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Abstract

In this paper, We interpret a fuzzy differential equation by using the strongly generalized differen-
tiability concept. Utilizing the Generalized characterization Theorem. Then a novel hybrid method
based on learning algorithm of fuzzy neural network for the solution of differential equation with
fuzzy initial value is presented. Here neural network is considered as a part of large field called neural
computing or soft computing. The model finds the approximated solution of fuzzy differential equa-
tion inside of its domain for the close enough neighborhood of the fuzzy initial point. We propose a
learning algorithm from the cost function for adjusting of fuzzy weights.
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1 Introduction

Roper design for engineering applications re-
P quires detailed information of the system-
property distributions such as temperature, ve-
locity, density, etc. in space and time domain
[8, 9]. This information can be obtained by ei-
ther experimental measurement or computational
simulation. Although experimental measurement
is reliable, it needs a lot of labor efforts and
time. Therefore, the computational simulation
has become a more and more popular method
as a design tool since it needs only a fast com-
puter with a large memory. Frequently, those
engineering design problems deal with a set of
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differential equations (DEs), which have to nu-
merically solved such as heat transfer, solid and
fluid mechanics. Numerical methods of predictor-
corrector, Runge-Kutta, finite difference, finite
element, finite volume, boundary element, spec-
tral and collocation provide a strategy by which
we can attack many problems in applied math-
ematics, where we simulate a real-word problem
with a differential equation, subject to some ini-
tial or boundary conditions. In the finite differ-
ence and finite element methods we approximate
the solution by using the numerical operators of
the function’s derivatives and finding the solu-
tion at specific preassigned grids [56]. The lin-
earity is assumed for the purposes of evaluating
the derivatives. Although such an approximation
method is conceptually easy to understand, it has
a number of shortcomings. Obviously, it is diffi-
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cult to apply for systems with irregular geome-
try or unusual boundary conditions. Predictor-
corrector and Runge-Kutta methods are widely
applied over preassigned grid points to solve or-
dinary differential equations [35]. In the spectral
and collocation approaches a truncated series of
the specific orthogonal functions (basis functions)
are used for finding the approximated solution of
the DE. In the spectral and collocation techniques
the role of trial functions as a basis function is
important. The trial functions used in spectral
methods are chosen from various classes of Ja-
cobian polynomials [22], still the discretization
meshes are preassigned. Neural network model
is used to approximate the solutions of DEs for
the entire domains. In 1990 the authors of [36]
used parallel computers to solve a first order dif-
ferential equation with Hopfield neural network
models. Meade and Fernandez [39, 40] solved lin-
ear and nonlinear ordinary differential equations
using feed forward neural networks architecture
and Bj-splines. Leephakpreeda [37] applied neu-
ral network model and linguistic model as uni-
versal approximators for any nonlinear continu-
ous functions. With this outstanding capability,
the solution of DEs can be approximated by the
appropriate neural network model and linguistic
model within an arbitrary accuracy.

When a physical problem is transformed into a
deterministic initial value problem

{ W) — f(2,y),
yla) = A,

We usually cannot be sure that this modelling
is perfect. The initial value may not be known
exactly and the function f may contain unknown
parameters. If the nature of errors is random,
then instead of a deterministic problem (1.1) we
get a random differential equation with random
initial value and/ or random coefficients. But
if the underlying structure is not probabilistic,
e.g. because of subjective choice, then it may be
appropriate to use fuzzy numbers instead of real
random variables.

The topic of Fuzzy Differential Equations
(FDEs) has been rapidly growing in recent years.
The fuzzy initial value problem have been stud-

(1.1)
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ied by several authors [1, 2, 6, 7, 10, 50, 42, 43,
41, 13, 17, 51]. The concept of fuzzy derivative
was first introduced by Chang and Zadeh [16], it
was followed up by Dubois and Prade [19] who
used the extension principle in their approach.
Other methods have been discussed by Puri and
Ralescu [49] and by Goetschel and Voxman [21].
Fuzzy differential equations were first formulated
by Kaleva [32] and Seikkala [52] in time depen-
dent form. Kaleva had formulated fuzzy differ-
ential equations, in terms of Hukuhara derivative
[32]. Buckley and Feuring [14] have given a very
general formulation of a fuzzy first-order initial
value problem. They first find the crisp solution,
make it fuzzy and then check if it satisfies the
FDE. In [48, 20], investigated the existence and
uniqueness of solution for fuzzy random differen-
tial equations with non-lipschitz coefficients and
fuzzy differential equations with piecewise con-
stant argument.

