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L]env. PazpaboTath 1 aJanTHPOBATH MO/IEIH ITyOOKOT0 00yUEHHSI C UCTIONIb30BaHUEM BEHBIICT-PA3I0KEHHS
JUIs aBTOMATHYECKOTO OINpEENIeHNss BpeMEHU mnpuxojga P- v S-BoJH B JaHHBIX BBICOKOYACTOTHOTO
MOHHUTOPHHTA CKBOXUH. DPPEKTUBHOCTH MOJICIH OIICHWBAIACh HA OCHOBE HAOOPOB JTAHHBIX, IOJTYYCHHBIX B
xoze kpynHomacmTadHoro moseBoro skcriepumenta HFTS2 (Hydraulic Fracturing Test Site 2). Ora 3agaua
UMEEeT HECKOJBbKO BA)KHBIX OCOOEHHOCTEH, KOTOpBIE YCJOXKHSIOT €€ pelleHue. DKCIEPUMEHT BKIIOYACT
MHOYECTBO CTaHIIMM, MMOJy4YeHHBIE JJAHHbIE HYKHO 00pabareiBaTh BMecTe. [Ipu 3TOM KOJIMYECTBO CTaHIIUI
B pa3HBIX TpyMIax pa3Hoe W He (PUKCHPOBAHHOE, MOATOMY AITOPHUTM HE JIOJDKEH 3aBUCETh OT MX YHCIA.
Pacnonoxenue cTaHiuil TO)KE MOKET CHJIBHO pa3nnyaThes. JlaHHbIE 3aMKMChIBAIOTCS C BBICOKOW 4aCTOTOM U
COJZIepKATCS B OTPOMHOM KOJIMUYECTBE (PaiiIoB, MOITOMY TPAJAUIIMOHHBIE METO/IBI 00PaOOTKH HE CIIPABIISIOTCSI.

Mooens. Monenp Obuta peann3oBaHa C HCHoOJb30BaHMeM OubOmmoreku Pytorch. [lns dbopmupoBanus
MPOCTPAHCTBA NPU3HAKOB HCIIOJIB30BANIOCH JIorapu(MUUECKOe BEUBIET-peoOpa3oBaHUEe HMCXOIHOTO
curHana. brok BeliBier-paznoxenus (WS) hopMupyer 4acTOTHO-BpEMEHHOE TPEICTABICHUE CUTHAlIa Ha
OCHOBE BEHBIET-EKOMITO3UINU. B kauecTBe peanuzanuu WS Obuta ncrnosip3oBana 6ubmmoreka Kymatio. B
pe3yabTare npuMeHeHnss WS KaKIplii BEeKTOp (JOPMBI CHTHAJIA M3 TIaKeTa 3allMCceil CUTHAJIOB Mpeodpa3yercst
B JIBYMEPHYIO MaTpully XapaktepucTuk. [lociie 3TOro mpuMeHsieTcs ABYMEPHBIA CBEPTOYHBIA CIIOW C
€IMHUYHBIM pa3MepoM sijipa, KOTOPbIM JMHEHHO IpeoOpaszyeT 3-kKaHalbHOE M300pakeHHE KaXKJOW 3alucH
B |-xaHampHOE H300paxkeHwe. [lamee 3ammcu OTHpaBIAIOTCS BO BTOpPOW Moaynb transformer-encoder,
KOTOPBIH pean3yeT MeXaH!3M B3aUMHOTO BHUMaHUS K 3alUCAM TPYIbI cTaHnui. KoHKkpeTHas peannzanus
MeXaHHM3Ma CAaMOBHUMaHUs, UCIIOIb3YEMOT0 B 3TOM paboTe, OCHOBaHA Ha CKaJIIPHOM ITPOU3BEACHUN BEKTOPOB
3aIUCei, TOATOMY 3TOT MOJTYJIb, ITO CYTH, IPUMEHSET MAaCKy UX B3aUMHBIX KOPPEISIUil K BEKTOpaM JTaHHBIX.
DT0 MO3BOJISIET OCYHIECTBISATH OOMEH HMH(pOpMAaIMeld MEXIy BCEMH 3allMCsIMU BCeX CTaHIwi. J[aHHEBIE,
MOJTyYeHHbIE Ha BBIXOJIE BTOpPOTO Moayisi transformer-encoder, mpeoOpa3ytoTcsi B TMHEHHBIC 3aMHUCH (CIOH
«Flatten»), mepenaroTcst Ha OTHOCBSZHBIN CJIOH, a 3aT€M B JIOTUCTHYECKYIO (PYHKIHUIO (CUTMOUY), KOTOpast
COIIOCTABJISIET JaHHbIE HA BBIXO/IE MOJIHOCBA3HOIO €104 ¢ Auana3oHom (0, 1).

