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Abstract: We present a multi-objective topology optimization method based on the Non-Sorting
Genetic Algorithm II (NSGA-II). The presented approach is a tool for early-stage engineering applica-
tions capable of providing insights into the complex relationship between structural features and
the performance of a design without a priori assumptions about objective space. Mass reduction,
linear elastic deformation, and stationary thermal conduction are considered simultaneously with
three additional constraints. The specifically developed genotype-phenotype mapping ensures the
practical benefit of obtained design propositions and significantly reduces computational effort to
generate a dense set of Pareto solutions. The mapping procedure smooths probabilistically generated
structures, removes unconnected material, and refines the spatial discretization for the subsequently
used finite element solver. We present sets of Pareto optimal solutions to large three-dimensional
design problems with multiple objectives and multiple near-application constraints that are feasible
design propositions for engineering design. Geometrical features present in the obtained Pareto set
are discussed.

Keywords: design optimization; evolutionary algorithm; multi-objective optimization; topology
optimization

1. Introduction

Topology optimization methods aim to find an optimum distribution of solid material
and voids inside a defined design space [1,2]. The topology is optimized with respect to
a set of objective and constraint functions in one or more load cases. An expensive trial
and error based development can be avoided by such a cost and time efficient structural
optimization [3,4]. For single-objective optimization a variety of specialized methods
were developed based on classical numerical optimization [4,5] with the ability to solve
optimization problems with billions of design variables [6].

A feasible design proposition must be a one-piece structure with geometrical features
that can be machined with reasonable effort by milling, casting or additive manufacturing.
Therefore, smoothness is required to a certain degree. Topology optimization methods
are prone to a number of numerical instabilities. Checkerboard structures occur in simple
implementations of topology optimization methods. A pattern of alternating solid and
void elements shows significantly greater stiffness per mass than any other structure. Apart
from that, non-uniqueness or non-existence of optimum mass distributions can lead to
a strong dependence of the result on the chosen discretization. This mesh dependence,
like checkerboard structures, is not providing feasible design propositions. There exists
a manifold of efficient and effective approaches to achieve a binary distribution of the
design variables [5,7]. Modern approaches to structural optimization also consider effects
that arise from uncertainties of the optimization conditions [8-11].

Multi-objective optimization aims to find a set of solutions to a problem that each
cannot be outperformed with respect to all considered objectives. Such a solution is called
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non-dominated. A set of trade-off solutions is called a Pareto front with each member
of the set being a Pareto-optimal solution. Knowledge of the Pareto front leads to more
specific insights about the design problem in comparison to single-objective optimiza-
tion [12-16]. Gradient-based approaches to multi-objective optimization use scalariza-
tion schemes, e.g., weighting [17] or transformation of objectives to constraints [18,19]
in order to explore the Pareto front. In comparison, non-gradient approaches, such as
the evolutionary algorithm presented in this work, inherently explore objective space
without the need for a priori definition of weighting schemes. Recently, a posteriori ap-
proaches to bi-objective structural optimization with adaptive objective weighting have
been applied successfully [20-22]. Other recent approaches include the use of deep
learning [23] and specialized non-gradient approaches [24]. Recently an evolutionary
three-objective beam topology optimization method has been reported [25]. In this light,
we will now present a method to search for optimum material distribution in a contin-
uum domain considering more than three objectives and constraints without a priori
weighting scheme.

Evolutionary algorithms are a population based meta-heuristic. During every iter-
ation (generation) of the optimization, new parameter sets (members of a population)
are generated and their performance is evaluated with respect to objectives and con-
straints. The population of the subsequent generation (offspring) is then generated such,
that well-performing members of the previous generation (parents) are more likely to
pass on their parameters (genes) to members of the subsequent generation. Performance
of a gene is evaluated via a fitness function that takes into account the optimization
goals and constraints. Evolutionary algorithms are used for multi-objective topology
optimization [26-29] and have demonstrated the ability to provide a set of near-application
trade-off solutions [30-32].

In this work we present a topology optimization approach that relies on finite element
calculations to evaluate the optimization objectives such that we find a solution that
minimizes multiple objective functions under multiple constraints. The optimization
formula is
find: ¢ =[p1,02,--.,0n]
min.: 7, |uy|, Ta
st: Ki=F

AT =0 1)

Tmin <1 < Tmax

|”y| < |”y|max
0 < Opax

where the 0 = [p1,p2, ..., n] is the vector of design variables, namely the material density
of a given spatial discrete domain and r is the relative mass as defined later. The physical

equilibrium conditions for elasticity and thermal conductivity are Kii = F and AT = Q,
respectively, with the state variable fields displacement u = [uy, uy, 4] and temperature T.
The global stiffness and conductivity matrices are K and A and the external forces or fluxes

are F and 0.

