUIa3Mbl HE TOJBKO BHYTPH aKTUBHOH 00JacTH Iuonxa (BOCIIPOHM3BOIS PE3yiIbTaThl
NpUMEHEHHS IPUOITIKEeH S aMOUNIONIApHO# (b dy3un), HO H, 4TO BaXKHO, BOJIN3H 30H P-i- U N-i- KOHTaKTOB. COOTBETCTBYIOMIAs
MaTeMaTu4eckass MoJelb CPOPMUPOBAHA B BHIEC HEIMHEHHON CHHTYISIPHO BO3MYILCHHOW KpaeBOW 3agaddl IJISl CHCTEMBI
YpaBHCHUI HENPEpHIBHOCTH TOKa Hocutened 3apsga u Ilyaccona. [lomydeHo ee mNpHOMIDKEHHOE pELICHHE B BHIC
COOTBETCTBYIOMINX ACHMITOTHYECKUX PSOB O CTENICHAM MaJoro napamerpa. [IpoBeieH KOMIBIOTEPHBII SKCIIEPHMEHT.

Knirouesvle cnosa: memoo 6o3myujeHull, CUHZYIAPHO BOZMYWEHHAA Kpaesas 3a0ayd, ACUMRMOMUYECKUl psao, NOSPAHUYHAS
@ynryus, oughgysuonno-opeidhosvlii npoyecc, UHMePanbHAs NOBEPXHOCMHO-OPUEHMUPOBAHHAS P-i-N CMPYKMypa.

1 Beryn

P-i-n crpykTypu (IU1a3MOBi 110/11) — HEJIHIMHI aKTUBHI €JIEMEHTH EJIEKTPOHHOT TEXHIKH, SIKi ITHPOKO
BUKOPUCTOBYIOThCS JUIs KoMyTarlii HagsrucokouacrotHoro (HBY) enextpomartitHoro modst (puc.1.1).
PobGoTa Takoro mpUCTpOIO TPYHTYEThCS Ha 3MiHI NMPOBITHOCTI aKTHBHOI oOmacti miofa (i-obJacri)
nUIIXoM (popMyBaHHS €IIEKTPOHHO-IIPKOBOI IIa3MH i Ji€r0 cTpyMy ynpasiiHHsA. Hocii 3apsmy
NOTPAIUIAIOTH B aKTUBHY 00J1aCTh 3aBISIKH NPOLECY iHXXEKLIT 3 BHCOKOJIETOBaHUX P- Ta N- obnacreil. B
aKTUBHINA 00xacTi BimOyBaeTbest audy3is Ta Apeiid eTeKTPOHIB 1 AIPOK, IX KOHIIEHTPAIS 3MIHIOEThCS
BHACITIJIOK TeHepalliifHO-peKoOMOiHAIIHIX mporieciB. ba3oBi XxapakTepuCTHUKH P-i-N 1ioa — 3racaHHs,
10 BHOCUTBCA Yy JIIHIIO Nepeaad, MIBUIKOAII0 — B OCHOBHOMY BH3HAuYalOTh HAKONMYEHHH B i-00JIACTI
3apsijl Ta TEOMETPIsi CTPYKTYPHHUX eJIeMeHTIB niofa [1-6].

Puc. 1.2 Cxemamuune 300pasicens Ronepeuro2o nepepizy 0ioonoi 30ipku (8) ma nosepxmeso-opichmosanoi p-i-n
cmpyxmypu (b)
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V texnini HBY BUKOPHCTOBYIOTHCS Pi3HI TUIH P-i-N CTPYKTYp: HAIIpHUKIAL, XioaHi 30ipku (puc. 1.1,
a); TOBEPXHEBO-OpieHTOBaHi CTPyKTypu (puc. 1.1, b); “kpemuieBi BikHa” Tom0. Y OCTaHHI POKH
BUBYAIOTHCS BIIACTUBOCTI P-i-N CTPYKTYP 3 PO3MIILIICHHSIM €JICMEHTIB Ha MOBEPXHI HAIIIBIPOBITHUKOBOTO
KpPHUCTaITy, OCKUTBKH TPOTHO3YETHCS MiABUIICHHS TEXHOJOTIYHOCTI BUTOTOBIIEHHS CTPYKTYp IaHOTO
TUMY (IUITXOM 3aCTOCYBAaHHSIM TEXHOJIOTI] BUTOTOBIIEHHS IHTETPaJbHUX CXEM Ta BUPIMIECHHS MpoOieMu
Y3TO/KEHHS 3 JIiHIEI0 Tepefad Ha eTari MPOEKTYBaHHS BiANOBIAHOI €NEKTPOJUHAMIYHOI CHCTEMH),
HOKPAIIEHHS TETUIOBIIBEICHHS.

B ocHOBY 6a30B0i MaTeMaTHIHOI MOJIENI, IKa OMUCYE PO3IMOALT KOHIIEHTpaIii ipok (N), eIeKTPOHIB
(p) Ta moreHuiany (@) B akTUBHIHA oOmacti p-i-n mioxiB (puc.l.2) y cramioHapHOMY pexumi poOOTH
NPUCTPOIO, TOKIAAAI0Th CUCTEMY PIBHSHb HEMEPEPBHOCTI CTPYMIB HIpPOK Ta E€JIEKTPOHIB, PiBHSHHS
ITyaccona [1,6,7]:

An=VnVe+ nA(p+L*n,
nZn
Ap=-VpVe- pAgo+;* p, (1.1)
Dpzp
&8
TOA(/’Z—(F)—”+ Np)

*

* . co . . . . .
Ae T, ,Tp — XApaKTepHI pelaKcauliifHi Yacu JKUTTs AIPOK Ta CICKTPOHIB B i-001acti (y 3arajibHOMy

BUTAAKY 3aJie)KHI BiJl JIOKAIbHOI KOHIEHTpAIil ENeKTPOHIB Ta MIPOK 1 BH3HAYAIOTHCS TIEBHUM
MexaHi3MoM pekoMOiHamii HociiB 3apsay); Njp =Nz —-Ng = N,(r) — 3agaHa OQyHKIiA Tpodimo
JeryBaHHs (ONMHCY€ PI3HMIIO KOHIIGHTpAIiil aKIenTopiB i JOHOpIB B akTuBHIKM obmacti); Dy, Dn —
koedimieHTH AUQY3ii BIANOBIAHO IIPOK Ta EJCKTPOHIB; e — 3apsj EJNEKTPOHA; & & — BiJHOCHA
JlieIeKTPUYHA TIPOHUKHICTh HAIIBITPOBITHUKA Ta JieIEKTPHYHA CTajla.

s/2 W
rl!ll
BEEE
Iy .
Q Tos
/
L 4 rm'

Puc.1.2 Exemenm noeepxnego-opicnmoganoi P-i-n cmpykmypu

Cucrema piBHsiHb (1.1) momoBHIOETBCS ymoBamMu Ha Mexi obmacti 0Q=I" (I'=T, UFp UT).

I'pannuHi yMOBH Ha IHXKEKIIMHUX KOHTaKkTax (minsHkax mexi ['n, [',) 3amucyroTs 3 ypaxyBaHHIM TOTO,
110 Yepe3 Mexy ['n mepeBakHO MPOTIKA€E SNEKTPOHHUM CTPyM, BIAMOBIAHO 4yepe3 I, — mipkoBuil (mpu
IIMPOKIN aKTUBHIN 00J1aCTi OiJIbIlIa YaCTHHA 1H)KEKTOBAHMX HOCITB 3apsiay peKoMOiHye B i-001acTi 1 He
BCTHTA€ TOTPANUTH B OOJACTh MPOTHICKHOTO KOHTakTy) [2,6]. Takox BpaxoBaHO ITOBEPXHEBY

pEeKOMOIHAIlII0 HA KOHTaKTaX:
((7 +] )\7) =7, ((# +] ) *) =0, 1.2
Jn+Inr " Jp +1pr)Vv r. (1.2)

(5o bo), =2, Gnvi)5), -0,

ne J — crana, 1110 BU3HAYa€ TYCTUHY 1HXKEKUIHHOTO cTpyMy (CTpyMy YIpPaBiHHS); V — BEKTOp HOpMaJi

JI0 TPaHUIl 00JacTi; Tn’p — TYCTHHA CTPYMY BiJIMOBIJTHO €IEKTPOHIB i JIPOK ( Tp =€up pE - erVp ,
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in = eynnE +eD,Vn, E= Vo), jrn,rp — FYCTHHA PEKOMOIHAIIIHOTO CTpyMy ((irp . ‘711" =eapp,
(Trn . ‘7]1" =eapNn, ay p - WBUIKOCTI MOBEPXHEBOI PeKOMOIHALL BIANOBIAHO €ICKTPOHIB 1 AIPOK).

AHAJIOTIYHUM CTIOCOOOM BHU3HAYAIOTh TPAaHUYHI YMOBH Ha AiMAHII Mexi [o. (BpaxoBaHO BiIMiHHICTh
HIBUJKOCTEH MOBEPXHEBOI peKOMOiHalii Ha KOHTaKTaX Ta BUIBHUX BiJl KOHTAKTIB AISTHKAX):

((in + TrTr)- V]roo =0, ((jp + i;r).alroo -0, (1.3)

- — _ - =% —
((jn—i-jnr)-v] =0, ((j + ] r)-v] =0,
To1 PP Fo1
q)yHKHiSI HOTeHHiaJ'Iy IIOBHWHHA 3aJ0BOJIBHATH HaCTyHHi FpaHI/I'-IHi YMOBH:

Op
(p|1_ =0, go|r =U, X =0

, 1.4
n p aV 1—*0 ( )

ne U — crana, mo BU3Ha4Yae HAMpyry Ha P-i-n crpykrypi. [Ipunyckaerbes, o Hanpyra y OCHOBHOMY
NPUKJIA/ICHA 10 BUCOKOOMHOI JIISIHKU P-i-N CTPYKTYPH, A IHHSAM HANPYTH HAa 1HKEKTYIOUUX 1 OMIYHHX
KOHTaKTaX HEXTYIOTb.

Marematuyna mozens (1.1)-(1.4) onucye cranionapHi nudysiitHo-apeiidoBuil Ta pekoMOiHAIIHHIIA
IPOLIECH 1 JI03BOJISIE MPOTHO3YBATH PO3MO/LT HOCIIB 3apsiy B aKTHBHIN obnacti p-i-n gioma Ta Horo
OCHOBHI XapaKTepUCTHKH. Y 0a30Biii MaTeMaTH4Hii Mozemi P-i-N aioga He BPaxOBaHO PSIy IHIIMX
(I3MYHUX TIPOIIECiB, MO CIOCTEPIralOThCS Y HAMIBIPOBIIHHUKOBHX MPUCTPOSX: MPOIECH PO3ITpiBy,
reHepallii HOCIiB 3apsay B 00’ €Mi 1 Ha MOBEPXHI poO0YO0i 00J1aCTi, 0COOTMBOCTI MPOTIKAHHS 1HKEKIIHHUX
nporeciB Ha KoHTaktax Ttomro [1,6,7]. TIpote HaBiTh y cmpomieHoMmy BapianTi 3amada (1.1)-(1.4) €
CKJI/IHOI0 MaTEMATHYHOIO 3a/1a4€i0 Yepe3 HEeMiHIHHICTh cucTemu piBHsHB (1.1).

Knacuunuit po3s’sizok 3amaui (1.1)-(1.4) oTpuMaHO HUISXOM BBEACHHS y PO3IMIIS CHPOLIYIOUUX
oOMexeHb. BUKOpHCTOBYEThCS HAOMIKEHHS amOinonsapHoi nudysii HociiB 3apsaay [1,6,7], B pamkax
SIKOTO TIPUIYCKAIOTh PiBHICTh KOHIIEHTPAIIil €IeKTPOHIB 1 AIPOK B akTHBHIN oOmacti aiona. Ilpu npomy
cucrema piBHSAHB (1.1) mpUBOAUTBCS A0 JNiHIHHOTO PIBHSHHA AUQY3ii, PO3B’SI30K SIKOTO MOXKHA JIETKO
3HAUTH B aHANITUYHOMY BUIIISAA. OYEeBHUAHO, IO YMOBa PIBHOCTI KOHIIEHTpAlill MPUPOIHIM YHHOM
3a0e3redyeTbcsi B TIIMOMHI aKTUBHOI 00J7acTi P-i-N mioma i mMOpyIIyeThbes MOOMHM3Y 1HXKEKTYHOUHMX
KOHTaKTiB. OTKe, OTpUMaHUH B paMKax 3aCTOCYBaHHs HAOIMKEeHHS aMOinoJsipHOT [ y3ii aHaII THIHUH
pe3yabTaT He 3a0e3Ieuy€e HAIEKHOTO PIBHS aJIcKBATHOCTI MOJIEII.

VY pobGotax [14,15] 3amponoHOBaHO IIyKaTH PO3B’SI30K 3aJadi MOAETIOBAHHS XapaKTEPUCTHK P-N
nioma (miof 3 pi3KKM P-N TEepexoI0oM, Ha BiMiHY Bif P-i-N aioga) aCHMOTOTHYHUMHU MeToaaMu [8-13].
P-n ta p-i-n gioau (30kpema, MOBEPXHEBO-OPIEHTOBaHI P-i-N CTPYKTYypH) MArOTh CYTTEBI BIJIMIHHOCTI Yy
TEXHIYHOMY BUKOHaHHI, sKi OOYMOBIIIOIOTH OCOOJHBOCTI 3aCTOCYBAaHHS MOJICIBHUX IMIAXOMIB, IX
BJIACTHBOCTEH Ta MPAKTUYHOTO 3aCTOCYBaHHs1. BiamosinHo, nocranoska 3aaadi (1.1)-(1.4) Biapisasersces
BiJI Bi/IMOBiTHUX IMOCTAHOBOK 3a/a4 y poborax [14,15], a ixes 3acrocyBanHs /ist aHamizy 3aaadqi (1)-(4)
METO/IiB Teopii 30ypeHs (Hanpukiaj, [8-13]) BOauaeThcsi HAMU MEPCIIEKTHBHOIO.

MeTo10 po6OTH € yIOCKOHAJICHHS MaTeMaTHYHOI MOAETl 1 METOJUKH IMPOTHO3YBaHHS PO3MOALTY
EJIEKTPOHHO-AIPKOBOT TUIa3MH B aKTHBHI# 00J1aCTi IIOBEPXHEBO-OPIEHTOBAHUX P-i-N CTPYKTYp Ha OCHOBI
3aCTOCYBaHHS METOJIy MPUMEKOBUX QyHKIii [8-13].

2 ITocTanoBKa 3agaui
Po3sriissHeMo ABOBHMIPHY IPOCTOPOBY MOJIEITh €JIEMEHTA [TOBEPXHEBO-OPI€EHTOBAHOI P-i-N CTPYKTYpH

(o6macts Q={(x,y):0<x<w,0<y<l}, puc.l.2). Beenemo Ge3posmipsi 3minmi X = X (0<x<1),
w

~ Y <~ I~ ep ~ eU _ ~ N - p ~ _ Prax
Y 0<§<2y), 5222 G- 5" o<h<imy 5P (0<p< ne T — crana,
Y=y O<¥<g) o7 KT Ni( NP Ni( P Ni)Ile craa

I
BusHavae temmeparypy (300 °K); k — crana bonmbiimana; N; — KOHIEHTpallisi €IEKTPOHIB y BIACHOMY

HaMiBIPOBIJHUKY, 3aJICKUTh Bl 00paHOro MaTepiany HamiBIPOBiTHHKA. PO3risiHEeMO BHIIQZOK Pi3KOi
PaHUIll MK JIETOBAHMMHU 00JIACTSMH 1 00JIACTIO BJIACHOTO HAIIBIIPOBITHHUKA!
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0, (x,y)eQ 0, (xy)eQ
Na(xy)=4N ; Ng(xy)=1nN :
a0 do
B X, el —— X, el
N; ( y) p N; ( y) n
Toxi cuctemy piBasaHb (1.1) nepenumiemo y 6e3po3MipHOMY BUTIISIL:
whp=~(p—n),
An=VnVe+nAg + AN, (2.1)
Ap=-VpVe - pAp+ App,
egokT 2 w?
ne u= # (manmit mapamerp 3amadi, p~10%), A, :W—* , Ap =——. 3 METOI0 CIIPOLIECHHS
e w Ni DnTn Dpr

[I3RE]
'~

3aIHCy CITiBBiTHOIIEHB 3HAK B (2.1) i HACTYITHHUX BUKJIAKaX OIMYIICHO.
Ywmosu (1.2)-(1.4) (takox nopani y GesposmipHomy Burisani) Ha mexi obmacti I'=T, Ul'y Ul

MEPENMUIICMO HACTYIITHUM YHNHOM:

1 on 10p
nE, + —— -2y, =- , PE, —-——-2 =0, =0,(2.2
v W oV 7n r eDnNi pe, W oV 7pprn (/’|rn ( )
1 ép J 1on
_pE, +="F_» - , NE, +——+2y,n| =0, =U,
PR T ay 7pprp D,N; Y Tway M r, ¢|Fp
1 an * *
nEV+—a—+27nn =0, pEV—£@+2gxpp =0,
W ov FOO W ov Too
1 an * * 6
nEV+—a—+2ynn =0, pEV—£@+2ypp =0, a—¢ =0,
w 1% l—*01 W@V FOl Vl"o
ne E=—Vp, Yn = 203‘ V Vp = 2aDp (y 3araJibHOMY BUIAJKy IIBUIKOCTI IIOBEPXHEBOI peKoMOiHamii
n p

. . * . . . . .
Ha KOHTAKTax ( oy p) 1 Ha OBEPXHI CTPYKTYpH (& p) BiApisHstoThest). Ha ninsnkax mexi obmacti oz

, 03 BHKOPHCTOBYEThCSI YMOBH MEPIOANYHOCTI P-i-N CTPYKTYpH:

n(0,y)=n(x2i,y), p{d,y)=pl+2iy). (2.3)

3 IloGynoBa acHMNTOTHYHOIO PO3B’A3KY

3anaya (2.1)-(2.3) e cunrysspHao 30ypeHoro. bepyuu 70 yBaru Te, 1o Ha CTPYKTYpY ii po3B’s3Ky B
OCHOBHOMY BIUTMBAIOTh YMOBU Ha KOHTAKTHUX JiNsiHKax ['hta [, uepes ski 31iHCHIOETHCS] HATOBHEHHS
i-0051acTi HEOCHOBHUMH HOCISIMH 3apsifly, IPOTIOHYEMO IIYKaTH po3B’ 130K 3a1adi (2.1)-(2.3) anamoriyHo
10 [8-13] y BUIIIAi HACTYITHUX aCUMIITOTUYHUX PSB!

o) (o y.a)) (©my.)) (@umlEn)) (PmlEa)) (Romxy.a)
n =] (%Y, 1) [=] Ny (6, 2) | +| Ny (£ 0) | + N@ml&, #) [+| Ragm (x ¥, 1) |= (3.0)
p) (p(xy.a)) | Pemy(xy ) Pm\& u P (m) éﬂ) Rp(my (X, ¥, )

Sulogxy)| | Sateile)| | Suwile)

iTnO ' i;o . ir:nO o Rw(m)(xl y”u)
= .Zy'ni(x,y) + 'Zﬂlﬂi(é) + _Z/UINI(é) + Rn(m)(x’yiﬂ) :

o W o Rp(m) (%Y. 4)

_Zou' pi(x.y) _Zoﬂ' Pi(¢) _Zoﬂ' Pi(¢)
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re Dm) (X, y,,u),N(m)(x, y,,u),P(m)(X, y,y) - peryJsipHi 9acCTHHH aCI/IMHTOTI/IK;@(m)(g,‘u),
N(m)(éﬂ)’ E(m) (é ,u), E(m) (é‘,,u), N(m) (é, y), I3(m) (g,,u) - IPHUMEXKOBI IOMPABKUA aCHMIITOTHK

. . S . S S .
BIANOBIAHO B OKojax To4ok y=0, 0<x< v 1y=0, —<x<1-— (&= — PeryJIspU3YIOUHid
w

y

2w 2w 2

po3tsr); Ry m) (X, Y, ,u), Rnm) (X, Y, ,u) ' Rp(m) (X, Y, /1) - 3AJIMLIKOBI WICHH.
[MincraBnstoun (3.1) y piBHsHHS cuctemu (2.1) Ta ymoBu (2.2)-(2.3) Ta 3acTOCyBaBIIN CTaHAAPTHY
npouenypy “npupiBrioBanHsa” [8-13] dhopmyemMo MOCHIAOBHICTH 3a1a4 /ISl BU3HAYCHHS KOMIIOHEHT
acumnroTHaHuX pAniB (3.1). ['omoBHY yBary 3ocepemky€eMO Ha MONIYKY TOJOBHUX WIEHIB PETYISIPHIX
psaniB (3.1), ockinbky Ui QYHKIIT MICTSITH OCHOBHY iH(OPMALIiI0 PO TOBEAIHKY €IeKTPOHHO-IiPKOBOT
T1a3Mu. 30KpemMa, OTPUMYEMO HACTYITHI cUCTeMH Tu(epeHIiaTbHAX PIBHAHB IS 3HAXOKEHHS Ny, Py ,

?y, ©9g.Ng, Py

No = Po.
Ano - V(noV¢)0)— An Ng = O, (32)

Apg +V(poVeg)— Appo =0.

2
“ 2o =—(Po - No)

2
L uoa& =0, (3.3)
oc?  os\T T o

0°Py o (. 0D,
+—|Pyg—>
oc* 9 0¢

['pannuHi yMOBH [Uis cucTeM piBHSHB (3.2)-(3.3) HaOyBarOTh HACTYITHOTO BHIY:

0.

ano
— — pwng — SwN = , 9o+ P =0 (3.4)
oy °lyso  2¢Dp N “ow 70 | rxs S
2w
on No J w S ey =0
—+ pwng +ﬂWPo =———— npu 1-—<x<1, (p0+CDo‘ y= =U,
oy y=0 2eDp N;j 2w 12 <x<1
2w
on * 0
aoJr,B wng =0 npni£X31—i, —0+ﬂ Wng | =0,ﬂ | =0,
y=0 2w 2w oy y=— % ly-o,y=1
W W
: oN P N
no(0,y)=ng(x+2i,y), 8;0 , aa—ﬂ —0, aaﬂ -0, 8(;\|_o ~0.
S g £=0 S £=0 9

Takox BUKOPUCTOBYEMO XapaKTepHI JUIs MPHUMEKOBUX (YHKIIIH 101aTKOBI yMOBH [8- 13]

5@ cDO(_ _ghm <Do(§); ;Im Ny (g): §|Im Po (§)= Ehm No(§)= Ellm Po(g)_o. (3.5)

Jns Bu3HaueHHs @0 (§ N ol¢& () Po ( BHUKOPUCTOBYEMO CHCTEMY PiBHSHB aHAJIOTiUHY (3.3).

3ayBa)KI/IMO, 10 cucreMa (32) MMPUBOAUTLCA 10 JIIHIHHOTO ,I[I/I(bepeH]_IlaHBHOFO plBHﬂHHﬂ BUAY:
1
Ang —E(An + Ay g =0, (3.6)

sIK€ TaKOXX OTPUMYIOTh 1 B paMKax 3aCTOCYBaHHsI HaOJIMKEHHs aMOinossipHol audysii [7].
BpaxoByrour mepioAMYHICTh PO3MILIEHHS €JIEMEHTIB Yy JOCHIKYBaHIH CHCTEMI, 3arajibHHN
PO3B’s130K (3.6) HmIyKaeMo y BUTIISAL PSIOY:



BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHS. IHhopmaLliiHi TexHonoril. ABTOMaTM30BaHi cuCTeMM ynpaBniHHs», Bunyck 50, 2021 33

M—1
no(x y)= X (Cy exp(-n;y)+Co; exp(njy))cos aix, (3.7)
i-0

ne o = 77, _a, (An+A)

Cramni Cyi , Co BU3Ha4aeMO i3 CUCTEMH JIIHIHHHUX anreOpaiuHuX piBHSHB, IO OTPUMaHa Ha OCHOBI
3actocyBaHHs yMOB (3.4) Ha ainsHKax Mexi oonacti Q npu y=0 ta y=I/wW Ta npoekTyBaHHs Ha CUCTEMY
GasucHUX QYHKUIN COS & jX !

