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MATHEMATICAL MODELING OF HEAT OPERATION OF A METHODICAL
FURNACE

The development of modern metallurgical production is accompanied by the perfection of
technological processes, the reconstruction of methodological furnaces using the latest methods
and controls, which allows more efficient use of energy.

The introduction of automated systems in the iron and steel industry, in particular in sheet-
rolling production, has a significant impact on increasing productivity, lowering specific energy
consumption, improving product quality. The ultimate goal of the development is the creation of an
integrated system for controlling the mode of metal heating in the methodical furnace, which
ensures the normal operation of the sheet rolling shop with a minimum cost of production.

The main criterion for controlling heating furnaces is to minimize the specific costs of
heating, with restrictions on the quality indicators of the process, which are the surface
temperature of the metal and the temperature difference over the cross section of the work piece.
This is achieved by minimizing fuel consumption and metal loss in scale.

The main parameters of the system that affect the course of the technological process are:
temperature in the furnace, energy consumption, pressure under the roof of the furnace, thermo-
physical properties of metal and furnace gases (heat capacity, thermal conductivity, density,
geometric dimensions of ingots, calorific value of fuel, etc.), as well uninterrupted heating
processes in the furnace, which significantly improves the technical and economic indicators.
Variable parameters are the heat flux density in the zones, fuel and air consumption per zone, and
the pressure in the furnace.

The work considers the main approaches to the creation of an automated system for
controlling the thermal work of a methodical furnace. The analysis of mathematical methods for
describing the thermo-physical processes of metal heating in a methodical furnace is carried out,
an algorithm for calculating the main technological parameters with a computer software
implementation is developed.

Keywords: automation, methodical furnace, metal heating, internal and external heat
transfer, computer simulation.
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MOBYJIOBA TA HAJIAIITYBAHHSI MOJIEJIEA I'TMBOKOIO HABUAHHSA
JJISA PO3II3BHABAHHSA PYKOIIMCHUX I IPYKOBAHUX TU®P HA
305PAKEHHAX YABYHBOBO3HHUX KOBIIEN

B pobomi npedcmasneni pesynomamu nobyoosu ma unpody8aHHs HEUPOHHOI Mepedrci
2NUOOK020 HABYAHHA OJisl PO3NIZHABAHHS pyKonucHux yugp. I[lpoananizoeani ocmanni nyonikayii 3
BUpIUEHH s 3a0ay PO3NIZHAHHS MaA PO300PY MeKCMiB 3a iX 300PaxceHHAM, 00parull psi0 NPUKIAOHUX
bibniomex 011 cmeopenus npoepamu 0as nposedenns excnepumenmis. Keras, TensorFlow, Pandas,
Matpoltlib ma inwi. Ilobyoosana ingpopmayitina mexnono2isa po3ni3Ha8aHHs pYKONUCHUX HOMeEDI8
4ABYHOBO3HUX KiBWli6 3a ixHimu gomoepaghiamu. [nsa nobyoosu i nasuanus moodeni 6yna obpana
000pe giooma i documv nosna 6asa pykonucuux yugp MNIST. Mooenv ona posniznasants yugp

224



Hayka Ta BUpOGHMIITBO

2020 p. Bum. 22
Ingpopmauinini mexnonocii

BKAIOUANA BXIOHUL I BUXIOHUL Wapu, A mMaxkodc 0OuH abo Kilbka npuxoeanux wapie. Hasuanus
MoOeli npoBooUNOCs 3 BUKOPUCMAHHAM 3MIHHO20 KIIbKOCMI KpoKie (enox). 3o0padicenns 0is
posnizHasaunHs macwmaodysamu 00 posmipy 28x28 (784 ocepedxku 6 00HOBUMIDHOMY NOOAHHI),
MoMY KiIbKICMb HeUpoHi8 y 6XiOHOMY I npuxosanux wapax nputimanocs pienum 800. Obpobka
300padicens (pinompayis, macumady8ants i mowjo) NPOBOOUNACS 3 BUKOPUCMAHHAM OiOIiomeKu
OpenCV. Jlna posniznanus KOJiCHe 300padcenHs yugpu nepemeoprosaniocy 00 pozmipy 28x28 i
no0asaNoCs HA 6Xi0 NONepPeoOHbO HA8UeHOT HeupoHHOI mepedici. [ 6inbu mounoi i 00TpyHmosanoi
HACMpOoUKU Mooei po3nizHasanHs oOyio sunpooysano naxem Keras-tuner. Bionpayroeanus pooomu
3 nakemom Keras-tuner 6uxonyeanocb Ha npoOCMiuiux MOOeNax pecpeciinoco muny 3 0eKilbKomd
éxooamu i 1-3 euxooamu. Bcmarnoeneno moxciugicmo cymmesoi onmumizayii no8eOiHKU MOOe.
llicna onmumizayii moodeni mouHicmb PO3NIZHABAHHS MECMOBUX 300padxdceHb  (0eKilbKOoX
300padcens Kiswiig) cknadana oausvko 100 %