During the past few years, neural net-
works have received much attention Abbasbandy,
Mosleh and et al. [3, 44, 45, 47]. In this work
we propose a new solution method for the ap-
proximated solution of fuzzy differential equa-
tions under generalized differentiability using in-
novative mathematical tools and neural-like sys-
tems of computation. This hybrid method can
result in improved numerical methods for solv-
ing fuzzy initial value problems. In this proposed
method, fuzzy neural network model (FNNM) is
applied as universal approximator. We use fuzzy
trial function, this fuzzy trial function is a com-
bination of two terms. A first term is responsible
for the fuzzy initial while the second term con-
tains the fuzzy neural network adjustable param-
eters to be calculated. The main aim of this pa-
per is to illustrate how fuzzy connection weights
are adjusted in the learning of fuzzy neural net-
works by the back-propagation-type learning al-
gorithms [28, 31] for the approximated solution
of fuzzy differential equations. Our fuzzy neural
network in this paper is a three-layer feedforward
neural network where connection weights and bi-
ases are fuzzy numbers. The remaining part of
the paper is organized as follows. In Section 2,
we discuss some basic definitions. Also, we briefly
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review relevant definition of the architecture of
fuzzy neural networks. Section 3 gives details of
problem formulation and the way to construct the
fuzzy trial function and training of fuzzy neural
network for finding the unknown adjustable co-
efficients. Also, training of partially fuzzy neural
network for finding the unknown adjustable coef-
ficients.

2 Preliminaries

In this section the most basic notations used in
fuzzy calculus are introduced. We start by defin-
ing the fuzzy number.

Definition 2.1 A fuzzy number is a fuzzy set u :
R! — I = [0, 1] which satisfies

1. U 1S upper semi-continuous.

it. u(x) =0 outside some interval |a,d].

1ii. There are real numbers b,c:a <b<c<d
for which

1. u(x) is monotonic increasing on [a,b],

2. u(x) is monotonic decreasing on [c,d],

3. u(z)=1,b,<z<c

The set of all the fuzzy numbers (as given by Def-
inition 2.1) is denoted by E'.

We briefly mention fuzzy number operations
defined by the extension principle [57, 58]. Since
input vector of feedforward neural network is
fuzzy in this paper, the following addition, mul-
tiplication and nonlinear mapping of fuzzy num-
bers are necessary for defining our fuzzy neural
network:

pa+B(z) = maz{pa(x)Aup(y)|z = z+y}, (2.2)

nap(z) = maz{pa(z) A up(y)lz = zy}, (2.3)
ppnety(2) = maz{pne(z)|z = f(z)},  (2.4)
where A, B, Net are fuzzy numbers, . (.) de-
notes the membership function of each fuzzy
number, A is the minimum operator and f(.) is
a continuous activation function (like sigmoidal
activation function) inside hidden neurons.

The above operations of fuzzy numbers are

numerically performed on level sets (i.e.,a-cuts).
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The h-level set of a fuzzy number A is defined as
[Alp = {z € Rlpa(z) > h} for 0<h<1,
(2.5)
and [AJo = Upe(o,1)[Aln- Since level sets of fuzzy
numbers become closed intervals, we denote [A],
as
(Al = [[4]F, [4)7], (2.6)

where [A]F and [A]Y are the lower limit and the
upper limit of the h-level set [A]y, respectively.
From interval arithmetic [5], the above operations
of fuzzy numbers are written for h-level sets as
follows:

[Aln + [Bln = [[A]x + [Bly, [l + [Bl], (2.7)
[Aln-[Bln = [min{[A];.[BIx. [Al;-[BIY,
(AL -[Bi [l [B]i }, maz{[Aly.[Bly,
[AlR-[BI (Al [BIE [A (B}, (2:8)
f(INetln) = f([[Net]y, [Net]}]) =
[ ([Vet]), F([Net]])], (2.9)

where f is increasing function.

Definition 2.2 [21] For arbitrary fuzzy numbers
U,V, we use the distance

D(U,V) = supo<p<imaz{|[U}f — [V]|},
Ul — VIV I}

and it is shown that (E, D) is a complete metric
space.

Definition 2.3 Let U,V € E. If there exists
W e E, such that U =V + W, then W s called
the H-difference of U,V and it is denoted U ©'V.

In this paper the sign © always stands for
the H-difference, and let wus remark that
UeV # U+ (-1)V. Usually we denote
U+ (—1)V by U —V, while U SV stands for the
H-difference. In what follows, we fiz X = (a,b),
fora,beR.

Definition 2.4 Let f: X — E be a fuzzy func-
tion. We say f is differentiable at xo € X if there
exists an element f'(xo) € E such that the limits
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limy o flxo + h})L S f(xo)
and h
limy_or f(zo) © £($0 - )’

exist and are equal to F'(zp).

The above definition is a straightforward general-
ization of the Hukuhara differentiability of a set-
value function. From proposition 4.2.8 in [18],
it follows that a Hukuhara differentiable function
has increasing length of support. Note that this
definition of a derivative is very restrictive [12].
The authors of [12] introduced a more general def-
inition of a derivative for a fuzzy-number-valued
function. In this paper we consider the following
definition [15]:

Definition 2.5 Let f : X — E. Fiz g € X.
We say f is differentiable at xg, if there exists an
element F'(x¢) € E such that

(1) for all h > 0 sufficiently close to 0, there
exist f(xo+h)S F(xo), f(zo) © f(xo—h) and the
limits (in the metric D)

limy, o+ f(xo + h})L © f(JUo) =
f(zo) © f(to —h)
h

= f'(to),

limy, o+

or

(2) for all h > 0 sufficiently close to 0, there
exist f(xo+h) S f(xo), f(x0) © f(xo—h) and the
limits (in the metric D)

limy, o f(zo + h})L S flzo) _

f(zo) © flxo —h)

= f'(xo).

