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THE CASCADE NEO-FUZZY NEURAL NETWORK AND ITS
LEARNING ALGORITHM

New hybrid system of computational intelligence called the Cascade Neo-Fuzzy Neural Network
(CNFNN) is introduced. This architecture has the similar structure with the Cascade-Correlation
Learning Architecture (CasCorLA) proposed by S.E. Fahlman and C. Lebiere, but differs from it in
type of artificial neurons. The CNFNN consists of neo-fuzzy neurons, which can be adjusted using
high-speed linear learning procedures. Proposed architecture is characterized by high learning
rate, low size of the learning sample and its operations can be described by the fuzzy linguistic “if-
then” rules providing transparency of received results, as compared with the conventional neural
networks.

V crarTi 3ampoONOHOBAHO HOBY TIOPHIHY CHCTEMY OOYMC/IIOBAIBLHOIO IHTEIEKTY — KaCKaIHy HEeO-
das3i meitponny mepexy (CNFNN), 1110 Mag 0HAKOBY CTPYKTYPY 3 KaCKaIHO-KOPEIAIHHOIO Heli-
ponnoio Mepexero Panbmana—Jle6’epa (CasCorLA), onnak y sKoCTI By3jiB BOHA BUKOPUCTOBYE
Heo-da33i HEHApOHH, IO HABYAIOTHCS 3a JIOMOMOTOI0 IMBHAKOMIIOYNX JIIHIHAX TPOIEIyP HABIAH-
ug. [opiBusiHo 3 icHyOUnMu TpagumifinuMu anpokcumymouanMu nefiponaumu Mepexkamu CNFNN
XapaKTEPU3y€EThCs BUCOKOIO MIBUAKICTIO HABIAHHS, HOTPEOyE HABIAIbHY BHOOPKY HEBEJHKOrO 00’-
eMy, a i1 (DyHKIIIOBAHHS MOXKe OyTH OMUCAHO HEUITKMMWU JIHTBicCTHIHUMHE "gKmo-To" npapuiamu,
3a0e31e4dyI04l IPO30PICTh Pe3yJIbTaTiB, IO OTPUMYIOTHCS.

Introduction. Nowadays artificial neural networks (ANNs) are widely applied for
solving a large class of problems related with the processing information given as
time-series or numerical ”"object-property” tables generated by the non-stationary,
chaotic or stochastic systems. The most attractive properties of the ANNs are their
approximating possibilities and learning capabilities.

Traditionally by the learning we understand the process of the neural network’s
synaptic weights adjustment accordingly to selected optimization procedure of the
accepted learning criterion [1,2]. Quality of the received results can be improved
not only by adjusting weight coefficients but also by adjusting architecture of the
neural network (number of nodes). There are two basic approaches of the neural
network architecture adjustment: 1) ”constructive approach” [3-5] — starts with
simple architecture and gradually adds new nodes during learning; 2) ”destructive
approach” [6-8] — starts with initially redundant network and simplifies it through-
out learning process.

Obviously, constructive approach needs less computational resources and within
the bounds of this technique the cascade neural networks (CNNs) [9-11] can be
marked out. The most efficient representative of the CNNs is the Cascade-Correlation
Learning Architecture (CasCorLA) [9]. This network begins with the simplest ar-
chitecture which consists of a single neuron. Throughout a learning procedure new
neurons are added to the network, producing a multilayer structure. It is important
that during each learning epoch only one neuron of the last cascade is adjusted.
All pre-existing neurons process information with ”frozen” weights. The CasCorLA
authors, S.E. Fahlman and C. Lebiere, point out high speed of the learning proce-
dure and good approximation properties of this network. But it should be observed

Hayx. sichux Yorczopod yu-my, 2008, sun. 17



THE CASCADE NFNN AND ITS LEARNING ALGORITHM 49

that elementary Rosenblatt perceptrons with hyperbolic tangent activation func-
tions are used in this architecture as nodes. Thus an output signal of each neuron is
non-linearly depended from its weight coefficients. Therefore it is necessary to use
gradient learning methods such as delta-rule or its modifications, and speed of an
operation optimization becomes impossible. In connection with the above it seems
to be reasonable to synthesize the cascade architecture based on the elementary
nodes with linear dependence of an output signal from the synaptic weights. It
allows to increase a speed of synaptic weights adjustment and to reduce minimally
required size of training set.

