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CONVOLUTIONAL NEURAL NETWORKS AS A METHOD
TO SOLVE ESTIMATION PROBLEM OF ACOUSTIC WAVE
PROPAGATION IN POROELASTIC MEDIA

Abstract. This article concerns the problem of the acoustic wave propagation in the 3 layered half-space. The
first and third layers are assumed to be solid, whereas the second is assumed to be poroelastic. This article considers
results of finding acoustic wave propagation with regard to its depth and time (further called solution to the forward
problem) [1-4] and tries to estimate the initial physical properties of aforementioned three layers. The aim of this
article is to create a convolutional neural network that estimates said properties, namely speed of sound in each layer
and porosity of the second layer. Model was built using “PyTorch”, open-source machine learning library. In order to
evaluate the initial coefficients of acoustic wave propagation the convolutional neural networks were used. During
the procedure, 3 convolutional hidden layers and 2 fully connected linear hidden layers were used. The data for data
characterization was simulated by iteratively solving forward problem of acoustic wave propagation described by
Stokes equation and continuity equation with given initial values of the acoustic model.

Key worlds: Neural network, Convolutional neural network, acoustic wave propagation, predicting models,
supervised learning, activation function, PyTorch.

Introduction. Researching acoustic wave propagation, is one of overlying problems of geological
exploration [6]. The prominent problems in the aforementioned area is the problem of acoustic wave
propagation in poroelastic medium, the problem related to the discovery of oil and water reserves
underground. In practice however the solution ofthe problem requires extensive reliance on regularization
of data, and thorough and expensive measurements that sometimes are hard to provide due to various
circumstances.

The relevance of the utilization of deep learning algorithms is defined by the fact that deep learning
algorithms provide solution that is more robust and do not require extensive data regularization.

The aim of this article is to explore possibilities of building a neural network capable of estimating
solutions to problem of acoustic wave propagation in poroelastic medium.

Specification of the problem. Consider 3 layered half-space that consists of:
M2 = {x e Rm0 < x < HI]which is a first layer, = {xeR: < x < H2} and
Mz {x e R: x > H2}, and let 0-point be a surface of the first layer.

Let L (within dataset it is denoted as H) be the depth of the portion of half-space under
consideration, while r denotes the time frame of the experiment, their respective values during experiment
is going to be equal to 1000 meters and timeframe of the experiment in question is going to be equal to
1.5 seconds. The acoustic wave is sent at the surface at x = 0, y=0.

52


https://doi.org/10.32014/2020.2518-1726.65
mailto:maratnurtas@gmail.com
mailto:zbai.kz@gmail.com
mailto:tsay.victor96@gmail.com
mailto:tychty4@gmail.com
mailto:zzhanabekov@gmail.com

ISSN 1991-346X Series physico-mathematical. 4. 2020

The mathematical model is at the edges of the layers of the half-space could be described via Stokes
equation and continuity equation as follows in terms of acoustic pressure p on the whole layer Q, as
described by [1]:
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Where m represents porosity ofthe second layer, p shows the acoustic pressure,
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"
is an average speed of wave propagation in the considered area of half-space.

That could be brought to the form:
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With initial conditions:
p(x,0) =0, IEfI (3)
dp
dt (x,0) =0, IEfI
and boundary condition:
p(0,t) = Po(t),t >0 4)

to solve the above problem, we don’t need a second boundary condition, so we don’t need to set a second

boundary condition.
At this point it is possible to apply Fourier Transformation so that our mathematical model stable,

thus making the equation dependent on to (angular frequency) and the depth ofunderground length:
d2p pa)2 b= (5)
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Applying continuity conditions and continuous differentiability conditions on the equation (5) near
layer boundaries yields a system of linear algebraic equations (6-9) [5]:
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Which in turn could be solved [5]:
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Iteratively solving (10)-(13) will find the values of acoustic wave pressure dependent on angular
velocity (10) and depth of the half-space (x). By applying inverse Fourier transformation [7] on those
values we obtain the values of acoustic wave propagation (acoustic pressure) dependent on time (t) and
depth ofthe half-space (x). These values were calculated using MatLAB and stored in the form of text file
with comma separated complex numbers [2].

