


- W
MHINRTYANAI WIzoemndmans=1Ts

d 1a o
msnennsaipRnINnM il adudednuusy NARMA

NONLINEAR TIME SERIES FORECASTING

USING FUZZY NARMA MODEL

Tya¥e VAN UAI

CHOKCHAI WIWATTANAKANTANG

=Y = d:: o T & =S (¥ = s a
Inensinus i umiiaveamsanmmurangasiSyaninnmansumniadia
=Y =1
MU unalulagasauna
VUNAINENaE
amiunalulag NIz aoMNAUDIAUNHITANIAN T
W.A1. 2545

' ISBN 974-9546-03-2
Fo LTk b |
(G ETR AR D17 ottt S,
e, 1aou, 122 1. 2547


CLP10
Textbox

CLP10
Textbox

CLP10
Textbox

CLP10
Textbox

CLP10
Textbox


NONLINEAR TIME SERIES FORECASTING

USING FUZZY NARMA MODEL

CHOKCHAI WIWATTANAKANTANG

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF SCIENCE IN INFORMATION TECHNOLOGY
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2002

ISBN 974-9546-03-2



COPYRIGHT 2002
SCHOOL OF GRADUATE STUDIES

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



d a 1 a Y =
U INNHWUS mMInensaloynsunm iFududoduuuied NARMA

AN ww lwAds IImunuas
sHaszdin 40067025

UIgan IMNMAATUHITUNGA
V1IN ma Tulagensaums
WA 2545

4y a a d ¢
ﬂ]ﬂ]ﬁﬂﬂﬂ?‘uﬂﬂ?ﬂﬂ‘luﬂ“ﬁ HA.AT. JTNIU NIFIAY

¥ ]
Unnaeo
¥
Ineriiwut R reueduuuie® NARMA (Fuzzy Nonlinear Autoregressive Moving
Average Model) 114 Tumsnensaioynsuna liigadu fuvuilad NARMA 19HeGuuy
WoBuFailandunie FBF (Fuzzy Basis Function) Wuanfunis 1435Masanaiooiqa (Least
¥ [
Squares Algorithm) lun1sinda TudsmsvesduuuiimuAuduvesmnimamamiou
¥

naud 1inialussuy (Eror Feedback Technique) HaanMiudIUUIZgNNATOUAIY
mnzaudeIsnmsnadeuanduiusuuuoe lauazmsnareu la-auad Fmsvesdwuy
% NARMA dAwnane: damensaififininnugndes (Accuracy) winniduuiled
¥y d 1 o a - s

NAR Ha91nNINAaeazuaad IHHUNAWUUAYY NARMA miinzauiiee 14 lunmsnensal

oynsua hiFudu



Thesis Title Nonlinear Time Series Forecasting Using

Fuzzy NARMA Model
Student Mr. Chokchai Wiwattanakantang
Student ID. 40067025
Degree Master of Science
Programme Information Technology
Year 2002
Thesis Advisor Assist.Prof.Dr. Worapoj Kreesurade;j
ABSTRACT

In this thesis, Fuzzy NARMA Model is proposed for forecasting nonlinear time series. Fuzzy
Basis Function with Least Squares Algorithm is proposed to model Fuzzy NARMA Model
(Fuzzy Nonlinear Autoregressive Moving Average Model). Error feedback technique is used to
improve the model. Autocorrelation test and Chi-squared test are used to measure the quality of
fit. In this manner, Fuzzy NARMA Model will produce more accuracy than Fuzzy NAR Model.
Finally, the simulation results show that Fuzzy NARMA Model is a suitable model for

forecasting nonlinear time series.
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¥ o o v w d A . a '
msnaaoy IaolFHanFuanduwus (Correlation Functions) [6] 1iun1sfelsa1in

o s ﬂ' A = s =1 [} n'a e
aynsuna  {e,} Hanvazmsmasulvandusaszdunsely vunelunisaslvaeu
Y o w Y ::iu ' 9 =t d' = ar " =t
YDVINAVDIAVUNNINUAN {e,} vrdoadinmsuanuaanitludaseiu HINWUN {e,} U
] [ ' ¥

anuazmsndou landludasziuese ‘n:ﬂqﬂawf'f'umuﬁﬁmuﬂuumnwﬂuﬁuauﬂmnm

& ; a
mﬂ%%ﬂ'liﬂﬂﬂﬁﬂﬂﬂﬂ‘l]ffﬂﬂﬁlj'lu



Hy:p,(e)=0
H :p,(e)=0
MV k=1.2,...
mslguas H, fiszduanudeiiu (Confidence Intervals) 95% W3esyAutiudh %Y
05 wvindle |1, (e,)] 2 1.96//n tile n ifuvnavesoynsunm fe,}

= ' 4
Tavh r, Wuanlszanuaes p, ¥

k
e = Z(e: *en i) (2.4)
-1
P
$Y13)
k=1,2,3...,N

¥
N fie $S1audeyanivun

2.4.1.2 msnageula-aunls

f‘hhlﬂ-ﬁ!.!.ﬂ?gﬁ'luﬂiu‘inﬂ [6]
C=Nu" (') u (2.5)