Bionpayvosana inghopmayiiina mexuonozis sudinenns ooracmi inmepecy Ha gpomoepaisx,
wo micmams pPYKORNUCHI yughpu, 0na noodanvuioco posnisnasauwus. Iloxazana modciusicme
onmMuMizayii HeUpoOHHUX Mepedc 2AUDOK020 HABUAHHA, NOOYO0B8AHUX 3A OONOMO20l0 OiONiomeKu
Keras. Bcmanosneno, wo oocmamuioo mMOYHICMb PO3NI3HABAHHA 3abe3neuye npocma Mooelsb 3
WITbHUMU NOBHO38'SI3HUMU NPUXOBAHUMU wiapamu [ onmumizayiclo napamempie mooeni 3d
oonomozorw nakema Keras Tuner.

Knrwowuosi cnoea: Keras, TensorFlow, MNIST, python, enuboxke HauamHs, HEUPOHHI
mepedicu, pO3Ni3HABAHHS YUPDD.

IToctanoBka mpodaemu. OcTaHHIM 4YacoM, B 3B'SI3KYy 3 IIUPOKHUM PO3MOBCIOPKEHHSIM
IITYYHUX HEHPOHHHMX MEpEeX, TNTMOOKE HABYAHHS MPUHECIO KapJUHAJBHUKA MOBOPOT y Talysi
MAaIIMHHOI'O HABYAHHS Ta IUTYYHOI'O 1HTEJIEKTY.

Hefiponna mepeka rimOOKOTo HaBYaHHS - II€ INTy4Ha HEHpOHHA Mepeka ¢ KiUTbKoMa
npuxoBaHuMH mapamu [ 1]. JlogaTkoBi mapu 103BOJIAIOTH OynyBaTH aOCTpaKIlii Bce OUTBIIT BUCOKHX
PIBHIB, 110 JTa€ MOXKIIMBICTH (HOPMYBAaHHS MOJIEII ISl PO3ITi3HABaHHS CKJIAIHUX 00'€KTIB peaIbHOTO
CBITY. 3a3BMuail BUKOPUCTOBYIOTbCA TJIMOOKI Mepexi MNpsSMOro TMOIIMPEHHS, OJIHAK, OCTaHHI
JOCTIIKEHHS TOKa3aJIK YCHIIIHE 3aCTOCYBaHHSI ITMOOKUX apXiTEKTYp B pEeKYpPEHTHUX Mepexax [2].
VY 3aBAaHHAX, MOB'I3aHUX 3 OOpPOOKOI 300pa’keHb, MEPEBAXKHO 3aCTOCOBYIOTHCS 3TOPTKOBI
HEHUPOHHI Mepexi 3 oIy Ha iX HalOUIbIIOi €()EeKTUBHOCTI.

I'muOoke HaBuaHHS BHUKOPUCTOBYEThCS Yy UIIMPOKOMY [iama3oHi raimy3ed uepes
PI3HOMAHITHUM CIEKTp 3acTOCyBaHb (TaKMX SK CIOCTEPEKEHHS, 3[I0pOB'S, MEIUIMHA, CIIOPT,
poboTOTEXHIKa, OE3MUIOTHUKU Ta 1H.), IO MOEAHYE MTYYHI HEHPOHHI MEPEXHU Ta CydacHi CTpaTerii
rnbokoro HaByaHHs. TexHoor1i rMMOOKOro HaBYaHHS BUKOPUCTOBYIOTHCS IS BUPILIEHHS 11JIOTO
psly NpaKkTUYHO BaXIMBHMX 3a7ay: 3aBJaHHs, MOB'SI3aHI 3 NPUPOAHOI0 MOBOIO (TepeBipka
rpaMaTHK{, PO3Mi3HABAaHHS IAPYKOBAaHUX a00 PYKOMMCHHUX TEKCTIB Ta iH.), MOIIyK iH(opmaiii B
Mepexki [HTepHeT, 00poOka 1 po3mizHaBaHHS 300pakeHb Ta iH. [3,4]. MeToau MalmuHHOTO HaBYaHHS
BUKOPHUCTOBYIOTBCS Ul MOOYJOBH alrOPUTMIB, SIKI 3a0e3MedyloTh CaMOCTIMHE HaBUaHHS Ha
MeBHUX HabOpax JaHuX, a Jajli JOCTOBIpHE MPOTHO3YBaHHS 1 KiIacHQikallilo TECTOBUX AaHUX [5-
10].