The presented optimization approach relies on finite element calculations to evaluate
the optimization objectives as given in Equation (1). The optimization can be integrated
into an optimization and design procedure [8]. While the finite element meshes used will
be small in terms of usual engineering problems, the number of finite element analyses to
be carried out will be the predominant source of hardware limitations. In order to be able
to solve near-application problems, a significant reduction of the computational effort is
essential [33,34]. As the complexity of evolutionary multi-objective optimization algorithms
cannot be directly reduced, computational effort can only be reduced by a constant factor.
Wall time is reduced by parallel evaluation of the objective functions and by finite element
modeling techniques, such as exploiting symmetries.
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2. Non-Sorting Genetic Algorithm II

The Non-Sorting Genetic Algorithm I (NSGA-II) has proven to be a well suited for multi-
objective optimization [35] and especially multi-objective topology optimization [26-29].
An evolutionary algorithm was chosen because of its general applicability to multi-physics
optimization [36]. The objective functions and constraints are evaluated by a finite element
solver based on 788 (https://en.z88.de/manuals/ (accessed on 1 November 2022)) solving
linear isotropic elasticity and stationary thermal conduction. The input for such a calculation
is a finite element mesh consisting of connected elements with a consecutive numbering.
For practical reasons at least one element is fixed to remain solid e.g., at sites where loads
are applied.

A binary gene encoding is used such that every bit in the gene corresponds to the
density of a single finite element. The elements are either solid (1) or void (0). Offspring
is generated from two members of the parental generation that each were selected from
the fitter of two randomly chosen members in a tournament selection [37]. To enforce
constraints during the tournament, a member that violates a constraint always loses against
a member that does not. The recombination of the parental genes is performed by a two
point cross-over operation with a probability of 0.99. The genes are subsequently subjected
to bit-flip mutations with an average of one flip per gene [38].

Figure 1 shows the two steps that NSGA-II uses to assign fitness. It is crucial to
assign better fitness to members of the population that are not dominated by another
member [39]. In Figure 1a it is shown how NSGA-II allocates every parent to a set (front)
F;, where i is the rank of a solution. The Pareto front is F;. The second front F, is defined
as the set of solutions that would be non-dominated if the Pareto front would have been
removed from the offspring population. This allocation is repeated for F;; until all
solutions are allocated to a front [35]. Pareto elements have a rank of 1, members of
F, have rank 2 and so on. The efficient non-dominated sorting algorithm to allocate
ranks is given in [35]. Figure 1a shows the assignment of ranks for a set of solutions in
objective space.
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Figure 1. (a) Non-dominated sorting. Each solutions is assigned to a front F; to F,; due to their
non-domination level. (b) Crowd distance calculation. The crowding measure is shown for the i-th
member of a front [35].

Figure 1b shows the concept of the crowding distance for a set of three solutions. It is
a measure for the distribution density of solutions inside each front. For the i-th solution it is
determined by adding up the distances between its closed neighbors when sorted according
to each objective. Preferring solutions with a larger crowding distance may lead to a more
equally densely populated Pareto front. The solutions with minimum or maximum objective
values are assigned an infinite crowding distance in order to preserve them [35].

Rank and crowding distance make up the fitness function used in NSGA-IL In order to
compare two solutions during tournament, the so-called crowded-comparison operator <,
is introduced. Its definition is as follows: A <, B if the rank of A is lower than the rank of B.
If both have equal ranks, A <, B if the crowding distance of A is larger than B’s [35].
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Figure 2 shows the procedure to generate a new parental generation P; 1 in NSGA-II
after the first population is initialized randomly. From the parental population P; an off-
spring population Q; is generated. Both populations are then merged into a combined
population R; in order to preserve the best solutions. All members of the combined pop-
ulation are then assigned ranks and crowding distances. The combined population is
sorted according to the crowded-comparison operator and subsequently truncated to fit
the defined population size by removing the less fit half of the population [35]. Note that
constraints are only considered during the generation of the offspring population Q;. Genes
that violate constraints are less likely to be passed on. To ensure genetic diversity, members
that violate constraints are not explicitly discarded during the generation of P 1.

non-dominated crowding distance
sorting sorting
Py
----------- ~ [
I - (=
N
F3 || = [~
> } discarded
Q. ]
I:I discarded
1

R,

Figure 2. NSGA-II: The parental population P; and the offspring population Q; are combined to
a population R;. The members of R; are subsequently assigned to the fronts F; to F,; according to
their non-domination and sorted with respect to the crowding distance. The parental population of
the following generation P; 1 is created from the most fit members of R; [35].