S

Im-1 2w J
(IJE) 1iCai +77iCpj )OS @ X COS r j XX = (j)( 2D, N. + A2, Jcosajxdx+
S -5
2wM -1 2wM -1
+w [ ¥ (Cyi +CyiJeosajxcosajxdx—fw | 3 (Cy +Cy Jcosa;xcosa jxdx—
0 i=0 s i=0
2w

1 1 M-l

| J _+ﬁv\/1‘[2 cosajxdx—Aw | ZC1,+C2,)cosa,xcosa xdx,
s | 2eDp N;

“aw

j=0,(M -1). (3.8)

[IpuMeKOBi TMOMPaBKU 3HAXOAMMO NDIIXOM po3B’si3anHs 3amadi (3.3)-(3.4). Beememo 3aminu
V=Py—Ng, W=Pjy+Ng. Toxi (3.3) npuBoanmo 10 cucTeMH PiBHAHB IEPIIOTO TOPSKY:

(3.9)

ne Cw, Cv — crani iHTerpyBaHHS.
Cucrema piBHsHB (3.9) HOMOBHIOETHCS rPaHUHUMK yMOBaMu ipu & =0 i & — 00, sKi OTpuMyeMO i3
criBBiiHOMmMEHb (3.4) 1 (3.5) y BUTIISAAI:
% =0, Z—V;’ =0, flﬂn V()= glin w(g)=0 (3.10)
0 - [ee]
2lg=0 2 le=0 2
st BCTaHOBJICHHSI XapakTepy MOBEIIHKHA (QYHKIIii H((,f) CKOPHCTAEMOCH i1 (hi3MYHUM 3MiCTOM.

3rigHo (3.9) us QyHKIis Mae 3MICT HANPYKEHOCTI EICKTPUYHOTO TOJIsA, 110 CTBOPEHE MPUMEKOBUMH

sapsimamu. Ha mexi obmacti (X=0) 3HaueHHs TMOTeHIiany crajie, TOMY ) = H| f0 = 0.V
2 1£=0 -
ruOuHi akTUBHOT 00s1acTi (mpu & — o0 ) 3HaYeHHs HanpysxenocTi o crane (I1,, lim IT=const).
s o0
Po3p’si3kamu cuctemu piBHsAHB (3.9) 32 ymoB (3.10) € dyHKIii BugY:
2 2 2 2
I, IT
w17 e vzn—— ~—, Cy =0, (3.11)
2 2 2 2
ﬁf
m=I1 —ITth 3.12
(©)= [ : (312)

TakuM 4YMHOM, NPUMEXKOBI KOHIEHTpauii HociiB 3apsay 3 cmiBBigHomens (3.11), (3.12) ta 3
ypaxysanHsam Bukopuctanux 3amin V =Pg —Ng, W =Pg+ N orpumyemo y nactynHomy Burmsui:
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¢
P=0, Nolg)=11.2|1-th?| —= || (313)

IIpuMerxoBi TompaBKu No (cf ), Eo @) 3HAXOAMMO aHAJIOTTYHUM CIIOCOOOM:

— I, _
Po(§)=Hoo2 1-th? Tﬁ , No=0. (3.14)

3ayBaxkumo, mo y ynkaisx (3.13), (3.14) ¢irypye onmakoma crama Il , ockinbku y TauOuHi
aKTUBHOI obnacTi (mpu & — 00 ) 3HaYCHHS BIAMOBIAHUX MOTEHIIaJiB €IEKTPUYHOTO TOJSI CIiBIAAI0Th.

Crana inTerpyBanns 11, BCTaHOBIIIOETHCS 13 BUKOPUCTAHHIM BiIOBITHUX TPaHUIHUX YMOB (3.4) ams

noteHmiary. OTpUMaHO TPAaHCICHASHTHE PIBHSIHHS BHIY:
S

1-—>

2w _

[ |th U1 MyL-t) dt=_ (3.15)
sl \2fu 2Ju I,

2w

CKOpHUCTaBIINCh MIpKyBaHHSIMH, SKi aHajoriyHi g0 [8-13], 3a 10IaTKOBMX YMOB TJIaJIKOCTiI Ta ix
Y3rO/PKCHOCTI, TPUXOUMO JI0 OLIHOK 3JIMIIKOBHX YICHIB ACUMIITOTUYHUX PSB!

1 1 1

Ryp(m) (%, y1ﬂ)=0(ﬂm+ ) Ri(m) (% y,ﬂ)=0(ﬂm+ ) Rp(m) (% y,ﬂ)=0(/1m+ )
TakuM YHHOM, pO3MOALT KOHIEHTpAlil EJIeKTPOHHO-AIPKOBOI IUIa3MH B aKTHBHIA 00JacTi

IHTErpaabHOI TOBEPXHEBO-OPIEHTOBAHOT P-i-N CTPYKTYPH BU3HAYAETHCS (DYHKIIEIO BULY:

M -1
n(x,y)= > (Cy exp(=n;iy)+ Coi exp(n;y))sin o x + (3.16)
i—0
2 2| Iy S s
I 1-th , 0<x<—1-—<x<1
+ * 2\/; X 2w 2w X
0, i<x<1—i

2w 2w

4 Pe3yabTaTH YNCEIbHUX eKCIIEPUMEHTIB

PesynbraTd 4MCENBHOrO MOJICIIOBAHHS II0Ka3aHO Ha rpadikax CTaI[iOHAPHOTO PO3MOJILIY
KOHIIEHTpAIlil EeNeKTPOHIB i JIpOK B aKTHUBHIM 0O0JIacTi elleMeHTa IMOBEPXHEBO-OPIEHTOBAHOI P-i-N
crpykrypu (puc. 4.1, 4.2).

000410
0.00408
0.00406
0.00404
0.00402-

Puc.4.1 Posnooin konyenmpayii enekmporHo-0ipko8oi Puc.4.2 Posnodin konyenmpayii nociis 3apsdy &
NAA3MU 8 AKMUBHIL 001acmi 32i0H0 YMOYHEeHOi Mooeli, akmueHiti obnacmi 32i0Ho MoOeii amMbinoApHOT

WO 6pAxX06y€e NPUMEIICOBE NONPABKU oughysii
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B ekcrepuMeHTax BHKOPHCTaHO HACTYNHI 3HadeHHs cramux: N, =10" cm® , T =300° K,
k=138-10" JIx/K, J =04 mA/em?, U =5 mMB, W=30 mkm, =10 MKM, D, =30 cm?c, D, = 6

em?/c, 7°n =20 MKc, T p =25 MKC.

Puc.4.1 imocTpye cTamioHapHHU pO3MOMAIA HOCIIB 3apsAay B i-00dacti p-i-n mioma 3rigHO
yIockoHaneHoi MatemMaTtunaHoi Mozeni (3.16). CrocTepiraeTbes piskuid picT KOHIEHTPALil eEeKTPOHIB Y
obmacti mobiu3y N-i mepexomy i Aipok mobmu3y p-i mepexomy. IligBuileHe 3HAYCHHS KOHIICHTPAIT

HociiB 3apsay (~10 pa3 st 3a3HaueHOro HabOpy BXiHUX JAHWX) CIOCTEPITa€ThCsl HA BIACTAH] ~+/ [ BiA

Mexi N-i Ta p-1 mepexomiB. Takuit xapakTep CTalioOHAPHOTO PO3IOITY KOHIICHTPAIIIT IJ1a3MH BOAYa€ThCS
NPUPOAHIM, OCKUIBKM 00’€KTHBHO Yy 30HI iHXKEKUil HOCIiB 3apsgy MEBHOTO THITy iX KOHLIEHTpamis
MOBHMHHA 3HAYHO MepeBaKaTH KOHLIEHTPALIiIO 3aps/IiB MPOTHIICKHOTO THITY Yepe3 A0 peKOMOiHAII THIX
mporieciB. L{ro ocoOnmBicTh TOBEAIHKY PO3MOIITY KOHIICHTpAIIii I1a3MH Y J1I0/11 HE MOXHA BiToOpa3suTH
3a IOTIOMOTOF0 KIIACHYHOT MOZeIi aMOimosapHoi audys3ii.

s mopiBHSHHS pe3y/lbTaTH MOJECTIOBAHHS B PaMKax KIaCHYHOTO MiAXOJY MOKa3aHO Ha puc.4.2.
BigmiTrMO, 1110 311 1HO IPOTHO3Y 3a YAOCKOHAICHO MaTEMAaTHYHOIO MOJIEILIIO P-i-N 11012 HAKOTTHYCHHUHA
y i-obmacti 3apsin Ha 3-5% mepeBUIlye 3HAYCHHA AaHAJOTIYHOIO IIOKa3HHKA, II0 OTPUMAHO
TpagUiiHUMH MeToAaMu. [Ipu 1IbOMY CHOCTEpiraerbcs Mepepo3noisl KOHIEHTpamii MmiasMu — y
CeperHI aKTHUBHOT 00JIacTi 1012 KOHIICHTpPAIIis IJIa3MU JIEII0 3HUKYEThCS.

5 BucHoBku

[ToOynoBaHO MaTeMaTHUHY MOJEIb CTalliOHAPHOTO PO3IMOALLY eJICKTPOHHO-AIPKOBOI IUIa3MU B
aKTHBHIM 00J7acTi iHTErpaJibHUX MMOBEPXHEBO-OPIEHTOBAHUX P-i-N CTPYKTYp Y BUIJISIAI HETiHIAHOT
CHHTYIIIPHO 30ypeHO1 KpaloBOi 3a1a4i UIsi CHCTEMH PiBHSHB HETIEPEPBHOCTI CTPYMY HOCI{B 3apsiay Ta
Ilyaccona. 3Haii/IcHO HAOIMKEHUH PO3B’ 30K BiJIMOBIIHOT KPaiioBOT 3a/1a4i Y BUTJISAI TOJIOBHUX YICHIB
ACHMITTOTHYHUX PAIIB 3a CTENIEHSIMUA MaJIoTo ITapaMeTpa.

3anpoIroHOBaHO CXeMY IOIIYKY PO3B 3Ky MOCTABJICHOI 3a/1a4i, [0 aBTOMAaTHYHO BKJIIOYA€ KIACHYHI
NOCTaHOBKH 33/1a4 MOJICTIFOBAHHSI XapaKTEPUCTUK P-I-N CTPYKTYP i JO3BOJISIE BHECTH CYTTEBI MOMPABKU
y po3B’sizok. Llum 3a0e3neuyeTbcsi MiIBUIIEHHS PIBHA aJCKBATHOCTI MOJICNIOBAHHS i PO3YMiHHS
0COOJIMBOCTEW TPOTIKaHHA psAAy (ismuHuX mporeciB (audy3iiHO-IpeiidoBoro, peKoMOIHAIIIHOTO,
IHKEKIIHHOr0) B aKTHBHIM 00IacTi P-i-N miomis.

3arponoHOBaHUM IMiJIXiJl BBaYKAEMO TEPCIIEKTUBHUM IHCTPYMEHTAJIbHUM 3aCO0OM JUIsSi BHBYCHHS
HENHIMHUX TeIUIOBUX, Mu(y3iiiHO-npeiidoBuX, TeHepaniiHO-PeKOMOIHAIIMHNX CTalioHapHUX i
HECTAlliOHAPHKUX TIPOIIECIB, MO MPOTIKAIOTh B €JIEMEHTax P-i-N CTPYKTyp MiX €0 30BHIIIHBOTO
HA/IBUCOKOYACTOTHOTO  BHUIPOMIHIOBaHHS, Ta MPOTHO3YBAaHHA HOBHX (I3WYHUX e(eKTiB Y
JOCHI/DKYBAaHUX CHCTEMaX, HANPUKIAJ], OOYMOBJIEHUX BIUIMBOM JIOKAJIbHUX TIOBEPXHEBUX 1 00 €MHHUX
Je(eKTiB Ha XapaKTePUCTHKU P-i-N CTPYKTYP.
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Presently, computer networks are actively used for scientific research. That has significantly increased the capabilities of the
researcher who analyzes processes and performs modeling, has brought new research opportunities, and therefore led to
qualitative changes in scientific research. Both the speed of research and analysis of its results have sharply increased and, as a
result of numerous experiments, it became possible to find new, previously unknown solutions, discover new effects and
phenomena. The results of the work conducted by the scientific group of the Department of Artificial Intelligence and Software
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of V.N. Karazin National University are presented in the article as the example of the new approach to scientific research. It
shows that with the help of computer modeling, the physical phenomena previously unknown to researchers can be discovered.

Keywords: Numerical simulation, unstable convective medium, strategies with memory.
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CeBuoB KaHouoam Qizuxo-mamemamuyHux HayK, 0oyenm Kapeopu wmyuHoco

Cepriii iHmenexmy ma npocpamHozo 3a6e3neyenns

MuxaiinoBuy Xapxiscokuii Hayionaneruu yHisepcumem imeni B. H. Kapasina,
matioan Ceoboou 6, Xapkis-22, Vkpaina, 61022

Cnopos Kanouoam hisuko-mamemamuyHux HayK, 0oyenm Kageopu wmyuHo2o

Ouiexcanap iHmenexmy ma nPOZPAMHO20 3a0e3neyeHHs

€BresoBny Xapxiscokuii Hayionanenuu yHisepcumem imeni B. H. Kapasina,

matioan Ceoboou 6, Xapkis-22, Vkpaina, 61022

Ha nanwuii qac KoM’ 10TepH, 3B’ s13aHi MEPEKEI0, [TOYAIN aKTHBHO BUKOPUCTOBYBATHCH [Tl HAYKOBHX JOCTIpKeHb. Lle cyTTeBO
301IBIIMIIO MOXKIIMBOCTI JOCIITHUKA, SIKMH POBOJUTH aHaJi3 MPOIECiB Ta BUKOHYE po3paxyHKHU. Take 301IbIIeHHS KiTbKOCTI
JIOCTYITHHUX OIepaliii NpU3BelI0 A0 SIKICHUX 3MiH y HAYKOBHX MOCTI/DKCHHSX: BUSHI OTPUMAlId HOBI MOXKJIMBOCTI IS
JIOCITI/UKEHHS MPOLIECiB Ta MPHUCTPOiB. Pi3ko 30inbIIMIAack MIBUAKICTH NMPOBEICHHS IOCHIKEHb Ta aHaJi3y iX pe3yNbTaTiB.
36inbIICHHS. HA MOPSIAKA TEMITB BCiX JOCHITHHUIBKHX MPOLENYp, MOYMHAIOYHM Bifl MOCTAHOBKH MPOOJIEMH Ta 3aKiHUYIOUH
JETaIbHAM aHATI30M OTPHUMAHOTO PIllIEHHs Ta BHECEHHSM 3MiH J0 CTPYKTYPH JOCTIPKYBAaHUX MOJIEIeH IPU3BEITH 0 TOTO, 10
B PE3YJITATI YHCEIFHIX EKCIIEPUMEHTIB CTAJI0 MOXKIIUBIM 3HAXOIUTH HOBI, PaHIIlIe HEBiIOMi PIillICHHS, BIIKPHBATH HOBI €PEKTH
Ta siBuia. [lepcoHanbHUI KOMIT' FOTEP 03BOJIMB Ha 6AraTo MOPSIKiB MOCHIMTH 1HANBIIyallbHI MOXKIMBOCTI Jroauan. Lle mamo
MOXITUBICTE OOpOOJIATH BeMMUYE3HY KiTBbKIiCTh iH(opMamii, 3a0e3MeunBIId JOCTYN Yepe3 MEpexy A0 BEIHKOi KiTbKOCTi
HAayKOBHX Ta TEXHIUYHHX JaHHX, 10 PI3HOMAHITHHUX JITEpaTypHUX JDKEPEN, a TAKOXK T03BOJIHIIO JOCIITHUKY IIBHKO 3HAXOIUTH
EKCIIepPTIB B Pi3HUX rajy3siX, He3aJeKHO BiJ BifcTaHi. 3’SBUIIMCH HOBI METOIM Ta TEXHOJOTII PO3PaxyHKIB, pO3LIMPUIUCH
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MOXJIMBOCTI JIarHOCTUKHM OTPUMAHHX PE3YNbTATIB, CYTTEBO 3pOCIM TEMIIM aHaNi3y SK aHAIITHYHUX KOHCTPYKIIH Tak i
YHCIIOBUX PillleHb, 3HAYHO MOJIINIIHMBCS JOCTYII 0 BEIUKOTO MacHBY HAyKOBHX JAHUX, PI3KO MPHIIBUIIINIOCH YCBITOMICHHS
JIOCITITHUKAaMH Pe3yJIbTaTiB CBOIX eKCIIepUMEHTIB. Bee 11e cBirunTh po HOBHMIl XapakTep HAyKOBHUX JOCIIUKEHb. Tak, 3’ IBUINCH
TaKi JUCLUILIIHM, SK “KOMIT FOTePHA XiMisl ™, 1110 3MOTJIa IIBUKO CTBOPIOBATH HEOOX1IHI PEUOBHHU 13 3aJaHUMH BIIACTUBOCTSIMH,
“xoMI’oTepHa (i3uKa”, MO0 J03BOJSE OTPUMYBATH CKJIAAHI PIMICHHS, AIarHOCTYBaTH iX, BHOCHTH 3MiHM Ta BHOUpaTH
napameTpu Juid Mopesnel. BuHHKIa HOBa peanbHICTh HAYKOBHX JOCHIIKEHb - «JIIOAMHA-KOMITIOTEp-Mepexa». B crtarTi Ha
OPUKIAAl pe3yabTaTiB poOOTH HAYKOBOI Ipynu KadeapH MITYYHOTO iHTENEKTy Ta MPOrpaMHoOro 3abe3mneueHHs XapKiBCbKOIO
HanionansHoro yHiBepcurety imeHi B.H. Kapazina HaBeaeHo pe3ybTaTi HOBHX ITiIXO/IIB 10 HAYKOBUX AOCTIPKeHb. [IokazaHo,
SIK 3aBJIIKH ITPOBEACHOMY KOMII'IOTEPHOMY MOJICITIOBAHHIO KOJEKTHBHUX ITPOIIECIB B3a€MOI 3aps/UKEHUX YaCTHHOK 3 MOJISIMH

Ta IHIINX IpoueciB 0yiI0 BUSABICHO PsA (I3MYHUX SIBUIL, IO paHimie He OYIIN BiZJOMi JOCITITHUKAM.

Knrwwuoei cnosa: komn romepre Mooentoganns, Hecmitike KOHGEKMUGHe cepedosuuye, cmpamezii 3 nam'smmio.

KoMmnbrorepHoe Moie/iMpoBaHue - HOBbI METO MCCJIE0BAHM M

B €CTECTBEHHbBIX HAyKaX

B.A. byu, U.B. I'ymun, B.B. SInoBckuii, B.M. Kyknun, A.B. Mumun, E.B. [Toknonckuit,

A.B. Ilpuiimak, C.M. CeBunos, A.E. Criopos

Byn O00KMOp PusuKo-Mamemamuyeckux Hayk, npogheccop; 3asioysay nabopamopii
Bsuecinas Hayionanvuozo nayxkosoco yenmpy X@TI, eyn.. Axademiuna 1, Xapxis-
AJIeKCaHIpPOBUY 108, Yxpaina; 610108
npogecop Xapkiecvrkoeo nayionanbHozo yrnisepcumemy imeni B. H. Kapasina,
matioan Ceoboou, 4, Xapxie-22, Yrpaina, 61022
Cymun cmapwuil npenodasamens,, Kagheopa UCKYCCMEEeHHO20 UHMEIeKma u
HBan npocpammuoco obecneuenus, XapbKOBCKULl HAYUOHAIbHBIL YHUBEPCUMEN UMEHU
BajnepbeBuu B. H. Kapasunua, nnowads Ceo600wi, 4, Xapbkos-22, Yxpauna, 61022
SIHoBCHKMA 00KmMOp PizuKo-mamemamuyHux Hayx, npogecop, npogecop kageopu
Bosnopumup WMYYHO2O THMENEKIMY Ma NPOPAMHO20 3a0e3nedeHHs
BoJsiogumupoBu4 Xapxiscokuii nayionansnuil yHisepcumem imeni B. H. Kapasina,
matioan Ceoboou 4, Xapkis-22, Vkpaina, 61022
3asioysau meopemuunum 8iodinom, incmumym monokpucmanie HAH Ykpainu,
np.Hayxu 60, Xapxios, Ykpaina, 61001
Kykaun O00KMOp Pu3UKO-MaAmMeMamuyeckux Hayk, npogpeccop; 3asedyouuil kageopsi
Buagumup UCKYCCMBEHHO20 UHMENIeKMA U NPOSPAMMHO20 obecneuenus, XapbKkoecKull
MuxaiinioBuy HayuonanbHulll yrusepcumem umenu B. H. Kapazuna, niowaos Ce0600vl, 4,
Xapvkos-22, Yepauna, 61022
Muiun cmapwuii  npenodasamensb,  Kageopa  UCKYCCMBEHHO20 — UHMELIeKma U
AJexcaHap npocpamMmHo2o obecneyenus, XapbKo6cKull HAYyUOHANbHbII YHUBEpCUmMem UMeHU
BukropoBuu B. H. Kapasuna, niowads Ce0600wi, 4, Xapvros-22, Ykpauna, 61022
IMoknoHcKuMii KaHOUOam Qu3uxko-mamemamuieckux HayK, UCKYCCMBEHHO20 UHMELIeKMA U
EBrenuii npoepammuozo obecneuenusi, XapbKOGCKUL HAYUOHANbHBLUI YHUBEPCUMEm UMEHU
BacuaneBnu B. H. Kapasuna, nnowads Ceo600wi, 4, Xapvrkos-22, Ypauna, 61022
Hpuniimak KaHouoam Qusuxko-mamemamuieckux HayK, cmapuiuii npenoodasameins, Kagpeopa
Anexceid UCKYCCMBEHHO20 UHMENIeKMa U NPOSPAMMHO20 obecneuenus, XapbKocKull
BukropoBuu HayuonanbHulll yrusepcumem umenu B. H. Kapazuna, niowaos Ce0600vl, 4,
Xapvkos-22, Yepauna, 61022
CeBupoB KAHouoam u3uKo-mamemamuieckux HayK, UCKYCCMEeHH020 UHMeLIeKma u
Cepreii npoepammuoco obecneuenus, XapbKOBCKUL HAYUOHATbHBIL YHUBEPCUMEM UMEHU
MuxaiinioBuy B. H. Kapasuna, niowaov Ceobo0wl, 4, Xapvrog-22, Yipauna, 61022
Cnopos KaHOUOam Qu3uxko-mamemamuieckux HayK, UCKYCCMBEHHO20 UHMELIeKmA U
AJteKkcaHap npocpammuoco obecneyerus, XapbKo8CKUll HAYUOHAIbHBIN YHUBEPCUMEN UMEHU
EBrenneBn4 B. H. Kapasuna, niowaos Ce0600ul, 4, Xapvros-22, Yrpauna, 61022