AHaJi3 ocTaHHIX AocigxkeHb i myOaikamiii. [[ns BupimmeHHS 3amad pOCHi3HAHHS Ta
po300py TEKCTIB MO iX 300pa)kKeHHSIM BUKOPUCTOBYIOTHCSI Pi3HI BHIM HEUPOHHUX MEpPEXK:
nocjeIoBaTebHble HelHpoHHbIE ceTh [8], koHBoroMiiHI HeiiponHi Mepexu (CNN) [5, 6, 8, 9],
IMITyJIbCH1 HelipoHH1 MepexH [10].

Jlns BupilleHHs 3aBaHb MAIIMHHOTO HAaBYaHHS 1 MOOYJ0BM HEHPOHHHMX MEPEX IHIMPOKO
BUKOPHUCTOBYEThCS MOBa nporpamyBanHs Python 1 psn npuknaanux 6i6miorek: Keras, TensorFlow,
Pandas, Matpoltlib Ta iHmi, ToMy MOCTaBieHa 3ajaya TaKOX BHUPINIyBalach 3a JOINOMOTOIO
BKa3aHMUX MpOTrpaMHuX 3aco0iB [11].
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TensorFlow — crnemianizoBana 6i6ioTeka st 00YKMCICHD 3 BUKOPUCTAHHAM TpadiB MOTOKIB
naHux (By3nu Tpada — MaremMaTWyHi omeparii, pedpa - OaraTOBUMipHI MacuWBU JaHHX). Y
TensorFlow moctymnni mapanenpHi o6uucinends Ha GPU micns iHcTansmii HeoOXiqHUX IpaiiBepiB 1
HAJIAIITYBaHHA CIENiaJbHUX TapaMeTpiB.

Keras - 6ibmioreka mis moOynoBM HEHpOHHHMX Mepex rimbokoro HapyanHi (Deep
Learning), uto Hanae BucokopiBHeBuid API, sikuit BukopuctoBye TensorFlow sik backend.

3HaYHMUN 1HTEpEeC MOCTIHUKIB BUKIMKAIOTh MHUTAHHSI ONTHMi3alii CTPYKTYpH HEHPOHHHUX

3a pmanumu [6,7], mepeBaru, MmoB’s3aHi 3 OJU3BKOIO TOYHICTIO IO JIFOJCHKOTO PIiBHA Y
BEJIMKUX IIporpamax, Ipu3BOATh 10 3pocTaHHs NpuiHATTS CNN B ocTaHHI pokH. Ajie KapTHHA
BIUTMBY npuxoBaHux mapis CNN Ha 3arajibHy IPOAYKTHBHICTD MEPEXKi 3aJTUIIAETHCS HESICHOIO.

3a ganumu [8] Ha mpakTHIl IMIYJbCHI HEHPOHHI Mepeki 3 OaraTomapoBUM HAaBYAHHSIM
BUSIBUWINCS BXKUMH JJIs1 HABUAHHS.

Metow nanoi po6oTH Oysi0 BUpILIEHHS KaK TEOPETUYHOI 3a/aud — HaJALITYBaHHS Ta
ONITUMI3AIlisl IITYYHOI HEHPOHHOI MEpeXH I POCIi3HABaHHS PYKOMUCHUX a00 IPYKOBaHUX
nudpu Ha 300pakeHHSAX, TaK 1 MPAKTHYHOI 3a7adi — POCHI3HABaHHS HOMEPIB Ha 300pa)KEHHSX
YaBYHOBO3HUX KOBIIIIB.

Bukiag ocHOBHOro Martepiany. BaxinBuM MOMEHTOM /Jisi HaBUYaHHS HEHPOHHUX MeEpex
rIIMOOKOT0 HaBYaHHS € MoOyoBa HAOIpy MAaHUX TSl HABUYAHHS MOJIII.

