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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 of the 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:
Q, ={x € R:0 < x < Hy}which is a first layer, Q; = {x € R: H < x < H,} and
Q, = {x € R: x > H,}, and let O-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 » 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.




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 of the 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, x€Q (3)
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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 o (angular frequency) and the depth of underground length:
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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 () 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 of the half-space (x). These values were calculated using MatLLAB and stored in the form of text file
with comma separated complex numbers [2].

20 40 60 80 100 120 140

Figure 1 — Values of acoustic pressure at given time (horizontal axis) and depth (vertical axis).
1 pixel in time = 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.

Input layer Hidden layer  Output 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=o(w® - X +bD) Yy =cw® .4+ bh?) (14)
0g(X) =o(w@(@w® - X + b®)) + b@) (15)

1 Nnn
f(0) = fO; {X 3 (YD) = N—m;(Ge(Xe) —Yp)? (16)

where X = (xq, ...,x,)T, Y = (y1,y2)T, A = (a4, ..., as)T, w and 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 of the 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 of the 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.
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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:
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Figure 4 — Standard deviation over the number of batches
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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 of the 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 of the 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 of trained network in real world conditions.
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X anbIKapanblK aKInapaTThiK TEXHOJIOTHsIAp yHUBepcuTeTi, AnMarsl, Kazakcran;
2AGaii aTerHaarsl Kaszak yITTHIK earorukanblk yHUBepeuTeTi, AnMarsl, Kasakcran;
3 AKNapaTThIK XoHE €CENTEYIll TEXHONOTHIAp MHCTUTYThI, AnmaTsl, Kasakcran

KOHBOJIIOIUSJIBIK (KMHAKTAJIATBIH) HEUPOH/IBIK XKEJILJIEP AKY CTUKAJIBIK
TOJKBIHIAPABIH TAPAJTY MOCEJIECIH IHEITY ITH 9AICI PETTHAE

Annoranusi. byn makana ymr kabaTThl jKapThUlall KEHICTIKTE aKyCTHUKAJIBIK TOJIKBIHHBIH Tapajly MacelleCiHe
apHasiFaH. BipiHmn »koHe yimiHIN Kabarrap y3AiKCi3 KaTKbUI KaOaTTap, an eKiHII Kabar KeyeKTIK KaTKbLI Jer
Oomkananel. byn Makanaza aKyCTHKambIK TOJIKBIHHBIH TapaiyblH OHBIH TEPEHAIr1 MEH YaKBITBIH €CKepe OTBIPHII
aHBIKTAy HOTIDKENepi KapacThIpbUIamsl [1-4], COHBIMEH KaTap JKOFapbila aTajfaH YII KaOaTTelH OacTarmkbl
(hm3MKaIBIK KaCHETTEPiH HEHPOHIBIK >KEIHIH apKbLIbl €CeNTeyTe ThIPBICAIbI.

Makana makcatel — OipHeme JepOec >Karqaliabl ecelKe aja OTBIPBIN, OChl KaCHeTTEp[i, aTam aiTKaHxa op
KabaTTarbl AbIOBIC )KBUIIAMIIBIFBIH JKOHE EKiHII KaOaTThIH KEYeKTIil'lH eCeNTeUTIH KOHBYJIbCHSUIBIK (’KHHAKTAJIAThIH)
HEeWpOHMBIK kel Kypy. Mogens PyTorch, ambik oKy MallMHaJIApblH OKBITY KiTallXaHAChl apKbUIbI JKAacajFaH.
AKyCTUKANBIK TOJKBIHAAPIBIH Tapany Kod(QQUIUEeHTTepiH Oaranay yIIiH YHIPTKIN HEHPOHIBIK IKeJiep
nmaiinanaHeUAbl. Y WipTKLUTI HEUPOHABIK JKelli — HeHpOoHIap MEeH CHHAIICTapIbIH KYMBICHI TYPajlbl €pKiH HETi3IeNreH
CTaTUCTUKAIBIK KypajJapAbl KOJJaHy apKbUIbl MANIMETTEpl TaJlayAblH MOJENbAEY oMAici OOJNBINT caHajabl.
HefipoHpIK sxeniniep i KYphUIBIMBL 3 KabaTTaH TYpaabl: Kipic KaOaThl, )KACHIPBIH Ka0aT JKOHE IIBIFY KabaThl. O3
Ke3erinje, opoip KabaT KapanaibiM GyHKIUS PETIH/C )KYMBIC ICTCHTIH HEMPOHIApAaH TYPabl. AJIBIHFBI KA0ATTaFrbl
HEHpOHAApAaH CHHAICTAap AEN aTalaTblH KOCBUIBICTAp AapKbUIBI MOJIMETTEpAl JKHHAIL, COJl apKbUIbl ecenTey
KYpriseli lie, HOTHXKENIEpiH Kelieci KabaTTarbl HelipoHmapra eTkizeai. Kipic kabaTel MOAENBIIK IepeKTepli eHI13YAiH
HeTi3ri Oeiri peTiaae >kyMbIc icteini. On Keie MoceneHiH KaFJaiiblH KYPalTBIH OKBITY MOJIIMETTEpi JeTl aTaJaThIH
JepekTepli ananpl. JlepekTepai eHri3reHHeH KeWiH Kipic KabaThlHAarbl HeWpoHnap OipiHIII JKachIpblH KabaTka
curHai sxioepe Oacraiinsl. by »xarmaiina 3 yHipTKial >kachIpplH KabaTTap »oHE 2 TOJBIK JKaJFaHFaH CHI3BIKTHI
JKachIPbIH KabaTTap KOJJaHbUIIbl. AKTUBTEY YIIiH CUIMa Topi3ai GyHKIMS KOJAaHbuIAbl. MaiMeTTepi cunarrayra
apHaJiFaH MOJIMETTep CYWBIKThIKTapra apHamraH CTOKC TeHJeyi MOHe Y3UICCI3AIK TeHJAeYiHIH KeMeriMeH
CHUIIATTAJFaH aKyCTHKAJIBIK TOJKBIHHBIH TapaJlybIHBIH TiKeNed eceOiH WTepaTHBTI LIelly apKbUIbl MOJEIbICHII,
aKyCTHKAJIBIK MOJENBIIH OacTanKsl MoHepi 6epinreH [5] - [6].

