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There exist problems in fuzzy finite element methods because technique of
solving fuzzy equations is not perfect. For example, computation amount
is too big and both sides of the equality are not exactly equal when solutions
are substituted into the original equation. The concept of monosource fuzzy
number is developed to simplify the calculation process of fuzzy equations.
However the source of fuzziness in practical engineering is difficult to be
judged and the source of fuzzy coefficient is non-unique. Indeed, no effi-
cient method is available to solve fuzzy finite element equations. In this
paper, fuzzy coefficient programming is combined with the essence of elas-
ticity. In other words, the force equilibrium of elastic object is the process
of minimizing energy of a quadratic equation. A new fuzzy finite element
solution and a new neural network algorithm of fuzzy finite element are
developed. The method was proved to be efficient and feasible through
circuit simulation.

Keywords: Fuzzy finite element, Fuzzy coefficient programming, Fuzzy equations,
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1 INTRODUCTION

The finite element method is a very popular tool for both static and dynamic
analysis of engineering systems. Its ability to predict the behavior of a struc-
ture under static or dynamic loads is not only of scientific interest, but also of
practical significance. Areliable finite element analysis could make prototype
production and testing obsolete, therefore significantly reducing the associated
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design validation cost. Traditional finite element approaches require crisp or
well defined input parameters. For instance, given the geometry, material
properties, load and boundary conditions, a crisp result can be calculated on
an element-by-element basis. Unfortunately, sometimes it is very difficult to
ensure the reliability of the result of a finite element analysis for realistic
structures that are not precisely defined [1]. For instance, the geometric prop-
erties, as well as the effects of service conditions on physical, mechanical,
and electromechanical properties of smart structures, are vaguely understood
and therefore cannot be precisely defined. If the uncertainty is due to vaguely
defined system characteristics, imprecision of data, insufficient information
and /or subjectivity of opinion or judgement, then fuzzy set based treatment
is appropriate.

The fuzzy finite element methodology is a new area of finite element anal-
ysis that began in the early 1990s. [2,3] applied fuzzy set based methods to
finite element analysis of geotechnical soils and foundations, elasto-plastic
finite element analysis, [4] applied fuzzy set based methods to modelling of
damping in dynamic finite element analysis. [5,6] applied fuzzy set based
methods to static analysis of structures. [7] proposed a fuzzy finite element
method for static analysis of engineering systems using an optimisation based
scheme for the numerical solution of systems of fuzzy parameters, geometry
and applied loads was considered and implemented in their approach. [8]
developed a fuzzy finite element method for vibration analysis of impre-
cisely defined systems by using a search-based algorithm. Their approach
enhances the computational efficiency in fuzzy operations for identifying the
system dynamic responses. [9-11] developed a finite element analysis proce-
dure utilizing the concept of fuzzy sets through interval calculations and also
computed the response of different structural systems due to geometric and
loading uncertainties. Noor et al applied fuzzy finite element method to analy-
sis of space structures [12], flexible multibody systems [13], welding residual
stress fields [14], composite structures [15], tethered satellite system [16]. [17]
gave a Neumann expansion for fuzzy finite element analysis. [18] proposed
a fuzzy finite element approach for modelling smart structures with vague or
imprecise uncertainties. [19] proposed a fuzzy arithmetical approach to the
solution of finite element problems with uncertain parameters.

On the basis of the second order perturbation method of small parame-
ter, [20], [21] provided the fuzzy functional of overall potential energy and the
second order perturbation expansions, and deduced definite recursion equa-
tion of fuzzy variational principle. Fuzzy finite element recursion equation
was established based on fuzzy variational principle. [22] took into account
the process in which the element stiffness matrix is assembled into the total
stiffness matrix, and improved the fuzzy finite element method developed
by [20], [21].

The basic idea of all methods mentioned above is that: fuzziness of the
coefficients was introduced into precise finite element equation, and fuzzy
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finite element equation was transformed to a set of precise interval equations
in terms of a set of threshold valugssolving these interval equations, then
taking use of factorization theorem of fuzzy set theory to find solution of
fuzzy finite element equilibrium equation [23]. In this way, we have to face a
large number of interval equations. What's more is that the interval numbers
are quite different from precise numbers, so that the algorithm operations are
different completely. For example two interval numberandb, a — b =

la — b, a — b]. It is obvious that the result of an interval number subtracted
by itself is not zero. Hitherto there is no satisfied interpretation to the interval
equations.