3. Genotype-Phenotype Mapping

A multi-stage genotype-phenotype mapping is used to ensure feasible solutions and
to decrease computational effort. The central idea behind this approach is to map the
search-space to a so called solution space in a way that the size of the space is reduced and
an additional constraint is introduced [40,41]. Even though there exists one parameter in
the gene for every finite element in the structure, the gene is not directly used as a material
distribution for the finite element solver. The binary gene is mapped to a finite element mesh
by a multi-stage procedure acting as a further geometrical constraint to the optimization. This
solution repair technique used as a constraint handling method is a comparable projection
from the space of solutions to a subspace of feasible solutions [42,43]. A two-stage process to
remove excess material is used for the design of 2D auxetic materials [44].

Figure 3 shows three binary solutions A, B and C to a simple design problem with
a coarse discretization. B shows checkerboard structures and C shows arbitrary geometrical
features and unconnected material floating in space. Both solutions are not feasible results
for engineering purposes. A might be a more feasible design. Solution C performs consid-
erably worse than A, however, it contains interesting geometrical features that should not
be discarded or be assigned a bad fitness.

There are two ways to tackle the presented complications: instead of simply discarding
C, its performance can be significantly improved by small changes in parameter space, and
instead of accepting B as an optimal solution one might prefer solution A. Even though
this means worse results in objective space, solution A is more near-net shape than the
other two and is therefore better suited as a design recommendation. This means that for
application both, parameter and objective space, cannot be viewed independently when
evaluating multi-objective optimization results.
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design domain

Figure 3. Three binary solutions (A-C) to a simple design problem. Domination order is B<,A<;C.

Only (A) is considered a feasible solution. (B) shows checkerboard structures and (C) shows material
that is not connected to the structure.

The above considerations show that unfeasible solutions must be avoided. In order
to improve performance of the evolutionary algorithm one might want to not discard the
solutions but to improve them. By the proposed genotype-phenotype mapping, several
parameter combinations generated by genetic recombination and mutation are mapped to
one feasible material distribution. The used problem-specific genotype-phenotype mapping
is presented in detail in the following sections.

3.1. Feasibility Filtering

Solutions generated by probabilistic operators as in an evolutionary algorithm show
arbitrary, noisy features. The goal of a topology optimization is to obtain organically smooth
structures which we obtain by step-wise filling of holes and removal of outstanding material.

In order to be able to determine an element’s role inside the structure, it is necessary to
obtain information about its surrounding. Initially, for every element inside the mesh a list
of its neighboring elements (neighbors) is created. The binary encoding allows to easily
classify any finite element as either solid or void. In order to avoid bias by the element
numbering the filter is implemented such that the remove and fill operations are carried
out cohesively after every step. Fixed elements are restored after every step that removes
solid elements. As the filtering described in this section leads to structures that seem to be
more feasible design suggestions for an engineer, the filtering will henceforth be referred to
a as feasibility filtering.

Figure 4 shows the consecutive steps of the filtering process. In the first step all
void elements that are surrounded on all sides by solid elements are filled. Therefore, the
number of solid neighbors is compared to the maximum number of neighbors counted
earlier. An exception is made for elements to which boundary conditions were applied.
Any surface with boundary conditions is treated as another solid neighbor. This ensures
connection of the structure to applied loads and bearings. The following steps are similar
to the first one. In the second step all solid elements that are not connected to another solid
element over at least one surface are removed. Again, surfaces with boundary conditions
are considered as a solid neighbor. The third and forth step fill holes that are surrounded
by solid material on all but one side and remove solid elements that are connected to other
elements over one side only, respectively. A fifth step (not shown in Figure 4) is introduced
for three-dimensional structures where void elements that are surrounded by four solid
elements are filled.
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Figure 4. Two-dimensional feasibility filtering. Top right: Exemplary two-dimensional design
problem with shaded fixed elements. Top left: Material density as taken directly from the generated
gene. I: Holes are filled. The asterisk marks a boundary condition exception. II: Unconnected solid
elements are removed. III: Elements surrounded by three solid elements are filled. IV: Solid elements
that are only connected on one side are removed.