In [12] the ortho-neurons were proposed as such nodes. Also it was shown how
simply and effectively an approximation of sufficiently complex function can be
performed using this technique. In [13-19] the orthogonal and the cascade orthog-
onal networks were introduced. These architectures have shown quite good results
during simulation modeling, significantly exceeding the conventional cascade neural
networks in training speed.

It is well known the main ANN’s disadvantage is a non-interpretability of re-
ceived results, i.e. trained neural network is a ”black box”, and often their usage
is restrained because of this reason. An interpretability and transparency together
with the learning capabilities are the main properties of the neuro-fuzzy systems [20],
which can be trained using backpropagation and in consequence the time required
for weights tuning and the size of a training set are significantly increase.

At this paper an attempt of the new computational intelligence hybrid system
synthesis is taken. This system has cascade architecture and uses nodes which
perform fuzzy inference and can be trained utilizing some optimization procedure.
From our point of view using the neo-fuzzy neurons [21-23] as such elements is
the most reasonable. They possess a high approximation possibilities and their
computation realization is a quite simple.

1. The Neo-Fuzzy Neuron. The neo-fuzzy neuron is a nonlinear multi-input
single-output system shown on Fig. 1. It realizes the following mapping:

Q:Zfi(xi% (1)

where x; is the i-th input (i = 1,2,...,n), § is a system output. The structural
blocks of the neo-fuzzy neuron are nonlinear synapses N.S; which perform transfor-
mation of ¢-th input signal in the form

h
fz(xz) = Z wjz'liji(%)

and realizes the fuzzy inference

IF z; IS z;; THEN THE OUTPUT IS wj;,
where z; is a fuzzy set which membership function is yj;, w;; is a singleton (synaptic
weight) in consequent [22]. As it can be readily seen the nonlinear synapse in fact

realizes Takagi-Sugeno fuzzy inference of zero order.
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Figure 1. Neo-Fuzzy Neuron

Conventionally the membership functions pj;(z;) in the antecedent are comple-
mentary triangular functions as shown on Fig. 2.

For the preliminary normalized input variables z; (usually 0 < z; < 1), the
membership functions can be expressed in the form:

€T; — Cj—l,i
_— cle 1. ci
Cji — Cj—1i T € [ej-14, Gil,
.. ) — C; C— Qs
(i) = L € o, ¢l

Ci+1,i — Cji

0, otherwise,
where c;; are arbitrarily selected centers of the corresponding membership functions.
Usually they are evenly spaced on the interval [0,1]. This contributes to simplify
the fuzzy inference process. That is, an input signal x; activates only two neighbor-

ing membership functions simultaneously and the sum of the grades of these two
membership functions equals to unity (Ruspini partitioning), i.e.

tji(xi) + pjg1i(x;) = 1.
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Figure 2. Triangular activation functions

Thus, the fuzzy inference result produced by the Center-of-Gravity defuzzification
method can be given in a very simple form:

fi(x:) = wjipegi(@:) + Wi ipjrri(x).

By summing up f;(z;), the output g of the equation (1) is produced.

When a vector signal z(k) = (z1(k), z2(k), ..., 2, (k)T (here k = 1,2,... is a
discrete time) is fed to the input of the neo-fuzzy neuron, the output of this neuron
is determined by both the membership functions p;;(z;(k)) and the tunable synaptic
weights wj;(k — 1), which have been obtained at the previous training epoch:

g(k) = Z filzi(k)) = Z Zwﬁ(k: — Dpji(zi(k)),

i=1 j=1

and thereby the neo-fuzzy neuron contains h - n synaptic weights which should be
determined.

The authors of the NFN note [21-23] among its most important advantages, the
high rate of learning, computational simplicity, the possibility of finding the global
minimum of the learning criterion in real time, and also that it is characterized by
the fuzzy linguistic ”if-then” rules.

The learning criterion (goal function) is the standard local quadratic error func-
tion:

n

B(R) = 3 (u(k) — (k) = e(k)’ = 3 (y(k) -3 Zwﬁumi(m)) ,

i=1 j=1

minimized via the conventional gradient stepwise algorithm, resulting in the follow-
ing weights update procedure:

wii(k + 1) = wji(k) +ne(k + 1)pji(zi(k +1)) =
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= wji(k) +n (y(k +1)— Z iji(k)uﬂ(:ci(k + 1))) wii(zi(k + 1)),

where y(k) is a target value of the output, n is a scalar learning rate parameter
which determines the speed of convergence and chosen empirically.

