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PALIDA SAPSIRIROHT : MOONEY VISCOSITY PREDICTION OF RUBBER COMPOUNDS
BASED ON ADAPTIVE NEURO-FUZZY INFERENCE SYSTEM. ADVISOR : DR. KANTICHA
KITTIPEERACHON, 74 PP.

Mooney viscosity is an important parameter in rubber compound industry
because it is one of the processing windows and key properties of rubber compound.
The Mooney viscosity result of each batch rubber compound takes about 5 hours
after the mixing process end. The objective of this research aims to design the
Mooney viscosity prediction models based on Adaptive Neuro-Fuzzy Inference Systems
(ANFIS).

The input variables are selected from the measured parameter of the mixer
including the temperature, current, and pressure. The database is collected from the
historical data of manufacturing and then cleansed by removing errors in process and
out-of-spec values. Both premise and consequent parameters of rules are created
using the parameter initialization algorithm. The number of inputs are 1, 2, and 3
variables. The epochs of learning are 100, 500, and 1000. The operation methods are
AND, AND-Squared, OR, and OR-Squared. Model updates with new dataset have been
simulated. The simulation results show that the minimum value of RMSE for data
testing is about 4.08 which is obtained by using the parameter initialization algorithm
with 3-inputs, 100 epochs, and OR operation method. The low number of epochs
indicates that the processing of the model is fast. A Mooney viscosity can be
predicted immediately at the end of mixing process. The model with new dataset
using the same rubber formulation as the database provide shown the higher

prediction performance than those using the new rubber formulation.
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81907108 NURDANILBINFLAG AT UAUIU
(Butyl Rubber, IIR) LaLHaUUANISTUAILYDIN1YAG
g9 ladu HauURAINUNSELAFNALE UL kY
(Butadiene Rubber, BR) | sesfumsldnuaamaiiinaulan

grateraulnsiauladuy o , )
UAUUANUNIN AN LLagﬁ'ﬁLﬂlﬂ@I@I LA
(Ethylene-Propylene

Diene Rubber, EPDM)

ANUADANIZDINARLD

geTaLAY 585UUNINTIHNUTIINTIN Aaus

(Silicone Rubber, Q) -40 D4 280 peFLYALTYE

o w

ag19lsAmINIRULsazrinazidndndalun1sivau F9ldarunsanaulang
AuspInsnuauURlaasulunandueians Jadndudednisinneuniinvedenslaenisnis
a a a a A a a 1 d‘ v wa d‘y
WlesAuaniln vseansatvtingne ivelvlanuandinundens
nseengnsendunsiimundiunanvesvetgnsend e lidaudfnsuniy
nsenstunisilundndundnsdriiug nevaluniseenansensdl 5 esdusenoundn lawn
g19AU (Rubbers) FadussdUsznoUNan a1seLRu (Fillers) DL AN AULT IS IS DYeAn

Auny ansvilvieneesgy (Vulcanizing Agents) vinliialassasesumdenlessevninduana



v

YDIU @A (Accelerators) LiogrgankallunisAgUueted uazanInseAu  (Activators)

A
ilonsedunsviuvesansiase daussdusznaudu dun waradnluees (Plasticizers)
dieriuaudalfens ansdunisidienanin (Age Resisters) daedasiunisidenninaingns
AUz fuTelou asvaelunatugy (Processing  Aids) uazanifiuussdus 19y ansd
ansman1shnln Wusu

nsHALE1s denshaeun R Iutuneuiiianuddgunnidesaindsma
son1stiluTugy AnaulR uarann o HAnSue gnUsrasdveantsuan Ae n1svinli

aNsLAuLAIRIgY 1ARN15NSERN86M (Distributive) kaguansalad  (Dispersive) LASDINELAT

1Y

anuddneliusadewhlionafinnisiuasuulasgusis ssiiufnnisunniiesnain
fu warnszaefiluioss lnoinTesnaussussoondu 2 Ussin léun indosuangauuy
laisterloavidenuunund (Batch Mixer) Faudsléidu 2 szuu fe szuuiln 1eSoINaNE1ULUY
2 gnnas (Two-Roll Mill) wazszuuda wismnadnuasvedames eomdu 4 wuv ¥ud indoma
szuuTlauuul3 (Banbury Intemal Mixer) t3esHansyutdanuudumesiing (intermix Intermal
Mixer) 13 0anauszUUTaRUUTIUSUsEezinsseninslawasls (Variable Intermeshing Clearance
Internal Mixer) wagin3oskauszuLTaBue WU LA3esnewdeliames (Kneader) w3o ey
g1auuURaLiad (Continuous Mixer) A LA3DIMANLUUINABIMLBA L (Single Screw)
LAzLATDIMANLUUINAL LB (Twin Screw) Wugfu

HadefiinaronmnmueisaesmmalazUsEAnSn e sHay 1ol

« ANUIEITEUYRIN UMY danariaruiaSEndeuLarsaTINTUABUgY

« UsrAnBamvaanisvdedu osnlunauasinnnufeudu vngann
ghangantivessnsiiunudsaonsviiliemsuazUssansamueanisungsanad
watraadunnifuly azvibinisraudussdnsnnliiissme vlinisnszatevesasiiy
waislugalyi

- AwduYeInUne Mt iinaliveanaudneg oglueussy daelsives
pInefioglurosnauanasiarannIsausEinseafuiiuun UYL

- yupmasiud Inevialu Yadunaiu (Fil Factor) AUszanm 70-80% wndl
yunveaunditesiiuly aglifinnudunatanluiniomwan vinlinesmnsliiiuuiads
ansdudeudigs uimauunttivuialngiuly wnuneldannsatiluludesussetan il

ansAuussnlunsaanegvenlaveveussydnaseUssavsnimnisnay



%
Y

- SRuTuUNIHEN (Mixing Step) d1dunsiiuuasnneg fesludunauseng

gndies TuusnadsiinansiiuudsnelmAnnszaedilugenou esnesiigamgien 819
fallarunilegs inn1sideulanin InduANa158u kel asiliiugavine Ae a1s
ALSILAT ALY

nMsUugU e edlenivlunsnvungustwesdaiomens 1 2 aga laun wiitu
FeanunsoinuaUsenaaduelang 3 T8 wWu fiusenrh esdesasud uargnuiainuea
Jusiu uagiiensn ansanmuagusimisinvesmandaueiensiiusuuduens wu enela
Ul ©19v0UUsEaTneud warensdamineng Uusiy

nnsvilinemsgy Wudeuanugvesesmeuniniiluvediva Wuensns

o & T PN o % o o g v o § v

sunflanusiluveuds Fainainnislinnuseulasnisvintnuresansyiliesasguvinly
Tuanavaseniniuszndidenlesiudulassasnesiaun (Crosslink) vinbignwinnisaasy
[ a [ ¢
WUNARNUN

PNTuReUNSHARNIUAL lunsgeamnssuagdsyuudseiuguamlumn

(%
Y

Junau annsadeumulinaennniunaunsnan nailiveluldnandasininanmduluni

a

W95 1unmvue Felledldaudfdinnuniiavessns viseAauviayguil lun1sgamnInwA

(% '
o A

I~ 1 1 = ] ) di( [~ a % L
avtunau Weasniluarviveniisanueinirelunisnan waznistlauguundnsioe
Aeuisteyldauitunaue1siu mearpnunidavesersieirlulddunauniseangns 39
978 1UN15 A NATANLAZ AT HULAITIMLNZAUENNAU TURBUNISHNEN B8lUNI1SLaDNLATDY
Hauuwazn1siomallalunswaivelvlnesneuminilnanniadtae tuseunailitugy
FrglunsideniasealetuunmansaniuanurinyuiivsongAnssunsiviavesssneunian
iiabiAnnsaeg UL dundndaaindsusanuifens n1sn9aeuAANLEniinueseny w3e

' & ~ A Aa ' ¢ & A o 2 a

Arnuvtiayull lnensewuiialaivesiluesesinenuviiauesensiu (Raw Rubber) wag
gNABLNIN Usznaumgwnuvyu (Roton) Femyueg nneluyasdneseninmig 2 9u As Ay
(Upper Die) uaza1eand (Lower Die) fiA31u59AI7 9viikasaAuaufiiInue n1suyuy
YaanuvLuyliauseda (Torque) WatnusaususenIneazwnunyunsluiodld
g9 Juliiau3eguieiinnisiadoud Wanwadnsiainvuan1sndeuiivdnmasenudum
ANUniALLE Mooney Units (MU) %38 Mooney Viscosity (MV) SNWalzuaIunumyuayil
[ I 1 zﬁ' [ d' n:l' Vo = =
anwauziluses wetasdunisiuloavetensuazunuiyy ununyunlginaunilnuedsnad

