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AnnoTtanus. C MOMOIIBI0 HCKYCCTBEHHBIX HEHMPOHHBIX CETEH BBIIOJIHEHO MOJEIMpPOBAHKE IPOlecca JBYXIy4eBOH Ja3epHOi
OYHCTKHU KBapLEBOro chIpbs. st popmMupoBanus 00y4arolMX MaCCHBOB JAHHBIX ¥, MACCHBOB JAHHBIX JUISl TECTHPOBAHUS HEl-
POHHBIX ceTell OblIa HCHONIb30BaHA MPOrpaMMa KOHEeYHO-31eMeHTHoro aHanm3a ANSY'S. Pacuers! Oputi BoImonHeHs! 1t 500
BApPUAHTOB BXOJHBIX NapamMeTpoB, 40 M3 KOTOPBIX OBLIH HCIIOIB30BAHEI I TECTHPOBAHNS HEHPOHHBIX ceTeil. M3ydeHo Bims-
HHE ITapaMeTPOB HEHPOCETEBBIX MOJIENIEH Ha TOYHOCTD ONpEJICICHHs MaKCHMANBHBIX TEMIIEPaTyp B 4acTHLAX KBapla, GopMu-
PYEMBIX B pe3ynbTaTe ABYXIydeBOro Bo3meicTBus. OmpeseneHsl NapaMETpsl HEHPOHHBIX ceTell, oOecneunBaloye mpremie-
MbI€ Pe3yJbTaThl NPH TPOTHO3MPOBAHNM TEMIIEPATyp B 30HE JasepHoil 00paboTku. IlomyueHHBIe pe3ynbTaThl MOTYT OBITH
HCIOJIb30BaHbI IIPH ONPEIEIEHHU TEXHOIOIHUECKUX apaMeTPOB MPOIIECCOBIBYXITyYEBOH Ja3epHOM OUUCTKU KBAPLIEBOTO CHIPHSL.
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Jnst uutupoBanusn: Onpeodenienue napamempos 08yXiy4esoil 1A3epHOL OYUCTIKI KEAPYEEO20 CbIPbsL C NPUMEHEHUCM UCKYCCHI-
BEHHBIX HEUPOHHBIX cemell u Memoda Koneunvix snemenmos / 10.B. Hukuriok, E.B. Illepmnes, C.M1. Cokounos, N.1O. Aymes //
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Abstract. With the help of artificial neural networks, the process of two-beam laser cleaning of quartz raw materials has been
modeled. For the formation of training data sets and data sets for testing neural networks, the ANSYS finite element analysis
program was used. The calculations were petformed for 500 variants of input parameters, 40 of which were used to test neural
networks. The influence of the parametets of neural network models on the accuracy of determining the maximum temperatures
in quartz particles formed as a'‘result of.two-beam exposure were studied. The parameters of neural networks were determined
that provided acceptable results when predicting temperatures in the laser treatment zone. The results obtained can be used in
determining the technological/parameters of the processes of two-beam laser cleaning of quartz raw materials.
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Breaenne

JUisi KBapLEBBIX CTEKOJI XapaKTepHA BBICOKAs
MEXaHWYeCKasi MPOYHOCTh M TEPMOCTOMKOCTB, YC-
TONYMBOCTh K JEHCTBUIO BOJBI, ILEJIOYHBIX U KHUC-
JBIX pacTBOpoB. KBapleBble CTEKIa IIUPOKO HC-
MOJIB3YIOTCS B JJIEKTPOHHOW INPOMBIIUIEHHOCTH, B
TOM YHCJIC MTPU H3TOTOBJICHUUN q)OTOIJ_IaGJ'lOHOB, SAB-
JSIFOLMXCST BYKHOW COCTABJISIIOILCH IPOM3BOACTBA
MukpocxeM [1]-[2].

YncToTa KBapleBOro CHIPbs, HCIOJIB3YyEMOTO
IpU MIPOM3BOACTBE (HOTOIIAOIOHOB, CYLIECTBEHHO
BJIMSICT Ha 3KCIUTyaTallMOHHBIE MapaMeTpbl MHKpO-
cxeM [3]. B mHacrosdmee BpeMs NPUMEHSIOTCS

