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Abstract

We consider the simultaneous optimization of the reliability and the
cost of a ceramic component in a biobjective PDE constrained shape op-
timization problem. A probabilistic Weibull-type model is used to assess
the probability of failure of the component under tensile load, while the
cost is assumed to be proportional to the volume of the component. Two
different gradient-based optimization methods are suggested and com-
pared at 2D test cases. The numerical implementation is based on a first
discretize then optimize strategy and benefits from efficient gradient com-
putations using adjoint equations. The resulting approximations of the
Pareto front nicely exhibit the trade-off between reliability and cost and
give rise to innovative shapes that compromise between these conflicting
objectives.

Key words: biobjective shape optimization, shape gradients, probability of fail-
ure, descent algorithms
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1 Introduction

The optimization of the design of mechanical structures is a central task in
mechanical engineering. If the material for a component is chosen and the

“{doganay,schultes,hahn,stiglmayr,gottschalk,klamroth}@math.uni-wuppertal.de



GRADIENT BASED MO SHAPE OPTIMIZATION 2

use cases are defined, implying in particular the mechanical loads, then the
central task of engineering design is to define the shape of the component.
Among all possible choices, those shapes are preferred that guarantee the de-
sired functionality at minimal cost. The functionality, however, is only guaran-
teed if the mechanical integrity of the component is preserved. The fundamen-
tal design requirements of functional integrity and cost are almost always in
conflict, which makes mechanical engineering an optimization problem with
at least two objective functions to consider.

Mathematically, the task of choosing the shape of a structure is formulated
by the theory of shape optimization, see, e.g., [1, 9, 32, 50] for an introduc-
tion. We thus consider admissible shapes Q < R”, p = 2,3, along with an ob-
jective function f(Q) which returns lower values for better designs. The task
then is to find an admissible shape Q* € argmin f(Q2). The existence of opti-
mal shapes has been studied in [10, 26, 32] — for the specific objective func-
tion f of compliance see [1]. On the algorithmic side, the adjoint approach to
shape calculus has led to efficient strategies to calculate shape gradients, see,
e.g., [12, 16, 22, 23, 34, 47, 48, 50]. While theory and numerical algorithms of
shape calculus are highly developed mathematically, most publications in the
field neither deal with multiobjective optimization problems, nor directly con-
sider mechanical integrity as one of the objective functions, see [32, 2, 20, 39]
for some remarkable exceptions.

In mechanical engineering, mechanical integrity is one of the central ob-
jectives, see, e.g., [3]. However, if objectives like the ultimate load that the
structure can bear or the fatigue life of a component are formulated deter-
ministically, then the objective function is in general non-differentiable as it
only depends on the point of maximal stress. In numerical shape optimization
this would lead to shape gradients concentrated on a single node, resulting in
highly instable optimization schemes. At the same time, as material proper-
ties are subject to considerable scatter, a deterministic approach is not realis-
tic. To overcome these two shortcomings, an alternative probabilistic approach
to mechanical integrity has been proposed by some of the authors and others
(5, 6, 29, 28, 30, 44, 45, 46], which has a smoothing effect on the singularities
that are typical for deterministic models. Note that the probabilistic descrip-
tion of the ultimate strength of ceramics has become a standard in material en-
gineering since the ground breaking work of Weibull, see, e.g., [3, 8, 38, 42, 52].
In practice, there usually is a trade-off between the mechanical integrity of a
structure and its volume (cost), since an improved mechanical integrity usually
comes at the cost of a larger volume. Instead of presetting a fixed bound on
the allowable volume, the trade-off between these two conflicting goals can be
analyzed in a biobjective model. Other relevant objective functions may be, for
example, the minimal buckling load of a structure or its minimal natural fre-
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quency, see, for example, [32]. For a general introduction into the field of mul-
tiobjective optimization we refer to [21, 36]. In the context of shape optimiza-
tion problems, two major solution approaches can be distinguished: Meta-
heuristic and, in particular, evolutionary algorithms are widely applicable so-
lution paradigms that do not utilize the particular structure of a given problem
[11, 14, 15, 53]. However, in combination with expensive numerical simulations
such approaches tend to be inefficient. On the other hand, gradient-based al-
gorithms [17, 24, 54] require efficient gradient computations and are often ap-
plied in the context of adjoint approaches and using weighted sum scalariza-
tions of the objective functions. See [41] for a comparison.

In this paper, we suggest a biobjective PDE constrained shape optimization
problem for the simultaneous optimization of the mechanical integrity and the
cost of a ceramic component. As we have seen, most papers in shape optimiza-
tion of structures do not deal with mechanical integrity as an objective, but use
elastic compliance [1], or in the case that they consider mechanical integrity,
do not use a probabilistic approach [2, 39, 20]. In [30, 44, 46, 45] probabilistic
models for metals under low cycle fatigue are introduced and in [28, 29] some
numerical studies are made. Further, a probabilistic formulation for ceram-
ics under load is provided in [6] and a first single criteria optimization with this
objective while using a volume constraint is done in [5]. Multicriteria optimiza-
tion including mechanical integrity is widely considered, see, e.g., [11] for a re-
cent example. However, these works neither consider probabilistic effects nor
use gradients. This work for the first time combines biobjective gradient based
optimization methods with a probabilistic assessment of mechanical integrity.

The paper is organized as follows: Section 2 is devoted to a formal introduc-
tion of the problem, including a review of Weibull type models for the proba-
bility of failure and existence results for Pareto optimal shapes. The numeri-
cal implementation is based on a first discretize then optimize approach using
Lagrangian finite elements, which is detailed in Section 3. Section 3 also con-
tains an introduction to gradient-based optimization strategies for biobjective
problems and some details on their efficient implementation. The approach is
validated at 2D ceramic components in Section 4, and perspectives for future
research are suggested in Section 5.

2 Biobjective Shape Optimization (of Ceramic Struc-
tures)

In this section, we first introduce a set of admissible (feasible) shapes and re-
view the state equations that model the physical behavior of a shape under ex-
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ternal forces according to the linear elasticity theory (Section 2.1). The con-
sidered objective functions, the intensity measure modelling the mechanical
integrity, and the volume of the shape, are formally introduced in Sections 2.2
and 2.3, respectively. The overall problem is formulated as a biobjective opti-
mization problem in Section 2.4, and the existence of Pareto optimal solutions
is shown in Section 2.5.

2.1 Admissible Shapes and State Equation

We follow the description from [5, 6] and consider a compact body (also re-
ferred to as component or shape) Q < R”, p = 2,3, with Lipschitz boundary that
is filled with ceramic material. Furthermore, we assume that the boundary 0Q
of Q is subdivided into three parts with nonempty relative interior,

0Q = cl(0Qp) U cl(0Qp,,,) U cl0Qp,,,)-

0Qp describes the part of the boundary where the Dirichlet boundary condi-
tion holds, 0Qy; ., the part where surface forces may act on and 0Qy; . the
part of the boundary that can be modified in an optimization approach. It is
assumed to be force free for technical reasons [6].

Q

>

0Q 0QNg,,
° aQNfree e

Figure 1: Tllustration of Q and its boundary components.