1 = = ] & Qy =1 qy @ a v 1 &

8t 2 1un Aie Yevieiiidurnaudna1s 1.5 93 Sanumn 0.2 13 uasuumanilidurnaudnans
1.2 3 faumvun 0.2 3 Mivensidinnuniagauinnds 200 mise anusseuwnuyY

logUszanal 2 sousaunyl (rpm) aumginaziiannldlunismaaeualnunilnrede19nig
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iseeTnAuniinguiivesed MuLINTgIN ASTM  D1646-2004 Fee1aunazyinniinisly

gaunilLazIaluN1INAARUNUANANNAY Farkanslun1san 2.2

- a i~
A5 2.2 gaungilayszuzianlunisviuvesknunyunldlunmegeues

- N . 52U NI TVLUVIIUNU
YUAVDIBNS 9ol (ReALYALTYE) :
vy (W)
g198554U8 (NR)
g19A50L5USU (CR)
gnaen9lulnsd (NBR)
L 100 + 0.5 q
ganadtimladu (BR)
gnalolansu (IR)
gnaalmsudinladu (SBR)
100 £ 0.5
g9talng (IR) 125 + 0.5 (naiiinnuniingud 8
g9n71 60 WIY)
gnagnaesaulnsiaulndu
125 £ 0.5 4
(EPDM)

AmlaaInnsemanAIeyuiialalivesazegluguvesaunis ML(100)1+

'
oA

4 wiriu Ameulalumileyuil (Mooney Unit) Iy ML vianefiawnumguuuialyg 100
e gamganllunsvageu 100 ssmiwalua fay 1 vinghe Ramliauseu 1 Wi

lneiunumyudslaivyu (Preheat Time) ey 4 vnefis Mavyusnuvul 4wl e

ANUSITaUUSYL 2 TAUADUT namauninyuiuanddugun 2.1

Mooney Viscosity, unit
?
|
|
|
|
|
|
|
|
I
|
|

U1 I ———
|
|
|

Time, min

JUN 2.1 nsmnuvdiayuiinlannasesyuilialaiives
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szuvaemskaneewIantenldlugnavnisy uanatagun 2.2 Uszney

o

¢ dunounistioutngiv dunsumanalasiduainiafessaumedailiannsnszaned
warnsuandiesesiuuazanaad Waassana 5 8110 unil Juegfuniseangnsens
wazAdiANIHAL INTUMEIRBINIRANFAS DAL IgNNATIY Fafuntsuandaiia 14
nanszann 1 it dhlurueTesaudy inTeamaeidu wdussgasiuvie Wusu ndsan
aSAunsruunrauluudazuund sruuUsuamnwinsduAuiogse9RoLIIR
ANLINTFIY Lo lUATINEUAMAININE1SABNNIAL NSHANTIR LAY UL e Mg 1U
1n8naNe 9ATIVABUIN 3 9818 bAlA

« N13N3297867 1N8N15UINABNNIALUIALEAUALINIUNINTFIY LAD
ihludespnisnszneiuagmsainausluitiosnsommmdlngndasqanssa (Microscope)
Tngmudlunisnsiadeu Ao ynuundeninoumId

« ANUATWINEYBIE9ADLNIF TnBLATEITARINILLLL wazADLE
§1wg (Densimeter) laganudlunsnsiadou fe Ynundersneaunid

« aniinyuiivesersaeunad ndInESaAUNTEUIUNMINANATTHNES
pouNIfeg ey 4 $alus noulunagey iosanidunsudeslyivnsnaeniimiaien
wazpmnpiianas lunsmedeumaaamiinguiiasdeshmavageuseatios 3 asq 1
mAnadsludmumiiaguivesesreummduundiu fufudddnaumilunimesaey

Audlunisesvdeulutiondy 1 Tu 5 wundensreunin

Packing

JUN 2.2 szuvangnisuangannaniesldlugeaivnssy

mawanenslaeiasenaunslududuniomanssuule uaniisgun 2.3 1
Uszavdnndninesewmauiiiluszuuln Ussnausieteaussy (Chamber) uaznigluges

Ussqliununyu Rotor) 2 &u Fayudwniududwilidsusadeu ansausuanusisey
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YosuNuUMLUle 190N NUARINENAEANISTINNUYBLATEY WY AusTn Ansualiin gaumnd
ATUAY AIILTIVOUNUNL STULVBIMNUNA UarduY 1neaeNInTIninwashanItanis
a a s 1 I a = | < a & a
Waguuuasesmnsiiwesaneg luusagiuni ludiuvesniowauviinassgnnisszuuiln
wandluguil 2.3 Useneusiegnnds 2 8 1uunuiu ansnseusussesinauazaudald dssuu

m'i‘ma'aLéumﬂmﬂ‘maLﬁﬂ’ﬁaaﬂmaqmmsﬂuqﬂﬂ%a

Hopper

Casing —. Channels

~ for cooling

+— Rotor

Discharge door

JUN 2.3 insesmaunislussuula

Rolls
Frame

JUN 2.4 1ATesnaussUUUavilnaedgnnae

2.1.2 S2UUASIAFNARSARLLASEIASITI8USE AL

Uagtudssinalneinigenamnssy 4.0 Aduiafeumeanuiwazimalulag

[
U a

TUAIANUANATIETIA UIANTTU warn1siouralnIaY elugukuu loT (Internet of Things)
walulagUayayseiug (Artifical Intelligence, A) Suwsndunumuazgnianldlugeenvingsy
WINTU LYY BRAIMNTTUNITHER NITUINNE NITNBAT TUADATIN TFUUNTVUEIAITI TN

MsAU Mssuans Ysziude wazdu o Dudu Wewingaglinundadnsalastu mseuau

{ 1 a

AN Usendaailddny wavarunsaideyaniiusyleviuisesenlviingar1n19gsnadn

Y 9

£
=

gavuly fdeyaniietulmivniuluwsazenamnssuniawnsadiniurdsoyavuinlng (Big

Y
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Data) N1sviausiuiusenitadygyilssavgiasuywdlunisiiadsdoyavuiatngunlyl
WaUsylovd Tneriunisthluiesgi kagdszananasonu agdiglunishsdnaninlaogig
fussAvBamBetu svuvaynuasInmaniAqueSelAsseUSURAL (Adaptive Neuro-Fuzzy
Network Model, ANFIS) Lﬁuﬁauuﬁaman{]mmﬂﬂizawj 1ATZUVIUNTVINNUAIULUUNITAR
msvana Madadla waznisnssiwesnged Taefinsvian 2 1n3esdle 1WA assnmans
LUUARULASE (Fuzzy Logic) kaglasswieussamiien (Neural Networks, NN)
2.1.21 msnmam%uwﬂqmm?a (Fuzzy Logic) [2]
Huedesleraedndulameldanulsiviuey (Uncertainty) vosdoya

v

Meo1ainndadeuisedne wu nsideyaliiieme Jeyanuiannsuseanuns uasdeya
[ = P T P ) A v = ada dAo v ¢ =

1AANUUNTeNL LUUAL IndnUHaTIAG18NSIREULUUTSANTIYUTaUTR 1Y e F9iAY

- | | ¢ S a a a a Ly Aa v a

EAVEUNINNIINTINAIEATUUUAUAL 3aYAUADIN (Boolean  Logic) NifinsAndulalugunuy

< a = < < =i s = < 1 v ! a o <

Wuasisaduwia lusausiinssnanansaquiniailudiundnluvesszninenseiuma 1ng
v A

veniusgaunoglugag 0 fa 1 10u dwanslugu 2.5 wazangui 2.6 wanidelaseasnainis

UszananaveInssnaansnauinsowtsaandy 4 dudagy laun

I Aluia

' ' oA g o
dugagmiuase

Ao

ALduase

‘- Aluase

s

AIINANARSYRN  ATINANARTARNLATE

JUN 2.5 N51U38UIIEUTENINATINAIARSURY WAEATINAAASARILATE

g1uANuS (Knowledge base)

F1UNnY gudeya
(Rule base) (Database
doyadunn | fuusamaguiese MIAAIL msulanamnm | deyatending
(Crisp inputs) (Fuzzification) (Inference enging) (Defuzzification) (Crisp outputs)

JUT 2.6 1AS9a31998IN15U 0 IaNalUUATINANENTARLLATD
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1) drumswdasenalmluaumauinie (Fuzzification)
\Jun1sudasdeyadumns (input Data) ﬁaeﬂugﬂmaammt,uuﬁguﬁu
(Crisp Set) flAndu 0 uaz 1 Wogluguvesmnuaguaievieluguuuuanunguiniolsn
(Fuzzy Set) fififin3vesninuduau@in (Degree of Membership) A10g5emi19 0 e 1 R
venfvaruiliiueuresnisiidnnuduaundnen anduimunsedunaduaundnly
walvegluguvasilanduau@in (Membership Function) 31nn13n1sesnuuu ldmaus
Uszaunisal uazanudenvng dmuslvegluguuesilsiduanninifinnnuduiuslums

adinenansifivtinvesilsidunnuluaninnaieguuuumuuandunsnad 2.3



157991 2.3 HaiduanBnunuunieg

Wandu NSINAMUFUNUS AUNITANTUNUS FIUIUANITA
0,x<a
RPN/ BRI g_a,aSXS
. . —a = a s | [y
(Triangular Membership f(x;a,b,c)= Tn15770wes 3 A1 lawn a b way ¢
c—X
. - b<x<
Function) c—b’
******* 0,c<x
0,x<a
s S X-2 o
Auneunnmy -; / —t
rapezoidal Membershi d :a,b,c,d)=<1b<x< fwn518was 4 A1 lown a b ¢ uay
(Trapezoidal Membership - ] f(x;a,b,c,d Lb<x<c fwrsdiwes 4 A lon a b cusy d
Function) :' d _X,CS
e d-c
0,d <x
‘o - /
RRGIGHELY °J /