1 N
=—>»0e¢ /0o, &
NZ (2.6)

=1

o, Wusanunlsdsveasdea ¢,
1 aa [ an o" o ] =
mada ¢ iusmuadavesmsuonusanuyla-aunas Taslisauesrursnnuiudase

N s

r'r =LZQ,QT @.7)
N5

e

Q(t) = [wt @, Wy, ]T (2.8)

A o A 1 a [4 A ' 4 o
e a)(t) li‘]uﬂ\‘lﬂﬁfu“ﬂlﬁﬂﬂﬂ“]'lﬂﬂ'lﬂuﬂ‘ﬂ DINAN HIBAAAALNTDUIINNITNYINTN

feves ¢ aglusrennuieiu 95 %

<X a) (2.9)



uaaaNAmuuinnummzey Tao X2 (a) WumInga (Critical Value) ¥0901311901LD4

wupla-aundd Tasiiswauesmurannuidludasemiy s Aszduifoddy a=0.0s

] aa § Vs v <
2.4.2 ﬂ1El’f.lﬁl‘m'l)'3ﬂﬂ?1ﬂgﬂﬂﬂdﬁlﬂdﬂ1‘§ﬂﬂ1ﬂim

o v g 3o Y
- ATIANNYNADIVBININGINTAA 1FuIN [5] Aun

2.5.2.1 MSE (Mean Square Error)
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2.5.2.2 RMSE (Root Mean Square Error)
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333 ﬁ%ﬁi’uam%mmmmﬁ (Gaussian Membership Function)
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3.4.3 Fuzzifier
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seuufad luaunsi 3.7 szauyaniy FBF Expansions
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&) =2¢,p,® (3.8)
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X, uaz e, Hlumdunauazmnaianaouusimdauna o 1 tamd Iy
. A o ¥ Aq sk ar [3 vy 3 0w
n_train,n fosmaudeyanldlumstingda uazdrudoyanmuamudidy
doyagauriseenitiu 2 da Tas (X, X, X, pon 25Xy ) QW11

MINYA Ay (X X, amzseos Xop, X)) @M1 I 15 lunsmaaoudaunn

n_train+l?

o

M UuA Order Y99 NARMA(p,q) Tau1 p=2,q=1
° o w a o [V | = o A o a
AmuailesdFuamndndmiva X, uaz e, Tunvudorsufeduiladsuandauuy
4 o o a o o ¥y o & o '

imd uaziiinauindumngn (n,, )= 3 #a0du 1dudien N, Z uaz P Fail Center oy —
6,0 UAZ 6 MUAIAY AT o =3 AagIlN 3.7

noumsinia Yeyaszgnauiiumsliifuilsdion wie Fuzifier 15y fmuald
X, =2 iluadeyafivziladlmiiuiladion TasdmuaiuileFaamidy 3 uazilandy
mnFadunuumd se'ldh

113,(2) = 00286, 41,(2) =0.8007, 11,(2) = 0.4111
oA X, =2 dmmsdluamdovoaan N, Zuaz P iidu 0.0286, 0.8007 way
0.4111 MNAIAY

NaanINTUIZINGg ad Fuzzy Basis Functions 91003UIUMT Fuzzy Inference
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Engine 482 M3 Defuzzifier luusnzgdavunn-eminn szgnadaliiilu Fuzzy 1F-

u

o A I ar 1 o = 1o @ =o
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auua X, =2, X, =-1

X, =2 Uy (2)=0.03 U,(2)=0.80 1p(2) =041

X,=-1 ty (-1)=0.25 4, (=1)=0.95 Up(—1)=0.07

psudo-FBF(t) = [ pn (X, )%y (X)) My (X )< p (X)) -
pp (X, )% (X, ) Hp (X)) % pup(X, )]

& :
WD t=p+1,p+2,....,n_train

pudo-FBEG) = [ty (X,)% oy (X,) 10 (X)) % p1(X) ..
Hp (X)) x p, (X,) Hp (X)) % pup(X,)]
psudo-FBF(3) = [ 0.03(0.25) 0.03(0.95) 0.03(0.07) 0.80(0.25) 0.80(0.95)

0.80(0.07) 0.41(0.25) 0.41(0.95) 0.41(0.07)]
= [ 0.0075 0.2850 0.0021 0.2000 0.7600
0.0560 0.1025 0.3895 0.0287]
sum(psudo-FBF(3)) =0.0075+0.2850+0.0021+0.2000+0.7600+0.0560+0.1025+0.3895+0.0287

=1.5748

psudo - FBF(3)

=[ 0.0048 0.0181 0.0013 0.1270 0.4826
sum(psudo - FBF(3))

0.0356 0.0651 0.2473 0.0182]

Po psudo - FBF(3) psudo-FBF(4) psudo - FBF(n_train - p) !
sum(psudo - FBF(3)) sum(psudo - FBF(4)) sum(psudo - FBF(n_train - p))

