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Abstract. Optimization procedures are often employed in the design of functionally graded structures to achieve
a superior efficiency. Thus, this paper aims at comparing the Particle Swarm Optimization and the Differential
Evolution algorithms when applied to the optimization of FG plates. The optimization is carried out using the
Isogeometric Analysis to evaluate the structural responses and Radial Basis Functions are used as a surrogate
modeling technique to lower the computation cost. A Sequential Approximate Optimization approach is used
to improve the surrogate model during the optimization process. The two optimization algorithms will also be
compared in terms of accuracy and computational efficiency.
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1 Introduction

Functionally Graded Materials (FGM) are a class of composite where the material properties may vary con-
tinuously in a given direction. Optimization techniques can be used to explore the potential of these materials.
This way, the volume fraction of each material, as well as design parameters such as the structure thickness, may
be defined to minimize a given objective function, while still respecting some constraints.

In structural optimization, it is common for researchers to prefer heuristic algorithms over mathematical
programming optimization methods due to their capability of avoiding local minima. These algorithms are also
usually easier to employ, since there is no need to compute the gradients of objective and constraint functions. Re-
cent papers can also be found advising the use of Particle Swarm Optimization (PSO) over the Genetic Algorithm
(GA), since most optimization problems regarding FG structures deal with continuous variables [[1]. Indeed, many
researchers make use of the PSO to optimize FG structures, with great success [1} 2].

In that matter, another commonly used heuristic algorithm proposed to deal with a continuous design space is
the Differential Evolution (DE) [3]]. Recently, this heuristic has also been applied in the optimization of complex
FG structures, achieving good results [4]]. Furthermore, papers which focused on the comparison between PSO
and DE usually find out that DE is superior both in terms of accuracy and convergence speed [5]. However, a direct
comparison regarding FGM has not been made yet.

This paper presents the comparison between PSO and DE formulations when applied to the optimization of
FG structures. A Sequential Approximate Optimization approach will be adopted, where a surrogate model is used
to perform an approximated but efficient assessment of a given costly function [6]. Then, the surrogate model is
continuously improved by the addition of new sampling points via the maximization of the Expected Improvement
(EI) 7, 8]]. This maximization procedure is often performed by an heuristic algorithm due to the nature of the EI
function, which may be highly multimodal [8]]. Once again, both the DE and the PSO will be compared to define
which heuristic algorithm performs best in these cases.

This paper is organized as follows. In Section 2] the Functionally Graded Plates (FGP) are decribed in more
detail. In Section [3]the focus is given to the optimization algorithms used, and the operators and parameters of both
the DE and the PSO are introduced. In Section [ the SAO approach is explained, and surrogate model building
and assessment of the Expected Improvement are discussed. The results are presented in Section[5} and in Section
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[6l the main conclusions are discussed.

2 Functionally Graded Plates

In this paper, the focus is given to FG plates made of two materials, usually a ceramic and a metal, whose
proportion varies through thickness. The volume fraction variation may be controlled by a power-law function [9]]
defined as: v

1 h h
vc(z>—<+z> L Vm(z)=1-Vi(s), —5<2<z M
where V, is the volume fraction of a ceramic material, varying in the plate thickness h, V, is the volume fraction
of a metallic material, and p is an exponent controlling the volume fraction variation.
In order to enhance the design flexibility, B-Splines can be used to define the material gradation [2 [10]:

Nep
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where 1., is the number of control points, V¢ ; is the fraction of the ceramic volume of the i-th control point,
B, (&) is the corresponding B-Spline base, p is the base degree and £ is the parametric coordinate. The definition of
the base B; ,, (&) requires a node vector, composed of non-negative and non-decreasing parametric values, delimited
by the parametric interval in which the B-Spline is defined. Given a node vector = = [£1,&2, ..., {ngpt1], the
functions of the B-Spline base are evaluated by the Cox-de Boor recursive formula [2} [10].