(Gaussian Membership

Function)

Aw153ees 2 A1 oA o way ¢




M50 2.3 Fanduaan@nguiuusieg (se)

Wendu NSINAMUFUNUS AUN15AMNTUNUS UIUFNITN
PELIN I il ﬁ 1
' f(x;a,b,c) = = A A e ww
(Bell-Shaped Membership 1 X—C fw1sndiwes 3 A1 lowA a b uag ¢
+ —
Function) a
------------ = 0,x<a
Y] | 2
fLad ‘| 2(?) ,a< X<Lb
. \ | —a = a 1 1 ¥
(Smooth Membership ;. - f(xa,b) = , An5fwes 2 A1 loun a uay b
| \ -2 Xx—a a+b<X<b
Function) b—a)’ =0
v 1z a s 5w l,C >b
Lx<a
2
X—a 4F
o B \ 1—2(—] ,asxsa <
LR ‘ foxab) = -a . W ¥
;j (x;a,b) = ' b w15 3wes 2 A1 leun a war b
(Z-Membership Function) o ' 1—2(E] 20 < x<b
\ ! -a 2
i D 0,x=b




157991 2.3 Handuaunnguwuuniieg (se)

Wangu

[ v 4
NIINANUAUNUS

AUNTITAIUTUNUS

ATUIUENITN

AINE

(N-Shaped Membership

0,x<a

f(x;0,c)=<1b<x<c

AW fiees 4 e lon a b cuaz d

2
Function) 1—2(X_Cj,cs LG
. d-c
1 2 3 5 T L] 5
(H) s d <x<d
d-c
0,x>d
Fnyoss .
l = a [ 1 ¥ 1
(Sigmoidal Membership f(x;a,c)= 00 Hw13dwes 2 a1 lown a b uay ¢

Function)

03
02
(1]

2 3 4 & & 7 8 % ¥
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2) dug1uau3 (Knowledge Base)
Hudruiiivdeyaianun ulseandu 2 du Téud g1ung (Rule
Base) uargIuioya (Data Base) §iung Aedufimsimunngvideiteulvildludasinis
dndulalifuszuanaudiug & () wazdamves uda (Then) 1wy adoulalu If Suwn
Fvumagiieszdumiuequaie warludmves Then aggnussidiuddasseduamindy
aundn yneuleludiues If azgaussidiunions fuudninnsdenlostuvesgiudoya
19 And 30 Or Tudhugudeya Wumsinwseuduasnduieforldlunsimuanguas
IANSTRYAVBINTINANANSAGULATE
3) duveanseuNIUvTeRAY (Interference Engine)
Hudwivimihoysnunadnsiinanmsiadlavesssuufiansan
safungmsvihnuiisenndesiuldeulufing1n Tnesinglnniseuuuanuaguiee 3 LUy
laun UMY Mamdani §UlUU Takagi-Sugeno-Kang (TSK) Hag3Uuuuiniinggiu (Standard

Additive Model, SAM) muﬁua@ﬂugﬂﬁ 27

‘ Fuzzy rule-Based Model ]

[ Nonadditive Rule Model ] | Additive Rule Model ’

| [
[ |
Mamdani Model ] [ TSK Model ] SAM ’

JUT 2.7 SURUUNTBYINURUUATINATANSARLLATE

» JULUU Mamdani mviualvdeyadunale 2 duds (X, uag X,) uazia1sinm 1

fauds (Y) finganueguiesedu
IF X, is A,, and X, is A, THEN y is B, (2.1)

g k=1,2,...,r
W A, Wunadniwrvestens (Consequence Linguistic Term) v3aiduilandu
AuluauBnuesdens (Antecedent Membership Function) Tung# i=1,2,..., L

B, 1Junaiinuunvesngiue
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HATIUEIANAMILA 1aen15igI8N159nesAUTENOULUUAEIgA-A1En (Max-Min

Composition) WagisN13ineRUsEnBuULUUAEIEn-HaAM (Max-Product Composition)

WN13INDIAUTENDULUUAIGNERA-AER

Hey (Y) = max[min(z, (input(i), , (input(j))))] (2.2)
g k=1,2,...,r
do g, fo fleidunrunduadnvesdelungdl i=1,2,...L
Rule 1
“1 A “ % i %
: X ycs W
§ Rule 2
;;; :[; u .T':; M
; |
u Defuzzification
I :
.r
sUTl 2.8 FBsdneadusznounuugega-man
W/NIINDIAUTENOULUUAGIEA-KAAN
Mey (Y) = max[u, (input(i)- u,  (input(j))] (3.3)

Lﬁa k=12,..r



Rule 1
i i L

A _________

Input(i) x Input()

= o S —— mun
} L ! :

I Hy
A B,
""""" AN
T = ————— -

Input(iy x Input(f) X3

tﬂ' aa v 3 1
UM 2.9 16N159n09AUSTNOULUUANEER-HARM

« ULV Takagi-Sugeno-Kang (TSK) zaglugy

NN 1 ¢ IF (x4is Ay;) AND (x,is A;,)AND ... AND(xyis Ayp)

THEN yl = fl(Xl’ X0, ""Xl’l) = blO + b11X1 S 0005 blan

NN 2 ¢ IF (x4is Ay;) AND (xyis Ay, )AND ... AND(xpis Agy)

THEN Yo, = fz(Xl,Xz, ...,Xn) = b20 + b21X1 + -+ b2an

QA L : IF (xyis Ay;) AND (xpis Ap)AND ... AND(xyis A

THEN y; = fi,(X1, X5, -, Xp) = bro + bpixq + - + byyX,

dlo x; Wuiszneun | vesduusdume x lag j=12,...n

y Jusudsionsing

20

A, \unatnnwvesdadis (Consequence Linguistic Term) visaituileiduy

ANUuaunInveatand (Antecedent Membership Function)luﬂ{]ﬁ‘ |

f, \Duaun1sdaduvesdeaniu (Consequent Linear Function) ¥8engled

i ALeIANPvBIsng VLA INaNN1S

Y, =b, +0,x, +...+ b

(2.9)
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Ao1snsvassruuiluraTInIneIsnsnnguiaztelagldaunis

L
zai Y

y =1L (2.5)

G,

i1

Wo L A9 AGARIMALIT 1 D9RIWALT
= | a ¢ A o oA .
y. B A1AIIUAGULATDYRALDIANAIULEAAIIUAGULATRF LT |

y, Ao NunlalAsweIAUAguIATeULIL |

« SUBUUUINUINSE U (Standard Additive Model, SAM) AdMefiusEuUnsINAEns
ARLLATEYBY Mamdani WAdILYDIToNILYBINYATINANANSARLLATOIHARSLUFUAINARLLATE
\RBeaNTUALIBNLUUNINGELT (Monotonic Membership Function) snuikanslugud

2.10 A WHATVNAAINNTOMLANANAUMITNTD U INNAIINUARZNHIINEUNTT

L
ZWi -7,
p=IEL (2.6)

-

(%
Y

9 ANFILANLALIN 1 DA AU

=
5]
—
)

2, AD AIAUARULATOUDADIANALUEAAIIUAQULATRAUNLST |

(%

O 1% A o oA .
w, fo AudlilAesruaquinsasumied i

Tnganownanliludeyaniluuds lddewunisuladiiludeyaniluneudseen

= <3 a < [y 5
TVUFULUUNTIALTINAEUTZVEALIANINTY
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Min or
Product
R A1 “A B'l HA 01
.................. wi 1
iy G
X Y 1 z
" AZ HA 82 _________ uA 02
AL ;
X Y 2 b4

X y | ! Welghted Average

WiZi+W2Zo

—y Wy + Wy

gﬂﬁl 2.10 The Tsukamoto Fuzzy Model

4) dhuiuladidudeyaiinlneudsesn (Defuzzification)
Hunmsulasranueguieieliiuanaiwieteyanlinoudseon
Tuidudeyaieing (Output Data) MIunadnduyuditrlawazihluldnusioly lnonisma
adnmandildanisededinimin (Weishted Average Method) n3o3ameaniiuinans
(Centroid) aufluansluzud 2.1 Tnensmenanituitldinsmesaunauieiedadunadi
Ieanniseysu Aildazuszananfisuidssagaguidadagsa (Central of Gravity, COG)
Huismsedenaiildainnsinnumimgrandesldludagiu dildesdnnugagudans

1R85 RANNNTUTEUIUAIRINAUNTS

CoOG=+_L—— (2.7)

