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1 Introduction and Problem Statement

Shape optimization is part of the field of optimal control. Typically, there is a sys-
tem governed by a partial differential equation whose solution, ug, depends on some
geometric variables of the shape. The problem is to minimize a given cost functional
J(ugq) over the set S of all admissible shapes with piecewise smooth boundary. These
kinds of problems are typically solved numerically.

Unfortunately, very limited number of articles and books are available on 3-D shape
optimization; however, many industrial factors cannot be assumed in a 2-D manner
and a 3-D design is needed. But, 3-D optimal shape design methods are problematic

because of the following reasons:

i) The main challenge of most optimization methods is the description of the per-

formed shapes in terms of design variables ([20]).

ii) Mesh deformation (such as finite element method) is a major problem for 3-D
optimal shape design problems since after a few iterations, the mesh may no
longer be feasible. It may cause divergence of the optimization algorithm (see
[20]).

iii) In contrast with 2-D shape optimization problems, parameterization techniques
for 3-D problems describe the shape or the shape modifications with a large set
of constraints which cause some problems in the convergence of the optimization

process (see [4]).

iv) Iterative methods, such as the level set method, require the objective function
to be decreased; but their main drawback is the possibility of falling into a local

(and non-global) minima if the initialization is too far from a global minimum

(2D)-

On the other hand, in 1986, Rubio introduced an embedding process for solving optimal
control problems governed by ordinary differential equations (see [26]), using positive
Radon measures. Then, it was employed to obtain the optimal control for systems
governed by partial differential equations (like [16] and [27]). Consequently, since 1999
till now, with the help of this method, different cases of the optimal shape design
problems have been solved (a brief report of these kinds of work was given in [11] and
we can also emphasize on [8], [9], [19], [10] and [12]). The main goal of this paper is to
extend the above-mentioned method for designing unknown general three dimensional
optimal shapes. We emphasize that this method does not depend on an initial shape

or value and can also cover the above mentioned difficulties.
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In many technological situations, a given structure whose optimal position is at rest
(for instance), starts to vibrate due to uncontrolled disturbances which we would like
to stop. One possibility is through damping mechanisms as is described, certainly in an
ideal situation, in [22]. So far, several studies have extensively investigated the problem
of optimal stabilization for the 2-D wave equation from different perspectives (see, for
instance, [5], [6], [7], [14] and [18]). The performed analysis by Hebrard et al. highlights
the effect of the over-damping phenomenon characteristic of this damped wave equation
[15]. Freitas [14] and Lopez [18] solved the mentioned problem in which the dissipation
vanishes for large values of the constant damping coefficient. In 2006, Munch et al. used
Young measure to solve a similar problem and presented a solution method (at least for
the problem with a constant damping function); for this purpose, first, the problem was
transferred to a variational form (called relax problem) by applying a theorem about
Young measure properties. In that study, the damping coefficient was fixed and the
best unknown internal region was determined by the use of descend gradient method
[21]. In sequence, the best damping coefficient and damping set were determined at
different times using level set method [22].

Having a bounded domain €2 of R3, in this paper, the problem of finding an optimal
observation domain w C €2 or general damping wave equations is modeled and solved.
he aim is to optimize not only the placement but also the shape of w, over all possible
measurable subsets of {2 having a certain prescribed measure. Although such questions
are frequently posed in engineering applications, they are under-researched in mathe-
matics. In this regard, for the first time, we consider a shape optimization problem to
find the optimal place of a sensor, modeled by a three-dimensional wave equation with
a fixed damping coefficient. The objective is to find the shape of the damping set that

minimizes the energy at some given end time ([23] and [24]).

2 Optimal Wave Damping Problem

Let © C R? be a domain with piecewise smooth boundary and consider the three-
dimensional damping wave equation with Dirichlet boundary conditions. Consider
additionally that w is a subset of €2 of positive Lebesgue measure and independent of the
time t € (0,T"). Moreover, the damping potential a is such that a(z) =a > 0 a.e. z € w
. The resulting equation for the displacement of the sensor is then ([22] and [3])

i — Au+ a(x)i =0, (x,t) € 2 x (0,7),
u =0, (x,t) € 02 x (0,7), (1)
u(x,0) = up(x), u(x,0)=ui(x), z€fl
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We refer to w as the damping set which is an unknown region in €2, dw is a smooth and
simple closed curve boundary, which must be identified, i, uo and u; are also indicated
as %, initial position and velocity, respectively. The energy of the system is known to
be [31]

BE(w,a,t) = ;/ﬂ(!u(x,t)|2+ IVu(x, t)[2)dv. 2)

The objective is to minimize the total energy of the membrane at some fixed end time
T:
Minges FE(w,a,T).