Jns nmoOynoBu 1 HaBuaHHA Mojeni Oyna oOpana noOpe Bimoma 1 JOcUTh TOBHa 0asa
pykonucaux mudp MNIST [2-8, 12]. La 6aza (MNIST - Bix anrn. Modified NIST) €
MiAMHOXKUHOIO Oi1bIn 00'emHO0 6a3u NIST [13], sika MICTUTH PYKOIUCHI 00pa3u, CErMEHTOBaHI 3
300pakeHb CIICiANBHO MIATOTOBICHUX IIA0JIOHIB, 3aIIOBHEHUX PECIIOHIEHTaMHU OIOpO Mepenucy i
crynentamu 3aknaniB ocBitu CHIA. MNIST cknamaetscs 3 TpenyBanbHOi (60000 o6pasiB) i
tectoBoi (10000) wacTuH, mpu UBOMY Ui MIJBUINEHHS YHIKAJBHOCTI B Pi3HI YacTUHH Oynu
nmomiieHi 00pasu, OTpUMaHi BiJ pi3HUX aBTOPIB.

bi6bmioreka Keras MicTUTh uuCIIeHHI peaii3amii IIMPOKO 3aCTOCOBYBAHUX OyIiBEITbHHUX
OJIOKIB HEHPOHHHMX MEpeX, TaKUX SIK IIapH, LIJbOBI Ta NepeaaBajibHI (QYHKII, ONTHUMI3aToOpH, 1
0e37114 IHCTPYMEHTIB JIJIsl CITPOIIEHHS POOOTH 3 300paKEHHIMU 1 TEKCTOM.

Mogens i po3ni3HaBaHHS LU BKIIOYANa BXIHUNA 1 BUXITHUN 1IapH, a TAKOXK OJUH a00
KUJIbKa IpUXOBaHMX mmapiB. HaByaHHs Moziel MPOBOAMIIOCS 3 BUKOPUCTAHHSAM 3MIHHOTO KUIBKOCTI
KpOKIB (ernox). 300pakeHHs AJs po3Mi3HaBaHHA MaciuTaOyBaTu 10 po3Mipy 28x28 (784 ocepenku B
OJTHOBUMIPHOMY TMOJaHHi), TOMY KIJIbKICTb HEWpPOHIB y BXIIHOMY 1 HpPHUXOBaHHUX IIapax
npuiimanocs piBHUM 800. O6poOka 300paxxkeHs (pinpTparis, MacITadyBaHHS 1 T.II.) IPOBOIMIIACS 3
BUKOpHUCTaHHM 010510Texn OpenCV.

Buxinuuii piBens - ne map 3 10 By3namu tfinn.softmax, sikuii moBeprae MacuB 3 AECATH
IMOBIPHICHUX OIIIHOK, cyMa fKuX AopiBHIO€ 1. Ko)keH By30J1 MICTUTh OILIIHKY, $IKa BKa3zye
HMOBIpHICTb TOTO, 1110 TOTOYHE 300paKEHHS HAJIEKUTh 0JHOMY 3 10 Kiacis.

[Tpuxnan niArOTOBKH BXITHUX 300paXkeHb /7S pO3II3HABaHHS PeACTaBIeHUI Ha pucC. 1.

Jnsa BuninenHs uudp Ha QoTorpadii KOBIIa BUKOPHUCTOBYBAINCS MOXKJIMBOCTI 010J110TeKH
OpenCV.
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Puc. 1 — O6nacri po3nizHaBaHHsI, IO 3a3Ha4eHi Ha (hoTorpadii YaByHOBI3ZHOTO KOBIIIA

@ororpadis KoBIIa mepeTBOproBaiacs a0 300pakeHHs Yy BiariHkax ciporo. Jlms
NpUAYIIEHHS IIyMiB 3acTocoByBaBca ¢uibTp GaussianBlur. Ilomepeane BuaineHHst o6iacTi
iHTepecy NPOBOIWIIOCS MNUIAXOM OHHAapH3alMyd 300pakKeHHS 3 BHIUICHHSM CBITIUX YacTUH
300pakeHHs. IlotiMm BupiBHIOBaBCS (GOH OTpUMaHOro 3o00paxeHHs. HeomHopimHOCTI CBITIOL
YaCTUHU 300pa’KEHHS BUPIBHIOBAIMCS 3a PaXyHOK JuIaTallii (puc. 2).

a) 6e3mocepeTHbO MICHs BUILIEHHS U] 0) micist JABOX iTepalliii BUPIBHIOBAHHS
300paxxeHHs (dilation)
Puc. 2 — BigHoBNEeHHS! KOHTYpPY 300pakeHHsI B 00J1acTi iHTepecy

