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IOXHUBKU ITPOTHO3YBAHHSA 3HAYEHHSI TEMIIEPATYPU HEUPOHHUMH

MEPEXAMM 3A IIEAJIBHUM INEPEXIZITHUM ITPOLLECOM
© Jlonamxo Onvea, Muxumun I2op, 2017

Hanionanshuii yHiBepcutet “JIbBiBChKa noniTexHika”, kadeapa iHpOpMaIiiHO-BUMipIOBAIBHUX TEXHOJIOTIH
Byi. C. Bannepu, 12, 79013, JIsBiB, Ykpaina

Onucano pe3yaivmamu 00CHiONHCEHHA ROXUDOK RPOZHO3YEAHHA 3HAYEHHA MEeMNepamypu i3 6UKOPUCMAHHAM
HEIIPOHHUX MePedC, ANZOPUMM CHEOPEHHs Ma HAGYAHHA HellpoHHUX mepedc. Hasedeno pesynomamu 00cniodicenns
3aeHcHOCmi NOXUOKU NPOZHO3Y6AHHA 3HAYEHHA MeMRepamypu 6i0 KiibKocmi wiapie y mepeici, 6i0 Kinvkocmi 6x00i6

Mmepedici ma 8id Kinbkocmi nociioognocmeil 011 Hagyanus. /]ocaioiceHHs 3anericHocmi ROXUOKU npozcHO3y6aHHA
memnepamypu 6i0 KiibKocmi 6x00i6 Mepedici GUKOHAHO 071 060X 6UNAOKIE. 3 0OHAKOGOZ0 YACY GUMIDIOBAHHA MeM-
nepamypu nepexionozo npouecy i 3a piznozo. Kpim mozo, neiiponny mepesicy nepegipeno Ha mecmogux nociioos-
HOCmAX, AKI 30i2anuce ma He 30i2anuce 3 MeCNOGUMU NOCTIO06HOCMAMU, HA AKUX HEUPOHHA MePedca 64UIACY.
Knrwowuosi crosa: neiiponna mepesica, npoZHO3y8aHHA 3HAYEHH MEMNEPAMYPU, MeMREPAmMYPHUIL nepexionuil npoyec

Onucanvt pe3ynbmamol UCCTE006AHUA NOZPEWHOCIEl NPOZHO3UPOBGAHUS 3HAUCHUA MEMAEPAMYPLL C UCHOTIb306AHUEM
HEUPOHHbIX cemell, AI2oPUmMm co30anus u ooyuenus neuponnvix cemeii. Ipusedenst peyivmamel uccie008anus
3A6UCUMOCHIU NOZPEUIHOCIU NPOZHOZUPOSAHUS 3HAYECHUSL MEMNEPAMYpPbl On KOJIUYECMEd C/10€6 6 Cemiu, Om
KoJluuecmea 6x0006 cemu u om Koauvecmea nociedosamenvHocmeii onsa ooyuenusn. Hecneoosanue 3agucumocmu
ROZPEWHOCIU RPOZHO3UPOGAHUSA MEMNEPAMYPbL 0N KOTUYECIEd 6X0008 CEMU NPOGOOUNLOCH 0151 08YX CIYUAeE. KO20d
8pemsL usMepeHuss meMnepamypol HepPexoOH020 NPOUECca 0OUHAKOB0EC U KO20d 8peMs usmepenus paznoe. Kpome mozo
HEUPOHHAA CeMmb NPOBEPATIACH HA MECHLOBBIX NOCTE006AMETIbHOCAX, KOMOPble CO6NAOAIU U He COBNAOAIU C
mecmogvIMU NOCIE008AMEIbHOCIAMU, HA KOMOPBIX HEUPOHHAA CENMb YUULACD.
Knroueevle cnosa. neilponnas cemo, nPOZHO3UPOGAHUE 3HAYCHUSA MEMNEPAMYPDL, MEMNEPAMYPHbLIL
nepexoonlil npoyecc.