3.2. Removal of Isolated Material

The solution to a mechanical design problem must be a single continuous body.
Additional parts of unconnected material floating in space are observed when genes are
generated by recombination and mutation. This isolated material leads to overestimation
of the volume, which may result in underrating the fitness of a member. In order to obtain
a light-weight, compact structure, all unconnected material must be removed. Here we
describe an approach to remove material that is not connected to any fixed element.

Connections of solid elements to fixed domains are determined using a maze-solving
strategy similar to Trémaux’s algorithm [45]. The basic idea is that from any element inside
the main structure there exists a continuous path through solid elements to a fixed element.
If such a path does not exist, the elements are not connected to the main structure and
can therefore be removed. The deterministic algorithm presented here will try all possible
links. If it eventually reaches a fixed element all elements that were part of the path will
be flagged as keep and will therefore not be removed. If all possible paths were tried and
no fixed element was encountered, all elements in the path will be flagged delete. The
algorithm starts at the lowest numbered solid element that is not fixed. After the first path
is flagged either keep or delete, another starting point is to be determined. Again, the
lowest numbered solid element without any flag is chosen and the procedure is repeated
until either an element with a fixed or keep flag is encountered or a delete flag has to be set.
The procedure ends when all solid elements are flagged. Subsequently, all parameters with
a delete flag are set to 0 and therefore removed from the structure.

The algorithm to remove isolated material is depicted in Algorithm 1. A list of every
element’s neighbors has been generated already for the feasibility filtering. Every element
in the mesh is assigned a counter that is initialized to be the number of its solid neighbors.
The paths are found by step-wise moving from an element to one of its neighbors. Every
time the current position is changing to another element, that element is added to a set path
and the counter of the element is lowered by 1. The neighbor to move to is the one that has
the highest counter. If multiple elements share the highest counter, the one with the lowest
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element numbering is chosen. It is only possible to move to elements whose counter is not
zero. If no neighbor fulfills this requirement anymore, all paths from that starting point
have been tried and every element in the path set receives a delete flag.

Algorithm 1 Removal of isolated material

begin
for every solid element do
counter = number_of_solid_neighbors
set keep_flag if fixed
end
for every solid element without flag do
move current_position to element
path = {}
add current_position to path
while no break do
lower counter at current_position by 1
find neighbor_with_lowest_counter
if Nowhere left to go then
path := delete
break
else
move to neighbor_with_lowest_counter
add current_position to path
if A neighbor has keep flag then
path := keep
break
end

end

end

end

remove all elements with delete flag
end

3.3. Ground Element Filtering

Ground Element Filtering is a technique exploiting surface spline interpolation for
projecting density distributions from a coarsely discretized mesh to another mesh of higher
resolution [46]. The coarse mesh is the parameter mesh that corresponds to the gene of
a member and the finer finite element mesh will be used during the evaluation of the
objective functions. The technique can be used to avoid checkerboard structures and to
reduce the size of the gene. Even though the projection of a structure to a finer mesh does
not improve the resolution of the structure, it does improve the results of the finite element
analysis used as objective functions as it refines the spatial discretization [47]. Furthermore,
structures of elements only connected over their edge nodes are avoided, which is especially
beneficial for thermal calculations. Using a coarse parameter mesh reduces the size of the
gene and thus the computational effort of the optimization. The following description of
the Ground Element Filtering process for binary density distributions is based on [46,48,49].
Similar approaches are used with gradient based topology optimization strategies to ensure
a binary distribution of the material density [50,51].

The parameter mesh consists of m elements and the finer mesh consists of n > m
elements. First, a real-valued density distribution g, on the finer mesh is computed from
the binary density distribution of the coarse mesh g, as

ﬁr :CAilﬁc
A =(aijlmxm

C =[exjlnxm

2

[
" =
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T T
N
=



Appl. Mech. 2022, 3

1406

where d(7;,7;) is the Euclidean distance between two element’s volume centroids 7. Cen-
troids of elements of the finer mesh are indicated by an asterisk. A binary density distribu-

tion p;, is obtained by
0 f <e
Pn = orer = (3)
1 forp, >¢

with € € [0,0.5].

