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ABSTRACT

The study presents deflation constraints that enable a systematic exploration of the design space
during the design of composite structures. By incorporating the deflation constraints, gradient-based
optimizers become able to find multiple local optima over the design space. The study presents the idea
behind deflation using a simple sine function, where all roots within an interval can be systematically
found. Next, the novel deflation constraints are presented: hypersphere, hypercube and hypercuboid;
consisting of a combination of Gaussian and sigmoid functions. As a test case, the developed
constraints are applied to the optimization of a double-cosine function, where all the 13 minima
points could be found with 24 deflation constraints. It is shown that a new optimum is encountered
after each deflation constraint is added, with the optimization subsequently re-started from the same
initial point, or resumed from the last found minimum, being the latter the recommended approach.
The new deflation constraints are then used in heuristic-based direct search methods, where a genetic
algorithm optimizer is able to find new optimum individuals for straight-fiber composites. Lastly,
variable-stiffness composites were designed with the deflation constraints applied to the multimodal
optimization problem of recovering fiber orientations from a set of optimum lamination parameters.

1. Introduction

Structural optimization is a fairly vast subject in itself that is
tightly associated with the design of lightweight structures.
Composite materials have been a major enabler of these
designs, owing to their superior specific material properties
as compared to metals, and to their significantly larger design
space enabled by their anisotropy. Both aeronautical and
space industries have been continuously developing new
concepts for composites to pursue these benefits, and Figure
1 shows the evolution of the use of composites in aeronautics
over the last 60 decades. Note that Boeing’s 787 Dreamliner
was the first large commercial aircraft have 50% of the
structural weight in composites (1).

1.1. Types of design space and optimization
composites

Ghiasi et al. reviewed in detail different composite optimiza-
tion methods used for constant (3) and variable (4) stiffness
laminates, classifying the techniques into four categories,
being in order of relevance: gradient-based, direct search
and heuristic, specialized and hybrid methods. Gradient-
based methods can find a local minimum generally faster
than all the other methods, limited to contiguous problems
with first or second derivatives (3). For problems that are
large in dimension, with usually more than 30 variables (5),
gradient-based methods may be the only viable optimization
method (6). However, gradient-based optimizers can find
the global optimum with high accuracy only in unimodal
design spaces (7; 8), whereas in multimodal spaces the final
solution largely depends on the initial point (3). A convex
design space is a subset of a unimodal design space, as
illustrated in Figure 2, and convexity requires that all line
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segments connecting any two points in the function are
above the function and do not intersect it. Hence, not all
unimodal functions are convex, but all multimodal functions
are non-convex (6). As the design space becomes increas-
ingly multimodal or non-convex, finding a global minimum
becomes more difficult and would require special techniques
that can evaluate multiple regions of the design space to
find the point that best minimizes the function. These global
search schemes involve different sampling or starting point
approaches (9; 10) to increase the likelihood to converge
to a global optimum, despite it is never guaranteed that
a global optimum will be found, not even that the global
search will converge onto a solution that is different from
those previously found (6). In commercial software such as
Altair’s Optistruct, such global searches can be activated
with the "dglobal" user input (11).

Direct search methods do not require derivatives, and can
be more appropriately applied for composite lay-up design,
handling a mixture of continuous and discrete variables.
They can find the global optimum of multimodal objective
functions, although with a significantly lower rate of con-
vergence when compared to gradient-based methods (3).
Genetic algorithms (GA) has been the most popular class
of direct search method, according to Ghiasi et al. (3), with
simulated annealing ranking second. Haftka and his group
have pioneered the application of GA in composite design
(12; 13; 14). Antdénio (15) proposed a hierarchical GA for
multimodal optimization of hybrid composites with multiple
solutions. The sunflower algorithm is another relevant global
optimizer originally applied to inverse problem of structural
damage detection in laminated composite plates, proposed
by Gomes (16).

Variable stiffeness (VS) laminated composites can fur-
ther increase the design space and hence the potential for
better structural performance of composites (17), manufac-
turable by automated fiber placement (18) and continuous
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Figure 1: Utilization of ber-reinforced composites in aircraft over the last decades, from Wang et al. (2).

two shearing (19). However, the larger design space creatgohrameters is performed in a convex design space, the next

by VS laminates creates new challenges for the optimizatiorstep of retrieving the ber angles involves a multimodal

due to highly non-convex design spaces associated with theptimization that is ubiquitously done using GA algorithms.

variable ber angles (20). In the present study, it is shown that this retrieval can be done
with gradient-based optimizers when de ation constraints
are used.

1.2. The de ation method

1.2.1. De ation of scalar-valued functions

The rst instance of the de ation methods were applied for
systematic root nding in nonlinear functions (27), provid-
ing an easy visualization of the concept. Assymd to be

a scalar-valued nonlinear function havingnultiple roots

X1; Xo; 115 %, With each root found using an iterative method
such as the Newton-Raphson (28). After having evaluated
the initial root of p.x/, more roots can be systematically
found by considering the following de ated function (29):

Figure 2: Unimodal and multimodal functions, from Martins p.x/

& Ning (6). g.x/ = (1)

Even in the design of constant sti ness laminated com-
posites, the use of ply-angles as design variables is oftefor which the already obtained roots can be e ectively
associated with non-convenxity (21). Miki (22) proposedremoved by the multiplicative term in the denominator.
the use of lamination parameters, introduced by Tsai & Consider the sine functiop.x/ = sin. x / with 7 roots
Pagano in 1968 (23), as design variables to render a convexithin * f x f + . Figure 3 depictg.x/ and the two
optimization. Scardaoni & Montemurro (24) proved non- new functionsy;.x/ andag,.x/, created after two consecutive
convexity of the feasible domain for both anisotropic andde ation steps, respectively after nding the rootsat *2
orthotropic-membrane laminates, even when those are pandx = +1, given as:
rameterized using lamination parameters. However, approx-
imations that lead to convex feasible domains have been

proposed, such as the one for the in-plane and exural Qg x/ SLH—*X/
lamination parameters developed by Fukunaga & Sekine X" 2/sin. X |/ (2
(25; 26). Even when the optimization of the lamination X/ =

X* 20 x* +1/
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