Since all feasible shapes have to coincide in Qp and in Qg , it is natural to
restrict the analysis to subsets of a sufficiently large bounded open set O c R”
that satisfies 0Q, < 0Q and 4Q Nixed S 0Q (see Figure 1). We additionally assume
that Q satisfies the cone property for a given angle 6 € (0,7/2) and radii r,1 > 0,
r<l/2,ie.,

VxedQALeRP, 1Ll =1: y+C0,) cQVyeBx, )N,

where C({,0,0) :={c e R” : |lcll < 1, ¢, > llcllcos(®))} is a truncated circular
cone oriented along {, with height / and opening angle 26, and B(x,r) c R” is
an open ball of radius r centered at x. Now the set of admissible shapes 6®9 c
2 (RP) can be defined as

0% :={0cQ: 0Qp 0Q, 0Qy,, ., €0Q, Q and Q satisfy the cone property} .
(2.1)
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Ceramic components behave according to the linear elasticity theory [38].
The state equation can be described as an elliptic partial differential equation,
see, e.g., [7]. More precisely, we get the state equation which describes the reac-
tion of the ceramic component to external forces as a partial differential equa-
tion:

—divie(u(x)) = fx) forxeQ
uix) = 0 for x€ 0Qp 2.2)
owx)n(x) = gkx) forxedQn,,, )
oux)nx) = 0 for x € 0Qn;,,

Here, 71(x) is the outward pointing normal at x € 6Q), which is defined almost
everywhere on 02 given that 0Q is piecewise differentiable. Furthermore, let
f € I2(Q,RP) be the volume forces and g € L?(0Qy;, .., RP) the forces acting on
the surface 0Qy;, ., €.g., the tensile load. The displacement caused by the act-
ing forces is given by u € H'(Q,RP), where H!(Q,RP) is the Sobolov space of
[%(Q, RP)-functions with weak derivatives in L2(Q, R”*P). The linear strain ten-
sor € € L2(Q,RP*P) is given by £(u(x)) := %(Du(x) +(Du(x))"), where Du is the
Jacobi matrix of u. It follows for the stress tensor o € L?(Q,RP*P) that o (u(x)) =
Atr(e(u(x))) I +2ue(u(x)), where A, u > 0 are the Lamé constants derived from
Young’s modulus E and Poisson’s ratio v as A = % and pu = ﬁ

From a numerical perspective, a variational formulation of the state equa-
tion (2.2) is usually preferred, see, e.g., [5, 6]. This still guarantees a unique weak
solution u, see [19]. Thus, u is uniquely defined by the shape Q [19], and we will
equivalently write o (Du(x)) := o(u(x)) for x € Q to highlight that o depends on
the Jacobi matrix of u.

2.2 Probability of Failure

The primary objective function, the mechanical integrity of the ceramic com-
ponent, is modelled based on the probability of failure analogous to [5, 6, 8, 52].
For the sake of completeness this is briefly summarized in the following.

We want to optimize the reliability of a ceramic body (, i.e., its survival
probability, by minimizing its probability of failure under tensile load. In that
sense failure means that the ceramic body breaks under the tensile load due to
cracks. Such cracks occur as a result of small faults in the material caused by
the sintering process. To understand the mechanics of cracks, three types of
crack opening are considered, see [31] and Figure 2a for an illustration. They
are referred to as Modes I, Il and III, respectively, and relate to different loads.
Note that in the two-dimensional case, only Modes I and II can occur. We refer
to [31] for a detailed introduction into this topic.

The stresses and strains close to a crack are represented by the crack-tip
field which depends on the respective crack opening modes. It is described lo-
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(a) Modes I, IT and III (from left to right) (b) r-¢ coordinate sys-
tem at the tip of the crack

Figure 2: Crack opening modes and two-dimensional model for the crack-tip
field according to [5, 6, 31]

cally by a two-dimensional model, see Figure 2b for an illustration. With Ki, Ky
and Ky being the stress-intensity factors (also called K -factors) corresponding
to Modes I, II, and 111, respectively, one can describe the crack-tip field o locally
according to linear fracture mechanics as

o) = o) = —={Ki6' ) + 10" (@) + Kno "D} < R (23)
Here, r is the distance to the crack tip, and ¢ the angle w.r.t. the x; -axis (aligned
with the crack plane), see Figure 2b. The functions 6"'"!!(¢) are known func-
tions of the angle ¢, see again [31], and R(r,¢) is a regular function of the con-
sidered position in x € Q that is independent of the crack. Note that in the two-
dimensional case, Mode III is omitted from (2.3) since it does not exist. More-
over, experimental evidence has shown that Mode I, which relates to tensile and
compressive load, is the most relevant for the failure of ceramic structures [8],
see [31] for approaches for multi-mode failure. We will thus focus on K; in the
following as the driving parameter for crack development under tensile load.

In order to evaluate K; analogous to [6], we adopt the concept of equivalent
circular discs to represent different crack shapes and crack sizes, and hence
assume that the cracks are penny shaped. Then a particular crack can be iden-
tified by its configuration

(x,a,n) € € :=Qx(0,00) x SP7L

where x € Q is its location, a € (0,00) its radius, and n € SP~! its orientation
(SP~1 denotes the unit sphere in R”). € is called the crack configuration space.
Given a crack (x, a, n) € €, Ky can be computed as a function of the radius a and
of the tensile load o, (Du(x)) in the normal direction 7 of the stress plane at the
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crack location x as
2
Ky = Ki(a,0,(Du(x))) = ;Un(Du(x))\/n , (2.4)

see, e.g., Table 4.1 in [31]. Following [6] we set
0 n(Du(x)) := max{n' o(Du(x))n, 0}.

Note that negative values of o, (x) correspond to compressive loads which can
be ignored in the analysis of crack development, see Figure 2a above.

A crack (x,a, n) € € becomes critical, i.e., a fracture occurs and the mate-
rial fails, if K7 exceeds a material-specific critical value Ki. (the ultimate tensile
strength of the material). Note that (2.4) implies that all cracks with radius

Y Kic 2
a>aci=" (—) 2.5)
4 \o,(Du(x))

are critical. We denote the set of critical configurations by
Ac:=Ac(Q,Du) ={(x,a,n) € € : Ki(a,0,(Du(x))) > Ki}

and want to minimize the probability of finding a crack with configuration in
Ac.

Following [5, 6], we assume that the parameters (x, a, n) are random (i.e.,
they are not deterministically given by the sintering process), that the cracks
are statistically homogeneously distributed in Q, and that their orientations are
isotropic. Let A < ¥ be a measurable subset of the configuration space. Then
under quite general assumptions the random number N(A) of cracks in A is
Poisson distributed (see [33, 51]), and hence N(A) is a Poisson point process. It
follows that P(N(A) = k) = e “(,%,)k ~ Po(v(A)), where v is the (Radon) inten-
sity measure of the process. Recall that a component fails if N(A;) > 0. Given a
displacement field u € H'(Q,R”), we can now write the survival probability of
the component Q as

ps(Q|Du) = P(N(Ac(Q, Du)) = 0) = exp{-v(Ac(2, Du))}.