Figure 5 shows the real-value density distribution and two meshes with a binary
distribution derived from a binary distribution on a coarse mesh. Higher values of ¢
lead to a bulkier structure [46]. Henceforth, € will be 0.4. This compensates for the fact
that the feasibility filtering already generates bulkier structures as it forbids elements that
are only connected to another element over their edge-nodes. In the presented genotype-
phenotype mapping framework the Ground Element Filtering has two important tasks. The
Ground Element Filtering ensures that resulting geometries are independent of anisotropies
introduced by the choice of the base mesh. Any mesh can be mapped to another if they are
bounded by the same surfaces. The two meshes do not have to be homogeneous and can
consist of different elements. Ground Element Filtering also decouples the resolution of
the structural features that are optimized from the mesh resolution required by the finite
element solver.

|
T
ENEEEEEEEEEE

Figure 5. Ground element filtering. Top left: Initial binary distribution on a coarse mesh. Top right:
Corresponding real-valued density distribution on a fine mesh. Bottom: Binary distributions on the
fine mesh for ¢ = 0.4 (left) and 0.15 (right).

As there is no a priori way to determine an adequate value of ¢, various preliminary
tests may have to be conducted. This circumstance is tackled by the prior application
of feasibilty filtering. In Equation (2), it is necessary to invert an m x m matrix. Matrix
inversion is computationally extensive due to high algorithmic complexity. This must be
kept in mind when applying this method to large meshes.

3.4. Generation of a Structure from a Gene

Figure 6 shows all stages of the genotype-phenotype mapping applied to a random
parameter set. The feasibility filter is repeatedly applied to the coarse parameter mesh until
the structure is no longer influenced by the filtering. This suppresses long outgrowths
of material. Subsequently, isolated material is removed and Ground Element Filtering is
used. Additional multi-stage feasibility filtering steps are applied to the fine finite element
mesh in order to avoid artifacts from non-optimal Ground Element Filtering parameters.
The application of the mapping is a strict geometric constraint to the optimization. The
genotype-phenotype mapping generates a feasible structure from a gene and provides
a binary element density distribution on a finite element mesh. The gene will be overwritten
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by the filtered structure before the Ground Element Filtering in order to pass on the feasible
structure to subsequent generations rather than the initial noisy gene.

Note that the presented approach is not limited to use with NSGA-II or any evo-
lutionary algorithm but can be applied whenever comparable problems are solved by
probabilistic generation of binary density distributions. From the underlying finite element
mesh and the binary density distribution, a 3D STL model can be derived for subsequent
use in an engineering desing process.
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Figure 6. Application of the genotype-phenotype mapping on a randomly generated parameter set.
The binary gene corresponds to a material distribution in a rectangular design domain. The feasibility
filter is applied repeatedly until further application of the filter no longer changes the shape (filtering
complete). Isolated material is subsequently removed and the structure is mapped to a finer mesh by
Ground Element Filtering. The feasibility filter is applied again to the fine mesh to achieve the final
structure used for fitness evaluation.

4. Results

We define a design problem in terms of a geometric restriction (design domain) that is
discretized by finite elements and load cases both mechanical and thermal. The load cases
are defined by respective loads and boundary conditions. The objectives and constraints are
functions of the calculated displacement, stress and temperature fields. All of the objective
functions are chosen such that they are to be minimized. The relative volume r is a further
objective function. It is defined by the ratio of the volume of solid material to the volume of
the design domain. For a homogeneous mass density r is also the relative mass. All lengths
are given in units of L, stress is normalized by the elasticity modulus E and temperature is
normalized by T. Elasticity and stationary thermal conduction are linear, so the absolute
values of the loads do not influence the optimum shapes and are therefore not explicitly
given. The Poisson’s ratio of the considered material is always 0.27. The population size was
chosen to be higher than the number of parameter considered [52] and the optimization was
terminated after 100 generations without change in the Pareto front as there is no general
abortion criterion for an evolutionary algorithm [53].

From the last population all found non-dominated solutions that do not violate a con-
straint were chosen as feasible design propositions. The presented extensive genotype-
phenotype mapping generates large, smooth meshes for the finite element solver. The
objective functions are qualitative measures for the performance of the found solutions but
still depend strongly on the resolution and surface quality of the generated finite element
mesh. Quantitative results can be obtained by application of a smoothing procedure [54]
and subsequent remeshing with a higher resolution. The computational effort of such
a procedure would be significantly higher and yet we expect no different solutions in
parameter space by such a refined procedure.
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4.1. Mechanical Two-Dimensional Problems

Figure 7 shows a rectangular beam design domain with mechanical and thermal loading
conditions. The finite element mesh consists of 700 uniform elements and 243 binary parame-
ters were used. Fixed elements are shaded and a point A is defined at which displacement
and thermal boundary conditions are evaluated. The left side of the beam is fixed to the wall
and on the right side a mechanical force F is applied. On the wall the temperature T is given
and at the right side of the beam a uniform heat-flow Q is cooling the beam.