The effective properties of a FG structure depends both on the properties of the constituents and the proportion
of each material at each point. The evaluation of the effective properties of the material requires the use of an
appropriate homogenization scheme [[11l]. The simplest approach is the Rule of Mixtures (RoM) [9], where the
effective material property (P) is given by the weighted average of the constituent properties. Another widely used
approach is the Mori-Tanaka scheme, where the structure, formed by a material m, is assumed to be reinforced by
spherical particles from material c.

3 Optimization algorithms

The Particle Swarm Optimization (PSO) was initially developed in 1995, proposed by Kennedy and Eberhart
[[12]]. This heuristic, based on swarm intelligence, quickly received a surge in popularity due to its excellent results
in continuous spaces, both in terms of accuracy and convergence speed. This paper will make use of a version
presented in Barroso et al. [13].

The PSO starts by generating NV, random particles in a fixed bound-constrained space. Each particle j is
defined by their position XS»O) and velocity V§O), where the superscript denotes the current iteration. Thus, at each
iteration, the particle moves based on its velocity:

i+1) _ i+1) j(_z‘+1) _ wvy) Yo (X(z‘)_ _ Xy)) Fepry (X(i) _ 51)) 3)

, Wwhere v i y

( @ (
X; X; + v j
where w represents the inertia of the particle, while c¢; and c» are the cognitive and social factors, xl(f; is the best
(@)

position obtained by particle j during the optimization and x

neighborhood of ;.

The neighborhood of a particle may be defined by different topologies. Kennedy and Eberhart [[12] initially
proposed the use of a Global topology, where all particles are considered in the neighborhood. However, it was
realized that this choice may suffer from premature convergence in multimodal problems [[14]. Thus, the use of the
Square (or von Neumann) or the Ring topology may offer a better accuracy, although at a loss of efficiency due to
a slower convergence speed [[13} 14].

To further improve PSO exploration capabilities, Barroso et al. [13]] proposed the use of a mutation operator.
Thus, after a new position is calculated in iteration ¢, each variable k of each particle j has a small probability p,+
of mutating to a new random value, respecting the bound constraints.

Differential evolution (DE) was initially developed by Storn and Price [3] and is widely known as an efficient
and robust algorithm for searching for a global optimal solution in a continuous domain [4} [5]. An important
characteristic is the small number of control parameters: the scale factor F' and the crossover probability C,.

The DE starts by randomly generating an initial population of IV, members within a search domain, each
of these candidate solutions being an m-dimensional vector of design variables. After the evaluation of each

is the best position obtained by a particle on the
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individual, the mutation operator takes place, controlled by the scale factor F'. In the original DE formulation, this
operator is given by [15]:

Vi = Tjr0 + F (2501 — Tjr2) “4)
where x; .0, ;1 and x; .o are candidate solutions, r0, r1 and 72 are natural numbers chosen at random in the
range [1, N,| and v;; is the mutated vector. This formulation is known as Rand/1, since the base vector x; o is
chosen randomly and only one difference vector is considered. Since its initial development, many improvements
were proposed by different researchers. Many different operators to carry out the differential mutation can be
listed, but two of the most adopted ones are the Best/1 and the Current-to-best/1, respectively [[15]:

Vji = Tjpest + F (Tjr1 — Tjr2), and vj; = 255 + F (T pest — T5) + F (25,01 — Tj,02) S

where 7 pes is the best design found during the optimization process. Although the Best/1 approach is able to
provide good results, it is a common issue for it to present a very localized search. This paper will use a jitter
approach [15]], where F' presents a small random variation each time a variable is mutated. This approach is known
as Best/1 with jitter.

A binomial crossover is then carried out to increase the diversity of the population, controled by the crossover
probability C... After evaluating the final mutated population, the selection is employed: if the i-th mutated design
is worse than the ¢-th individual in the previous generation, the latter does not get replaced [15].

For both algorithms, the iterative process keeps repeating until a stopping criteria is met, usually related to
a maximum number of iterations [I%,,,, or a maximum number of consecutive iterations with no considerable
improvement It gq;;.

4 Sequential Approximate Optimization

To improve computational efficiency, this paper will also make use of a Sequential Approximate Optimization
(SAO) approach, where, at each step, a response surface is built based on a small set of sampling points. Then, an
optimization procedure is performed to define a new point that should be added to the sample set. Once again, the
process continues until a stopping criteria is met.

