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Abstract - “\

This paper presents a numerical fuzzy indirect method based on the fuzzy basis functions technique to solve an
optimal control problem governed by Poisson’s differential equation. The considered problem may or may not
be accompanied by a control box constraint. The first-order necessary optimality conditions have been derived,
which may contain a variational inequality in function space. In the presented method, the obtained optimality
conditions have been discretized using fuzzy basis functions and a system of equations introduced as the discretized
optimality conditions. The derived system mostly contains some nonsmooth equations and conventional system
solvers fail to solve them. A fuzzy-system-based semi-smooth Newton method has also been introduced to deal
with the obtained system. Solving optimality systems by the presented method gets us unknown fuzzy quantities
on the state and control fuzzy expansions. Finally, some test problems have been studied to demonstrate the
efficiency and accuracy of the presented fuzzy numerical technique.
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1. INTRODUCTION

When Lotfi A. Zadeh introduced fuzzy logic six decades ago, no-one imagined that it would be so effective in
today’s human life. Fuzzy logic and related innovations have deeply affected almost all features of our life from
smart instruments such as washing machines, elevators, cars, etc. to social network communications and network
search engines. The simplicity and interpretability property of fuzzy logic systems in "compute with words”, makes it
possible to model complex phenomena with fuzzy roles close to natural language.

Optimal control theory similar to other scientific areas has been greatly influenced by the rapid development of fuzzy
logic theory and its applications. The flexibility and convenience of fuzzy logic in the explanation of the uncertainty
properties of phenomena has made new opportunities in the control system design. Furthermore, the descriptive
nature of fuzzy logic and its capability to study incomplete, subjective and inconsistent information provide many
usable and advantageous methods in optimal control researches [1].

Providing the novel, efficient and flexible methods to estimate control and state functions is one of the various
applications of fuzzy logic systems in this field [22]. Based on this approximation method, various numerical algorithms
for the optimal control problem (OCP) have been designed. The success of these numerical approaches depends on
the ability of fuzzy systems in function approximation [30].

OCPs can be found in almost all branches of sciences with various kinds of objective functionals and differential
constraints in diverse forms. The most common form is optimal control of ordinary differential equations [21]. Whereas,
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in the real world, many phenomena have been modelled by partial differential equations (PDEs). Therefore, the optimal
control of PDEs has become an important practical problem since the past decade. For instance, heat conduction,
freezing processes, diffusion, fluid flows and electromagnetic waves can be formulated by PDEs and optimal control of
them has been subjected to much scientific research in the recent years [27].

In this paper, we focus on the numerical solution of an OCP governed by an elliptic PDE. The considered problem
is optimal control of the Poisson’s equation, which is a practical problem in heat distribution field. The optimal state
and control of this problem are almost non-smooth. Moreover, if the problem is governed by state or control box
constraints, the optimality conditions involve with a variational inequality (VI). In these cases, the problem domain
can be divided into two sub-domains where the constrained variable value reaches the bounds of permissible values in
one of them but not in the other. Due to the priori unknown boundary between these two areas, such a problem can
be categorized as “free boundary problems” [15] and solving it needs extra strategies to catch this free boundary.

Many numerical approaches to the considered problem have been studied so far. Traditionally, finite element
methods were the first choice [2, 3, 13, 20]. For instance, Becker et al. developed a finite element method for elliptic
PDE-constrained OCPs in [3]. They used the Lagrangian method to yield the necessary optimality conditions in the
form of the indefinite boundary value problems and then used adaptive Galerkin finite element method to solve it.
Later, to solve the considered problem, an adaptive finite element method based on the posteriori error estimates was
presented in [19]. A smoothed-penalty algorithm for this problem has also been introduced in [12]. Moreover, active
set strategy utilized for the same problem by Bergounioux et al. [4]. As a newer instrument of numerical analysis
in non-square domains, radial base functions (RBFs) were also used to solve this kind of problems [25]. Pearson
[23] demonstrated some RBF-based methods for this problem with no constraints imposed on the state and control
functions. He developed straight and symmetric collocation methods in solving Poisson’s equation to solve an OCP,
either. Also, he presented an approximation of Schur’s complement for preconditioners of the given problem in [24].
Moreover, the adaptive wavelet collocation method for the same class of distributed elliptic OCPs has been introduced
n [15]. Ghasemi and Effati used the artificial neural network and tried to introduce a new computational method to
solve this problem in [10]. Finally, it is worth to mention that the authors of this paper introduce a fuzzy-based active
set strategy to solve the same problem in [1].

In this work, we develop a new numerical method based on the fuzzy systems to solve the distributed elliptic OCP.
In the presented method, the first-order necessary optimality conditions of the problem are obtained. It is shown that
these conditions are a coupled system of elliptic PDEs with Dirichlet boundary conditions that may or may not be
associated with a variational inequality. Then we use universal approximation property of the fuzzy basis functions
(FBFs) to discretize the control and state functions. Thereupon, the discretized problem is studied in two separate
cases: First, whenever the state and control is not constrained and discretizing the optimality system leads to a finite-
dimensional linear equations system. Second, whenever the state or control function is limited by box constraint in
the problem. In this case, a semi-smooth Newton method is introduced to solve the discretized optimality conditions,
namely “the finite-dimensional mixed variational inequality problem”.