3 ornsAy Ha HasBHICTH JOCUTH CBITIMX obOnacteil Ha ¢oTorpadii KoBimia, BUAUIEHHS
LTBOBUX 300pakeHb 3/11HCHIOBAIOCS 3 BAKOPHCTAHHAM TAaKOi CXEMU:

- BUJIUTSUTHCS BCE 3aMKHYTI KOHTYPH Ha 300pa)KeHH];

- IPOBOJIMJIACS COPTYBaHHS 3HAHAEHUX KOHTYPIB IO IJIOMI];
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- 3 OINIAAy Ha, IO IUIONI, 3aiiMaHi KOHTypamMu HUGpP Ha 300pa)KeHHi, OLIbINE, HIK
HEOJJHOPIIHOCTEH, JUId MOJAIbIIOi OOPOOKH BHIUISIIMCS TMepili ABa ad0 TpU MaKCUMalbHUX MO
IJIOII KOHTYPY (HOMepa He OibIle, HiK TPU3HAYHI);

- 1751 BUZUICHHS o0yiacTeil po3mi3HaBaHHS OynyBaJIMCs MPSIMOKYTHUKH, B SIKI BIIMCYBaBCS

KOHTYD.
Jns  pocmizHaHHS KOXHE 300pa)KeHHS
dense_1_input: InputLayer uudpu npeodpazoByBanocs K po3mipy 28x28 i
MOJABAJIOCST HAa BXiM TMOMNEPEAHBO HABYCHOL
HEHPOHHOT MepexKi.

[Ipu HamaromkeHHi MOJENi MO TECTOBUM
naauM  MNIST abo Habopy 300paxkeHp is

Y

dense_1: Dense

l MOJIAJIBIIIOTO PO3IMi3HABAHHSA BCTAHOBIICHO, IO
TOYHICTH PO3Mi3HaBaHHA CIa0KO 3pOCTae B Mipy
dense_2: Dense 30UIBIICHHST  KIJTBKOCTI  NMPUXOBAaHUX  IIIapiB.

HanamryBanas mozpeni Kyau OUTbII YyTJIMBE J0
v BUOOpY TUITY 1 TapaMeTpPiB ONTUMI3ATOPA 1 UUCITY
€ToX HaBYaHHSI.

[lpuknan  CTPYKTypu  HaWMNPOCTILIOL
HEHPOHHOT MepeXu TIIMOOKOrO HaBUaHHS, sKa
noOyJ0oBaHa 3 BHUKOPUCTaHHSIM MOKJIMBOCTEH
Keras, HaBeeHo Ha puc. 3.

Jns  Oinbm  TO4HOT 1 OOrpyHTOBAHOL

Puc. 3 — CIpykTypa HeHpOHHOI HACTPOWKHM  MOJENI  pO3Mi3HaBaHHSI  OYJI0
MEpEXKH 3 TPHOMA IITHHAMU TIPUXOBAHUMHU BUNIPOOYBAHO TaKeT ‘Keras-tuner. Leit maKet
Iapamu, o6y oBaHoi B cepenopuit Keras ~ BUKOPUCTOBYE (yHKIiO, ska mnpuiiMac HaOip
nmapaMmeTpiB 1 TMOBEpTae CKIAJAEHY MO/JENb.
JlocTynHi YOTHpWM BHAM TapaMeTpiB: Jiama3oH, BuOip, JNiHiiHMNA Ta ¢ikcoBanuid. [liama3oH
MOBEpTa€ Wil 3HAYEHHS MDK 3aJaHMMH MIHIMQIBHUMUA Ta MaKCUMAJIbHUMU. 3HAYEHHS
301IBIIYIOTECS 3@ JIONIOMOTOI0 HapaMeTpa Kpoky. JIiHIMHMIA mapaMeTp CXOXHIl Ha Jianas3oH, aje
IPALIOE 3 IJIABAIOUYUMH YMCIaMU. Y I[bOMY BHUMAJKYy KPOK HA3MBAETHCS PO3JUIBHOIO 3JIaTHICTIO.
[apamerp BHOOpPY HabGarato mpocTimmii. oMy CIHMCOK 3HAYeHb, i B Pe3y/IbTaTi ONTHMI3aLil
MOBEPTAEThCS OJHE 3 HHUX. Jleski mapaMeTpu MOTyT BCTaHOBJIIOBaTbCS SK KOHCTaHTH.
BianpamtoBanus po6otu 3 makerom Keras-tuner BHKOHYBaJOCh Ha MPOCTIINIUX MOJETAX
perpeciifHoro Tuma 3 Jekiibkoma Bxogamu i 1-3 Buxonamu. BcTaHOBIEHO MOXIIMBICTH CYTTEBOI
OIITHUMI3allil MOBEIIHKN MOJIENI.