4 ¥ ¥ ° o - s
I.H'El‘lﬂ FBF 1187 NN IATHIMHINIGTIUNDT O 91INaUNS
(PTP)O=P"X
Y T =Y o
Hﬁﬂi]'lﬂulﬂﬂ'lw1§'llllﬂﬂ'i ®

dmnsdmes © 118l lumsnenseidoya X, Tasldaums

X, = PO®
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p_[__psudo-FBE(-2) psudo-FBE(t-1) |
sum(psudo- FBF(t-2)) sum(psudo-FBF(t-1))

uag

psudo-FBF(t) = [y (X, ) > uy (X)) My (X )< py (X)) ..
Hp(X )< up(X ) Hp (X, )% pup(X, )]

1o t= n_traint+1,p+2,....n
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_ max(X) + min(X)
2
max(X) umgegaussdoyasynsunaiay X

C

min(X) r'fluﬂ'1qaqﬂﬂjm‘i’fﬁlyaﬂqnmnanﬁuX
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Ao 1A udmuunad NAR usvindauuulimuizay deaimutussusaly uazsn
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suduvesdmuyluduasutivzgnlfinoadsdrdumaaiamdouvesnmsnoinsal {®}

Taodi e =y, - 9P, k=0,12,3,...

3.64.2 luseui k mamamdeu (* )} wgminaudh 1 iwWednia Tae

~k) _ k1) (k-1)
V" = Suamaa Vi o YVips g € q (3.16)
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AL Ay o =3 Fagiii 3.7
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ng ngdmivlFlumanensel X, seldngilsdoiiy n,,. " xn,,.? ludedaiivihiy

¥
=

& g
372 x 371 =27 A FINHAN q AWITOUINIT TAAS
agh1 1 X, Wlu N uaz X, fu Nuag e diu N

ngn 2 : g X, Wy N uaz X, i N uaz €. d z

NN 26 X, fu P uay X, dlu Puay €y i z
agin27: &1 X, dlu P uaz X, ilu Puaz e iilu P



21

dhe ¢ _|p+l,p+2,...,n_train,p>q
Q+l,q+2,....,n_train,p< q

aUUA X, =2, X, =-1,e,=0.5

X, =2 4y (2) =0.03 44,(2) = 0.80 1,(2) = 0.41
X, =-1 1y (=1) = 0.25 11, (=1)=0.95 115 (~1)=0.07
e, =0.5 12,,(0.5)=0.10 11,(0.5) = 0.99 12,(0.5)=0.19

PSUdO'FBF(t) =[ )UN(X;_z)xJUN(X:-l)XﬂN(e:mi) yN(X,_z)X;JN(X,_I)X‘HZ(GH) 5
pp (X )} pp (X, )% py(e ) pp(X )X pp (X)) % pp(e, )]

psudo-FBF(3) = [y (X,)x py (X,) % py(e,) Hy (X)) x uy (X,)x uy(e,)
pp(X )% pp(X,) % 1y (ey) pp (X)) % pp(X,)x pp(e,)]

psudo-FBF(3) =[ 0.03(0.25)(0.10) 0.03(0.25)(0.99) 0.03(0.25)(0.19)

0.41(0.07)(0.10) 0.41(0.07)(0.99) 0.41(0.07)(0.19) ]

sum(psudo-FBF(3)) = 0.03(0.25)(0.10)+ 0.03(0.25)(0.99)+ ... + 0.41(0.07)(0.99)
+0.41(0.07)(0.19)

sum(psudo-FBF(3)) sum(psudo-FBF(4)) sum(psudo - FBF(n +1))

P [ psudo - FBF(3) psudo - FBF(4) psudo-FBF(n+1) T

111014 FBF 1182 MMsMmuiamnis iines ® vinaunis
(P"PO=P'X
o Y = o
na9n 1damisimes ©
o a 1 o
wnadiees © 718N 1F lumswonseideya X, Taeldaunis

X, = PO

i

p_[__psudo-FBF(t-2) psudo-FBE(t-1) |
sum(psudo- FBF(t-2)) sum(psudo-FBF(t-1))
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psudo-FBF() = [ py (X, )% puy (X )% py(e ) pn (X )%y (X, ) x gz (e, ) -
Hp (X )% pup(X, )% (e ) pp(X )X pp(X, )% pple, )]

A .
D t=n_traintl,p+2,....,n

A 9 a v 1 ¥ Vet 4 ' ] = v '
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4.1 Yeyadigluvily ARMA Model

4.1.1 WaMINAQLY
Tunamsnanes Auuuiled NARMA gnlddmiuimuaduuvaunseynsy

o

o a g ] o P
nmwuaﬂ‘ymzti‘lmmmmmu (ARMA Model) Wﬂﬂﬂﬂ'ﬁﬂuﬂﬁul?ﬁTllﬁﬂﬂ‘[ﬁ,ﬂQfﬂlﬂ'ﬁ‘ﬂ 4.1

() =05yt -1)+04y(t—-2)+0.7e(t —1) +e(¢) 4.1)

Tao#t e(f) = NID(0,0.4303)
Lﬁllﬂ NID(0,0.4303) N304 Normal Independently Distribution ﬁﬁfi'lmf‘litl (Mean)

1wy 0 wazawls1sau (Varience) 1ilu 0.4303
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(MU AUYDIAWUVAINGT?