B HacCTOAIIEC BPEMS KOMIIBIOTEPHI, CBA3aHHBIEC CETHIO, HAYaJIM aKTUBHO HCIOJbB30BATHCA AJI1 HAYyYHBIX I/ICCHQ}]OB&HPIP’I. D10
CYHIECTBCHHO YBEJINYNUIIO BO3MOXKHOCTHU UCCIIEA0BATEIIA, KOTOprﬁ IPOBOAUT aHAJIU3 MPOLECCCOB U BBINIOJHACT MOJACINPOBAHUC
U TIpUBEJIO K KAYECTBCHHBIM HM3MEHCHHUSAM B HAYUYHBIX MCCJICAOBAHHUAX: YUYCHBIC IIOJYYUJIM HOBBIE BO3MOXXHOCTH JUIA
UCCJIEAOBAHUS MPOLIECCOB U yCTpOﬁCTB. Pe3ko YBEJIMINIACh KaK CKOPOCTb IPOBEACHUA HCCHC}IOBaHMﬁ, TaK 1 CKOPOCThH aHAJIu3a
HX pE3YyJIbTAaTOB, YTO NPUBEJIO K TOMY, YTO B PE3YJIbTATEC MHOT'OYUCICHHBIX SKCIEPUMEHTOB CTAJIO BO3MOKHBIM HAaXOJAUTHh HOBLIC,
paHe€ HEU3BECTHBLIC PCHICHUS, OTKPbIBATbH HOBBIC 3(1)(1)6KTI)I Hu SABJICHUA. HepCOHaJ'ILHHﬁ KOMITBIOTEP MO3BOJIMJII Ha MHOI'O
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HOPSIKOB YCHJINTD WHIVBHAYaIbHbBIC BOSMOXKHOCTH YeI0BEKa. DTO a0 BO3MOXKHOCTE 00pabaThIBaTh OTPOMHOE KOJIMYECTBO
nHpopMaImy, o0ecrednB JOCTYI 4epe3 ceTh K OONBIIOMY KOJMYECTBY HAyYHBIX M TEXHHYECKHX NAaHHBIX, K Pa3IMIHBIM
JUTEPaTypPHBIM UCTOYHUKAM, a TAKXKe ITO3BOJIMIIO HCCIIEIOBATENIO OBICTPO HAXOJHUTh KCIEPTOB B PA3INYHBIX obOmacTsax. Bee
3TO CBHJETENLCTBYET O HOBOM XapaKTepe Hay4HBIX HCCICA0BaHUH. B pe3ynbraTe ynoMsSHYTHIX W3MEHEHUH MOSBUIINCH TaKHE
JTUCLUIUIMHBL, KaK "KOMIIBIOTEpHas XHUMH', KOTOpas cMoria OBICTPO co3laBaTh HEOOXOAWMBIE BELIeCTBA C 3aJaHHBIMU
CBOWCTBaMH, "KOMIbIOTEpHast (u3Mka', KOTOpas IO3BOJACT IOJY4aTh CIOXKHBIC PEIICHUS, JUArHOCTUPOBATh X, BHOCHUTh
U3MCHEHUS U BBIOMpATh MapaMeTpsl Mojeneid. Bo3HMKIIa HOBasi pealbHOCTh HAayYHBIX UCCIICIOBAHUHN - «YEIOBEK-KOMIIBIOTEP-
ceTh». B craThe Ha mpuMepe pe3yiabTaToB pabOTH HAYYHOU TPYIITEI Kadeapsl HCKYCCTBEHHOTO MHTEIUICKTa U IPOrPaMMHOTO
obecnieueHnst XappkoBckoro HarmonansHoro yHuBepcurera mmenu B.H. Kapasuna npuBeneHs! pe3ynbTaTsl HOBBIX ITOJIX0I0B
K Hay4HBIM HccienoBaHusM. [Toka3zaHo, kak Onaromapsi KOMITBIOTEPHOMY MOJEIMPOBAHUIO OBUIM OTKPHITHI (pr3mueckue
SIBJICHHSI, KOTOPBIE paHee He OBbUTH U3BECTHBI HCCIIEOBATEIISIM.

KiioueBbie cJI0Ba: KOMIIBIOTEPHOE MO/ICIIMPOBAHUE, HEYCTOWYMBAs KOHBEKTUBHAS CPEla, CTPATETHH MaMSATBIO.

Introduction

No only new, previously unknown effects and phenomena, but even drastically stronger
manifestations of the previously known phenomena in certain conditions are recognized as new scientific
achievements. There are a number of examples of the latter such as laser-induced phenomena which are
tens of orders of magnitude faster and more intense than spontaneous ones; nuclear chain reactions, which
are orders of magnitude more powerful than ordinary spontaneous radioactive decay, as well as, collective
processes of particle-field interactions, which promise a revolution in power engineering and already
making presence in high-current electronics.

The widespread use of computer networks for scientific research is one of such phenomena. Improved
analysis and calculation capabilities, as well as an increase in the number of available operations have led
to qualitative changes in scientific research. An unprecedented level of interaction with personal
computers has opened completely new and unexpected opportunities for researching process.

The speed of human-computer interaction, diagnostic analysis and visualization have been
dramatically increased. Nowadays it has become possible not only to illustrate, refine and revise the
results obtained as a result of numerical experiments, but also to find new, previously unknown solutions,
and to discover new effects and phenomena. That has been facilitated by greatly increased pace of
research; from setting the problem to obtaining a solution, its immediate analysis, updating the structure
of models and ascertaining their influence immediately (in real-time), etc.

A personal computer has strengthened a researcher’s individual capabilities by orders of magnitude.
It has made it possible to process huge amounts of information, provide network access to a variety of
literary sources, and connect a researcher with their associates, regardless of distance. It allows us to use
new methods and technologies for calculations and expand our capabilities for diagnostics of the results
obtained. The human awareness of the experimental results and analysis of models have increased
dramatically.

The new approaches to the research have been appeared using the capabilities of personal computers
and their network connection: “computer chemistry”, which is able to search for the substances with given
properties quickly, “computer physics”, which allows obtaining complex solutions, diagnosing them,
making changes and selecting the parameters of description models, as well as other new scientific
directions.

Those changes in scientific research are illustrated below by using the results of the work conducted
by the scientific group of the Department of Artificial Intelligence of V.N. Karazin Kharkiv National
University. It shows that computer simulation has made it possible to discover a number of physical and
other phenomena previously unknown to researchers.

Modeling the lon heating phenomena with the development of modulation instability of an
intensive Langmuir wave in plasma. Diagnostic possibilities.

The main problem in describing the processes of wave propagation in a plasma was the ambiguity of
the nature of the absorption of RF energy by particles and the mechanism of their thermalization, that is,
the formation of a normal energy distribution of particles, which only allows talking about their
temperature. In [1], it is shown that the mechanism of formation of the normal energy distribution of
particles is scattering by field inhomogeneities (the Fermi effect), which turned out to be more important
than the mechanism of energy exchange between the field and particles traditionally explaining this
phenomenon, known as Landau damping. The computerization made it possible to create a diagnostic
stand demonstrating the process in real time (Fig. 1).
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Fig. 1. Diagnostic stand for calculating systems of integro-differential equations on a computer (400 modes,
20,000 particles).

The occurrence of waves with abnormally large amplitude (> 20 meters)

Avrising as a result of nonlinear interference of strong sea waves (an average wave amplitude in unrest
ocean is 4-6 m., a period is 10-12 sec, phase velocity is more than 20 m/sec, group velocity is half as
much, and wave decay lengths are measured in thousands of kilometers) the perturbation of anomalous
amplitude is a sequence (group) of usually 3 waves, one of which is the largest, the frequency of
occurrence (ensemble statistics and time) of such wave group is one for 10-20 thousand waves. For such
long waves (200-250 m), the maximum achievable amplitude before collapse is about 30 m. They are
most likely to appear when the modulation instability is starts to develop (in the range of hundreds of
kilometers from the boundary of the zone of wind excitation of waves, the development time of the
instability is 10 reverse increments i.e., about 2.5-3 hours). It is shown in [2] that the perturbation of the
ocean surface arising during the development of modulation instability is similar to the Peregrine
breather/soliton. These killer waves can propagate for the hundreds of kilometers [3].
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Fig. 2. A diagnostic stand for analyzing the behavior of individual wave packeté and statistical processing of the
results of modeling the behavior of waves of anomalous amplitude in the ocean.

Process of computer modeling has been carried out by using JCUDA technology which provides Java
interoperability with CUDA (Fig. 2). The programs created by JCUDA provide the execution of program
code written

in the "C" programming language with addition of the code specific to CUDA technology.
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Phase transitions in unstable convective medium
The results of the study [4] on the models of convective instability near the boundary of thin layers of
liquid and gas are presented. All spatial perturbations of the same spatial scale, but of different
orientations, interact with each other. In the case of a more realistic model of convection described by the
Proctor-Sivashinsky equation, it is possible to observe both the first-order phase transition and the second-
order phase transition and detect the form of the state function, which is responsible for the topology of
the resulting convective structures: metastable rolls and stable square cells (Fig. 3-4). The phase transition

. . . . . . N
times are inversely proportional to the difference in the values of state function =Y A for two
m=1

consecutive states.

] (a1 (o) ()

R
________________ v

Fig. 3. Convective structures: rolls and square cells

a b c d

Fig. 4. The appearance of fragments of the spatial structure of the temperature field distribution on the surface of
layer: a) after the structural phase transition of the first kind with the formation of convective rolls, b) with the
transverse modulation of the rolls, ¢) during the formation of domains — a metastable spatial structure, after the
destruction of the roll system, d) with the formation of a stable convective structure — square convective cells
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Fig. 5. The behavior of a state function derivative as a function of time. The characteristic times of transient

=16 7,=44

processes “ are the time of occurrence of the “amorphous” state, the time of formation of

pronounced shaft-like structures s z5'6, and the time of forming a system of cells for one of the implementations
of the process of establishing convective motion.

From the graph (Fig. 5) it is possible to verify that the relative times of formation of states | (spatial
structures) are
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7l 7, = Al, [ Al
inversely proportional to the difference between the values of the state function. A similar description

of phase transitions which does not use phenomenological approaches and various speculative
considerations, allows for a closer look at the nature of transients [5].

The physical nature of the second order phase transition.

The onset of longitudinal modulation of convective rolls leads to the occurrence of convective motion
in a plane parallel to the direction of the rolls, which adds to the strong convection across the rolls. A
decrease in the spatial period of the roll modulation leads to an increase in convection as a whole and its
equalization in two perpendicular planes, an increase in the temperature on the upper surface of the layer
and, accordingly, increase in the energy value, and therefore in the state function value, which indicates
a change in the structure and a second-order phase transition.

If we assume that domains with a dominant structure arise and propagate in the convective zone, then
we will have to admit that the correlation rate of spatial perturbations in this case is extremely high. This
paradox is explained by the fact that the process of a second-order phase transition is described, at least
here, by the equations, whose solutions form the set of eigenfulnctions with different wave vectors:

O=cY A exp(ik ).

]

The process of phase transformations does not cover individual local regions, but the entire convection
zone, where the conditions for the phase transition are satisfied. In this case the formation of local domains
with a homogeneous spatial structure in different places of the convective layer is the result of the
interference of these eigenfunctions.

Discovery of new phenomena: dynamo effects in hydrodynamic

As a result of the secondary modulation instability of the structure in Fig.4(d), large-scale structures
consisting of convective vortices and poloidal vortices [6] are formed (Fig. 6-7) (similar vortices are
considered in [7]). The latter which are the effect of a regular hydrodynamic dynamo, predicted by S.S.

Moiseev are of the greatest interest.
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Fig. 6. Itis a regular defect in the Fig. 7. In the background of a field of
convective structure. In the upper corner  modulated convective cells, is the

is a fragment of the primary unperturbed  appearance of large poloidal vortices.
structure. The dashed lines show the

characteristic lines of the current of

large-scale vortices.

The detection of the effect of self-profiling of the electron bunch.

The effect of self-profiling (grouping) of a short (less than the wavelength of the wakefield) electron
bunch moving in the plasma, which leads to an anomalous value of the field of its wake radiation is
considered [8].
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Fig. 8. Change in the distribution of particles in space & (left), and in velocities v (right) at different times

It is shown that the field amplitude in the extended region behind the bunch is the same for the case
of the short bunch, and for the case when all particles of the bunch are gathered at one point. Previously,
such profiling of density and speed has been done artificially, which is extremely difficult, and requires
complex equipment and noticeable efforts. Computer modeling allows us to see the possibility of such

self-profiling without any additional devices. This is extremely important for creating an effective
acceleration regime in the wakefields of such a bunch.

(1
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50 .25 o <

Fig. 9. View of the radiation field in the reference frame of the beam as a whole
at different points in time (beam boundary at zero)

Detection of a new induced radiation threshold (due to the competition between spontaneous
and induced processes).

Detecting the behavior changes IN{dN, / N,dT} (N, is the number of quanta) by numerical

methods has made it possible to clarify the conditions for the appearance of induced radiation of a two-
level system [9]. The threshold of occurrence is determined by the condition

N, =(n,+n,)/(n,—n,)* =1, where N;and N, are the number of states at the lower and upper energy
levels, respectively.
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Fig. 10. A change in the nature of the process demonstrates a curve in the graph of the value In{dN, /N,dT}
depending on the ratio of the number of states of a two-level system to the square of the population inversion.
Noz(nl-ﬂz)/(nz-ﬂl)Z 1) No:30; 2) No:10; 3) No:5; 4) No:2; 5) No:].; 6) No:0.5; 7) No:0.2; 8) No:0.1; 9)
No=0.03; 10) No=0.01.

Periodic changes in the luminosity of quantum sources

In the equilibrium state, heated gas radiation sources are located near the threshold of the induced
radiation n, > n,. In this case the induced radiation can be comparable to spontaneous radiation, but only
if there is a source of population inversion, which can be convection from denser heated layers
—v-dulox~v-ull (here, V,I is the average velocity and the characteristic height of the convective
layer). The conditions of this generation regime are discussed in [10,11]. A one-parameter system of
equations that describes the generation of only induced radiation of a quantum source is reduced to two
equations

oM

—=K-M-2M-N
T
N _ M-N-2N,
T
Areoopty | dyy ° drouy | dg, [
where N = (N, / p)(——2—21) , M = (uf go)(——>—21), 7=6,t, K=(v/6,l), where N .and u are the
V12007 Sprah

density of quanta of induced radiation and the population inversion per unit volume. The population
inversion scale 42 (I (n, +n,) is chosen so thatn, > n , 5, is the effective decrement of the source, ,, is the

line width, d_ is the dipole moment of the active particle. The solution of the system of equations is
presented in Fig.11. The phase plane (N, M) is shown in Fig. 12. The bold line on the graph represents a
periodic change in the number of quanta, N, =20.188, N, =4, N, —N,_. =16.188. Itisseen thatthe
constant component of the induced radiation is not zero.
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Fig. 12. Phase plane.

The model presented above can be used to describe changes in the luminosity of Cepheid stars. If we
assume that the spontaneous emission of the cantilever source and the rest of the heated source is equal
to Nb =8.748 , multiplying by 84,507 - L, , where L, is the luminosity of the Sun, we get the Delta Cephei,

the star which is 272 parsec from us and has a maximum luminosity of 2000 L, and using the relations

M =m-5lg(d /d,), m=M +5lg(d/d,), d, =10, m-m,=-2,5lg(L,/L,), to change the stellar values,
we obtain the following graph (see Fig.13), which coincides with the observational data presented in the

literature.

A

L ] 1 1 1 1 1 ]
Phase 00 01 02 03 04 05 06 07 08 090 10«

Fig.13. The change in the stellar magnitude of the star of the Delta Cephei with time. (solid curve received in the
1930s by N.F. Florey using a visual photometer) and the solution of equations of system in the same variables

(dashed line) [11]
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T

Fig. 14. The change in the magnitude of the North Star with time (solid curve) and the solution of the equations
(dashed line) [11]

The attenuation of a wave packet in waveguides filled with an active medium, and plasma

When considering the processes of wave attenuation in a waveguide (resonator) filled with an active
medium and in plasma with a finite electron temperature, the reason for the transition of the nature of the
change in the field amplitude from oscillatory to monotonic with increasing line width of the wave packet
is discussed [12].

The nature of the oscillations in a waveguide (resonator) filled with an active medium is associated
with the interference of oscillations of the population inversion in local regions. Inversion changes occur
with the Rabi frequency, which depends on the electric field of a standing wave formed as a result of
reflections from the ends of the waveguide. In case of strong fields or with a significant population
inversion, the line width can be neglected. In this case the field energy density is quite high
|E(t) ? 147 >> y2n%1|d,, |* (a similar relation can be given for population inversion u >> y2 -n/(w|d,, [*)-
At low levels of electric field intensity or a small population inversion, the inverse inequalities are
satisfied and the line width should be taken into account, which leads to suppression of the interference
of individual local inversion regions along the waveguide. The nature of the change in the field amplitude
becomes monotonic.

In a similar way, the width of the spectrum of the wave packet affects the character of the Landau
damping [6] on plasma electrons. In this case, the role of population inversion is played by the quantity
p=ny,—n = f Vo +7k/m)— f(v) =k /m)-of (V) /vl » where f(v) is the velocity distribution function

of the electrons, n,,n, are the numbers of electrons whose velocity is less than and greater than the phase

velocity of the wave.
The role of the Rabi frequency here is played by the oscillation frequency of the trapped particles in

the potential well of the field €, =+/6KE/m, (here em, is the charge and mass of the electron, a k is
the wave number of oscillations, and v, = w/k is the phase velocity of the wave).
In the case of a small spectral width of the packet ak-v,, ~Ae <<, , the process of wave attenuation

acquires a characteristic oscillatory form associated with the exchange of energy between the wave and
plasma electrons captured by its field. In the case of the reverse inequality, the monotonic character of
the field attenuation is observed with the formation of a characteristic “plateau” in the vicinity of the
phase velocity of the wave on the electron velocity distribution function corresponding to the state with
zero population inversion, which is presented in this case as ,, = (nk / m)-of (v)/év|,_, =0 -

The superradiance of a bunch of rotating electrons

Equations describing the excitation of a TE wave by a beam of electrons rotating in an external
magnetic field in a waveguide in two regimes have been considered. In the first regime the interaction of
the oscillators — rotating electrons in the magnetic field — is neglected. It is assumed that the beam
electrons interact only with the waveguide modes. In the second case, in the superradiance regime, the
beam electrons interact with each other due to their spontaneous radiation. The basic features of the
description of the gyrotron gain regime are discussed in the article [13].

The world of strategies with memory [14]
Understanding the nature of the emergence of cooperative behavior in different systems has been of
interest to researchers. As part of a generalized “prisoners’ dilemma”, it is considered that the evolution
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of a population with a full set of behavioral strategies is limited only by the depth of memory. Each
subsequent generation of the population successively loses the most disadvantageous strategies of
behavior of the previous generation. It is shown that an increase in population memory is evolutionarily
beneficial. The winners of evolutionary selection invariably refer to agents with maximum memory. The
concept of strategy complexity is introduced. It is shown that strategies that win in natural selection have
maximum or near maximum complexity. Despite the fact that according to the payout matrix the
individual gain obtained from refusing to cooperate, exceeds the gain obtained from the cooperation at a
separate stage of evolution, the winning strategies always belonged to the so-called respectable strategies
that are clearly prone to cooperation. The changes in the average memory and complexity of a population
with a fixed depth of strategy memory are insignificant during evolution. Aggression in the process of
evolution decreases and tends to a minimum value.
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Tloka3aHa inmes 3acTOCOBYBAaTH YSBICHHS TIPpO pOOOTY JFOJCHKOTO MO3KYy SK MaTeMAaTH4Hi MOJENTi, SKi MOXHa
BUKOPHCTOBYBATH B O€371i4i NpUKIAIHUX 3a1a4dax. [loka3aHo, 0 MaTeMaTH4Hi Ta (i310J0T19HI MOJIENi O CYTi MalOTh TOCUTH
MaJio CHIJIBHOTO, ajieé OCHOBHY 1/I€I0 - 3aCTOCOBYBATH HEHPOHH, SIK JESIKI CaMOCTiHHI OOYHCITIOBAIIBHI BY3/IM 1 KOMOiHYBaTH iX B
IIapu - 3TN 1 PO3BHHYNIHM. HaBeneHO icTOpWYHI MIATPYHTS PO3BUTKY HAyKH HEHMPOHHHX MeEpEeX, 3rafgaHi OCHOBHI
JOCHIJHUKY, YUi pOOOTH BIUIMBAIM Ha BEKTOP 1 TEMI PO3BHTKY TEXHOJOTiH HaicwibHime. [lokazaHo, o0 HEHPOHHI Mepexi
Malld Pi3Hy MATPUMKY 3 OOKY IHBECTOPIB 3a 4ac CBOTO PO3BUTKY 1 MK MAacoOBOTO IHTEpeCy N0 HUX OyB 3aJeKHHU Bif
BUHHUKHEHHS HEOOXiTHUX OOYMCITIOBATLHUX MOTY)XHOCTEH a00 MPOPUBHHI apXiTeKTypu Mepexi. Takumu Oyiu CBOrO yacy
MEePCENTPOHN, MEpeXKi 3 HAsBHICTIO 3BOPOTHOTO 3B'SI3KY, MEpEXi, sKi 3aCTOCOBYIOTh OIEpAllil0 3TOPTKH Uil aHawi3y i
kiacudikanii 300pakens. [lokasaHo, m0 Tak 3BaHe TJIMOOKE HABYAaHHS PO3BHMHYJIOCS Ha 0a3i METOAIB ONTHMI3allil Bar
TPami€eHTHUM cIycKoM. [IpoBeseHo Orisa BiIOMHUX pIIIEHb MEpeX HaBYaHHS 0e3 y4uTels, 31 3BOPOTHHM 3B'I3KOM i MOBHI
Mojeni. [eHepaTHBHI MO BUIIAJAIOTh, SIK HAHOUTBII IEPCIIEKTUBHUIN HANPSIMOK Yy PO3BUTKY HayKOBOT IYMKH 1 CTBOpPEHHI
IHTEpPIPETOBAHUX pillleHb Ha 0a3i HEHPOHHMX MEPEK.

Knrwowuosi cnosa: mneiiponni mepedci, nepcenmpoH, HAGUAHHA 3 Yuumejem, HAGYAHHA 6Oe3 yuumeis, 2IUOOKe HABYAHHS,
360pOMHE NOWUPEHHS NOMUTKU, 320PMKA MAMPUYb, NOWAPOBE HABYAHHS, 2PAOTEHMHULL CNYCK, QYHKYIA akmusayii..

Neural Networks in the Modern Age
I. Gushchin, V. Kuklin, A. Mishyn
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The idea to apply representations about the work of the human brain as mathematical models, which can be used in a variety of
applied tasks is shown. It is shown that mathematical and physiological models have quite little in common, but the basic idea -
to apply neurons as some independent computational nodes and combine them into layers - has been developed to the current
state of technology. The historical background of the development of neural network science is given and the main researchers,
whose works have influenced the vector and the pace of technology development the most, are mentioned. It is shown that
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neural networks had different support from investors during their development and the peak of mass interest in them depended
on the emergence of necessary computing power or a breakthrough network architecture. Such networks were in its time
perceptrons, networks with feedback, networks applying convolution operation for image analysis and classification. It is
shown that the so-called deep learning has developed based on weight optimization methods by gradient descent. A review of
known solutions of supervised learning, feedback, and language-based learning networks is conducted. Generative models look
like the most promising direction in the development of scientific thought and the creation of interpretive solutions based on
neural networks.