For the purpose of increasing training speed [24,25] Kaczmarz-Widrow-Hoff op-
timal one-step algorithm [26-28] was used in the following form:

y(k+1) —w'(k)p(z(k + 1))
(e (R + 1)

wk+1) =wk)+ p(x(k+1)), (2)

where
p(z(k+1)) = (1 (z(k+1)), oy g (21 (k41)), . o, pa (2o (k+1)), . ..

e 7/’1’]l(xl<k+1))7 cee 7/*Lhn($n(k + 1)))T7
w(k) = (wir(k), .., wp (k). wpa(k), ..o wii(k), ..., wan (k)T — (h-n)Xx1-vectors,
generated by the corresponding variables, and its exponentially weighted modifica-
tion
wk+1) =wk) +rtk+Dyk+1) —w" (B)p(z(k+ D) p(z(k + 1)), )
r(k+1)=ar(k) + ||pxk+1)]* 0<a <1,
which possesses both smoothing and filtering properties.

If we have a priori defined data set the training procedure can be performed in
a batch mode using the conventional least squares method.

On basis of the neo-fuzzy neurons in [29-34] the two-layer feedforward neuro-
fuzzy network was synthesized. It possesses improved approximation capabilities
in comparison with the conventional multilayer perceptron. Given ANN utilized
a backpropagation for weights adaptation and obviously it results in decreasing
rate of a convergence in the hidden layer. This circumstance also was a reason for
developing the cascade neo-fuzzy neural network described below.

2. The Cascade Neo-Fuzzy Neural Network Architecture. The CNFNN
architecture shown on Fig. 3 and the mapping which it realized have the following
form:

— the neo-fuzzy neuron of the first cascade

=303 ),
i=1 j=1
— the neo-fuzzy neuron of the second cascade
Zzwjz ILL]Z x% +ij n—i—l/’LJ 'fl+1 [ })
i=1 j=1
— the neo-fuzzy neuron of the third cascade

Zzw]z pji(wi) + ng nt+1M3, 1 ( 1] ) + ng n+2Mj, nt2(Y H)

=1 j=1
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— the neo-fuzzy neuron of the m-th cascade

n+m—1 h
=3 Z wit e + Y D wi @), (4)
=1 j=1 I=n+1 j=1
NFN®
K NFNP!
. ,V
— — NFNI™
»
» I,
» s

> I

Figure 3. The Cascade Neo-Fuzzy Neural Network Architecture

Thus the cascade neo-fuzzy neural network contains h - (n +> ) adjustable
parameters and it is important that all of them are linearly included in the descrip-

tion (4).
Let us define h(n +m — 1) x 1 the membership functions vector of the m-th

neo-fuzzy neuron
P = (), (1), paa(2), - o (@2), -
o ttgi (@)t () it (0, st (0, e (5)T
and the corresponding vector of synaptic weights
w™ = (W™ Wi w,[l”f],wgz}, . wg;], .
o wi wl[lTrngl’ e awi{:ﬂwrm—l)Ta

w™ o wl™
o Wgioo e hn s 1n+1

which has the same dimensionality. Then we can represent expression (4) in the

vector notation:
Q[m] — w[m]Tlu[m]'
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3. The Cascade Neo-Fuzzy Neural Network Learning. The cascade neo-
fuzzy neural network learning can be performed in both the batch mode and the
mode of sequential information processing (an adaptive weights tuning).

Firstly, let us consider situation when the training data set is defined a priori,
i.e. we have a set of points x(1),y(1); z(2),y(2);...;z(k),y(k);...;z(N),y(N). For
the neo-fuzzy neuron of the first cascade NEFNM a set of membership level values
pt(1), p2), . pM(E), . p(N) (hn x 1 vectors) is evaluated, where

Mm(k?) = (p(z1(k)), s i (21 (K)), praz(22(K)), - - pnz(w2(K)), - ..

.- 7M]Z(xz(k))7 SR 7/Lhn(xn(k:)))T'

Then using direct minimization of the learning criterion

N
E][\lf] — ;Z [1] Z A[l )2

k=1 k=1

l\DI»—

a vector of the synaptic weights can be evaluated
N

w[ll (Z [ 1] ) Z M[l] Z u[l] (5)

k=

1

where (o)™ denotes the Moore-Penrose pseudoinversion.
In case a data proceeds sequentially more suitable to use a recurrent form of the
least squares method instead of (8)

P (y(k + 1) = wl T (Rl (k + 1) 4
1+ plT(k + 1) PU (k) (k + 1)
PU (k)" (k + )ptT (k + 1) P (k)

1+ plT(k + 1) PU (k)M (k+1)

Wk + 1) = wll (k) +

(k+1),
(6)

PU(E 4+ 1) = PY(k) — PU(0) = g1,

where (3 is a large positive number, I is a unity matrix with corresponding dimen-
sionality.