The second idea to solve fuzzy finite element equations is that the fuzziness
of coefficient in the equations is not taken into consideration at first. After the
expression of variables being determined with conventional equations solu-
tion, fuzziness of coefficient is introduced and fuzzy solution can be obtained
according to fuzzy operation rules [19].

Recently, the concept of fuzzy source and operation rules of monosource
fuzzy numbers is developed [24]. The third idea is that the concept of
monosource fuzzy numbers is introduced into equations, and fuzzy equation
can be transformed to conventional equations by using the operation rules
of monosource fuzzy numbers, which can largely simplify the calculation
process [25].

Among the three methods mentioned above, the third one, i.e. the fuzzy
finite element equation based on monosource fuzzy numbers, is easy to cal-
culate and a precise solution can be obtained. However it is difficult to judge
the source of fuzziness and the source of fuzzy coefficient is non-unique,
thus restricting the use of the method. The first two methods are widely used
because they have general sense in practical application. But the disadvantage
of the two methods is that computation amount is too big and both sides of
the equality are unequal when the solutions are substituted into the original
equation. So the methods are only approximate methods.

Neural network is a complicated nonlinear dynamic system with highly
parallelism. Optimization problems can be mapped into dynamical circuit with
appropriate neural network. The problem can be solved within an elapsed time
of circuit time-constant. The essence of neural network optimizing calculation
is through constructing appropriate network structure and learning method and
associating some coefficients of network with design variables and energy
function of network with some objective functions of optimization. When
the neural network running, energy of the network is reduced and the energy
reaches minimum value when the system attains equilibrium.

The paper combines fuzzy coefficient programming [26] with the essence of
elasticity, i.e. the process of force equilibrium of elastic object is the process of
minimizing energy of a quadratic equation. Anew fuzzy finite element solution
and a new neural network algorithm of fuzzy finite element are developed. The
method was proved to be efficient and feasible through the circuit simulation.
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2 FUZZY COEFFICIENT PROGRAMMING

Conventional programming problem can be described as follows

(P maxf(c,x)
g@x)<0
st{hb,x)=0 . 1)
XebD

where f(c, X) is a n-variable function whose variables are = (x1,
X2, ..., xn) With the coefficients
c= (c1’c2""7cn)

g(av )C) = (gl(ala X)7 82(3-2, X), LR ] gn (ana X))/
where g;(a;,X) is a n-variable function whose variables are = (x1,
X2, ..., xy) With the coefficients

a-i = (ailv aj2, ..., alS,)
h(b,x) = (h1(b1, X), h2(b2, %), ..., Ky (D, X))’

where hj(b;, X) is a n-variable function whose variables are = (x1,
x2, ..., x,) with the coefficients

bj=(bj1,bj2,...,bjpj),j=1,2,...,m.

D is a subset oR”".

For many practical problems, the coefficients of programmitgoan not
be known definitely. If the coefficients of() are fuzzy numbers, the problems
are transformed to “fuzzy coefficient programming” problems, in brief FCP
whose expression is:

(P maxf (g, x)

g@x)<0
stihb,x)=0 . (2
XebD

where f(€,x) is a n-variable function whose variables are =
(x1, x2, ..., x,) with the coefficients

6=(617525'-'7En)

g(a x) = (g1(81, X), g2(82, X), . .., gn(&y, X))’
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where g;(&;,Xx) is a n-variable function whose variables are =
(x1, x2, ..., x,) with the coefficients

& = (ai1, iz, . .., dis;).

h(b, x) = (h1(b1, X), ha (b2, %), ..., hy(Bm, x))'.

where h;(b;,x) is a n-variable function whose variables are =
(x1, x2, ..., x,) With the coefficients

bj = (bj1.bja.....bjp)). j=1.2.....m.