Fuvuila® NAR(L) wazduuufad NaRER) 1sdduandauuumd 3 Heddu
fmsumduna uaz o =4 AU uded NARMA(L 1) tazduuufed NARMAR,1) 14
Herduaundnuoumd 3 Addudmivamduna vasflasdumnIouvummd 3 Haddu
dmiuanmamaou uoz o = 4

HATINMINGINTAUAZAAEAAN 9 YOIFUVUAYF NAR(1), AuuUNYF NARMA,
(1,1), Fuuuiled NAR(2) uazduuuilad NARMA(,1) uaas18aemsei 4.1 oz 4.2

YoynoynsunmnfFeuisudusmensainnduuuiled NAR(Q) dnifmiauay
drunaaeuuaaluglil 4.1 uaz 42 awdwy deyaeynsunanSeuioususmensel
Fuduuuilad NARMA(L,1) danifniauasdnumadeuucaslugyli 43 uaz 4.4 amdwy
JoyaoynsunamSsuisuivamensalnnduuuilsd  NARQ)  dnilavauazdau
nagounaasluzii 45 oz 4.6 amdwy uazdoyaeynsunamlSouiovuiunmensel
Fufuuiled NARMA(R,1) ) dniflniauazdrunadeunaaslugiii 4.7 uas 4.8 awddy
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@13197 4.1 AEDA MSE, RMSE U04A U 1A4 9)

1 3oy

AT 0R MSE RMSE

él TJLL;IJ‘IJ TRAIN TEST TRAIN TEST

FUZZY NAR(1) 0.5519 0.5727 0.7429 0.7568

FUZZY NARMA(L,1)| 0.4602 0.4975 0.6784 0.7053

FUZZY NAR(2) 0.4721 0.5764 0.6871 0.7592

FUZZY NARMA(2,1) [ 0.4355 0.6617 0.6600 0.8134

RBF NAR(1) 0.4386 0.7257 0.6623 0.8519
RBF NARMA(1,1) 0.4371 0.5133 0.6612 0.7165
RBF NAR(2) 0.4604 0.7241 0.6785 0.8510
RBF NARMA(2,1) 0.4383 0.5728 0.6620 0.7569

M13190 4.2 FUTIUDUNIATTIUVDIAIADANADUVDIAWUUA 9

Mana STD E
AU TRAIN TEST
SIMULATION 0.6608 0.6803
FUZZY NAR(1) 0.7435 0.7552

FUZZY NARMA(L,1)|[ 0.6790 0.7013

FUZZY NAR(2) 0.6877 0.7500

FUZZY NARMA(2,1) [ 0.6605 0.8145

RBF NAR(1) 0.66280 0.84483
RBF NARMA(1,1) 0.66173 0.71277
RBF NAR(2) 0.67910 0.83977

RBF NARMA(2,1) 0.66077 0.75006
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Abstract

In this paper, a fuzzy system for modeling NARMA
system is proposed. Here, a fuzzy basis function is used as
fuzzy NARMA model. Furthermore, this paper also proposes
an error feedback technique and the least squares algorithm
to identify parameters of the fuzzy NARMA model. Finally,
the simulation results demonstrate that the fuzzy NARMA
model provides better performance than the fuzzy NAR
model.

i. Introduction

Fuzzy systems have been applied for solving a variety of
problems. As one area of the application, fuzzy systems are
applicable to model systems that are complex and nonlinear.
Most applications of fuzzy modeling rely on the framework
of autoregressive (AR) model or nonlinear autoregressive
(NAR) model [2], [3]. This is the case because the inputs
value for the fuzzy models can be easily identified: they are
simply the lagged values of the time series itself or the
exogenous inputs. However, most systems in real-life cannot
be modeled by only AR or NAR models [1], [5]. As an
example, some real-life needs to be modeled by NARMA
model. Fuzzy models that are based on the framework of AR
model or NAR model fail to model a system that is
represented by NARMA model. As a result, high prediction
error may occur when applied the fuzzy AR model or the
fuzzy NAR model for modeling NARMA process.

The extension of fuzzy system for modeling the system
that is represented by NARMA model will be proposed in
this paper. Here, fuzzy basis functions (FBFs) is used as the
fuzzy NARMA(p,q) model because FBF expansions are
capable of uniformly approximating any real continuous
function. [3] Similar to the previous works, the AR inputs of
the fuzzy system are the lagged values of the time series. In
addition, the fuzzy inputs are augmented by q error feedback
inputs, whose values are determined by the errors made by
the model. This justifies calling such a fuzzy nonlinear
autoregressive moving average (fuzzy NARMA(p,q)) model.
Moreover, the least squares algorithm is used to identify
parameters of the fuzzy NARMA model. Finally the
identification results are presented to illustrate the approach

of fuzzy NARMA model.

2. Fuzzy Basis Functions
In this paper, we consider a fuzzy system whose basic
configuration is shown in Fig.1.
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Fig. 1. Basic configuration of fuzzy systems.