The present article describes the results of the study of the prediction error of temperature values using neural networks.
In the introduction, the authors point out problemsthat arise (come up) during the measurement of high temperatures.
The method proposed to solve these problemsis neural networks application.

At the very beginning the authors present a neural networks classification based on their architecture (feedforward

neural networks, recurrent neural networks and completely linked neural networks were specially highlighted). Also
mentioned previous researches where were made conclusions about the most relevant neural network architecturein
case of temperature prediction problem using transition process.

The gudies described in the article areimplemented in the MATLAB computing environment. An algorithm for
creating and teaching neural networks was described. Sequences modeling for the neural network training, the
functionsusing for neural network creation and studding, the formula for calculating the absolute error of temperature
prediction were given. During the sequences creation, the measurement error was not taken into account, that is, the
network studied on ideal sequences.

The results of the study of dependence of the temperature value prediction error on the number of layersin the network,

on the number of network inputsand on the number of sequencesfor training are presented. I nvestigation of the
dependence of the temperature prediction error on the number of network inputswas carried out for two cases. when
thetime of transition process temperature measurement isthe same and when the measurement timeis different. In
addition, the neural network was tested on sequences that coincided and did not coincide with the sequences on which
the neural network studied. Each research was provided with drawings.

At the end of the article the authors make conclusions about the most relevant neural network parameters (number of
layers, number of inputsand the number of sequences for training neural network). Maximum temperature prediction
error value was mentioned. Plansfor further research were also outlined.

Key words: neural network, temperature prediction, temperature transition process.
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Beryn. YV GaraTthoX TEXHOJIOTIYHHX IIpolecax Iio-
TpiOHO BUMiproBaTH BHUCOKi Temmeparypu [1; 2]. Tpusaie
(1)  3a
BHCOKUX TEMIIeparyp MPHU3BOAUTH JO 3MIiHM HOMiHAJIBHOL

nepe6yBaHHﬂ NIEPBUHHOTO  IIEPETBOprOBavda

cratnyHol xapakrepuctuku IIII, a omke, mHoripurye
MeTpoJioriuHi xapakrepucTuku I1I1, 1o icTOTHO 3MeHITye
TEPMiH  HOTO 3MEHIIUTH

eKCILTyaTallii. TPUBATICTh

BUMIPIOBAaHHS  MOXXHAa  INPOTHO3YBaHHSM  3HAYEHHS
TEeMIIepaTypH 3a MepexiHuM mporiecoM [3], He OUIKYIOUH
CTaHy TEIUIOBOI piBHOBard. Y TaKkoMy BHIIQJIKY 3HAYEHHS
TEMIIEpaTypy BH3HAYAIOTh 32 TEMIEPATYPHUM IEPeXiHUM

MPOIIECOM, IIO OMHUCYEThCS BHpa3oM [4]:
T(t)=Te +(To- TP)(l' et ) )

e t — yac; T — cTaja yacy IepPBUHHOIO IEpPETBOPIOBAYA;
T, — Temneparypa 00’ €kTa BUMIPIOBaHHS; |p — I10YaTKOBE
3HAYEHHsI TEMIIepaTypu MEpBUHHOrO IIepeTBOpIoBaya; 1 —
MOTOYHE 3HAYECHHSI TEMIIEPATYpH.

OpHUM 13 TIEPCHEKTUBHHUX CIIOCOOIB O3B’ I3aHHS

3aJadi  MPOTHO3YBAHHS 3HAUCHHA TEMIIEpaTypu 3a
MIEPEXiTHUM IPOIIECOM € 3aCTOCYBaHHS HEHPOHHHX MEPEK
(HM). HM MOXYTh BHUSBJIATH MPUXOBaHi 3aJE€KHOCTI MiX
BXIJHUMH Ta BHXIJHUMH JaHUMH. HaBuaHHSI Mepexi
MO)KHA 3IMCHIOBATH SK 3a MOJEJUII0 TpOIeCy, Tak 1 3a
eKCIICPUMCHTAILHUMHU ~ NaHUMH. HaBueHa Mepexa 3
JIOCTATHHO BHMCOKOIO TOYHICTIO Ja€ 3MOTY MPOTHO3YBAaTU
3HAYEHHS 00’ exTa

TeEMIIEpaTypu BI/IMipIOBaHHH 3a

MIEPEXiTHIUM IIPOIIECOM.

