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Abstract

Vasconcelos Senhora, Fernando; Mota de Menezes, Ivan Fa-
bio (Advisor). Locally stress-constrained topology optimiza-
tion with continuously varying loading direction and am-
plitude: Toward large-scale problems. Rio de Janeiro, 2022.
131p. Tese de Doutorado — Departamento de Engenharia Mecanica,
Pontificia Universidade Catolica do Rio de Janeiro.

In the field of structural optimization, Topology Optimization (TO) is
one of the most general techniques because it is able to generate complex
structures with intricate details for a wide range of problems. However, most
of the works in TO have focused on compliance-based design that does
not consider material strength in the design process leading to structures
that do not satisfy material failure requirements. In this work, we focus
on the stress-based design approach. We introduce stress constraints in the
optimization procedure to guarantee the structural integrity of the final
optimized design. This leads to a more natural formulation that addresses
a simple engineering question: What is the lightest structure able to withstand
its loads?” We developed a large-scale GPU-based parallel stress-constrained
TO framework considering a continuous range of varying load directions to
answer this question and close the gap between TO and practical application.
The developed GPU-based C++/CUDA framework efficiently addresses the
main challenges of large-scale TO, filtering, optimization algorithm, and the
solution of the equilibrium equations, only requiring a moderately affordable
GPU hardware. At the same time, we obtain designs that are more suitable
for engineering applications by considering a continuous variable range of load
directions that more closely resemble real-life service loads using a worst-
case analytical approach. We present several numerical results, including 3D
problems with over 45 million local constraints providing detailed optimal
structures that demonstrate the capabilities of the techniques developed in
this work. The large-scale GPU framework, combined with the analytical
solutions for continuously varying load cases, has the potential to expand the

applications of TO techniques leading to improved engineering designs.

Keywords
Topology Optimization; Stress Constraints; Varying Loading Direction;
Varying Loading Amplitude; Large-Scale Problem.
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Resumo

Vasconcelos Senhora, Fernando; Mota de Menezes, Ivan Fabio.
Otimizagao topolégica com restrigoes locais de tensao e
variacao continua da direcao e amplitude do carregamento:
aplicagcoes em problemas de grande escala. Rio de Janeiro,
2022. 131p. Tese de Doutorado — Departamento de Engenharia
Mecanica, Pontificia Universidade Catoélica do Rio de Janeiro.

Otimizagao topolédgica (OT) é uma técnica de otimizagao estrutural
capaz de gerar projetos incrivelmente detalhados para uma grande gama de
problemas. No entanto, a maioria dos trabalhos de OT presentes na literatura
esta focada em problemas de minimizagao de flexibilidade, que nao consideram
a resisténcia dos materiais durante o processo de otimizacao, levando a solugoes
que nao satisfazem limites de falha do material. Neste trabalho, focamos em
problemas de OT baseados em tensdao no qual introduzimos restrigoes de
tensao no problema de otimizacdo, para garantir a integridade estrutural do
projeto final. A formulagdo de tensdo de OT nos leva a um problema de
engenharia muito mais natural que nos remete a seguinte pergunta: Qual a
estrutura mais leve capaz de suportar as cargas as quais sera submetida? Para
ajudar a responder essa pergunta e para trazer a OT para mais préximo de
aplicagOes reais, neste trabalho foi desenvolvido um sistema computacional
em paralelo, baseado em GPU, considerando uma carga que pode variar a
sua direcao continuamente e capaz de resolver problemas de larga escala.
A implementacao em GPU apresenta solugoes eficientes para os principais
problemas de OT de larga escala, como o filtro, o algoritmo de otimizagao
e a solucao das equacoes de equilibrio. Ao mesmo tempo, ao considerar
uma carga variando continuamente que mais se aproxima das condigoes reais
de carregamento usando uma estratégia de pior cenario, obtém-se solugoes
mais robustas e mais adequadas a aplicacoes de engenharia. Varias solugoes
numéricas sao apresentadas, incluindo problemas 3D com mais de 45 milhdes de
restri¢goes de tensao, que demonstram a efetividade das técnicas desenvolvidas
neste trabalho. O sistema de larga escala baseado em GPU combinado com
as solucoes analiticas para a variacao continua de carga, tem o potencial
de expandir o uso da OT na engenharia levando a novas e mais eficientes

estruturas.