In fact, providing an algorithm based on fuzzy systems to approximate non-smooth solutions of the given problem
is the main goal of this work. It is worth noting that in spite of the widespread applications of fuzzy logic in
scientific topics, its implementation in numerical analysis has so far been limited to smooth problems [7]. But the
considered FBFs in this paper have universal approximation properties on continuous function spaces. It means that
the considered FBFs can approximate a non-smooth but continuous function to any arbitrary degree of accuracy. This
fact is our main motivation for illustrating the capability of the fuzzy-system-based approaches to solve non-smooth
problems such as the considered OCP.

The structure of this paper is outlined as follows:

In the next section, after establishing the formulation of considered model, we derive the first-order necessary
optimality conditions of the considered OCP are discussed.

In section 3, a brief review of fuzzy systems and FBFs is mentioned.

The main section of this paper is section 4, where we introduce a fuzzy-system-based method to solve the considered
problem.
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Finally, section 5 is devoted to numerical examples to show the accuracy and validity of the presented fuzzy-based
algorithm.

2. OPTIMAL CONTROL OF POISSON’S EQUATION

Let ©Q is a spatial domain occupied by a body. The temperature of this body is affected by a heater/cooler source
in  and is fixed on the boundary of the domain, which is denoted by 0. Also, denote the distributed temperature
and the distribution of the heater/cooler source as the state function y and the control function u, respectively. They
can be related by the following Poisson’s equation with the Dirichlet boundary condition:

Ay =—ku in Q,

y =0 on O9. (2.1)

We aim to find the state function y,,, on the whole €2 as close as possible to a desired temperature pattern z. It
must be done by the minimum amount of heat source consumption. The mentioned problem can be modelled as the
minimizing problem of the objective functional [27]

Ju,y] = % (/Q ly — z|*dx +’y/ﬂ |u|2dx> (2.2)

constrained by the elliptic PDE (2.1). Here, « is a positive regularization parameter between the two parts of the
objective functional. In some cases, a technical restriction for the heater/cooler source power forces us to consider an
additional box constraint on the control function such as

g(z) <u(z) < h(z) ze. (2.3)

Thus, the aforesaid problem can be described as the following mathematical model [27]:

Min J[u,y] = 1 (/ ly — z|?dx —1—7/ |u|2da;> (2.4a)
2 \Ja Q

such that (y,u) € Y x U, (2.4b)

Ay(z) = —ku(x) x €, (2.4c)

y(x) =0 x € oS (2.4d)

In the lack of any extra constraint on the control and state functions, the admissible functions sets can be considered
as
Y=Hy(Q):={ve H(Q)| v]so=0} and U= L*(Q).
Furthermore, when the control function is limited by the box constraint (2.3), the admissible control functions set
must be changed to

U={veL*Q)|glx) <v()<h()}. (2.5)

Such choices for the admissible control and state functions are sensible owing to existence and uniqueness of the
solutions, which is clarified below.
One can define the following continuous linear mapping as a control-to-state operator:

S:L*(Q) — Hy(Q) (C L*(Q), ur y(uw).

Therefore, the OCP (2.4) reduces to a non-constrained quadratic optimization problem in ¢ C L?(f2) in terms of the
control function u as

min J{u] = % (/Q 1S () — z|2d33—|—7/9 |u|2dm> . (2.6)

The existence and uniqueness of the reduced problem solution are guaranteed by a well-known result about quadratic
convex Hilbert optimization problem. It can be found in [27]. Furthermore, the relation between a VI problem and
an optimization problem has been expressed in the following lemma;:
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Lemma 2.1 ([11]). Assume that the functional F : K — R is a convex and Fréchet differentiable operator where K is
a nonempty closed convex subset of a Hilbert space {H,(-,-}}. Then w € K is a solution to the minimization problem

min Fw],
weK

if and only if W satisfies the VI

(F'lw],v —w) >0 YvekK. (2.7)
Remark 2.2. If K is a subspace, then the VI (2.7) can be reduced to following equality:
f'[w] = 0. (2.8)
Now, one can derive the optimality conditions of the OCP (2.4) by computing the Fréchet differential of J and
applying Lemma 2.1 on the reduced problem (2.6). So, uep: € U is a minimizer for the OCP (2.4) if and only if
(S*(S(uopt) — 2) + YUopt » U —Ugpt)) >0 Yu €U, (2.9)
where S* is the adjoint operator of S and it can be identified by the following lemma.

Lemma 2.3 ([27]). The adjoint operator related to the Dirichlet Poisson’s equation (2.1), denoted by S* : L*(Q) —
L2(R2), is given by
S*w = kv, (2.10)
where v € H () is the weak solution of
Av = —w in €,
v = 0 on 0N
By substituting w = S(uept) — 2z in Eq. (2.10), we conclude kv = S*(S(uopt) — 2), where v satisfies the adjoint
equations
kv = 5" (S (uopt) — 2),
Av=2z— S(upp) in Q,
v=0 on ON.
Thus, the optimality conditions can straightforwardly be summarized in the following theorem.

Theorem 2.4. The functions u € U and y € H} () are the optimal control and state functions of the OCP (2.4),
respectively if and only if u, y and the related adjoint function v € H}(Q) satisfy the following optimality system:

Ay =—ku inQ, (2.11a)
Av=z—-y in{, (2.11b)
(kv +yu,w—u) >0 YwelU, (2.11¢)
y=0, v=0, on Q. (2.11d)

Remark 2.5. In the lack of the box constraint (2.4d), i.e., U = L?(Q2), it is easy to see that the VI (2.11c) reduces
to the more simple equality

kv +~yu = 0. (2.12)

In this case, we can eliminate the adjoint function by replacing v = —Fu and the optimality system (2.11) can be
simplified as

Ay = —ku in Q, (2.13a)

vyAu=k(y—z) inQ, (2.13b)

u=0 and y=0 on JN. (2.13c)

(=)
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FIGURE 1. Fuzzy logic systems in an overview.