Hence, to maximize the survival probability of a component Q we need to mini-
mize the intensity measure v. Since only cracks (x, a, n) with radius a > a, need
to be considered (c.f. (2.5) above), [5, 6] determine the intensity measure as

r%) r
V(A:(Q,Du)) = pfffdva(a)dndx
2

2m Q sp-1ac
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with dx the Lebesgue measure on R”, dn the surface measure on S”~!, and
dv,(a) = c- a da being a positive Radon measure modelling the occurrence
of cracks of radius ain Q (¢ >0and m = % are positive constants). Note that for
p = 3 the I'-function takes the value F(%) = ‘/TE and for p =2 we obtain I'(1) = 1.
With m :=2(m—1) = 1 and using again (2.5) the inner integral can be evaluated,

yielding

2 m
V(Ac(Q, Du)) = (zp)ff(w) dndx,
2712 (9]

Q gr-1

where o is an appropriately chosen positive constant. As highlighted in [5, 6],
this is in accordance with the statistical model introduced by Weibull [52]. In
this context, the parameter m is referred to as Weibull module and typically
assumes values between 5 and 25.

Summarizing the discussion above, we define our primary objective func-
tion f; : 6% — Ras

fi(Q) :=v(A.(Q, Duw)) (2.6)

and refer to it as intensity measure, modelling the probability of failure (PoF) of
the component Q. Recall that u(€) is uniquely defined by Q2 and thus f1(€) is
completely defined by the shape Q (given fixed boundary conditions f, g).

2.3 Material Consumption

Improving the intensity measure f; of a ceramic component (and hence its PoF)
usually comes at the price of an increased material consumption, which is di-
rectly correlated with the cost of the component. In order to avoid excessively
expensive solutions, classical approaches thus set a predetermined bound on
the allowable volume of the shape (2 (see, e.g., [5, 6]). We follow a more general
approach in this manuscript and interpret the volume (and hence the cost) of
the component as an equitable second objective function. This facilitates, in
particular, the analysis of the trade-off between these two criteria and supports
the engineer in finding a preferable design. We thus define f, : G*! — R as the
volume of a shape Q € 6 given by

f(Q):= f dx. 2.7)
Q

2.4 Biobjective Optimization

When multiple conflicting goals are relevant in an optimization problem, a
common approach is to use a weighted sum of the individual objectives as
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an overall objective function and then resort to classical optimization algo-
rithms. The advantages and also the shortcomings of this so-called weighted
sum scalarization are discussed in the following section, see also [21]. Particu-
larly when choosing fixed weights, this method is of limited applicability. While
fixed weights may represent the preferences of one decision maker, another
decision maker may have other preferences, i.e., other weights. Moreover, the
objective ranges and the scales of the objectives may be very different or even
incomparable, which generally leads to numerical difficulties.

Another common approach to handle multiple conflicting goals is to select
one “most important” objective function to minimize, e.g., the probability of
failure, and set upper bounds on the acceptable objective function values of
the other objective functions. In our case this would imply a constraint on the
allowable material consumption, see, e.g., [5, 6]. This approach is referred to as
e-constraint scalarization, see again [21] for a general discussion of this topic.
In addition to the numerical difficulties that may arise from adding potentially
complicating constraints to the problem formulation, this approach has simi-
lar drawbacks as the weighted sum scalarization: The selection of meaningful
upper bound values may be difficult, and trade-off information is ignored.

A more general approach is to formulate a multiobjective optimization prob-
lem, and hence to compute a set of relevant solution alternatives rather than
one single “optimal” solution. By providing a set of solution alternatives the
decision maker can not only choose a solution that aligns the most with his
preferences, but he can also inspect the trade-off between alternative solutions
and can adjust his preferences accordingly. A decision maker may, for example,
prefer reliability over volume, but looking into the trade-off between solution
alternatives there may be a solution that is some small percentage worse w.r.t.
the reliability while it is a lot better regarding the volume. This may lead to a
re-evaluation of the decision maker’s preferences.

With our two objective functions “intensity measure” (f;, modeling the PoF)
and “volume” (f2), the following biobjective shape optimization problem arises:

min f(Q) := (f1(Q), f2(Q))
Qecad (2.8)
s.t. ue H(Q,RP) solves the state equation (2.2),

where fi and f;, are defined according to Sections 2.2 and 2.3 above. Note that
only f; depends on the displacement field u(Q2).

We call f = (fi, f>) : 6% — R? the biobjective function vector and R? the ob-
jective space. Let Z := f(©*%) c R? denote the set of all feasible outcome vectors
in the objective space, i.e., the set of all outcome vectors that are images of ad-
missible shapes Q € 4. In contrast to single objective optimization we have
to define optimality in the presence of two objectives, since there is no natural
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order on R?. For two shapes Q;,Q, € 634, let z! = f(Q;) and z? = f(Qy) be the
respective outcome vectors in Z. We write

B2 = =g, j=12
zl < 722 z! < z% and z! # 22

N

1

z 2 1

—
2 = zj<z?,j:1,2.

A

Note that z!' < z? implies that z} < z? for j = 1,2 with at least one strict inequal-
ity. We use the notation

RZ:={zeR®:2z=>(0,0)'} and Z+RZ:={zeR*:z>2 forzeR>

The notations [R{ZZ, R2, R2, [RZS and R2 are used accordingly.

We say that z! dominates z2 if and only if z!' < z2, i.e., if and only if 2! €

z? +R2. An outcome vector Z € Z is called nondominated if there is no other
outcome vector z € Z such that z < z. Accordingly, an admissible shape Qp €
04 is called Pareto optimal or efficient, if there is no other admissible shape
Q € 6® such that f(Q) < f(Qp). We are mainly interested in Pareto optimal
shapes since these are precisely those shapes that can not be improved in one
objective without deterioration in the other objective. The set of all Pareto op-
timal shapes is called the Pareto front and denoted by @’;d. Similarly, the set of
all nondominated outcome vectors Zy := f (@’f,d) is referred to as the nondomi-
nated front in the objective space.

As in single-objective optimization, one often has to resort to local min-
ima if the underlying optimization problem is nonconvex (and difficult). In the
biobjective setting, an admissible shape Q/p € 6! is called locally Pareto op-
timal or locally efficient, if there is a neighborhood .4 < @2 of Q,p such that
there is no other admissible shape Q € A with f(Q) < f(Qgp).

2.5 Existence of Pareto Optimal Shapes

In order to prove the existence of Pareto optimal shapes, we consider the weighted
sum scalarization of problem (2.8) in which, given a weight w € (0,1), the two
objective functions are combined into one single weighted sum objective:

min f,(Q):=wfi(Q)+ (1 -w)f2(Q)
Qecad 2.9)
s.t. u e HY(Q,RP) solves the state equation (2.2).

It is a well-known fact that every optimal solution of problem (2.9) is Pareto
optimal for problem (2.8), see, e.g., [21].
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Theorem 1. Ifthe crack size measure has the non decreasing stress hazard prop-
erty (see [6] for a formal definition), then the set @’gd is non-empty.