Palavras-chave
Otimizacao Topoldgica; Restricbes de Tensao; Carregamento com
Direcao Variavel; Carregamento com Amplitude Variavel; Problemas de

Grande Escala.
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1
Introduction and Motivation

Throughout human history, engineering design tools, from pen and
paper to computer aided design, have mostly played a passive role in the
design process. Most recently, however, structural optimization transforms
this paradigm by allowing the computer to design optimal structures with
minimal human interference. Not only that, structural optimization pushes
the limits of structural design achieving an unprecedented level of performance
and lightweightness. Among all of the existing techniques inside the structural
optimization field, topology optimization (TO) [15, 16] is one of the most
general because it is able to generate incredibly complex structures with
intricate details for a wide range of applications. With this technique, we
can design taller skyscrapers, safer cars, lighter airplanes that consume less
fuels, just to cite a few examples of the endless possibilities that TO provides.
However, most of the research in the field does not consider local failure criteria
in the design process, and/or only accounts for a limited number of load
cases in the optimization, which can lead to a structure that will break under
normal operating conditions. Furthermore, topology optimization problems are
computationally expensive, which prevents its widespread use to solve large-
scale problems that are essential for designing engineering structures (see Fig.
1.1 for the main challenges addressed in this work).

Most developments in topology optimization focus on compliance mini-
mization problems, which aim to find the stiffest structure for a given volume
constraint. Because no limits on material strength are imposed, structures de-
signed for minimum compliance do not necessarily withstand the applied loads,
making some of these designs unfeasible for practical applications. Therefore,
from a structural integrity standpoint, a more appropriate topology optimiza-
tion formulation should aim to find the lightest structure that resists the ap-
plied loads without exceeding the material strength at any point. In this work,
the material strength limitations are directly imposed in the TO formulation
through local stress constraints, while minimizing the total weight of the struc-
ture. This stress-constrained weight minimization formulation leads to a more
natural engineering design paradigm that generates practical optimized struc-

tures.
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Furthermore, to make use of the full potential of TO capabilities, it
is necessary to have a sufficiently refined mesh to represent the fine details
of the optimal structure, which means that the problem size rapidly grows
beyond our computational capabilities, specially for 3D problems. This creates
the need for efficient large-scale TO techniques. Using parallel processing, the
groundbreaking work [6] optimized an airplane wing using a mesh with over 1
billion elements, and by using such refined mesh they obtained a finely detailed
micro-structure improved design, which surpasses traditional airplane wing
design in weight, possibly saving billions of dollars in airplane fuel per year.
Currently, the record for the largest TO problem ever solved is held by [12]
with over 2.1 billion elements. However, to achieve such solution they required
the use of the Joliet-Curie Supercomputer for over 85 hours, which results in
a cost reaching hundredths of thousands of dollars. This high financial cost
prevents the implementation of such large-scale solution techniques by the
industry, limiting the impact of their research. This highlights the need for an
economically viable large-scale approach that can be implemented with far less
resources, and that can be widely applied by industry. Furthermore, both [6]
and [12] used a compliance-based formulation, which is significantly simpler to
solve.

At the same time, engineering structures are subjected to a multitude of
loads over their lifespan [99]. For example, aircraft are subjected to constantly
varying inertial loads; buildings are subjected to continuously-varying wind and
live loads, in addition to the structure’s self weight. These myriads of loading
conditions cause an equally countless number of stress distributions that should
be considered in design process to guarantee structural integrity. Nevertheless,
topology optimization typically focuses on structures with a single load case
or a small number of load cases, leading to designs that are over-fitted to an
artificial single loading condition, and that are not robust under the service
loads.

Currently, we lack an efficient implementation that can handle large-
scale stress-constrained TO problems accounting for realistic load cases, and
this has limited the application of topology optimization by the industry and
military alike. In this work, we intent to address this gap in the literature by
combining local failure criteria, large-scale TO with continuously varying load
conditions (see Fig. 1.1). The combination of these approaches will allow us to
design real life structures with practical applications and it will take topology

optimization one step closer to the industrial and commercial use.
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Figure 1.1: Concept map of the main contributions of this work.