AKYyCTHKaJIBIK TOJIKBIHHBIH TapaJlyblH 3€pPTTEY TI'€OJIOTHSIIBIK OapiiayAblH HEri3ri MiHAeTTepiHiH Oipi Oouibim
caHanaznpl [6]. Byn camamarbl Herisri Macernenep — KEYeKTi-CepIiMIl OpTajarbl aKyCTHKANIBIK TOJKBIHIAPIBIH
Tapaybl, XKep acThIHJIAFbl MYHal MEH Cy KOpPJIapbIHbIH alllblIyblHa OalIaHbICTBI Macelie OOJIbII ecenTenesni. Anaiaa
ic yKy3iHIe OyJ1 MocelsieHi LIenry AepeKTep/l KyheleyaiH KeH KOJIaHBUTYbIH Tallall eTelll, COHbIMEH KaTap, Keije
OpTYpIi JKaFAaiiapra OaliIaHBICTHI €1eCTeTyre KUbIH MYKHAT XKOHE KbIMOAT eJIeMaepl KaKeT eTeli.

Toxipube KeyeKTi-CepIiMai OpTaJarkl aKyCTHKAIBIK TOJIKBIHHBIH Tapaty MICHIIMiH OaFalalTBIH TepeH OKBITY
NTOPUTMIEPIH KypyFa OONaTHIHABIFBIH Kepceredi. TepeH OKBIThUIFaH HEHpoHABIK kemi [1]-[2]-ma xenTipiiren
MOCEIICHIH aHATUTUKANIBIK IeNTiMiHe OajlaMa YChIHATBIH, HeWPOHIBIK Kelli MOJISNIHIH KaKbIHIaCKaHIBIFEIH KOPCETe
OTBIPBIIN, COHFBI maprusuiap OoiibiHina 0,03 craHIapTTHl aybITKy HEri3iHAe coTTi NaMbIThULIbl. OKBITYyIaH KeWiH
HEHPOHABIK JKelli MOZAENI TeK aKyCTHKAJIBIK TOJKBIHHBIH Tapalybl Typajabl MOJIMETTep Heri3iHie KabaTTapiblH
(bu3MKaNbIK KACHETTEPiHIH CUIIaTTaMaChIH Oepe allajbl.

DKCIIepUMEHTTEp CeHCMHKAIIBIK-aKyCTHKAIBIK TOJKBIHAAPABIH Tapally MOAECNIH Kypyda TepeH OKBITYIBIH Y3IiK
HOTW)KENEPIH KepceTelli, COHBIMEH KaTap HEHpOHABIK JKEJJIepAl KoJiAaHa OTBHIPBIN, €CENTi HIEHIyli COTTI icke
acelpanbl. bynm reodumsmkamarbl ceHCMOCTaKyCTHKAaNbIK, JEPEKTEpIi peTTeyre TYpakThl ecenTepil MIenryaiH
AITOPUTMIH KYpyFa MYMKIHIIK Oepeti.

byn canana pikTMMan Oonaiiak aamy SicTepiHiH Oipi — TONKBIHHBIH TapajdyblHbIH HEFYPIBIM MYKUAT XKOHE
KYpZeni MOZIENbAEpiH TepeH OKBITATHIH HEHPOHABIK SKeNiIepAi Kypy, MbICalbl, Kepi CEHCMHKAIBIK aKyCTHKAJIbIK
Moceenep, CoJaH KeliH HaKThI Karaaia OKBITBUIFaH JKeNiHI HHIY CTPHSIAHIBIPY OPEKeTi.