Proof. Suppose that w € (0,1) is chosen arbitrarily, but fixed. Then the weighted
sum objective can be evaluated as

2 m
Jo Q) ) (z)ff (M) dndx +(1—w)fdx
Q sp-1 7o Q

2me
N m Loy
Cw (Zp)f f (Un(Du(x))) dn + 2712(; w) dar
2n2 J0 I'(3)w
Q sp-1 ———

constant

Thus, the incorporation of f5 into the scalarized objective function corresponds
to the addition of a constant term in the shape integral of fi. This does not
affect the convergence analysis of [6], which is based on convexity of the inte-
grand in Du, see [10, 26]. We can conclude that the weighted sum scalarization
has an optimal solution for every w € (0, 1). Since every such solution is Pareto
optimal for (2.8), the result follows. O

3 Numerical Implementation

To actually compute locally Pareto optimal shapes, we adopt the finite element
discretization implemented in [5] for two-dimensional instances (i.e., p = 2). In
this implementation, the shapes Q € 9, the state equation (2.2), the objective
functions f; and f> and their gradients are discretized. Standard Lagrangian
finite elements are used for the discretization of the state equation (2.2), and
all integrals are calculated using numerical quadrature. The discretized shape
gradients are obtained by an adjoint approach to reduce computational costs.
We refer to [5] for a detailed description.

3.1 Geometry Definition and Finite Element Mesh

The two-dimensional shapes Q € 624 c 2 (R?) are discretized by an n, x ny
mesh X := X@ = (X?j)nxxny (we write Xjj := Xin € R? for short) using triangles,
with ny, ny, € N being the number of grid points in x and y direction, respec-
tively. Given a shape Q € @*! and its discretization X, the objective function
values f1(X) and f,>(X) as well as their gradients V f;(X) and V f,(X) are com-
puted using the implementation of [5].

For the optimization process, we fix the x-component of all grid points to
equidistant values xi, ..., x,_ , and we only consider the y-components of those
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Figure 3: Transformation: mesh X — meanline/thickness p — B-spline fit y.

grid points that define the boundary of the shape to avoid deformation of the
inner mesh structure. Note that this reformulation reduces the number of op-
timization variables from 2n,n, to 2n,. As a consequence, feasible shapes can
alternatively be represented by a shape parameter p containing, for every rele-
vant x-coordinate, the y-coordinate of the meanline Q?ﬂ € R of the shape, and
the thickness Qs.h € R. of the shape, i = 1,..., n,. Given a feasible shape repre-
sented by p := (o™, ™) € R?"x with o™ € R?*, an associated mesh representa-
tion X can be obtained using

t.h

0
X =[x, o™+ — (
)] (z 0; ny—1 J

_ny+1
2

))emzz, i=l..,nyg j=1,...,ny (3.1

To further reduce the computational burden and to obtain smoother shapes,
the shape parameters o™ € R” and o™ € R”* are modelled using B-splines.
Let np € N, with np < ny, be the number of B-spline basis functions, and let
{0; :R—Rs, j=1,...,np} be a B-spline basis (see, e.g., [40]). Feasible shapes
are then represented by B-spline coefficients y := (y™,y™) € R*2. The corre-
sponding meanline and thickness values can be computed using the auxiliary
functions

ng np
o™l (x) = > ylj?ﬂz‘)j (x) and pP(x):= > }/}hﬁj (x), xeR.
j=1 j=1

These auxiliary meanline and thickness functions are then evaluated at the
fixed x-coordinates of the gridpoints which yields

Q?‘l = 0™ (x;) and Qﬁ.h = oM (xy), i=1,... ny. (3.2)
Using the B-spline coefficients y = (y™,y") € R>"# as optimization variables
yields a further reduction of the number of variables to 2ng. Moreover, the
B-spline representation leads to an implicit regularization and smoothing of
the represented shapes. In the following, we denote the set of feasible shape
parametrizations by T < {(y™,y™) € R?"2}. The transformation from the mesh
to the B-spline fit is visualized in Figure 3.
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To evaluate the objective functions f;(y) and their gradients V f;(y) = df;/ 0y,
j =1,2, wr.t. the new parametrization of shapes based on B-spline parameters
7, while still using the implementation of [5], we compute an associated grid
X using a two step transformation. First, the fixed B-spline basis is utilized to
construct the auxiliary functions of meanline and thickness, the evaluation of
which (via (3.2)) then generates the shape parameters for the next step of the
grid computation (3.1). While the resulting objective function values can be
used immediately in the optimization process, the gradients computed w.r.t.
the grid X need to be translated to the space of B-spline coefficients, i.e.,

Ofi _ofi oX 9¢™ . Ofi _0fi 0X 0™ . _ . .o
ayml T 0X dpm! gyml oyt T X dpth gyth’ J=5e )

The numerical computation of gradients of f;, j = 1,2, w.r.t. a B-spline rep-
resentation y of a feasible shape Q is thus based on a two-step projection of
v onto the original grid X. The thus computed gradients of f; (the intensity
measure) were validated, using finite differences, at the sample shape shown in
Figure 5a. The validation is based on a grid (X;;)41x7, i.e., ny =41 and n, = 7.
Consequently, for the corresponding meanline and thickness representation
we have p = (o™, p™) € R%, where p™ € R¥'. Moreover, we used a B-spline
basis with five basis functions, i.e., ng = 5 and y = (y™,y™") € R'°. We com-
puted all ten partial derivatives w.r.t. y via the respective transformations to the
grid representation and compared them with finite differences. The results of
this comparison, i.e., the absolute values of the differences between computed
derivatives and finite differences, are shown in Figure 4a and 4b for the mean-
line and thickness parameters, respectively. The figures indicate in all cases
that, when the finite differences are evaluated for decreasing values of the in-
crement ¢, then they correspond well to the computed gradients.

3.2 Pareto Critical Solutions

Given the parametrization of admissible shapes described in Section 3.1, the
biobjective optimization problem (2.8) can now be restated as

min(f1(y), f2(y)
rer (3.4)
s.t. u(X(y)) solves the discretized state equation (2.2).

Recall that only f; depends on the displacement field u(X).

Since derivative information is available, necessary optimality conditions
can be formulated that generalize the concept of critical points from single-
objective optimization. Towards this end, we omit the constraints implied by
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(a) Validation of 0 f1/ Oy?ﬂ (b) Validation of 0 f1/ 0)/?‘

Figure 4: Validation of gradients computed according to (3.3) using finite dif-
ferences. On the x-axis: increment € used for the finite difference evaluation;
on the y-axis: absolute deviation between 6 f;/ ay?ﬂ’th computed according to
(3.3) and the corresponding finite difference, i = 1,...,5, for meanline (left) and
thickness (right).

the parametric representation of admissible shapes to keep the exposition sim-
ple. All constraints will be handled implicitly in the numerical tests described
in Section 4 below. Assuming that both objective functions are continuously
differentiable a necessary condition for a solution y € R?"# to be locally Pareto
optimal is that

{de[Rz”B : ij(y)Td<0,j=1,2}=@, (3.5)

i.e., there does not exist a direction d € R?"* that is a descent direction for both
objectives. If y* € R?"* satisfies this condition we call it a Pareto critical shape.
In this work, we aim at the efficient computation of Pareto critical shapes
that, ideally, approximate the Pareto front. Since derivative information can
be obtained for both objective functions, we select solution methods that effi-
ciently utilize this information and that can be adopted such that a meaningful
representation of a Pareto critical front is obtained. As two fundamental ap-
proaches in this category, a parametrized weighted sum method and a biobjec-
tive descent algorithm are chosen and explained in Sections 3.3 and 3.4, respec-
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tively. Their performance in the context of 2D shape optimization problems is
compared in Section 4.