Remark 2.1 [12] This definition agrees with the
one introduced in [12]. Indeed, if f is differ-
entiable in the senses (1) and (2) simultane-
ously, then for h > 0 sufficiently small,, we
have f(zo + h) = f(zo) + Ur, f(z0) = flzo —
h) + Usa, f(zo) = f(xo + h) + V1 and f(xg) =
f(zo + h) + vo, with Uy,Us, V1,Vo € E. Thus,
f(xo) = f(x0) + (U2 + V1), i.e.,Us + Vi = x{o0,
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which implies two possibilities: Uy = Vi = xqoy of
f/(x()) = X{o0}; or U; = X{a} = —Vi, with a € R,
if f'(x0) € R. Therefore, if there exists f'(xo) in
the first form (second form) with f'(xq) is not in
R, then f'(x¢) does not exist in the second form
(first form, respectively).

Remark 2.2 In the previous definition, case (1)
corresponds to the H-derivative introduced in [49],
so this differentiability concept is a generalization
of the H-derivative.

Remark 2.3 In [12], the authors consider four
cases for derivatives. Here we only consider the
two first cases od Definition 5 in [12]. In the other
cases, the derivative is trivial because it is reduced

to a crisp element (more precisely, f' € R; for
details see Theorem 7 in [12]).

Definition 2.6 Let f : X — E. We say f is
(1)-differentiable on X if f is differentiable in the
sense (1) of Definition 7 and its derivative is de-
noted D1 f, and similarly for (2)-differentiability
we have Dsf.

The principal properties of defined derivatives are
well known and can be found in [12, 15]. In this
paper, we make use of the following Theorem [15].

Theorem 2.1 Let f : X — FE and put
@l = [F @I @] for each 0 < h < 1.
(i) If f is (1)-differentiable then [f(x)]E
and [f(x))Y are differentiable functions and
[D1f(2)]n = [[f" ()] [F/ (@)]F]-

(i) If f is (2)-differentiable then [f(a:)]ﬁ and
[f(a;)],({ are differentiable functions and we have

[D2f (@)]n = [Lf" (@), [F' (@)]R)-

Artificial neural networks are an exciting form
of artificial intelligence which mimic the learn-
ing process of the human brain in order to ex-
tract patterns from historical data [53, 4]. Sim-
ple perceptrons need a teacher to tell the network
what the desired output should be. These are su-
pervised networks. In an unsupervised net, the
network adapts purely in response to its inputs.
Such networks can learn to pick out structure in
their input. Fig. 1 shows typical three-layered
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perceptron. Multi-layered perceptrons with more
than three layers, use more hidden layers [25, 33].
Multi-layered perceptrons correspond the input
units to the output units by a specific nonlinear
mapping [55]. From Kolmogorov existence the-
orem we know that a three-layered perceptron
with 7(2n + 1) nodes can compute any contin-
uous function of n variables [26]. Before describ-

Hidden units

Input units

Output units

Figure 1: Multiple layer feed-forward

FNNM.

ing a fuzzy neural network architecture, we de-
note real numbers and fuzzy numbers by lower-
case letters (e.g.,a,b,c,...) and uppercase letters
(e.g.,A,B,C,...), respectively.

Our fuzzy neural network is a three-layer
feedforward neural network where connection
weights, biases and targets are given as fuzzy
numbers and inputs are given as real numbers.
For convenience in this discussion, FNNM with
an input layer, a single hidden layer, and an out-
put layer in Fig. 1 is represented as a basic struc-
tural architecture. Here, the dimension of FNNM
is denoted by the number of neurons in each layer,
that is n x m x s, where m,n and s are the num-
ber of neurons in the input layer, the hidden layer
and the output layer, respectively. The architec-
ture of the model shows how FNNM transforms
the n inputs (x1,...,2;,...,2,) into the s out-
puts (Y1,...,Ys,...,Ys) throughout the m hid-
den neurons (Zi,...,%Zj,..., Zm), where the cy-
cles represent the neurons in each layer. Let B;
be the bias for neuron Z;, C}; be the bias for neu-
ron Y, Wj; be the weight connecting neuron z;
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to neuron Zj;, and Wy, be the weight connecting
neuron Z; to neuron Yj.