3. Fuzzy SYSTEMS BACKGROUND

This section is devoted to a brief overview of the main concepts of a fuzzy logic systems whose overall configuration
and relations is depicted in Figure 1. As can be seen, a fuzzy logic system consists of four main building blocks: a
fuzzifier, a defuzzifier, an inference engine, and a fuzzy rule base.

The fuzzifier is a mapping from the crisp input points into the fuzzy sets in the input space U C R, where a fuzzy
set is characterized by a membership function p : U — [0, 1]. Conversely, the defuzzifier performs a mapping from the
fuzzy sets to the crisp points in the output space. Also, a fuzzy rule base is a collection of some linguistic statements
in the form of "If (conditions), then (consequences)” as fuzzy rules that perform the fuzzy system. Finally, the fuzzy
inference engine is the decision making logic, which is a simulation of human decision making procedure in order to
determine a mapping by employing the fuzzy logic operations on the fuzzy rule base.

Each of the above can be assigned several values and make different types of fuzzy logic systems. In this paper, to
avoid unnecessary complexities, we shall be concentrated on special and famous choices, i.e., a combination of singleton
fuzzifier, height method defuzzifier, product inference and Gaussian membership functions to perform a fuzzy logic
system.

Let K be a compact set and consider a multi-input-single-output fuzzy inference system K C R™ — R. The
singleton fuzzifier is one of the most commonly used fuzzifiers, which maps any = € K into a fuzzy set B in K with
up(x) =1 and pp(y) =0 for all y # x. Consider the following M fuzzy logic rules as the fuzzy rule base:

S IF zyis I and o is I and --- and x, is IZ,
THEN yis O7, j=1,2,..., M,

where y and z; for i = 1,2,...,n are the output variable and the input variables, respectively. Moreover, Iij and O7
are linguistic statements characterized by fuzzy membership functions p,; (z;) and pe;s(y), respectively. Here, pi,; (x;)

(&)=
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is the Gaussian membership function given by

N\ 2
: o
pys (i) = af exp | —0.5 (“h(rf”’> , (3.1)

where 0 < a{ <1,and mg and U{ are real-valued parameters. Each S7 is a fuzzy implication I { X x I} — 07 which
is a fuzzy set in U x R as pj5 - - * [ipi * 1O - The most commonly used operation for x is “product”. Moreover, the
most commonly used method for the defuzzifier is the height method, which performs a mapping from the described
fuzzy set into R by the rule

M _ n
Zj:l y;i(ILi= Hri (1))
y=rf(x)=—3r——n : (3.2)
Ej:1(ni:1 ¢ (1))
where §; belongs to the point in the output space Y and pps(g) = 1 is maximum.
Now, the following definition helps us to describe the Fuzzy system (3.2) more easily.

Definition 3.1. [30] Define a fuzzy basis function (FBF) by

o= g

Zj:l (H?:1 H g (1))

It can be easily observed that the fuzzy system (3.2) can be expressed as

j=1,2,... M. (3.3)

M
Fx) =" fipi(x), (3.4)
j=1

where fj € R are all real-valued parameters as the singleton rule consequences.

Broadly speaking, it is not necessary to set all the parameters of FBFs in advance. However, these parameters can
be optimized along with the fj’s by a back-propagation procedure [29]. It is worthwhile to mention that despite of
the fact that FBFs are all nonlinear, setting all the parameters in the definition of ¢; at the inception of the FBFs
expansion, fj’s will become the solely-free design parameters in the aforesaid fuzzy system [17]. Thus, the output f
in Eq. (3.4) is clearly a linear combination of the remained design parameters.

Theorem 3.2. Suppose that f is a continuous real function defined on the compact set C' C R™. For any arbitrary
€ > 0, there exists a fuzzy logic system f. in term of (3.2) such that

sup | f.(a) = f(2) |< e. (3.5)
zeC

Theorem 3.2 describes that the FBF expansion (3.4) has “universal approximation” property. It means that all
continuous functions defined on a compact set can be uniformly approximated by a fuzzy logic system with any
arbitrary degree of accuracy. The proof of this theorem is based on the well-known Stone-Weirstrass theorem in
mathematical analysis and has been given by Wang in [30].

4. FBF-BASED ALGORITHM TO SOLVE AN OCP

In this section, we apply FBFs described in the previous section to propose a fuzzy-based novel numerical algorithm
to solve the optimal control of the Poisson’s equation.

We consider two different modes for the OCP (2.4). The first mode is stated in the absence of Constraint (2.3),
which leads to U = L?(92). In this case, the optimality system is a linear coupled elliptic PDE as (2.13). In the second
mode, the control function is constrained with (2.3). Optimality system affected by this constraint and the VI (2.11c¢)
isn’t imposed by it. Therefore, the presented numerical method must be combined with an effective VI solver. As
it was mentioned before, non-smoothness on the optimal control and state is the main feature of the given problem.
Such non-smoothnesses usually happen in an OCP if the optimality conditions contain the VIs. Thus, to obtain a

(=)
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numerical solution for the given problem, we introduce a combination of a VI solver algorithm and a fuzzy logic system
as a novel efficient algorithm.

In what follows, we describe the application of FBFs in the design of numerical algorithms for aforementioned two
modes separately.