3.3 Weighted Sum Method

Maybe the easiest way to compute a representation of the Pareto front is to
iteratively solve weighted sum scalarizations (2.9) with varying weights. The
weighted sum scalarization of problem (3.4) can be restated as

min fi, (y) =0 fi(y) + (1 - o) f2(y)
vel (3.6)
s.t. u(X(y)) solves the discretized state equation (2.2),

where w € (0,1) is the weight specifying the relative importance of f; and f>,
respectively. Recall that every solution of the weighted sum scalarization (3.6)
is Pareto optimal for (2.8) [21]. A disadvantage of the weighted sum method is,
however, that only solutions that map to the convex hull conv(Z) of the image
set Z = f(I') in the objective space can be found, and thus relevant compromise
solutions in nonconvex areas of the nondominated front may be missed. More-
over, [13] showed at simple biobjective test instances that evenly distributed
weights do in general not lead to well distributed outcome vectors in the objec-
tive space. This is particularly problematic if the considered objective function
values are of largely different magnitude, which is the case here. In order to ob-
tain solutions that are consistent with the preferences expressed by w, we thus
normalize the objective functions by using appropriate scaling factors ¢y, ¢, > 0,
and replace f; and f> in (3.6) by c; f1 and ¢ f, respectively.

Despite the difficulties mentioned above, the weighted sum method is usu-
ally well-suited to efficiently compute at least a rough approximation of the
Pareto front. For this purpose, problem (3.6) is solved iteratively for varying
weights (in our case, we choose w € {0.2,0.25,0.3,...,0.9} since numerical ex-
periments showed that this yields meaningful trade-offs). Each single objective
optimization problem (3.6) is then individually solved using a classical gradient
descent algorithm with stepsizes determined according to the Armijo rule, see,
for example, [4].

Under appropriate assumptions, the gradient descent algorithm in the in-
ner loop of Algorithm 1 converges to a critical point of (3.6), see, e.g., [4]. In our
implementation, the inner loop is also terminated when a prespecified maxi-
mum number of iterations is reached. However, in this case there is no guaran-
tee that the final iterate is close to a Pareto critical solution.

Note that a critical point of the weighted sum scalarization (3.6) is neces-
sarily Pareto critical for the biobjective shape optimization problem (3.4), while
the converse is not true in general. This has some correspondence to the fact
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Data: Choose € (0,1), y) € T, weights wy,...,w; € (0,1), and £ > 0.
Result: Set of approximations of Pareto critical solutions ¥y, ...,7;.
for j=1to Jdo

Setw =wj, set k:=1, and set d%:=-vVf,yV)and tp:=1;
while || fr_; A% V| > e do

Compute a search direction d® = -V f,,(y®) ;

Compute a step length # € (0,1] as

1
ax{t:27 $ 0N, fuly®+1d®) < £,/ 4BV £, Ta®

y* D=y 0 4 1. d® and k= k+ 1;

end

7j=y®

end
Algorithm 1: Parametric weighted sum algorithm using gradient descent

that global optimal solutions of a weighted sum scalarization (3.6) are always
Pareto optimal, while nonconvex problems may have Pareto optimal solutions
that are not optimal for any weighted sum scalarization (3.6), see, e.g., [21].

Note also that the search direction d©' = —V f,,(y®) does not necessarily
satisfy Vfj(y®)Td®) <0, j = 1,2, in all iterations. In other words, one objec-
tive function may deteriorate during the optimization process if only the other
objective function compensates for this.

3.4 Biobjective Descent Algorithm

Different from the weighted sum method described above, biobjective descent
algorithms - as a natural generalization of single-objective gradient descent al-
gorithms — are potentially capable of finding every Pareto optimal solution, if
only the starting solution is chosen appropriately. While this is a rather theo-
retical advantage, biobjective descent algorithms are indeed highly efficient in
finding (or approximating) one Pareto critical solution without the necessity to
specify preferences. However, if a representation of the complete Pareto front
is sought, they need to be combined with other search strategies.

We adopt the multiobjective descent algorithm proposed in [24] (see also
[25]) for the biobjective optimization problem (2.8). Similar approaches have
been suggested in [17, 18, 27].

Biobjective descent algorithms iteratively improve both objective functions
simultaneously. This is based on the observation that, if a solution y € R?"
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is not Pareto critical according to (3.5), then there exists a direction d € R?>"5
which is a descent direction for both objectives. Thus, if in an iterative solution
method the current iterate y® € R>"5 is not Pareto critical, a direction of steepest
biobjective descent d*' € R*"3 can be defined according to [24] as a direction
solving the auxiliary optimization problem

_ 1
min  p+—|ld|?
pe[R,de[RZ”B 2

s.t. Vi) Td<p, j=1,2.

(3.7)

Problem (3.7) is a convex quadratic optimization problem with linear inequality
constraints. Note that the term % Il d|l? in the objective function ensures that the
problem is bounded, and that the solution p = 0, d = 0 is always feasible. Note
also that the optimal value p* is negative if and only if d* # 0, i.e., if a direction
of steepest biobjective descent exists.

When a direction of steepest biobjective descent d**’ # 0 is found, then we
move from y®) into the direction d® to a new point y**1 := y® 4 1, 4K The
step length #; > 0 is computed using an Armijo-like rule. Towards this end,
let 8 € (0,1) be a prespecified constant. Then a step length ¢ is accepted if it
guarantees a sufficient biobjective descent in the sense that

(k)

fiP+ed®) < ;6 + vy a®, j=1,2. (3.8)

In order to compute an acceptable step length ¢, we iteratively test the values
(%)’ , ¢ =0,1,2,... until condition (3.8) is satisfied. A proof for the finiteness
of this procedure is given in [24]. The overall method is summarized in Algo-
rithm 2.

Data: Choose € (0,1), yY) eT'and £ > 0, set k:= 1.

Result: Approximation of a Pareto critical solution 7 := y®.
Compute d9 := dV as a solution of (3.7) and set 1 := 1;
while || #_; d* V| > e do

Compute d® as a solution of (3.7);

Compute a step length #; € (0,1] as

1
ax{t:27 : 0eNo, fiyP+1d®) < [0+ prv £ Ta®, j=1,2;

yD =y ® 4 1 d® and k:=k+1;
end
Algorithm 2: Biobjective descent algorithm according to [24]
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If f1 and f, are continuously differentiable and € = 0, then Algorithm 2 con-
verges to a Pareto critical solution [24]. A natural stopping condition for prac-
tical implementations, motivated by (3.5), is that || £,d® || < €, with £ > 0 a pre-
specified small constant.

In practice, we also terminate the algorithm when a prespecified maximum
number of iterations is reached. In this case, the final solution has to be used
with caution since the optimization procedure has generally not yet converged.