This is a shape optimization problem the solution of which depends on the chosen
constants a and T'. In this study, we choose a moderate in such a way to avoid any
problems related to the phenomena of overdamping, and T is large enough so that
observability problems related to the finite propagation speed of waves do not occur.
Not having any kind of constraint on the damping set, we will obtain the trivial solution

w* = Q; furthermore, we introduce the area constraint
Vi ={w CQ:|w =LINQ,0<L<1}, (3)

in which |w| indicates the measure of w. This constraint can be shown by the following

/wdv:L/de. (4)

System (1) is well-posed (see [17]) and its energy is satisfied in the following dissipation
law (see [30]):

integral relation:

E(w,a,t) = —/Qa(x)hl(x, t)[2dv < 0.
Here, u denotes the transversal displacement at point x in time ¢.

The mentioned optimal shape design (OSD) problem is defined based on the un-
known geometrical pair (w,0w); this pair consists of a measurable set that can be
regarded as a nonempty region, and a simple closed surface which is its boundary.
The unknown shape which is bounded and has a specified volume is placed on the
top of the plane (r,0). Its boundaries include the unknown surface dw with equation
z = f(r,0) : D — A and its image in the plane (r,60) is region D; that is, a simple
smooth closed curve. Also, its height is bounded between z,,;, and zpq.. If region D is
known, we can obtain the unknown dw according to the method presented in the next
sections. Therefore, we intend to find the optimal unknown surface dw and the optimal
unknown region D simultaneously so that a given performance criterion is minimized.
Moreover, a curve can be approximated by broken lines so that 9D (and hence D) can

be approximated with a number M of its points (corners of broken lines belonging to
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0D) which is called the M-representation of D. For a fixed number M, the points in
the M-representation set can have the fixed 6-components like 8; = 0;, i1=1,2,...,M
without losing generality. Hence, each admissible M-representation set called Dj; can
be characterized by M variables 11,72, ...,rp. Consequently, 0D defined by a finite
set of M real variables (71, 79,...,7a7). Therefore, we introduce the set of admissible

surfaces as follow:
wA = {(0w,D)|w:8wUD,D € Dyry Zmin < 2 < zmax,/dv :L/ d'U},
w Q

where region D C R? is defined as follow:
D={(r,0)|0<r<h(f), 0< 6<2n},

where h(#) is an unknown continuous function. We prefer to solve appropriate prob-
lems in cylindrical coordinates since where 0 < 6 < 27 and r > 0, the curve 0D is
automatically simple. This simple fact is an essential part in our calculations and also

in numerical simulations. Then, we have:

v = (2492 4

1 0u, Ou 2)
or

ST+ (D)

)

and therefore:

ou 1 oOu

ou
72 PR E—
o) T 25

EW&JU=1/ﬂMh&%ﬂF+( )2+ (52 rdrddz. (5)
2 Jo 0z

It is worth mentioning that the nature of 2 has not changed but its representation has
changed; therefore, we use the same symbol so that at the end, the optimal shape is
shown in cylindrical coordinates.

In the present study, for the first time, we determined 3-D unknown w by a lin-
earization method based on the properties of Radon measure. We attempt to find the
unknown region w through a two-phase optimization procedure which is based on an
embedding technique. To apply this method, first, we represent the problem into a vari-
ational form; next, it is transferred into a new measure theoretical problem in which two
unknown positive Radon measures in a product space of measures are sought. Then,
the solution procedure is explained and finally, by a 2-phase optimization technique, a
nearly optimal shape as well as the minimizing value of system energy are constructed.

The paper is organized as follows: the next section is devoted to the basic deforma-
tion in variational form. Section 4 is deals with embedding process and approximation
schemes. In Section 5, based on the previous discussions, we present the solution al-
gorithm. Then, a numerical simulation is presented in Section 6. Concluding remarks

are also presented in Section 7.
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3 Basic Deformation

In general, it is difficult to identify a classical solution for problem (1); thus, attempts
have usually been made to find a weak (or generalized) solution of the problem, which
is more applicable in our work. The main idea in this replacement is to change the
problem into the variational form. To this end, by multiplying (1) with a function
o € HY((Q x (0,T))) and using Green theorem ([28]), we have:

/ilcpdv/uAgodv+/a(r,9,z)ugpdv:0. (6)
Q Q Q

Integrating both sides of (6) with respect to ¢ over [0, 7] gives:

T T T
/ / tipdvdt —/ /UAsodvdt —I—/ / a(r, 0, z)updvdt = 0, (7)
0o Jo 0o Ja o Ja

By part-by-part integrating the first left expression with respect to t twice and inte-

grating the third expression of (7), we can conclude that:
ST foiiedvdt = f[a(T)e(T) — w(0)(0) — u(T)R(T) + u(0)(0)]do
+ [T [ updvd;
fo Joa(r, 0, 2)ipdvdt = [, a(r, 0, 2)[u(T)e(T) — u(0)p(0) — fOT wpdt]dv

= [ alr,0, 2)u(T)o(T) — u(0)p(0)]ldv — [ [, a(r,8, z)updudt.