Tyiiin ce3nep: HEHPOHIBIK KeJli, KOHBOIOLMSIIBIK HEHPOH/BIK JKeJli, aKyCTUKAIIBIK TOJKBIHIAPABIH Tapajysl,
Ooinkay MoJienbIepi, OaKbUIAHATBIH OKBITY, akTUBTEHIIpY (yHKuuscel, PyTorch.
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CBEPTOYHBIE HEMPOHHBIE CETU KAK METO/I PEIIIEHUS
3AJJAYU PACITPOCTPAHEHUSA AKYCTHYECKHUX BOJIH B TIOPOYIIPYI'UX CPEJAX

AHHOTAUMA. J[aHHAs cTaThsl NOCBSILIEHA 3a/aye pPaclpOCTPAHEHUS AKYCTUYECKOM BOJIHBI B TPEXCIOHHOM
nosiynpoctpancTBe. Ilpennonaraercs, 4To MEpPBBIA M TPETHM CIOM SBIAIOTCS CIUIOIUHBIMHM, @ BTOPOM —
MOPORJIACTUYHBIMU. B 1aHHOM cTaThe paccMaTpUBAIOTCS PE3YIbTAThl ONPEAEIICHUS PACIIPOCTPAHEHUS aKyCTUIECKON
BOJIHBI C YY€TOM €€ TJTyOMHBI U BpeMeHH [1-4], a TakKe MBITaeTCsl pacCUMTaTh HadaJbHBIE (PU3UUECKHE CBOWUCTBA
BBILICYTIOMSAHYTBIX TPEX CIIOEB.

Ienpto TaHHOI CTaThU SABNAETCS CO3JaHME CBEPTOUHON HEHPOHHOM CETH, KOTOpas pacCUMTHIBAET YKa3aHHBIE
CBOHCTBa, a UMEHHO CKOPOCTbh 3BYKa B K&XK/JIOM CJIO€ W IOPHCTOCTH BTOPOro ciost. Monenb Oblila MOCTpOeHa C
ucnosib3oBanuem PyTorch, OMOMHOTEKHM MAIIMHHOTO OOYYECHHS C OTKPBITHIM HCXOAHBIM KomoM. Jlyis oleHKu
HavaJIbHBIX KO3((HUINEHTOB PaCIPOCTPAHEHHs aKyCTHUECKHX BOJIH HCIIOJIb30BAINCH CBEPTOYHBIE HEHPOHHBIE CETH.
CBeproyHasi HEHpOHHAs CeTh — 3TO METOJ MOJEIHMPOBAHWS aHAJIM3a JAHHBIX C TOMOIIBIO CTaTUCTUYECKHX
HHCTPYMEHTOB, CBOOOJHO OCHOBAaHHBIH Ha Haee padOTHI HEHPOHOB M CHHAICOB. CTPyKTypa HEHpOHHBIX ceTei
COCTOMUT U3 3 CJIOEB: BXOJHOM CJIOH, CKPBITHIM CJIOM U BBIXOJIHOM ciod. B cBOIO odepenn, KaKablil CIIOM COCTOUT U3
HEWPOHOB, KOTOpPBIE pabOTAIOT KaK MpocTast (PYHKIHSL, COOMpasi JaHHbBIEC Yepe3 COeANHEHHs, Ha3bIBaEMbIE CHHAIICAMU
U3 HEWPOHOB B NpPEIBIAYIIEM cJO€, [elas C HUM BBIYMCIEHHA W 3aTeM IepelaBas pe3ysbTaThl HEWpOHaM B
cienyromemM cioe. BxomHoi cioif paboTaeT Kak HMEepBUYHAS YacTh BBOJA JAaHHBIX Hamed monxenu. OH MpUHUMAET
JIaHHBIE, NHOTJa Ha3bIBAEMbIE JAHHBIMHU 00y4YeHUs], KOTOpbIe (POpMUPYIOT ycioBus mpodnemsl. [locie BBoga naHHBIX
HEHPOHBI BO BXOJIHOM CJIO€ HAaYMHAIOT MOCHIIATh CUTHAJIBI IEPBOMY CKpBITOMY clioro. [Ipu 3ToM mcnonb3oBaiuch 3
CBEPTOYHBIX CKPBITHIX CJIOS U 2 TOJIHOCTBHIO CBS3aHHBIX JIMHEHHBIX CKPBITBIX CJIOA. CI/IFMOBI/II[HaH q)yHKIJ,l/ISI 6])1]'13
HCIIOJIb30BaHa JJId aKTHUBallUH. IIaHHbIe IJId XapaKTEPUCTUKU HOaHHBIX MOJACIIUPOBAIUCH MYTEM HUTCPATUBHOI'O
pemieHusT NpsSMOM 3aJaddl pPaclpOCTPAHEHMS] AaKyCTHYECKOM BOJIHBI, OMKChIBaeMoil ypaBHeHneM Crokca u
YpaBHEHHEM HEPa3pbIBHOCTH, C 33laHHBIMU HAYaJIbHBIMH 3HaUEHUSIMU aKyCTHUECKOU Mozenu [5]-[6].