binpimr ToOYHe pocmi3HaBaHHS oOjacTed iHTepecy OyJlOo JOCATHYTO 3 BHKOPHUCTAHHSIM
sroptanbHOi HelpoHHOi Mepexi (CNN), ane HemomikoMm mi€i MEpeXH € 3HaYHO OLIbII BHCOKA
TPUBAJICTh HABYAHHS.

[Ticns omTumizamii Mojenl TOYHICTH PO3MI3HABAaHHS TECTOBHX 300paKeHb (IEKUTBKOX
300pakeHb KOBIIIB) ckiaaana 6muszbeko 100 %.

Cranii moOyaoBM 1 HaBYaHHS MOJENI 1 POCHI3HABAHHS NPAKTHUYHUX 3pa3KiB JIETKO
PO3IUISAIOTbCS BHACIHIJOK MOMJIMBOCTI €KCIopTy Mojenei. /i 1boro BUKOPUCTOBYETHCS METOJ
model.save (filepath) ms 36epesxenns mozaeni Keras B ogaomy ¢aitni HDFS, sikuii Oyme MicTUTH:

® ApXITEKTypa MOJIENI, 1110 T03BOJISIE BITHOBUTH MOJAETb

e Baru MoJjel

e KOH(Irypallisi TpeHyBaHb (BTpaTa, ONTHUMI3aTop)

e CTaH ONTHMI3aTopa, 0 JO3BOJISE BiITHOBUTH HAaBYAHHS CaAMe TaM, JIe BU 3yITUHIIINCS.

dense_4: Dense
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ITorim moxHa BukopucToByBaTH keras.models.load model (filepath) mms BigHOBICHHS
mozeni. load model Takox mombae mWpo cCKIATAHHS MOAENI 3a JOTOMOTOI0 30epexeHOi
KOH(iryparlii TpeHyBaHb (SIKIIIO0 MOJIEbh HIKOJIM HEe OyJia CKOMITUIbOBaHA).

BUCHOBKHA

1. TlobynoBana iHdopmarmiiiHa TEXHOJNOTiA pO3IMi3HABaHHSA PYKONMHCHUX HOMEpIB
YaBYHOBO3HHUX KOBIIIB 3a IXHIMH GoTorpadisMu.

2. BianpanpoBaHa iH(opMariiiina TeXHOIOTis BUALICHHS 00acTi iHTepecy Ha GoTorpadisx,
10 MICTSTh PYKOIUCHI U(PH, IS TIOIATBIIOT0 PO3ITi3HABAHHS.

3. Iloka3zana MOXJIMBICTH ONTHMi3amii HEHPOHHUX Mepex TIIyOJIKOro HaBYaHHS,
moOy0BaHUX 3a AoroMoror 0idmioTexn Keras.
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Unukapes E.A., Cepruenko A.B., Ctannmenckuii JI.H.

IMOCTPOEHUE U HACTPOMKA MOJIEJIEN INTYBOKOI'O OBYYEHUS 1151
PACIIO3BHABAHUS PYKOIIUCHBIX U TEYATHBIX IU®P HA N30BPAKEHUSAX
YYT'YHOBO3HBIX KOBIIEN