Now, by substituting initial conditions (1.c) in (8), we have:
Jo Jaiisedvdt = Jo[a(T)p(T) = wrp(0) = w(T)$(T) + uop(0)]dv
+ [ Jo ugdvdt;
fo Joa(r,8, 2)ipdvdt = [, a(r, 0, 2)[u(T)e(T) — uop(0)]dv

fo fQ r, 0, 2)upduodt.

By applying (9), the equality (7) is changed to:
Jou(T)p(T)dv — [ou(T)p(T)dv — fOT Jo uApdvdt + [, a(r, 0, 2)u(T)e(T)dv
— Joa(r,8, z)upp(0 fo Joa(r,0,z ucpdvdt—i—fo Jo u@dudt (10)

= Jolu10(0) — uop(0)]dv, p € Hy(Qx (0,7))
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Moreover, for all (7,6, z,t) € 9Qx [0, T] by the initial condition, we have u(r, 0, z,t) = 0;

to applying this condition and using Green theorem, we have:

/ u(r, 0, z,t)p(r, 0, z,t).ndo = / div(u(r,0,z,t)p(r, 0, z,t))dv = 0, (11)
a0 Q

where n is outward normal vector on boundary Q. With the definition of a(r, 0, z), we

have:
Joa(r, 0, 2)u(T)p(T)dv = [, au(T)p(T)dv
Jo a(r,0, 2)uop(0)dv = [, augp(0)dv
fo Jo a(r, 0, z)updvdt = fOT [, aupdvdt.

Due to the nature of surface dw (smooth and continuous), we can change the volume

integrals on w into surface integrals in order to simplify the calculations as follow:

fwdv:ffozme _ffD Z’mzn dA LdeU
[, au(T)p(T)dv=a [ [, fzmin w(T)p(T)dv = a [ [ z(u(T)p(T))dA,

without loss of generality, by just moving plane (7, 6) to plane z = 2, we can assume
Zmin — 0.
Therefore, problem of obtaining the optimal shape for minimizing energy of system

(1) in cylindrical coordinates has the following generalized presentation:

Ouo 1 0u, Ou,

min  F(w,a,T) = ;/ﬂﬂu(r,e,z,T)\Q + (E) + 72(%) + (a )2]rdrdfdz,

s.t.
T
/a(T)go(T)rdrdez—/u(T)cp(T)rdrdez—/ /uAgordrd@dzdt
Q Q 0o Ja
+/ a(r,@,z)u(T)go(T)rdrdez—/a(r,@,z)uo ©(0)rdrdfdz
Q Q
T T
—/ /a(r,@,z)ugbrdrd@dzdt+/ /ugbrdrd@dzdt:i)
0o Jo 0o Ja
/ div(u(r,0,z,t)p(r,0, z,t))rdrdddz = 0, Vo € Hi (2 x (0,7));
Q
/rdrd@dz :L/ rdrdfdz, (12)
w Q
in which

o= / [ui(r, 0, 2)p(0) — ug(r,0, 2)(0)]rdrdddz.
Q

To solve (12), situations are ready to use an embedding process; therefore, we
change the problem and consider a new one with a different formulation. By applying
this method, we show how one can obtain optimal region w and the amount of the

minimized energy simultaneously.
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4 Embedding the Solution Space: Metamorphosis

The solution method which is based on an embedding process involves several stages
to set up a linear programming problem whose solution is converged to the solution
of the original problem (see [26]). This is one of the outstanding advantages of this
method even for strongly nonlinear problems. In this manner, we present a new version
of shape measure method to solve the optimal shape design (12). First, by defining
a new variational formulation, for each obtained surface, an optimal control problem
equivalent to the original problem is obtained. Then, a measure theoretical approach
with two-stage of approximation is used to convert the optimal control problem to a
finite dimensional LP. The solution of this LP is used to construct an approximation
solution for the original optimal shape problem in which when the approximation is
finer and finer, the solution converges to the solution of the original problem. Thus, the
proposed approach is practical and accurate enough whose accuracy can be improved

as far as desired (see [9]).

4.1 Step 1: Displaying the problem in variational form

The following conditions put on the functions as well as sets will serve two important
purposes. First, they are reasonable conditions which are usually met when considering
classical problems. Second, they will allow us to modify these classical problems, which
has more advantageous.

We consider function 1 (r, §) that is infinite differentiable inside region D (say (DY)
which has compact support; consider ¢1 (0,7, 2) = z1(r,6). Hence, we define function
¥ so that the absolute continuous condition of path function can be imposed on the

problem:

v = %(2(7“—1)fr1/19+1/)f9+f¢9+(7“—1) (frot + fotor + fibre)) .