An important step on the process is the definition of the initial sample. Since no information about the
function behavior is known a priori, it is a good practice to spread these points uniformly in the design space
[6]. A simple but commonly used approach is the Latin Hypersquare, which can inexpensively generate random
well-distributed samples in the design space. An improved approach will be used where 20 different samples will
be generated, and the one where the minimum distance between two points is maximized is selected to perform
the model building [6,(10]]. In this paper, the size of the initial sample will be defined as n; = 5m, where m is the
number of design variables considered on a given problem.

The response surface is built using the Radial Basis Functions (RBF) [6], while the new sampling point is
defined in each iteration by the maximization of the Expected Improvement (EI) [7,[8]. The following subsections
describe these steps in detail, which were employed in FG optimization problems in recent work with great success
[LO].

4.1 Radial Basis Functions

Given a set of sampling points ¢;, a RBF surrogate model for a function which exact responses are given by
y is defined as:

9(x) =Y wivj(llx —¢jll).or g = wTep (6)
j=1
where w; represents the j-th basis weight, n is the number of sampling points and 1); the basis function relative to
the j-th sampling point (c;). In this work, the Gaussian basis function will be used to interpolate different sampling
points:

W(r) = exp (—r*/o?) (7)
where o is known as the basis’ width. Many papers have proposed different ways of estimating this parameter
[8,[10]. Ribeiro et al. [10] present a comparison between some of these methods, showing that the 5-Fold Cross-
Validation (5-FCV) can provide a great accuracy, while still being the most efficient method between the ones
tested. In this paper, this approach will be employed.

Finally, the weight vector w may be defined by interpolation, considering that § = y on the sampling points.
Thus:
¥w =y, where ¥;; = v;(||c; — c;l|) (8)
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where W is the so-called Gram matrix.

4.2 Expected Improvement

Each iteration of the SAO algorithm ends with the addition of a new sampling point, in an attempt of improv-
ing the surrogate model accuracy over the global optima region. In this paper, this new point will be defined by
maximizing the Expected Improvement (EI) of a given surrogate model. The EI is an error-based metric based on
theory of Gaussian processes [6] and may be evaluated as:

N 1 1 Ymin — @(X))] s -_(ymin - g(x))Q
FElI(x)] = (Yymin — U(x)) | = + —erf + ex - 9
1601 = (i = 9600 |5+ gert (2227 g [l ©
where y.,,i 1S the best objective function currently on y and §2 denotes the estimated mean squared error [6]]:
117w 1))
P(x) = 0° [1 — Ty + %
J (10)
s -1y —1p) o 1T@ly
n AT AT

Here, 52 and /i are the the maximum likelihood estimate for the variance and the mean, respectively.

In a constrained optimization problem, there are two possibilities. If a constraint is cheap and easy to evaluate,
it is not necessary to use a surrogate model to approximate it. Thus, the constraint is evaluated and, if violated, the
E[I(x)] of an unfeasible individual is set to O [8]]. If the constraint assessment is computationally costly, it may be
approximated by a surrogate model. However, since the surrogate provides only an estimate of the real function, it
is not trivial to determine if a certain individual is feasible or not. Thus, the Probability of Feasibility can be used
to assist in the handling of constraints. A parameter F'(x) may be evaluated by [16]:

Ly et (7%1-” — g(x)> Jif erf (79"“'" — g(x)> -1

272 3(x) 5(x)
F(x) = 2—erf<7gm";(;)g(x)) ,if0<erf(7gm";(;)g(x)><l an

0 , otherwise

where g, is the constraint bound, which will be always taken as O in this paper. Then, the constrained expected
improvement of a given point is evaluated by:

CE[I(x)] = F(x) E[I(x)] (12)

Each SAO iteration consists of the RBF model building and the definition of the new sampling point via
maximization of the EI. Thus, in each iteration one new point is added to the sample. In this paper, it will be
assumed that the maximum number of points iS 7., = 3n;, Where n; is the number of points in the initial
sample [8]]. Alternatively, if the algorithm offers no improvement for 10 consecutive iterations, the optimization
process ends.