If the fuzzy rule base consists of a collectior of fuzzy IF-
THEN rule:

R':IFx,is Fland...and x,is F, THEN yis G'

where I=1, 2, ...L,Fand G' are labels of fuzzy sets in U and
V respectively, then fuzzy logic systems with a center

average defuzzifier, algebraic product inference, and
singleton fuzzifier consist of all functions of the form
L n
Ty (1 (x)
yw =5 (1)
21 Hg (x:))

=] =1

where 4, and p are membership function of F| andG'

respectively and y' is the point at which U achieves its

maximum value that is assumed to be one.
Fuzzy basis functions [3] are defined as

[T ()
pj(i)= L I=I" £

> ([T pggx))

o=l

j=1,2.3,..,L. (2)

Therefore, the fuzzy system in the equation.(l) is
equivalent to a fuzzy basis function (FBF) expansion:

Y®)=20,p,8) 3)
r

Here, Least squares (LS) algorithm is proposed to
identify the parameters of the FBF expansion. To applied LS
algorithm, the FBF expansion is rewrite as



YR = 20,p,(R)+2 @)
i !

Given N input-output pairs, the matrix notation of the
equation (4) can be written as

Y=PO +E )
Where
1 1 1 1
Y P pl_.l "5
Y= LP= T LE= T .
' le PJ LN
Then, © must satisfy the following equation:
(P'P) @ =PY (6)

Tne derivation of the equation (5) can be found in
Kreesuradej [7]. The inverse or pseudo-inverse of P'P are
usually utilized for finding the value of @ .

One important property of FBF expansions is that FBF
expansions are capable of approximating any real continuous
function [3], [4]. This gives a justification for using FBF
expansions to model a dynamic system that is usually
described by continuous functions. In this work, the FBF
expansions will be applied to modeling NARMA model.

3. Identificztion procedure of fuzzy NARMA model
Here, FBFs is proposed to model NARMA (p,q) model
which has the following form [6]:

y(O)y= f(y=1),...y(t=n,),e(t-1),.e(t—n,)) +e(r) ™
= y(1) +e(r)

where y(r) and e(r) are the system output and prediction
error, respectively; n, and n, are the maximum lags in the
output and noise, respectively, {e(r)} is assumed to be a
white sequence, f(.} is some non-linear function and ¥(r) is
prediction value.

The main purpose for NARMA model is to find the best
¥{(r)to estimate f(.)

The identification procedure can be summarized as
follows:

®

Choose n, and n, . Initially the set of
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ﬁo(‘)=f'p(y(’—l) = y{t—n,)) (8)
where f,(.) estimates f(.)

FBF model is selected using the LS algorithm and
the initial model is used to generate the initial
prediction error  sequence {e“”(:)}
eM) = yn- 3P ), k=0, 1,2,3, ...

An iterative loop is then entered to update the
model. At the & th iteration

where

(i)

R0 = fy =Dyt =n,) eV =1)-e*V(e-n,) (9)

where f,(.) estimates f(.)

FBF model is selected by LS algorithin and this
gives rise to the prediction error sequence {e')(r)}
Typically two to four iterations are sufficient. [5]
The Chi-squared test, Autocorrelations of the
residuals [5] and mean square error (MSE) are
performed to assess the model. If the model is
considered adequate the procedure is terminated.
Otherwise go to step (i).

(iii)

4. Experimental Resulis

Here, the proposed NARMA model is applied to model
NARMA model as shown in Eq. (10). In addition, NARMA
model is also modeled by the fuzzy NAR model for
COMparison purpose.

=y(r—l)+

1.2

)

el 3(1+ (- 2)

(10)

+e(t)+e(t—1)+e(t-2)

Firstly, the first 900 points of time series sequence are
used for setting up the fuzzy NAR and NARMA model.
Then, the last 100 points of the sequence are set aside for
testing model.

The results are given in Table 1 for both fuzzy NAR
model and fuzzy NARMA model. The data set and the mode!
response are shown in Figs 2. and 3. The correlation tests
and chi-squared tests are in Figs 4,5,6, respectively.
Histograms of residuals provide in Fig 7.

From the results, the fuzzy NARMA model provides
lower mean square error and standard deviation (STD) than
the fuzzy NAR model. In addition, from the model validity
tests show that the model is adequate while the fuzzy NAR
model give unsatisfied model validity tests.

Table 1. Predictive modeling results

MODEL (Noise STD = 0.1416) Training MSE| Testing MSE | Training STD| Testing STD
Fuzzy NAR Model 0.0487 0.0684 0.2208 0.2511
Fuzzy NARMA Model 0.0228 0.0405 0.1512 0.2017
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Fig. 2. The results from the fuzzy NAR model. : dashed line
is the original time series and solid line is the prediction from
the fuzzy NAR modei, MSE = 0.0684

Fig. 3. The results from the fuzzy NARMA model. : dashed

line is the original time series and solid line is the prediction
from the fuzzy NARMA model, MSE = 0.0405

u[\\//\‘_‘://
o 4 W_/
N
‘IE

" n

Fig 4. Autocorrelations of residuals; dotted line is 95 %
confidence band, dashed line is the correlation of the fuzzy
NAR model and solid line is the correlation of the fuzzy
NARMA model.