It is shown that in learning with a teacher, which is typical for deep neural networks, the optimization for it is performed by
regularization procedures, which help to avoid diversity and provide error minimization during error back propagation.
Keywords: neural networks, perceptron, learning with a teacher, learning without a teacher, deep learning, error back
propagation, matrix convolution, layer-by-layer learning, gradient descent, activation function.
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Tlokazana uaes NIPUMEHSTH MIPEACTABICHNS O pabOTe YEIOBEYECKOr0 MO3ra Kak MaTeMaTHUeCKHe MOJEIH, KOTOPBIE MOXKHO
UCIIOB30BaTh BO MHOXKECTBE NMPUKIAAHBIX 3a1adax. [loka3zaHo, 4TO MareMaTHueckue W (hM3HOJIOTUYSCKUE MOJETH IO CYTH
HUMEIOT JOCTaTOYHO MajJo OOLIero, HO OCHOBHYIO HJEI0 — IPUMEHSATh HEWPOHBL, KaK HEKOTOPHIE CaMOCTOSITEIbHBIE
BBIYHCIIUTEIIBHBIC Y3JIbI 1 KOMOMHUPOBATh MX B CJION — OCTaBIJIM U pa3Bwid. [IpuBeIeHB! HCTOPUUECKUE MOMOIIEKH Pa3BUTHS
HAayKd HEHpOHHBIX CeTeil, YIOMSIHYTHI OCHOBHBIC HCCICIOBATENH, YbW PAOOTHl BIMSUIM Ha BEKTOpP M TEMI DasBUTHUS
TEXHOJOTHil cuibHee Bcero. ITokazaHo, YTO HEHpPOHHBIE CETH MMEIH Pa3IHYHYIO IOJJEPKKY CO CTOPOHBI MHBECTOPOB 3a
BpEMs CBOCTO Pa3BHTHS M MK MAaCCOBOTO MHTEPECca K HUM ObLI 3aBUCHM OT BO3HMKHOBEHHUSI HEOOXOUMBIX BBIYMCIHTEIBHBIX
MOII[HOCTEH MIIM TPOPBIBHOI apXUTEKTyphl ceTH. TakuMHU OBUIH B CBOE BpeMsl NEPCENTPOHBI, CETH ¢ HAIUYHEM OOpaTHOMH
CBSI3M, CETH, NPHMEHSIONIME OIEpalMi0 CBEPTKH Ul aHauM3a M Kiaccupukanun uzoOpaxenuil. IlokasaHo, uyTo Tak
Ha3bIBaeMoe IIy0oKoe 00y4eHHe pa3BUIOCh Ha 0a3e METOJOB ONTHMH3ALUK BECOB IPaJUCHTHBIM ciryckoM. IIpoBeneH 0030p
W3BECTHBIX pEIIeHMI ceTeil oOyueHust Oe3 yduTens, ¢ OoOpaTHOH CBSI3bI0 M SI3BIKOBBIE MOJETH. [ eHepaTHBHBIE MOZEIH
BBITJIAAT, Kak HanOojee MEepCIeKTUBHOE HANpaBlIeHHE B PAa3BUTHH HAyYHOW MBICIH M CO3JaHUHM HHTEPHIPETHPYEMBIX
peeHnit Ha 6a3e HEHPOHHBIX CeTeH.

Knrouesvie cnosa: weiiponnvie cemu, nepcenmpow, oOyueHue c yuumeinem, oOyuenue Oe3 yuumens, 2nybokoe obOyueHue,
obpamHoe pacnpocmpaneHie OuwubKU, C8epMKa Mampuy, NOCI0UHOe 00yUeHUe, SPAOUEHMHBII CRYCK, QYHKYUS aKmueayuil.

1 Beryn

3B's130K JIOTiKK 1 HepBOBOi HisuibHOCTI miakasana Mak-Kammoky V.C. i Ilirtcy B. B 1943 p igero
HeliponHoi mepexi [1]. IlosBa kaurn «KiGepHeTnka, abo yIpaBIliHHSA 1 3B'S30K B TBapWHI i MaIlIMHI» B
1948 p. H. Binepa, o3HaMeHyBajO IOSBY HOBOI rajy3i 3HaHHS - KiOEpPHETHUKU. 3/1aBajiocs, Ii JiBa
HaNpPsIMKHU TIOBUHHI 00'€THATHCS, 10 1 CTANIOCS CIIOYATKY, ajie MOJANbIIHNA PO3BUTOK Teopii HEHPOHHUX
Mepex Y. Mak KammokoM npu3Beno 10 BiIMOBH Bij 00'eTHaHHS 11i€l Teopii 3 KiOEpHETHKOFO.

. Xe66 Bxe B 1949 p mpencrapnsie aqropuTMyd HaBYAHHS HEWPOHHOT Mepexi, aie jumie B 1958
porti 3'sBisieTbest epcenTpon @. Pozenbdnarra. B 1960 poui b. Yinpoy Hamanu AnaiiH - alanTUBHUHA
cyMaTop (BUKOPHCTOBYETHCS B CUCTEMaxX OOpOOKH CHI'HAJIIB) HAa KEPOBAHUX PE3UCTOpaX-MiMicTOpax.

MareMaTHKi BiJI3HAYMIIM, IO BUJ (DYHKIII akTHBAIli, ska repeadadacTbCsi OyTH OOMEKEHOIO i
HENHIMHOI0, AKICHO HE BIUTMBAE HA XapaKTEPMCTHKU MEPEXil 1 OTpUMaHHA MOTPiOHMX pimens. B
3HaYHO OiNbIIiM Mipi BakimMBi 3B'SI3KM MK HeiipoHamu. Ha BiaMiHy Big HpUpOIHBOI HEHPOHHOI
Mepexi, LITy4YHa Mepexa, B3araji Kakydu, He nependadae 3MiH Yucia i CTaHy Bar OKpeMHUX HEHpOHIB,

1 Compatounce Ha poboty Croyna, XexT-HinbcoH m0BiB, mo (yHKHii 3aradbHOTO BUIJISILY IPEACTAaBUMO B
JTBOIIIAPOBOI MEPEXKi 3 MPSIMUMU ITOBHUMHU 3B'si3KaMu [2]
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(Gopmu mepenaBanbHoi GyHKIIT i yMOB Ha i BXOAiZ Bike B IPOLECi BUpiNIeHHS 3aBaaHb. OIUH HEHPOH
Jla€ MOKJIMBICTh OOYMCIINTH 3HAa4YeHHs onHiel HemiHiiHOI QyHKHIT (MepenaBaibHOT), 6e31i4 HEHPOHIB
MOJKe O0YHCITIOBATH 3HAYECHHS Cyneprno3unmii Takux QyHkuii. [TocnigoBHO crpollyroun BUj YSIBICHHS
JOBLTBHOT PyHKIIIT SK TBOPH 1 cymepro3uiii crangapTHux ¢yHkmii cmodatky A. H. Kommoropos [3],
notim I'. Jlopenn [4], a motim 1 [I. [mpexep [5] mpuiity 10 BUCHOBKY, 10 OyAb-iKa (QYHKITIS MOXe
OyTH mpeacTaBicHa K KiHIeBa cyMa AesIKuX (YHKIiH, apryMEHTOM SIKUX € KiHIIEBI CyMH CTaHAapPTHUX
¢yHKIiA. [HIIME ciioBamMu, IIapu MepeKi IpH MeBHiH 11 apXiTeKTypi pOpMyIOTh CyMy CBOIX BIATYKiB
(kokeH BIATYK y BUTIIAAI mi€i neskoi QyHKIii), apryMeHTaMu [Koi € (YHKII aKThBamii OKpeMHX
HelpoHiB. MaTeMaTHKH MigKa3ald MmporpamicraM, IO TaKMM YWHOM MOKHA OTPUMAaTH B PE3yNbTaTi
Oyap-sKy QYHKIII0, TOOTO Mepeska JO3BOJISIE PO3PaXOBYBATH, 1[0 BOHA 3HAJE PillICHHS B OyIb-IKOMY
BHITAJIKY".

3rogom onTHMi3M 3rac. HeBaadi MammHHOTO niepeknaay (B OCHOBHOMY 3 POCIHCHKOI Ha aHTIIHCHKY)
3MycuiH po3uapoBaHux kepiBHUKIB CILIA B mepion xomonHoi BiffHM 3ropHyTH (iHAHCYBaHHS i€l
mporpamMu. Yzadi JOTiYHHX METO[IB (CHMBOJIBHI MiAX0AX - symbolic reasoning) MTY4IHOTO 1HTEIEKTY
BIICYHYMH Ha y30i44s MiATPUMKH YWHOBHHKIB TPUXWIBFHUKIB KOHHEKTIBI3Ma (BUHAX1JTHBOTO
CTBOpeHHS OJIOKIB 3 HEHpOHIB, sk B Mepexi Y. [lutrca i V. Mak-Kammoka) i ycmix mepcenTpoHOB.
Cywmnisu A. II. IletpoBa i M. M. bosrrapna [7,8] B MoxIHBOCTSX mepcenTpora B 1963p., a Takox
poborta omHokypcHHKa ®. PozemOmarta M. MIiHCEKOTO TIPO HEMOXKITUBICTH BHPIIITYBAaTH 3aBIAHHA 3
iHBapiaHTHUMH YSBJICHHSAMH (JIUB. TAKOX MPOOJIEMY €HMHOTO pitteHHs) B 1969 p, npuBenu 1o mepuioi
3UMH B PO3BHUTKY HEHPOHHHX MeEpex. Xoua B IeH dYac iHTepec A0 Ii€i TeMu He mpomnas (IWB.,
Hanpuknag, [9,10]). T. Koxonmen i [x. Armmepcon B 1972 p 3anmpomnoHyBald BHKOPHCTOBYBATH
HEHpOHHI Mepexi sk cuctemu mam'siTi. b. B, XakumoB 1973 p BUKOPUCTOBYBaJIM MOAETH 3 CHHAIICAMH
JUTs BUpileHHs 3aBaaHb, [1. k. Bebpoc, a Takox A. 1. INanymkun 1974 p oO6roBoproBaiu alroputm
3BOPOTHOTO TOMIMPEHHS TIOMUIIKH, alle Ii poOOTH 3anmummiaucs 0e3 yBaru. HaBiTh imess Mepexi, mo
CaMOOPTaHi3y€eThCsl - KOTHITPOHY 1 moTiM HeokorHiTpoHa Dykycimu (Fukushima, 1975, 1980) ans
po3mi3HaBaHHS 00pa3iB HE BUKIMKAIA IHTEPECY, X0Ua Yepe3 JIBa NECATHIIITTS JISAIIa B OCHOBY Cy4acHOL
CBEpTOYHOE Mepexi. YnMmany 4acTKy po3uapyBaHHS BUKJIMKaB HeraTWBHWH 3BiT k. JlalTximma mpo
MOJKJIMBOCTI HEHPOHHUX MepexX. Y Ied Mmepiof] MijbspaHa Taly3b IITYYHOTO IHTENIEKTY 3alUIIMIACH
0e3 (pinaHCYyBaHHSA Uepe3 po3yapyBaHHs YNHOBHHKIB BiJl HAYKH.

3akiHUeHHs TEpIIoi 3MMHU O3HaMeHYBajo MOsiBY B 1982 p Mepexki 3 3BOpOTHUMH 3B'a3kamu J[x.
Xondinma i mepexxi KoxoHena, mpudoMy OCTaHHA HaBdajacs Oe3 yduTens 1 3a0e3rnedyBaiia
KJIacTepu3allito pimens camoctiHo. IloTiM B 1986 p 1mima koropra mocmigawkiB (3aximaux - JI. L
Pymenbxapt, x. E. XinTon, P. [Ix. BinbsMc mpakTHYHO OJIHOYACHO 3 BYUCHUMH KPACHOSPCHKOI TPyIH
Ha yoii 3 C. . bapueBum) moBepHyNIHCS OO METOLy 3BOPOTHOrO MOLIMPEHHS MOMHIKU. Mepexi
crioyaTKy Oynr HEBENWKUMH (KUIBKICTh IIapiB, KUIBKICTh HEHPOHIB, KiJIbKICTh CHHAICIB-3B'S3KiB), i
TOMY HE NPUNHUHINCA CHPOOM CTBOPEHHS iX (HOPMaIbHOTrO - aHAIITUYHOTO OINHUCY, IO Mi3Hille
MPU3BEJIO-TAKH JIO CTBOPEHHS Oe3IIidi Teopiil rIMOoKoro HaBdaHHs. Y 1eH mepiof] CTalu TOMiHYFOUUMH
B yCBiIOMIIeHHI TIpobIeM podi Heipodizionoris i MaTeMaTukiB. [lepiri, crimparodnchk Ha 3HAHHS CUCTEM
TOJIOBHOTO MO3KY, MIPOTIOHYBJIM BCE HOBI BapiaHTH apXiTEKTYpH Ta CIOCOOM KOHCTPYIOBAHHS PillleHb,
a MaTeMAaTUKW HaMarajucs J0BECTH PAIliOHATBHICTD JACSIKHUX, 110 CIIOA00aTUCS TM MEPEK 1 METOIIB.

[lingxiq [0 WIATPUMKH JOCHIHKEHb 3aBXKIUM OYB TpPaAWLIWHWUN JUIS YHHOBHHKIB, OCOOJHMBO
BIiCEKOBUX. SIK BiZIOMO, areHTCTBO TEPEIOBUX 00OpPOHHUX nociimkeHb «ARPAy (tenep «DARPAY)
Jano MoxuBicte M. MiHcbkux, I'. A. Caiimony, A. Hetoemny i iHIIMM aBTOpUTETaM BUTpadaTH Oy/ib-
AK1 3ac00M ISl IPOrpecy B TUX O0JACTAX, SIKi BUCHUM 3/1aBINCS EPCIEKTUBHUMU. Asie Bxke B 1969 p
(nmompaBka Mencdinga) Bii BYSHHX 1 TEXHOIOTIB 3aKajalld BXKe IIOBUX po3poOok. 3Bitm JIk.
JlaiiTxijuia Ta IHIIMX 3TyYEHUX BIHCHKOBUMH €KCIEpTiB MpuBesd 3 1974 poky B po3nan eKOHOMIYHOT
KpH3M JI0 O4YiKyBaHOTrOo 3ropraHHs (iHaHcyBanHs mporpam mrydHoro intenekty (II). ITicns
JECSATUIITTS 4eproBuil 3uMu aociimkenb, B 1983 poui DARPA 3anyctunum IHiniatuBy crparteriynnx
ob0umnciens (Strategic Computing Initiative). I[Iporpamoro mocCHipkeHb KepyBaio YIpaBIiHHS
TexHoJori 06pooku iHpopmanii (IPTO). Yepes 4oTupu poku, po3uapoBaHi pe3yibTaTaMi YAHOBHUKH
BCE 3rOpHYJIH, KpiM cucteM ympasiiHHig 6oeM DART, ne, 1o peui, ITy4Huil 1HTEIEKT NpOSIBUB cebe
npekpacHo mix uyac mepuroi BiiiHM B Ilepcpkiit 3atomi 1991 p. Bigomum craB ckaHganbHUHA (axTt

2 'V pasi HaCTpOMKH 1 HABYAHHS MepesKi TakKi 3MiHU MO>KJIUBI
3 JletanmpHime mpo MaTeMaTHYHOI 06a3i HEHPOHHUX Mepex cM. [6].
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BUCJIOBITIOBaHHSI KOJIETH BHUIIIE3a3HAYCHUX BUYCHUX X. MopaBeka, KUl 3BEpHYB yBary rpOMajiChbKOCTI
Ha CXWJIBLHOCTI BUCHHUX JI0 HEPEATICTUYHHUX MPOTHO3iB, & YUHOBHUKIB J0 3aBUIIEHOK BUMOTJIMBOCTI JI0
PE3yJbTAaTUBHOCTI HAyKOBOTO TONIYKY. ATEHTCTBO B IIEH )K€ YaC TAaKOX CKacyBaio (piHAHCYBaHHS
JIOCITiTHUKaM 3 VHiBepcuTeTy KapHeri-MemtoHa, sIKi paIfioBaId HaJ TPOTPaMoI0 pO3ITi3HaBaHHS MOBH
(Ha OCHOBI MPHUXOBAHWX MAaPKIBCBKHX MOJEJEH), aje TUTbKA TPH TPOTOJIOMICHHI CIIiB B IICBHOMY
MOpSAAKY. AJie, K BOJUTHCS, PO3POOKH IUX BUEHUX JOMOMOIIM PO3BUHYTH IIi METOJU JIUIIEC Yepes3
POKH, JIO TOYATKY HOBOTO CTOJITTS.

2 Heiiponni mepe:xi B XXI cromiTri

Ille pa3 npo npupoanmii inTesexT. /[y mosicHeHHs 3MiH B JUHAMIL PO3BUTKY HEMPOHHHUX MEPEK
KOPUCHO TIOBEpHYTHCS IO NPUPOIHOIO iHTENeKTy. MO30K - Iie HeHpOHHa Mepexa, 5Ky MOXKHa 3
NEBHUMH YMOBHOCTSIMH TPEICTaBISATH, K OaraTolmapoBy CTPYKTYpPY 3 HEHpOHIB (xo4ya B AiMCHOCTI
ySIBIICHHS Y BUTJISIII IapiB HaBpsA UM BiAMOBizae peansHocTi). Ha 1mo cimig 3BepHyTH yBary, Tak me Ha
Te, mo 1mi mmapu (abo JOKanbHI MAacWBH HEHWPOHIB, IO OAHE # Te camMe) OKpeMo, BHOIPKOBO HE
Ti1al0ThCA HaBYaHHIO0. HaB4aHHS IPOBOINTRCS Biipa3y 10 BChOMY MacHBY HEWPOHIB a00, MpWHANMHI,
B 3HayHii foro yactuni. Xouya BiJOMO, IO Pi3Hi JUISHKKA MO3KY BiAMOBINAIOTH 32 BUPOOJICHHS Pi3HUX
THIIIB pimeHs? 60 OKpeMi OpraHd 9yTTS HiAKIOYEHO N0 Pi3HMX JOCUTh BEIUKUX IISHOK MO3KY i
30KpeMa Horo KOpH i Mpollec HaBYaHHS JOKaJi30BaHO caMe TaMm. TOYHO TaKoX JEesKi TUISTHKH MO3KY
MOB'sSI3aH1 3 PYXOBUM arapaTroM, BETETATUBHOIO HEPBOBOIO CHCTEMOIO 1 T.II. AJie SKIIO BHKIIOYHUTH LE,
TO HaBPSJl YM B KOPi MO3KYy HasiBHA YiTKO OpraHi30BaHa IOIIApoBa rmepepoOka iHpopMarlii, mMBUIIIE 3a
Bce (hopMyBaHHS pillieHb BiAOYBAETHCSA OJHOYACHO Y BEJIMKUX MAaCHBaX HEWPOHiB. A oCh TOU (hakT, 10
HaByYaJNbHA BHOIpKA y JIIOIMHN HaJ[3BUYAaliHO BEJIMKA, € BU3HAYAJIBLHUM. b0 HaBUaeThCs MOANHA JTOBTO.

[TosiBa BeMMKMX HEWPOHHMX MEpPEX 3 MIUIbApIaMHU HEHpOHIB, Oe3mpele/eHTHE 30UThIICHHS
MBUAKOIT 1 HEWMOBIpHE pO3MMPEHHS OOCATIB Mam'sTi JO3BOJWIIO TOBEPHYTHCS IO HAmiB3a0yTHX
MEpeX NPsSMOro IOIIMPEHHs, BUKOPHCTOBYBATH CHUCTEMY HAaBUaHHS 3 YYHMTENEM, BiI SKOi Bci
BiZIBEpHY/IHCS, HA 0a3l 3BOPOTHOTO TOMIMPEHHS MOMWIKH. TOOTO IisITH AOCHTH MpsIMOINiHiiHO. bo 3
TaKUMH HOBUMH MOKITUBOCTSIMH 1HTEJIEKTyalbHUX OOYMCIIOBATBHUX CHCTEM MOXKHA OYi0 3a0yTH Tpo
0araTo KOJNWIIHIX XHTPOIIiB, SKi OyJTM BHMYIIEHHMH B yMOBax cilabkoi TexHiuHOi 0a3m. Lli HOBI
TEXHIYHI Ta 00YHUCIIIOBAJILHI MOXKIIMBOCTI JIO3BOJIMIIN 301IBITUTH HaBYaJIbHI BUOIPKH JI0 OaraThOX THCIY
npukianiB. barato ekcrepTiB Bif3HAYAIOTh, IO SKIIO TAaKUX NPUKIAIiB Oyae Kilbka MiUIBHOHIB, TO
3Mi0HOCTI 710 HABYaHHS BEIUKWX HEMPOHHUX MEPEX MepeBepIIaTh MOMXIHMBOCTI JOIWHU. KinbKicTh
HEHPOHIB B MepeKax MOABOIOBAIOCH KOXKHI /1Ba 3 ITOJIOBUHOIO POKH, BiIOYBAJIOCHh TAKOX NMPHCKOPEHE
3pOCTaHHS YMCIIA 3B'I3KIB MK HUMHU-CHUHAIICIB. CKOPO MOMIIMBOCTI HEHPOHHHX MEPEX 1 MPUPOIHOTO
PO3yMY 3piBHSIIOTBCS.

IlosiBa Teopili rIMOOKOro HaBYaHHsS. YCHiXd B 00JacTi CTBOPEHHS 1 HaBYAHHS BEJIHMKHX
HEHPOHHUX CHCTEM MOPOJAMIM HOBI MOTHBH B PO3BUTKY HAayKOBHX HANpPSMKIB - T€Opii Tak 3BaHOTO
TTUOOKOT0 HaBYaHHS ISl CUCTEM B OCHOBHOMY IIPSIMOTO MOLIMPEHHS (CTalld 3aCTOCOBYBATH MEPEXKi 3
3rOPTKOBUMH LIApaMH, /1€ BUKOPUCTOBYETHCS OIEpaLlisi MAaTPUUHOI 3rOPTKU Al (OpPMYBaHHS O3HAK
300pakeHHs y 3a/1auax Knacudikarii °).

Tak sK JIFOJMHA OCBOIOE CBIT IOCTYIIOBO BiJl MPOCTUX peuei 10 OUIBbIN CKJIATHHUX, HE BUMAralouu
CHOYaTKy (OpMaJIbHOTO ONKMCY YCBIIOMJICHOTO, TO L€ NPUHLUMI BHUPIIIWINA 3aCTOCYBaTH 1 Ui
HaBYAHHS CHCTEM IITYYHOrO iHTENEeKTy. BaxiuBo, M0, YCBIZOMHBIIM MpPOCTI pedi, JIOJUHA
BUKOPHUCTOBYE 1€ 3HAHHS Ui CTBOPEHHS YSIBJIEHBb MO pedi Oinbm ckiagHi. Dopmyodn npu oMy
MHUMOBOJI i€papxiuHy cHUCTeMy YycBimomuieHHs miiicHOcTi. Lleit iepapxiunuii, moeTamHWd MiaXixg
HaBUAHHS CTajlyl HA3WBaTH TIMOOKMM HaByaHHAM. CIif 3ayBaKHTH, L0 JAJIEKO HE 3aBXKAM iCHYE
MOJUIMBICTh OTPHMATH PE3YJBTAT, MO IHTEPIIPETYETHCA, 3 JAHUX, B3ATHX B MPOMDKHHX IIapax MEpex
IMOOKOTO HaBYaHHS, ajie iHOAI mboro He moTpiOHO. [IpakTuka CTBOPEHHS IITYYHOTO IHTENEKTY
31TKHYJIAcsl 3 MPOOJIEMOI0 BHECEHHS 3HAHb B priIafgu. JIOriuHi cucTeMu OTpUMAaHHS PillieHb 3aKaaliu

4 Takox BiZIOMO, IIIO TMPH HEOOXiTHOCTI, HANIPHUKIIAA, PU TPaBMaX, MO30K HIIKOM 3JaTHHU MepeaaTd (pyHKIil
ypakeHOI AULTHKM IHIIMM, YIUIUIAM TPU TpaBMax oOJlacTsM KOpH. Y HOPMaJbHUX yMOBax BUOIp (YHKIH
OKpEMHX JIOKAJIbHUX LEHTPIB NPUHHATTS pillleHb, MaOyTh, OlbIle MOB'I3aHMI 3 NUIIXaMM HaJaHHS iH(popMaril
BiZ opraHiB 4yTTsa. | Bu3HauaeThcs 3B'I3KaMH 3 BHKOHABUMMH CTPYKTypaMH, HAlpHKIIAJ, PYXOBUM arapaTroM
OpTraHi3my.