B pabome npedcmasnenvi pe3yromamvl NOCMPOEHUs U UCHbIMAHUA HEUPOHHOU cemu
21yO0K020 00yueHuss 0l PACNO3HABAHUS PYKONUCHbIX yugp. Ilpoananusuposanvl nocieouue
nyonuKayuu no peuleHuro 3a0a4 pacno3Hauue u pazoopa mekcmos no ux uzoopadceHusim, 8bloOpau
PAO0 NPUKIAOHBIX OUOIUOMEK Ol CO30AHUSL NPOSPAMMbL OJis1 NPOBedeHUs: IKcnepumenmos. Keras,
TensorFlow, Pandas, Matpoltlib u Opyeue. I[locmpoena un@opMayuoHHAs MeEXHON02Us
PACNO3HABAHUSL  PYKONUCHBIX HOMEPOG YY2YHOBO3HLIX Koguwiell no ux Gomoepagusm. s
nocmpoenus u 00yueHus Mooeiu Oblia 8blOPaAHA XOPOWO U3BECMHAA U 0080JbHO NOIHAA 0a3a
pykonucuwix yugp MNIST. Mooenw 01151 pacno3nasanus yughp Ku04aia 6X00HOU U 8bIXOOHOU CIOU,
a makaice 0OUH UIU HECKOIbKO CKpblmbix cioed. Qbyuenue mooenu npo8ooUIoCh ¢ UCHOIb308AHUEM
nepemMeHH020 KOoauvecmea uiacos (3nox). Mzobpasicenus 015 pacno3Hasanus Macumaouposams 00
pasmepa 28x28 (784 saueiiku 6 0OHOMEPHOM NPeOCMABIeHUl), NOIMOMY KOAUUEeCmE0 HEeUPOHO8 80
BXOOHOM U CKPbIMbIX CNloAX npunumanocs pasuvim 800. Obpabomra uzobpasxcenuii (punbmpayus,
macwmabupoeanue u mM.n.) NPoOBOOUNACHL ¢ ucnoavzosanuem oubnuomexu OpenCV. s
PACNO3HAHUSL KAJCO0e U300padicenue yu@dpvl npeodbpazosuleanocs Kk pasmepy 28x28 u nodasanocw
HA 6X00 NpedsapumenbHo 00VUeHHOU HeuporHou cemu. s Oonee mouyHou U 0O0CHOBAHHOU
HacmpouKu mooenu pacnoznasanus ovin ucnviman naxem Keras-tuner. Ompabomxa pabomsi ¢
nakemom Keras-tuner 6binoIHAIOCL HA NPOCMBIX MOOEIAX PeSPeCCUOHHO20 MUNA C HECKOIbKUMU
exooamu u 1-3 gvixooamu. Yemanosnena 603mMoHCHOCHb CYUWECMBEHHOU ONMUMU3AYUU NOBEOEHUS
mooenu. Ilocre onmumuzayuu mooenu MOYHOCMb PACNO3ZHABAHUS ECMOBbIX U300PANCEHULL
(HecKkobKUX U3006padicenuti kosuteti) cocmasasna okono 100%

Ompabomana UHGOPMAYUOHHASL MEXHONIO2UA  BblOeNeHUsi 0baacmu ummepeca Ha
gomoepagusx, codepxcawux pykonucHvle yugpol, 01 OanvHelwezo pacnosnasanus. lloxkazana
BO3MOIHCHOCIb ONMUMUZAYUU HEUPOHHBIX cemell 2YO0K020 00yYeHUs, NOCMPOEHHbIX ¢ NOMOWBIO
oubruomexu Keras. Ycmarnoesneno, umo oocmamounyo mouHoCms pacno3Haeanusi obecneuusaem
npoCcmas Mooenb ¢ NAOMHbIMU NOJIHOCBAZHYIO CKPLIMbIMU CIOAMU U ONMUMUAYUEN NApaAMempos
Mmoodenu ¢ nomowvio nakema Keras Tuner.

Knrwoueewvie cnoea: Keras, TensorFlow, MNIST, python, enybokoe obyueHue, HelpoHHble
cemu, pacno3uasanue yupp.

Chychkarov Ye.A., Anastasiia Serhiienko, Stanishevsky L.M.

CONSTRUCTION AND ADJUSTMENT OF DEEP LEARNING MODELS FOR
RECOGNITION OF HANDWRITTEN AND PRINTED DIGITS ON IMAGES OF CAST
IRON LADLES

The results of the construction and testing of deep learning neural network for handwriting
recognition are presenting in the paper. The latest publications on solving problems of recognition
and analysis of texts by their images were analyzed; a number of application libraries were selected
to create a program for experiments: Keras, TensorFlow, Pandas, Matpoltlib and others. An
information technology for the recognition of handwritten numbers of cast-iron ladles from their
photographs was built. To build and train the model, the well-known and complete base of
handwritten digits MNIST chosen. The model for recognizing numbers included the input and
output layers, as well as one or more hidden layers. Model training was carried out using a
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variable number of steps (eras). Recognition images should be scaled to a size of 28x28 (784 cells
in a one-dimensional representation), so the number of neurons in the input and hidden layers was
assumed to be 800. Image processing (filtering, scaling, etc.) was performed using the OpenCV
library. For recognition, each image of the digit was converted to a size of 28x28 and fed to the
input of a pre-trained neural network. To more accurately and reasonably configure the
recognition model, the Keras-tuner package was tested. Development of work with the Keras-tuner
package was performed on simple regression-type models with several inputs and 1-3 outputs. The
possibility of significant optimization of the model behavior is established. After optimizing the
model, the recognition accuracy of test images (several images of buckets) was about 100%