Meta. JlocmiDkeHHsT 3aJIe)KHOCTI MOXHOKH TPOTHO-
3YBaHHs 3HAYECHHs TEMIIEPATypH HEHPOHHUMH MeEpekaMu
3a i7IeaJIbHIM TIePEXiJHUM IIPOIIECOM.

Buknax wmarepiamy. Iltyuni HeiipoHHi Mepexi
CKJIaIAlOThCS 3 HEHPOHIB, IO B3aEMOIIIOTH, SKI JTO3BO-
JSIFOTh BUKOHYBATH MapaiesbHi obuncienss [5]. 3 mormsany
CTPYKTYPH MOYXHa BUIIJIUTH TPH OCHOBHI THUIH HEHPOHHUX
Mepex [6; 7]: Mepexi HpsIMOro MOLIMPEHHS, PEKYPEHTHI
HelpoHHI Mepexi (HeHpoHHI Mepexi 31 3BOPOTHHM 3B’ s3-
KOM), MOBHICTIO 3B's3aHi Mepeki. AHATITHYHHA OIS
CTPYKTYp HEHWpOHHHX Mepex [8] mokasas, IMI0 ONTHMANb-
HUM JJIsl TIPOTHO3YBAaHHsS TEMIIEpaTypud € 3acTOCYBaHHS
HEWPOHHOI Mepexi 3 apXiTEKTYPOIO MPSIMOTO ITIOIUPEHHS.
JlocmimpKeHHsl, onucaHi B CTaTTi, peasli3oBaHO B IPO-
rpaMHOMY cepenoBuili. CroyaTKy MPOBOAMIOCH MOJIEITIO-
BaHHS TEMIIEPATYPHOT'O IEPEXiTHOr0 MPOIECy 38 BHPa30M
(1) anst 3HaUeHH TeMMepaTypu 00’ €xTa B miamasoxi Bix 200

m0 220 °C 3 kpoxkom AT, (puc. 1), ne 3HaueHHs yacy t
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3miHroBanock Bix O 10 tym 3a mpomixkok uacy tym Oymo
pO3paxoBaHO N 3HAauYeHb TEMIIEPATypU IMEPEeXiJHOro Ipo-
necy. KoxxHoMy 3Ha4eHHIO TeMmepaTrypu o0’ €KTa BUMIpIO-
BaHHS Bi/IOBi/Ia€ MeBHA TecToBa mociinoBHicTh (TII), mpu-
YOMY OCTaHHE 3HAUEHHS TEMIIEpaTypH B TECTOBIH IOCIIi-
JIOBHOCTI HE TEPEBUIYBaj0 IOJOBHHU 3HAYEHHS TeMIIe-
parypu 00’ €KTa BUMIpDIOBaHHS, 100 YHHKHYTH Ieperpi-
BanHs I1I1. Yci TecToBi MOCHTIIOBHOCTI YTBOPIOIOTh MacCHB
TecTOBUX TociigoBHOcTel. ITix yac CTBOpEHHS TECTOBHX
MOCITIZIOBHOCTE HE BPaxOBYBaIM IOXHOKY BHUMipIOBaHHS,
TOOTO Mepeka HaBYaJIaCh Ha i7€aIbHUX MTOCITIIOBHOCTIX. Y
CTaTTi BHUKOPHCTAHO TaKi MO3HAYeHHsS: K — KiIBKICTH TO-
CIIJIOBHOCTEH /JIsi HaBYaHHS; M — KUIBKICTh IIapiB Hew-
POHHOI Mepexi; N — KiJIbKICTh BXO/IiB HEHPOHHOI Mepexi.