© Huxumrox FO.B., Llepwnes E.b., Coxonos C.H., Aywes H.IO., 2022

MarHUTHBIE, HJIEKTPHUECKAE U XUMHUYECKUE METO/BI
OYUCTKH KBapILEBOTO CHIpbA OT mpumeceid [4]. B
pszne ciydaeB HEAOCTaTKH BBIMIETIEPEUHCICHHBIX
METOJI0B yJAETCsI MPEOJ0NETh MPU HCIOJIb30BAHUN
JBYXJIy4E€BOTO METOJA JIa3ePHONW OUYMCTKH KBaple-
BOro ceipbs [5]-[9]. Ilpu 3TOM TemnepaTypHbIE IO-
151, pOpMHUpyEMBIE B YACTUIAX KBapLa MpU JBYXJIy-
YEeBOM JIa3€pPHOM BO3JEIHCTBHH, SBISIFOTCS XapaKTe-
PHUCTHKOH, oOIpeneseHne KOTOpoi oOecrieunuBaer
BO3MOXKHOCTH BBIOOpa 3((EKTUBHBIX TEXHOJIOTHYE-
CKHUX PEKUMOB OUMCTKH KBapIEBOT'O CHIPHSI.

B Hacrosimee Bpems 111 pacdera TeMIepaTyp-
HBIX TIOJIEH, POPMHUPYEMBIX IIPH JTa3epHOH 00paboTKe,
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IIIPOKO TPUMEHSETCS TporpamMma KOHEYHO-3Jie-
MenTHoro ananmuza ANSYS [10]-[11]. Takxe B uc-
CJIE/IOBaHUSX Jla3epHOil 00paboTKM MarepuaioB
YCIEUIHO IPUMEHSIOTCSI HCKYCCTBEHHbIE HEHpPOH-
Hele cetu [9]-[13]. B psae ciyuaeB npu Moaenupo-
BaHMM MPOLIECCOB JIa3epHOH 00pabOTKM HCIOIB3Y-
€TCsl COUETAaHUE METOJa KOHEYHBIX JJIEMEHTOB U
HCKYCCTBEHHBIX HEHPOHHBIX ceteil [14]-[18].

Lenpro manHO#M pabOTHI SBIAETCS MPOTHO3UPO-
BaHHE TEMIEPaTypHbIX MoJieil, (OPMUPYEMBIX MpH
JIBYXJIy4€BOH JIa3€PHONU OUUCTKE KBAPLEBOI'O CHIPHS
C WCIIONB30BAaHMEM HCKYCCTBEHHBIX HEHPOHHBIX
ceTel ¥ MeTo/1a KOHEYHBIX 3JIEMEHTOB.

1 KoneuHo-3/1eMeHTHBIH aHAIM3

MaccuBbl JaHHBIX U1l OOYYCHUS U TECTUPOBa-
HUS HSHPOHHBIX ceTeil ObUIM CO3/JaHbl B Pe3ybTaTe
pacyeToB TeMIIEPaTyPHBIX TOJIEH, (POPMUPYEMBIX MPH
JIBYXJTy4€BOM BO3/JCHCTBUH HA YaCTHUIIbI KBAPIA B IPO-
rpaMMme KOHedHO-31eMeHTHoro aHaimm3a ANSYS. Mo-
JICTUPOBAHKE MPOBOJUIOCH ISl YaCTHIl KBapla
BKJIFOUeHU# npumecu cdepudeckoid Gpopmsl (pHcy-
HOK 1.1).

[Tpu MoneNMpOBaHUM HCIIOJIb30BAIACH KOHEY-
HO-3JIEMEHTHas MOJIelb, cocTosmas u3 183590 aire-
MeHTOB U 250470 y35108B (pucynok 1.2). Ipu Temo-
BOM aHaJIM3e NpUMEHsUINCh dnneMenTsl Solid 87. s
pacyeToB HCIIOIB30BAIMCH CBOMCTBa KBapla U CIo-
JIbl KaK OCHOBHOTO BUJa IIPUMECH, COJIepIKalleiics B
KBapueBoM ceipse [19]-[20].

[MapameTpsl, UCTIOIB30BABIINECS [T KOHEYHO-
JJIEMEHTHOTO MOJICIMPOBAHUS BYXJIY4EBOU Jjiasep-
HOW OYHCTKH KBapILIEBOTO CHIPbS, MPEICTABIICHbI B
tabimne 1.1. Pacuers! Obliu BbiTOHEHs! 1t 500
BapHaHTOB BXOAHBIX MapaMeTpoB, 40 H3\KOTOPBIX
OBLIH UCIIONB30BAHbI TSl TECTHPOBAHMS, HEHPOHHBIX
cereit (Tabmuua 1.2).