1.1
Summary of the Main Contributions of This Work

This work focus on stress constrained TO to solve large-scale problems
with realistic loading conditions. To this end, we developed a GPU-based
parallel framework considering continuously varying load directions. In the
development of this framework, the unifying thread was the optimization
techniques and principles, which were used to improve the several aspects of a
typical TO procedure, as displayed in Fig. 1.2, e.g. optimization was used to
minimize the error of the sequential filter, to reduce the computational cost
of the local stiffness matrix product, and to find analytical solutions to the
worst-case oriented stress for continuously varying load case. To summarize,

the main contributions of this work are:

» a sequential filtering technique with a low memory footprint;

« an adaptive gradient-based optimization algorithm that can easily

be implemented in parallel;
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Figure 1.2: Flowchart of a general Topology Optimization framework display-
ing the contributions of this work on the many aspects of the optimization
procedure.

« a parallel GPU assembly-free preconditioned conjugated gradi-
ent solver for the Finite Element Analysis (FEA) with and optimized
local stiffness matrix product that can efficiently handle large-scale prob-

lems with unstructured meshes;

o the creation of the Set Collapsing Problem, which was mathemati-
cally proved to be NP-Hard;

« a specifically tailored Branch-and-Bound scheme that lead to a
solution, which reduced the number of floating point operations of the

local stiffness matrix product by more than half;

» a worst-case scenario technique to incorporate continuously varying

load into stress-constrained TO based on analytical solutions that bound
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the maximum stress caused by a range of admissible load angles. The

analytical solutions considered:

a single load varying in a limited range of angles;

a load varying in direction plus a fixed load;
e two or more loads varying independently in direction;

a load varying in 3D in a limited range of angles;

1.2
Thesis Outline

The remainder of this thesis is organized as follows. Next Section (Sec-
tion 1.1) summarizes the main contributions of this work. Chapter 2 reviews
the existing literature on stress-constrained topology optimization consider-
ing large-scale parallel implementations and multiple load cases. Chapter 3
presents the stress-constrained TO formulation and the AL-based approach
used to handle the local stress constraints. Chapter 4 develops the large-scale
parallel GPU framework for stress-constrained TO, and provides numerical re-
sults that benchmark its efficiency. Chapter 5 describes the multiple load direc-
tion framework with detailed derivations of the proposed analytic solutions for
worst-case stress, and provides benchmark numerical examples obtained with
the proposed method. Finally, Chapter 6 presents the concluding remarks, and

discuss potential future works.
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Literature Review

Stress-constrained TO requires a large number of stress evaluation points,
and consequently a large number of stress constraints, to guarantee the
structural integrity of the final design, because stress are local by nature. The
large number of stress constraints demands high computational resources both
for the sensitivity evaluation, and for the optimization problem, which makes
the direct problem intractable [41].

To reduce the computational cost, most researchers have used aggrega-
tion techniques to combine all the local stress constraints into a single global
constraint (e.g., see [42, 76, 77, 103, 122, 124]). The global constraint approx-
imates the value of the maximum stress of the structure. The use of a global
measure of stress reduces the computational cost at the expense of losing con-
trol over the local behavior of stress [42, 74]. The ability of aggregation func-
tions to represent the local stress constraints depends on the number of con-
straints, and it can rapidly deteriorate as the number of constraints increases.
To circumvent this issue, some researchers have used clustering techniques, in
which the design domain is first divided in several sub-regions, each called a
cluster, and then an aggregation function (e.g., the p-norm) is used to ap-
proximate the maximum stress value in each cluster [58, 74, 90]. However, the
resulting topologies obtained using the aforementioned clustering techniques
strongly depend on the number of clusters and on the way the clusters are
defined. In general, it is expected that, as the number of clusters increases, one
gains control over the local stress. However, there is no clear relation between
the number of clusters and the quality of the optimized results [74].

An attractive approach to efficiently solve the stress-constrained TO
problem is the Augmented Lagrangian (AL) method [19, 20]. The AL method
directly handles the local stress constraints by adding them to the objective
function in the form of a penalty term that is updated at each optimization
step. Pereira et al. [91] used the AL method in the context of density-based
topology optimization using relaxed local stress constraints [28]. Although
promising, the strategy by Pereira et al. [91] appears to have difficulties find-
ing 0/1 solutions at the end of the optimization steps. The AL method was

also used by Emmendoerfer Jr. and Fancello, Emmendoerfer Jr. and Fancello
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[43, 44] and by James et al. [62] in the context of the level set method. In the
approach by Emmendoerfer Jr. and Fancello, Emmendoerfer Jr. and Fancello
[43, 44], the AL method is used to treat the von Mises stresses as local quanti-
ties, and in the approach by James et al. [62], the AL method is used to enforce
volume constraints, while the local von Mises stress values are aggregated us-
ing a p-norm aggregation function. The approach by Emmendoerfer Jr. and
Fancello, Emmendoerfer Jr. and Fancello [43, 44] produces structures with
clear boundaries that satisfy the stress constraints locally, but the algorith-
mic parameters required for the evolution of the level set may change from one
problem to another, which undermines the robustness of their approach. More-
over, da Silva et al. [35] used the AL method for stress-constrained topology
optimization considering manufacturing uncertainties via eroded, intermediate
and dilated projections [106].