Since each differentiable function with finite derivatives satisfies the Lipschitz condition
and is absolutely continuous, function 1 (r, €) is also absolutely continuous with respect
to each of the independent variables r and 0; if z is absolutely continuous, then, function
z1p(r, 0) is also absolutely continuous (see [25]). Now, we suppose F' = (1, 910, P12)
and ¢1(0,7,2) = z10(r, ), then, for all p € C(D), we have:

V x F = (13@1z 89"10)7s + (3e01r _ 3<Plz)é_'_ %(‘9(“"19) _ Op1, )2,

r 00 Oz 0z or or 00

and since the surface equation is z = f(#, 1), one can conclude that V f = (—f, _71 fo, 1),

and according to Stoke’s theorem, we have:
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j{ Fdr://VxF.ndcT://VXF-VfdA:// U (0, r, z,u;)rdrdd
oD s D b

// (r = 1) frhg + Y fo + fhg + (r — 1) (fro¥ + fotr + ftbrg))rdrdd = 0.

Since supp(yp) C D°, the boundary of D is outside of its support and the right hand

side of the above integral is equal to zero.

We consider sphere B so that D x A C B and show the space of real-valued and
continuously differentiable functions with the first and second order bounded contin-
uous derivatives on B by C'(B). Based on similar reasons for the choice t(r,6), the
second class of functions in C'(B) is selected as the functions that only depend on the
independent variables 6 and r; we show the set of these functions with C7(B). In this

case, we have:

f(H,r)dJ://Df(ﬁ,r)rdrdﬁzaf; f e (B).

/ :

2
“ \/T12f9—|—f,?+1
['herefore, problem (12) can be displayed in a new variational form as follow:

ouo 1 Ou ou . 5
2, 2
min  F(w,a) 2T/ / [lu(r,0,2,T)|" + ( ) + T2(89> + (82) |rdrdfdz,

s.t.
1" . ) T
7 /0 /Q(U(T)so(T)—U(T)so(T))rdrdedzdt— /0 /Q ulAprdrdfdzdt)

T
—I—// au(T)o(T)(z — zmin)rdrdd — ;(/ /auo(r,ﬁ,z)gp(O)rdrdezdt)
D o Jo
T T
—/ /augbrdrd@dzdt—i—/ /u¢5rdrd9dzdt:q>;
0 Q 0 Q

1 T
T/ / div(u(r, 0, z,t)p(r, 0, z,t))rdrdfdzdt = 0, Vo € Hi(Q x (0,7));
0 Q

/ / (2 = Zmin)dA = %( /0 ' /Q rdrdfdzdt).

// (r=1) frbo + ¢ fo + [0 + (r = 1) (fro¥) + fotor + fibro))rdrdf = 0;

//Df(G,r)rdrdH:af. (13)

Now, by determining a suitable control function, we rewrite the problem in the form

of an optimal control one.
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4.2 Step 2: Embedding into measure space

By considering the vector of functions (r,z,u) as the trajectory and the vector
(@, ur, ug, uz, fr, fo, fro) as controls, problem (13) can be considered as an optimal con-

trol problem. In this way, the following definitions need to be presented:

Definition 1. p = (z,u, U, u,, ug, uz, fr, fo, fro) is called admissible when it satisfies

the following conditions:

1. The control functions @ , u, , ug , u, , fr, fo and f,¢ are bounded and continuous
and take their values on compact sets U, U ,Uy, U, , By, Iy and F,g which are
subsets of R;

2. z = f(0,r) is an absolutely continuous function;
3. w is the bounded solution of the linear damped wave system (1);
4. The relations (13) are satisfied.

The set of all admissible vector p is denoted by P. We also suppose that P is
nonempty; in other words, we suppose that the system is controllable (this can be seen
in [26], for instance).

LetD’:[0,T]><D><U><U><U9><UZ><UT and D" = D x A x F, x Fy x F,9. For
any admissible p € P, we define the linear, positive and bounded functionals Ap and
I'p on C(D’) and C(D”) in the following way:

Up(F) = [ [, Frdrdfdzdt, VF € C(D");
(14)
Ap(G) = [, Grdbdr, VG e C(D").

Since R? is a locally compact space, according to the Heine-Borel theorem ([28]), D’ C
R® is a compact Hausdorff space. Also, for the same reason, D’ is also a Hausdorff
compact space. Therefore, for every given p, Riesz’s representation theorem ([28])

indicates two positive Radon measures , up and Ap uniquely, so that:

FP(F):ID,Fd,upE,up(F), VFGC(D,); ( )
15
Ap(G) = [y Gdp = Ap(G), VG e C(D").