° BiNbIIiCTh NPHKIATHKX 3329 KIacH(ikaliii MOKHA IIPeICTABUTH K KIacHpiKalliio 300paeHb, a 0 3a1ady
Kpalle po3B’s3y€e apXiTeKTypa Ha 0a3i 3ropTKOBHX LIapiB
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BEJIMUYE3HUX OOCATiB poOoTH mo (opMyBaHHIO 0a3 3HaHb 1 JAHHUX, IO 30aJ0CSA JIFOASIM, OXOUYHM
CTBOPHUTH 1HTENIEKT MOPIBHIHHUHN 3 MPUPOAHUM, TYITUKOBUM IILJISIXOM (JIUB., HAMPHUKIIAA, OOTOBOPEHHS
uporo nmuranHs [11]). Xoua a1 6araThox 00UHMCIIOBAHUX 33]1a4 1€ NUIAX 3HAMIIIOB CBOE 3aCTOCYBaHHS.
TpyaHOIII OCBOEHHST MAIIMHOIO 3HAHB PO CBIT (PIlIeHHS TaK 3BaHUX HEOOUYNCIIOBAaHNX 3aBIaHb) OYyJI0
YCKJIaTHEHO BITMBOM 0e3:midi 30BHIIIHIX (paKTOpiB, BIUIMBIB Ha XapakTep oaep:KyBaHoi iHdopmartii. Lle
SBUIIE MIHIUBOCTI OAHOTMIHOI iH(opMmamii HazBamu ii BapiatuBHicTO. Ilepmri HeWpoHHI Mepexi Ta
00YNCITIOBAJIEHE CEPEHOBHINE iXHBOTO PO3MIIICHHS, BOJIOAIIOYN TOPIBHIHO HIDKYUMU TEXHIYHHUMH
MOJKJIMBOCTSIMU B TIOPIBHSAHHI 3 HUHINTHIMH, HE JO3BOJIINA TBOPISM IUX MPWIALIB MiACTYIHTUCS JO
MMOAI0HUX 3aBaHb.

[Ticst mepiuoi XBUJIi HEHPOHHMX CHUCTEM Ha OCHOBI i€l Heiipodizionoris®, konu HaBuamM Mano He
KOXKeH HEWPOH MPOCTHX MEPEKEBUX KOHCTPYKIIIH THITYy OIHOIIAPOBOTO MEPCENTPOHA 1 MiCIs MEepIIoi
3UMHU pO3uYapyBaHHS cgopmyBaiacs apyra (KOHHEKI[IOHICTCKA) XBHJISL aKTUBHOCTI 3 TEXHOJIOTiSIMH
HaBYaHHS Mepex’. AJle 3aBUINEHI OYiKYyBaHHS iHBECTOPIB cepenrnu 90 pOKiB MUHYJIOTO CTOJITTS 0
KiHIIA TIEPIIOrO AECATUIITTS HACTYIMHOTO CTONITTS 3HOBY 3aMOPO3UIIM iHTEPEC 10 HEHPOHHHUX MEPEX °.
O’XHUBHB iHTEpEC 0 HUX KAaHAJCHKHH IHCTHTYT MepcreKTUBHUX pociimpkerb (Canadian Institute for
Advanced Research - CIFAR) mpodinancyBaBim nporpamy HEHpPOHHHUX OOYMCICHB 1 aJanTHBHOTO
crpuiiaatTs (Neural Computation and Adaptive Perception - NCAP). AnroputMu HaBYaHHS BUMarajin
BEIMKUX OOYMCIIOBANBHUX IOTYKHOCTEHM, IO BXE [0 CEpPeluHHM MEPLIOro HEeCATHIITTS OyIo
nocsrayTo. k. XiHTOH 3 CIiBaBTOpaMH IMPOJAEMOHCTPYBaB SIK B Teopii MokHa Oyino O edeKTHBHO
HaBUATH MEpPEeXy 3a JIOMOMOTOI0 cTpaTerii momapoBoro nepeaHaBuaHHs). Y 2007 p k. XiHton
BHUKOPHUCTOBYBaB OOMexeHy MmariuHy bonbimana (RBM - Restricted Boltzmann Machine) s
HaB4aHHs °.

Takum yrHOM JIK. XiJITOH 3 KOJIEraMu CIIPOBOKYBaB CILIECK 1HTEpECY 1O IHTENEKTYaIbHIX MEPEX 1
noyaBcs TPETI eTanm PO3BUTKY LHOTO HAYKOBO-TEXHOJIOTIYHOTO HANpPSIMKY - INIMOOKE HABYaHHS.
Crimparounch TpaauLiiiHO Ha AOCBIX BUBYEHHS CBITYy JIFOAWHOIO BOHM BBAXKaJH, 10 MOXKHA CTBOPUTH
OaraTomapoBy MEpeKy, KOXKEH HACTYIHHUH IIap sIKOi, CIUPAIOYMCh Ha 3100yTi 3HAHHS IOTECPEIHIM
IIapoM, BUJUISB OM HOBI pucH ycBimommoBanoro npouecy [13] % AnaniTuuna Teopis i mporpamni
¢opMHu TaKkoro HaBYAHHS 3aCHOBaHI Oyl Ha BHCTaBi, IO MEPEXi, IO CKIAAAOThCA 3 Oe3iui mapiB
MOYKYTh HaBYATHCS MOCIiI0BHO. KoxkeH 1map crupaeThesl Ha IaHi MOMepPeIHbOTO 1 PO3MIMPIOE YSIBICHHS
npo o0'ektu omucy. ToOTO OIWH mIap OMUCYE TPOCTY CXEMY - Kapkac 00'€KTa, HACTYMHUH map ii
JIOTIOBHIOE 1 yckmanHioe i T.4. Lle momanHs Oyno peamizoBaHo B (hopMasi3oBaHHX MOMAEINSAX OMHCY i
MaJIO CIIYXKHUTH MOZEIUIIO PeajbHUX CUCTEM OTPHUMaHH pillleHb B 6araTomapoBHX 1 6araroeireMeHTHUX
cucremax. Taki ysBIIEHHS TakoX OyJM iHTYITHBHO 3aCHOBaHi Ha BiJoMOMY ()aKTi Kpalmioro 3aCBOEHHS
HOBOTO Martepiajiy JIIOAMHOIO Ha OCHOBI MOro HOIEpeiHBOro 3HaHHS (HOcBily). Xoda 1€ momepenHe
3HaHHS OyJI0 OCBOEHO B IHIIMX yMOBax i B iHIIMI Yac, aje Ha 1€ BKe He 3BepTajii yBar. [Hmmmwu
CJIOBaMHM BHHUKHEHHS TTUOOKOTO HaBUAHHS, K MPEJCTABICHHS CTPYKTYpH pillleHb y GopMi iepapxii

® Bixe Ha LbOMy eTami Hellpodi3ionory BUYEpHAaNy 3amac ijeil, sKuii 10moMaras po3BUBATH MEpPEXkeBi BapiaHTH
IITYYHOTO iHTENEeKTy. BBakamu, mo ne Oyno MoB'SI3aHO 3 HEAOCTaTHIM 3HaHHAM poOOTH MO3Ky. Xoua ixXHi
EKCIIEPUMEHTH JI03BOJIMIIM YCBIJIOMUTH, 1110 PIILICHHS Pi3HHUX 3aBJaHb HEHPOHAMH € OJTHOTHITHUM B MEXaxX BCbOTO
Mo3ky (Von Melchner 2000).

" Te# niaxij cnvpaBcs Ha ySBJEHHS, LIO ITIPOLIEC PO3AYMiB MOXeE OyTH MOJYJILOBAHO MEPEXKEID 3 IPOCTHX
€JIEMEHTIB 3i 3B'sI3kaMM (HEHPOHM 1 CHHAIICH; CJIOBA 1 CEMaHTHYHI O3HAKM a TaKOX IX 3B'SI3KM). B3arani kaxyuwu,
KOHHEKIIIOHI3M - 1ie TOPOXKSHHS KOTHITUBICTHKH - BUBUEHHS IIPOLECy Mi3HAHHS, 1110 00'€JHY€E Pi3HI AUCHUILTIHH.
8 Ha i ycnixiB sinepHux i rpadyiuHux METOIB OMKCY.

% Jlxeddpi XiHTOHY penmopTepu paHille NPUIMCYBANM HACTYNHe 3ayBaxkeHHs: «Ha Oimbumiocti koHdepeHiit
TOBOPSTH IIPO BBEJCHHS HEBEJIMKKIX 3MiH 3aMiCTh TOTO, 100 TapHEHBKO MOAYMATH 1 3anuTatu cede:« YoMy Te, 1o
MH poOMMO 3apa3, He BUXOJAUThH? 3 uuM Iie 1oB'a3aHo? [laBaiite 30cepenumMocs Ha boMy ». Lle HaB4aHHS cTann
TMi3HiIe Ha3UBAaTH INIMOOKMM. [l IIbOro BUKOPHCTOBYBAIM Mepexi 3 OararbMma mapaMu (30Kpema, B CydacHUX
rajpkerax 1 IOIIYKOBHX CHCTeMax s pO3Mi3HaBaHHSA oci0) mo agecsatka. Jlo pedi, B TapkeTax TaKOX
BHUKOPHCTOBYBallM TapayelibHi oOuncnenHs 3a texHosorieto CUDA Ha rpadiunux kaprax (GPU - graphics
processing unit) [12]. Jyist cTUIBHMKOBOTO 3B'S3Ky Mi3Hiie Oyiu cTBOpeHi creniansHi npouecopu - NPU (neural
processing unit) i mprckoproBadi mTy4gHOro iHTenekry (Al accelerator).

10 TIpomec Takoro (GOpMaNIbHOTO TMOCTIZOBHOTO YCBiOMIIEHHS 00'ekTa mpenctaBieHuid B [13]. 3a mumu
YSIBICHHSMHM, NepIi (BUAUMHUI) map GpopMye Ha OCHOBI SICKPAaBHX IIKCENiB 300paXkeHHs Horo Mexi. Jpyruit
(npuxoBaHuil) map, COMPalOYKCh HA 1 JIaHi, BU3HAYa€ KyTH 1 KOHTYpH. TpeTiii Moxke Ha Wil OCHOBI BU3HAYaTH
MIKPOCTPYKTYpY 300pa)kKeHHS 1 T. .
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BKJIAJICHMX KOHIICIIIIH, SK YacTO BBaXKAlOTh 3POCIIO 13 CHpOO BHUKOPUCTAHHS aHAJOriil 3 00JacTi
Helpodi3i0orii, MOTIM KOHBEKITIOHICTKOTO MiIXO/Y, a MOTIM CTal0 HACHIIKOM 3ycuib J[k. XuHTOHA 3
KoJieramu, siki 3 2006 poKy cTajqy HaBYaTH MEPEXy 3a JOIMIOMOTOI0 CTpaTerii MOIapoBOro HABYaHHS.

Jami ysBieHHS 1Mpo TTHOOKe HaBYaHHI PO3MIUPUIIOCS Ha OyIb-sKi OaraTopiBHEBI CHCTEMH, KOXKEH
piBeHb SKHX HABYAETHCS 3 BHKOPUCTAHHAM OTPHMAaHMX IIOTMEPEIHIMH pIBHAMH 3HaHb. Xoda
JOCSATHEHHsI TEpIIMX XBWIIb PO3BHTKY 1 PE3YylbTaTH OCBOEHHS HEWPOHHHMX MEPEX, BIUIMHYIH Ha
(GopManbHi aarOPUTMHU LBOTO IIHOOKOro HapdyaHHA'!. OmHak 3apa3 Teopis TNIMOOKOTO HaBYAHHS
BUKOPHCTOBYE 1 1HIII TOCSITHEHHS HAYKH: JiHIIHY anreOpy, Teopiro iMoBipHOCTEH, Teopito iHpopmarii,
YHCeNbHY ONTHMi3alito i Oararo inmoro. Teopii rMUOOKOr0 HaBYaHHS BUKOPHUCTOBYIOTH TAaKOK HOBI
imei - Tak 3BaHE PO3MOJIINICHE MPEJCTABICHHS - IPYNU HEHPOHIB HABUAIOTHCS CBOIMH (YHKLISIMHU,
BMKOPHMCTOBYFOYH iHIII JaHi, IO MiCTATH MOTPiOHi 1Is 1iei KaTeropii sxocti 2. Panime nepcrnekTuBHi
METOAM HaBYaHHS Oe€3 BUWTENs CTall 3aMiHIOBAaTH Ha HaBYaHHS 3 yuuTedeM. [loBepHymwucs 10
HamiB3a0yTOro 3BOPOTHOTO MOIIMPEHHS TMOMMJIKU sl HaBYaHHS, PO3BHHYIH TEOPII0 MOJCITIOBAHHS
HEHPOHHMMH MepeKaMH TIOCIIiIOBHOCTEN Y, 3'IBUIMCA Mepeski 3 JOBroi KOPOTKOCTPOKOBOKO ITaM'ATTIO
(long short-term memory - LSTM).

MoIMBO JAeKIapoBaHi YTOUYHEHHS IIYKAHOTO YSBJIEGHHS 1 (OPMYyBaHHS pillleHb B IMOCIiTOBHHX
Iapax BEITUKOI Mepeki KOPHCHI JUTsl TMOSICHEHHS ITUPOKOMY 3araily MPUHIIHITB TITHOOKOTO HABYaHHS.
OpHak HE BaXKO MOOAYUTH CHAOKICTh IBOTO MIAXOMy B pa3i HEHPOHHHX CHCTEM 3 elleMEHTaMH
3rOPTKOBUX, PEKYPEHTHUX 1 PEKYpPCHUBHHMX (THM OuIbINe, IO 3a 3araJlLHAM BU3HAHHSAM CaMe Taki
Mepei TOKa3ylTh Kpallli pe3yJbTaTd i HaBYaHHS, 1 3aCTOCYBaHHs) OJIOKIB, i TUM Oinblle B pasi
MIPUPOJTHOTO IHTENEKTY, I BUCHOBOK (POPMYETHCSI BJKE B 3aralbHOMY MAacHBI HEHpOHIB 1 4acTKOBO
BioOpakeHW B BHXiTHOMY (a0o0 mpu3HayeHoMmy, abo oOpaHoMmy BuxigHuM) mrapi. Ha 6asi
PEKYpPEHTHHX MOJeNeld pPO3BHIMCS CydyacHi apxXiTeKTypH, SIKi LIJIKOM YCIIIIHO CHPaBISIOTHCS 13
3aB/IaHHSAM TeHepallil TekcTy i 300paxenns (Hampukinan, GAN moxeni, Bert abo GPT). Omnak B Tak
3BaHMX 3aIUIIKOBUX Mepexkax (ResNet) mocnmaroTs onvH i TOH jke CUTHAT Ha Pi3Hi MapH, KOMOIHYIOUH
MOTIM MPOIYIICHUH Yepe3 pi3Hi Mapu pe3yibTar, o BXKe HE 30BCIM MiAXOIUTH Mia BUXiTHY (alyy
MOIIAPOBOr0 HaBYaHHS. TOOTO Taki Mepeki HE 30BCIM MiIXOJATh IiJ] KIIACHYHY TEPMIHOJIOTII0 MEPEK
OpSIMOTO TOLIMPEHHS, A€ OJHMH 1 TOH K€ CHUTHAJ ITOCIIIOBHO MPOXOAMTH IO BEPCTBAM IO BHXOAY. Y
cBOIO dYepry B Mepexax Ha kmrant GAN, xomOinyerscst LSTM 1 3ropTkoBi mapu, TOMY MIO
TeHEepPaTHBHI MOJICIi MOBMHHI I'eHEepyBaTH HOBE Ha 0a3i SKOroch 3paska. OcoOJMBO B BiZICO KOHTCHTI
Iapy 31 3BOPOTHUM 3B'SI3KOM 1 3 TaM'STTIO CHPABIISIOTECS Kpamie. OueBHIHO, 10 TpaMOTHA KOMOIHAIis
KpaluX iHCTPYMEHTIB MOXeE JlaBaTH XOpoul pe3ynbratd. MalyTh TOMy amosioretd (hpopMaibHUX
Teopii TMTMOOKOro HABYaHHS HAMAraloThCS BIIIHTH BijJl MPOOJIeM ONMUCY BEIIMKUX HEMPOHHUX MEPEX i
TAM OLIBIIE TPUPOJHOTO IHTENEKTY, 3aXOIUTFOIOYHMCHh PO3BUTKOM HOBUX TMIAXO[iB, HaBiSHUX 1
CTUMYJIbOBAaHHX YCITIXaMH HABYaHHS BEJIMKUX HEHPOHHHUX CHCTEM.

OpnHak poO3pOOHMKM HEWPOHHHX MEpeX Bce Ollbllie yBarum CTalld NPUIUIATH TpobieMam
norepeHpoi OOpoOKM 1 BBeJeHHS BeMUKUX o00csTiB iH(opMmaiii Ha BXOAM HEHPOHHUX MEpPEK.
Haii6inpm BaknmuBOO MpoOIeMor0 BUsBUIIAcS 0OpoOKa MOBH 1 TEKCTIB MPUPOIHOI MOBH, ISl YOTO
MOTPiOHO 3aCTOCOBYBATH BEJIMKI po3MideHi HAOOPH JaHWX MPU HABYAHHI.

3 O0podka TekcTiB NPUPOIHOI MOBHU

BixBosikatounch Bij 3'sicyBaHHS IpUpo U OPMYBaHHS PillIEHh BCEPEINHI MEPEXki, 3BEPHEMO yBary
Ha BaXJIMBI mpoOsieMu BBeneHHs iHdopMarii Ta ii mepeTBopeHHsS B (OpPMY, 3pyUHY JUIsS CIIPUHAHSATTS
Mmepexero [14]. Lli mpobmemu nemo mocmabuiy (MOKJIMBO HE3aCITy)KEHO) iHTepec MPaKTHKIB [0
3aCTOCYBaHHS pe3yNbTaTiB Teopiil rmbokoro HaBuaHHs. He3Bakaiouu Ha BUSBJICHI 3/10HOCTI Mepex
JI0 y3arajibHEHHs, PO3POOHUKH 1 TEXHOJIOTH BCe OljIbIlle BUKOPUCTOBYBAJIM CIIELiabHO MiATOTOBJIEHI i
po3MidueHi HaOopu, 0a3W JaHWX TPU HaBUaHHI HEHPOHHUX Mepex. Mepexa, sK MpaBwIO, J00pe
crpuiiMae pedoBl BEKTOPH MJaHWX, SIKI 3a3BHYail MOAAIOTHCS HA 30BHIMIHIA BXigHWMH mmap i

1 Tak momens ADALINE morna mepen6adaTu umcia BUXOASYM 3 BXifHUX AaHuX. MopugikoBanuii ii BapiadTt
BUKOPUCTOBYETHCS B MiAX01aX TTTHOOKOTO HABYAHHS.

12 HapuaHHs BU3HAYEHHS KONbOPY MOYe OYTH BUKOHAHO Ha OCHOBI pO3IJIsiLy Ge3liui aBToMOGIIIB.

13 PoboTa 31 CTBOpEHHS 3B'SI3KIB IOCIIZOBHOCTEH 3 IHIIUMH ITOCIiZOBHOCTSIMH JO3BOJIMIIA B TUTl HEHPOHHUX
Mepex MPUCKOPUTH NMPOrPeC MAIMHHOTO NEepeKIay.
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00pOOIISIFOThCS MIPUXOBAHMMHU IIIapaMH HEHPOHHOI MEpexi. Y Mepekax, sKi po3Mi3HalOTh MOBH abo
TEKCTH MOYaTKOBI JIaHi 1ie MOTPiOHO MEPETBOPUTH B BEKTOPHY (PopMy, 3pydHy AJisi poOOTH MepexKi.

TekcToBi AaHi 1 3ByKM MOBH CIIOYaTKy Kiacu]ikyBalu 3a 3a3aneriip aodpe chopMyaboBaHHM
O3HaKaMH (3a paXxyHOK JIiHIHHUX KJIacH(iKaTopiB), TOOTO BOHU MOBUHHI OYTH MPEACTaBIeHI B IPOCTOPI
o3HaK. OTpUMaHi TaKMM YAHOM (32 JOTIOMOTO0 YHITAPHO! KOJYBaHHS - T. 3B. PO3PiMKEHe KOTYBaHHS)
MOYaTKOBI BEKTOPU TEKCTY, IO BPaxOBYIOTh Taki O3HaKM (B CTPYKTYpi BEKTOpa O3HAK HAasBHICTbH
O3HAaKW B TEBHIN MO3MIIIi Bi3HAYAETHCA OJUHUIICIO, 3 HOTO BiACYTHICTH - HYJIEM) MalOTh PO3MIipPHICTb
BEJIbMH 3HAYHYy - COTHI THCSY 1 Oinbmie, a y BIAMOBIAHUX IM BEKTOPIB 3aHypEHHS, CTBOPEHUX BXKE
MaIIMHOK (IIiJIbHE KOAYBaHHS), PO3MIPHICTH BHSBISETHCS Ha Oarato mopsakiB MeHme. ToOTo
3a3BUYail BXiTHUIA map (Iap 3aHYpeHHs, HIap MOIIYKY BiAMOBIIHOCTI) TAKUM YHHOM BUKOHYE (YHKIIIO
BUJIICHHS WX O3HAK 1 CTBOPEHHS BEKTOPIB 3aHYPEHHA. AJie Ile He O3HaJa€, IO MPUXOBaHI MIapu B
peXuMi TAHMOOKOTO HAaBYaHHS HE MOXYTh 3alHsTHCS Kiacudikalmieo (camocTiiHO abo, 1o
npobjeMaTHYHO, 3a TONEepeIHBO OTPUMAaHMM MpaBWJaM) JaHMX BiJ MONEpeAHiX mapiB. Ko
KJacuQpikaTopiB HEJOCTATHHO, TO BHUKOPHCTOBYIOTH TaK 3BaHy IIOTEPEAHI0O OOPOOKY JOKyMEHTa
3aMiHIOIOYH CJIOBA CIIOBHUKOBHUMH CTaTTSAMH - JIEMaMH 3 ITIOTIEPEAHBO MiATOTOBICHUX 0a3 MaHUX ITHX
cTaTen.