S Numerical examples

In this section, two different problems will be optimized both in a conventional manner and using the SAO
approach. Different types of PSO and DE will be tried out to define which one performs best.

For PSO, three different swarm topologies will be tested: Square, Ring and Global. For DE, also three
different types of differentiation will be employed: Rand/1, Current-to-best/l1 and Best/1 with jitter. Using a
conventional algorithm, it was assumed that N, = 50, It,,4, = 50 and Ity = 20. The default PSO parameters
employed are w = 0.72, ¢; = ¢ = 1.50 and py,¢ = 2%, while the default DE parameters are F' = 0.85 and
C, = 80%. For the SAO algorithm, It,,,, = 500 is used due to the cheaper evaluation cost of the objective
function. Since the optimization methods are non-deterministic, 10 runs will be performed for each method.

Comparisons will be performed in terms of the average Normalized Root Mean Squared Error (NRMSE)
with the global optimum [10]. Also, the average Wall-Clock Time (WCT) will be used to evaluate the efficiency of
an approach. On SAO approaches, the average total number of high fidelity sampling points evaluated 7, will be
shown. All numerical computations were performed on a computer with a core 19-9820X CPU of 3.30 GHz clock
speed and 128 GB of RAM. No parallelization procedure was used.

Table [T] presents the properties of the materials used in those examples.
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Table 1. Material properties.

Material FE (GPa) v p (kg/m?3)
Al 70.00 0.3000 2707
SUS304 201.04 0.3000 8166
Al,O4 380.00 0.3262 3800
SizNy 348.43 0.2400 2370

5.1 Example 1

The first example deals with a two-dimensional problem proposed by Correia et al. [9]]. The maximization of
the fundamental frequency of a SUS304/Si3N4 square plate with @ = 0.50 m is performed. Effective properties are
defined via the Rule of Mixtures. The design variables are the plate thickness h, defined in the domain [0.005, 0.06]
m, and the exponent p of the power-law function, defined in the domain [0.2, 10]. Two constraints are considered,
defining an upper and a lower bound for the fundamental frequency w. A 16 x 16 cubic NURBS mesh is employed.
The optimization problem may be stated as:

maximize w(x) =w(p, h)

subjectedto  ¢1(x) = w(x)/8000 —1 <0 and go(x)=1—w(x)/3000 <0

13)

Figure presents how w(x) behaves in the design space. The feasible region is given by the space between
the two horizontal planes, which represent the two constraints.

1500

= 1000
o

© 500

s 2 15 — 2
05 02 05 02
h (om) B h (om) P

(a) Objective function surface mesh (b) RBF prediction (c) Constrained EI surface

Figure 1. Behavior of w(x) and initial SAO surfaces on Example 1

This problem has a smooth and unimodal response function. Thus, it is expected for both algorithms to
perform well. On the other hand, the problem has multiple optimum designs, all laying in the plane where w(x) =
8000 rad/s. This is the surface that will be maximized in the case of the conventional optimization.

Figures and[I(c)| present the RBF prediction and C' E[I(x)] surface obtained using 10 sampling points.
In this problem, the constraints are also approximated by a surrogate model. Thus, the Constrained EI should be
maximized to choose a new sampling point, according to Eq. (IT). Indeed, its optimum region seems to be close
to the global optimum shown in Figure In each SAQ iteration, a different surface, similar to the one shown
in Fig. needs to be maximized. The heuristic algorithms must be able to perform consistently well to provide
the expected efficiency.

Table [2] presents the results in terms of the average NRMSE found by each algorithm and their Wall-Clock
Time. Overall, all the results were very good. Using a conventional optimization, all approaches achieved the
global optimum with great accuracy, presenting a Wall-Clock Time of nearly 1500 s. The DE/Best/1 with jitter
approach was the most efficient, achieving a WCT of 1065 s, as it seems to present a faster convergence. Regarding
the SAO approaches, even though these did not achieve the global optimum as accurately, their efficiency is out-
standing, with a Wall-Clock Time of less than 30 s in most cases, being 97% faster than the conventional methods.
Here, the DE presented slightly lower WCTs.
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Table 2. Results found for the Example 1.