(%
Y |

1o N A9 ANGILARILALIT 1 DIRLAUST i

o))

a;

8 A1AUARILATOVBUDNNALULYNAUAGULATEAUAUT |

a4 A Sy oy A o A .
w; Ao Wum@]ﬂi']%lﬂ'nmﬂ@'mLﬂﬁ@m']LL‘ViU\‘]‘V] |
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L 4

wi(w;) Wi

U7 2.11 nswdasAnuaguinserduaasainlusieisaasiiviin

2.1.2.2 WasavngUszanmiiey (Artificial Neural Network : ANN)

Wuwvudasmnsadamans dgduuulasiadisuaznisiinuues
msUsznaNaviloufvaLesE i TInmuiuansiegul 2.12 SadueTeslenTamaninsa
TumsiBeuiuarnsandrguuuuanmsilaseiisuiuasuiatosmensnouausswesdunm
AngUeINI5Feus (Learning Rule) funainmsdnduressyud nsUszanananeg ety
TumbeUsvinanages Fonin Taou wie waduszan (Neuron) WWuMssaesEneaznIin
WnEadMsdsdaseridseuiideudeny nmeluiisewrsifladduinuadayey o
deoondiiFendn fleddunisuas (Transfer Function) vhmihiiiSsuiaiiounszuiumsyinau
Tuwad aupsyudadumilounsufiunesfifimsususile (Adaptive) liluBadu (Nonlinean)
wagynumuUTNY (Parallel)  lumsauadanismisvinnusiuiuvesiiiseuluaues nsAM
Bethseudadumsiunaiidsunuumnainnsyihnuvesanssyud tasstgyssamiien
Usynaudae 5 esdusEnou feil

1) Foyaduwn Wudeyaidusuay maduteyaiBmunm fewuvas
Teeluguidsusinuilasseyssamifiousensuls

2) Aniwitin (Weight) vi3er1n 3 (Knowledge) iudsitléainms
Bousvedlasmedszamifion Tnerdasgnifuduinuaiieldlunmsanddeyadug fioglu
SURUULAEIMTUY

3) #ardunasay (Summation Function) {JunasIngaBunmLase’

1NN
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4) Hartuniswuas (Transfer Function) 1uduivinueinisiuaLaa

[

flavaniednsvesiiasea uwaninisandulainsdidygrasonneantulugdla deidu

¥
v

msutasaunsadulduuudadunseliiludadu nsdenldileidunisulasaziuegiv
anwzYaITEUL NN lasneUssamiienlulssyndld

5) Yoyasing Uunadnsifintuss@nnssuiunsiteuivedaseig

=
Usvanniney
- 4
AYAH
;‘J{qﬁdjzmudszﬁm - T—-—
Todszerm
= T
fuyaa
Tolszam wlszanlizair =
[I\ I
D St ‘ wseneUseamluan oy
(ovszam)  @auszanudszann)
P1 fefdunasin  Heddunisudas
(Fread) (Fread)
y LDIWNH

f e

FHyanamnunudseam)

lassngUsya ey

JUN 2.12 AnuuanssvesnsetieUssamluatemyyduaslasaieussamniiey

ANWULVBILATINNEUSLANMNEUUTENBUA 18 TITOUTIUIUNINLTDLY

!
o =

sy Fanmsiweurauuseaniiunguees Sandi 9u (Layer) Fuusnilutuduns (nput Layer)

Fugavneduutuedng (Output Layer) diudufiogseninatudunnuastuedng Senin

Qe

Juaau (Hidden Layer) @slagvilududousiadiuinnit 1 dudls sedulauvalseinnmniy
lassasinvedlasstieuseamifisuls 2 wuu laun lassineuszamivigunuuguien (Single
Layer) WaglassneUseamiisuwuunatedy (Multi-Layer) amufivandlugui 2.13 uag 2.14

ANUFINU
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&
1RYARIDAN

JUN 2.14 lasetngUsranmiiguwuunanedu

mM3seuiredlaseUssaniieunuteanidu 2 Uszian laun

Y

1) nsiSeuduuuiifaeu (Supervised Learning) 1unislinaeuszuy

s

Y
1NN UTDUANADINITADU LATNAANSNADINTIALATIINEE319 IneN15YiNuradlATIne

wivuaamadnsiitudmnglFtusunaudazi antlasstneazdmianainsewing
Atmnetussadnsildunldlunsusuanimin Welinednsalndidestuidmneiian
M3SgusiuUlidaoulaTwe 3 2 WUU LUUWSN A MISeusLUULS gauneu (Back Propagation)
fifunounsunsiAunth (Forward Propagation) SxuUYNISAIUIMHATINTEBUNA TN
vmsudasandyalioglusuvesdnuesailandu sililddunadnsvasdeyasudilunie
tiug Mntuduneunsunioundu (Back Propagation) lun1sduInAANRANAIAD N
nsiSeuifisunadnéildannisunsiduninfuAwadnsiudas vinoUssananadeonan
uddunAnimindsuremnnindeslss IneBuduuandudsdoyasendounduly
fatusuduwe ntudtminazgnusuivasuilelrlinadnsalnd Assiuantmane uwwud
f09 Ao MIFBUFUUURANNAY (Hybrid) BsanainnsUszana T9nsEeuiuuunsdoundy

o w 3

Tfudanesiumasaesiesiign (Least-Squares Algorithm) lngnisiseusiuuinsdoundu

s o 9

dnsumsfwesfiiiedasiuilaidunmsduaundndunsauaznsussunaniasaesiosian

dmsumsdwesifedesivileddunisiduaundnedus
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2) maeuiuwuulidifaau (Unsupervised Leaming) ilumseaeulaseig
nnmstleutoyaiiiissegaien hifimsteurnadnsitmnelritudoyaiteou Wiluus
agdta Mlsinmsusuiminanandeyaiiteudrssuuinasuduiuiva Tasadminay
Usumunauideyaiidoudfifisuuuuadedu

2.1.2.3 S¥UUBLINUATINAIARTARELAT BlATIU e UsraiiguuuuUTudala
(Adaptive Neuro-Fuzzy Inference Systems, ANFIS)

AIsNAIERSARULASE WazlAswneUsza e dalgnnosvainuie
1 pssnenanseauese ludaansaBeuiiesedld Seliaunsausuasulasaainang fuus
snaq wazdlanusmzvesliiona vaReiutefesvadlasunelssamiiieyie
Liflanuaansamsinunsiaanivasaldiunszwnladsdideaglesnindsiusng i
wimpvaslasatne fudetiit 2 wiesdomnmuiulu ssuveymuassnmaniaquiae
1A39918USURLA (Adaptive Neuro-Fuzzy Inference Systems, ANFIS) 23928v1alnutonsy
yosrunaziu Tnglassainawes ANFIS Fuanduzui 215 Audsanuduandnesniiu 3
AU FIUBUNA 1 2 war 3 fUUs JFULUUNYANAGULATEIINIUN 3 9 Uay 27 18
Py AodneTeskay InuaTitutug wandluzu O e L uay N fie Sruvestu
gou warddulnualududl L anudidu nisussananaves ANFIS wiseonidu 2 dau léun
drumsSeusludranth (Forward Pass) viedudivinunerie1sinm (Predicted Pass) s

UIUANARNIUTULBUINUIY 5 T ALl

gee
=
—
éew
=b
N
é&f
=
w
éea
=
N
2
=
=D
(@]

h 4

[\) —_
) 4 ‘
[\%—D
\®) _—

h 4 Yy
[\] )

NANISYINUIEAT

—

unm 1

ANUnilagl

4
(

SUN 2.15 159a$19v09 ANFIS fduiudunn 1 fuds
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Fui 1 fui 4 Fuit 5
I
Al 52
dunm 1 o 2 N3
3 34
s NANTYIUNEAN
Amiayudl
A4 36
~ O N
DUNA 2 5 1///1!’?&4‘%&& 7
\A 6 g 8
"9
BunAviavn
JUN 2.16 1A53a3519709 ANFIS NidT1udune 2 fauus

U 1 FUN UN3  Pund  Fun s
1 1 iy
1 —
1 2 2 32
dunm 1 " 2 —
3 3 3
3 L
4 4 &<
4 L
- W NANISYINUNBAN
auwmz{» 5 10 10 510 > B
! ; : ‘— ANUNUAY U
~ 6 1 .
=
14 14 14
A7 | |
19 19
Bunm 3 » 8 : L
9 | 27 > 27
BunAivn

SUM
Y

2.17 Tpseadiewes ANFIS 9

D
Do

WUBUNA 3 FUUS
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Fui 1 Wunmsimuaszauauduaun@n (Membership Grade) 284

= 1 v

fuUsBunaidesnsldnuliegluilsituanuduaunininiylsisaenad

9 Y

94ABNTLUIUNTT
Anwazanizaoinisinlulday wielunisdefisaunquinieisn aunsadeusglugy

aunsiandu

Ol,Nl = lulevel (Xi ) (28)

g N, =12,..,3n uwaz i=1,2,..n
e X Ao ABUNAlAY

i (%) A8 AR DA TnvRIA1BUNALRY

n B IUIUVDITIUUTDUNG

FUN 2 N13A1LTUNITHUFTIUNIABINVBIANUARULATBLYH (Firing
Strength) Tnevaluwdsesnlaly 2 dnwaealeiu Ae NMsAliuNTNe@edIn LagnsAniung

nfivedin amnsadowegluslaunisiadu
O, , = Interpretation () (2.9)