OOToBOPUMO HIDKYE MEXaHi3MH Kiacudikarlii TEKCTIB 3a pi3HHUMH cHUCTeMaMH O3Hak. CrodaTky
BiIOyBa€eThCsl pO3OUTTS TeKCcTy Ha Jekcemu (tokenization) 3a3Budyail 1e cioBa abo rpymu cimiB. s
ILOTO TIOJUTY KOPUCTYIOTBbCS TMPOTAJIMHAMH, 1 3HAKaMW MyHKTyarii. J[Ji1 KOKHOrO ciioBa JeMH -
CIIOBHHMKOBI CTaTTi, IO MOSICHIOIOTH OCOOJIMBOCTI 3aCTOCYBaHHS CJIOBA, PO3POOJICHI 3a3BHYAl BPYUHY.
Li memu o0'eqHAHI B CIIOBHUKH, JIEKCHYHI PECypcH, IO (OPMYIOTH O3HAKH CIIB, O SKHUX € JOCTYII
MmamuHi. [IpudomMy citif MaTti Ha yBasi, 10 CJIOBA 3MIHIOIOTH CTPYKTYPY 1 BHIO3MIHIOIOTECS ((IeKcii),
0 TAKOXK B IIUX 0a3ax JaHUX BPaxOBYEThCS OJHOYAacHO. HarionanbHuit iHcTUTYT cTanaaptiB (National
Institute of Standards) CIIIA po3po6uB HaOip qanux Mnist (60 THCSY 300paskeHb 1 iX MITOK, HaOIp IS
PO3po0OKH 1 TecTyBaHHA MicTUTH 10 THCAY 300pakeHb 1 MITOK), IO OMHCYE i yucna-nmudpu. [CHyrOTh
JIEKCHYHI pecypcH, 3a3BHYail CTBOpPEHI BpYYHy, Il HajiiHinie i gonmomarae MamuHi. Hampuknan,
WordNet - nmexcuunmii pecypc, 3i0paHuii BpydHYy, MOB'SI3ye CJIOBa 3 iX CIHCETOM - CEMAHTHYHUM
3HaHHAM, - TOHATTSAM. FrameNet i VerbNet - mekcwuni pecypcu, 3i0paHi Bpy4dHy aisi miecmiB. €
Paraphrase (PPDB) - 6a3a manux mapadpas. TekcTn MOKHA TIOPiBHIOBATH HAa OCHOBI JTIYHIIBHHUKIB CIIIB i
HopsAKY OYKB i CIIIB (U151 aHTJIiiiChKOi MOBH) B TeKCTi. Texctu dpopmyrots Bag-of-words - BOW, to6To
«MIIIKW» CITiB 1 BiIOyBa€eThCs 1X OIliHKA (3BakyBaHHs) Hanpukiay nporpamoto TF-IDF 3a o3nakamu, 3a
4yacToTO MosiBU (term frequency) mo mitepanmM Ourpamam (abo mo n-rpamam). lle Ha3uBarOTH
TEMAaTUYHOI KiIacHuQiKalli€o - Mo MIIIKy CIiB 1 MIIIKy ciloBecHWX Ourpamm. Jlisi BUKIIFOUEHHS
HEOJTHO3HAYHOCTI NepedadeHa OIliHKa 10 KOHTEKCTY, B MiHIMAJIIBHOI YaCTHHH 1€ BIKHO - HalOImKYe
OTOYeHHs cioBa. Lle HacmigoK 3 AMCTPUOYTHBHOI TIOTE3M MOBH: CEHC CJIOBA 3aBXK/IM MOKHA BUBECTH 3
ix koHTekcTy. Po3pobneno biRNN - apxiTekrypa /Ui y3arajdbHEHHS BIKOHHHX O3HaK. Takoxk iCHYIOTbH
npoektH Buay Universal Treebank Project - Bu3HadenHst yactud MoBH 10 MiTkax POS (Part-of-speech
tag), Mo TOJIOKEHHIO CJIOBa B pedeHHi. SKIo cioBa mpencTaBiieHi B BEKTOpHOI (Gopmi Bke MicCis
MPOLIEAYPH 3aHYPEHHS, TO BiJCTaHb MK CJIOBaMH BHU3HAYAKOTHCS 3 BUKOPUCTAHHSAM OJHIET 3 BIIOMHUX
MeTpuK. [IpM HaBYaHHI 3 y4yuTeJeM, IO XapaKTEepHO Ui MIMOOKMX (0araTtomapoBHX) CHCTEM,
BUKOPHCTOBYIOTH ONTUMI3aIlil0, SIKa CKJIANAETHCS B MPOLEIYpax perysipu3aiii - cnpodax YHHKHYTH
0araTo3HavHOCTI i 3aCHOBaHA Ha TepeBa3i MOMMJIOK, SKi 3MIHIOIOTHCS pa3oM pa3 Bij pa3y pillleHHIM
(Tobro mepeHaBuaHHs). Takok HaMararoThcs 3a0€3MEUUTH MIHIMI3allil0 TOMHJIOK (BTpaT) MpH
3BOPOTHOMY ITOUIMPEHHI TOMHJIKH.

4 BUCHOBOK.

VYenixu B po3po0iri HEHPOHHUX Mepek HOBOTO TOKOJIIHHS, sIKi OyJIM CTBOpEHI BiKe Ha CydacHid
TeXHIYHIA 0a3i, BUKJIMKaIX HOBY XBHJIO iHTEpecy 1O CTBOPEHHS Teopiil ix QyHKIioHyBaHHS i
HaBuaHHs. TUM Ouiblle, 10 3POCTH TEXHIYHI MOMIIMBOCTI, SIKi JO3BOJIWIIM CIIPOCTHTH apXiTEKTypH
MEpeX 1 MOBEPHYTHCS J0 apXiTEKTypH IMEpCenTpoHa, TOOTO CXeMaMH IMPSMOTO IMOIIUPEHHS. Xoda
3roJIoM OUTBIIICTE MEPEX IMTUOOKOr0 HAaBUAHHS BCE X CKIAAHO OyJI0 IPUIMCATH JI0 MEPCENTPOHIB, TaK
AK OUITBII-MEHII 3arajbHONPHIHATA TEPMIHOJNOTISI Ma€ Ha yBa3i HA3MBaTH NEPCENTPOHAMU MEpExi 3
HEBEJMKOI0 KIJBKICTIO MMIAPiB 1 MPSMHUM TOIIMPEHHIM CHTHANY, TOJI SIK 0araTo MPHUKIAJTHUX MEpPex
BMIIIAIOTh B ceOe 3ropTKoBi mapu, dropout mapu, pooling 1mapu, 380pOTHHI 3B'SI30K, AP i ITPUMKH,
napanienbHi Mepexi). Tak caMo He MOXHa CKa3aTH, 10 caMe MEPeXi 3 NPSIMHUM MOIIMPEHHAM CTaJIH
JIOMiHYBaTH Ha PHHKY, IIBH/IIIE OUIBIIICTh 3aBJlaHb HECIH JIOCHTh TMPUKIATHUN 1 IPOCTUH XapakTep,
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PILICHHS SKHUX JO3BOJISUIO IPy0O0 KayKydH MPOCTO 3aCTOCOBYBATH OaraTomIapoBHi mepcrienTpoH. Takox
BiZJPOJIMBCS 1HTEpeC A0 HaBYAHHS 3 yYUTEIEM 1 BUKOPHUCTAHHIO HaBYaHHS 31 3BOPOTHUM MOIIUPEHHIM
noMunkd. lle HagUXHYIO TEOPETHKIB Ha CTBOPEHHS TEOPil Tak 3BaHOTO TTMOOKOTO HAaBYaHHS, iJes
SIKOTO TIOJISATaJia B IMOCIIIJOBHOMY HaBYaHHI [IapiB MEPexi, YUCIO IKMX BXKEe MOKHA OyII0 301IbITyBaTH.

Jns Mepex 3 AeKiTbKOMa IapaMu B MeXax J0 JecsATKa MOKHa OyJI0 BUKOPHCTOBYBATH IOIIAPOBE
HaBUaHHs, Xoda e Bxe Oyno mpoOiieMOl0 i BHUMarajgo BUKOPUCTAHHsS TEXHOJIOTi MapaieilbHHX
00YHNCIIeHD 1 CKIIAAHOTO MPOTPaMHOTO 3a0e3medeHHs. YacTo OCHOBHOIO IIPHYHWHOIO BIAMOBH Bill CIPOO
BupimryBaTu Oynb-sfiki mpoOiemMu mpocTUM 3OLIBIIEHHSM IIapiB, CTajla BiJICYTHICTh OyAb-SIKHUX
anbTEpHATHB METOJOM 3BOPOTHOTO MOLIMPEHHS MOMMJIKM Ha 0a3i TpalieHTHOrO CIyCKy, a came
TEHJEHIi 3aracaHHs Tpafi€eHTa Ha SKOMYCh NPOMDKHOMY IIapi, IO, X0Y 1 BHUPINIYETHCS MEBHUM
YUHOM, BCE€ TaKHW HE JO03BOJISIE JOJABAaTH HECKIHYEHHY KiJTBKICTh IIAPIiB i OTpUMyBaTH MOTPIOHI 3MIHU
Bar Ha HaUMepIIUX mapax. A och Jis BEIMKUX HEMPOHHUX MEPEX MOMIApOBe HABUAHHS, SIKE PO3BUBAJIH
Teopii TIMOOKOro HaBuaHHS MO BCi BUAMMOCTI 3aCTOCOBYBaTH Oye Bakko. ToMy iHTepec TEOpETHKIB
B 001acTi TIMOOKOTO HABYaHHS BIIBOJIKCS Bi HEHPOMEPEKEBHUX CHCTEM BEIHKOI PO3MIPHOCTI i B
OimpIIiit Mipi IOITMPUBCS Ha MEPEXKEBI CTPYKTYPH, SIKi OLIbIIE BiIIOBIIATH TEOPETUIHUM YSBICHHSIM.
AJle He MOXKHa HE BPaxOBYBaTH Cy4acHI MOXIMBOCTI TEXHOJIOTiH MOIEpeAHbOTO HABYAHHS. ICHYIOTH
IPOEKTH apXiTekTyp', sKi Imig yac HaBYaHHA NOTPEOYIOTh MiHIMyMi BUXiJHHX NaHUX, SKi CIIUPAFOTHCS
Ha KOMOIHAIIiIF0 HaBUYEHUX MepexeBuX pimeHb. OcoO0IMBO AN MepexX, M0 BUKOPHUCTOBYIOTh MOBY 1
TEKCTH TPHUPOJHOI MOBHU, Ha SKHX JIIOJICTBO CTBOPHWIO Bpakarouuii MoHyMeHT 3HaHHs. Kpim Toro,
MpaKTUYHE 3aCTOCYBAaHHS MOJIIMBOCTEH CydyaCHHX HEHPOHHUX CHUCTEM Oe3locepeqHbO MOB'S3aHO 3i
CIIIJIKYBaHHSM 3 JIIOJJbMHU TXHBOIO MOBOIO.
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The issues related to IEEE 802.11 technology are considered in the article. The vulnerability that allows an attacker to perform
a deauthentication attack is described in detail. Analysis and practical experiments have shown that the existing vulnerability of
Wi-Fi technology presents danger to legitimate users, and by using it, an attacker can send deauthentication frames, which results
in disrupting communication between clients and the access points to which they are connected. Kali Linux OS, Aircrack-ng
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AHaui3 aTaku neaBrenTudikanii B Mepexkax |EEE 802.11 Ta npono3uuisi mo
1l BUSIBJICHHIO

P.1O. Koponrkos, C.B. Kymak, B.O. Bockob6oiinnk
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BesnpoBooBi Mepexi BUKOPHCTOBYIOTH paaioedip Ta ITUPOKOMOBHY HpUpoRy (i3WYHOTO PIiBHS 1 yepe3 Ie Haa3BUYAHO
BPA3JMBi O MOXJIMBHX aTaK i HECAHKI[IOHOBAHOTO JOCTYIy. Y CTaTTi pO3MNISHYTI NMUTaHHA, NMOB's3aHi 3 TexHoiuorieto IEEE
802.11, noxnagHO oOmMCaHa BPAa3NMBICTb, $KAa J03BOJISIE 3JIOBMUCHHKY BHKOHyBaTH DoS-ataky y cuTyanii, Komu He
BHKOPHCTOBYIOTBCS 3aXUIlleHi Kaapu ympasiinasa Protected Management Frames (PMF). Anaini3 i npakTuuHi eKCliepHMEHTH
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JIOBEJH, IO iCHyIo4Ya BpasiuBicTh TexHonorii Wi-Fi mo cux mip 3anmmmaerscs HeGe3MEeUHOIO JUIsl KiHIEBHX KOPUCTYBAdiB, i
BHUKOPUCTOBYIOUH ii 3JI0BMUCHUK MOXKE BIANPABILTH MigpoOJieHI KaapH IeaBTEHTU(IKAIil, 0 IPU3BOAUTE 10 IOPYIICHHS
3B’S13Ky MK KII€HTaMH Ta TOYKaMH IOCTYyIy, 1O SKHX BOHHM MifKmodeHi. JlaHy araky peaji30BaHO Ha peaJbHOMY
BUNPOOYBaIbHOMY CTEHAI 0e3MPOBOJOBOI MEpeXxi 1 MpoBeeH] OOMUpPHI eKCTIEPUMEHTH [0 BUBUYEHHIO MOBEAIHKU MEPENKHUX
BY3JiB B HOPMaJbHUX yMOBax Ta Mij yac ataku. s peamizanii ataku Oynu Bukopucrasi: onepauiitna cuctema Kali Linux,
iHCTpYMeHT Aircrack-ng mis 3amycky ataku i Wireshark mis 3axomsenss i anamizy kaapiB IEEE 802.11. ExcniepumeHTanbHi
JOCHIKEHHS JIO3BOJIMIIM BHIUIMTH aHOMAJI] MiJ Yac aTakH 1 Ha MiJCTaBi I[bOT0O 3alPOIIOHOBAHO AITOPUTM BHSBIEHHS aTak
neaBTeHTH(iKamii. IIpomoHyeThCsl BUKOPUCTOBYBATH JeTekTop ataku AeaBreHTH(iKanii (Detector of Deauthentication Attack
DDA), sixuit Gyne ckaHyBaTH Ta aHATi3yBaTH 0€3MPOBOIOBUH MepeXHHH Tpadik, i BUIaBaTH MONEPEHKEHHS Y Pa3i BUSBICHHS
aTaky. 3anpoIrioHOBaHEe PIIeHHS BHKOPHCTOBYE KOMOIHAI{ 3 TphOX mapaMeTpiB (KoI HMPHUYMHHU reason code, gacoBa MiTka
timestmap, piBeHb HOTyXHOCTI curHary RSSI), mo Ha Ham morss 103BOJIUTH 3HU3UTH YaCTOTY IIOMIJIKOBUX CIPAllbOBYBaHb.

Knrouosi cnosa: amaka, oeasmenmupixayis, in'ekyis naxemis, niokmouenns, mouka oocmyny, kaop, DoS, Linux, Wi-Fi.

Anaju3 ataku Aeayrentudukanuu B cetsix IEEE 802.11 u npeasnoxenue no
ee 00HAPYKEHHIO

KopoJuabkoB Poman cmapwuil npenodasamenv kageopol “3awuma ungopmayuu”
OpbeBuu Hayuonanvnoiti ynusepcumem ‘“3anopooicckas noaumexuuxa’’, yi. Kykoseckoeo,
64, 2. 3anopooicve, 69063, Vrpauna

Kyuak Cepreii cmapwuil npenodasamenv kageopel “3awuma ungopmayuu”
BukropoBuu Hayuonanvnoiti ynusepcumem “3anopooiccrkas noaumexnuxa’’, yia. XKykoseckoeo,
64, 2. 3anopooicve, 69063, Vrpauna

Bockodoiinnk K.m.H., npogpeccop xagedpwr “3awuma ungopmayuu”
Baagumup Hayuonanvnuiii ynusepcumem “3anopooicckas nonumexuuxa”, yi. Kykoeckoeo,
AJleKcaHIPOBHY 64, 2. 3anopoorcve, 69063, Vrpauna

B cratwe paccmoTpeHs! Bonpocsl, cesizanHble ¢ TexHonorueit IEEE 802.11, moapo6Ho onucaHa ysI3BUMOCTb, KOTOPAsi HO3BOJISET
3JI0yMBIIUICHHUKY BBEIIONHATE DoS-aTaky B CHTyalnH, KOTJa He HCIIONb3YIOTCs 3allUIIeHHbIe Kaaphl ynpasieHus Protected
Management Frames (PMF). Aranu3 u npaktudeckue SKCIIepUMEHTHI TOKa3aIH, YTO CYIIECTBYIONIAsl YI3BHMOCTh TEXHOJIOT HH
Wi-Fi 10 cux mop ocraercsi OMacHOM Ulsi KOHEYHBIX MONB30BaTeNeH, W UCIOMB3Ys €€ 3MOYMBIIUICHHHK MOXET OTIPABISATH
MOAJETbHBIE KaJphl AeayTeHTU(HUKAINYU, YTO NPUBOAMUT K HAPYLICHHIO CBSI3M MEXAY KIMEHTaMH M TOYKAMU JOCTyNa, K
KOTOPBIM OHH TOJKJIIOUCHB. JlaHHYIO aTaKy pealn30BaHO Ha PEaJbHOM HCIIBITATENIbHOM CTEeHZIE OeCHpOBOJHOM CeTH H
MPOBE/ICHBI OOIIMPHBIE YKCTIEPUMEHTHI 10 H3YUSHHUIO TIOBEJCHHS CETEBBIX y3JIOB B HOPMAJIBHBIX YCIOBHSX U BO BPEMsI aTaKH.
Jli1st peani3aiuy ataku ObLTH HCIONB30BaHbL: onepanionHas cucrema Kali Linux, nHcTpymenT Aircrack-ng ans 3amycka araku
n Wireshark amst 3axBata u ananu3sa kaapos [EEE 802.11. DkcnepuMeHTaIbHBIC HCCIIETOBAHNS TO3BOJIAIN BBIICITUTh aHOMATUU
BO BpeMsl aTaku ¥ Ha OCHOBAaHHMH 3TOTO IPEIJIOKEH AJTOPUTM OOHAapyKeHWs arak neayTeHTH(UKanuu. [Ipemnaraercs
UCIIOJB30BaTh JeTeKTop ataku aeayreHTndukamuu (Detector of Deauthentication Attack DDA), koTopslii Oyaer ckaHUpOBaTh
Y aHAITM3HPOBATH OECIIPOBOTHON CETEBOH Tpa(uK, M BEIABATh MPeIyNPEKACHNS B ClIydae oOHapykeHus atakd. [Ipeanoxernoe
pellIeHrne UCIOIb3yeT KOMOMHAIINH U3 TPeX MmapaMeTpoB (KO MPUYHHBI reason code, BpeMeHHAs MeTKa timestmap, ypOBEHb
MomrHocTd curHana RSSI), 4To Ha HalI B3TIIS1 TO3BOJUT CHU3HUTH YacTOTY JIOKHBIX CpabaThIBAaHUH.

KunroueBbie ci10Ba: araka, JeayTeHTU(GUKALNS, HHBEKIHS TTAKETOB, IOIKIIOUYEHHE, TOUKA J0CTyma, Kaap, DoS, Linux, Wi-Fi.

1 Introduction

IEEE 802.11 wireless networks have become one of the most widely used networks because it is
supported by an extremely large number of devices, such as smartphones, laptops, tablets, 10T devices,
etc. Unlike cable networks, where the interception of transferred information is impossible without
physical access, wireless networks are vulnerable to unauthorized access and possible attacks, unless
special measures are taken [1]. The passive access is natural for the wireless networks. Attackers can
easily target wireless devices because the Wi-Fi network cannot prevent "listening" to transmitted traffic,
as well as possibility to intercept and analyze packets. Therefore, an attacker can intercept information or
attack the system with impunity.

Wi-Fi vulnerabilities and IEEE 802.11 security methods have been studied for a long time.
Nevertheless, the issue of security has not become less important and ongoing research into the
vulnerabilities of the IEEE 802.11 standard is necessary to prevent future transgressions.

A deauthentication attack, being one type of attack, which Wi-Fi networks are prone to, due to the
shortcomings of the IEEE 802.11 protocols [2] is discussed in this article. A deauthentication attack is a
denial-of-service (DoS) attack for one or more users and falls under the Management frame attack
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category. The management frames are important system data packets that are used to control the
communication of stations and access points [3].

Fig. 1.1 shows the frame structure of the IEEE 802.11 protocol at the MAC level. The critical part of
the frame is "MAC Header and Data".

There are three types of frame:

1. Management frames (type 00)

2. Control frames (type 01)

3. Data frames (type 10)

The management frames are responsible for ensuring the interaction between the access point and the
wireless clients and can be divided into subtypes (determined by the 4-bit value of the "SubType" field).
These subtypes are responsible for the initial interactive operations between clients and access points.

Preamble PLCP Header MAC Header and Data FCS ‘

0-2312
2 Bytes 2 Bytes 6 Bytes 6 Bytes 6 Bytes 2 Bytes 6 Bytes 2 Bytes Bytes 4 Bytes

Frame  |nuration/ID| Address 1| Address 2 | Address 3 | SEUENCe | Aqqress 4| 395 | Frame Body | FCS

2 Bits 2 Bits 4 Bits 1 Bit 1 Bit 1 Bit 1 Bit 1Bit 1Bit 1Bit 1Bit
Protocol More Power | More |Protected
Version Type Subtype To DS From DS Frag Retry Mgmt | Data | Frame Order

Fig.1.1 802.11 frame structure

The list of 12 subtypes of management frames defined by 802.11 standards is given in Tab. 1.

Table 1. Subtypes of the management frame

Type | Description |Subtype Description
00 | Management | 0000 Association request
00 | Management | 0001 Association response

00 | Management | 0010 Reassociation request
00 | Management | 0011 Reassociation response

00 | Management | 0100 Probe request
00 | Management | 0101 Probe response
00 | Management | 1000 Beacon

00 | Management | 1001 ATIM

00 | Management | 1010 Disassociation
00 | Management | 1011 Authentication
00 | Management | 1100 Deauthentication
00 | Management | 1111 Reserved

Control frames are responsible for ensuring the proper exchange of data between the access point and
the wireless clients. Control frames have three subtypes: CTS, RTS, ACK and are used for the CSMA/CA
mechanism.

Data frames contain actual data received from the network layer and are protected by security
mechanisms such as WEP, WPA or WPA2.

Unfortunately, unlike data frames that are transmitted over the network in an encrypted form,
management frames are not encrypted. Due to the lack of encryption, 802.11 management frames are
vulnerable to various threats, including deauthentication attacks [4]. An attacker could exploit this
vulnerability by falsifying the MAC address of devices, impersonating a client or access point (AP), and
sending deauthentication requests [5]. The frames are accepted as coming from other device and the
established connection is broken [6]. Therefore, a DoS attack is a critical attack that disrupts a client's
current transactions. Thus, a mechanism to detect this attack needs developing.

The attacker falsifies the MAC address of the legitimate client and periodically sends deauthentication
frames [5]. Authentication cancellation requests cannot be ignored, and the access point responds
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immediately by canceling client authentication. After a successful attack, the client station disconnects
from the wireless network and cannot reconnect until attack stops [6].

A specific channel can also be targeted by performing a DoS attack on multiple users simultaneously
[13].

2 Problem statement

The deauthentication attack is considered to be one of the most powerful DoS attacks in the field of
wireless communication, but it is also one of the most difficult to identify accurately. Therefore, the aim
of the work is a practical study of the interaction between the client and the AP during the exchange of
frames in normal conditions and during the DoS-attack.

To solve the problem, the following tasks have been set.

1. Practical implementation of a deauthentication attack.

2. Analysis of frames during the attack to identify anomalies.

3. Development of an algorithm for detecting deauthentication attacks.

3 Concept of deauthentication attack and its implementation

The IEEE 802.11 Wi-Fi standard requires two mandatory sequential steps before a user can begin data
transfer: authentication and association [7]. Therefore, a Wi-Fi client can be in any of 3 states [8], and the
communication process between the client and the access point can be described as follows:

state 0: the client is not authenticated and not associated,;

The client searches for a network by sending a test request frame (Probe request) on several channels.
The AP sends a Probe response to the client after receiving a Probe request. The client connects to the
AP with the strongest signal. Authentication between the client and the access point is required to prevent
illegal clients from accessing the network. Thus, the client sends an authentication request to the AP. The
AP responds to the client by sending an authentication response with a status code.

state 1: the client is authenticated but not associated,;

After authentication, the client sends an association request frame to the AP for access to the wireless
network through the AP. The AP sends an association response to the client and stores the client
information in its own database.

state 2: the client is authenticated and associated.