Another challenge in stress-constrained topology optimization problems
that has received a lot of attention is related to the phenomenon of singular
optima. This phenomenon was first reported by Sved and Ginos [112] in the
context of stress-constrained truss optimization. The singular optima means
that the stress-constrained optimization problem do not satisfy standard
constraint qualification, and Achtziger and Kanzow [7] classified this type of
optimization problem as a mathematical program with vanishing constraints
(MPVCs). Expading on the work by Achtziger and Kanzow [7], Hoheisel
and Kanzow [57] proposed several tailored versions of standard constraint
qualification for MPVCs. The phenomenon of singular optima was extensively
studied by other researchers [29, 67, 68, 69], and a thorough historical review
on the subject can be found in [97]. The issue of singular optima has been
alleviated by means of relaxation techniques such as the e-relaxation [28].
Duysinx and Sigmund [42] modified the e-relaxed constraint by Cheng and
Guo [28] for use in the context of density-based topology optimization. As an
alternative methodology to the e-relaxation approach, Bruggi [25] proposed
the so-called gp-relaxation technique. Achtziger et al. [8] proposed a smooth-
regularization approach, and proved that this version of the problem satisfies
standard constraint qualification.

In this work, we apply a modified version of the approach proposed by
Senhora et al. [102], that uses an AL-based method with a modified vanishing-
constraint formulation. Their formulation is able to efficiently, and consistently
handle millions of constraints, which proved to be essential for the development
of this work.
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2.1
Large-scale GPU

Topology optimization is generally associated with a high computational
cost that stems from the solution of the equilibrium equations imposing the
physics of the problem (e.g., linear elasticity). The equilibrium equations are
most commonly solved through the finite element method (FEM), which
requires the discretization of the domain. For TO, the domain must be
sufficiently refined in order to represent small details of the structure, and
to accurately capture the physical behavior of the underlying structure. This
high discretization requirement dramatically increases the computational cost,
specially for 3D cases.

In order to address this high computational cost, the most popular
strategy has been the use of parallel computing techniques for TO. However,
as noted by Aage and Lazarov [3], the available literature on the subject
is scarce, and incomplete. Recently, Mukherjee et al. [87] provided a broad
review of the large-scale TO field state-of-the-art. Nonetheless, all the available
research follow a similar strategy of employing parallel iterative solvers to
obtain the solution of the equilibrium equation. Following this strategy, [3,
6, 12, 22, 37, 70, 82, 100, 105, 117], have implemented parallel frameworks
to solve the compliance minimization problem in TO. Meanwhile, Kim et al.
[66] solved a buckling-based problem, Aage et al. [5] focused on Stokes flow
problems, and Evgrafov et al. [46] solved compliant mechanism problems.
While all the previously mentioned works focused on CPU parallel processing,
[27, 39, 56, 83, 84, 85, 87, 93, 94, 96, 100, 101, 118, 121, 127] used a GPU
implementation achieving higher performance than their CPU counterparts,
which demonstrates the promising power of the GPUs for parallel processing.

Expanding on the GPU TO previously mentioned works, Zegard and
Paulino [127] provides an introduction to the challenges, and opportunities
of GPU based TO system while solving compliance minimization 2D prob-
lems. Challis et al. [27] developed a C++/CUDA implementation with the
Thrust library [13] to solve the inverse homogenization problem, and maxi-
mize the bulk modulus of a unit cell for an isotropic material. Martinez-Frutos
and Herrero-Pérez [83] used a multi-GPU scheme to solve robust compliance
minimization problems, i.e., compliance expectation minimization with uncer-
tainties in the inputs (e.g., load uncertainty), and used the multiple GPUs
for concurrent computations of the numerical approximation of the stochastic
variables. Martinez-Frutos and Herrero-Pérez [84] proposed an evolutionary
topology optimization framework using a fixed-grid FEM scheme, and anal-