The information technology highlighting the area of interest in photos containing
handwritten digits for further recognition is worked out. The possibility of optimization of deep
learning neural networks built with the help of Keras library is shown. A simple model with tight,
fully hidden layers and optimization of model parameters with Keras Tuner package has been found
to provide sufficient recognition accuracy.

Keywords: Keras, TensorFlow, MNIST, python, deep learning, neural networks, digit
recognition
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MATEMATHAYHE MOJEJIOBAHHSI KOHBEPTEPHOI IIJTABKH 3
YPAXYBAHHAM JUHAMIKU ITPOLECY 3HEBYTJIEHIOBAHHA

Kucnesuti konsepmep € 00nHuM 3 HAUOLIbWL BANCTUBUX MEMANYPIUHUX 00'ckmis
asmomamu3zayii. Yoockonanenus 1o2o ynpasiinHus HeoOXiOHO Ol OMPUMAHHA CMAL 3 3a0aAHUMU
memnepamypoio i CKIa0OM Npu MAKCUMATbHIU eKxonomiunocmi naaeéku. OOHax 3adawa NOGHOT
asmomamuzayii npoyecy € 6Kpali CKIAOHOW | 8UMA2A€ 3HAHHA 3AKOHOMIPDHOCMEU 6NIUB)Y Hd
MexXHON02IUHULL npoyec Oe3niui paxkmopis: i3uKo-XiMiuHUX, 2a30-2i0POOUHAMIYHUX MA THUUX, 00
menepiuHb020 4acy HedOCMAmHb0O 00CTIOHCEHUX.

Di3uKO-XIMIUHY OCHOBY BUPOOHUYMEA CMAL 8 KOHEEPMEPI CKAAOAIOMb NPOYeCU OKUCTIeHHS
0oMIWOK YasyHy, i 6 neputy uepey oOKuclenHs eyeneyto. Heszeaocaouu na eenuxuii ob6cse
00CIOMHCEHb, NPUCBIUEHUX NPOOTIeMI OKUCTICHHS 8Yeleyio Memaly, 3HAUHA KIIbKICMb NUMAaHs ) yiil
2anysi 3aIUMAEMbCS MA0 8UBYeHo0. Bidoma naykosa meopis npo me, wo 3uegyeneyo8anHs npu
HU3bKOMY 6MICMI 8yelleyl0 KOHMPOIIOEMbCS NEPEBANCHO U020 MACOBUM NEePEeHOCOM, 00 KiHYs He
NOACHIOE 6CIX ocobaueocmeti npoyecy. YV 383Ky 3 yum RnOCMano 30a80aHHA NPOBEOEHHS
000amMKOBUX HAYKOBUX OO0CNIONCEHb OUHAMIKU OKUCTIeHHs 8Velleyto, 0COOIUBO NpU U020 HU3LKIL
KOHYyeHmpayii.

B pobomi pozensinymi memooOuKku, wo onucyroms npoyec 3Hegy2leyt08aHHs KOHEEPMEPHOL
cmani. Ilobyoosana mooenb po3paxyHKy WEUOKOCMI 3He8Y2NeYt08aAHHA | OUHAMIKU 6MICMY 8y2leyio
V 6aHHi KOHeéepmepa ni0 uac npooyeéxku. Bcmawnoseneno, wjo po3pobiena Ounamiuna mooenw
OKUC/IeHHs 8yelleylo a0eKeamua npoyecam, wo NpOMiKaiome y 6auHi Koneepmepa. Mooens
00360115€  Oe3nepepsHo No X00y Npooy6KU 30IUCHIO8AMU KOHMPOIb [ pe2yito8anHs HAuOLIb
BAICTUBUX NAPAMEMPIE Memany 3d O0NOMO20K YNPAGNIHHA KUCHEe80I0 ypMoro, GusHavamu
WBUOKOCMI 3HeBY2IeYI08AHHA, 3MIHU MeMnepamypu i OKUCIeHHs 3ai3a 6aHHU, A MAKOXC CIYNIHb
oonanrosannsi CO 6 CO, 8 nopodicHuni KoHeepmepa.
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