Consequently, any admissible element can be displayed as (15) by a unique pair of
measures, say (up, Ap), in a subset F' of M*(D’) x M*(D"), where M™(X) is the set
of all positive Radon measures on X. Therefore, one can transfer the problem (13) into

a measure space by:
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(z,u, U, ur, ug, sz, fr, fo, fro) € P — (up, Ap) € MT(D') x MT(D");

It was proved that such a transformation is an injection (see [10]). To obtain something
new, we expand the underlying space and take into account the problem of finding a
minimizer pair of measures, say (u*, A*), on the space of all positive related Radon
measures which are just satisfied to the conditions of (13)(not only those inferred from
Riesz Representation theorem); therefore, our method is somehow global.

Regarding the famous properties of admissible elements of P and the definitions of
the pair of measures (i, A) in (15), problem (13) can now be displayed as follows in

which the measures A and p are its unknown variables:

@ 1 0u ou

min B X) = oopllifr, 6,2, T + (5o + (52 + (507,

s.t.
(T (T) — u(T)HT) ~ p(udy)
FM@u(T)R(T)(z — 2min)) — o, 0,2)6(0))
— plaug +up) =@, Vo € Hi(Q x (0,T));

1
Fildiv(u(r, 0,2, 8)p(r,0,2,))) =0, Vp € Hy(2 x (0,T));

Az = Zmin) = %N(lﬁ
A2 = 1) frtho 6o+ i+ (r = 1) (gt + ot + Fia))) = 0
NS (0,7) = oy, (16)

We remind that the theoretical measure problem (16) is linear even though the initial
problem is highly nonlinear.

Space MT(D') x M*(D") is a linear space which will become a locally convex
topological vector space when it gives the weak*topology. This can be defined by the
family of semi-norms (u, A) — |u(F)| + |\(G)| for F € C(D’), G € C(D") and € > 0,
which can be on the basis of a family of neighborhoods of zero for M (D) x M+ (D");
this family is defined by:

Ue ={(1, A) € MT (D) x MH(D") : |u(Fy)| + [MNGy)| < 5 =1,2,...,r}

which makes a basis for a weak*topology on space M (D’) x M+ (D") (many properties
of this topology can be found in the literature such as [32]); in this way, M (D’) x
M (D") under this topology is a Hausdorff space ([28]).

The proof of the following theorems can be found in [9], [11] and [26].
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Theorem 1. a) Q C M+ (D) x MT(D") is compact under the weak* topology on
M*H(D') x M+(D")

b) Objective function i(u, A) in problem (16) is continuous.

c) There exists a pair of measures (u*, \*) which is optimal for (16) in set @ C
MT(D') x M+(D"); that is, for every (u, \) € Q, we have:

i1, X%) < (1, A).

Even (16) has an optimal solution in @, it is still very difficult to achieve the
exact solution because the underlying spaces are not finite-dimensional: the number
of equations is not finite and the unknowns are measures. Therefore, it is totally
acceptable to look for a sub-optimal solution. Thus, first, by choosing suitable dense
subsets in the appropriate spaces and then, by choosing the finite number of them, we

approximate the problem using a semi-finite linear programming one.

4.3 Identifying a Nearly Optimal Solution

It is possible to approximate the solution of (16) by the solution of a finite-dimensional
linear one of sufficiently large dimensions. Besides, by increasing the dimension of the
problem, the accuracy of the approximation can be increased. First, we consider the
minimization of (16) not only over set @, but also over its subset called Q(Mj, My, Ms)
and defined by only a finite number of constraints to be satisfied. This will be achieved
by choosing countable sets of functions whose linear combinations are dense in appro-
priate spaces and then by selecting a finite number of constraints. Let {p; : i € N},
{t;i :i€ N} and {f; : i € N} be countable dense (in the converge topology sense) sets
in spaces Hi(Q x (0,7)), H}(D) and Cy(D), respectively. By choosing a finite number

of functions in each set, the solution of (16) can be approximated by the following

solution:
min B(sN) = goplli(r, 0,2 T + (oe 4 (002 + (902)
s.t.
F(T)(T) — u(T)G(T) — p(udpr)

+ Mau(T)pi(T) (2 = Zmin)) — %M(CLUO(T, 0,2)¢i(0))
- M(GUQD'@' + USOZ) =, Vi € H&(Q X (O’T))§
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1
fu(dz'v(u(r, 0,z,t)pi(r,0,2,t))) =0, Vo, € Hé(Q x (0,T7)), i=1,2,...,M;j;
L

A2 = zmin) = Tﬂ(l)Q

AC(2(r = 1) futh, + 3o+ foo, + (= 1) oty + foth, + fibrg,)) = 0
M fsk (0,7)) = ay,,, ji=1,2,..., Ms; s=1,2,..., M3, k=1,2,...,My17)

The density property of the selected sets in (17) causes its solutions to tend to the
solution of (16) when My, My, ..., My — oo; thus, if numbers My, M, ..., My are selected
large enough, (17) is a good approximation of our main problem. Now, the number of
constrains of the problem is finite but the problem is still infinite since the underlying
space is a subspace of measures. It would be more convenient if we could approximate
the solution just by a solution of a simple finite LP.