Fig 5. Chi-squared tests; a(r)=e*(¢-1); Dotted line is 95 %
confidence limit, dashed line is the values of ¢ of the fuzzy

NAR model and solid line is the values of ¢ of the fuzzy
NARMA model
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Fig 6. Chi-squared tests; w(¢)=y*(r—1); Dotted line is 95 %
confidence limit, dashed line is the values of ¢ cf the fuzzy

NAR model and solid line is the values of ¢ of the fuzzy
NARMA model.

200

m

0

150

o

|

% %1 &% @4 @1 0 01 o4 o8 o8 i
(a)

0,

™

0

190

o

0|

Oy 3% % 94 @2 © 02 04 08 08
(®)

— -

=™

0

190

o0

|

n.«l'_oa 3% o4 Q2 0 02 04 o8 08 1
(c)

Fig 7. Histograms of residuals; (a) residuals of simulated
NARMA, (b) residuals of the fuzzy NAR model, (c)
residuals of the fuzzy NARMA model.



5. Conclusions

This paper proposes the fuzzy NARMA model with
feedback error technique and LS algorithm for modeling
NARMA model. Based on the simulation results, the fuzzy
NARMA model provides better performance than the fuzzy
NAR model. In the future, the results from comprehensive
studies such as convergence analysis of the algorithm and
testing the proposed model with complex time series model
will be reported.
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An Approach to Identify NARMA Models Based on
Fuzzy Basis Functions

Worapoj Kreesuradej and Chokchai Wiwattanakantang
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King Mongkut’s Institute of Technology Ladkrabang,
Ladkrabang, Bangkok 10520 Thailand
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Abstract: Most systems in the real world are non-linear
and can be represented by the non-linear autoregressive
moving average (NARMA) model. The extension of fuzzy
system for modeling the system that is represented by
NARMA model will be proposed in this paper. Here, fuzzy
basis function (FBF) is used as fuzzy NARMA(p,q) model.
Then, an approach to identify fuzzy NARMA models
based on fuzzy basis functions is proposed. The efficacy of
the proposed approach is shown from experimental results.

Keywords: fuzzy systems, modeling, fuzzy NARMA, time
series

1. Introduction

In real-life most systems are non-linear. Since linear
models cannot capture the behavior of limit data associated
with non-linear systems, it is important to investigate the
identification procedure for non-linear model [1], [5]. The
NARMA model provides a basis for such a development.

Most applications of fuzzy modeling rely on the
framework of autoregressive model or regression model
[2], [3]. This is the case because the inputs value for the
fuzzy models can be easily identified: they are simply the
lagged values of the time series itself or the exogeneous
inputs. Fuzzy models that are based on the framework of
autoregressive model or regression model fail to model a
system that is represented by NARMA model. As a result,
nigh prediction error may occur when applied fuzzy AR
model or fuzzy regression model for modeling NARMA
process.

Here we propose an alternative approach for identifying
NARMA models based on fuzzy basis function (FBF).
Fuzzy systems are represented as scrics expansion of fuzzy
basis functions. These fuzzy basis tunctions are capable of
uniformly approximating any real continuous function on a
compact set to arbitrary accuracy [3]. This means that
NARMA can be approximated within an arbitrary accuracy
by model based on FBF. In this paper. We performed two
kinds of statistical tests—autocorreiailon tesi and  chi-
squared test in order to measure the quality of fit.

2. Fuzzy Basis Function

In this paper, we consider a fuzzy system whose basic
configuration is shown in Fig.1.

i | Fuzzy
| Rula
i Base !
| & )
crisp — H
—>Duum.., L
. - = Y
UeR 1 L 4
| Fuzzy
1 Intarence

tuzzy sats in U Engina
|

Fig. 1. Basic configuration of fuzzy systems.

If the fuzzy rule base consists of a collection of fuzzy
IF-THEN rule:

R':IFx,is Fland..and x,is F, THEN yis G'

where I=1, 2. ...L,Fand G' are labels of fuzzy sets in U
and V respectively, then fuzzy logic systems with a center
average defuzzifier, algebraic product inference, and
singleton fuzzifier consist of all functions of the form

IRoln

— N
Ly (I x)

L n (1)
> (T e (x.)

y(X) =

where ;LF. and uc. are  membership function of

. =l . .
F: and G' respectively and y  is the point at which He

achieves ils maximum value that is assumed to be one.
Fuzzy basis functions (FBF) are defined as

=\ 1=1 !
R T

g 3= kBl (2)
2T xn
=l 1=l !

Therefore, the furzzy system in the equation.(l) 1s
equivalent to a fuzzy basis function (FBF) expansion:

L
y(X)=3.0,p,(X) (3)
1=l
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Here, Least square (LS) algorithm is proposed to
identify the parameters of the FBF expansion. To applied
LS algorithm, the FBF expansion is rewrite as

L
yX)=2.0,;p,(X)+¢€
j=1

Given N input-output pairs, the matrix notation of the
equation can be written as

Y=P O +E, (4)
Where
ro 1 1 1
y P - Po &
Y= N P= 'E —
y ORI g"

Then. © must satisfy the following equation:
(P'P) © =P'Y

The derivation of the equation (5) can be found in
Kreesuradej [7]. The inverse or pseudo-inverse of PP are
usually utilized for finding the value of © .