N
e e
=S|

A A

design domain

'y
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‘ - 9L >
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Figure 7. Thermal (T, Q) and mechanical (F) loading conditions on a short cantilever beam. Fixed
region is shaded. Evaluation point for displacement and temperature is A.

Figure 8 shows sets of optimization results to the problem given in Figure 7 in objective
space after 120 generations with a population size of 300. Five sets were obtained each in
independent runs with either full genotype-phenotype mapping enabled (blue) or only
Ground Element Filtering enabled (red) to ensure comparability of the objective functions.
The first objective function is the relative volume r defined as

- Y 0nVa
YuVu '

where p, is the binary density distribution of the fine mesh and V, is the volume of
the n-th finite element in the mesh. The second objective function is the absolute nodal
displacement of point A in y-direction |u,| taken directly from the finite element calculation
and normalized by the length L. The relative volume was constraint to r < 0.75 and the
maximum von Mises stress is restricted to be lower than 0.003 E. The maximum stress is
evaluated among all elements with non-zero density and is also taken from the output of
the finite element solver. To provide material-independent data the stress is normalized by
the elastic modulus E.

Both approaches show scattering of the approximated Pareto front typical for stochastic
meta-heuristics in multi-objective optimization. The fronts are densely populated in every
case and with respective to both objectives. Towards a larger relative volume the population
density of the set rises. The number of non-dominated solutions that do not violate
constraints is 30-55 with genotype-phenotype mapping and 14-43 without genotype-
phenotype mapping enabled. The superior performance of the optimizer with enabled
genotype-phenotype mapping is clearly visible when the dominance of the found solutions
is compared. Apart from one single solution all solutions found with genotype-phenotype
mapping enabled dominate the solutions found without genotype-phenotype mapping
even though the parameter space is drastically reduced. The optimizer with disabled

4)
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genotype-phenotype mapping was not able to find solutions with » < 0.53 where as
enabled genotype-phenotype mapping provides solutions » < 0.39 in every run. The
genotype-phenotype mapping lets the optimizer find more better perfoming solutions in
a wider range of both objective functions.
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objective 1: relative volume r

Figure 8. Optimization results to the problem given in Figure 7 in objective space. Shown are sets
of results from five independent optimization runs each with the presented genotype-phenotype
mapping enabled (blue) or only ground element filtering (red) enabled. Each line corresponds to the
Pareto front of a single optimization with the dots indicating single non-dominated solutions.

Figure 9 shows the influence of the genotype-phenotype mapping parameter space.
Both presented solutions were members of an approximated Pareto front after 120 genera-
tions obtained in two independent optimization runs with a population size of 300. Both
have a relative volume of 0.7. In one case the genotype-phenotype mapping was used as
described in the previous section. During the other run the filtering procedure and the re-
moval of isolated material was bypassed. Ground Element Filtering was used in both cases
to ensure comparability of the two structures. The filtered structure shows smooth outlines
and provides a feasible starting point for engineering design compared to the structure
that was found without filtering. In the same time the presented mapping approach can
accelerate the optimization procedure by effectively converting unfeasible solutions to a set
of feasible solutions. An optimization approach without the genotype-phenotype mapping
will require not only more generated members but also additional geometrical constraints
to find comparably suited solutions.

The unfiltered structure is bulkier than the filtered one, even though it has the same
relative volume. This is due to the many small holes that were generated. Moreover, some
material is not connected to the beam, which leads to a wrong position of the solution
in objective space. Both of these issues are addressed directly by the mapping. It may
be possible to generate a smoother structure by a more fitting choice of ¢, but there is no
general method to determine this factor a priori. The filtering procedure described in this
work diminishes the influence of poorly chosen ¢ while still benefiting from the advantages
of the Ground Element Filtering. As the same computational effort is required to obtain the
two presented structures the benefit of a specific genotype-phenotype mapping becomes
apparent. We are able to obtain substantially better results in terms of engineering design
application from the presented filtering technique with negligible additional effort.
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Figure 9. Solutions to the design problem given in Figure 7 obtained with genotype-phenotype
mapping enabled (left) and disabled (right). Both solutions were chosen after 120 generations with
a population size of 300 at a relative mass of r = 0.7.