CrBoproBajach HEHpOHHa Mepexa 3 apXiTEeKTYpOIo
npsmoro momupennst (pyukis feedforwardnet) i3 ypa-
XYBaHHSIM KIBKOCTI HEHWpOHIB y MPHUXOBaHUX IIapax.
Heiipouny Mepexy HaB4anu (yHKmiero train, mis skoi
BKa3yBaJld Ha3By MEpeXi, MacHUB TECTOBHX IIOCIIiIOB-
HOCTEH, JUIsl SIKOTO KOXKHA 13 TECTOBUX ITOCIIJIOBHOCTEH €
BXOJ/IOM HEHPOHHOI MepeXi, Ta MaCHB BiJITIOBITHUX 3HAYECHb
TeMmIepaTypu o0 €KkTa BHUMIpDIOBaHHS, SKIi € BHUXOAOM
HelpoHHOT Mepexi (puc. 2).

A
T, C

Puc. 1. Macue mecmosux nocniooénocmeti 0Jisi HAGUAHHSL
HeUpOHHOT Mepedici

Fig. 1. Array of test sequences
for neural network training
Hajari HaBYeHY HEHPOHHY MEPEXY BHKOPHCTOBYBAIH
JUIL TIPOTHO3YBAHHS TEMIIEpaTypH 3a iJeajJbHHM Iepe-
X1IHUM TIPOIIECOM Ta PO3pPaxOBYBaIM aOCONIOTHY MOXHOKY
MPOTHO3YBaHHS TeMITepaTypu 3a GOpPMYIIOH:

DT =Tpr- Ty, 2
ne Tpr — NPOTHO30BAHE 3HAYCHHSA TEMIIEpaTypu; 1, —

TeMIepaTypa 00 €KTa BHMIPIOBaHHS JUIA Ili€] TECTOBOI
TIOCJTiIOBHOCT!.
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Buxio HM

Puc. 2. Bxoou ma euxoou netiponnoi mepexici
Fig. 2. Inputs and outputs of neural network
Hmwxue mnomaHo pe3ynbTaT AOCTIIKEHHS IOXHOKH
MIPOTHO3YBaHHS TEMIEPATypH 13 3aCTOCYBAaHHSM TECTOBHX
MIOCITIZIOBHOCTEH, SIKi BUKOPHCTOBYBAJIH JUIsl HaBuaHHs HM.
Ha puc. 3 HaBeneHO 3aJIeKHICTh TOXUOKU MPOTHO3yBaHHS
3HAYEHHs TEMIEPAaTypH BiJl KUTBKOCTI MIAPiB y MEPEXi.
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Puc. 3. 3anexcnicmv noxubku npoeno3yeanms 3HaueHHs
memnepamypu 8o KinbKocmi wapie y mepexici

Fig. 3. Dependence of the temperature value prediction error
on the number of layersin the network

3MifiCHEHO TOCHIKEHHS 1T SITH HEWPOHHUX MEpex, sIKi
BiJPI3HAIOTHCS KUIBKICTIO mapis M (2, 3, 4, 5, 6). Kiibkicts
BXOJ/IIB KOXXHOI HeWpoHHOI Mepexi N — 25. HaBuanus
HEHPOHHUX MEpPEX MPOBOMWIOCH Ha 41 TecTOBiH MOCII-
JIOBHOCTI (TemrepaTypa 00’ €KTa BHMIPIOBAHHS 3MIiHIO-
Banack Bix 200 mo 220 °C 3 kpokom 0,5 °C). BpaxoByroun
pesynbratu (puc. 3), MOXKHAa 3pOOUTH BHCHOBOK, IO 3i
301IBIIEHHSIM KIIBKOCTI IIApiB Y MEpexi 3pOCTae Moxuoka
nporuo3yBaHHs. OTKe, JOLIJIBHO BHUKOPHUCTOBYBATH HEH-
POHHY MEPEXY 3 HAaHMEHIIIOK KUTBKICTIO IIapiB. 3HAYCHHS
a0COIOTHOI ~ TIOXUOKH