One important property of FBF expansions is that FBF
expansions are capable of approximating any real
continuous function [3], [4]. This gives a justification for
using FBF expanstons o model a dynamic system that is
usually described by continuous functions. In this work,
the FBF expansions will be appiied to modeling NARMA
model.

3.1dentification Procedure Of NARMA Model
Based On Fuzzy Basis Functions

Here, FBF is proposed to model NARMA (p.q) model,
which has the following form [6]:
y(f) = f()‘(f _l)I"" )’(I = ny )v
e(t—1),..e(t—n,))+elr)

(5)

where y(t) and e(t) are the system output and prediction
error, respectively; n, and n, are the maximum lags in the
output and noise, respectivelv. {e(r)) is assumed to be a
white sequence, and f(.) 1s some non-lincar function. The

identification procedure can be summarized as follows
(i) Choose n, and n, . Initially the set of

y@)y=[yt=1 - ylt—n, }]T
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FBF model is selected using the LS algorithm and the
initial model is used to generate the initial prediction error

sequence {E‘m (t)}.

(11) An iterative loop is then entered to update the model.
At the k th iteration

y@O =[y=1) - y(t—=ny),

% Vo .. e%D(r—n_

FBF model is selected by LS algorithm and this gives rise
to the prediction error sequence [Em(t)} . Typically two to
four iterations are sufficient. [5]

The model validity tests are performed to assess the
model. If the model is considered adequate the procedure
is terminated. Otherwise go to step(i).

4. Experiment Results

As an experiment. the first 700 points of data generated
from the Eq.(6) are used to identify the fuzzy NARMA
based on the proposed approach. Then, the next 100 points
of data are used to test the fuzzy NARMA. For
comparison purpose, the same data set 1s also used to
identify the fuzzy NAR model. Then, the chi-squared test
and autocorrelations of residuals are used to validate both
modeis.

The resuits are given in Table 1 for both fuzzy NAR
model znd fuzzy NARMA model. The outputs of
simulation and the model response are shown in Figs 2.
and 3. The correlation tests and chi-squared tests are shown
in Figs 4. and 5. respectively.

From the results, the fuzzy NARMA model provides
lower mean square error (MSE) and better standard
deviation (STD) of errors than the fuzzy NAR model.
According to the chi-squared tests and the correlation tests
in Figs 2, 3, 4 and 5, the fuzzy NARMA model 15 better
than the fuzzy NAR model.

19 2 i
y()y=14y(t- l}exp[—'v-ér—lﬁ)]+ e(t)

- (6)
+0.9e(r—1)exp[5“3—_1)]

Table 1.Predicive modeling results

MODEL MSE STD

(Noise STD=0.5057) | TRAINING | TESTING | TRAINING | TESTING

Fuzzy NAR Model 03168 0.3969 0.5652 0.6297

Fuzzy NARMA Model 0.2496 03188 0.4999 0.5619
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5. Conclusions

In this paper. an approach to identify NARMA models
based on fuzzy basis functions is proposed. From the
simulation results, the fuzzy NARMA model successfully
captures the behavior of the NARMA In the future, the
further comprehensive study and testing the proposed
model with complex time series model will be reported.
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ABSTRACT

Most systems encountered in the real world are non-linear autoregressive
moving average (NARMA) model. In this paper a Fuzzy NARMA model is
used as an identifier for nonlinear system. A fuzzy systems is represented as
series expansion of fuzzy basis functions which are capable of uniformly
approximating any real continuous function on a compact set to arbitrary
accuracy. Furthermore, an error feedback technique and a least square
algorithm are proposed to identify the parameters of the Fuzzy NARMA model.
An experimental result is included to demonstrate the effectiveness of the
identification model. A data set generated from a complex NARMA model is
used for testing the proposed model. In addition, two kinds of statistical tests
are used for measuring the quality of fit.

INTRODUCTION

In real-life most systems are non-linear. Since linear models cannot capture
the behavior of limit data associated with non-linear systems, it is important to
investigate the identification procedure for non-linear model Dunis, 1997),
(Chen, 1990). The NARMA model provides a basis for such a development.

Most applications of fuzzy modeling rely on the framework of
autoregressive model or regression model (Lincoln, 1991), (Wang, 1992a). This
is the case because the inputs value for the fuzzy models can be easily identified:
they are simply the lagged values of the time series itself or the exogenous
inputs. Fuzzy models that are based on the framework ofautoregressive model
or regression model fail to model a system that is represented by NARMA
model. As a result, high prediction error may occur when applied fuzzy AR
model or Fuzzy regression model for modeling NARMA process.