ysed the influence of several preconditioners on the solution of the problem,
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while Martinez-Frutos et al. [85] developed a similar work for density-based
TO to solve compliance, compliant, and heat-sink problems. Ramirez-Gil et al.
[94] addressed the multi-physics problem of designing a 3D electrothermome-
chanical actuator using GPU computing. In a similar multi-physics context,
Ramirez-Gil et al. [94] optimized a fluid mixer, and heat exchanger, by us-
ing a Lattice Boltzmann method in a multi-GPU setting, to reduce the high
computational cost associated to the fluid simulation. Also using a multi-GPU
scheme, Herrero-Pérez and Castejon [56] partitioned the domain so that each
partition was sent to a different GPU to be computed in parallel, and, with
that, they were able to solve problems with over 50 million elements, but the
cost of communication between GPUs negatively affected their speedup. On
the collaborative spirit of the TO field, and similar to [9, 113], which freely
shared educational codes, Schmidt and Schulz [101] developed a short and sim-
ple implementation of a GPU-based TO framework. In a similar trend, Duarte
et al. [39] implemented a general C++/CUDA TO code that supported both
CPU and GPU solutions, using both hexahedral and polygonal elements.

It is worth noting that the previously mentioned implementations are
problem specific, and the stress constrained TO problem introduces distinct
challenges that are not directly addressed by the previous mentioned works.
In fact, the stress constrained large-scale TO literature is extremely scarce.
And the only significant work found [75] uses CPU parallel processing to solve
problems with over 14 million elements. To address this gap in the literature,
we propose to implement a GPU-based parallel processing stress-constrained
TO framework, based on the AL method.

2.2
Continuously Varying Load Case

The simplest way to incorporate multiple load cases in a stress-
constrained TO formulation is to consider additional constraints for each load
case; however, each additional load case substantially increases the computa-
tional cost, rendering it impossible to account for continuously-varying loads.
Thus, this approach has typically been limited to no more than two fixed load
cases [38, 76, 80, 92, 102]. Alternatively, the problem with multiple load cases
has been formulated as an uncertainty in the load, which can be solved using
stochastic or worst-case oriented approaches [14, 114].

In the stochastic approach, the load is treated as a random variable fol-
lowing a known probability distribution, and the objective and/or constraints
of the optimization problem are modeled as statistical moments of random

functions or as probabilities. Stochastic models have been widely applied to
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compliance-based TO problems [10, 40, 53, 54, 61, 73, 78, 115, 129], but more
moderately so for stress-based TO [36, 63, 79, 81]. Kanno and Takewaki [63]
studied the effects of multiple load directions with stress constraints in the
context of ground structure topology optimization using a probabilistic model
to generate a sample load that represents the possible load cases. Logo et al.
[79] worked on the optimally conditions of multiple load cases and proposed a
probabilistic model to address the problem with trusses. Luo et al. [81] consid-
ered uncertainty in the material and in the load amplitude by using reliability
based topology optimization. Stochastic approaches, however, are troublesome
in practice because they demand large data samples to obtain accurate results,
which leads to high computational costs. The high computational cost can be
mitigated using surrogate models [34], but this increases the complexity of the
implementation. In addition, stochastic techniques can cause instability in the
optimization procedure [130].

On the other hand, worst-case oriented approaches are equivalent to
solving an optimization in the set of possible load cases in which the worst-
case is identified, and used as the objective and/or constraint function in the
TO problem. The solution to the worst-case oriented problem guarantees an
upper bound for the objective function (in the case of minimization problems),
and/or the satisfaction of the constraints for any load case considered in the
set of possible load cases. Thore et al. [114] provides a worst-case oriented
general framework for quadratic objective function and quadratic constraints
under load uncertainty by recasting the problem as a non-linear, semi-definite
programming problem which is then solved numerically. Young et al. [125],
and Xie and Steven [123] use an evolutionary structural optimization approach
and consider multiple load cases with stress constraints by computing a finite
element analysis for each load case. Csébfalvi [33] deals specifically with
uncertainty in load directions with an iterative approach. Holmberg et al.
[59] proposed a game theory approach to solve the worst-case oriented stress
constraints problems considering variation in the load direction; however,
because the problems are non-convex, the existence of solution to the game
proposed by Holmberg et al. [59] is not guaranteed, and they rely on empirical
observation of the numerical results.