2.1 Input-output relation of each unit

Let us consider a fuzzy three-layer feedforward
neural network with n input units, m hidden
units and s output units. Target vector, connec-
tion weights and biases are fuzzy and input vector
is real number. In order to derive a crisp learning
rule, we restrict connection weights and biases by
four types of (real numbers, symmetric triangu-
lar fuzzy numbers, asymmetric triangular fuzzy
numbers and asymmetric trapezoidal fuzzy num-
bers) while we can use any type of fuzzy numbers
for fuzzy targets. For example, an asymmetric
triangular fuzzy connection weight is specified by
its three parameters as Wj,; = (w,fj, w,%, ng)

When an n-dimensional input vector
(x1,...,@i,...,xy) is presented to our fuzzy
neural network, its input-output relation can be
written as follows, where f : R” — FE*:

Input units:

0; = T, 1=1,2,...,n.

(2.10)

Hidden units:
Zj:f(Netj), j:1,2,...,m,

(2.11)

n

Netj =Y 0;.Wji + B;. (2.12)
=1
Output units:
Y = f(Nety), k=1,2,...,s,
(2.13)
m
Nety =Y Wi;.Zj + Cr. (2.14)

7j=1
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The architecture of our fuzzy neural network is
shown in Fig. 1 where connection weights, bi-
ases, and targets are fuzzy and inputs are real
numbers. The input-output relation in Eqgs.(2.1)-
(2.14) is defined by the extension principle [57] as
in Hayashi et al.[24] and Ishibuchi et al.[30].

2.2 Calculation of fuzzy output

The fuzzy output from each unit in Eqgs.(2.1)-
(2.14) is numerically calculated for real inputs
and level sets of fuzzy weights and fuzzy biases.
The input-output relations of our fuzzy neural
network can be written for the h-level sets:
Input units:

0; = Tj, 1=1,2,...,n

(2.15)
Hidden units:

[Zjln = f([Netj]n), ji=1,2,...,m,
(2.16)

Net h—zoz ]'Lh+ ] (217)

Output unit:

[Yeln = f([Netk]n), k=1,2,....s,
(2.18)

INeteln = > [Wigln[Ziln + [Chln-  (2.19)

7j=1

From Egs.(2.2)-(2.19), we can see that the h-level
sets of the fuzzy outputs Y};’s are calculated from
those of the fuzzy weights, fuzzy biases and crisp
inputs. From Eqgs.(2.7)-(2.9), the above relations
are rewritten as follows when the inputs x;’s are
nonnegative, i.e., 0 < x;:

Input units:

(2.20)

0; = Ij.
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Hidden units:

(Z]n = 1255, 1Z;)5] =

[F(INet;]5), f(INet;];)), (2.21)

where f is increasing function.
[Net;]f = 0i[Wyilf; + [BjIf, (2.22)
i=1
[Net;] ZOZ i+ (B (2.23)

Output units:

Yiln = [[Yalh, [Yali] =

[f([Net]r), f([Nety]})], (2.24)
where f is increasing function.

[Netily = > Wiglh-[Z1k+
Jj€a
D Wil 123 + [Calis
j€b
INetr]), = (Wi li (20 +
j€Ec

> Wil 1205 + [CHlf, (2.25)

jEd
for [Z;]Y > [Zj]F > 0, where a = {j | [Wi;]E >
0}, b ={j | [Wk]]L <0}, e={j| Wyly >
0hd={j| [Wi]7 <0}, aub={1,...,m} and

cud={1,...,m}.

3 FDEs under generalized dif-
ferentiability
Let us consider the FDE

dy(z)
dx

= f(z,9) (3.26)
where y is a fuzzy function of z, f(x,y) a fuzzy
function of the crisp variable x and the fuzzy vari-
able y, and ¢/ is the fuzzy derivative of y. If an
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initial value y(a) = A is given, we obtain a fuzzy
Cauchy problem of first order:

{%?zﬂ%m
y(a) = A,

where A is a fuzzy number in E with h-level sets

€latl (37

[Aln = [[A]5, [A)F],  0<h<1

Theorem 3.1 [15] Let f : X X E — E be a
continuous fuzzy function such that there exists
k > 0 such that D(f(z,y), f(z,2)) < kD(y,z),
Ve € X,y,z € E. Then problem (3.27) has two
solution (one (1)-differentiable and the other one
(2)-differentiable) on X.

Definition 3.1 Lety: X — FE be a fuzzy func-
tion such that Dvy or Doy exists. If y and Dy
satisfy problem (3.27), we say y is a (1)-solution
of problem (3.27). Similarly, if y and Doy sat-
isfy problem (3.27), we say y is a (2)-solution of
problem (3.27).

Let [y(@)]n = (@), y@)];]. I y(z) is (1)-
differentiable then Diy(z) = [[y/(2)]E, [ (z)1Y],
and (3.27) translates into the following system of
ODEs:

U, (@) = [A.

(3.28)
Also, if y(z) is (2)-differentiable then Doy(z) =
[y (@)]Y, [y (2)]E], and (3.27) translates into the
following system of ODEs:

[ (@)l = [f (=),
[/ ()] = [f(z, )]},
(3.29)

where [f(x7y)]h = [[f(xv y)]ﬁ? [f(xa y)]g] The au-
thors of [15] state that if we ensure that the so-

lution [[y(z)]%, [y()]¥] of the system (3.28) are
valid level sets of a fuzzy number valued func-
tion and if [[y(z)]%, [y(z)]}] are valid level sets
of a fuzzy valued function, then by the stacking
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Theorem [32], it is possible to construct the (1)-
solution of FDE (3.27). Also, for the (2)-solution,
we can proceed in a similar way.