Figure 1- Values of acoustic pressure at given time (horizontal axis) and depth (vertical axis).
1 pixel intime = 0.01 seconds, while 1 pixel in depth =20 meters
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Neural Network architecture. Convolutional neural network (CNN) is a method of modeling data
analysis with statistical tools, loosely based around the idea of how neurons and synapses work. The
structure of neural networks consists of 3 layers [8]:

a) Input layer;

b) Hidden layer;

c) Output layer.

On their turn each layer consists of neurons that work as a simple function, taking data, via
connections referred to as synapses from neurons in the previous layer, making calculations to it and then
passing the results to the neurons in the next layer.

The input layer works as a primary data input part of our model. It accepts data, sometimes referred as
a training data that forms conditions of the problem. Once the data is inputted the neurons in input layer
start sending signals to the first hidden layer.

Figure 2 - the general model of machine learning algorithm [3, 15]

The hidden layer is where most calculations happen in the following way [3, 8, 15]:

A=zo(w”N -X+ M1),Y=o0o(w" mA+b®) (14)

BA(X) = ct(w O (WW -Z + b(1))) + M2)) (15)
NN

Ne = f{9; {XiHYi}) =" -~ (0eNe )-B A2 (16)
nni=i

where X = (XL, x4)T, Y = (V\,¥2)T, A= («i,”,a5)T,wand b representing weights and biases of our
model.

The activation function is a way to model the cell firing procedure and to standardize data sent from
one layer to the other.

Convolutional neural network works on the idea of convolutions. The data given to us with in the
form the matrix get convolved and pooled from one layer to another, with the idea of finding patterns in
each receptive field.
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Figure 3 --Example of convolutions and pooling for CNN [14]

Creation of neural network. For the purpose of building a deep learning model it is necessary to
specify input and output datasets. In this case the input is a set of text files that describe acoustic pressure
at various depths over time, whereas the output are values characterizing the layers ofthe half-space under
consideration, including [5]-[6]:

1) speed of acoustic wave propagation at the first layer;

2) speed of acoustic wave propagation at the second layer;

3) speed of acoustic wave propagation at the third layer;

4) porosity ofthe second layer;

There is a variety of other coefficients that influence the acoustic wave propagation, including depth
and viscosity of the layers. For the purposes of this experiment those values were taken as constant,
simulating conditions where it is necessary to find out what is a content of porous media in the second
layer, often met in more practical applications.

The number of datasets is equal to 3600, with a data sets being given in 149x151 2 dimensional
arrays.