The choice of the search direction using problem (3.7) together with condi-
tion (3.8) implies that the iterates of Algorithm 2 satisfy f(y**1) < f(y®) for
all k=1,2,.... In other words, the objective vector f(y**D) in iteration k + 1 is
bounded above by the objective vector f(y®) of the previous iteration £, i.e.,
for® e for®) - RE.

Several alternative Pareto critical solutions (and hence trade-off informa-
tion between them) can be obtained, for example, by varying the starting solu-
tion. We follow a different approach in our implementation that is somewhat
similar to the weighted sum method, and that is based on the observation that
the optimal solution of problem (3.7) (i.e., the direction of steepest biobjective
descent) depends on the scaling of the objective functions f; and f>. Thus, Al-
gorithm 2 is executed repeatedly, using different scalings of the objective func-
tions. In our implementation, we use a scaling parameter s := @r™* > 0 and
replace f> by sf, in the optimization process, where the parameter r™® > 0 is
chosen as the largest ratio between partial derivatives of f; and f5, evaluated at
the starting solution y'V. Note that the latter aims at the constraints in problem
(3.7) in the sense that they should be comparable, i.e., both objective functions
should equally contribute to active constraints and thus influence the choice
of the search direction. By varying the parameter @ € {0.5,0.6,...,2}, we implic-
itly control the run of the gradient descent algorithm and thus obtain different
solutions starting from the same initial shape. Note that the volume of the so-
lutions can be expected to increase with larger values of @.

Note also that the resulting parametric version of Algorithm 2 is fundamen-
tally different from the weighted sum method in Algorithm 1 in the way the
search directions are chosen and in the way the iterates converge to a Pareto
critical solution.

3.5 Scalar Products and Gradients in Shape Optimization

The performance of Algorithms 1 and 2 depends largely on the choice of the
search direction, which is computed based on the discretized gradients V f; (y),
j =1,2. Michor and Mumford [35] showed that (continuous) shape gradients
calculated with respect to the ordinary L?-scalar product lead to an ill defined
notion of the distance of two shapes, as the infimum over all deformation path
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lengths is zero. They suggest a modified scalar product given by

(h,kye = fmm,k)w 1+¢&xh)dA (3.9)

and show that this indeed leads to a well defined Riemannian metric on the
shape space. Here, h, k are two vector fields in normal direction to the bound-
ary of 6Q, dA is the induced surface measure, « is the scalar curvature of the
surface, and ¢ > 0 is a regularization parameter. In practice, this corresponds to
a transformation of function values on 0Q2 that, given some function g : 0Q2 —
R?, can be described by g (x) = 1+§:§)(x) for x € 6Q).

Despite discretizing the space of shapes, we also discretize this definition
of the gradient in order to obtain stability in the limit of small finite element
mesh size and a high number of spline basis elements. We adopt a discretized
version of this concept in the numerical implementation of shape gradients for
both objectives f;, j = 1,2. More precisely, a discretized scalar curvature x is
computed at grid points on the boundary 9Q), which is represented by a polygo-
nal approximation induced by the shape parameters (o™, o) € R, o™ € R
Since the upper and lower boundary of the shape Q2 may have a different cur-
vature at the same x-coordinate value x; (i € {1,...,ny}), we have to compute
the curvature for upper and lower boundary points separately. For the upper
boundary, this is realized by comparing the normals n}' and n} ; on two con-
secutive facets of length [ and I}, |, respectively. Similarly, for the lower bound-

ary we use ni., nl and li., I'  and obtain

i+1 i+1’
v u 2|lnt = ni, 12
Ki =K (xi) = W,
i Tlin .
Lo i=1,..,n-1 (3.10)
1 1 zllni_ni+1”2
K; = K (x;) = W,
i+ i+1

The upper and lower boundaries of the shape Q are reconstructed from the
meanline and thickness representation using the linear transformation o} =
Q?‘l + %pg.h and Qll. = Qll.nl - %(_)Eh, i=1,...,n. In other words, (p%p") € R*" is
obtained from (o™, o) € R?"+, o™ € RZ*, as (oY, p") = M (o™, o™, using an ap-
propriate transformation matrix M € R?"+*2"x_This leads to a discretized repre-
sentation of the respective boundaries by points (x;, 0}) (upper boundary) and
(x;, Qll.) (lower boundary), from which the « values can be computed according
to (3.10).

Now (3.9) can be applied to the gradients of f; w.r.t. (0", oY, j=1,2, by mul-
tiplying the respective partial derivatives by

u ._ 1. 1

G Trgemr M T T
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Since we actually need the gradients of f; w.r.t. p = ™, o™, j = 1,2, we addi-
tionally have to consider the linear tranformation M. Let D¢ = (dg,ij)2n,x2n, €
R2"x*2"x be a diagonal matrix with diagonal elements given by

de = d:}i, i=1,...,ny and dg;;:= dl_l._nx, i=ny+1,...,2n,,

and set Dg := M~! D; M. Then we obtain the curvature adapted B-spline gradi-
ents as
dfjy - (90fj 0X)dp
B -
oy /¢ 0X 0p) oy

Note that for ¢ = 0 the matrix Dy is the identity matrix, and hence the L?-
gradient of f; w.r.t. v, j = 1,2, is recovered in this case, c.f. (3.3).

j=12. (3.11)

3.6 Control of Step Sizes

Large mesh deformations may cause numerical difficulties and thus have to be
avoided. We thus limit the step size during the optimization procedure. Recall
that the representation of feasible shapes, using meanline and thickness val-
ues (Q?l,ggh) at fixed x; coordinates, i = 1,..., ny, implies that grid points can
only move vertically. A natural choice for a maximum admissible step in one
iteration of the optimization process is thus determined by the thickness of the
shape, divided by the number 7, of gridpoints in y-direction. Since in our case
studies the shapes are fixed at the left boundary (i.e., at x = x;) and hence their
thickness is constant at x;, we set

Qt1h>(1)

1y

oM .=0.8

i.e., to 80% of the vertical distance between grid points on the left boundary of
the initial shape. For a given search direction d'®) = (4™®) gth.(k)y ¢ g275 ip jt-

.....

6™, Otherwise, d¥ is scaled by a factor §™3/max;-1,._on, |d§k)|. Then the
step length ¢ < 1 is computed according to the Armijo rule as indicated in Algo-
rithms 1 and 2.

While 6™ is derived from the mesh X1, it still is a meaningful upper bound
for a step d® in the B-spline representation. Indeed, if {0;,j=1,...,np}isaB-
spline basis and y¥ = (y™b® () e T is the current iterate, then the B-spline
basis properties Z?ﬁl 9j(x)=1land 9;(x) =0, j =1,...,np (see, e.g., [40]) imply
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that, foralli =1,...,n,,

np npg
Lk+1 1k Lk 1,(k 1, (k
MUk _ gl )|:’Z(ijp ( )+d;.“ ( ))19j(xi)—ZY';l ®9,(x:)
j=1 j=1

ng ng
1,(k L,(k L,(k
<) ld} ®119;x)l < max d} OIS 19;(x) = max ja? *),
j=1 j=1,..,np j=1 j=1,..,np

An analogous bound holds for the corresponding thickness parameters. Note
that the above inequalities do in general not guarantee that all grid points of
the corresponding mesh X*» move by at most 80%, since this also depends on
the current shape and the mutual movement of meanline and thickness values.
In some situations it may thus be necessary to adapt this bound to a smaller
value. However, this never occured in our numerical tests.