. Conventional optimization SAO
Algorithm/Type NRMSE WCT NRMSE WCT T
PSO/Global 0.00% 1447 s 0.28% 30s 28
PSO/Square 0.00% 1509 s 0.50% 30s 28
PSO/Ring 0.00% 1549 s 0.52% 27 s 26
DE/Rand/1 0.00% 1412 s 0.40% 23s 26
DE/Current-to-best/1 0.00% 1529 s 0.55% 24 s 26
DE/Best/1 with jitter 0.00% 1065 s 0.39% 24 27

5.2 Example 2

This example was proposed by Do et al. [2] and deals with the maximization of buckling load N, of a
Al/Al,05 square plate with a/h = 10. In this case, effective properties are defined via the Mori-Tanaka scheme.
Also, the material gradation through the thickness is defined by B-Spline with 13 control points. Since the gradation
is supposed to be symmetric at the mid-plane, there are 7 design variables, each defined in the domain [0, 1]. Also,
a constraint related to the maximum percentage of ceramic V. 4 = 35% is considered. In this case, since the
constraint has an easy and cheap evaluation, there is no need to approximate it by a surrogate model. Instead, the
constraint is exactly evaluated and, if a given design is unfeasible, its Expected Improvement is set to O [8], as
discussed in Section[4.2] Thus, the surrogate model is used only to approximate the objective function. A 16 x 16
cubic NURBS mesh is employed. The optimization problem is stated as:

maximize A(x), where A = N, a/D,, and D,,, = E,,, h3/[12(1 — v,,,?)]

. 1 . pye
subjected to 7 Johys Ve(x)dz —0.35 <0

(14)

where F,,, and v, refers to the metal properties.

Do et al. [2] found a A,y = 12.241. In our case, the optimum value is slightly lower, since this work
employs a First-order Shear Deformation Theory [10], and \,,; = 11.638. Table (3| presents the results for both
the conventional optimization and the SAO approach. Here, A,y defines the average A found. Regarding the
conventional optimization, it is clear that, in this problem, the DE performed much better in terms of accuracy.
The best overall approach was the Best/1 with jitter, which presented a better efficiency as well. Once again, the
SAO approaches did manage to greatly improve the optimization algorithm efficiency while still being able to
find designs very close to the optima. Concerning the comparison between heuristics, there is not a noticeable
difference between results found. Average results between different optimizations were similar.

Table 3. Results found for the Example 2.

Algorithm/Type Conventional optimization SAO

g P Nopt NRMSE WCT Nopt NRMSE WCT Tip
PSO/Global 11.326 2.68% 1912’5 11.576 0.53% 255 48
PSO/Square 11.635 0.02% 2082 s 11.610 0.24% 26 48
PSO/Ring 11.634 0.04% 2348 s 11.547 0.78% 255 48
DE/Rand/1 11.608 0.26% 24725 11.591 0.40% 27s 48
DE/Current-to-best/1 11.638 0.00% 2543 s 11.579 0.51% 25 47
DE/Best/1 with jtter 11.638 0.00% 1965 s 11.562 0.66% 26 48

6 Conclusion

A comparison between two meta-heuristic algorithms was performed to assess which one performs better in
the optimization of functionally graded plates. Thus, three Particle Swarm Optimization (PSO) variants and three
Differential Evolution (DE) variants were put to test and compared both in terms of accuracy and efficiency. The
comparison was carried out considering the conventional approach based on the evaluation of the plate responses
using a numerical method (IGA) and the Sequential Approximate Optimization (SAQO) approach based on a RBF
surrogate and the EI as infill criterion.
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Regarding the conventional approach, the DE seems to be the more accurate algorithm, being able to consis-
tently achieve the lowest errors. The highest overall efficiency was found by the Best/1 with jitter approach, where
lower Wall-Clock Times can be found. On the other hand, concerning the SAO approach, the difference between
meta-heuristics is not as noticeable. However, DE was slightly more efficient than PSO.
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