4.1. OCP Without any Box Constraint on Control. As stated above, an optimality system is a linear coupled
elliptic PDE (2.13), which can be solved by FBFs. Let I = {1,2,...,N}. Then I is a set of indices associated with
the computational points £ in Q C R?, i.e.,

Y= {x"=(al,2)), iel}.

The set ¥ can be partitioned into a set of the interior indices I;,; and a set of the boundary indices Iy, which are
associated with computational point subsets 0¥ = ¥ N 9N and ¥, = X\ 9%, respectively. They must be nonempty
subsets.

By applying the function approximator described by Eq. (3.4), one can represent the state and control functions
in terms of a fuzzy discretized form. Also, the approximation of derivatives of the given functions can be computed
by direct differentiation on the FBFs, e.g.,

M
Ay(x) = Z 9i(Ap;(x)). (4.1)

Here, the main goal is to adjust the unknown parameters §; and @; as the fuzzy outputs of the functions expansions.
It can be changed to the crisp outputs by exerting of defuzzifier formula given by Eq. (3.2). To this end, we can
solve the linear equations obtained by employing the expansion given by Eq. (3.4) into Eq. (2.13) and collocating
the obtained system in the points of ¥. From now on, in order to have a unique solution for the obtained system, we
set N = M. It guarantees that the number of the unknown parameters should be as equal as to the equations in the
discretized system. So, we can write

S 9 (A () = —k M a5 (x) for i € Ling,

YL i (A (x) = k(1L 50 (%) — 2(x7))  for i € iy,

(4.2)
Ejlvil :l)ngj(Xi) =0, for i € Ipq,
Mo i .
> Ujps(x) =0, for i € Iy.
We use the notations
F(Xint) = [fj(xi)]ieIWJH ,
F(xpa) = [£i6)] s, er

for any F = (f1, fo, ..., fm) : R” = R™ and the bold zero symbol for the zero block matrix with an appropriate size.
So, Egs. (4.2) can be rewritten as a linear vector-matrix product form as

AP(Xiny) k®(xint) 0
E®(Xint) — VAP (Xnt) V| _ | kz(Xine)
D (xpq) 0 [ a | 0 ’ (4.3)
0 D (xpq) 0

where § = [g)z]?e ;and = [ﬂi]iTe ; contain unknown parameters.

Thus, in order to obtain the OCP (2.4) solutions, we just solve the linear system given by Eq. (4.3) to obtain the
fuzzy magnitude of ;s and @;’s. Then using the defuzzifier (3.2) can give the state and control functions as Eq. (3.4)
expansions.

an
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4.2. OCP With the Box Constraint Control. In this case, the optimality system is as Eq. (2.11) that contains
PDEs associated with a VI. So, we should combine the strategy of solving a VI with the presented method in the
previous section. One can reformulate a VI to another algebraic constraint. In particular, reformulating of VI (2.11c)
into a linear complementarity problem (LCP) is the most commonly used approach. This approach suggests that Eq.
(2.11c) can be replaced by two following LCPs [14]:
0<u—g, \1 >0, \y-(u—g) =0, (4.4a)
Ogh—u, )\220, AQ'(h_U):O, (44b)
where \; and )z, as Lagrangian functions in H}(Q), can be defined by
kv+~yu+ X — Ay =0. (4.5)

Indeed, Egs. (4.4) and (4.5) are the strong form of VI (2.11c). It can be easily observed that any solution of VI (2.11)
solves Egs. (4.4) and (4.5), and vice versa. By removing v from Egs. (2.11b) and (4.5), the first-order optimality
system reduces as

Ay + ku =0, (4.6a)
ky — yAu — A(A2 — A\y) = kz, (4.6b)
0<u—g, M1 >0, \-(u—g) =0, (4.6¢)
0<h—u, A2 >0, Aa2-(h—u)=0, (4.6d)
y=0 and u=0 on 9. (4.6e)

By the fuzzy representation of the Lagrangian functions A\; and Ay and also the state and control functions in
Eq. (3.4), we can collocate Egs. (4.6) in the computational points . Complementarity conditions and differential
equations are collocated only at the interior points. Therefore, the discretizations of Egs. (4.6¢) and (4.6d) are in the
form

M 3 ; M . . ; ;
0< Zj:l Aripi(xt) L Zj:l(uj —3G5)p;(x') =20, i € Lint,
(4.7)

M 5 ; M 3 N ; )
0< > i Ae(x') L2250 (R —05)p;(x") 20, i € Lipy.
The symbol L stands for the complementarity constraint. Positive values of the FBFs in the whole set R conclude the
following conditions and ensure that Eqgs. (4.7) are met each other:

A a-g

< R ~ > 0. .

0_[A2}J‘[h—ﬁ]—0 (4.8)
Therefore, the optimality conditions are a mixed complementarity problem as
AD(Xipnt) kP (xint) 0 0 v 0
k@(xint) 7")/A¢'(th) A‘I’(xznt) 7A¢(Xint) j‘i _ kz(xint)
<I)(de) 0 0 0 )\1 0 ’

0 ‘I’(de) 0 0 5\2 0

(4.9)

A1 u-g
0< | % I N > 0.
B [ A2 ] { h—a } N

Here, the bold letters in the RHS vector and the coefficients matrix are defined as mentioned before and the fuzzy
parameters put into the vectors @t = [Us)icr, ¥ = [Jilicr, A1 = [M,i)ier, and Az = [A2;];cr as the unknown vectors.