N1 1" BriokHoT — [m} X
daiin Mpaska OopyaT [up “npaeka
~.50066+0.077075i,0.068987-0.46709i, 0.72181 O. 10017i, -0.089335+0.0?R979i, -0.0098556+0.040808i, 0.0071847-0.0096614i,0.00063597+0.010311i, =
0307401.0.00050803*0.00041150i, 0.0018193-0.0029259i,0.00050500*0.00038572i, 0.0018157 0.00278751,0.00050127*0.00030122i, 0.0018117 0.00205
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-0.030144+0.02399i,0.042206+0.059031i , -0.075009+0.003022i,0.23001+0.31330i,0.43804-0.28342i , -0.15919-0.34741,-0.1002-0.0040378i , -0.0582094-0
6413 0.0011687i,0.0013479 0.0016062i, 0.0025609 0.0010768i,0.0012705 0.0015713i, 0.0024862 0.00099139i,0.0011982 0.0015409i, 0.0024162 0.00-
016186+0.0001262i,0.00035179-0.0011116i,-0.0015898+0.0001/208i,0.00032283-0.0011005i,-0.0015606+0.00022105i,0.0002931-0.0010892i,-0.0015302
1i,-0.0017919+0.00045519i,3.148e-05-0.00099852i,- 0.0012761+0.0004818i,1.5912e-05-0.00099714i,-0.0012608+0.00050747i,8.7978e-07-0.00099602i ,
0.012934+0.040188i,-0.018524+0.008138i,0.025075+0.074784i,-0.043953+0.020852i,0 .11135+0.31715i,0.49849-0.14562i , -0.07055-0.41899i, -0.19185-"
00247251.0.0014629 0.00049409i, 0.0026852 0.0023232i,0.0014035 0.00050289i, 0.0026276 0.0021854i,0.0013475 0.00051283i, 0.0025729 0.002058i
463911.0.00069949-0.00058783i, -0.0019388-0.000404041,0.00067783-0.000583141i, -0.0019113-0.000342521,0.00064471-0.000581621, -0.0018813-0.0007
3i,-0.0017851+0.00026848i,0.00057536-0.0008566i,-0.0017707+0.00010608i,0.0005113-0.00086631i, -0.0017569+0.00034303i,0.00049787-0.00087656i,
0.0010081*0.00074404i,0.00019818*0.043001i,0.0020439*0.0015875i,0.0018257*0.077090i, 0.0052821*0.00401091,0.011331*0.27897i,0.50470*0.003-
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0.0087539*0.020329i,0.0087422*0.0030720i, 0.011701*0.03832i,0.013208*0.0049019i, 0.01905*0.007549i,0.027118*0.011089i,0.055007*0.2134i,0..
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491i, -7.356e-05+0.00019075i, -0.0011815-0.0014937i,-6.8825e-05+0.00040038i ,-0.0011852-0.0014194i,-6.6344e-05+0.00041516i,-0.0011863-0.001385
5i,-0.0014355-0.00000705i,0.00018402-5.7802e-05i,-0.0014375-0.00057380i,0.00018002-0.3704«-05i,-0.0014395-0.0005403i,0.00018808-7.0040e-05i ,
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Figure 2 - Dataset of acoustic pressure
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The model was created with open-source deep learning library PyTorch. Convolutional neural
networks were used for the purposes of estimating initial coefficients of acoustic wave propagation. There
were 3 convolutional hidden layers and 2 fully connected linear hidden layers utilized during the
procedure. The sigmoid function was used for activation.

Results. During training procedure, the neural network shows clear decrease in standard deviation
over the number of batches:

Figure 4 - Standard deviation over the number of batches

20 40 60 80 100 120 140 20 40 60 80 100 120 140

Figure 5- Comparison of expected (left) solution created by forward model
and predicted (right) values created by applying results from deep learning algorithm

Conclusion. All in all, the experiment shows that it is possible to create a deep learning algorithms
that estimates the solution ofthe acoustic wave propagation in poroelastic media. The deep learning neural
network was successfully developed with standard deviation of 0.03 over the course of last batches,
showing the convergence of neural network model, which gives an alternative to analytical solution to the
problem given in [1]-[2]. After training neural network model can provide characterization of the physical
properties ofthe layers based only on data of acoustic wave propagation over time and depth. Experiments
display successful results in potential of deep learning in building seismic-acoustic wave propagation
model and thus also successful in estimating solution to the problem via neural networks. This opens up a
lot of opportunities with regard to making seismic-acoustic problems solving algorithm in geophysics that
is robust to data regularization.

One of the ways of future developments that are possible in this area is generation of deep learning
neural networks for more thorough and sophisticated wave propagation models such us inverse seismic-
acoustic problems and then try to industrial application oftrained network in real world conditions.
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Mapat Hypracl, XX.[. bainwemunpos 23 B. Llaiil, M. TactaHoBl X. XXaHa6ekoBl

NanblKapasblK aknapartTblK TexHonorusnap yHusepcutet Anmarbl, KasakcTaH,;
2A6aii aTbiHfarbl Kasak ynTTbiK nefarorvkaibik yHuBepcuteTi, Anvatbl, KasakcTa;
3AKNapaTTbIK X3He ecenTeyill TEXHOMOrmMaAnap UHCTUTYThI, AnMaThbl, KasakcTaH

KOHBOMOLMANbL, OKUHALTANATbLIH) HEMPOHAbIK; XXE/T1/IEP AKYCTUKANbIK;
TONUBIHOAPAbLILL TAPANTY MOCEMTECIH WWEWYA1H0A1C1 PETIHAE