The Characterization Theorem [11] states that
a FDE is equivalent to a system of ODEs under
certain conditions.

Theorem 3.2 [/6] Let us consider the FDE
(3.27) where f : X x E — E is such that

(i) [f (2, 9)]n =
[Lf (. [yly; [y I )]ﬁ Lf ( AUSIAE
(ii) [f (e ) lE and. [ (el W)Y are

equicontinuous;
(iii) there exists L > 0 such that

|[f($,y1,21)]ﬁ -

Lmaz{|y1 — ya|, |21 — 22/},

[f (2, y2, 22) 5| <

Vh € [0,1];

[f($,y2az2)]g’§
_y2‘7|21—22|}, Vh € [071]
Then, for (1)-differentiability, the FDE (3.27)
and the system of ODFEs (5.28) are equivalent and
in (2)-differentiability, the FDE (3.27) and the
system of ODEs (3.29) are equivalent.

Hf(x7 Y1, Zl)]g -
Lmaz{|y

Let us assume that a general approximation so-
lution to Eq.(3.27) is in the form yr(z, P) for yr
as a dependent variable to x and P, where P
is an adjustable parameter involving weights and
biases in the structure of the three-layered feed
forward FNNM (see Fig. 2). The fuzzy trial so-
lution yr is an approximation solution to y for the
optimized value of unknown weights and biases.
Thus the problem of finding the approximated
fuzzy solution for Eq. (3.27) over some colloca-
tion points in [a,b] by a set of discrete equally
spaced grid points
a=x1<23<...<x9=0,
is equivalent to calculate the functional yr(x, P).
In order to obtain fuzzy approximate solution
yr(xz, P), we solve unconstrained optimization
problem that is simpler to deal with, we define the
fuzzy trial function to be in the following form:

yr(z, P) = a(x) + B[z, N(z, P)], (3.30)
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Hidden units

Figure 2: Three layer fuzzy neural network
with one input and one output.

where the first term in the right hand side does
not involve with adjustable parameters and satis-
fies the fuzzy initial condition. The second term
in the right hand side is a feed forward three-
layered fuzzy neural network consisting of an in-
put x and the output N(z,P). The crisp trial
function was used in [38]. In the next subsec-
tion, this FNNM with some weights and biases is
considered and we train in order to compute the
approximate solution of problem (3.27).

Let us consider a three-layered FNNM (see Fig.
2) with one unit entry x, one hidden layer consist-
ing of m activation functions and one unit output
N(z, P). In this paper, we use the sigmoidal ac-
tivation function s(.) for the hidden units of our
fuzzy neural network.

Here, the dimension of FNNM is 1 x m x 1.

One drawback of fully fuzzy neural networks
with fuzzy connection weights is long computa-
tion time. Another drawback is that the learning
algorithm is complicated. For reducing the com-
plexity of the learning algorithm, we propose a
partially fuzzy neural network (PFNN) architec-
ture where connection weights to output unit are
fuzzy numbers while connection weights and bi-
ases to hidden units are real numbers [29, 42].
Since we had good simulation results even from
partially fuzzy three-layer neural networks, we do
not think that the extension of our learning algo-
rithm to neural networks with more than three
layer is an attractive research direction.

M. Mosleh /IJIM Vol. 5, No. 4 (2013) 281-297

For every entry = the input neuron makes no
changes in its input, so the input to the hidden
neurons is

net; = x.wj; + bj, j=1,...,m, (331)
where w; is a weight parameter from input layer

to the jth unit in the hidden layer, b; is an jth

bias for the jth unit in the hidden layer. The
output, in the hidden neurons is
zj = s(netj), j=1,...,m, (3.32)

where s(.) is the activation function which is nor-
mally nonlinear function, the usual choices of the
activation function [23] are the sigmoid transfer
function, and the output neuron make no change
its input, so the input to the output neuron is
equal to output

N=Vizi+...+Vizj+...+ Vpzm, (3.33)

where V; is a weight parameter from jth unit in
the hidden layer to the output layer. From Egs.
(2.20)-(2.25), we can be rewritten for h-level
sets of the Egs. (3.31)-(3.33). For reducing the
complexity of the learning algorithm, input z
usually assumed as non-negative in fully fuzzy
neural networks, i.e., 0 <z [28]:

Input unit:
0o=1x (3.34)
Hidden units:
zj = s(netj), j=1,...,m, (3.35)
net; = o.w; + b;. (3.36)
Output unit:
[N]n = [Ny, [N]R] =
D Wilk-zi > Vil 2] (3.37)
j=1 j=1

A PFNNy (partially fuzzy neural network with
crisp set input signals, crisp number weights and
biases to hidden units and fuzzy number weights
to output unit) solution to Eq. (3.27) is given in
Fig. 2. How is the PFNN,4 going to solve the
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fuzzy differential equations? The training data
are a = 71 < T2 < ... < x4 = b for input. We
propose a learning algorithm from the cost func-
tion for adjusting weights.