One of the common approaches to deal with the complementarity problem (4.9) is to convert it to a classical system
of equations using a C-function [15]. A function F : R” x R™ — R™ is called C-function if for any pair (a,b) € R" x R,
we have

0<bla>0 < F(ab)=0. (4.10)

(=)
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It is noteworthy that in a general manner, the complementarity conditions can be replaced by a smooth C-function.
However, the smooth reformulation always leads to a system of equations with singular Jacobian and hence the
development of a proper numerical method fails in this case [8]. One of the famous non-smooth C-functions is the
Fischer-Burmeister function [16] given by the rule

pra(a,b):=b+a— vb?+ a2 (4.11)

Hence using the FB C-function, the LCP (4.8) can be substituted by the nonlinear system

(A1, 0—8) \ _
< prp(Xe,h — 1) ) =0 (4.12)

and it can be substituted for the complementarity conditions in Egs. (4.9). Therefore, the optimality conditions yield
the following nonlinear system of equations:

AP (Xint)y + kP(xin) X A
E®(Xint)§ — YAP(Xint )0 + AP (Xint) (A1 — A2)
o D (xpq)y _

F(v):= ‘I’(Ade)fl =0, (4.13)

erp(A1, 10— §)

prp(A2,h — 1)
where v = (¥, 4, A1, 5\2) Eq. (4.13) is not differentiable system and usual Newton method fails to solve it. In fact,

Eq. (4.13) is a semi-smooth system of equations. One can use semi-smooth Newton (SSN) method to solve it.

The SSN method is an iterative method in which the Clarke generalized Jacobian, denoted here by JF, is used

instead of the classic definition of Jacobian [16]. In order to solve Egs. (4.13), in the k-th iteration of the SSN method,
the new value of x is updated by v¥*! = v¥ + h* where the correct value of h¥ can be computed by solving

~[Tr(vM)]n" = F(vF), (4.14)

where Jp € OF. Algorithm 1 summarizes the general scheme of the SSN method to solve F(v) = 0.

Algorithm 1 General scheme of the SSN method
Initialize Choose v? € R™.
Choose € > 0 as the upper bound of the error.
Set k « 0.
Step 1 If |F(v¥)|| < ¢, then stop.
Step 2 Select an element Jr(vF) € OF (vF).
Find a direction h¥ € R™ such that

F(v®) + Jp(vF)R* = 0.
Step 3 Set vFt! = vF + hF and k < k + 1. Return back to Step 1.

Thus, in order to find the OCP (2.4) solutions, we solve the linear system (4.13) to obtain the fuzzy magnitude of
9;’s and 4;’s, by the presented SSN method. Then the defuzzifier (3.2) can be made the control and state functions
as expansions given by Eq. (3.4).

Remark 4.1. It is worth noting that the bilateral constraint (2.4d) can be replaced by unilateral constraint u(z) <
h(z) (or g(xz) < u(x)) in some cases. It means that we can set u, = —o0 (or up = o0). In this situation, the VI
(2.11c) is equivalent to complementarity conditions obtained by substituting Ay = 0 (or Ay = 0) into Eq. (4.5) and
eliminating extra condition (4.4a) (or (4.4b)).
[c]m]
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4.3. Convergence analysis. In this section, we will discuss convergence of the presented semi-smooth Newton
method which has been described in Algorithm 1. In general speaking, it is well known that semi-smooth Newton
family methods have superlinear convergence. For example, in [6, 9, 26, 28] and some other papers, under different
regularity conditions, superlinear convergence of SSN method for a semi-smooth system have been proved. To enter
the discussion, it is necessary to provide a clear definition of the semi-smooth function.

Definition 4.2. [26] A function f : R™ — R™ is said to be semi-smooth at « if it is locally Lipschitz and, for all h,

the following limit exists and is finite:
lim  Mh.
Meadf(z+th)
h—h

Also, for 0 < p <1, the function f is p-order semi-smooth at x, if it is locally Lipschitz and directionally differentiable
at x,and if

Mh— f - e . 4.1
Meg}%ﬁh)l\ h— f'(z,h)ll2 = O(|[h]]2™"), h—0 (4.15)

It can be proven that Fischer-Burmeister C-function is a 1-order semi-smooth function [9]. The following lemma
about p-order semismooth function will be useful in the convergence theorem.

Lemma 4.3. [28] Let f be p-order semismooth at x. Then we have

W) = S(@) = Mhll. = O(l;"* h 41
Meg}‘cg+h)|\f(x+) f(x) 2 = O(|h517), 0, (4.16)

If @@+ h) = f(2) = f'(z, h)[|2 = O(IAI™), b= 0. (4.17)
Now, we present the next convergence theorem for the SSN method described in Algorithm 1.

Theorem 4.4. Suppose that v* is a solution of (4.13). If the interpolation matriz A = [p;(x;)] is nonsingular, then
the iteration method (4.14) is well-defined and it has quadratic convergence to v* in a neighborhood of v*.