AHHoTauusa. byn makana Yl KabaTTbl XapTbinai KeuicTikTe akyCTMKa/lblK TOMKbIHHbIL Tapany Maceneciue
apHairaH. BipiHWi >kaHe YwWiHWi KabatTap Y34iKCi3 KaTkbln KabaTTap, an ekiHWi KabaT KeyeKTiK KaTKbln fer
6o/mKaHaabl. Byn makanafa akyCTUKa/blK TONKbIHHbIL, TapaiyblH OHbIL, Tepeuairi MeH yakbITblH eCKepe OTbIpbin
aHbIKTay HI3TWKenepi KapacTbipbinagbl [1-4], COHbIMEH KaTap >xorapblga atairaH YW kabatTbil, 6acTankbl
(h13MKablK KacueTTepiH HeMPOHABIK XEeLULL, apKbl/ibl CENTEYre ThipbICaab!.

Makana MakcaTbl - GipHelle gepbec >xarfaiifibl ecenke ana OTbIpbiN, OCbl KacueTTepfa atan aiTKaHga ap
KabaTTarbl Abl6ObIC XbITAAMABITbIH XX3HE eKiHLI KabaTThIL, KeYEeKNMH eCENTeNTiH KOHBYIbCUANBIK (KMHAKTaNaTbIH)
HeMpoHAbIK >Xeni Kypy. Mogens PyTorch, allblK OKYy MallMHanapbiH OKbITy KlTanxaHacbl apKbifbl >acaaraH.
AKYCTUKaNbIK TONKbIHAAPAbIL, Tapany Kos(duumeHTTepin 6Garanay Yuwin YWipTkini Helipongsik xeninep
nanganaHbingsl. YRIPTKIN HEAPOHABIK XKeni - HelpoH4ap MeH CUHANCTapAbIL, XXYMbICbl Typasibl €PLUH HEri3genreH
CTaTUCTMK&/IbIK Kypangapabl KOMgaHy apKblibl M3fiMeTTepAl Tanjayfbll, Mogenbaey 3Aici 6onbin caHanagpl.
HelpoHapbiK Xeninepaiy, KypbiibiMbl 3 kabaTTaH Typafbl: Kipic KabaTbl, XacbIpblH KabaT 3He Wwbiry Kabarbl. 03
KeseriHge, ap6ip KabaT kapanaiibiM QYHKUMA penHAe XYMbIC ICTelATIH HelipoHaapAaH Typadbl. AnablUrsbl kabaTTarsl
He/ipoHfapfaH CuHancTap fAen aTailaTblH KOCbIIbICTap apKblibl M3AIMETTEPAl >KMHan, COM apKblibl ecenTey
XYprisegi fe, H3TWKenepLU Keneci kabatTarsl HeipoHgapra eTwsea” Kipic kabaTbl MOAeNbAIK fEPEKTEPLI EHN3YALL
Herisri 6eniri peTiHae XyMbic oTeiAar On Keige MaceneHiL, XarfaibliH KypaiTbiH OKbITY M3iMETTepI Aen aTanaTbiH
fepekTepai anafdbl. [epekTephi €HrisreHHeH KeiiH Koprc kabaTbiHAarbl HeipoHAap OipiHLII XKacblpbiH KabaTka
curHan x16epe GacTaiiabl. Byn argaiiga 3 YWpTKini achipblH KabarTap »aHe 2 TOMbIK XanraHraH Chi3bIKTl
XacbIpblH KabaTTap KongaHbingpl. AKTUBTeY YLiH curma Tapisgi yHKUMS KongaHbingsl. ManimeTTepai cunartrayra
apHasraH ManiMeTTep CyWbIKTbiKTapra apHairaH CTOKC TeHAeyi >K3He Y3ificCisgik TeHAeyiHiy, KemenmeH
cunaTTairaH aKyCTUKaNbIK TOMKbIHHbIL, TapanyblHbIL NKened ecebiH MTepaTWBTI LUELy apKblibl MOAeNnbaeHa™
aKyCTUKa/IbIK MOogenbiL, 6acTankbl MaHgepi 6epureH [5] - [6].