Here we propose an fuzzy model for identifying NARMA models based on
fuzzy basis function (FBF). Fuzzy systems are represented as series expansion
of fuzzy basis functions. These fuzzy basis functions are capable of uniformly
approximating any real continuous function on a compact set to arbitrary
accuracy (Wang, 1992a). This means that NARMA can be approximated within
an arbitrary accuracy by model based on FBF. In this paper, We performed two
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kinds of statistical tests—autocorrelation test and chi-squared test in order to
measure the quality of fit.

FUZZY BASIS FUNCTION

In this paper, we consider a fuzzy system whose basic configuration is
shown in Fig.1.

If the fuzzy rule base consists of a collection of fuzzy IF-THEN rule:

R":IF x,is Fyand ... and x,is F, THENy is G'

where I=1, 2, ...L,¢ and G are labels of fuzzy sets in U and V
respectively, then fuzzy logic systems with a center average defuzzifier,
algebraic product inference, and singleton fuzzifier consist of all functions of the
form

i;l (IE[‘U ‘(X.‘))
yg)=107 =’ F 77 )
> ([T g ()

I=1 =1

where U and u G are membership function of ,F, and G respectively

and ;' is the point at which 1 G achieves its maximum value that is assumed to

be one. Fuzzy basis functions (FBF) are defined as

f[ #F] (X.)
pj(i)=L"‘n—‘, j=1,2.8:.,L )

=1 =l

Therefore, the fuzzy system in the Eq. (1). is equivalent to a fuzzy basis
function (FBF) expansion:

y%)=36,p, () (3)

Here, Least square (LS) algorithm is proposed to identify the parameters of
the FBF expansion. To applied LS algorithm, the FBF expansion is rewrite as

Y®)=30,p,(%) +2

Given N input-output pairs, the matrix notation of the equation can be
written as
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Y=P®+E (4)
where
y A £
Y= P= E=
y' p - P g

Then, ® must satisfy the following equation:
(P'P) ®=P"Y

The derivation of the equation (4) can be found in Kreesuradej (1996). The
inverse or pseudo-inverse of P'P are usually utilized for finding the value of ® .

One important property of FBF expansions is that FBF expansions are
capable of approximating any real continuous function (Wang, 1992b). This
gives a justification for using FBF expansions to model a dynamic system that is
usually described by continuous functions. In this work, the FBF expansions
will be applied to modeling NARMA model

IDENTIFICATION PROCEDURE OF NARMA MODEL BASED ON FUZZY
BASIS FUNCTIONS

Here, FBF is proposed to model NARMA (p,q) model which has the
following form [6]:

y(O) = (=D, ¥t = 1) et = 1),..e(t = n,)) + et) (5)

where y(f) and e(f) are the system output and prediction error,
respectively; n, and n, are the maximum lags in the output and noise,
respectively, {e(r)} is assumed to be a white sequence, and f(.) is some non-
linear function. The identification procedure can be summarized as follows

(i) Choose n, and n, . Initially the set of

y@O)=[y@=1) - y(t-n)]

FBF model is selected using the LS algorithm and the initial model is used
to generate the initial prediction error sequence {5“” (t)}.

(11) An iterative loop is then entered to update the model.
At the k th iteration

y@)=[y@=1) - y(t-n),e*"@-1 - e*"@-n)]
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FBF model is selected by LS algorithm and this gives rise to the prediction
error sequence {¢*'(r)} Typically two to four iterations are sufficient (Chen,

1990).
The model validity tests are performed to assess the model. If the model is
considered adequate the procedure is terminated. Otherwise go to step (i).

EXPERIMENTAL RESULTS

As an experiment, the first 500 points of data generated from the Eq. (6). is
used to identify the fuzzy NARMA based on the proposed approach. Then, the
next 300 point of data is used to test the fuzzy NARMA. For comparison
purpose, we also model the fuzzy NAR model. Then, the chi-squared test and
autocorrelations of residuals are used for model validation.

The results are given in Table 1. for both fuzzy NAR model and fuzzy
NARMA model. The outputs of simulation and the model response are shown in
Fig. 2 and 3. The correlation tests and chi-squared tests are in Fig 4. and 5.
respectively.

From all of the results, the fuzzy NARMA model provides lower mean
square error (MSE) and better standard deviation of errors (STDE) than the
fuzzy NAR model. In addition, from the model validity tests show that the
model is adequate while the fuzzy NAR model give unsatisfied model validity
tests.

2
y(t) =1.2y(t —1)exp [%] +0.9e(t —1)sin(e(t —1)/3) +e(t) (6)
where e(t) is a white noise sequence with standard deviation = 0.6667

CONCLUSIONS

The fuzzy NARMA model was proposed with feedback error technique and
LS algorithm for identification nonlinear system Based on the experimental
results, the fuzzy NARMA model provides better performance than the fuzzy
NAR model. In the future, the results from comprehensive studies such as
convergence analysis of the algorithm and testing the proposed model with
complex time series model will be reported.

Table 1 Predicive modeling results

MODEL MSE STDE
(Noise STD=0.6667) TRAINING | TESTING | TRAINING | TESTING
Fuzzy NAR Model 0.5504 0.5367 0.7426 0.7325
Fuzzy NARMA Model 04362 0.4535 0.6611 0.6745
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