The connection is established and the client is able to send data to the access point and vice versa.

Once the authentication and association steps are successfully completed, the client and AP perform
a four-way handshake to prove PSK knowledge and use it to obtain encryption keys. Afterwards
encrypted data can be exchanged between devices [9].

The user's device sends a Wi-Fi deauthentication frame to another device to end a secure connection.
The deauthentication frame is a notification, not a request [10]. After accepting the deauthentication
message (whether counterfeit or genuine), a receiving party cannot refuse to execute it [11], unless frame
protection mode is enabled (802.11w: MFP or Management Frame Protection). When the client receives
the deauthentication frame, it goes directly to state 0, regardless of the current state.

An attacker could take advantage of this by forging this message and thereby breaking the connection
between the wireless devices and their access point. Thus, the client targeted attacks reaches state 0 and
requires re-authentication and re-association.

We have implemented a deauthentication attack on a real wireless test bench and analyzed the impact
of the attack on the bandwidth, which reaches zero during the attack [6]. The test bench consists of a
wireless network, an access point and a client. The AP is connected to the Internet, and the client connects
to the AP. The AP provides all services to the connected client (Fig. 3.1).

The exchange of frames between the client and the access point during the connection and attack is
shown in Fig. 3.1.



Bulletin of V.N. Karazin Kharkiv National University
62 series «Mathematical modeling. Information technology. Automated control systems» issue 50, 2021

( Internet )

Access Point
Client ((

Authenticatiop Request§

éAuthenticattion Response:

Association Request

i Association Response

Data

Data
X Blocked ! G ‘

=

Attacker

| Deauhenteston __ Deathengys,

Fig.3.1 Deauthentication attack scenario

For our research, we used the Kali Linux OS and the Aircrack-ng tool to run a deauthentication attack.
This tool has powerful utilities that can be used to put various wireless network cards in monitoring
modes, as well as for packet injection [12].

The dual-band Wi-Fi adapter Alfa AWUSO036ACH of 802.11ac standard on the Realtek RTL8812AU
chipset with support for monitoring mode has been selected for the experiment.

The block diagram of the deauthentication attack algorithm is presented in Fig.3.2

D

v

Run command iwconfig
Selecting wireless interface from list of
available

v

Run command airmon-ng start Client
wlano
Switching to monitoring mode

AP

Target selection for attack

A 4 A 4

Run command Run command
Run command aireplay-ng -0 0 -a [BSSID AP] ¢ aireplay-ng -0 0 -a [BSSID AP]
: e [BSSID STA] wlano wlano
al:;:?ggcyir:‘;gct%:\ileas?o Sending deauthentication frames to Sending broadcast frames
successful? AP and client deauthentication

!

Run command airodump-ng Press CTRL+C
wlano Stopping attack

Capture and analysis of wireless frames
l >
A 4
Run command
iwconfig wlano channel [] End
Switching network adapter to victim
channel

Fig.3.2 Block diagram of the deauthentication attack algorithm
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The attacker spoofs a legitimate MAC-address of the client and sends periodic deauthentication frames
[5]. Authentication cancellation requests cannot be ignored and the access point responds instantly to
these requests by canceling client authentication. After a successful attack, the client station disconnects
from the wireless network and cannot reconnect to it until the attacker stops the attack [6].

A particular channel could also be targeted to by performing DoS attack on multiple users

simultaneously [13].

4. The frame analysis during a deauthentication attack
We have conducted extensive experiments to study the behavior of nodes both in normal conditions
and during deauthentication attacks. A powerful Wireshark tool has been chosen to capture and analyze

IEEE 802.11 frames.
Experimental studies have identified three anomalies during the attack of deauthentication.

4.1. Deauthentication frame flooding
Analysis of the deauthentication attack at the frame injection stage has shown that a successful attack

requires the creation of a large number of deauthentication frames in a very short period of time. Fig. 4.1
shows the number of deauthentication broadcast frames sent by an attacker during an attack. The same
type of observation has been made in the second case - a targeted attack on the client, as shown in Fig.

4.2.
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Fig.4.2 The distribution of deauthentication frames during a targeted attack on the client
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The graphs show that there is a very small change in the time intervals between consecutive frames of
deauthentication. In the case of a targeted attack on the client, the aireplay-ng command sends a total of
128 packets for each specified deauthentication message. 64 packets are sent to the AP, and 64 packets
are sent to the client [6]. On average, 225-250 frames of deauthentication are sent by the program in 1
second, which is an anomaly, because it has been experimentally found that in 88% of cases, one
deauthentication frame is enough to successfully complete a communication session [14].

4.2 Reason code for cancellation of authentication
The deauthentication frame contains the reason code, which explains why the connection is
interrupted. Here are some of the common reason codes (Tab. 2) [15, 19].

Table 2. Reason codes for authentication cancellation

Code Reason

0 Reserved
Unspecified reason
Previous authentication no longer valid
Station is leaving (or has left) IBSS or ESS
Disassociated due to inactivity
Disassociated because AP is unable to handle all currently associated stations
Class 2 frame received from nonauthenticated station
Class 3 frame received from nonassociated station
Disassociated because sending station is leaving (or has left) BSS
Station requesting (re)association is not authenticated with responding station
Disassociated because the information in the Power Capability element is unacceptable

O O|INO|O|BWIN(F-

[EY
o

Having analyzed the frames captured during the implementation of the attack by using the utility
package Aircrack-ng, we have found that all frames of deauthentication have the reason code 7 (0x0007
Code 7) (Fig. 4.3), which has the following meaning: «Class 3 frame received from nonassociated
station». We believe that the reason code 7 in the deauthentication frames may serve as an indicator of
substitution deauthentication frames.

root@kali: ~

File Edit View Search Terminal Help

root@kali:~# alreplay ng -0 © -a 34:CE:00:5D:03:7A -c 4C:4E:03:CF:28:75 wlano
15:27:39 Waiting for beacon frame (B madeCE:00:5D:03:7A) on channel 11
15:27:40 Sending 64 directed DeAuth STMAC: [4C:4E:03:CF:28:75] [ 8|45 ACKs]
15:27:41 Sending 64 directed DeAuth STMAC: [4C:4E:03:CF:28:75] [ 9|33 ACKs]
15:27:41 Sending 64 directed DeAuth STMAC: [4C:4E:03:CF:28:75] [ 0|55 ACKs]
15:27:42 Sending 64 directed DeAuth STMAC: [4C:4E:03:CF:28:75] [ 0|60 ACKs]
[
[

15:27:42 Sending 64 directed DeAuth STMAC: [4C:4E:03:CF:28:75] 8|61 ACKs]
STMAC: [4C:4E:03:CF:28:75] 6|63 ACKs]
STMAC: [4C:4E:03:CF:28:75] [ 0|62 ACKs]

15:27:43 Sending 64 directed DeAuth
15:27:43 Sending 64 directed DeAuth

25 0.049129610 XiaomiEl_5d:03:7a TctMobil cf:28:75

26 0.051420690 TctMobil_ cf:28: XiaomiEl_5d:03:7a

Frame 26: 44 bytes on wire (352 bits), 44 bytes captured (352 bits) on interface ©
Radiotap Header vO, Length 18
802.11 radio information
IEEE 802.11 Deauthentication, Flags: ........
Type/Subtype: Deauthentication (©x000c)
» Frame Control Field: Oxc000
.000 0001 0011 1010 = Duration: 314 microseconds
Receiver address: XiaomiEl _5d:03:7a (34:ce:00:5d:03:7a)
Destination address: XiaomiEl _5d:©3:7a (34:ce:00:5d:03:7a)
Transmitter address: TctMobil cf:28:75 (4c:4e:03:cf:28:75)
Source address: TctMobil cf:28:75 (4c:4e:03:cf:28:75)
BSS Id: XiaomiEl_5d:03:7a (34:ce:00:5d:03:7a)
............ 0000 = Fragment number: ©
0011 0100 0001 .... = Sequence number: 833
- IEEE 802 11 w1reless LAN

(v v

Reason code Class 3 frame received from nonassociated STA (0x0007)

Fig.4.3 The reason code in the deauthentication frames
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4.3 The level of signal strength RSSI
In case of successful deauthentication attack, the signal level of the attacker’s network card is usually
higher than the signal level of the legitimate AP. This is important, for example in the case of a MITM
attack, when an attacker needs to use a deauthentication attack to forcibly disconnect the client from the
AP and reconnect the client to a fake access point (Rogue AP) [20]. To do this, the attacker must be
located closer to the AP than the legitimate client or increase the transmitter power of the network adapter
that he uses to attack. Different countries have different technical regulations for Wi-Fi. While in most
countries, including Ukraine, the transmitter power limit of the Wi-Fi network adapter is set to 20 dBm
(100 mW), there are countries where the limit is set to 30 dBm [16]. An attacker could use that to their
advantage by changing programmatically the country in which the device is expected to operate and
thereby increasing the transmitter power to 30 dBm (1000 mW). The result of increasing the transmitter
power of the network adapter from 18 dBm to 30 dBm is shown in Fig. 4.4.
root@kali:~# iwconfig
wlano IEEE 802.11 ESSID:off/any
Mode:Managed Access Point: Not-Associated ITx»Power=18 dBmI
Retry short limit:7 RTS thr:off Fragment thr:o
Encryption key:off
Power Management:off

li:~# iw reg set BZ

i:~# iwconfig wlan® txpower 30
akali:~# iwconfig

wlan@ IEEE 8602.11 ESSID:off/any

Mode:Managed Access Point: Not-Associated ITx-Power=30 dBmI
Retry short limit:7 RTS thr:off Fragment r:0

Encryption key:off
Power Management:off

Fig.4.4 Changing the transmitter power of the network adapter

After launching the deauthentication attack, the RSSI values will be different (changed). In fact, the
jump values can be determined by various factors, such as the distance between the legitimate AP and
the attacker's network adapter, the position of the attack detector, and the transmitter power of both
devices. On the Linux operating system, the RSSI value can be obtained from the RadioTap header.

In the course of our experiments, we have recorded the average value of the signal level during the
transmission of a legitimate AP and the jump of the average value of the RSSI during the deauthentication
attack (Fig. 4.5).
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Fig.4.5 The average value of the RSSI for the legitimate AP before and during the attack

A sharp change in the RSSI value in deauthentication frames relative to other frames broadcasted by
a legitimate AP may indicate an attack.
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5. Literature review

Some authors propose to use the threshold number of deauthentication frames for identification of
deauthentication attack [17]. When the number of deauthentication frames exceeds the threshold number,
it is considered as a sign of deauthentication attack. However, there are some drawbacks to this approach.
First, only one parameter is taken into account and other parameters related to the wireless network are
ignored, which, in turns, leads to many false positives. Second, deauthentication frames can be sent by
an attacker with variable frequency, which does not allow detecting the attack.

The two types of attacks, namely, the attack of deauthentication and the attack of the evil twin are
investigated in [18]. To detect a deauthentication attack, only the reason code is taken into account. Other
MAC header parameters are not considered. Because the reason code can also be included in a legitimate
deauthentication frame, this detection method can increase the frequency of false positives as well.

The simplified solution to detect a deauthentication attack is proposed in [21]. The proposed algorithm
uses the reason code and MAC timestamp parameters. However, the reason code can also be used by a
legitimate deauthentication frame, and the deauthentication frames can be sent by an attacker at variable
intervals. Therefore, we believe that those two parameters are not sufficient to reliably detect a
deauthentication attack.

6. The proposed solution for detecting deauthentication attack

We offer an algorithm for detecting deauthentication attacks, which can reduce the frequency of
false positives by using a combination of three parameters.

The main parameters that are considered in our algorithm to detect this attack:

1) Reason Code,

2) Timestamp,

3) Received Signal Strength Indicator (RSSI).

We propose to use a DDA (Detector of Deauthentication Attack), which scans the data of wireless
traffic, analyzes them and issues a warning about a possible deauthentication attack (Fig. 6.1).

Internet

Access Point

((l))
~d
-4 3
) )
e <X
%) f
©) &
% § %
2 &
(o}

Q DDA

Attacker

Fig.6.1 Scheme for detecting deauthentication attacks

Fig. 6.2 shows the algorithm for detecting a deauthentication attack. The DDA is started by switching
the network interface to monitoring mode and switching to the appropriate AP channel. In this mode, the
hardware interface is not connected to any network and is used for passive sniffing. The interface receives
all packets in its listening channel for further analysis of AP frames and its associated client. The DDA
analyzes the packets by extracting deauthentication frames (Type 00, Subtype 1100) from the total stream
and analyzing their number per unit of time. If the value exceeds the set threshold, the DDA will issue an
attack warning.

If the frequency of deauthentication frames does not exceed the set threshold, the DDA checks the
reason code of the next deauthentication frame. In case the reason code is 7, the algorithm proceeds to
checking the RSSI level of this frame so the final decision can be made.
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After launching the deauthentication attack, DDA receives deauthentication frames with the modified
RSSI values from the attacker. When /\ = | RSST — RSSI4¢@“" | the deviation of the RSSI value of the
received deauthentication frame (R SS7¢¢4“") from the average RSSI values of the legitimate AP frames
(RSS1) exceeds the threshold value, the DDA issues an attack warning. Otherwise, the DDA monitoring
node continues to monitor and analyze the received frames.

Monitoring the average values of RSSI frames from the legitimate AP is performed by means of a
sliding window algorithm. The value of the RSSI level jump can be determined by various parameters,
such as the distance between the legitimate AP and the attacker, the position of the monitoring node, as
well as the power of the AP and the attacker’s transmitters. In Fig. 4.5, the deviation of the mean RSSI
value can reach 10 dBm. We propose to set the value of the attack threshold to 10 dBm. Otherwise, when
the RSSI frame value deauthentication is less than 10 dBm, the DDA will assume that everything is fine.
It should be noted that the 10 dBm threshold is set for the average value instead of not-averaged RSSI
values, as it can often fluctuate by more than 10 dBm.
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Fig.6.2 Block diagram of the algorithm for detecting deauthentication attacks
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7. Conclusions

Our research and practical experiments have shown that due to the exchange of unencrypted
management frames, wireless LANSs are prone to DoS attacks, namely deauthentication attacks, which
can completely disconnect a legitimate client from the network. Therefore, there is a need for an effective,
easy and automated method of detecting attacks of deauthentication.

We propose to use the DDA, which scans and analyzes the wireless traffic data, and issues warnings
in case of a possible attack. The DDA is based on a new algorithm for detecting deauthentication attacks,
which uses a combination of three parameters reducing the frequency of false positives. The presented
methodology is easy to implement, does not require system training, and can be used both in open and
encrypted networks.

The deauthentication attack has been performed for one legitimate client in this research. Further this
technique can be modified for several legitimate wireless network users. Future improvements can also
increase the capabilities of the system. Due to the fact that the DDA algorithm is based on network traffic
anomalies, it will be able to counteract some other threats, such as rogue access point for example.
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G-force reaching several g affect the stability of the launch vehicle in the launching phase. The mathematical modeling
methods are used to study the longitudinal vibration stability of liquid-fueled launch vehicles in the launching phase. The paper
presents the modeling of small oscillations of fluid motion in a rigid, partially filled shell of rotation. The modeling is based on
the developed mathematical model: fluid is supposed to be ideal and incompressible, fluid motion being vortexless, velocity
potential gradient being fluid velocity. The conditions for the velocity potential at the boundaries of the computational domain
are determined. The kinematic boundary condition and dynamic boundary condition on the free surface and nonpermeability
condition on the bottom and side surfaces of the tank are fulfilled. The solution of the differential equations system for the
boundary conditions has been obtained. The liquid sloshing in a low gravity has been investigated and the boundary conditions
have been generalized. In the dynamic boundary condition the surface tension is accounted for. The assumed mode method has
been developed to solve problems of free and forced oscillations of shell structures with compartments filled with liquid. The
system of differential equations relative to the elastic movements of the structure and the active liquid pressure is obtained. For
its solution three sets of basic functions have been used. The gravitational component in the singular equation system in the
problem of sloshing in a rigid shell is taken into account. The cases of control points being positioned on the liquid free
surface, as well as on the shell surface are considered. The solution of the system of equations determines the velocity
potential.

Key words: mathematical modeling, g-force, low gravity, surface tension, free surface, boundary element method.

Metoa inTerpajibHUX piBHAHb B 3a1a4aX JOCTIIKEHHS KOJIMBAHb 000/I0HOK,
YaCTKOBO 3aII0BHEHUX PiAMHOI0

Muponenko Mapis acnipaum
JleoniniBHa Tncmumym npoonem mawunobyoysanus im. A. H. Iliocopnoeo HAHY, eyn.
THooicapcwroeo, 2/10, Xapxis, 61046, Yrpaina

ITepeBaHTa)KeHHs Ha AKTHBHUX JIUITHKAX MOJBOTY BIUIMBAIOTH HA CTIHKICTh paKeTH-HOCIS Ta JOCATAIOTh BEIMYMHY Y KiJIbKa .
JIis  mocmiKeHHST CTIHKOCTI PIAMHHHUX paKeT-HOCITB MOJ0 MAii MO3M0BXKHIX KOJHWBaHb HA AaKTHBHIN IUISHII TOJBOTY
3aCTOCOBYIOTBCSI METO/IM MaTeMaTHYHOTO MOJCIIIOBAaHHS. B CTaTTi HaBEJCHO MOJIENIOBAHHS MaJUX KOJIMBAaHb PyXy DiAHHH Y
JKOPCTKil, YaCTKOBO 3aIllOBHEHIH OOOIOHII 00epTaHHS Ha OCHOBI po3poO0JIeHOiI MaTeMaTHYHOI MOJENi: piAWHA ifeanbHa Ta
HECTUCIINBA, PYX PIIMHU € 0e3BUXPOBUM, TPAJi€HT MOTEHIIANTY IIBHIKOCTI € IIBHIKICTIO piAnHU. BH3HaueHi ymoBH Iyt
MOTEHIIIANY IMIBUIKOCTI Ha TPAaHHUIAX PO3paxyHKOBOI oOnacTi. BUKOHYIOTECS KiHEMaTHYHA Ta TUHAMIYHA YMOBU Ha BUIBHIN
MOBepXHI Ta yMOBa HENPOTIKaHHS Ha MJHUNI Ta OOKOBHMX IIOBEPXHAX pe3epByapy. OTpuUMaHO pO3B’SI30K CHCTEMHU
nudepeHIifHNX PIBHAHb 3 BUKOHAHHSIM I'DAaHUYHHUX YMOB. JlOCHi/PKeHI KOJMBAHHS PiAMHM B YMOBax HU3BKOI rpaBiTamil Ta
y3arajJbHeHO TpaHW4Hi yMOBH. B nuHaMiuHiii TpaHWYHill yMOBI 3IiHiCHEHO BpaxyBaHHS IIOBepXHEBOro Hatrsry. [l
pO3B’si3aHHS 3a1ady PO BJACHI Ta BUMYIICHI KOJIMBAaHHS OOOJIOHKOBMX KOHCTPYKIIH 3 BiJCikaMH, IIO MICTATH PiiUHY,
po3pobieHo Meron 3amanux ¢GopMm. OtpuMano cucteMy IU(EpEHIIHHUX pPIBHAHb BiJHOCHO NPYXHHX IEpeMilleHb
KOHCTPYKIIi Ta IIF0YOT0 THCKY DiJVHH, JJs PO3B’S3aHHs SKOi BUKOPHCTAHO TpH Habopu OasmcHUX (yHKIi. BukoHaHO
ypaxyBaHHS TPaBiTallifHOI CKITa0BOi Y CHCTEMi CHHTYJISIPHUX PIBHSIHB B 3aJa4i KOJMBaHb PiMHU B )KOPCTKii 00onoHMi. [Tpu
OBOMY PO3TJISHYTI BHUIAIKU TIOJIOKEHHS KOHTPOJIFHMX TOYOK Ha BUIBHIM MOBEpPXHI pIIWMHU Ta HAa MOBEPXHI OOOJIOHKH.
P03B’S130K CHCTEMH PiBHSHb BH3HAYa€ MOTEHINAN MIBHAKOCTEH. JIOCIIUKEHO YMOBH, TIPH SKUX BIUTMB IIOBEPXHEBOTO HATATY
crae HecyTreBuM. OTpuMaHi pe3yiabTaTH CBif4aTh PO Te, IO NPH 3HAYHUX MapaMerpax I[epeBaHTAKEHHS BIUIUB
MOBEPXHEBOTO HATATY CTa€ HECYTTEBUM. AJie 3i 3MEHLICHHSM [bOTO MapameTpy (IpH HH3BKUX pIBHSAX TIpaBiTtaii)
MIOBEPXHEBHI HATAT CTA€ JOMIHYIOUHM.

Knrouosi cnosa: mamemamuune Modemoeam—m, nepesanmadstCeHHsl, HU3bKa epaeimaui}z, noeepxneeud Hamse, 8LIbHA NnOBEpPXH:L,
Memoo cPAHUYHUX enemenmis.

© Myronenko M., 2021
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MeTOJI HHTETrpaJbHbIX ypaBHeHnﬁ B 3aJavax uccjeaoBanmus KoJIeOaHuH
060.110qu, YaCTH4YHO 3aII0JIHCHHBIX KUJIKOCTbIO

MupoHeHko Mapus acnupanm
JleonnoBHa Hucmumym npobaem mawunocmpoenus um. A. H. Iloocopnozo HAHY, yn.
Hoowcapcroeo, 2/10, Xapvros, 61046, Ykpauna

Ileperpy3ku Ha akTHBHBIX Y4acTKax I10JICTa BIUAIOT HA YCTOHUUBOCTD PAKETHI-HOCUTEIIS U JOCTUIAIOT BEJIMUYUHBI B HECKOJIBKO
g. s uccnenoBaHMsS YCTOMYMBOCTH JKHIKOCTHBIX paKeT-HOCHTENEH K OEWCTBHIO NMPOJONBHBIX KOJeOaHWII Ha aKTUBHOM
y4JacTKe MOjeTa MPUMEHSIOTCS METOMAbl MaTeMaTH4ecKOro MOAENUpPOBaHMSA. B cTaThe MpHBEIEHBI MOAEIHUPOBAHUS MAIBIX
KoJIeOaHMH IIBIDKCHHS JKHIKOCTH B JKECTKOW, YaCTMYHO 3aIOJHEHHOW 00O0JI0OYKEe BpaIleHHS Ha OCHOBE pa3paboTaHHOMH
MaTeMaTH4eCKOi MOJENH: JKUIKOCTh HIAealbHas U HECXKHMaeMas, JBUKEHHE KUAKOCTH SIBISIETCS Oe3BUXPEBBIM, I'paJHEHT
MOTEHIMAala CKOPOCTH SBIISIETCS CKOPOCTBIO SKUAKOCTU. OTpeseneHbl ycloBUs Ul MOTEHIMAala CKOPOCTH Ha TpaHHIAX
pacueTHOH 00NacTH. BEBIMONHSAIOTCS KHHEMAaTHYeCKOe M JUHAMUYECKOE YCIOBHS Ha CBOOOIHOI NOBEPXHOCTH, YCIOBHE
HENIPOTeKaHWs Ha JHHINE W OOKOBBIX MOBEPXHOCTSIX pesepByapa. IlomydeHo pemenme cuctemsl anddepeHnnaIbHbIX
YpaBHEHUH C BBINOJHEHHEM TPAaHWYHBIX yCIOBHH. MccienoBaHbl KoneOaHUs KUAKOCTH B YCIOBHUSX HHU3KOH IpaBHTalUH H
000011eHbI IpaHUYHEIE YCIOBHSL. B TMHAMIYECKOM IpaHUYHOM YCIOBHHU OCYIIECTBIICH Y4eT IIOBEPXHOCTHOTO HaTsDKeHus . s
pemreHnsi 3a7ad O COOCTBEHHBIX M BBIHY)KICHHbBIE KOJEOAHHS OOOIOYCUHBIX KOHCTPYKIHH C OTCEKaMH, COAEPKAMMUMHU
JKUJIKOCTB, pa3paboTaH MeTon 3amaHHbIX Gopm. [lomydeHa cucrema muddepeHInaIbHbIX YPaBHEHUH OTHOCHTEIBFHO YIPYTHX
HepeMenieHnH KOHCTPYKIMM M AEHCTBYIONIETO OaBIEHHs JKHIKOCTH, ISl PEMICHHS KOTOPOI HCHONb30BaHO Tpu Habopa
0a3ucHBIX (QyHKIMA. BBIMOMHEH y4YeT TpaBUTALMOHHON COCTaBISIONICH B CHCTEME CHHTYJSIPHBIX YpaBHEHHI B 3amade
KoJIeOaHMH KHUAKOCTH B jkecTKOH obosouke. [Ipy 3TOM paccMOTpEHBI CiTydan MOJIOKEHHs TOUeK Ha CBOOOIHOI ITOBEPXHOCTH
JKHJKOCTH U Ha ITOBEPXHOCTH 000JI0UKH. PenieHne cucteMbl ypaBHEHHH ONpeeisieT HOTeHINa CKOPOCTEH.