AKYCTUKANbIK TONKbIHHBIL, TapayblH 3epTTey reonoruanblk 6apnaygpil, Hen3n MmiHgeTTepiHiy 6ipi 60bin
caHanagpl [6]. byn canagarbl Herisri macenenep - KeyekTi-ceprimgi opTafarbl aKyCTUKanblK TONKbIHAAPAbIL,
Tapanysbl, XKep acTblHAArbl MyHail MeH Cy KOpnapblHbIL, allbliybliHa 6alinaHbiCTsl Macene 60/bin ecentenes Anaiifa
ic XYsiHge 6yn Macenew Lwewly aepekTepai xYVieneyail, kel KongaHbInyblH Tanan eTefi, COHbIMEH Katap, Keiige
apTYPni xargainapra 6ainnaHbICTbl €M1eCTETYTe KUbIH MYKWUST XX3HE KbIMOAT eNLleMAepAI KaKeT eTeqi.

Taxlpube keyekTi-cepnimai opTagarbl aKyCTUKa/IbIK TOMKbIHHbIL, Tapay LUeLimMiH 6aranaiiTblH Tepew, OKbITY
anropuTMAepiH Kypyra 60naTbiHAbITbIH KepceTedi. Tepew, OKbITbiraH HenpoHabiK xeni [1]-[2]-ga kenTipinreH
M3CefeHiL, aHaNNTUKaNbIK LeLliMiHe 6anama yCblHaTbIH, HEMPOHABIK Xeni MOAENLLLL XaKbIHAACKAaHAbITbIH KepceTe
OTbIpbIN, COUrbl NapTusnap 6oibiHwa 0,03 cTaH4apTTbl aybITKy Henswfie C3TTi AambiTbingbl. OKbITYyAaH KeliH
HEVpOHAbIK XXeNi Mofeni TeK aKyCTUKanblK TOMKbIHHbIL, Tapanybl Typasibl M3fiMeTTep HerisiHae KabaTTapably
(h13MKasbIK KacMeTTepiHiL, cunaTTamMacbiH 6epe anagbl.

3KCNepUMeHTTep CeiCMUKabIK-aKyCTUKabIK TONKbIHAAPABIL, Tapany Mofenl Kypyaa Tepewl, OKbITyablL, Y34iK
HATVKeNepL KepceTen” COHbIMEH KaTap HeMpOHAbIK >Keninepfi KongaHa OTbIpbiM, ecenTi Lewwyai ¢3Tn icke
acblpagbl. bByn reomsnkagarsl CeMCMOCTaKYCTUKanblK, AepeKkTepAi peTTeyre TypakTbl ecenTephi LUeLlyAL
anropuTMiH Kypyra MyMLHAL Gepesi.

Byn canaga biKTMMan 6onawak faMmy agtotepuity 6ipi - TOMKbIHHBIL, TapanyblHbIL, HErypribiM MYKUAT XK3He
KYPgeni mofenbaepiH TepeL, OKbITaTbiH HEMPOHABIK Xeninepai Kypy, MbiCasibl, Kepi CeiCMUKaibliK aKyCTUKabIK
macenenep, cofaH KeliH HaKTbl Xar4anaa OKbITbIIraH XenLl UHAYCTPUANaHAbIPY 3PEKeTi.

TYViiH cesnep: HeipoHAIbIK Xen" KOHBOMOUMANBIK HEPOHABIK e, aKyCTUKaNbIK TONKbIHAAPAbIL, Tapanybl,
6omxay mMogenbaep” 6akbliaHaTblH OKbITY, aKTUBTEHAIPY (hyHKUmACHI, PyTorch.
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Mapat HypTacl, XX.[. baiwemnpos23 B. Llainl, M. TactaHoB1 XK. XXaHabekoBl

IMexayHapoaHbIi YHUBEPCUTET MH(OPMALIMOHHBIX TeXHoNorui, Anvatsl, KasaxcraH;
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CBEPTOYHbIE HEMPOHHbIE CETW KAK METO/, PELLIEHWA
SAOAUYN PACTIPOCTPAHEHUA AKYCTUYECKWX BOJIH B MOPOYTIPYT X CPEAOAX