Using of adaptive algorithms (2) or (3) is also possible and leads to reducing
of computational complexity of learning process. In any case utilization of the
procedures (2), (3), (8), (6) essentially reduces a learning time in comparison with
the gradient algorithms underlying delta-rule and backpropagation.

After the first cascade learning completion, the synaptic weights of the neo-fuzzy
neuron N F N become ”frozen”, all values 1 (1), g11(2), ..., gM(k), ..., gM(N) are
evaluated and the second cascade of the network which consists of a single neo-fuzzy
neuron NFN? is generated. It has one additional input for the output signal of
the first cascade. Then the procedure (8) is again applied for adjusting a vector of
the weight coefficients w?, which has dimensionality h(n + 1) x 1.

In on-line mode the neurons are trained sequentially, i.e. on basis of the input
signal (k) the synaptic weights w!!(k) are estimated and the vector of outputs
g (k) is obtained, then using vector of the second cascade inputs (27 (k), 1" (k))
the weights w/? (k) and the outputs §?/(k) are calculated. For this purpose algo-
rithms (2), (3) and (6) can be used equally well.
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The neural network growing process (an increasing quantity of cascades) contin-
ues until we obtain required precision of the solved problem’s solution, and for the
adjusting weight coefficients of the last m-th cascade the following expressions are
used:

N N

N +
wi™(N) = (Z u[m}(k)u[m]T(k’)> pl™ (k)y (k) = PPNl (kyy (),

=1 k=1

in a batch mode or

P (k) (y(k + 1) — w7 (k) plm (k + 1))
L+ ptmIT(k + 1) Pl (k)b (k + 1)

PR ™ (k4 1) pT (R + 1) P ()

14 plmIT (k4 1) Pl (k) plml (k + 1) 7

w™ (k4 1) = w™(k) + p™(k + 1),

Pk 4-1) = P™I(k) P™(0) = g1,

or

wm™(k+1) = w(k) + Mk + 1)y (k + 1) — ™7 (k) ™ (k + 1) pl™ (k+1),
rm (k4 1) = ar™ (k) + | ™ (k+1)]1%, 0< a < 1,

in a sequential mode.

Thus, the proposed CNFNN significantly excels the Cascade-Correlation Archi-

tecture in learning speed and can be trained in both the batch mode and the se-
quential (adaptive) mode. A linguistic interpretation of received results considerably
extends functional facilities of the cascade neo-fuzzy neural network.
4. Simulation Results. In order to confirm the performance of the proposed
architecture the prediction of time-series is examined. We applied the Cascade
Neo-Fuzzy Neural Network for the forecasting of a chaotic process defined by the
Mackey-Glass equation [35]:

— 0.1y(¢). (7)

The signal defined by (7) was quantized with step 0.1. We took a fragment
containing 500 points for the training set. Our goal was to predict the time-series
value on six steps forward using its values at the time steps k, (k—6), (k—12), and
(k — 18). The testing set contained 9500 points, i.e. the time-series values at the
time steps from 501 to 1000.

For estimation of received result we used normalized mean square error:

Zévzl e*(k +q)
No ’

where ¢ is a mean square deviation of the predicted process on the training set.
During simulation modelling the CNFNN with 5 cascades was used. First cascade
contained 4 non-linear synapses for each input value of the time-series and each non-
linear synapse contained 10 activation functions (i.e. membership functions). The
input signal was recoded on interval [0,1]. Obtained experimental results of the
the Mackey-Glass time-series prediction and its error are shown on Fig. 4 a) and b).
After the training of the CNFNN was complete an error on the testing set was 4-107%.

NRMSE (k, N) =
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a)

b)
Figure 4. The CNFNN simulation results: a) network output and error; b)
predicted and original time-series

Conclusion. The Cascade Orthogonal Neural Network is proposed. It differs from
the known cascade networks in increased speed of operation, real-time processing
possibility and transparency due to linguistic interpretability of received results.
Theoretical justification and experiment results confirm the efficiency of developed
approach to cascade neo-fuzzy systems synthesis.
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