nazepuoe
NANyeHHWe

3

Pucynoxk 1.1 — Cxema BO3/1€HCTBYSI Ta3€PHOTO H3-
JIy4eHHUs Ha YacTHUIly KBapla:
R1 — paagnyc gacTumsl KBapua,
R2 — pagnyc mpumecu
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Pucynok 1.2 — KoneuHo-311eMeHTHAsI MOJIENb

Ha pucynke 1.3-TipencraBieHo pacmnpeaeneHne
TEMITEPATYPHBIX MOJEH! IPU JIBYXJyYEBOM BO3/EH-
CTBHMHM Ha YaCTUUBI KBAPIA C BKIIOUYECHUSIMHU [IPUME-
cH 1 6e3 BKITHQUEHMI IPUMECH.

2100
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Pucynox 1.3 — Pacnipenenenne remMnepaTypHOTO
T0JIsI B 4ACTHUIIE KBapla Mpy JIBYXJIy4eBOM
Bo3aeicTBHNH, K:

a) ¢ IpUMeEckIo; 6) 6e3 npumecu
P1=1,15-10° Br/m%, P2 =2-10° Bo/M?,
R1=3-10"M,R2=3-10"m,7=0,5¢
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Tabmauma 1.1 — [TapaMeTpsl Ja3epHOr0 BO3ICHCTBHS HA KBAPIIEBOE CHIPHE

ITapameTpsl Jluana3zoH 3Ha4eHU
I110THOCTH MOIIHOCTH My4Ka ¢ IIMHOU BosiHbI 10,6 MkMm Pl, Br/™m’ 1-10° — 1,5 10°
T110THOCTH MOIIHOCTH MYYKA C JUTHHOM BOIHBI 1,06 MkM P2, BT/M” 1-10°—3-10°
Panuyc yactuibl kBapna R1, M 2:10%-5-10*
Pamuyc npumecu R2, m 2-10°-5-107
Bpewms 00paboTKH £, ¢ 0,1-3
Tabnuna 1.2 — TecToBbIil HAOOP TAHHBIX
Ne P1, Br/m® P2, Br/™m* Rl, M R2, ™ t,c T1,K R, K
1 740000 2900000 0,00044 0,000036 1 1767 1691
2 130000 1200000 0,00046 0,000022 3 844 812
3 580000 2000000 0,00030 0,000024 0,6 1123 1084
4 1100000 1700000 0,00038 0,000041 0,5 1554 1507
5 830000 2300000 0,00043 0,000034 0,5 1087 1058
6 450000 1200000 0,00045 0,000044 1,5 1575 1507
7 350000 1600000 0,00027 0,000021 1,4 1836 1742
8 200000 1400000 0,00043 0,000024 1,7 833 801
9 750000 2600000 0,00031 0,000024 0,3 720 697
10 1100000 2800000 0,00043 0,000026 0,2 616 610
11 720000 2400000 0,00035 0,000032 1 2124 2018
12 400000 2400000 0,00028 0,000041 0,7 1234 978
13 150000 1000000 0,00046 0;000039 1 400 369
14 790000 1400000 0,00050 0,000033 1,2 1969 1943
15 150000 2000000 0,00048 0,000040 2,3 898 736
16 660000 1900000 0,00046 0,000046 0,4 735 704
17 280000 2600000 0,00020 0,000032 0,3 631 417
18 200000 2900000 0,00031 0,000046 1,2 1335 786
19 320000 2800000 0,00021 0,000034 1 2253 1521
20 300000 2900000 0,00021 0,000038 0,9 2123 1298
21 680000 1600000 0,00048 0,000047 0,5 891 861
22 240000 2800000 0,00025 0,000038 0,3 518 306
23 240000 2000000 0,00039 0,000027 1,4 953 884
24 190000 2700000 0,00039 0,000025 1 572 498
25 410000 2900000 0,00025 0,000041 0,6 1461 1030
26 790000 1200000 0,00042 0,000023 0,3 774 769
27 400000 2800000 0,00033 0,000049 0,5 888 653
28 700000 2600000 0,00031 0,000046 0,3 785 694
29 980000 2400000 0,00021 0,000024 0,4 1972 1856
30 550000 2900000 0,00029 0,000049 0,6 1603 1208
31 320000 1800000 0,00037 0,000046 1,1 1079 929
32 710000 2900000 0,00031 0,000042 0,2 609 548
33 130000 2400000 0,00034 0,000048 2,7 1743 967
34 510000 1000000 0,00035 0,000045 1,2 1837 1730
335 460000 1900000 0,00050 0,000038 1,6 1602 1535
36 250000 1900000 0,00047 0,000035 3 1648 1523
37 340000 1700000 0,00037 0,000023 1,5 1389 1342
38 250000 2800000 0,00049 0,000041 1,9 1173 994
39 130000 1600000 0,00035 0,000030 2,8 1151 958
40 580000 1400000 0,00044 0,000020 1,6 2107 2087