Consider the following fuzzy initial value prob-
lem for a first order differential equation (3.27),
the related trial function will be in the form

yr(xz,P) = A+ (xr —a)N(z, P), (3.38)
this solution by intention satisfies the initial con-
dition in (3.27). In [28], the learning of our
fuzzy neural network is to minimize the dif-
ference between the fuzzy target vector B =
(B1,...,Bs) and the actual fuzzy output vector
O = (0q,...,0;s). The following cost function
was used in [28, 3] for measuring the difference

between B and O:

e=Y en=> h{) (B — [O})*/2
h h k=1

+Z [Bili = [O&]1)?/2},

(3.39)

where ¢y, is the cost function for the h-level sets of
B and O. The squared errors between the h-level
sets of B and O are weighted by the value of h in
(3). In [29], it is shown by computer simulations
that their paper, the fitting of fuzzy outputs to
fuzzy targets is not good for the h-level sets with
small values of h when we use the cost function in
(3). This is because the squared errors for the h-
level sets are weighted by A in (3). Krishnamraju
et al. [34] used the cost function without the
weighting scheme:

=3 en=3 0> (B~ [Ou]F)?/2
h h k=1

+Z [Bili — [Ok]})?/2}.

(3.40)
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In the computer simulations included in this pa-
per, we mainly use the cost function in (3) with-
out the weighting scheme.

The error function that must be minimized for
problem (3.28) is in the form

g g
€1 = E €1 = E E €1ih =
i=1

i=1 h

g
Z Z{efm + et}

(3.41)
i=1 h
where
I e - ~ U rtes P

N e VTR ) i
2

Also, the error function that must be minimized
for problem (3.29) is in the form

g g
€2 = E €2; = E E €2ih =
i=1

i=1 h

g
Z Z{eéh + ebin )

(3.42)
=1 h

where

d Li,
o (S PIL 1,y (2, P)))Y)?
€2in = 9 ’

d Li,
o (R — fayr(es P
2ih — .

and {z;}7_, are discrete points belonging to the
interval [a, b] and in the cost functions (3.41) and
(3.42) ek, | el can be viewed as the squared er-
rors for the lower limits and ele‘fw egz-h the upper
limits of the h-level sets. It is easy to express the
first derivative of N(x, P) in terms of the deriva-
tive of the sigmoid function, i.e.

i , Oz; Onet; _
i anet ox

Jj=1
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Z[Vj]ﬁ zj-(1 = zj).wj, (3.43)
7=1
IINY Ky, 0z Onet;
or Z[ il onet;” Ox
7j=1
Z[Vj]l[{ zj-(1 = zj).w; (3.44)

Now differentiating from trial function yr(z, P)
in (3.42), we obtain

e P _
Ox
T L
N, P + (o — o) 20 P
8[yT(xa P)]g —
ox
T U
NG P+ (@ — o) 2D,

thus the expressions in (3.43) and (3.44) are ap-
plicable here. A learning algorithm is derived in
Appendix.

4 Example

In this section, we apply FNNM to an example.
Consider the following FDE

Example 4.1 Consider the nuclear decay equa-

tion
y(0) = A,

where y(x) is the number of radionuclides present
in a given radioactive material, A is the decay
constant and A is the initial number of radionu-
clides. In the model, uncertainty is introduced
if we have uncertain information on the initial
number A of radionuclides present in the mate-
rial. Note that the phenomenon of nuclear dis-
integration is considered a stochastic process, un-
certainty being introduced by the lack of informa-
tion on the radioactive material under study. In
order to take into account the uncertainty we con-
sider A to be a fuzzy number.
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Let A\ =1, x € [0,0.1] and [A]p = [h—1,1—h].
By using the Eq. (3.28) we get the exact solu-
tion

[y1(@)]n = [(h —1)e”, (1 = h)e”],

that is a (1)-differentiable solution of the problem
(3.27). Using the Eq. (3.29) we get the exact
solution

[y2(2)]n = [(h = 1)e™, (1 = h)e™™],

is a (2)-differentiable solution of the problem
(3.27).

In the interval [0,0.1] we consider a set of dis-
crete equally spaced grid points 0 = x1 < 0.01 <
.. < 0.1 and for Eq. (3.28) and Eq. (3.29) the
approzimate solutions are denoted by yi7(x, P)
and yor(x, P), respectively.

Here, the dimension of PFNN is 1 x5 x 1. The
error function for the m = 5 sigmoid units in
the hidden layer and for g = 11 equally spaced
points inside the interval [0,0.1] is trained. In the
computer simulation of this section, we use the
following specifications of the learning algorithm.

(1) Number of hidden units: five units.

(2) Stopping condition: 100 iterations of the
learning algorithm.