AHHOTauua. [laHHas cTaTbs MOCBsLLEHA 3afjadye pacnpoCcTpaHeHWs akyCTMYEeCKON BOMHbI B TPEXCMONHOM
nonynpocTpaHcTee. [lpegnonaraetcs, 4TO MEPBbIA U TPeTUA CNOM SBAAKOTCA  CM/OWHbIMK, & BTOPOW -
MOP03NacTUYHbIMU. B aHHOI CTaTbe paccMaTpMBarOTCA pe3yNbTaTbl ONPeAe/ieHNs PacripoCTpaHeHWs akyCTUYeCcKo
BO/IHbI C YYETOM ee rny6uHbl 1 BpemMeHW [1-4], a Takke NbITAeTCA paccumTaTb HaualbHble (IM3MYecKue CBOMCTBA
BbILLEYNMOMSHYTbIX TPEX C/I0€B.

Llenbto gaHHOM cTaTby ABNAETCA CO34aHMe CBEPTOYHON HEMpPOHHON CeTW, KOTOpas PacCuMTbIBAET YKasaHHble
CBOICTBA, & MMEHHO CKOPOCTb 3BYKA B KaXJOM C/0€ W MOPUCTOCTb BTOPOro cnos. Mogenb 6bina MoCTpoeHa ¢
ncnonb3osaHveMm PyTorch, 61M6MOTEKM MaLLUMHHOTO 0OYYeHMst C OTKPbITbIM WCXOAHbIM KOLOM. [N OLEHKM
Haya/IbHbIX KO3PMULMEHTOB PacnpoCTPaHeHNs akyCTUUECKUX BOJH UCMOMb30BA/IUCh CBEPTOUHbIE HEVPOHHbIE CETW.
CBepTouHas HelipoHHas CeTb - 3TO MeTOJ MOAENMPOBaHWs aHanuM3a [AaHHbIX C MOMOLLBI CTaTUCTUYECKMX
MHCTPYMEHTOB, CBOGOAHO OCHOBaHHbIA Ha maee paboTbl HEMPOHOB M CMHaNCOB. CTPYKTypa HeWpOHHbIX CeTei
COCTOMT 13 3 C/OEB: BXOAHOM C/OWA, CKPbITLIV CMOW W BbIXOAHON CMOA. B CBOKO 04epedb, KaabliA CNOM COCTOMT U3
He/ipoHOB, KOTOpPble PaboTaoT Kak NpocTas (hyHKUMs, cObMpas faHHble Yepes COoeayHEHMS, Ha3biBaeMble CMHaNcamm
M3 HEMpOHOB B MpedbldylleM Cfioe, Aenas C HUM BbIUMCMEHWS W 3aTeM MepedaBas pesy/bTaTbl HelipoHaMm B
crnegytowem cnoe. BxogHoii cnoil paboTaeT Kak MepBUYHAas YaCTb BBOAA AaHHbIX Hawleil Mogenn. OH MpuUHMMaeT
[aHHble, MHOTJa Ha3blBaeMble AaHHbIMU 00yUeHUs, KOTopble (DOPMUPYIOT yCn0BMA Npobemsl. [ocne BBOAA AaHHbIX
HEepOoHbI BO BXOAHOM C/I0e HaYMHAIOT MOCbIIaTh CUrHa/IbI MEPBOMY CKPbITOMY C/10t0. [pn 3TOM MCNONb30BaIUCh 3
CBEPTOUHbIX CKPbITBIX €108 U 2 NOMHOCTbIO CBA3AHHBIX JIMHEWHBLIX CKPbITbIX €108, CUrMoBMAHasA (yHKUMA Gbina
NCMOMb30BaHa AN aKTuBaumW. [laHHble ANA XapaKTepUCTUKM AaHHbIX MOLENMPOBAINCH MyTeM WUTepPaTMBHOIO
pelleHns npsMOi 3afayn pacnpoCTPaHEHUS aKyCTUYECKOW BOMHbI, OMWCbIBaEMON ypaBHeHWeM CTokca U
YPaBHEHMEM Hepa3pbIBHOCTU, C 33aHHbLIMI Ha4a/IbHbIMM 3HAYEHUAMM aKyCcTuYeckor mogenw [5]-[6].