Pacnipenenenue temnepaTypHbIX MOJIEH, Ipe-
CTaBJIEHHOE HA pUCYHKe 1.3, Xxapakrepu3yercs Ha-
T4yreM 00acTell BBICOKHX TEMIIEpaTyp Ha MOBEPX-
HOCTH KBapILEBBIX YacTUIl, 00YyCIOBICHHOE BO3AECH-
CTBHEM JIa3€PHOTO W3JIyYCHUS C JJIMHOM BOJIHBI
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10,6 mxm. [Ipu 3TOM HamM4YMe TPUMECH TIPUBOTUT K
YBEIMUYCHUIO TEMIIEPATyPhl B 30HE €€ JIOKATH3alUuK
BCJICZICTBHE IOTJIOLICHUS JIA3ePHOr0 HM3IYYCHHS C
IMHOKW BOJHBI 1,06 MKM, WM Takke TPHUBOJUT K
JIOTIOJIHUTEIBHOMY YBEJIMYCHUIO TeMIIEpaTypbl Ha
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MOBEPXHOCTH YaCTHUIIHI KBapua (pucyHoK 3, a). Ilpn
palMoOHAIFHOM BBIOOPE MapaMETPOB JBYXJIyUEBOTO
JIA3ePHOTO BO3ACUCTBUS oOecreunBaeTcst GopMupo-
BaHHUE arJIOMEPATOB U3 OILIABJICHHBIX YacTHUI[ KBap-
a ¢ MPUMECHIO, YTO B JaJbHEHIIEM O3BOJISET (-
(heKTUBHO OYUINATH KBapIeBOE CHIpPhE [5]-[9].

2 IIpuMeHeHNe HeliPOHHOM ceTH

I'maBHOW OCOOCHHOCTHIO MCKYCCTBEHHBIX HEWi-
POHHBIX CETEH SBIAETCS TO, YTO OHM O0ydaroTcs, a
HE TNPOrPaMMHPYIOTCS, MPU 3TOM HCKYCCTBEHHBIE
HEHpPOHHBIE ceTH 0cO0eHHO YPPEKTUBHBI TIPU MOJIC-
JIMPOBAaHUU CJIOKHBIX cBs3eit MEXKAY BXOAHBIMU H
BBIXOJHBIMU Tapamerpamu [21]. Kak ormewanock
BBIIIC, Ha60pbl JaHHBbIX I o6yquM;1 " TCCTUpPOBA-
HU ObUIM C(OPMHUPOBAHBI B PE3YJIbTAaTE PEIICHMS
COOTBETCTBYIOIUX 3adad B mnporpamme ANSYS.
[Tocne oOyuyeHMs! MCKycCTBEHHas HEHPOHHasl CETh,
oOpabaTpIBas yke€ HOBBIE HAaOOpHI TIApaMETPOB
JIBYXJIY9E€BOH J1a3epHON 00pabOTKH KBapIEBOTO CHI-
pbsl, CHOCOOHa KOPPEKTHO ONPENENATh 3HAYCHUS
MaKCHMAaJIbHBIX TEMIEpaTyp Ha MOBEPXHOCTH KBap-
LEBBIX YaCTUII.

Jnst onpeneneHus 3HAYEHUS] MaKCHMAJIbHBIX
TEMIICpAaTyp Ha MHNOBEPXHOCTU KBAPLCBLIX YaCTHI]
ObUIM TpPUMEHEHbI HEHPOHHBIE CETH IPSIMOro pac-
NPOCTPaHEHHs, CO3JaHHbIe B OMOJIMOTEKE MaIIMHHO-
ro ooyuenust TensorFlow [22]. IIpu dopmupoBannu
ceTell MCIONB30BAINCH ontuMu3arop Adam, ¢QyHK-
st aktuBanuy ReLu n @ynknumst nmoreps mse. Komu-
YeCTBO 30X ITpH 00ydeHnu ceteit Opi10 pasao 100:

s onpeneneHusi 3HaUEHUN TeMIepaTyp=Hpu
Jla3epHOM 00pabOTKe OBLIM HMCITOJIb30BaHbBI HEHPOH-
HbIE CETU C APXUTEKTYPOH, NPEACTABICHHON Ha pu-
cynke 2.1.