(8) Learning constant: n =0.1.

(4) Momentum constant: o = 0.2.

(5) Initial value of the weights and biases of
PFNN are shown in table 1, that we suppose V; =
(vl-(l), vi@), UZ-(?’)) fori=1,...,5.

We apply the proposed method to the approx-
imate realization of solution of problem (3.27).
A comparison between the exact and approximate
solutions at x = 0.1 us shown in the Figures 3
and 4. Now, if we consider the same differential
equation under Hukuhara differentiability, then
the (1)-solution (it exists and is unique by theo-
rems in [54]) has an increasing length of its sup-
port, which leads us to the conclusion that there
s a possibility that the radioactivity of the system
increases as time goes on and even a MON-zero
possibility that it is negative. Fortunately, the real
situation is different, and the radioactivity of a
material always decreases with time and it can-
not be negative. So, the (2)-solution models the
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T
— Exact solution
O Approximate solution

0 L L L L L
-15 -1 -05 0 05 1 15

Figure 3: Analytical solution y; and ap-
proximate solution yi7.

T
— Bxact solution
O Approximate solution

0 I L I L L L L L L
-1 -0.8 -0.6 -0.4 -0.2 0 02 0.4 06 08 1

Figure 4: Analytical solution y, and ap-
proximate solution yo7.

radioactive decay better. Now, if we consider the
same differential equation under Hukuhara dif-
ferentiability, then the (1)-solution (it exists and
is unique by theorems in [54]) has an increas-
ing length of its support, which leads us to the
conclusion that there is a possibility that the ra-
dioactivity of the system increases as time goes on
and even a non-zero possibility that it is negative.
Fortunately, the real situation is different, and
the radioactivity of a material always decreases
with time and it cannot be negative. So, the (2)-
solution models the radioactive decay better.
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heighti 1 2 3 4 5
o 0505 -05]-05]-05
P Lol oo | o] oo
v® 05| 0505 05 05
w; ol ol o] o] o0
bi ol o] o] o] o0

Table 4.1. The initial values of weights

5 Conclusion

Solving fuzzy differential equations (FDEs) under
generalized differentiability by using universal ap-
proximators (UA), that is, FNNM is presented in
this paper. The problem formulation of the pro-
posed UAM is quite straightforward. To obtain
the ”Best-approximated” solution of FDEs, the
adjustable parameters of FNNM are systemati-
cally adjusted by using the learning algorithm.

In this paper, we derived a learning algo-
rithm of fuzzy weights of tree-layer feedforward
fuzzy neural networks whose input-output rela-
tions were defined by extension principle. The ef-
fectiveness of the derived learning algorithm was
demonstrated by computer simulation on numeri-
cal example. Since we had good simulation result
even from partially fuzzy three-layer neural net-
works, we do not think that the extension of our
learning algorithm to neural networks with more
than three layers is an attractive research direc-
tion. Good simulation result was obtained by this
neural network in shorter computation times than
fully fuzzy neural networks in our computer sim-
ulations.

Appendix

Derivation of a learning algorithm in
PFNN

Let us denote the fuzzy connection weight
V; to the output unit by its parameter values
as Vj = (vj(l), . ,U](-q), .. ,UJ(T)). The amount of
modification of each parameter value for problem

(3.28) is written as [27]

ol (t+1) = 0l (8) + 20l (2),
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q "~ dein (@)
Avj(t) = —nz @ +a. Avi(t—1),
i=1 OU;

and the amount of modification of each parameter
value for problem (3.29) is written as:

W+ 1) = 0l (8) + 20l (2),

g

degin ()
i=1 j

where t indexes the number of adjustments, n is
a learning rate (positive real number) and « is a
momentum term constant (positive real number).

Thus our problem is to calculate the derivatives
9etin onq 9ezin

oot and “og Let us rewrite Zzl(fl’; and 322(;*; as
J J J J
follows:
Oetin _ Oetin 8[‘/3]5 devin, 8[‘/3];[{
0o ~ AV 00 T OVIT 0o

Oezin _ Dein oVilk
(%J(.Q) 6[%% (%](-q)

o1Vl
8v(§)

desin, O[V;1Y
8[‘6]}({ (%J(.q)

vy :
- are easil
6v(.q) Y

In this formulation, and

calculated from the membership function of the
fuzzy connection weight V;.