Iae N,=1,2,..,3"

\ie Interpretation(x) f® FNTAUTUNTNIROINTVDIANUAGLLATOLTA

g & | = . . s a o A
PUN 3 N1IAREE (Normalization) VUM WANAIIINATINWUUNTT

Tuusiaglnunfiogludui 2 awnsadewsgluglaunisiadu

o)
Oy, =——— (2.10)

=—
2O,
N,=I

de N, =1,2,..,3"
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FUN 4 NYVDIANUARULATE (Fuzzy Rules) ALadeaIN@dnAluwA

avluunvostui 3 aunsadeuegluglaunisiimiy
O, n, = Oy, ( Py, X + Gy Xo oo Sy, X, + 1y, ) (2.11)

Fuil 5 mawlasrinurguasailuaung (Defuzzfication) 971NNy
! & a I & A Y1 (3 =) o ! (3 a &
HasALewnavedlvunfeglugun 4 azlireiwavsenanminueAne AN uNAtUY

anunsadeueglugUaunislidu

3ﬂ
B e = (2.12)
N

4=l

lag N, =1
drudaundudunisdoundu (Backward Pass) w3eduvaInIseuiiieausy
ANITnesaNTN Lagdunas (Premise and Consequent Parameters) lagnslinggnle

(Chain Rule) mmmﬁauaq’lugﬂaumi (2.13) wag (2.14) mua1nu

oOE - OE aOs,N5 aO4,N4 aO3,N3 aOz,N2 aOl,N1 (2.13)
8Ppr,,\,pr 90, ., 90, , 00, 00, 00, 6Ppr’Npr
00 00
OE _ OE 5.Ng 4N, (214)
aPco,NCo aOS,N5 804,N4 apco,NCO

e E Ao AIANUARIALABUSERINAIRSIUAENMSYINWIE Fenlaainaunis (2.15)

E=—(0, -Y) (2.15)

g Ny =12,...3n waz N, =1,2,...,3"
We P, way P, e Awnsiliesdiunt uagdiunds auaiau
Ng, 482 Ne, A9 @10UlruaueIn1silnasdiunt kagdiunds auaiau

y Ao Aanumiayuiiaswesyadayatiug
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PNTUBNUANAIWIULAINENNTT (2.13) D19 (2.15) WindUmskaazAINIsIameS

lomaaunns

n <,
7N 216
302 P 216

=

P(t+1)=P(t")

ile P fe Ansnlnesnegludiuni uagdiumad
t' fie AW dimesUagiu

A9 9RIINTSISHUSVDILAALAINISITLNDS
Y

D fe diuynveyainldlunisasu

nsUsuATEweTE U kard It daNasaUsEansAINNITINNEAIIRNA

= a s 1 v ° J A A& a sl s v ]
Wesnnmsiiwesdammtmiglunmsawalutun 1 vsaidurmisiiwesiegluilduguiig
7139 Aldivuaruluandnvesandune d5uumsfivesniuaiasnvesieiduiiue
a s 1 v A ° g A EE T a I3 4
waznnfiwesdruvaenldlunisiwinlutun 4 viaduAImsimesnguesnuARuiATe &
Innuniweswiniudiuung egnlsinu nMsUsuAdamsseuiveusasATInes

wardwusaumBeusludiuveinsiseudidmaseussansnmlunmsiueiguiu

2.2 yAdeineatos

uATeiAgfestunsiunsAanuvinvesssrenngg lasfinnsiaus
FnsuargUuuumsadamans ileusulssudusilfifadu anmnsoagUldwsd

MSNEANANNNEAY LTI NN AETEUUD LN UNTINANARIAQNIATE
IassngUsganniisnuuuusudila (Adaptive Neuro-Fuzzy Inference System, ANFIS) Tng
S. Merikoski et al. [3] fﬁ’mumﬁﬁaaﬂaﬁuwm‘lmaﬁmsmﬂa%’aﬁdwaﬁiaﬂismumilﬂumaumq
aeumdluedesnanmely Tiun usslaununyuveaedosman (Torque)  Wwazgaugdl
(Temperature) uansloglugunsmuansnnuduiusie 2 fuusiidmadenumingui
wuin dlerFsudieufigamgiivihiy AanuniinguisUsdumuusdaidutu wagnsdi
ussdawintu Aenamilayuiluvaiunugamad iy

nsvhuerrsmilguivessisreunndlagisnisveanesiua dnsAnwilae
Y. Diancai et al. [4] Ynauedanesiiunisiseusiaesiuaiuuusuls (Adaptive Kernel Learning

(AKL) Algorithm) LH8a9nmsndmSUNMSas NMUUINaeINsEUIUNSNEvaeBunaningAnssy
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wuulidudadu annmsihlunegeululssnunaneg1sdosasunlulssemedu wuinUssavsnm
auuiugilen RMSE way RE Wity 1.95 uay 4.48 audsiu a1ntu H. Jin et al. [5]
UEusIsn1INsanneeLAes eI UNSULUUTSEN (Ensemble Deep Correntropy Kernel
Regression, EDCKR) flunatnnssasiiu 3 da ldun dauﬁi’gmammiﬁﬂu% (Ensemble Learning)
nsiSgussanveunIe1y (Deep Brief Network, DNN) Uaznisanneginasiuanasisulnsy
WUIUsEaANSAImALLIugITAT RRMSE iy 4.55
mMviunerauviiayuilvesesresmRlagisindsas stioeiigaunsdan (Partial
Least Squares Regression, PLS) in15@nw1lag K. Chen et al. [6] UL@UaUUUINR9N1TYN
1093 sanstioeianuisdruuuy Sliding- Window theusuussamuusiuglunisiung
wuudsalmivesdanaiiu PLS wuududu Tefimastinndeyasaulaviuasnisfianusuys
Fvdsumunaniethluudtemsanesiiu PLS drwfiunnsesldviud nuirawisaviunesn

AnuvtiayuillaudugmaniinisliismdasstesNgauisduiuuaday 3l Z. Zhang

2
o Aa=

et al. [7] ladhuvudaesdluimuiieusuusdlvinnuududnfuy andeyaaudnslolad 39

a

Hunsfnuniaginssndsnavesianlunismeuaussdeusefisnnsysin lngnsnevaussi
Aetutiuegludnuagnsidesunssuaznisiva winfime ihiwlfidutoys Téud Auseda
G‘]I”]Ejm (Minimum Torque, ML) ﬁi’lLL’iQﬁﬂQQ?jﬂ (Maximum Torque, MH) ﬂ'”lLLiﬂﬁmﬁl 30 WasiHua
v841381715A85U (Time to Achieve 30% of the Maximum Cure-State, T30) LagAusaUn
71 60 Wesiusivasiain1snegy (Time to Achieve 60% of the Maximum Cure-State, T60)
yimsuSuasilianmsin wuitsnsiauwiuginituuusiaes PLS RPLS warn1sannes
Y99nsEUMMINALToU (GPS) iosananunsndnAuiunseuaguiiangAnssunisivaves
grapeunIaTAsuwadlumunawuuliifudaduldnng
mMviunerauviayuilvesesresmdlaensannosYeINTEUIUM TNNALT BY
(Gaussian Process Regression, GPR) InmseEnwlag K Yang et al. [8] YAUDLUUINERY Ensemble
Just-in-Time Gaussian Process Regression Models, EJITGPR AR N NNREYBINTZUILMS
idBeudeuluiunisiBeuiuunsuies (Ensemble Leaming) waguuuviuiawed (Just
in Time Learning, JIT) nuinuseangaimanuudugiiinn RMSE uaz R winfu 3.4831 uay
0.9451  nuddiy Tnsunldldeusugeamnssalunszuiunisuanenadsamsainunee
anuvilayuildeutausiuguazuansnaseulayils ﬁy’aﬁtﬁaamei’ﬂamﬁmsﬁmmamqmﬁa
g Rnssunisiviavesenseumasiiuasuuwadumunauuulidudaduldandudnsiam
nogaalag S. Zheng et al. [9] ddusLUUT @09 Multimodal Perturbation- (MP-) Based Ensemble

Just-in-Time Learning Gaussian Process Regression, MP-EJITGPR Iﬂ&JLﬁumiﬁauiLLaz



32

nalnguuuuresdsionaviliinenuudsusiu Wy - nsesainanuadeadesnsiusuiu

warANULUsUTIANA MU sBunRanvdmasen1syinuer e ey uille wudtUssavisnm
1o i 2 0w o w v

AUwUENlAT RMSE wag R iy 2.9202 wag 0.9683 mwaau wazlainsiuieuiieu

o ° i i 2 a a
AN UGIUDILUUINABINE) LLﬁﬂQL‘Cﬂuﬂ’] RMSE RRMSE uag R™ auiuanslun1s1ei 2.4