Figure 10 shows the temporal development of the found Pareto fronts. Given are the
sets of obtained non-dominated solutions in objective space after 25, 100 and 300 gener-
ations. The additional stress constraint is indicated by colors. The population size is 300
and the sets consist of 36, 117 and 203 non-dominated members that do not violate any
constraint, respectively.

1 . additional constraint:
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objective 1: relative volume r

Figure 10. Sets of obtained solutions in objective space after 25, 100 and 300 generations with
a population size of 300. The additional constraint of maximum tolerated von Mises stress of 0.003 E
is indicated by colors.

Figure 11 shows twelve optimized solutions to the design problem of Figure 7. The
solution are taken from a single front presented in Figure 10 after 300 generations. The first
solution with the least relative volume fundamentally distinguishes from the others because
it is basically a horizontal beam with a lengthy hole close to the supporting wall. The next
heavier solutions consist of a horizontal beam and a diagonal supporting beam. The fourth
and fifth structure show a different topology and an additional support structure. The
heaviest solutions are rather similar to each other and only the thickness of the structure
seems to increase.
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Figure 11. Twelve optimized solutions to the design problem in Figure 7 with respect to the displace-
ment in A and the relative volume r. The relative volume is constricted to r < 0.75 and the maximum
stress is restricted to 0.003E.

4.2. Thermo-Mechanical Problems

Figure 12 shows 20 solutions to the thermal design problem shown in Figure 7 found
after 1000 generations and with a population size of 300. The nodal temperature in point
A and the relative volume r < 0.75 are to be minimized. The problem formulation can be
interpreted as finding the optimal connecting structure between a heat drain and a surface

that is to be cooled.
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Figure 12. The Pareto front (left) and 20 optimized solutions (right) to the design problem in Figure 7.
Optimization was conducted with respect to the temperature in point A and the relative volume r
that is constricted to v < 0.75. For three exemplary structures (A, B, C) the temperature field is given
with its respective position in the Pareto front.

All found structures are thin lines that resemble printed circuit board tracks with
a width of two elements. The lightest structure is a simple connection between the two
surfaces. The structure with the lowest contact temperature is showing two distinct geomet-
rical features. First, the whole heat drain is covered in material to maximize the heat transfer
rate. The second feature is a meandering structure of the connection. All structures shown
are path-shaped so the meandering leads to a longer path and thus the thermal resistance of
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the structure rises. Over the course of the Pareto set of solutions the meandering decreases
in both amplitude and frequency while minimizing the volume. Single solutions show
spots at which the width of the connection is more than two elements. This is probably due
to a inadequately set Ground Element Filtering parameter e. The structures seem circuit
board-like because of the rectangular structures. No predominant diagonal structures were
found in any of the optimized solutions. This is an indicator for an anisotropy caused by
either the mesh or the genotype-phenotype mapping. Assuming no geometrical constraints,
better performing solutions could have been found by carrying meandering even further.
This is an example for solutions that converge towards a microstructure if meshes are
continuously refined. The coarse parameter mesh imposes a geometrical constraint by
setting a minimum size for any geometrical feature. In the present case this has a positive
effect for application because it forces solutions to stay machinable.

Figure 13 shows seven solutions to the design problem shown in Figure 7 found
after 1000 generations and with a population size of 300. The contact temperature and
displacement in point A as well as the relative volume r < 0.4 are to be minimized. The
maximum von Mises stress is restricted to 0.003E and the displacement is restricted to
luy| < 0.1L. This is an optimization with respect to three objective functions and three
constraints in two load cases.

The presented solutions represent single-objective optima, trade-offs between the
single-objective optima and a trade-off between all three objectives. Analogous to the
results in Figure 12, one can see that, in order to minimize the contact temperature, mean-
dering structures and full contact with the right edge are favorable. The structure itself
distinguishes significantly from the results presented in Figure 12 because multiple mechan-
ical constraints are to be taken into account. The stiffest solution resembles the solutions
presented in Figure 11, but no similar solution was found because another constraint
is imposed.

From this set of optimized results it is possible to obtain information about what
geometrical features influence the objectives. The trade-off solutions presented in Figure 13
illustrate that the geometrical feature’s influence decreases when the importance of another
objective is increased.