In this work, we propose a worst-case oriented approach, but, unlike the
previously mentioned approaches, we use the linear state equations and the
bilinear properties of the von Mises stress to derive an analytic solution for
the worst-case stress caused by continuously-varying loads. We then use these
worst-case stresses as the local stress constraints in the TO problem. These

analytic solutions, which are one of the main contributions of this work, are


DBD
PUC-Rio - Certificação Digital Nº 1712569/CA


PUC-Rio- CertificagaoDigital N° 1712569/CA

Chapter 2. Literature Review 27

accurate, computationally efficient and guarantee the structural integrity of

the final design over the set of continuously varying loading conditions.
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3

Stress-Constrained Topology Optimization Formulation

The stress constrained TO problem has two main challenges:

1. Stress is a local quantity that must be satisfied point-wise, and, because
of that, one needs to impose a large number of constraints, leading to a

prohibitive computational cost;

2. The optimal solution of a stress-constrained problem generally lies on
a degenerated low-dimensional region of the solution domain. This

phenomenon is called singular optima.

To address these challenges, we employ an AL approach that preserves
the local nature of stress, and a variation of the piecewise vanishing constraint
[102] that can reach the singular optima. This formulation is efficient because
it only requires one adjoint vector computed trough the solution of a linear
system for the computation of the sensitivity, which is then used on a gradient-
based optimization algorithms. By treating the stress constraints locally, we

obtain optimized structures that satisfy all the stress constraints.

3.1
Basic Stress-constrained topology optimization formulation

This section presents a framework for the solution of stress-constrained
topology optimization problems based on the AL method. In this work, we fo-
cus on the stress constrained mass minimization described by the optimization

statement:

Ne
mzin m(z) = ZﬁE(Z)Ue
e=1

A
=
.
I
l—‘
=

s.t.r g;(z) a1)

with: K(z)U =F
() = H(P)

where m(z) is the mass (volume) of the structure, z is the vector of design

variables, p. is the density of element e defined using a filter operation and a
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smooth Heaviside projection [120], v, is the area (for 2D problems) or volume
(for 3D problems) of element e, g;(z) is the j-th stress constraint, N, is
the number of stress constraints, N, is the number of elements in the finite
element mesh, and K(z)U = F is the FEM discretization of the linear elastic
equilibrium equation, which is solved numerically.

The physical density vector, denoted by p, is obtained by first applying
the density filter operator [23, 126], and then the Heaviside operation [120]
to the design variable z. The filter operation is computed by multiplying the

design variable vector z by the matrix P, whose entries P;; are defined as:

P — Nwz‘jvj . with w;; = max [07 1 — HX’_XJHQ] 7 (3_2)
. r
> Wikl
k=1
p =Pz (3-3)

where r is the filter radius, v; is the volume of element j, and [|x; — X;||2
represents the distance between the centroids, x; and x;, of elements 7 and j,
respectively. The order of the filter is defined by the filter exponent, s. Note
that, when s = 1, the polynomial filter reduces to the traditional linear filter
[23]. The filtered variables are then defined as p for convenient notation. After

we apply the filter operation, we perform the smooth Heaviside projection
[120]:

_ tanh (8n) + tanh(3(p — 1))
tanh (1) + tanh(5(1 — 7))

where 7 is the value of the threshold for the Heaviside function (in this work

p = H(P2) (3-4)

n = 0.5), and (8 controls the sharpness of such function. The stiffness matrix,

K, is computed through a typical assembly process as:

Ne
K(z) = Ak, with k. = Eko, (3-5)

Ee = €min T (1 - 6min>p~€ (3_6)

where k. are the element stiffness matrices, €,,;,, is the Ersatz parameter (in this
work €,,i, = 107%), p is the SIMP penalization factor, kg is the stiffness matrix

for a solid element, and FE. is the material interpolation stiffness function.

3.1.1

Piecewise vanishing stress constraint

In this work, we use a modified version of the piecewise vanishing stress
constraint (PVSC) [102] defined as:
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v v 2 v
p§[0.1<aﬂ—1>+<03—1>] g Js
Olim Olim Olim
9i(z) = ) > : 1 (3-7)

0.1 7 (‘71—1

Olim

, otherwise,

in which the exponent p is the SIMP penalization factor, o7 is the von Mises
stress at evaluation point 7, and oy, is the stress limit. This exponent factor
p helps to regularize the behavior of the constraint by correlating it with the
behavior of the local stiffness matrix as a function of the density. We denote
this constraint as the modified piecewise vanishing constraint (MPVSC) and
we use it in the optimization statement in Eq. (3-1). Figure 3.1 displays the
behavior of the MPVSC in comparison to the PVSC as we vary the value of
0" /0pim. In this plot, we can see that the PVSC becomes flat, i.e. has a null
first derivative, for any value equal to or below 1, which can cause instability
in the optimization procedure. Meanwhile, the MPVSC never has a null first
derivative, leading to a more well-behaved problem formulation.