HccnenoBanue pacnpocTpaHeHHUs] aKyCTUYECKOH BOJHBI ABISIETCA OAHOM M3 OCHOBHBIX 33/1ad T'€0JIOTHUECKOU
pa3Benku [6]. OCHOBHBIMHU TpoOIEMaMH B 3TOH OOJIACTH ABISAETCA MPOOIIeMa pacipOCTPaHEHHS aKyCTHYECKIX BOITH
B TIOPUCTO-YIIPYTOH cpene, mpobieMa, CBAI3aHHAS C OOHAPYKEHHEM 3arlacoB He()TH M BOIHI o 3emiei. OgHako Ha
MPaKTHKE PpEIIeHnEe 3TOW MNpoOJIeMbl TpeOyeT NIMPOKOTO HCIHONB30BAHUS DEryJIsipU3allii JaHHBIX, a TaKkKe
TIIATENBHBIX M JOPOTOCTOSIMX W3MEPEHHH, KOTOpble HHOTAA TPYAHO TMPEICTaBUTh B CHIIy pPa3IHYHBIX
0OCTOSITENBCTB.

OKCHeprMEHT MOKa3bIBAa€T, YTO MOXKHO CO3JaTh aJTOPHUTMBI TTyOOKOro oOydeHHs, OLIEHHBAIOIINE PEIICHUE
pacipocTpaHeHus! aKyCTHUECKOM BOJIHBI B TOPUCTO-YIPYTHX cpenax. HelipoHHas ceTh ¢ riryOokuM oOyueHHneM Oblia
ycremHo paspaboraHa co craHgapTHbIM oTkioHeHneMm 0,03 B TedyeHHe MOCIECIHHUX NapTHi, JEMOHCTPUPYS
CXOJIMMOCTh MOJEIH HEHPOHHOW CeTH, KOTopas JaeT ajlbTePHATHBY AaHAIUTHYECKOMY PELICHHIO IPOOJIEMBI,
npuseneHHoi B [1]-[2]. [Tocne oOyueHus Moienb HEHPOHHOW CETH MOXKET 00ECIEUUTh XapaKTEPUCTHKY (PH3NIECKUX
CBOICTB CJIOEB Ha OCHOBE TOJIBKO JIAHHBIX PACHPOCTPAHEHHsI aKyCTHYECKOM BOJIHEI 110 BPEMEHH U TITyOuHe.

OKCHEepUMEHTHl TTOKa3bIBAIOT YCIICIIHBIE PE3yJIbTaThl B MOTEHIHMaNe NIyOOKOro oOydeHHs B IOCTPOCHUH
MOJIETIM PacIPOCTPAHEHUSI CEHCMOAKyCTHYECKMX BOJIH M, TAaKUM 00pa3oM, TAaKXKe YCIICIIHBl B OLEHKE PEICHUS
npoOJIeMbl C TMOMOIIBI0 HEHPOHHBIX CETeH. DTO OTKPHIBAET MHOTO BO3MOKHOCTEH IJISi CO3JAaHUS aJrOpUTMA
pelIeHus celicMOaKyCTHUECKHX 3a1ad B Te0(hU3UKE, KOTOPBII yCTOWYNB K PETYIISIPH3ALUH JaHHBIX.

OmanM u3 cnoco0oB Oymymux pa3pabdOTOK, KOTOpBIE BO3MOXKHBI B 3TOW 00J7acTH, SBIAETCS CO3JaHHE
HEHPOHHBIX ceTell rryOokoro oOydeHHs i Oojiee THIATEIBHBIX M CIOXKHBIX MOJENEH pacmpocTpaHEeHHs BOJH,
TaKuX Kak 06paTH])Ie CeﬁCMH‘leCKHeaKyCTH‘[eCKHe HpO6J’IeMI:I M 3aTCM IMOIBITKa MPOMBIIJIICHHOI'O NPHUMCHCHUA
00y4YEeHHOM CeTH B pEaJIbHBIX yCIOBUSIX.

KiroueBble cioBa: HeHpOHHas ceTh, CBEPTOYHAs HEWPOHHAs CETh, PACHPOCTPAHEHHE aKyCTUYECKUX BOJH,
MOJIETIM IPOTHO3UPOBAHMS, KOHTpOIMpyeMoe o0yueHue, GpyHkuus akruBanuu, PyTorch.
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