4 Case Studies

We consider 2D ceramic shapes made out of beryllium oxide (BeO) under ten-
sile load. Therefore, we set Young’s modulus to E = 320GPa (see, e.g., [38]),
Poisson’s ratio to v = 0.25, and the ultimate tensile strength to 140 MPa, accord-
ing to [49]. Weibull’s modulus is set to m = 5, which is on the lower bound
of industrial ceramics having m between 5 and 30 as depending on the pro-
duction process [37]. All considered shapes have a fixed length of 1.0m and
a fixed height of 0.2m on the left and right boundaries. The shapes are fixed
on the left boundary, where Dirichlet boundary conditions hold (0Q2p), and on
the right boundary, where surface forces may act on and Neumann boundary
conditions hold (0Qp;,,). The upper and lower boundaries are assumed to be
force free (0Q;,,). They can be modified within the optimization process. We
set f = 0 neglecting the gravity forces and & = 107 Pa, representing tensile load.
Note that, in order to be consistent with 3D models, we define the force density
w.r.t. Pa=N/m? (and not w.r.t. N/m). This is motivated by assuming a constant
width of the 2D component of 1 unit (i.e., 1m). Then plane stresses and plane
strains are obtained by neglecting Poisson effects in the third dimension.

Here, both starting solution are chosen without involving a decision maker.
In the first case, we choose an obviously not efficient solution for a horizontal
load transfer to see how the algorithms works. The second test case simulates
a shifted load transfer. We thus take an a posteriori approach on decision mak-
ing with regard to design or cost preferences. We are aware that using only one
starting design for each test case may bias the solutions of both optimization
methods. Nevertheless, numerical experiments with moderately modified ini-
tial designs yielded comparable solutions, indicating that in these special cases
there is not much to gain by varying the starting designs.
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The shapes are discretized by a 41 x 7 grid (i.e., ny =41 and n, = 7) using tri-
angles as detailed in Section 3.1. The B-spline representation is based on ng =5
basis functions. Thus, we have in total ten B-spline coefficients. Since the left
and right boundary are fixed and we only modify the upper and lower bound-
ary of the components, we have to fix the first and last B-spline coefficients for
both, the auxiliary meanline and thickness functions. All in all, we have now
six control variables. Moreover, the curvature regularization paramater is set to
&=107*%, see Section 3.5.

During the optimization process, we monitor the Euclidean norm of the up-
date of the design variables in every iteration and stop when it is lower than
10~*. The implementation is realized in R version 3.5.0 and uses the adjoint
finite element code of [5] as a subroutine.

4.1 A Straight Joint

In the first test case, a straight joint is sought that is fixed at the left side, while
the tensile load acts on the right side. This is a particularly simple situation
where the straight rod connecting from the left to the right can be expected
to be optimal, with varying thickness depending on the trade-off between the
intensity measure (f1) and the volume (f2). The optimization algorithms are
challenged by providing a bended beam as a starting shape, which is clearly far
from being optimal.

The starting shape is shown in Figure 5a, together with the 41 x 7 tetrahedral
discretization X. Its objective values are f;(XV) = 0.769624 (intensity mea-
sure) and f>(XY) = 0.2 (volume), respectively. The relatively high value for the
intensity measure fi can be explained by the relatively high stresses that are il-
lustrated in Figure 5b. Figure 5c shows that the B-spline representation based
on only five basis functions leads to a rather inaccurate representation, particu-
larly at the left and right boundary. This could be improved by fixing the slopes
at the left and right boundary, however, at the price of a significantly reduced
design space. Indeed, a majority of the Pareto critical shapes computed during
our numerical tests do not have zero slopes at the left and right boundary, par-
ticularly in the case of the S-shaped joint considered in Section 4.2 below. Note
that the smoothing induced by the B-spline representation in this case already
leads to dominating objective values of f;(y'")) = 0.453867 and f,(y'") = 0.2.

Results Among all shapes with a fixed volume of f>(X) = 0.2, the straight rod
shown in Figure 5d can be expected to have the mimimum possible intensity
measure fj. Indeed, the straight rod shown in Figure 5d achieves an objective
value of fi(X) = 0.00058. Figures 5e and 5f show the results of the weighted
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sum method (Algorithm 1) with weight w = 0.8 and of the biobjective descent
algorithm (Algorithm 2) with scaling parameter @ = 1.8. Both methods show
a rather quick convergence (with the expected advantage for the biobjective
descent algorithm) to solutions that are close to optimal. However, the solution
of the biobjective descent algorithm seems to be a local solution with slightly
higher stresses (and thus slightly higher objective value for f7).

Figure 6 shows iteration histories of exemplary runs of the weighted sum
method (Algorithm 1) and of the biobjective descent algorithm (Algorithm 2),
respectively. It nicely illustrates that, in contrast to the biobjective descent algo-
rithm, the weighted sum method permits iterations where one objective func-
tion deteriorates while the weighted sum objective is still decreasing. This may,
in certain situations, help to overcome local Pareto critical solutions. On the
other hand, the weighted sum method may get stuck in local minima as well.
Indeed, independent of the chosen weight, the histories of the weighted sum
method have a similar structure: First mainly the intensity measure (represent-
ing the PoF) is improved (since in early stages of the algorithm the gradient of
f1 is considerably larger than the gradient of f,). Only at later stages of the al-
gorithm, the volume is varied to a larger extent, depending on the given weight.

Note also that the final solution obtained with the biobjective descent algo-
rithm largely depends on the starting solution, since the objective values can
never deteriorate during the optimization process. Thus, when the starting so-
lution has a volume of f,(X) = 0.2, then all Pareto critical shapes that can be
computed with the biobjective descent algorithm have a volume of at most 0.2,
irrespective of the scaling.

Three shapes with progressively reduced volume (and hence lower cost) are
shown in Figures 5g to 5i. As was to be expected, a lower cost comes at the price
of a higher intensity measure (and hence higher PoF). A comparison between
Figures 5h and 5g suggests that also for the low volume solutions, the weighted
sum solutions slightly outperform the biobjective descent solutions.

Figure 7 summarizes the results of several optimization runs with varying
weights (Algorithm 1) and varying scalings (Algorithm 2), respectively. The same
starting solution was used in all cases, see Figure 5c. While the solution quality
of the weighted sum method and of the biobjective descent algorithm is com-
parable, a clear advantage of the weighted sum method seems to be that it is not
so much constrained by the (performance of the) starting solution. Indeed, the
weighted sum solutions shown in Figure 7 span a large range of alternative ob-
jective values in the objective space and thus provide the decision maker with
meaningful trade-off information and a variety of solution alternatives.