Proof. By the definition of the Clarke generalized Jacobian, we can define

Aq’<xint) k(}(xznt) 0 0
ki’(xint) _'YA@(Xint) Ai’(xint) _Aé(xint)
. @(de) 0 0 0
Jr = 0 B (xpq 0 0 ; (4.18)
0 61()‘]16’{:17@ 82()‘]{311*@) 0
0 01 (A5, h — %) 0 —0o(AE, h — %)
where 9;(a, b) := diag(I;(a, b)) for i = 1,2, and
_J (=9 a; =b; =0,
Ii(a,b):= { (1 —bi(a? +b2)71/2)  otherwise, (4.19)
I(a,b):= { (1 —a;(a? +b7)71/2)  otherwise, (4.20)

where s and g are real positive numbers such that s2 + ¢2 = 1. By block partitioning of the generalized Jacobian Jr,
it can be seen that

det(Jp) = k*V(det(A))? det (8, (AF, 6 — g)) det (92 (A5, h — ).
Therefore, the nonsingularity of Jp € OF (v*) is guaranteed by assumption of nonsingularity of the interpolation matrix
A. Then there is a neighborhood N (v*) and a constant C' such that for any w € N (v*) and any M € 9F(w), M is
nonsingular and ||[M || < C (for details see Proposition 3.1. of [26]). On the other hand, 1-order semi-smoothness of
(=)
[E)NE
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FB C-function leads to 1-order semi-smoothness of F, straightforwardly. Now, starting from v® € A (v*), and using
(4.15) and (4.17), we have

VA = v = [v* - [JF(V’C)}_IF( k) — v
< |[Tr(v9) 7 [F V) = F/(vivF )] |
+ (v [Tr V) =F(vivE—vi)] |
=0 (||v v*||2) O

5. NUMERICAL TESTS

Here, we perform some numerical experiments to show the efficiency and the accuracy of the presented method. Our
numerical examples are selected from the benchmark problems and cover all described modes of the given problem,
including non-constrained, unilateral and bilateral constrained optimal control.

The numerical experiments are carried out by utilizing MATLAB R2017b on a Core i5 (3.6 GHz) PC with 8GB of
RAM. We set ag =1 and af = 30 for all ¢ and j in the definition of the FBFs. Moreover, the mean values of the
Gaussian functions are set as same as the computational points 2, i.e., m/ = (mJ, mi) = (2], 23) € S for all j € I. We
consider uniform partitions with K number of points in each direction. Hence the total number of fuzzy rule bases is
M = K2. Also, in order to define the Jacobian matrix Jx(v¥) to use in the fuzzy system-based semi-smooth Newton
method, the parameters in Eqgs. (4.19)-(4.20) are set as p = 0.6 and ¢ = 0.8. Moreover, our reports for objective
functional values need to integration in 2. It is carried out by using of Legendre-Gauss-Lobatto quadrature with the
number of 30 points in each axis.

Example 5.1. As the first numerical example, we consider the OCP (2.4), where Q = [0,1]2 and U = L*(Q). Also,
in the whole domain,

z(x) = sin(7zq) sin(mxs).

If we set k = 1, this example has an exact optimal solution for any v > 0 in the form [10]

Yopt(x) = C(7)sin(mzy)sin(mzs), (5.1)
Uopt(x) = 272C(v)sin(mzy) sin(rx),

where C'(y) = 1+4w

First, we apply the presented method for this example with different values of «. Table 1 contains absolute errors
in L?-norm using different values of M and . Here, y*,u* and J* are the state function, the control function and the
objective functional value obtained from the presented method, respectively. They are compared with exact values for
each case in Table 1. This table shows the convergence of the method by increasing the discretization parameter M
for any 7. The third row of each case shows the approximation of the absolute error of the objective function. Also,
Figure 2 shows the absolute error of the approximated state and control functions for v = 0.1 obtained by applying
the presented method with K = 35.

To compare the presented method with other schemes, we solve this example for different values of v using our
FBF method and also the radial base function collocation method (RBFC) presented in [23] with the same number
of basis functions K = 35. We also solve this example with the finite elements (FE) method having 900 elements in
the domain. Numerical results are reported in Table 2. In the same conditions, higher capability and efficiency of the
FBF method rather than the RBFC and the FE methods are clearly shown.

Moreover, the convergence rate of these three methods are compared in Figure 3 for cases v = 0.1 and v = 1076,
This figure behaves decreasingly on the absolute error of the objective function obtained values of the methods in the
same discretization parameter IN. In the presented FBF and the RBFC methods, the discretization parameter is the
number of the basis functions, i.e., N = K2, and in the FE method, it is the number of elements in the domain €.
These diagrams show that the presented method can achieve the accuracy of the machine epsilon range (about 10~16)
whenever the absolute errors of the RBFC and the FE methods are between 10~° and 1078

an

——7 is a constant depending only on ~.
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TABLE 1. Absolute errors of the state and control functions for Example 5.1 for various values of N
and 7.

25 100 225 900

0.1 |ly" — Yoprllro) 8.0735e-04 3.0775e-07 9.0501e-08  3.9350e-11
[0 = topt|l2()  7-52120-03  2.2648¢-06 4.5065¢-08 3.5093¢-11

7" = Topill2() 5-2834c-05 9.3708¢-09 5.5978¢-11 6.7174c-13

0.001 |ly* = yoprllz2() 6.2371e-03 1.9874¢-06 6.4469¢-07 1.1321¢-09
0" = topil[L2()  1.18256-01 2.7879¢-05 6.2673¢-06  5.2879¢-09

[T = JoptllL2() 41143¢-04 4.2697¢-08 1.1921e-11 4.2437e-13

1075 |ly* = Yoptllzzce)  1.9406e-04 3.0502¢-07 1.9330e-07  2.7059¢-10
[0" = toptllL2() 3-1361e-01 1.7866e-04 1.7254c-05 2.2382¢-08

[7* = Joptllz2() 6.04336-06 1.8426e-08 3.8701e-12 1.9415¢-14

FIGURE 4. Desired state function in Examples 5.2 and 5.3.