M157991 2.4 nMslSeuiiiguanuwingluiheaanuviayuilluiuuinasiie

. nagin1sUsBUTIgUAALILED
513 2
RMSE RRMSE (%) R

Partial Least Squares Regression, PLS 7.3298 11.7026 0.8002
Gaussian Process Regression, GPR 4.2628 5.9354 0.9324
Gaussian Mixture Model- (GMM-)

3.4606 4.8077 0.9555
Based Ensemble GPR Models, GMMGPR
JIT Learning GPR Using ED Similarity Measure,

3.1561 4.2700 0.9630
JITGPR (ED Similarity)
JIT Learning GPR Using Cosine Similarity

3.2053 4.3494 0.9618
Measure, JITGPR (Cosine Similarity)
JIT Learning GPR Using CWD Similarity

3.6552 5.2370 0.9503
Measure, JITGPR (CWD Similarity)
JIT Learning GPR Using CC Similarity Measure,

3.2029 43313 0.9618

JITGPR (CC Similarity)

Similarity Perturbation-Based EJITGPR with
PLS Stacking for Combination, SP-EJITGPR 3.9916 5.4067 0.9407
(PLS Stacking)

Similarity Perturbation-Based EJITGPR with
GPR Stacking for Combination, SP-EJITGPR 37792 5.0508 0.9469
(GPR Stacking)

Similarity Perturbation-Based EJITGPR with the
Finite Mixture Mechanism for Combination, 3.0670 4.2073 0.9650
SP-EJITGPR (FMM)
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M5 2.4 MsiSeuiiiguanuuiugiluyineamanuniayuiluiuuinaswineg (se)

» nainsTeUigUAMMLIUEN
Avn1s

2

RMSE RRMSE (%) R

Similarity Perturbation-Based EJITGPR with
Simple Averaging Rule (SAR) for Combination, 4.3769 6.0332 0.9288
SP-EJITGPR (SAR)

Multimodal Perturbation-Based EJITGPR with
a Simple Averaging Rule for Combination, MP- | 4.1966 5.3943 0.9345
EJITGPR (PLS Stacking)

Multimodal Perturbation-Based EJITGPR with
PLS Stacking for Combination, MP-EJITGPR 3.7819 4.9735 0.9468
(GPR Stacking)

Multimodal Perturbation-Based Ensemble
Just-in-Time Learning Gaussian Process 2.9202 3.9085 0.9683
Regression, MP-EJITGPR (FMM)

Ao o a

NuTENNETeIiuNsUsEENAldsTUURTINAansAauAToualAs I eUsTaN ey

(2
Yo A

g lun1svIUEnTeINRe A NEVeINY aunsaagulanal

S. Butdee and K. Tangchaidee [10] Anw1n1sldsyuuaysnunsinmansnguiase
TnssietszamisauuuuuildlunmsiuneanuliuiueuoinmammnisassUresdudiu
maﬁ%ugﬂmﬂmsmumiﬂmé’m (Compression) tngldip3asiioannlusunsy MATLAB Tunns
Uszanara Avuaveustiiudeyabunalaefiansantadeiideasenssuiumsnsgulsenause
ATAILuYesTan Ussivvosusifiud suseerududeutestui oumndl wagiainis
Yugu M udunsluussinanalnenssnamaninquedolutunauusn lédoyaednnsenin
HuuseAvsnm unaaiian uazanuiaunfivesiueueng mﬂﬁuﬁﬂﬂi’mﬁu%’aa&ammg'm
n15A93U7898749 loun 181 Ay wazgangll T dudeyadunadilulussuveyuu
pssnFaninaAelas Uz IisufieUszinanaseniduieyaedwaiiveniisssavsnm
MIANgUTBITLITLEN TINMsVARDINU T nIaT e R WLdueldAmelsaaunisal

wazAlakluay
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G. Padmavathi et al. [11] Anmmsvihuneanuminguivesersimiladu uas
mmiiavesansaraneneddinladuiifenududeuinnuaringinssalidudadu tngld
1A5EUTEETIEN 2 WUU oA WUURNS et (Feedforward Neural Network, FFNN)
wazuwuumsanaoesialy (Generalized Regression Neural Network, GRNN) wu31lassang
Uszamifisuuvunisannesiiluivss@nsnimdnda avnnuaaiaiedouiidsasandses
FFNN uag GRNN 28snnuniiavesaisazaenadlamnladuiiainfiu 8.6336 uay 0.3337
azdu Aamiinyuivessstamladuilsenainiedesufnsal (reactor) Tuduneuusniian
WU 0.6716 wag 0.3041 ANEIRY warauniayudvesenadamladunszuaunisdy
anvhefieenainiedosufnsaiianvindu 0.0252 uag 0.4091 muddu

A. Moghadassi et al. [12] Anwnsvinueanuuilavesarsusenau (The Viscosity of
a Compound) IngvinsiSeuiisulasstneuszamifieninisSeudiuuunsdoundu (Back
Propagation) 3 3815 lAkA WUy Conjugate Gradient (SCG) WUV Levenberg-Marquardt
(LM) waziuuunsdounduiianeu (Resilient Back Propagation, RP) sateyadunaiililunis
aoulifszuy Tdun 1h (Water) Tngdu (Toluene) ofidu (aniline) #ita9gamad 30 4 200
psmigadia wud1 maBeusuuuunadounduitns SCG el 19 wadusramiivoulutudou

(Hidden Layer) dumsngauiign dveianaraindaesaniadenign (MSE) 91 0.000381

=i T 1%
13199 2.5 918971UNITIENLNEIVDY

AN0U Q| AN $179997U38

An Adaptive Neuro-Fuzzy Inference System
S. Merikoski et al.
1 2001 3 as a Soft Sensor for Viscosity in Rubber
3

Mixing Process

Online Prediction of Mooney Viscosity in
2 2009 | Y. Diancai et al. [4] Industrial Rubber Mixing Process Via

Adaptive Kernel Learning Method.

Ensemble Just-In-Time Learning-Based Soft
3 2020 | H. Jin et al. [5] Sensor for Mooney Viscosity Prediction in

an Industrial Rubber Mixing Process
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au | U AN Wil
Sliding-Window Recursive PLS Based Soft
a4 2009 | K. Chen et al. [6] Sensing Model and Its Application to the
Quiality Control of Rubber Mixing Process
A Novel Nonlinear Adaptive Mooney-
5 2012 | Z. Zhang et al. [7] Viscosity Model Based on DRPLS-GP
Algorithm for Rubber Mixing Process
Soft Sensor Development for Online Quality
Prediction of Industrial Batch Rubber Mixing
6 2016 | K. Yang et al. [8]
Process Using Ensemble Just-in-Time
Gaussian Process Regression Models
Robust Soft Sensor with Deep Kernel
i 2020 | S. Zheng et al. [9] Learning for Quality Prediction in Rubber
Mixing Processes
Neuro Fuzzy Based for Prediction Quality of
S. Butdee and K. a Rubber Curing Process on a
8 2020
Tangchaidee [10] Compression Machine Under Uncertainty
Circumstances
G. Padmavathi Neural Modelling of Mooney Viscosity of
' S etal. [11] Polybutadiene Rubber
A. Moghadassi et al. | Application of Artificial Neural Network for
10 2010

[12]

Prediction of Liquid Viscosity
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M1547 n.1 A1 RMSE - msvihueAanumviayuilvesynteyaseuszuuniceulenldlunis

aownneeiu laud Adung Ussanvesnsinig AT1unussun1sseui

. . A1 RMSE vasyadayadaussuy
UIUTU | WU N
T AaUsaUNA AND- OR-
nslaeu; | duwn AND OR
Squared Squared
NN LaENIEU 8.04 5.00 4.26 4.18
2 | oungdl uazAINAY 6.71 5.70 5.81 5.86
100 NIZUE UAZAIINAL 9.39 8.74 8.03 8.02
OUNNN ANUAY LAY
3 6.27 5.01 4.08 4.45
NITU
UM UasnITUE 6.70 4.96 4.54 4.20
2 AU LazAIUAY 7.57 5.82 5.84 5.94
500 NITUE LazAUAY 9.55 7.68 7.99 7.98
PUNHH AUAY LAY
3 550 5.36 512 4.90
nITUA
PN ULAENTTUE 6.16 5.06 4.71 4.28
2 | 9l uaEAINAY 8.56 5.95 5.87 5.98
1000 NITUA WAZALN 8.97 7.27 7.97 7.95
RAUNNT AN LAY
3 559 7.82 4.88 591
NILUA
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M1504% n.2 A1 RMSE - msviuega1auviiaguivesyadeyanageussuy nlceuluildly

nsTaeIwans1eiu oA Adune Ussinnveinisiininy id1uiuseunisiseus

. . A1 RMSE va9yadayasaussuy
MUIUTOU | U N
T AaUsaUNA AND- OR-
NSIBUT | BUNA AND OR
Squared Squared
qmwgﬁ AT NTY L 14.79 14.80 15.27 15.31
2 | oumgdl wazewRY | 17.50 17.52 17.52 17.52
100 NITUE LaTAUAY 15.83 15.74 16.40 16.36
OUNNN ANUAY LAY
3 14.34 14.25 15.06 14.80
NI
Qmﬁqﬁ AT NTY L 14.58 13.99 14.80 14.98
2 AU LazAIUAY 17.47 17.44 17.51 17.51
500 NTZLA LaTAIUM 15.56 15.51 16.21 16.20
PUNHH AUAY LAY
3 13.72 13.45 14.64 14.62
NI
QNI UAENTEI 14.58 13.54 14.68 14.78
2 | qungll uaAnaeiy | 17.47 17.42 17.51 17.49
1000 NITUA WAZAIINNY 15.60 15.36 16.07 16.07
RAUNNT AN LAY
3 13.46 14.06 14.58 14.43
NIEUE
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Comparative Study of Mooney Viscosity Prediction