Both algorithms need in general one gradient computation and ke, func-
tion evaluations per iteration, where ksiep is the number of iterations in the
Armijo rule to calculate a step length. Additionally, the biobjective descent
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needs one gradient evaluation, whereas the weighted sum requires one objec-
tive function evaluation to determine an initial scaling of the objectives. In this
test case the mean number of iterations for the weighted sum method was 94
with around 3.8 Armijo iterations on average. The biobjective descent needed
46 iterations with 1.7 Armijo iterations on average. On this rather coarse grid
(41 x 7) a function evaluation takes about 1.2 seconds and a gradient evalua-
tion around 15.48 seconds, a finer grid would extend the run time significantly.
Note that the underlying simulation code for the function evaluation and gradi-
ent computation is not optimized w.r.t. runtime. Summing up, an optimization
run with the weighted sum method for this test case on a 41 x 7 grid took about
31.4 minutes on average. The biobjective descent algorithm took about 14.9
minutes on average. All algorithms are implemented in R version 3.5.0, and the
numerical tests run on a PC with Intel Core i7-8700 CPU @ 3.20 GHz, 31.2GB
RAM.

4.2 An S-Shaped Joint

A more complex situation is obtained when the left and right boundaries are
not fixed at the same height, i.e., when an S-shaped joint is to be designed. In
our tests, we fix the right boundary about 0.27 m lower than the left boundary.
The starting shape and its 41 x 7 tetrahedral discretization X, that is used for
all optimization runs, is shown in Figure 8a. Figure 8b highlights the stresses
that are particularly strong towards the left boundary. The respective objective
values are f;(XV) = 1.520058 (intensity measure) and f>(XV) = 0.2 (volume),
respectively. As can be expected, the intensity measure (and hence also the
PoF) is considerably higher than in the case of the straight joint discussed in
Section 4.1. Despite the significant smoothing induced by the B-spline repre-
sentation of the initial shape shown in Figure 8c, it has an even higher value
of the intensity measure of f;(y™") = 1.910532 (and hence a higher PoF value),
while f>(y)) = 0.2 remains constant.

Results We observe that the resulting shapes resemble the profile of a whale.
If we consider 1st principal stress of the stress tensor on the grid points of the
initial shape resulting from tensile load, see Figure 8c, we observe an anti clock-
wise eddy in the left part of the joint. The hunch close to the left boundary of the
optimized shapes gives room for the occurring stresses and therefore improves
the intensity measure and, likewise, the PoE

Note that, different from the case of the straight rod, we have no prior knowl-
edge on the Pareto optimal shapes. For the solutions shown in Figures 8d and
8e, we can only guarantee that they are (approximately) Pareto critical, i.e., the
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respective optimization runs terminated due to the criticality test. Figure 8f
shows a shape with a significantly higher volume of f,(X) = 0.225906, and with
a largely improved intensity measure of fi(X) = 0.196791. This shape was ob-
tained with the weighted sum method with weight w = 0.85 after 150 iterations.
In this case, the algorithm terminated since it reached the maximum number of
iterations and not due to convergence. We observed that all optimization runs
of the weighted sum method with w = 0.85 were not converging in this setting.
Thus in these cases it is not guaranteed, that the resulting solutions are Pareto
critical. Note that, given a starting solution with a volume of 0.2, this shape is
not attainable with the biobjective descent algorithm.

However, there is no guarantee that the computed shapes are Pareto opti-
mal. For example, the shape shown in Figure 8e obtained with the weighted
sum method with weight w = 0.8 achieves objective values of f; (X) = 0.293853
and f,(X) = 0.188445, and hence slightly dominates the shape shown in Fig-
ure 8d obtained with the biobjective descent algorithm with scaling parameter
@ = 1.1 that has objective values f;(X) =0.300996 and f>(X) =0.188774.

Figure 9 summarizes the results of several optimization runs of both Algo-
rithms 1 and 2 in the objective space. Note that not all solutions of the weighted
sum method lie on the convex hull of the computed points (and are thus not
globally optimal for a weighted sum scalarization). In some cases, the biobjec-
tive descent algorithm also computes dominated points, while in other cases it
found solutions that lie even below the convex hull of the weighted sum solu-
tions (see, e.g., the result for @ = 0.5 in Figure 9).

Alarger range of alternative objective vectors is, as in the case of the straight
rod, obtained with the weighted sum method. A cross-test between the two
methods, where the final solution of Algorithm 1 was used as starting solution
for Algorithm 2, confirms that local Pareto critical solutions were found for w <
0.8.

Compared to test case 1, the optimization runs for test case 2 needed in
general more iterations. The mean number of iterations for the weighted sum
method in test case 2 was 107 with around 5.3 Armijo iterations on average. The
biobjective descent needed 74 iterations with 3.9 Armijo iterations on average.
Thus, the weighted sum method needed about 39.06 minutes on average and
the biobjective descent algorithm took about 26.96 minutes on average.
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and low volume solutions (row 3).
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Figure 6: Iteration histories of an exemplary run of the weighted sum method
(Algorithm 1) and of the biobjective descent algorithm (Algorithm 2). Note that
both algorithms use the same starting solution.
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Figure 7: Approximated nondominated front for the straight joint. The associ-
ated Pareto critical shapes are shown for selected weightings/scalings.
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Figure 8: S-shaped joint: Starting solution (row 1), two exemplary Pareto crit-
ical solutions (8d and 8e) , and a not converged solution of the weighted sum

method (8f).
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Figure 9: Outcome vectors for the S-shaped joint. The associated Pareto critical
shapes are shown for selected weightings / scalings.
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5 Conclusion and Outlook

We have developed a modelling and solution approach for biobjective PDE
constrained shape optimization of ceramic components. The mechanical in-
tegrity of the component on one hand, and the cost of the component on the
other hand, were considered as two pivotal optimization criteria. A probabilis-
tic approach was used to assess the mechanical integrity (i.e., the reliability) of
the component, which allows, in combination with a finite element discretiza-
tion and an adjoint approach for gradient computations, the efficient calcula-
tion of derivative information. Approximations of the Pareto front were com-
puted using two different approaches: (1) parametric weighted sum scalariza-
tions in combination with a single objective gradient descent method, and (2)
a biobjective descent algorithm with parametric scalings of the objective func-
tions. Numerical results for 2D test cases visualize the trade-off between the
reliability and the cost, and hence pave the way for an informed selection of
a most preferred design. A generalization to 3D shapes seems possible and is
the next natural step. Moreover, further optimization criteria like, for example,
reliability w.r.t. other loading scenarios, minimal natural frequencies, and/or
efficiency criteria, can be included into a general multiobjective shape opti-
mization problem.

Note that the biobjective descent algorithm is introduced as a multiobjec-
tive descent algorithm in [24]. Therefore, it can handle multiple objectives
without a modification. However, in practice the initial scaling of the objec-
tives is difficult, and the probability of getting stuck in local minima generally
increases with the number of objectives. The weighted sum method also natu-
rally extends to more than two objectives, but the computational cost to explore
the weight space {w € [0,1]9: ¥ w; = 1} with g > 2 may become prohibitive. This
may be, for example, handled by adaptive strategies for weight selections that
aim at approximations of the Pareto set, see, e.g., [43].
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