In [9], Fakharzadeh et al. presented that the pair of optimal measures of (17) is in
the form of \* = "M 8% 5(¢%,) and p* = S0 | a26(Q%) in which Q% and ¢, belong
to dense subsets of D" and D", respectively; moreover, §(t) is a unitary atomic measure
with support at the singleton set ¢. Substituting these forms in (17), it might seem that
the problem has been made even more difficult, since it is transferred into a non-linear
one. But, if function i(u, \) can be minimized only with respect to the coefficients
oy and B, it will be turned into a linear programming problem. In other words,
the solution can be obtained approximately by solving just the simple finite linear
programming like below. If one chooses the points (), and ¢}, from a dense subsets of
D’ and D", this fact could be achieved in the second step of our approximation. (see

[9] for more details):

. 1 & . ou(Qy, 1, 0u(Q, ou(Qy,
min B = 55 S anlli@uf + (M50 G (PRR 4 (Pl

Tn

s.t.

N
> 0 ((Qu T)oi(Qn T) = (@, T @, T))
n=1

- Zan Qn A‘Pz(@n)) Z

M
Bm(aw(gm, T)pi(qm, T)(z = Zmin))
m=1
N
-7 Z an(aio(Qu)ei(0)) = 3 an(au(@u)¢i(@n) + u(Qu)FH(Qu) = 2.
n=1

fzan (div(w(Qn)pi(@n))) = 0, i=1,2,..., M
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M L N
Z 5m(zm - Zmzn) = f Z an(1)§
n=1

M
S B (2 (i — 1) Fro ) + 25 (Gon) fom + Fnths, (@)

m=1 T'm
+ (rm — 1) (fro,, 05 (am) + f@md)rj (gm) + fm@brej (gm)))) =0,
j=1,2,..., My;
M
Zﬁm(fsk(qm)) =ay, | s=1,2,...,Ms, k=1,2,..., My. (18)
m=1

Problem (18) is still non-linear because ¢, = (Om, Tm, 2m;, frs fo,,5 fro,,) and Q, =
(tn, Ony Ty Un,y Up, Ug, , Uz, , Uy, ) and 1, are unknowns. Now, by using simultaneous
two-phase search techniques for (18), the optimal vector (r1,72,...,73) (and hence
the optimal domain D) and the optimal coefficients o, ..., a%, 87, .., 5}, would be
found; one is able to construct the pair of optimal shape and optimal domain in the

manner which will be explained in the next section.

5 Algorithm

To apply the mentioned method for solving problem (18) practically, here we present
an algorithmic path for the solution procedure. Regarding previous statements, we are
able to identify the optimal control and optimal damping set by using the following
four-step algorithm:

Step 1: The given sets [0, 7], D, U, U, Uy, U, and U, are divided into ny, ng, ..., ng equal
parts, and also the sets D, A, F,., Fy and Fg into ng, n3, m1, ma, ms and my equal parts,
respectively; so that, the N = nj.ng.ng.n4.ns.ng.n7.ng, number of 8-dimensional cells
and the M = ng.n3.mi.mo.mg3, number of 5-dimensional cells in the related spaces
are obtained. Then, in each of these 8-dimensional and 5-dimensional cells arbitrary
points Q; = (ti, 0i, 7i, ui, Uiy Ug,, Uzy, Ur,) and q; = (05,75, 24, fr;, fo,5 fre;) are selected,

respectively.

Step 2: For fixed numbers My, My and M3 and My, we select M7 number of ¢ (Q),
My of ;(q) and M3z x My of fs(q) functions, respectively. Now, one is able to set up
the finite linear programming (18) with N + M variables and M + My + (M3 x My)+1

constrains, which is dependent on variables ry, ..., 7.

Step 3: To solve problem (18), we use an iterative method with two loops (one in

another) and apply two phases of optimization approaches. In this section, a procedure
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is developed for finding the optimal value of the same functional over the set of all
admissible domains Dj;; in fact, we aim to solve the above-mentioned problem in
(18) by determining the optimal surface and its related optimal image to achieve the
minimum value of the objective function (S, D) on Q(Mj, ..., My). Each domain D €
Dy , as explained, is determined by a set of finite points (0, 7,), m=1,2,... M.
Thus, for a given D € Dy, by solving (18), the nearly optimal value for I(a*, 5*, D)
is found as a function of variables r1, rs,...,73. Consequently, one can define the

following vector function:
J:(r1, r2,...,rar) € RM — I(a*, 8%, D) € R

The global minimizer of vector function J, say (r1, r2,...,7n), can be identified by
using a suitable search technique (like Honey-Bee-Method [1]). Such a method normally
needs an initial value (initial domain) for starting the process of minimization. Each
time the algorithm calculates a value for J, finite linear programming problem (18)
should be solved; thus, the optimal coefficients «, B}‘-‘ are characterized. Whenever it
reaches the minimum value, the minimizer (r{, 73,...,7},) (optimal domain D*) and
therefore its associated optimal surface have been obtained. So, the optimal domain

and the optimal surface are determined at the same time.