Models for Rubber Compounds based on ANFIS
with Different Architectures

Pulida Sapsiriroht
Faculty of Engineering
Thai Nichi Instinne of Technology
Bangkok, Thailand
sa.palida_st@tmi.ac.th

Abstrace— Mooney viscosity is an important parameter in
rubber compound industry because it is one of the processing
windows and key propertics of a rubber compound. As
dynamic behaviors of rubber compounds are nonlinear and
rubber product manufacturing process affects dynamic
behaviors, an exact model for predicting Mooney viscosity has
not been found. This paper presents the prediction models
based on Adaptive Neuro-Fuzzy Inference Systems (ANFIS)
for rubber compounds with different architectures and the
cffects of changes of certain parameters in each model on
prediction perfor: The datab is coll d from the
historical data of manufacturing and then cleansed by
removing errors in process and out-of-spec values. Both
premise and consequent parameters of rules are created using
the parameter initialization algorithm, The effects of different
numbers of inputs and epaochs, different input variables, and
different interpretation methods are investigated. The
simulation results show that the minimum value of RMSE for
data testing is obtained by using the parameters initialization
algorithm with 100 epochs, 3 inputs and OR interpretation
method. Moreover, the lower number of epochs indicates the
faster processing of the model. It is expected that the Mooney
viscosity can be predicted and shown immediately at the end
of mixing process.

Keywords—Mooney viscosity, ANFIS, rubber compounds,
prediction model, fuzzy

I. INTRODUCTION

Rubber is a material used in everyday life and industries
such as tires, auto parts, gloves, tubes, soles, etc. The
manufacturing process of rubber product is divided into 5
stages consisting of formulation design, mixing, forming,
vulcanization and finishing as shown in Fig. 1. Mixing is an
important step which dictate the properties of final product.
To achieve superior properties of product, the raw rubber
must be well mixed with all chemicals obtaining good
dispersion and distribution of the mixture. Therefore, the
rubber mixing process is separated into 2 steps. Firstly, both
filler and activator are mixed with raw rubber. The product
of the first-step is generally called a masterbatch. Then, it is
mixed with accelerators and curatives. The resulting
product is known as rubber compounds [1]. However,
before producing a second-step, the quality of a masterbatch
such as dispersion of chemicals in rubber, specific gravity,
and Mooney viscosity must pass the quality standard. Thus,
measurements of these properties are necessary. The testing
time of both dispersion and specific gravity are about 2
minutes, while the Mooney viscosity testing time is about 5
minutes but the sample test will be ready to measure after
the mixing process ends for around 4 hours owing to both
chemical and physical mechanisms. Hence, the efficiency
of the compound’s Mooney viscosity measurement will be

978-1-6654-3349-5/21/531,00 ©2021 IEEE

Kanticha Kittipeerachon
Computer Engineering, Robotics and Technology Laboratory
Thai Nichi Institure of Technology
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Fig. 1. The manufacturing process of rubber product.

improved if the Mooney viscosity can be known
immediately after the end of the mixing process.

The manufacturing processes usually create a lot of new
data which utilize along with the prediction model to
address business problem and improve process capability
[2-4]. Many research works have presented Mooney
viscosity prediction models which can be applied in the
rubber compound factory based on the Adaptive Neuro-
Fuzzy Inference System (ANFIS), Kernel Learning-based
Regression (KLR), Partial Least Squares regression (PLS),
and Gaussian Process Regression (GPR). [5] proposed an
ANFIS with 2 inputs, which are temperature and torque, and
found that the inputs affect the Mooney viscosity. An
Adaptive Kernel Learning (AKL) algorithm is used in [6]
because it is suitable for Mooney viscosity’s behavior which
is non-linear. Furthermore, KL algorithm is also developed
in [7] to make the prediction performance better by using
the Ensemble Deep Correntropy Kernel Regression
(EDCKR) which includes the ensemble learning, deep brief
network and kernel regression. [8] proposed the sliding-
window recursive PLS based soft sensing model. The
algorithm can be adapted to follow the processing variables
and the prediction performance is better than the traditional
PLS. Besides, [9] demonstrated that the material rheology
factor improves the prediction performance. The Ensemble
Just-In-Time Gaussian Process Regression (EJITGPR)
maodels are studied in [10]. Moreover, [11] developed the
algorithm by adding the learning pattern of disturbance and
found that the prediction performance is improved.

This paper presents a Mooney viscosity prediction
model of rubber compound based on ANFIS. The
influences of parameters measured at the end of the mixing
process and the ANFIS structures with different numbers of
inputs, epochs of learning, and interpretation methods are
studies.

II. ADAPTIVE NEURO-FUZZY INFERENCE SYSTEM (ANFIS)

A. Input Selection

In the rubber compound industry, several parameters are
measured in the mixing process, i.e. temperature, current,
pressure, and rotor speed. In this rescarch, input variables
selected from the measured parameters at the end of mixing
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process are temperature, current, and pressure since these
parameters relate to the behavior of rubber’s Mooney
viscosity, whereas rotor speed is predetermined according
to rubber formulation.

B. ANFIS Architectures

The architectures of ANFIS for two input variables and
three input variables are studied in this research as shown in
Fig. 2. The architectures are divided into 5 layers. There are
3 levels of membership functions (low, medium and high)
for cach input variable for both architectures, 9 rules for 2-
input and 27 rules for 3-input architecture. The output of the
node in each respective layer is represented by O, ,, where

L and N are the layer number and the node number,
respectively. A forward pass for finding the output of each
layer can be described as follows:

Layer 1 creates degree of the membership function of
the input variable as

Oy, =ty (1) (1)

where X, is the input variable, g, (x,)is a degree of a
membership function in each level of input variable,
N,=12,..3n,i=12,.n,and n is the number of input
variables.

Layer 2 generates the firing strength of fuzzy rules as
obtained by

OZ--": = Interpretation (1) (2)

where [nterpretation () is the interpretation method of the

rule’s antecedent part, and N, =1,2,..,3",

Layer 3 normalizes the output from Layer 2 as given by

(©)

where N, =1,2,..,3".

Layer 4 calculates the output of each rule as given by
Oy, =055, (_n,\‘x, TGy Xy et Sy X T ] 4

where N,=12,.,3" , and Py, » Gy, »eer by, @€ the
consequent parameters of the rule’s consequent part.

Layer 5 finds the sum of all outputs from Layer 4 to
obtain the Mooney viscosity value as

=
Os,.\', = z 04“-\', (5)
Ny=l

where N; =1.

Layer | Layer2 Layer3 Layerd Layer$

1]

Tnput |
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=
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Fig. 2. ANFIS architectures: (a) for two inputs, and (b) for three inputs

A backward pass for updating both premise and
consequent parameters is derived by using the chain rule as

JE oE aOm@ ao.t..\r, aoj,.\', ao:..w, 3(')",\.!

= 6
W, 90, 30,5, 90, 90, 90, .,
for the premise parameter and

JE_ QE 005 090, a

ap

. Ne,

Oy A, (O

cnNg,

for the consequent parameter, where £ is the squared
error defined by

E-2(0.=2) ®

where P, is the premise parameter, P, is the consequent
parameter, N, =1,2,..,3n and N, =1,2,...,3", and y
is the actual value of Mooney viscosity.

Substituting (1) to (5) and (8) into (6) and (7), the
updated value of each parameter is obtained as




LAY

P(r'+l):P(r')—2D ,_.B_P

9

where P is the value of parameter, ' represents the
previous value of the parameter, 77 is the learning rate, and
D is the number of input patterns.

1. MOONEY VISCOSITY PREDICTION MODEL DESIGN

The Mooney viscosity prediction model consists of 3
parts: the data preparation, the parameters initialization, and
the ANFIS design, as shown in Fig. 3.

A. Data Preparation

The dataset is collected from 12 compounds
formulations, 2400 batches which cover several Mooncy
viscosity’s patterns. The collected data is then cleansed for
later use by removing errors in process and out-of-spec
values.