Tmin = 0.29

Ta = 0.86T luy| =29-107°L

Figure 13. Seven optimized solutions (top) and the respective set of obtained solutions in objective
space (bottom) to the design problem in Figure 7. Optimization was carried out with respect to the
displacement and the temperature in A and the relative volume r. The edges of the triangle show
structures that optimize one objective, the sides show structures that are a trade-off between two
objectives and the structure in the center is a trade-off between all three objectives.
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4.3. Mechanical Three-Dimensional Problems

Figure 14 shows a three-dimensional design problem with three optimized results. The
design domain is a cube with four of its edges fixed and four point loads F on the opposite
side of the cube [55]. Due to this symmetry, the design domain is chosen to be only one
fourth of the cube with fixed elements at the load sites and at the fixed points. Objectives
are the displacement at the loading site and the relative volume r < 0.8. The maximum
stress is constraint to be < 0.001E. The finite element mesh consists of 2000 uniform
elements and the gene consists of 427 bits. This is the largest structure optimized in
this work. The symmetric loading conditions will disclose spurious anisotropies of the
optimization procedure.

The optimum structure for this design problem is described as a quadropod solution
with solid legs transferring the point loads to the nearest supports and additional material
interconnecting the legs that was obtained on a mesh of 30° elements [55]. This was not
a multi-objective optimization. However, similar results were obtained by NSGA-II. Four
leg-like connections between the fixed elements and interconnecting material between
neighboring legs can be observed with the interconnections being in the upper part of the
design space. Over the whole permitted range of r, changes of the structures mostly consist
of further thickening of the structure and larger interconnections.

F

4L

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

objective 1: relative volumer

Figure 14. Pareto front with three optimized solutions to a three-dimensional design problem (top
right) taken from [55]. Symmetries were exploited to reduce the design domain to one fourth of
its size.

The cubic design domain holds further symmetries that were not exploited. The three
presented structures show a somewhat additional symmetry that was not a priori imposed
to the system. This is an indicator for solutions close to optimal structures. When talking
about additional unprescribed symmetries and similar shapes, one has to keep in mind the
characteristics of the evolutionary optimizer used. Due to the probabilistic generation of
the parameters slight unevenness can hardly be avoided.

5. Discussion

One might argue that the presented filtering procedure leads to loss of randomness
or reduced diversity of the population, effects that are detrimental to any evolutionary
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algorithm. In the scope of this work we were always able to find extensive sets of non-
dominated solutions with a densely populated Pareto front. The stability of NSGA-Iland
the careful consideration of constraints in the presented optimization scheme is sufficient to
find solutions close to the global optima even with such a strong additional constraint as the
presented genotype-phenotype mapping. For all results given in this work the population
size and number of generations were chosen near to the acceptable minimum.

The implementation of the feasibility filtering of course implies a priori knowledge
of engineering design with linear elasticity and stationary heat conduction. The filtering
procedure presented here is not universal with respect to physical effects that might be
considered. For example, long outgrowth of material is very advantageous once surface
effects, such as convection, come into play. This is a mere demonstration of the capability of
a specific genotype-phenotype mapping for topology optimization in engineering design.

The optimization scheme presented in this work offers the potential to provide insights
in the complex relationship between structural features and feasibility for engineering
application. It can be understood as a first step in computer aided design and that results
in deeper understanding of the tackled design problem. Dense sets of near-optimum
design propositions considering multiple objectives and constraints derived from different
physical models are found. The presented method has potential in application way beyond
the discussed matter of this work. The optimization scheme itself is not limited to three
objectives and constraints. However, there might be approaches that are more suited for
a larger number of objectives.

6. Conclusions

We developed a tool for multi-objective topology optimization using the evolutionary
algorithm NSGA-IIL. A specific genotype-phenotype mapping ensures optimized structures
to be of practical value for engineering design. Probabilistically generated binary material
distributions are iteratively smoothed, isolated material is removed and the structure is
projected on a finer mesh.

We find dense sets of optimized solutions considering three independent objectives
and three additional constraints without a priori definition of objective weighting schemes.
Evaluation of objectives and constraints are based on linear elastic deformation and station-
ary heat transfer calculations. Structures with up to 2000 design variables were optimized.

The described genotype-phenotype mapping effectively avoids checkerboard struc-
tures and ensures feasibility of the generated structures. Anisotropy due to the underlying
discretization of the design space is reduced when the discretization is chosen appropriately.

The filtering procedure efficiently improves unfeasible structures while not dimin-
ishing the crucial genetic diversity, leading to significantly improved performance. The
proposed methodology allows to find dense sets of feasible design proposition with no
further assumptions about their position in objective space. The basic methodology is not
limited to the number of objectives and constraints used in this work.

The presented optimization procedure is beneficial for engineering design as an early-
stage tool. Sets of Pareto solutions found during optimization provide detailed insights
into the relation between distinct geometrical features and performance in objective space.
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