Obyuenue u sanudayus. Mpl 00yIHIIN MOZEIT, HCIIONB3Y I TIEPBYIO TPYIITY CTAHIIUH, TPOHYMEPOBAHHBIX OT
1 o 14, u3 oby4aroriero Habopa. DTa rpynma siBJISIeTCS CaMOU OOJIBIIION, UTO JIeaeT ee HanboJee Mo IX 0 IsIIeH
JUIs Ha4aJbHOTo 0Oy4deHus. J[j1st 3Toi rpynibl HCIOJIb30BATIUCH TOJIBKO (aiiyibl 0€3 MPONyIEHHBIX 3HAUEHUH.
Bcero st 00ydenus 6bu1 nctionb3oBan 12761 daiin. Ha stare Banmunanuu 06110 UCosib3oBano 3163 daiina.

Pesynomamoi. beina paszpaboraHa Mozenb TiyOokoro oOyueHus miis oOHapyxkeHus P- m S-BoyiH Ha
3aIUCSIX C TPYIIIBI PETUCTPUPYIONIMX CTAHIIMN BO BpEMSI MUKPOCEHCMUYECKOT0 MOHUTOpUHTa. Mosens Obla
o0y4yeHa Ha OCHOBE Ha0OPOB JAHHBIX, MOJYYCHHBIX B X0JI€ KPYMTHOMACIITAOHOTO TIOJEBOTO SKCIIEPHUMEHTA
HFTS2. HoBu3Ha mpeuiaraeMoro MeTojAa 3akilodaeTcs B HCIOJIb30BAaHUM MOJIEIM BEHBIIET-PA3II0KEHUS
JUISL BBIICTICHUS TPU3HAKOB U TPaHC(HOPMEPHOU apXUTEKTYphl. JlaHHAs apXUTEKTypa XOTS M HE SIBISAETCS
JOCTaTOYHO TOYHOM, HO UIMEET YHUBEPCATHHOCTh M IPUMEHHMA K Pa3JINYHBIM KOH(PHUTYpaIUsIM IPUEMHUKOB,
Ja)Ke OTIMYAIOIIMMCS OT 00y4arouMx HaOOpOB, NMPU YBEIUMYEHUHU K€ TOYHOCTH HA JAHHOM apXMUTEKType
OHa TEpSAET CBOIO YHUBEPCAJIBHOCTb. JTa MOJEIb OTIMYHO CIPABIISIETCS C OCHOBHBIMHU TpyJIHOCTSIMH. Ee
apXHUTEKTypa HE 3aBUCHUT OT KOJIMYECTBA CTAHIMN B TPYIIIE, YTO MO3BOJSET pabOTaTh C JIOOBIMHU JaHHBIMH,
Jake ¢ TeMH, Ha KOTOPBIX OHa He oOydanack. TpaHchopmepHas apXUTEKTypa MO3BOJIIET OJHOBPEMEHHO
YYUTBIBATh HH(POPMAITUIO CO BCEX CTAHIMI I'PYTIIHI.
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Objective. To develop and adapt a deep learning model using wavelet decomposition for automatic P- and
S-wave arrival time determination in high-frequency well monitoring data. Model performance was evaluated
using datasets obtained during the large-scale HFTS2 (Hydraulic Fracturing Test Site 2) field experiment. The
experiment involves multiple stations that must be processed together. The number of stations in different
groups varies and is not fixed, so the algorithm should not depend on their number. The station locations can
also vary significantly. The data is recorded at a high frequency and is contained in a huge number of files,
making traditional processing methods insufficient

Model. The model was implemented using the Pytorch library. A logarithmic wavelet transform of the
original signal is used to generate the feature space. The wavelet decomposition (WS) block generates a time-
frequency representation of the signal based on the wavelet decomposition. The Kymatio library was used to
implement the self-attention mechanism. The WS transforms each waveform vector from a batch of signal
records into a two-dimensional feature matrix. A two-dimensional convolutional layer with a unit kernel is then
applied, linearly transforming the three-channel image of each record into a single-channel image. The records
are then sent to the second transformer-encoder module, which implements a mutual attention mechanism for
recordings from a group of stations. The specific implementation of the self-attention mechanism used in this
work is based on the dot product of the record vectors, so this module essentially applies a mask of their cross-
correlations to the data vectors. This enables information exchange between all records from all stations. The
data obtained at the output of the second transformer-encoder module is transformed into linear records (the
«Flatten» layer), passed to a fully connected layer, and then to a logistic function (sigmoid), which maps the
data at the output of the fully connected layer to the range (0, 1).

Training and Validation. We trained the model using the first group of stations, numbered 1 through 14,
from the training set. This group is the largest, making it most suitable for initial training. Only files without
missing values were used for this group.

Results. A deep learning model was developed for detecting P- and S-waves in records from a group of
recording stations during microseismic monitoring. The model was trained using datasets obtained during
the large-scale field experiment HFTS2 (Hydraulic Fracture Testing Site 2). The novelty of the proposed
method lies in its use of a wavelet decomposition model for feature extraction and a transformer architecture.
Although not highly accurate, this architecture is versatile and applicable to various receiver configuratio s,
even those different from the training sets. However, as accuracy increases with this architecture, its versatility
decreases. This model copes well with the main challenges. Its architecture is independent of the number of
stations in the group, allowing it to work with any data, even data it wasn»t trained on.
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