MPOTrHO3YyBaHHA TeEMIIEpaTypu

JUTS iIeaJIbHUX TECTOBUX IIOCIIOBHOCTCH JBOIIAPOBOIO
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Mepeskero Menme 3a 2:10% °C. YV momanemmx IoCITi-
YKEHHSIX BUKOPHCTOBYBAJIH JIBOIIAPOBY HEHPOHHY MEPEKY
MIPSIMOT'O ITOLTUPEHHS.

JocmimkeHHsT HEHPOHHOT MEPEKi 3a KIJIBKICTIO BXOIB
NPOBOJIMIIA JJI JIBOX BHIANKiB: 1) 9ac BHMiprOBaHHsI
OZIHAKOBHIA, a KPOK 3a uacoM pizuuii (tym = const, At = var)
(puc. 4, a); 2) yac BUMIpIOBaHHS Pi3HHI, a KPOK 32 4acOM
onHaKoBHUH (tym = var , At = congt) (puc. 4, 6).

Ha puc. 5 mogaHo 3ajexHiCTh MOXMOKH TPOTHO-
3YBaHHs 3HAYEHHS TEMIIEpaTypd BiJ KUIBKOCTI BXOJiB
HEHpPOHHOT Mepexi (KpOK 3a 4acoM pi3HHIA).

KinbkicTh BXOMIB HEHPOHHUX MEpEX N CTaHOBHJIA b,
10, 15, 20, 25, 30, 40, 50, 70, 100; TemmnepaTypa 00’ €KTa
BuMiptoBaHHs 3MiHtoBasach Big 200 mo 220 °C 3 xpokom
0,5°C.

Ha puc. 6 mogaHo 3ajexHiCTh MOXMOKH NPOTHO-
3yBaHHs 3HAYEHHS TEMIIEpaTypd BiJ KUIBKOCTI BXO/iB
HEHpPOHHOT Mepexi (KpOK 3a 4acoM OJHAKOBHUH).

KisbKicTh MOCTiJOBHOCTEH Ji1sl HaB4aHHA K cTaHOBMIA
41, 51, 68, 101, 201. 3i 30iabMIEHHIM KiJIBLKOCTI IIOCIIIIOB-
HocTelt ms HapuanHs HM (puc. 7) moxubOka MpOrHO3Y-
BaHHS TEMIIEpaTypH 3MEHIIyeThes. [Ipore HaBiTh 11 Hal-
MEHIIOI KIJIbKOCTI TOCTiIOBHOCTEH Uil HaB4YaHHS a0co-
JIIOTHA TTOXMOKa MPOrHO3yBaHHS 3HAUSHHS TEMIIEPATypH He
MIEPEBUINYE 2510° °C, a 1pOro € JOCTaTHBO IS
OLIIBIIOCTI PAKTHYHUX 3a71a4 BUMIPIOBaHHS TEMIIEPATYpPH.

Ha puc. 8 momaHo 3a1eXKHICTh ITOXHOKH IPOTHO3Y-
BaHHS TeMIlepaTypH BiJ TeMIeparypu 00’ €KTa BHMi-
pIOBaHHSI.

Sk MokHa mo0auuTy 3 pHc. 8, HAMOUIBIIOW MOXHOKA
MIPOTHO3YBaHHS € Ha Kpasx Aiara3oHy BUMipIOBaHHsI, POTE
B HaifripIIOMy BUMNAAKy BOHa He mepesuutye 2,5-10° °C. Y
cepenuHi miana3zoHy HaBuaHHsa mepexi (Bix 200 mo 220 °C)
noxu6xka e mepesuutye 0,3-10° °C.