Example 5.2. In this example and also in the next one, we focus on a problem from [23]. Consider the OCP (2.4)
on = [0,1]? with & = L*(Q) and k = 1, and suppose that

_J 1 xe0,3]?
2(x) = { 0 otherwise (5.3)

is the desired state function shown in Figure 4. Moreover, for v = 1073 and v = 1072, the state and control functions
obtained by the developed method with K = 50 is given in Figure 5. Some features of the OCP (2.4) solutions are
obvious on the figures. As we expected, by reducing the 7 coefficient, the state function is getting closer to the desired
state function because the smaller values of + allow us to spend larger values of control function.

Table 3 reports the objective functional values for various values of K and ~. Also, process times for the CPU to
solve the problem are reported in milliseconds.

Example 5.3. Here, we study the previous example with different boundary conditions such as

y(x) = f(x) x € 0.
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TABLE 2. The comparison of the fuzzy-based method, the RBFC method presented in [23] and the
FE method for Example 5.1 with different values of ~.

v Method  |ly" = Yoptllr2) [l —optllzz)  1T° = Joptll2 ()
1 FBF 5.7745e-11 1.2922e-11 2.3490e-13
RBFC 1.2550e-04 2.2755e-05 3.7828e-07
FE 7.2494e-05 7.1330e-04 6.2355e-07
0.1 FBF 3.0737e-10 1.8089e-10 6.7174e-13
RBFC 9.6477e-05 4.6274e-05 4.0211e-07
FE 6.9262e-04 6.6570e-03 5.9573e-06
0.01 FBF 5.2992¢-11 2.4507e-10 6.1048e-14
RBFC 1.1535e-05 3.418Re-05 6.6237e-08
FE 1.0229e-03 3.3811e-02 3.9651e-05
1073 FBF 7.0513e-10 3.5460e-09 4.2437e-13
RBFC 2.6632¢-04 3.6474e-03 2.6331e-07
FE 1.0955e-04 8.8541e-02 4.8924e-05
104 FBF 2.1802e-09 5.6427e-08 2.7117e-13
RBFC 3.4446e-05 4.0008e-04 3.6323e-09
FE 1.2550e-04 2.4914e-01 8.2962e-06
10-° FBF 1.3082¢e-09 9.2083e-08 1.9415e-14
RBFC 6.5490e-05 3.0303e-03 8.3471e-10
FE 1.2550e-04 2.7656e-01 4.0436e-07
106 FBF 3.1239¢-10 6.5182e-08 3.0759e-16
RBFC 3.5320e-04 5.6320e-02 8.6304e-11
FE 1.1032e-05 2.7948e-01 4.4684e-07

TABLE 3. The objective functional values and the elapsed time for Example 5.2 with various values

of K and ~.
K v=0.1 ~ = 0.001
J* = J(y*,u*) CPU (ms) J* = J(y*,u*) CPU (ms)

10 0.1319588395 0.3 0.1001036988 0.1
15 0.1324469973 0.2 0.1089529186 0.1
20 0.1321160946 0.4 0.0966450066 0.3
25 0.1320697877 1.1 0.0988825970 0.9
30 0.1320658118 2.5 0.0988013440 2.4
40 0.1320591780 7.9 0.0986194553 7.8
50 0.1320581494 174 0.0985930005 17.3
55 0.1320533055 27.7 0.0985317105 28.0
60 0.1320536431 43.7 0.0985389244 43.1
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FIGURE 5. The optimal control (right panels) and the state (left panels) functions for Example 5.2
with v = 1073 (above panels) and v = 10~° (below panels) obtained by the presented method with
K =50.

In this example, we consider

_ {1 xeo.5P

J(x) = { 0 otherwise. (5-4)
It can be easily seen that the FBF method is successful to find the optimal control and the state functions in this
case, too. The effect of changing the boundary condition is obvious in Figure 6, where the obtained state and control
functions from applying the presented method are shown.

Example 5.4. This example devoted to the OCP (2.4) with a unilateral constrained control. Suppse that Q = [0,1]2,
k=1 and v = 0.001. Then the desired state function is

y— 2001‘1%2(1’1 — 05)2(1 - (EQ) 0< X S 05,
o 2005[:2(1 — J,'l)(l‘l — 05)2(1'2 — 1) 0.5<z <1.

The upper restriction of the admissible control is h(z) = 1.

The obtained results by utilizing the fuzzy-based SSN algorithm for K = 35 are seen in Figure 7. The related
Lagrangian function for the final solutions is shown, too. The effect of the control restriction can be evidently
seen, where the control touches the upper bound in an elliptic shape subdomain. The small positive values of the
Lagrangian function is presented in Figure 7. Hence the complementarity property between the Lagrangian and the
control functions is strictly satisfied.

Moreover, this example is solved with various values of v, to show the efficiency of the fuzzy-based SSN method
even for small values of v. Obtained objective function values for different values K and ~ are reported in Table 4. The
convergence is emphasized by bold numbers in the reported values. So, it exhibits that the fuzzy-based SSN strategy

(&)=
[ENE
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FIGURE 6. The optimal control function (right panels) and the state function (left panels) for Example
5.3 with v = 1072 (above panels) and v = 1075 (below panels) obtained by the presented method
with K = 40 and their absolute errors.

works properly even for small values of . Table 5 reports the CPU times in seconds and the number of iterations of
the developed method to solve the problem with v = 1076,

Also, we compared the results of the new algorithm with two other algorithms, A modified active set method
described in [4] and an Uzawa method for the augmented Lagrangian with Gauss-Seidel splitting described in [5]. As
what is reported in [4], solving this example with v = 107 and discretization parameter K = 50 by modified active
set method yields J,,.s = 5.839438e — 02 as the obtained objective functional value. It can be seen that the difference
between the obtained objective functional values of Algorithm 1 and modified active set method is

| T (4" — u*) = Jimas| = 5.78¢ — 6.