All the fuzzy coefficients are called “fuzzy coefficients” of FCP. Definition
and solution related to fuzzy optimization are given as follows

1) For any given degree of membershif® < » < 1), corresponding-cut
set of any fuzzy numbef is a closed interval (thé -cut set ofe is defined
as support set of the fuzzy number whier= 0), i.e.e(1) = [¢/(X), " ()]
where real numbet’ (1) < e”(1).

2) For any fuzzy vectore = (é1,é2,...,é,), A -cut set ofe¢; is
&) = [e} (M), e/ (W)]. Let&(n) = [e} (1), e5(M)), . .., e, (W], then&' (1) =
[ef (M), e5(A), ..., e, (M)]. To any valuee; (1) in the intervalle; (1), e/ (1)]
there exists a vectoe(h) = [e1(1), e2(X),...,e,(1)] accordingly. For
ei(M) € [€) (1), e/ (M)], we havee(r) € [€ (1), €' (M)].

3) For any given degree of membershipnd any number randomly taken
from A-cut set of each fuzzy coefficient, a general rule can be obtained:

(P maxf(ca),x)

g@i),x) <0
st.ih(bO),x)=0 . 3)
xeD

Eq. (3) is called a X-rule” of FCP, in briefA — P, z*(1) denotes the
optimal value of (3) (if (3) has no feasible solutionf(A) = —oo is
defined as the optimal value). Wheté.) = (c1(A), c2(A), ..., cn(V)),
ci(A) is an arbitrary value irk-cut set[c; (1), c/'(1)] of fuzzy numberc;;
a(A) = (ai1(r), ai2(r), ..., ais (1)) wherea;, (1) is an arbitrary value in
A-cut set[ai,(A), ai,(A)] of fuzzy numberdiz, z = 1,2,...,s; b;(A) =
b1V, bjo), ..., bjpj (L)) wherebjy (1) is an arbitrary value in.-cut set
b}y (), by, (1] of fuzzy numbebjy, w =1,2, ..., p;.

w
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FCP usually has many— P (at least one). So quadratic programming can
be obtained:

(P maxz*(1)

c(d) € [c()', c(r)"]
st.{a®) €[al)/,an)" . (4)
b(x) € [b()', b()"]
Variablex obtained here isX-optimal solution” of FCP shown as (2), denoted
asx(1). And X = {x(A)|0 < A < 1} is the fuzzy optimal solution of
programming (2).

It can be concluded from above that a fuzzy coefficient programming prob-
lem can be transformed to a conventional quadratic programming problem.
However the problem of quadratic programming is very complicated. To some
FCP that meet with some conditions, a simple solution can be obtained accord-
ing to the following theorem.

Theorem [26]: ifx € D, f(c, X) andg(a, X) are non-decline functions of
anda, h(b, x) is a non-decline continuous functiokoptimal programming
(4) and conventional programming (5) have the same optimal values.

P maxf(c)”,x)
g((@®))’,x) <0
h((b(r)),x) <0
h((b(x)",x) >0
xeD

S.t.

(5)

In the same way, for minimizing fuzzy optimization problem
(P  min f(c, x)
g@x)<0
stinb,x)=0 . (6)
xeDbD

if x € D, f(c, x) andg(a, X) are non-decline functions efanda respectively
andh (b, x) is a non-decline continuous functionigfi.-optimal programming
(6) and conventional programming (7) have the same optimal values.

(P min f(c()', %)
g((@l))’,x) <0
h((b(nr)),x) <0
h((b(r))”,x) >0
xeD

S.t.

(7)
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3 FUZZY COEFFICIENT OPTIMIZATION OF FUZZY
EQUILIBRIUM

The problem of elasticity finite element’s calculation can be summed up to the
following problem of quadratic optimization [27]:

m|n 1_[ —STKS

st AS =38(insy)

(8)

whereK is global stiffness matrixg is nodal displacement vectar,is nodal
load vectorA is constraint matrix.

There are many coefficients in practical engineering analysis, such as Pois-
son’s ratio and elastic modulus of material, structure size, boundary conditions
and load are all fuzzy. Under common conditions, nodal displacement con-
straints are considered to be known clearly, i.e. they have no fuzziness. Then
the problem of elasticity finite element can be summed up to the following
quadratic fuzzy coefficient optimization problem:

1 .
i = 8"Ks—§'s
(P min 5 q ' ©
st A§ =38(insy,)

The equation is a quadratic programming problem. To simplify the problem
with the above theorem, the equation can be changed to

P mml—[ —STK8-|- 10)

st As=3.

wherea = —q.