Remark: In each stage where the alternative optimal case is happened, it is enough

to select one of them arbitrarily.

Step 4: We summarize the procedure of constructing optimal control functions and
path function z derived from a solution of linear programming problem (18): after
solving problem (18), we identify the indices n such that the components S of the
extreme point are positive and the corresponding value 6,and r,, associated with them
make 0 = 60,, ,r =1y, , u(r,0,z) = u, and z(r, §) = z,. Then, we have optimal points
(0, T, zn) and by using curve fitting tool box of MATLAB software, we fit the surface

on these points in Cartesian coordinates.

5.1 Total sets

To restrict the number of constriants (17), we considered countable sets of functions
whose linear combinations are dense in the specific space. In this section, we attempt
to introduce some suitable cases for such sets. In this manner, we explain how one can
choose total sets for the constraints of (18). Infinitely differentiable functions consist
of functions such as exponential and trigonometric functions. However, exponential

functions can never be zero. Therefore, we make use of trigonometric functions whose
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linear combinations can make Fourier series for each periodic arbitrary function. We

' s as:

choose these functions in the following way and we consider i

Y1 = (r — h(0))(sin(ind ));
o; = (r—h(8))(cos(imh ));
Y3 = (r—h(0))(cos(imb )sin(imh )).

Obviously, the linear combinations of these functions are uniformly dense in space
C1(Q), infinitely differentiable inside region D and has compact support (see [9]).

To be able to characterize the optimal coefficients of (18), an arbitrary domain will
be divided into finite parts and then, an attempt will be made to determine the optimal
surface in each part. In this manner, a finite number of angles § = 6;, i = 1,2, ...,
from the uniform dense subset of [0, 27r] would be considered. Then, domain D can be
divided into [ parts by half-lines § = 6;. Also, the i-th part of D (i = 1,2, ...,l) can be
approximated by sector R; = T“L#, when 0; < 0 < 6;41 and (r1, ro,...,rp) is the
optimal value in (01,62, ...0)r), say D;. Then, if the number of angles is sufficiently

large, the union of D;’s can approximate D arbitrarily. So, we consider fg as follow:

1, Zf 0 c Jlsa r e Jgk,

0, otherwise,

fsk (9,’/“) = {

where Jis and Joi are determined as follow:

(S — 1) (91 (S) 01
Mz 7 M;j

(k—1)R; (k)R;
My T My

Jis = ) and Jop =] ).

Hence:

Tk 0 1
// fsk (0,7)r drdf = / / r drdf = = (05 — 03_1)(7",% — 7“;%,1) =ay,,.
D Th—1 v 0s-1 2

6 Examples

In this section, by giving a numerical example, we examine the efficiency of the method
explained in the previous sections.

As mentioned in the introduction, this problem is resolved in many papers in
the one- or two-dimensional spaces. But, so far, it has not been solved in a three-
dimensional space. Therefore, we have taken the initial and final conditions from
reference [22] and if necessary, we extended these conditions to a three-dimensional

situation.
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By defining Q as an cylinder with radius v/2 and selecting a = 1.5 (constant), for

chosen initial conditions:

uo(0,r, z) = sin(mr cos 0) sin(7r sin ) sin(7z),
ui(0,r,z) =0, (0,7,2) €,

and final conditions as follows ([3] and [29]):

WT=1)=a(T=1)=1.

We supposed L = (1/3), the volume of the unknown region w was equal to %’r Then,
we chose: zZmin =0, Zmar =2,0<0<27,0<t < 1.

To discretize D' = [0,T] x D x U x U x Uy x U, x Uy, we chose N = 62 x 5% point

in these sets by selecting

1. 6 points in [0,T] for ¢ : O,%,%, %, %,1;

2. 6 points in [0, 27] for 6: 0, %ﬂ, %’r, %”, 8{,27?;

3. 5 points in [0, /2] for r: 0, %, 2?‘/5, %, %, V2;

1231

4. 5 points in U for 1u: 0,4, %5

5. 5 points in Uy for ug: —1, %1,0, %, 1;

6. 5 points in U, for u,: —1, 5,0, 3, 1;

7. 5 points in U, for u,: 0, i, %, %, 1;

Also, to discretize D" = D x A x F, x Fy x F,g, we chose M = 14 x 5° point in these
sets by selecting

1. 5 points in F;. for f,. : 0, %, %, %, 1;
2. 5 points in Fy for fo: —1, 5,0, 3, 1;
3. 5in Fg for f.g: —1, _71,0, i

4. 14 angles in [0, 27| for 6:

0 27 4w 6m 87 10w 127 14w 167 187 207w 227 24w 5
02 20 o R 2en oAn 2P0 200 AR A AT o
13713713713 137137137137 137137 137 1377’
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5. 5 value in A = [0, 2] for r: 0, %, 1, %,2.