VccnenoBaHue pacnpocTpaHeHUs akyCTUYECKON BOMHbI SBASETCS OLHOW M3 OCHOBHbIX 3ajay reosornyeckon
passegkm [6]. OCHOBHbIMU Npo6iemMamm B 3TOI 06/1aCTW ABASETCA NPObBaeMa PacnpoCTPaHEHNS aKyCTUYECKMX BOH
B MOPUCTO-YNpPYroi cpefe, Npobnema, cBA3aHHasA ¢ 06HapY)XXeHVeM 3amacoB He(hTU 1 BOAbI Nog, 3emeid. OgHaKo Ha
NpakTUKe pelleHWe 3Toi npobnembl TpeOyeT LUMPOKOTO WCMOMb30BAHWA Perynspusauum AaHHbiX, a Takke
TWATeNbHbIX 1 AOPOrOCTOALLMX W3MEPEHWiA, KOTOpble WHOrAa TPYAHO NPeACTaBuTb B CWMY  PasfUYHbIX
06CTOATENBbCTB.

DKCNEPUMEHT MOKasblBaeT, YTO MOXHO CO34aTb aIrOpUTMbl FyO60KOro 06y4eHUs, OLEHMBAIOLLME peLleHune
pacnpocTpaHeHUst akyCTUYEeCKOI BOMHbI B MOPUCTO-YNpyrux cpefax. HepoHHas ceTb ¢ ray6okuM obyyeHmem 6bina
ycrewHo paspaboTaHa €O CTaHAApPTHbIM OTK/IOHeHWeM 0,03 B TeuyeHue MOCNEAHWX MapPTUiA, AEMOHCTPUpYA
CXOAMMOCTb MOZENN HEMpPOHHOW CeTW, KOTOopas AaeT afbTepHaTVBY aHaIUTUYECKOMY pELUEHWIO Mpo6/eMbl,
npvBegeHHoi B [1]-[2]. Mocne 0byyeHns MOAeb HEMPOHHOW CETU MOXET 06eCneUnTb XapakTePUCTUKY (U3NYECKMNX
CBOICTB C/I0EB HA OCHOBE TOJIbKO AaHHbIX PACMPOCTPAHEHMS aKyCTUYECKOM BOJHbI MO BPEMEHU U Fy6uHe.

JKCNepMMeHTbI NOKa3bIBAtOT YCMeLlHble pe3ynbTaTbl B MOTeHUMase r1y6oKoro 06yuveHUs B MOCTPOEHWM
MOJ€e/NN PacrpoCTpPaHeHMs CeiCMOaKyCTUUYECKMX BOSIH M, TakuM 06pasoM, Takke YCMellHbl B OLEHKE peLueHus
npo6sieMbl C MOMOLLbIO HEMPOHHbIX CeTell. 3TO OTKPbIBAET MHOr0 BO3MOXHOCTEW [ CO34aHUA anroputma
peLUueHns celicMOoaKyCTUYECKMX 3aaY B reotin3nKe, KOTOPbIA YCTONUMB K PEryNapusaLnm JaHHbIX.

OpHvM 13 cnoco6os 6yayLiyx paspaboToK, KOTOPble BO3MOXHbI B 3TOW 06/1acTW, SABNAETCA CO3LaHue
HEMPOHHbIX ceTeli rnybokoro obyyeHus gns 6onee TWATeNbHbIX WM COXHLIX MOZAENei pacnpoCcTpaHeHUs BOJH,
TakMX Kak 06paTHble CeliCMUYECKMeaKyCTUYeCcKMe npobfieMbl M 3aTeM MOMbITKA MPOMbILLIEHHOTO MPUMEHEHMA
06YYEHHOI CeTU B peasibHbIX YC10BUAX.

KntoueBble CnoBa: HeMpOHHas CeTb, CBEPTOYHAsA HEWPOHHAs CeTb, PacnpoCTpPaHeHVe akyCTUYeCKUX BOJH,
MOZe/Nn NPOrHO3VPOBaHKs, KOHTPOAMpyeMoe 06yyeHve, hyHKLMS akTmueaumm, PyTorch.
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