Heref = 1sTKs+G's; f is anon-decline function &t andg™. Accord-
ing to the theorem quadratic fuzzy coefficient programming is transformed to
conventional programming problem:

1 - N
P) min=8"KM)'s +qn)Ts
(P) 5 ) am ‘ 11)
st As=3¢

wherea ranges at [0,1].

Equality constraint finite element problem (11) can be transformed to
unconstraint finite element problem: nodal stiffness matrix is transformed to
global stiffness matrix; the element at intercross ofitheow andith column
in global stiffness matrix is deleted if theh displacement has constraints,
then a global stiffness matrix of reduced order is obtained, denotéd@s’;
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if § = 0, theith component is deleted from the line vector of load, then load
vector of reduced order is obtained§ if« 0, theith componentis deleted from
the line vector of load vectors and rectifying calculation is applied on the vec-
tors, then line vectors of load of reduced order is obtained, denoﬁ;c{aﬁ.
Thus constraint optimization is transformed to unconstraint optimization.

4 NEUROCOMPUTING BASED ON FUZZY COEFFICIENT
OPTIMIZATION

It can be seen from above analysis that the problem of solving fuzzy finite
element equations can be transformed to a set of unconstraint optimization
problem by using fuzzy coefficient programming, i.e. eachorresponds

to an unconstraint optimal equations.xlfvalues ofi are takenp different
optimization problems have to be solved. It will take lots of time to solve
the complicated problem that has thousands of nodes. For neural network
can obtain solution of optimum problem within an elapsed time of circuit
time-constant, a neural network will be constructed to realize real-time fuzzy
finite element algorithm in this section. Eagh— P optimization problem

will be calculated with the neural network. The energy function in the neural
network is denoted aB (1), andE (1) is taken as objective functions bf- P
optimization, expressed by:

EQ) = ZZ W88 + Y da(V);3i. (12)

i=1j=1 i=1

whose dynamical equation is:

m

dsi dE(x) Z

E - )‘)” (ja ()‘«); (13)

In view of

dE() zzd_(s )‘)U(S +an()n)

dt i=1 dr j=1 i=1
" ds; N ’ A
_ _Z_t<_ZKa(,\)ij5j —%(A)E)
i=1 j=1
o i ds; ds;
o dr dr
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When%®) — 0, we have

ds;
d—;:O,i:l,Z,...,m.

which shows that minimum energy point is coincident with the p%%’nt: 0.

To aquadratic optimization problem, there is a unique minimum solution when
K (1)’ is a positive definite matrix, i.e. neural network will converge to global
minimum value of the optimization.

5 NUMERICAL EXAMPLE

Following example shows the construction of neural network and its appli-
cation on the solution of fuzzy finite element based on fuzzy coefficient
programming.

As shown in Fig. 1, a uniform rectangle sheet, thickness 1mm, one
end s fixedg is applied load on the other end a& a triangle fuzzy number
(0.98,1,1.02) kN/m, length 2 m, width 1 m, Young’s modultiss a triangle
fuzzy numbers (204,206,208)10°MPa, Poisson’s ratip. = % Gravitation
is not taken into consideration. Try to find each point’s displacement.

Equations constructed are expressed by submatrix, i.e.

K§=F. (14)

where

K11 K12 Kiz Kig
K21 K22 Koz Kog
K31 K32 K33 Kz
Ka1 Ka2 Kaz Kag

PN
I
1
v
v

v

7 0 -3 2 0 -4 4 2

0 13 2 -1 -4 0 2 -12
|-3 2 7 -4 -4 2 0 O
_8h|2 -1 -4 13 2 -12 0 O
T 320 -4 -4 2 7 0 -3 2
-4 0 2 -12 0 13 2 -1