KpiMm Toro, HelpoHHy Mepexy mepeBipsuld Ha
TECTOBUX MOCHIJJOBHOCTSX, sIKi He 30irajuch i3 TECTOBUMHU
MOCITiTOBHOCTSAMH, Ha sskux HM Buunacs (puc. 9).

VY 1poMy BHIIQJIKy MEpeXa HaBdajach Ha TECTOBUX
MOCHTIZIOBHOCTSX VIS TEMIEpaTypu 00 €KTa BHUMipIOBaHHS
201,5 °C ta 202 °C. Sk BugHO 3 puc. 9, criocrepiraerbcs
HEICTOTHE 3POCTaHHS MOXUOKHM IPOTHO3YBaHHS 3HAYEHHS
Temnepatypu. HaiiOinplie 3Ha4YeHHS MTOXMOKH IPOTHO-
3yBaHHs OTPHUMAaHO BCEpEIWHI Jiana3oHy, BOHO HE Iiepe-
umye 310 °C.
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T,C 4

T, C

Puc. 4. J/lea sunaoku
00Ci0HCeH s HelPOHHOT
Mepedci 3a KINbKICmIo 6X00I6.
a —4ac 6UMIPIOGAHHS
oonakosuil, 6 — yac
BUMIDIOBAHHS PI3HULL

Fig. 4. Cases of neural network
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Puc. 5. 3anexcnicmv noxubku npoeno3yeanms 3HauenHs

memnepamypu 8i0 KinbKocmi 6X00i8 HelpoHHOT Mepeici

Puc. 6. 3anexcnicmv noxubku npoeHo3y8anHs 3Ha4eHHs
(kpox 3a wacom piznuir)

memnepamypu i0 KinbKocmi 6X00i8 HelpoHHOT Mepeici
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Fig. 5. Dependence of the temperature value prediction error on

Fig. 6. Dependence of the temperature value prediction error on
the number of neural network inputs (time step is different)

the number of neural network inputs (time step is the same)
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Puc. 8. 3anexcnicmo noxubku npocno3zyeanns memnepamypu
memnepamypu 80 KilbKOCmi nociioosHocmeli 05l HAGUAHHS

07151 KOJCHOI mecmos8oi nocai008HOCMI, HA KT 64UNACS HEeUPOHA
. .. mepearnca
Fig. 7. Dependence of the temperature value prediction &
error on the number of sequences for training

Fig. 8. Dependence of the temperature value prediction error on
sequences on which the neural network has been studied
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BucnoBok. [IpoBezeHi gociiHkeHHS MOKa3ajiH, 1110
JIOLJIFHO BHKOPUCTOBYBATH HEHPOHHY MEpPEXY 3 OIHUM
BHYTpilHIM mapoMm (mBomapoBy). OnTuManbHa KiTbKiCTh
BXO/IiB HeWpoHHOI Mepexxi — B Mexax Big 20 mo 40.
[Moxnbka  mpOrHO3yBaHHS  3HAYEHHS  TEMIEpaTypH
3MEHIIYETHCS 31 30UIBIIEHHSM KiIBKOCTI TOCIIIOBHOCTEH
TS TToxubOka

TEMIICpATYpU IJIA iZ[eaJ'H)HI/IX TCCTOBUX HOCJIiI[OBHOCTeﬁ HEC

HaBYaHHSI. MPOTHO3YBaHHS ~ 3HAYECHHS
nepeumtye 3-10° °C.

Hapnani nmaHyeTbesi JOCTIKEHHSI BIUIMBY 1HCTPY-
MEHTAJIFHUX TOXWOOK BHUMIPIOBAaHHS TEMIIEpaTypd Ha

MOXMOKY MPOrHO3YBaHHS.
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Puc. 9. 3anesxcnicme noxubku npocHo3yeanns memnepamypu 8io
memnepamypu 00 €Kma, Onsi 3HA4eHb HA AKUX Mepedca He
Ha84anacy

Fig. 9. Dependence of the temperature value prediction error on
sequences on which the neural network has not been studied
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