B. Parameter Initialization

This section presents algorithms for initializing two-
parameter sets of the ANFIS architecture. The first set is the
premise parameters of a membership function. In this work,
the Gaussian function expressed as

(10)

where ¢ and O are center and width of the function curve,
respectively as shown in Fig. 4 is used for all membership
functions since this function corresponds to the Mooney
viscosity behavior when the input variable changes.

For this function, the premise parameters, which are ¢
and @ can be calculated as

o =% +5% (11)
Cigh = X = 5% (12)
= Shigh = Ciow (13)

o= | —lx=c) (14)
\]2ln[%OL)

where ¢, . ¢, and ¢

mdiun A7€ the ¢ parameter of low,
high, and medium levels of membership function,
respectively. X, and X are the minimum and maximum
values of each input variable, respectively. %OL is the
percent of overlap between the adjacent membership
function curves.

The second parameter set is the consequent parameters
that are used in the rule’s consequent part in Layer 4 of
ANFIS. There are 3 consequent parameters which are p ,
q , and ¢ for 2-input architecture, and 4 parameters
P . g, § and t for 3-input architecture. The
number of each of consequent parameters in cach ANFIS

— ~
Database
[ | Dataset i.¢. input and target value
T =~
Parameter initialization
s ., .
2 Calculate | Caleulate Calculate the
g ¢ e range of MF
£
g N :
¥ Caleulate |, Caleulate Group the
E ' PSS dataset
< .
ANFIS - Training
| Forward | -| Backward |
f \
|
] Input data ANFIS - Prediction
k-
2 Fnd of mixing . Mooney
E process Forward viscosity
Fig. 3. The mooney viscosity prediction model framework.
H Medium Migh
-3
=
Runge of Range of Range of
low level medium level high level
Fig. 4. Gaussian function curve for each input variable.
architecture is equal to the number of rules as given by
r=3" (15)

where » is the number of rules. The input datascts of
database are grouped into rules by level of membership
function. The ranges of low, medium and high levels for
each input variable can be expressed as

Ry o= € 20, In€106, 5, +,/20,Ine (16)

R, s = Cyma —y—20, INEt0C, . +4[~20, " Ine  (17)
R ya™ €.y — =20, InEt0c, jiiere ,'—Zcrj Ing (18)

where R is range of the membership function in each

level, and £ is a constant that should be sufficiently small.
The first two and three variables of consequent parameters
for 2-input and 3-input architectures, respectively in each rule
can then be caleulated by solving the following linear
equation for p and g (2-input) or for p, g and § (3-
input)
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) ‘l.] r‘.l \nl P

¥ X2 Xy vt X, q

B =| = " (19)
V, X X5 i X

o, 1w L0, 2.0, w0, | s S 1o

where [ is the number of datasets that matched the rule.
The parameter ¢ in each rule can be found by

t=—3 (20)

which is the average value of 7 in each rule that obtained by
solving the following equation for 1.

W Xy Xy ot Xy P i
.yE - Fia Sz t Kaa q + [
L5, Jpq Lo %o ™1 Fan L5l S5 g

(21)

C. ANFIS Design

In this scction, several parameters including input
variable, epoch of learning, and interpretation method in the
ANFIS architectures are varied to observe their effects on
the prediction performance. First, the input variables for the
2-input architecture model are classified into temperature
and current (T/C), temperature and pressure (T/P), and
current and pressure (C/P). Second, epochs of learning in
the backward pass for updating both premise and
consequent parameters are varied as 100, 500, and 1000.
Lastly, the interpretation methods used in Layer 2 are AND-
squared, OR, and OR-squared as given by (21), (22), (23)
and (24), respectively.

Oy, =p(x ) plx ) plx,) (22)
o:..\', =ﬂ2(xt)'ﬂ: (x:),__._'uz (-"..) (23)
Oz..\'_. =ﬂ(-‘7)+ﬂ(":)+-"+au("'») (24

Oy, =40 (x)+ 487 ()4t 7 (x,)  (25)

IV. SIMULATION RESULTS AND DISCUSSIONS

The dataset is divided into 2 parts. The first 80% of total
data (10 formulas) is used for training, and the remaining
20% (2 formulas) is used for testing the model. The
performance of the model is evaluated by the Root Mean
Squared Error (RMSE) given by

RMSE = (26)

A. Effects of Input Variables
The results of the actual values and predicted values of
Mooney viscosity are shown in Fig. 5. The RMSE values of

testing data for 2-input models including temperature and
current (T/C), temperature and pressure (T/P), current and
pressure  (C/P), and 3-input model consisting of
temperature, current, and pressure (T/C/P) are 6.71, 8.04,
9.39, and 6.26, respectively. Among all four patterns of
input variables, the T/C/P model provides the best
performance in term of RMSE. Similarly, the performance
of the T/C model is comparable to that of the T/C/P model.
Both patterns of input variables yield the lower RMSE
values than the rest patterns of input variables and give only
a small gap between the predicted values and the actual
values. Instead of using the T/C/IP model, the T/C model can
be used to decrease model’s complexity without a
significantly large amount of RMSE difference.
Nevertheless, the T/P model which generates the predicted
values with small variations compared to the values
generated by other models can be an alternative model to
reduce model’s complexity when its RMSE value can be
acceptable.

E ’0
£
: (21
£
40 RMSE 8.
= e Actual Predicted
20
0 100 200 300 400
Number of datasets
(b)
1000
)
H
2
z
Zw RMSE 9.39 -
= ek Actual Predicted
20
0 100 200 300 400
Number of datasets
(c)
oo —
”®
Ev
2
g 0 Rusk
g “RMSEG2S “Actal - Predicted
20
0 100 200 300 400
Number of datasels
)

Fig. 5. Simulation results comparing the actual values and the predicted
values of Mooney viscosity: (a) for 2 input variables: temperature and
current (1/C), (b) for 2 input variables: temperature and pressure (T/P),
(¢} for 2 input variables: curremt and pressure (C/P), and (d) for 3 input
variables: temperature, current, and pressure (1/C/P)
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B. Effects of Initial Values of Premise and Consequent

Parameters

According to the results from the previous section, the
T/C and T/C/P models are used in this section. The
prediction performances of the models using the proposed
algorithm  for initializing premise and consequent
parameters are compared with the models using random
numbers which are divided into 5 ranges, i.e. 0-1, 1-100,
100-1000, 1000-10000, and 10000-100000.

From TABLE 1, it can be seen that using the parameter
initialization algorithm gives low-numerical values of
RMSE. In addition, the T/C/P model shows better
performances than the T/C model. N/A value of RMSE in
TABLE T indicates that the values of initial parameters
obtained are inappropriate to use due to leading to an
undefined numerical expression.

TABLE L, MOONEY VISCOSITY'S RMSE VALUES OF MODELS
USING THE PROPOSED ALGORITHM AND RANDOM NUMBERS FROM 0 TO
100000 FOR PARAMETER INITIALIZATION.

Parameter | Range of R“lsﬁ g §
| initialization = number 2-input 3-Input
L mgﬂﬁ[h’;‘ R T

01 N/A N/A

67.96 N/A
Random | as198 51.791.57
1000-10000 3,863.56 450,928.80
10000-100000 | 5203284 | 479437.46

C. Effects of Interpretation Methods, the Number of Input
Variables, and the Number of Epochs

The results are divided into two parts as follows:
RMSE values of the testing data and RMSE values of the
training data. From Fig. 6 it was observed that

e The minimum value of RMSE of both testing and
training data are obtained from the model
composed of 3 input variables. For the testing
data, the minimum value is 4.08 which is obtained
by the model with 100 epochs of learning through
OR interpretation method, while the minimum
value for training data is 13.45 and derived by the
model with 500 epochs of learning through AND-
squared interpretation method.

®  The T/C/P models give pretty better performances
than other models in term of prediction accuracy
which correspond to the results in the previous
sections.

¢ The number of epochs does not greatly affect the
model performance. Decreasing the number of
epochs is beneficial to model processing.

*  Regarding interpretation methods, the prediction
performances of each interpretation method
depend on the number of input variables and the
number of epochs.
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Fig. 6. Mooney viscosity’s RMSE values of testing data and training data
for models with different input variables, and different interpretation
methods: (a) for 100 epochs, (b) for 500 epochs, and (¢) for 1000 epochs.
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V. CONCLUSION

Mooney viscosity is a key quality of rubber compounds,
but the testing time is more than 4 hours. The several
Mooney viscosity prediction models have been presented.
They are divided into three parts including databases,
parameter initialization, and prediction. From numerous
simulations, it was found that database selection influences
the prediction performance and model processing. The
parameter initialization algorithm is able to adapt and
generate both premise and consequent parameters when
database is changed or updated without worker bias and
random manner. The input variables also affect the
prediction performance whether it is precision, or accuracy.
The smaller number of epochs indicates the faster
processing. The effect of the interpretation methods
depends on the number of input variables and epochs. The
model design presented in this study should be useful for a
rubber compound manufacturer that records parameters
throughout the mixing process. It will help to improve
efficiency in manufacturing management and quality
assurance while manufacturing cost is reduced.
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