Juist oueHkn 3 dekTHBHOCTH paboThl HEHPOH-
HBIX CETEH UCIOIb30BaHbI CICAYIOINME KPUTEPUH:

— K03 HUIHEHT TeTePMUHALITH

n

— cpennsis abcomroTHas omuOka MAE (Mean
Absolute Error)

1 n
MAE ==3"1d, -y, |,
niz

— cpenHekBaapatnyHas ommoOka RMSE (Root
Mean Square Error)

RMSE = |23 (d. -,
Nz

— cpenHss aOCONIOTHAsE NPOLEHTHAs OIMINOKa
MAPE (Mean Absolute Percentage Error)
d—y

n

MAPE = lz

n o

100,

i
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Pucynox 2.1 — Apxurektypa HeipOHHOU ceT!

Pe3ynbTarhl OLIEHKM CO3JAHHBIX HEHPOHHBIX
ceTel mpuBeeHsI B Tabmuie 2.1.

[Ipu TectupoBaHuyM TydIine pe3yabTaThl ObBUIN
MONTy4YeHbl [Uig BapuaHToB 6 m 10 KoHOuUrypammm
HEHPOHHBIX CeTed C ABYMS M TPEMS CKPBITBIMHU
CJIOSIMH  COOTBeTCTBEHHO. CpenaHue aOCONIOTHBIC
npoueHtHble oumbkun (MAPE) mpu tectupoBanuu

Z(d,- -y 3THX ceTeil He mpembicwn 6,5%, a cpenHue adbco-
R’ = 16N N——, motHele ommmOku (MAE) u cpennexkBaapaTtudHbie
dAd, - d)y omm6ku (RMSE) ne npessicumu 90° K.
i=1
Ta6unua 2.1 — Pe3ynpTaThl TECTHPOBaHUS HEHPOHHBIX CETEH
No Apxutexrypa Tl 72
i cetn RMSE | MAE | MAPE | R° | RMSE | MAE | MAPE | R’

1 [5-10-10-2] 174 124 11,1 0,8898 159 112 11,7 | 0,8895

2 [5-20-10-2] 142 109 10,2 | 0,9263 109 80 8,2 0,9484

3 [5-20-20-2] 110 94 8,9 0,9556 131 101 12,3 | 0,9252

4 [5-30-10-2] 101 81 7,7 0,9627 98 74 7,6 0,9581

5 [5-30-20-2] 104 77 6,8 0,9605 88 65 7,3 0,9665

6 [5-30-30-2] 86 62 5,6 0,9730 84 60 6,2 0,9694

7 [5-30-10-10-2] 110 86 8,6 0,9554 101 80 9,9 0,9556

8 [5-30-20-10-2] 150 111 9,1 0,9176 153 114 11,5 | 0,8982

9 [5-30-20-20-2] 106 76 6,7 0,9589 106 80 8,7 0,9506

10 [5-30-30-10-2] 86 65 6,1 0,9728 81 59 5.9 0,9717

11 [5-30-30-20-2] 116 79 6,9 0,9512 115 78 8,2 0,9429

12 [5-30-30-30-2] 93 67 6,5 0,9688 87 63 6,7 0,9669
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3aki0yeHue

B pabore mokazaHa BO3MOKHOCTb IPOTHO3H-
pOBaHMs PEXUMOB ABYXJIYYEBOM J1a3€PHON OYMCTKHU
KBapLEBOTO CBIPbSl C HCIIOJIb30BAHUEM COYETAHUSA
UCKYCCTBEHHBIX HEHPOHHBIX CET€d M METoJa KO-
HEYHBIX 3JIEMEHTOB. B pE3yIbTAaTC YUCICHHBIX 3KC-
NIEPUMEHTOB OIIPEIEIECHBl APXUTEKTYPbl HEHPOHHBIX
cerell, obOecrieunBaloIUe JIydIIMA pe3ynbTaT Ipu
ONpENETICHUN 3HAaYeHUN MaKCHUMAaJbHBIX TeMIepa-
Typ Ha MOBEPXHOCTH 4YacTHL KkBapua. [lomyueHHsle
pe3ysbTaThl MOTYT OBITH NPHUMEHEHBI NPU Ompese-
JIEHHM TEXHOJIOTMYECKHX I1apaMeTpoOB IPOLIECCOB
JIByXJIy4€BOH JIa3€pHOM OYMCTKH KBAPLIEBOI'O CHIPbS.
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