On the other hand, the derivatives 3{‘3/1_1']’1,
VRN

Oe1in Oeaip deain .
AL and BV are independent of the

shape of the fuzzy connection weight. They can
be calculated from the cost functions eq;;, and eg;p,
using the input-output relation of our fuzzy neu-
ral network for the h-level sets. When we use
the cost function with the weighting scheme in

Oeiin  Oerin  Oeaipn Oegin
(3-41) and (3.42), o, ot ol and gl
are calculated as follows:
[Calculation of 8‘9[;71?]}2]
Jih
aelih L O[N(xl,P)]ﬁ 82’]‘
=7 [ ——————L~1 i —a).—==
v e T,
_a[f(x,yT(:ri,P))]ﬁ 8[yT(xZaP))}fLL]
Olyr(x:, P))F ovily 7
where
dyr(xz;, P
5 = (PN (s, PYIE),

dzx
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w] = (w;
Vi Z

ON (x4, P)JE
vk

. detin
[Calculation of A ]

— a).zj,

= Zj.

detin

avily

Olf (@, yr(xi, P))]} a[yT(UCuP))]f(zj]
Olyr(xs, )~ OVl 7

where

ON (z;, P))}]

oIV, +(l’i—a).8x

o[

dyT(:L'i, P)
dx

8 Ty, U
[yT( j;)))]h] _ (-Tz - a).zj,

sV = ([ I = Uf (@i, yr (@i, P,

AVl
ON (i, Py _
ovily
[Calculation of af’[“f/jz]f%]
Oeain, 1, (O[N(z;, P)]Y 0z
=& [ -+ (@i —a).—o=
ovilk T ol o
_Olf @, yr(es P Olyr(a PIE,
Oyr(wi. P~ OIE
where
d i, P
0 = ([yT(dx)]g = [f (@i yr(zi, PR,
Olyr(zi, P))Ik
—— ) = (@i —a).z,
Vil g
ON (x4, P)]},
—Qan L %t
IVl
[Calculation of aa[i/jl]’;l{]
aeQih U aN([L‘“ P)]i’ 82'3
=0 [+ (@i —a). o
ovily T ol 5

Of (@ yr (i, P)) Olyr(xi P}, ]
yr(z:, P);, OVl ,
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where

8 = (P PNy e, PYID),

Olyr(zi, P))|Y
vyl

ON (z;, P))Y
vyl

In our partially fuzzy neural network, the con-
nection weights and biases to the hidden units are
real numbers. The non-fuzzy connection weight
w; to the jth hidden unit is updated in the same
manner as the parameter values of the fuzzy con-
nection weight V; as follows:

| = (zi—

a).zj,

:Zj.

w;(t+ 1) = w;(t) + Lw;(t),

Aw;(t) = —

The derivative 85# and 85% can be calcu-

J J
lated from the cost function e;;, using the input-
output relation of our PFNN for the h-level sets.
When we use the cost function with the weighting

scheme, 857};_’1 and 85% are calculated as follows:
J J

oetin 8[N(l‘z'7 P)]L

bt (i —

= o1 a).[Vjlk -2

8wj awj

+(wi — ).z [V 2(1 — 2))w;

a).[Vjli-z5 — 2(zi — a).i.[V]} .2

— (i — 2

O f (xs, yr(zi, P))k
Olyr (x4, P))k

Olyr(zs, Py,
' 0

W'j—f—a[f(%iny(m’P))]%m

(1= zj)w; — (

Olyr(zi, P)Y]

ON (z;, P)|V
(z )]h
ow;

8wj

)] +67]
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—a).2;.[Vj]¥ .z

a).[Vjl 25—

(zi — a).[Vj]} .2 + (zi
(1 = zj)w; — (i —
2(z; — a)xZ[V]]II{ZJQ(l — zj)w;—

OLf (s, yr(xi, P)) Olyr(xi, P)]y
Olyr(zi, Pk 9

(
Wi+

Of (s, yr(xi, P)) Olyr(xi, P)]Y

yrw P owy )

and

ON (i, P)]j;

Oea;
Cain by (2 —a).[VjlY 2

=Y.
Jw, 9 [

8wj
i — a)a [Vl 2 (1 — 2w

-(x'i-a).

Vil -2 — 2(wi — a).ai. [Vly 2 (1 = 2j)w;—

a[f(xuyT(qu))]ﬁ 8[yT($z,P)]£

(

Olyr (i, Py 9
wj+
a[f(l'lvyT(xZ’P))]ﬁ a[yT(l'%P)}g)]_i_
Oyr(z, P))l ~  Ow
€Iy, L
5gPN%@”M+wm—amwm@+ww—a»
zi[Vil-2i (1 = zp)w; — (x5 — a).[Vi]§-25 —

2as — a).ai[Vlh 2201 — 25w
)

]
8[f(xi7yT(xl7 ) ]% 8[yT<$%7P)]%
Alyr(xzi, P), 9

(
Wj

+3[f($i, yr(zi, P), Olyr (i, P)]j,
U

Olyr(xzi, P)) 9

wij)l;
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where

OIN (@i, P)lf _ OIN (i, P)ly 9z
Ow, 0z; “Onet;
Oonet;
awj] = [Vjlhz.(1 = 25).4,

OIN G, PV DN P 02
ow; 0z “Onet;
onet;
awjj = Vil 25.(1 = 2j).i,

Olyr(zi PIE _ () NG, P
Owj ! 8wj ’

Olyr(ei P _ (_ OINGes P
810]' ! ' Bwj ’

The non-fuzzy biases to the hidden units are
updated in the same manner as the non-fuzzy
connection weights to the hidden units.
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