Kniouesvie cnosa: mamemamuueckoe Moaeﬂupoeayue, nepecpysku, HU3Kas cpasumayus, nNOBEPXHOCMHOe HAMANCEeHUE,
c60000Has noOBepPXHOCmb, Memoo CPAHUYHBIX D1E€EMERMO6.

1. Introduction

The mission plan of the launch vehicle includes several thrust and coast phases. The pulsations of
the engine thrust in the active part of the flight influence the rocket as a closed system, and cause
oscillations of the missile body and liquid in the fuel lines [1]. This can lead to loss of stability and
cause serious consequences.

Flight and control of the launch vehicle on the active part of the trajectory take place under the
influence of such external forces as temperature changes and atmosphere density, wind disturbances, as
well as liquid oscillations in fuel tanks which are caused by the full range of those external influences
[2]. During the orbital shot the gravity and aerodynamic losses reduce the speed of the spacecraft by 2-3
km/s at the end of the active phase. Taking into account these factors, as well as other losses, the
required launch speed will be exceeding the first cosmic velocity. The achievement of speed which
exceeds 8000 m/s over a short period of time during the active part requires significant accelerations.
For example, the acceleration of a 5000 kg rocket upon reaching orbit is approximately 6g [3]. Thus,
the longitudinal acceleration acting on the launch vehicle in this flight path can reach several g and
affect the stability.

A nonuniform rocket motion causes the appearance of inertial force, which is an additional load on
structural elements. Accounting for the presence of rocket payload and assuming no angular oscillations
of the rocket relative to the center of mass, the lateral-stability coefficient and longitudinal load factor,
which show how the stress caused by the payload exceeds the payload weight, is determined in [4]. It is
specified that the decrease in vehicle mass due to chemical combustion has the greatest effect on the
longitudinal load coefficient, which changes unevenly on the active part of the trajectory and acquires
the maximum value at the end of the engine working stage [4].

Researching stability of liquid-propellant missile concerning longitudinal oscillations on an active
part of trajectory is pretty difficult on the ground. Verification tests in situ require significant material
and financial costs, so the use of mathematical modeling techniques can help to avoid such expenses
and contribute to solving the problem of longitudinal stability [5].

2. Problem statement

The elastic shell of revolution, which is partially filled with liquid, is considered. To simulate the
flow of liquid, a computer model based on the postulates that the fluid is ideal and incompressible and
the flow of fluid is vortex-free, has been developed. Only small-amplitude oscillation has been
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investigated (linear theory). There is a velocity potential @(x,y,z,t), the gradient of which is the fluid
velocity, namely:

oo oD oD
Vy=—Vy=—V,;=— (2.1)
OX oy oz
The motion equation of the shell system is presented in an operator form
LU +MU = pn+Q, (2.2)

where L, M are the operators of elastic and mass forces;
p is liquid pressure on a wetted surface of a shell structure, N/m?;
n is an outer unit normal;
Q is exciting force, N.
Using the motion equations and the flow potentiality conditions, we arrive at the Cauchy-Lagrange
integral in the form [6]:

p=-p |:8;D+ax (t)x+aZ (t)z+gz+;|V@|2j|, (2.3)

where py is liquid density, kg/m?;
ay (t) 8y (t) are components of the acceleration of exciting force, m/sec?;
g is a gravity acceleration, m/sec?.

2
If we consider small liquid oscillations (linear formulation), then |VcD| << 1, , and from the
formulas (2.3) we obtain

p=-p [(:thraX (t)x+aZ (t)z+gz:|. (2.4)

Assuming that the flow is vortex-free, the motion of an ideal incompressible fluid is described by the
Laplace equation for the velocity potential.
vio -o0. (2.5)
To determine the pressure, it is necessary to calculate the velocity potential. The boundary
conditions are to be formulated for the velocity potential at the boundaries of the computational domain.
Nonpermeability condition is met on the bottom and the lateral surface. Kinematic and dynamic
boundary conditions are fulfilled on the free surface. The defined conditions are as follows:

Zf+ax(t)x+az (t)§+ ad

oD
=0, —
on

_oe o o 256)
ot on

SO SO (o2

where w = (U ,n) is the normal component of displacement of shell structure;

¢ = {(x, y,t )) is the free surface motion function.
Thus, we have the differential equation system for determining five unknown functions

Uj Uy Ug, @0

1
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-

LU + MU =—p (a(erax(t)XJraZ (t)z+gzj+Q(t),

a (2.7)

VZCD =0.

\§

We solve a system of differential equations (2.7) by fulfilling the boundary conditions (2.6).
To obtain an unambiguous solution of the equations system (2.7) with boundary conditions (2.6), we
add the Von Neumann condition:

oD
[l —ds, =0. 2.8)
So on

The differential equations system (2.7) should also be supplemented by the conditions for securing
the shell structure, i.e. the conditions with respect to the vector-function U.

2.1. Taking into account the surface tension in the study of liquid oscillations at low gravity
Note that the boundary conditions (2.6) in the case of low gravity must be generalized. Let oo be the
surface tension. According to the Laplace-Jung formula [7] we have

where « is the surface curvature.
The expression for the curvature can be linearized, as in [8]:

K = —Asé’,
where A is the Laplacian.
Thus, the dynamic boundary condition on the free surface takes the form

oD 00
—+a(t)x+a, (t)z+9c-2ag| =o. (2.10)
ot A S
0
The condition (2.10) allows us to account for the surface tension, which becomes a determining
factor in the study of oscillations of the shell structure under conditions of low gravity.

2.2. The assumed mode method

The assumed mode method has been developed to solve problems of proper oscillations and
constrained oscillations of elastic shell structures with the liquid-filled compartment. A connected
differential equations system with respect to the elastic displacements of the structure and the effective
fluid pressure has been obtained. Three sets of basic functions are used to represent the solutions of this
system. The first of them consists of normal oscillations modes of the structure in the absence of filler
and is used to construct hydroelastic displacements. The second and third sets of basic functions are
obtained by constructing the velocity potential and the function describing the time variation of the
liquid free surface. The velocity potential is represented by the sum of two partial potentials. One of
them corresponds to the liquid normal oscillations in the rigid reservoir, taking into account the gravity
forces; the second refers to the normal oscillations of the elastic shell with the liquid without taking into
account the gravity forces.

In general, we look for the displacements of the shell structure with compartments partially filled
with liquid, in the form:

U= kglck (t)uk , (2.11)
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where Cy (t) is the unknown coefficients which are time-dependent only;

Uy is the oscillation modes of the unfilled shell structure;

N is the number of modes obtained in the calculations.
The orthogonality relations are satisfied [9]

L(uk)=QfM(uk), (M(uk),uj)zakj, (L(uk),uj)zgfgkj, (2.12)

where 'Qk is the k-frequency of natural oscillation of the unfilled elastic structure.

We find the velocity potential as the sum of two potentials @ = @1 + @2. The potential @, is
represented in the form
N

4= 2 G (t) oy, (2.13)
where ¢1k is the basic functions.
In the formula (2.13), the time-dependent coefficients Cy (t) are defined in the equation (2.11). For
the functions ¢1k we have the following boundary value problems:

A 1
an

V2¢1k =0, o= Wi W :(uk,n), ¢1k‘50 =0 (2.14)

These functions are presented in [10].

Let us represent the potential @2 in the form of a normal oscillation mode of liquid in a rigid tank

D ,= k'\zildk (t)dy. - (2.15)

where dk (t) is the unknown time-dependent coefficients;

¢ is the basic functions;
M is the number of modes obtained in the calculations.
For the functions ¢ we formulate boundary value problems as follows:

ap op 0 o¢
v2¢2k=0, 2k _g, T2k % T2k oe g, (2.16)
on . on S ot ot
Thus on a free surface we have a ratio

2

o¢ X

2k k

on g

where Xk is the frequency of normal oscillations of the free surface, Hz.
These basic functions are constructed in [11]. The free surface equation takes the form
N 6¢1k M 8¢2k

é/ = é’(x,y,t) = kéj_ck ain +k§1dk o ) (218)
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and for the velocity potential we have

N M
Note that the total potential (2.19) satisfies the following relations
oD

AD =0, -
on

ow oD

, - (2.20)
S1 & on

ot

So
Thus, for the final solution of the initial boundary value problem (2.7) with boundary conditions
(2.6), (2.9) - (2.10) it is necessary to satisfy the differential equations system (2.6) and the dynamic
boundary condition on the free surface described by the first of equations (2.6), and if the surface
tension is taken into account, it is described by the equation (2.10).
In this case, the following relation is fulfilled on the free surface:

kzlckqjlk +k21dk¢2k +(g+a; (t))( Y g ¢lk +k21d gﬁk j+aX ()x=0. (2.21)

In addition, due to the equation (2.2) the relation is true

N N
L(kZzllck(t)uk)+ M (kélf:'k(t)uk) -

N M
~—p) |:(k§16k(t)¢1k + kéldk(t)¢2k)+ a, (t)x+a, (t)z} +Q. (222

In the equation (2.21) the surface tension is not taken into account.
From the relations (2.21), (2.22) we find the unknown functions of time C (t) and dy (t) For
their unambiguous definition we use the initial conditions

ok (0)=cko, ¢ (0)=ck1, di (0)=dyg, dy (0)=dyq- (2.23)

This makes it possible to investigate the forced oscillations of the shell structure with compartments
partially filled with liquid. Since it is usually assumed that at the initial time the "shell-liquid" system is
at rest, zero initial conditions are used in the calculations.

To study free oscillations, we assume that

ck (t)=Cy exp(iwt), dy (t)=Dy exp(iat). (2.24)

Let us substitute these expressions into the relations (2.21), (2.22) and arrive at the eigenvalue
problem, similar to that given in [11].

Next, we describe the method of reducing the task of determining the oscillation modes and
frequencies of shell systems partially filled with liquid, to a set of singular equations.

3. The system of singular equations for velocity potential in the problem of liquid oscillations
in a rigid shell taking into account a gravitational component
Let us represent the potential ®as follows

0:2(69,2,6) = ) di ©¢2(x,9,2)
k=1

where the functions ¢, are determined from the relations (2.16).
Hereinafter, for simplicity of notation ¢, = .
Let us represent 1 as a sum of the potentials of a simple and double layer [12]



BicHuk XapkiBCbKOro HawioHanbHOro yHisepcuteTy imeHi B. H. KapasiHa
cepis «MaTematuyHe MogentoBaHHS. IHpopmaLiiHi TexHonorii. ABTOMaTM30BaHi C1CTeMW ynpasniHHay, Bunyck 50, 2021 77

a1
2mp = || == dS;S €S, u 3.1
Ty ﬂan|P—P0 ﬂ‘panw P 4575 €51Y 50 (3.1)
S

Here r(P, Py) = |P — P,| is the Cartesian distance between P and Py.
Let us consider different cases of the control point position. We leave the general integral solution

mp = ff (P, Po)dsl ff anr(P pyy 450

a) Let P, € S, (the control point is on a free surface):

2’“/’0_[[ ll"’r(Plpo) ﬂ‘l’lanr(Plpo) ﬂ‘l"’azr(Plpo) 0. 33)

In this case We have

i(l) _ Z "% ; (3.4)
\/(x —x0)2+ (v —y0)? + (z — 2)?

In this case, on Sy, z = z, = 62[1)
/4

So

Then

2o (Py) = — ff Yoy 48 ff Vg 08 (35)

b) Let P, € S; (the control point is on the shell surface). We have the following integral equations

(w1 o 1 o 1 |
o= || Gi o || Vo s |V e s 09

k? 1 0 1 0 1
2m4 (Py) =5!f lﬁomﬂmo—sff ¢1%md51—ﬂ ¢o£md50- (3.6)

Let us transform these equations by calculating the components with iy, and , . For control and
integration points on the shell of revolution, we obtain

2myp, + ﬂ zpliLdSl = AyY;. 3.7)
) onr(P, Py)

For control points belonging to the shell and integration points on the free surface we have

k? 1 d 1 k?
— ————dS, — —————dS, = —By — Ciq, .

where



Bulletin of V.N. Karazin Kharkiv National University
78 series «Mathematical modeling. Information technology. Automated control systems» issue 50, 2021

B0 = [[ w0 (3) s cuo = [ Voo (2 dso (39)
So So

For the control points on the liquid free surface and the integration points belonging to the shell of
revolution we obtain

9] 1
_ﬂ Y1 g, pyy 45 = D¥r: (3.10)
S1
For control and integration points, which simultaneously belong to the liquid free surface, we have
2 kzﬂ- 1dS = 2nE kzF 3.11
Ty g wor o = 2mEy, g Yo, (3.11)
So
where
1
So

For control points on the surface P, € S; we obtain
2

k
AY, = ?szo — Cy. (3.13)

From (3.13) 1, via i, is expressed as follows

k2
Yy = ?A_IBVJO — A7 C,. (3.14)

For the control points from the liquid free surface P, € S; we obtain

k2
Dy, = 2rE, — ?FIIJO. (3.15)

In (3.15) we substitute the expression for y: obtained above and arrive at the following integral
relations

k2 2
?DA_IB'(I)O - DA_lcll)O = ZﬂElpo - ?Flpo;

k2
? (DA_lBll)O + Fl/)o) = 2T[El/)0 + DA_1C1/)0;

k2
?zpo = (DA™'B + F)~1(2nE + DA™1C)yy;

The last one takes the form

(A—2E), =0, (3.16)
where
A= (DA B+ F)™'(2nE + DA™'();
kZ
A=—
g

That is, we came to the eigenvalue problem.

4. Reduction to one-dimensional singular equations
Let us construct integral equations to determine the potential in the form:
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f2n¢1+ﬂ¢1%( ffwo—dso ffl[)oa dSy =0

i\ ﬂ Y15n d51 —2mipo +— f f Po=dSy =0 (1)

From (3.16) we derive yo and k.
The solution of the system (4.1) is sought in the form:

Y =1(r,z) cosab (4.2)
where 7, 0, z are cylindrical coordinates;
Ir| = |P = Py| = \/rz +1¢ + (z — z9)? — 2rrycos(0 — ;). (4.3)
The normal derivative takes the form
% P _1 Pl e _(T;:Oj(: C;Si(;)]_;n;)(f —2), (4.4)
0

a=1r%2+1¢+ (z—29)%b = 2rm,.
The transformation of kernels leads to the following formulas for calculating integrals in (4.1).

9, 1
j f " %(m) ds, = f b (2)0(z, 2y)r(2)dT, (4.6)
S1 . T
[[ ¥ () 450 = [ w @2, 3o (47)
o 0
where
0(z,2,) = — {i [rz T L) —F (k)] n, + E L()m, (4.8)
Va+ b (2r a—b
®(P,Py) = L1!«*0((k), k? = 2b (4.9)
Va+b a+b
/2
Fu() = (—1)o [ 2822040 (4.10)
1 —k?%sin%6
/2
E,(k) = (—1)*(1 — 4a?) f cos2af+1 — k?sin20 do (4.11)

In the given formulas F,(k), E,(k) are integrals along the circumferential coordinate; I" is the

generating surface Si; p is the polar coordinate of So.

Let us calculate the matrices of integrated equations of the eigenvalue problem (3.6). We obtain the

following formulas:

{ AYy = 1By — CPg; Ay + Cipy — ABYy =0 (4.12)
Dyy = 2mEo — AFo; Dy — Evpg + AFpy = 0 '
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or in a matrix form
(b 250

Note that the obtained integral operators contain logarithmic features. To numerically determine
such integrals the method proposed in [13, 14] has been used.

(4.13)

5. Free oscillations of shell structures at different gravity levels

To determine the conditions of stable movement of the shells partially filled with liquid under the
action of external loads, at the first stage we find the frequencies and modes of oscillations of the "shell-
liquid" system according to [9, 15, 16].

At first, we will limit ourselves to liquid oscillations in rigid shells. Note that in practice these
oscillations correspond to the lowest oscillation frequencies which results in the detuning [9].

The cylindrical (C) and cylindrical-conical (CC) shells shown in Fig. 1 are considered. The
frequencies and modes of liquid oscillations in these composite shells of revolution are obtained by the
method proposed above.

Fig. 1. Shells partially filled with liquid

Tab. 1 shows the frequencies of non-axisymmetric oscillations of the liquid for different shells
with the following parameters: H =2 wm, Hi= H>= 1M, R=1m, B = 60°.

Table 1. Frequencies of non-axisymmetric oscillations of the liquid, Hz

¢ n
Shell type
1 2 3 4 5 6 7

1 C 4.2474 7.2352 9.1573 10.726 12.089 13.312 14.433
CcC 4.2346 7.2352 9.1573 10.726 12.089 13.312 14.433

2 C 5.4733 8.1148 9.8966 11.377 12.678 13.855 14.939
CcC 5.4718 8.1148 9.8966 11.377 12.678 13.855 14.939

3 C 6.4197 8.8719 10.558 11.973 13.226 14.364 15.417
C 6.4195 8.8719 10.558 11.973 13.226 14.364 15.417

Fig. 2 shows the first modes of heosesymmetric oscillations of the liquid at a=1.
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Fig. 2 The first modes of non-axisymmetric oscillations of the free surface, « =1

Note that for the selected parameters of the shells, the frequency and the modes of the oscillations
are similar for both tanks considered. It indicates that for such parameters the shape of the bottom does
not significantly affect the frequencies and modes of oscillations; the determining factor is the filling
level of the shells H.

Next, we introduce the parameter [17], which characterizes the capillary length A = ’ig . To take
P

into account the surface tension, we use the formula [18]

o o

— :—I|:1+7\42€ 0)_I2:|’
g g 9 11=12.. (5.1)

where ®,, ®, are the oscillation frequencies with and without accounting for the surface tension,

respectively.
Let us determine the effect of surface tension. To do this we calculate the frequency parameters

0),2 / g for a cylindrical shell, the parameters of which are given above. Next, we select ACZ =102 and

calculate the frequency parameters a)é / g taking the surface tension into account.

The results are shown in Tab. 2. The g-force parameter ng=1 is used here, which corresponds to the
level of gravity on the Earth's surface.

Table 2. Frequency parameters with accounting for surface tension

Frequencies !
and
frequency 1 2 3 4 5 6 7
parameters
o/ g 1.8389 5.3361 8.5480 11.727 14.817 18.227 21.234
|
o’/ g 1.8451 5.4880 9.1725 13.339 18.069 24.282 30.808
cl
® 4.2474 7.2352 9.1573 10.726 12.089 13.312 14.433
|
4.2544 7.3374 9.4859 11.439 13.314 15.434 17.384
cl

Tab. 3 shows the data on the oscillation frequencies of the liquid at different values of the parameter
ng, with and without accounting for the surface tension respectively.

From the results above we see that even at ﬂtz =102 there is a noticeable effect of surface tension,
especially at high oscillation frequencies.
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Table 3. Frequencies of oscillations at different values of the g-force parameter

The

oscillation G-force parameter ng

frequencies 0.1 0.25 05 1 2 3 4
o, 1.3431 2.1236 3.0032 4.2474 6.0065 7.3565 8.4946
o 1.5536 2.1803 3.0235 4.2544 6.0091 7.3579 8.4955

The obtained results indicate that for significant g-force parameters, the influence of surface tension
becomes insignificant. But with the decrease of this parameter (at low levels of gravity) the influence of
surface tension becomes dominant.

6. Conclusions

The integral equations method is generalized for the research of free liquid oscillations in shells at
different values of the g-force parameter. A connected system of differential equations with respect to
the elastic displacements of the structure and the effective fluid pressure has been obtained. Liquid
oscillations in cylindrical and cylindrical-conical shells have been considered. It has been established
that for the selected parameters of shells frequencies and forms of oscillations are similar for both shells
considered. Therefore, for the selected parameters the shape of the bottom has a negligible effect on the
frequencies and modes of oscillations; the determining factor is the level of filling of the shells. The
results characterizing the influence of the parameters of g-force and surface tension have been obtained.
The conditions under which the effect of surface tension becomes insignificant have been investigated.
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npeoenamu ¢ Yenvio ONepamueHo20 0CEEWeHUs UCCIeO08AHUN 6 CLe0VIOWUX aKMYANbHbIX 00NACMAX:
MamemMamu4eckoe u KOMNbIOMEPHoe MOOEIUPOGaAHUe, GbIYUCTUMENbHBII IKCHEePUMEHI, Meopus U
NPpUKIaoHvle Memoovl 06pabomku uHgopmayuu, 3auwuma ungopmayuy, NPocPAMMHO-ANNAPaAmMHbLe
cucmemvl  UHQOPMAYUOHHO2O UNU YNPAGIAIOWE20 HA3HAUEHUS, NPUTONCEHUS MAMEMATNUYECKO20
MOOeNUPOBAHUSL U CUCIEMHO20 AHANU3A 8 BbICOKUX, HAYKOEMKUX MEXHONO2UAX, BKII0YAs MEeXHOI02UU
€030aHUs NPoSPamMmnou npooykyuu. Ipunumaromes pabomsl, OMHOCAWUECS K HANPABIEHUAM PUIUKO-
MamemMamu4eckux U MexHUuYecKkux Hayk (dceramenvHvlii obvem 6-18 cmpanuy). Bce pyxonucu
PpeyeH3upyIomcs.

Ilpumeuanue. Ha npomsascenuu 2022-23 2e. pedakyuonnas Koane2us npu NPOYUX pagHuIX YCI0BUAX
byoem omoasame npeonoumenue pabomam, npeocmagieHHbIM HA AHSTUUCKOM A3blKe, eclu CMambs
noAyuULa 0000peHue Npu peyeH3upo8aHuu.
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Hayxkose suoanns

BicHuk XapKiBCbKOro HaiOHAJBHOI0 YHIBEPCUTETY
imeni B. H. Kapasina

Cepisa «MatemaTuune mojentoBanHs. [Hdopmarliiiini TeXHOJOTI].
ABTOMaTH30BaHI CHCTEMH yIIPABIIHHSI

Bunyck 50
36ipHux Haykosux npays

YKpalHChKOIO Ta aHTIIMCHKOI0 MOBaMH

Komm’rotepue Bepcranns O.0. AdanacbeBa

[Migmucano no apyky 29.06.2021 p.

®dopmat 60x84/8. Ilamip odeernuii. Hpyk mudposuii.
Ym. apyk. apk. — 7,1.

O06i1.— Bua. apk. — 8,9.

Haxman 50 ip.  3am. Ne 16/21
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