Moreover, one can use the Uzawa type algorithm described in [5] and set the algorithm parameters to achieve similar
results, but it takes more CPU time than active set based algorithms [4]. However, our algorithm is terminated after
15 iterations and the processing time is 152.4 seconds and there is not any significant difference between CPU times
of Algorithm 1 and modified active set method.

Moreover, we solved this problem by finite difference base semi-smooth Newton method (FD-SSN) [18] as a classical
one, and fuzzy active set algorithm [1] in the similar conditions. Nevertheless, semi-smooth Newton method was
iterated until the convergence criterion ||y,—1 — y,| < 1075. Table 6 contains results for case v = 1076 and different
M values, to compare our presented method with this method.

Example 5.5. Finally, a bilateral control constrained OCP is considered in the last example. Consider Q = [0, 1]
and k£ = 1 and suppose that control function is restricted as
— ((z1 — 0.75)% + (z2 — 0.5)> + 0.25) < u(z1,22) < 0.5.

(=)
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TABLE 4. The objective function approximated values by the presented fuzzy-based SSN method for

Example 5.4 with different values of K and ~.

~
K 1 10°! 10-2 10-2 10~ 10°° 10-°

15 0.09909853  0.09825741  0.08460142  0.07552998 0.06095336  0.05546934  0.05450265
20 0.09919127 0.09905570  0.09919345  0.09142667 0.07717371 0.06551619  0.06132462
25 0.09918549 0.09899819  0.09901739  0.08946033 0.07447710 0.06380333  0.06017294
30 0.09917500 0.09889378 0.098622608 0.08646815 0.07091474 0.06158264 0.05879545
35 0.09917141 0.09885813 0.09898517 0.08556311 0.07012952 0.06098898 0.05844652
40 0.09917083 0.09840761 0.09891540 0.08541656 0.0700523 0.06089871 0.05842535
45 0.09917066 0.09885072 0.09890813 0.0853724 0.0700411 0.06086961 0.05840180
50 0.09917065 0.09885072 0.09890461 0.08583443 0.0700481 0.06086642 0.05840016

TABLE 5. The objective function values, the number of the iterations and the CPU time of the fuzzy-
based SSN algorithm for Example 5.4 with v = 1076 and various values of K.

K J* Nit. CPU(s)
15 0.05450265 9  0.25
20 0.06132462 11  0.94
25 0.06017294 12 3.26
30 0.05879545 15  11.2
35 0.05844652 14  24.55
40 0.05842535 14  49.69
45 0.05840180 14  90.65
50 0.05840016 15 1524

We carry out the developed fuzzy-based SSN algorithm on the current example with v = 10~%,1072,1073.

The resulted controls, states and related Lagrangian functions by applying the developed algorithm with K = 35
are demonstrated in Figure 8. Clearly, it can be seen that the magnitude of v can make a significant impact on the
results.

The greater magnitude of v means that the control is expensive. So, the small magnitude of the control source is
spent. It is clear that if v = 10~!, then there exists no touch between the control and the restriction functions. On
the other hand, whenever v decrease to smaller values such as 1073, spending a larger absolute value of the control
function becomes permissive. Thus, the optimal control touches the upper or lower restriction functions in the whole
domain. In this case, the problem is called "the bang-bang optimal control”. Therefore, the results of this example
show the capability of the fuzzy-based SSN algorithm to reveal all properties of the solutions in each case.

6. CONCLUSION

In this paper, a numerical approach based on the fuzzy system was presented to solve the OCP governed by the
Poisson’s equation. The control function can be constrained or not. We used the universal approximation property of

(&)=
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TABLE 6. Comparison of objective function results the presented method, fuzzy active set algorithm
[1] and FD-SSN method [18] for Example 5.4, with various values of M and v = 107°.

M Fuzzy SSN method FAS method [1] FD-SSN method [18]

15 0.05450265 0.04449139 0.10067391
20 0.06132462 0.06062205 0.05189480
25 0.06017294 0.06097321 0.04101627
30 0.05879545 0.05941770 0.04912385
35 0.05844652 0.05859709 0.05734163
40 0.05842535 0.05842535 0.05800691
45 0.05840180 0.05840339 0.05839217
50 0.05840016 0.05840057 0.05843155
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FIGURE 7. The optimal results for Example 5.4.

special FBFs to develop a novel efficient numerical algorithm for the given problem. The selected FBFs were defined by
the multi-input-single-output fuzzy product inference and the Gaussian membership functions. More precisely, they
were utilized for discretizing of the first-order optimality system such that the original problem is reduced to solve
a system of equations ultimately. This system was linear in the non-constrained control case and it could be solved
by any linear systems solver. Moreover, in constrained control case, by applying the modified Fischer-Burmeister
C-function, the optimality conditions were a non-smooth and non-linear system of equations. To solve this system,
a semi-smooth Newton method was combined with the fuzzy-based discretization method. Numerical tests were
demonstrated the efficiency and accuracy of the developed algorithm through simulations. It can be observed that the
presented algorithm is an appropriate method for the box constrained OCP with non-smooth solutions as well as the
smooth ones. CPU run times reported in the examples are extremely low indicating that the fuzzy system provides
an eflicient tool to solve the given problem.
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