Then, by selecting the following functions and setting them in (18) for M; = 2, My =
9, M3 =8, M, =3 as:

Y, = (r—h(0))(sin(lamt ));
Y1, = (r—h(0))(cos(lamf ));
Y, = (r—h(8))(cos(lgm8 ) sin(lzm6 )).

1, if € Jis, 1€ Joy

0, otherwise

fsi (0,7) = {

where Ji5 and Jop are determined as follow:

Ms >  Ms My )
R; = m’#, the unknowns r; are optimal solution for J(ri, 79, ...,73) and obtained in

Step 3. Hence:

Tk 05 1
/ / fu (0,7) 1 drdd = / / rdrdd = (0, — Bu_1)(r2 — 12 ) = ay,.
D Tk—1 9571 2

Also, for i = 2,3 we selected ¢; = (r — v/2)sin(i0)t; therefore:

Jis = [& (3)91‘) and Jop = [(k_l)Ri %) for unknown region D. Where

0i(T) = (r —V2)!sin(i0)T, p; = (r — v/2)? sin(if),
Ag; = (r—v2)2sin(i0)t(i(i — 1) + L(r — vV2) — & (r — v2)?).

we setup the corresponding LP with M + N variables and 38 constrains.

It is noteworthy that, the number of basic functions is chosen arbitrarily and by
increasing their number, we will have a better approximate solution.

In 2012, Fakharzadeh et al. dealt with the best standard algorithm to identify
the optimal solution for an OSD sample problem governed by an elliptic boundary
control problem. Their goal in that paper was to examine and evaluate six different
methods according to their ability to find optimality of function. In the mentioned
paper, some references (references related to applications or discussions) were given for
each method [13]. They conducted a computational examination of several existing
derivative free optimization methods to apply solution procedure of OSD problems by
the shape-measure technique. These methods consist of Random search, Nelder-Mead
algorithm, Hook and Jeeves algorithm, Simulated annealing algorithm, Genetic and
Honey bee mating optimization algorithm. The results showed that Random search

and Honey bee mating optimization algorithm are more appropriate for use in shape
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measure method than other algorithms [13]. In this manner, we use Honey Bee Mating
optimization algorithm (HBM) to obtain the optimal value of J(r1, 72,...,7a) and the
modified Simplex method from MATLAB 7.13 to obtain the optimal value of (5, D).

After solving this problem by 30 iterations, we obtained optimal points (6,,, 7y, 2p,)
corresponding to optimal coefficients 3% > 0 in the manner explained in Section 5.
Then, we specify the optimal points (zy,, yn, 2,) With respect to the relationships z, =
rncos(0y) and y, = rpsin(6,). For a fixed a = 1.5, we obtained the nearly optimal
region D (see Figure 1), nearly optimal domain (Figure 2), the curve of the objective
value in terms of iterations in the LP solver (Figure 3) and the energy value as 6.7495 x
10720

In places with damping of waves, installing sensors is not recommended. Therefore,
searching for a place with the least damping of waves for installing sensors is important.
In the Figure 2, the spherical area defines w,4. This area is the damping set and
installing sensors in this place is not suitable. In this area, the waves have the highest

damping rate and the least energy.

15

05

051

s

_15 L L L L L
-15 -1 -0.5 0 0.5 1 15

Figure 1: Nearly optimal region D in Example 1.

-2 -2

Figure 2: Nearly optimal domain with constant damping coefficient a = 1.5.



34

Finding the Optimal Place of Sensors.../ COAM, 4 (1), Spring-Summer 2019

« 10729 Objective value in terms of iterations

o
o

2

\
\

Objective value
w »
w o s o
-

= ~
S
-

/

|

|

/

o
o

15 20 25 30
Iterations

)
o L
o
S

Figure 3: Objective value in terms of iterations of HBM algorithm.

7 Conclusion

By doing an embedding process and using the property of positive Radon measures, we

presented a new and very useful technique for solving the problem of minimizing energy

of a 3-D damped wave system in an unknown region. In this method, the problem

was solved by a 2-phase optimization search technique where the unknown region and

unknown damping set were found optimally. The most important characteristic of our

method is its simplicity and its independence of the solution of the initial shape. To

obtain the optimal domain, we just need to use two-search techniques while solving

linear programming problems.
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