4 2 0 0 -3 2 7 -4

|2 -12 0 0 2 -1 -4 13|
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@

FIGURE 1
Load of rectangle sheet and finite element diagram.
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The equations are substituted into (9), then the problem to solve fuzzy finite
element equilibrium equations is transformed to fuzzy coefficient optimization
problem:

1 +x X
min(ESTKa — FT(S). (15)

According to the above theorem and (11), fuzzy coefficient extreme value of
(13) can be transformed to a set of conventional extreme value problems:

min (%fk (W8 + (—ﬁT)(x)/5> . (16)

wherehA =1—-i/n,i =0,1,2,...,n.
For differenti, A — P problem can be resolved through neural network.
Optimizing calculation of neural network is composed of the following
parts:

1) integrator.
2) reverse adder.
3) feedback loop.

4) reverse controller to realize negative resistance.

Instantaneous simulation of circuit was operated on Protel98/Sim98 worksta-
tion, results are shown in Table 1.

Results of simulation are the same to the results calculated on Matlab
workstation.

TABLE 1
Results of Simulation

A X2 y2 X3 y3

1.0 9.63 173 8.71 0.115
09 971 185 8.74 0.215
0.8 9.80 198 8.78 0.324
0.7 9.88 212 8.81 0.446
0.6 998 227 8.84 0.580
0.5 101 245 8.87 0.731
04 102 264 8.89 0.899
0.3 10.3 285 892 1.09
0.2 104 310 8.94 1.30
0.1 105 337 895 155
0.0 10.7 3.69 897 1.83

unit; 106m
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6 CONCLUSIONS

1) At present, the idea to solve fuzzy finite element equation is as following:
fuzziness is introduced into precise finite element equation, then fuzzy finite
element equilibrium equation is transformed to a set of crisp interval equations
interms of a set of threshold valuesand these interval equations are resolved
finally.

However so far there is no perfect method to solve these linear interval
equations, sothereis no efficient method to solve fuzzy finite element equation.
This paper develops a new fuzzy finite element method. The method combines
fuzzy coefficient programming with the essence of elasticity, i.e. the process
of force equilibrium of elastic object is the process of minimizing energy of a
quadratic equation.

2) The method developed in the paper has a characteristic that is fok each
value, the programming result is a clear value, which differs from the tra-
ditional method by which a calculation result becomes an interval value.
Therefore, the computation result is a common set, which is composed by
the fuzzy coefficient programming solution corresponding to different value
A, not a clear value for one, also not a fuzzy quantity. However, the physical
meaning of value can be treated as a kind of measure of the structural param-
eter fuzziness, whether strong or weak. Take a valamaller, the structural
parameter is more fuzzy, whereas the structural parameter is more clear. From
the point of practical engineering problems, although the structural parameter
takes fuzziness, a clear calculation value is required in terms of valoe
the structural design. Therefore the method developed in this paper is more
valuable in engineering application.

3) Results show that the results obtained in this paper is consistent with
the results obtained with conventional finite element method when 1.

It is shown thatc2, y2, x3 andy3 increase when decreases, which shows
that the method developed in the paper has great computing capability to the
fuzzy information in Young’s modulus decreasing direction. It is the concrete
embodiment of fuzzy coefficient programming. The physical meaning is that
these parameters which can minimize the global potential energy of system
are chosen when interval equations are solved.

4) Furthermore, it is shown that2, y2, x3 and y3 increase whern.
decreases, which shows that stiffness of structure decreases when fuzzy infor-
mation is introduced. From the point of safety, it is advantage to improve
safety of the system. Itis considered that parameter fuzziness is derived from
the limitation of people’s cognize. Thus, the more limited the people’s cog-
nize is, the stronger the structural parameter fuzziness is, and the safer design
strategy should be adopted.

5) With the problem of finding solution becomes more complicated, parallel
computation of finite element equation has become an important direction in
finite element field. The proposed method introduces the idea of energy into
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the calculation of fuzzy equations, which makes it possible to apply neural

network optimization on fuzzy finite element field. Case study shows that the

results of circuit simulation are the same as the results calculated on Matlab
workstation. From the results of instantaneous analysis of circuit, it can be
seen that circuit system can reach equilibrium within 280which embodies

the advantage of neural network in solving real-time complicated structure

problems.
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