1.2 ‘ ‘
piecewise vanishing stress constraint

1L = modified piecewise vanishing stress constraint

Constraint Value

Uv/o-lim

Figure 3.1: Plot comparing the piecewise vanishing stress constraint [102] to

the proposed modified piecewise vanishing stress constraint (Eq. (3-7)).

3.1.2
Stress Measure

In order to have a consistent and meaningful stress measure, we define:

5V = p~0.50_v’ (3_8)
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which we will use to evaluate the stress on the optimized structures. This stress
measure, 6V, was based on the gp-relaxation approach [25], and is computed
with the elastic properties of the solid material, using the apparent “local” von
Mises stress [41, 42].

3.2
Augmented Lagrangian Method (AL)

The AL method [19, 20, 88] is a numerical technique to solve constrained
optimization problems. In the AL method, the solution to a constrained
optimization problem is achieved by solving a series of unconstrained problems
that converge to the original solution. For instance, suppose that we want to
use the AL method to solve the optimization problem:

min - f(z) (39)
st hj(z)=0 Vj=1,...,N,
in which z is the vector of design variables, f(z) is the objective function,
h;(z) are the equality constraints, and N, is the number of constraints. Using
the AL method, we transform the optimization problem in Eq. (3-9), into the

unconstrained optimization problem:

zeR?

min J®(z) = f(z)+§cj A§’“>hj<z)+“7hj(z)2 , (3-10)

where /\g.k) is an estimate of the Lagrange multiplier of h;(z), u®
coefficient, and k indicates the k-th step of the AL method. Both )\g-k) and p®

are updated at every step k. The AL function, J®¥)(z), is an approximation

is a penalty

of the Lagrangian of the constrained problem (3-9), but with the extra term
s ®h;(z)%.

The solution z*) of the approximate sub-problem in Eq. (3-10) converges
to the solution z* of the original problem (3-9) as k — oo, given that
the original problem satisfies some regularity conditions [88]. Particularly,
Bertsekas [20] proved that if both the objective function and the constraints are
continuous, the original problem has an optimum, and every sub-problem has
an optimum, then the sequence of optima points of the sub-problems converges
to an optimum point of the original problem. Assuming that problem (3-10)

is well-behaved, the first-order optimality condition states that:
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Comparing Eq. (3-11) with the KKT optimality conditions for problem (3-9)
implies that:

NiVhy(z*) = (A 4+ 1B h(20)| Vhy(z®), (3-12)

J

from which we obtain:

X AW 4 B h;(20) (3-13)
or
* (k)
NN

hy(2V) ~ (3-14)

1®

Equation (3-13) provides a means for updating the Lagrange multipliers, )\g-k),

at every step k, as follows:
A = A @28 i =1, N, (3-15)

From Eq. (3-14), we observed that h;(z*)) is proportional to A — )\gk)
and inversely proportional to p®). Thus, a good estimation of the Lagrange
multipliers and a large value of x*) improve the convergence of AL methods
to a feasible solution (i.e., hj(z) = 0). In theory, when A%®) is a good
estimate of the actual Lagrange multiplier vector, one can obtain a good
estimate of z* by solving problem (3-10). A proper value for p® needs to
be chosen carefully because a relatively high initial value for this parameter
may lead to ill-conditioning of the optimization problem [19, p. 123]. The usual
recommendation found in the literature (e.g., see [19, 20, 88]) is to start with

a moderate value of u(!) and gradually increase it according to:

pt Y = ap®, (3-16)

where « > 1 is a constant. The value of « is also problem dependent and may
require empirical adjustment. To solve optimization problems using the AL
method, one needs to solve the unconstrained optimization statement (3-10)
at each step k£ and update both Lagrange multipliers A;k) and penalty term p(®),
using Egs. (3-15) and (3-16), respectively. The procedure is repeated until some
convergence criterion is satisfied. The AL method presented here is designed
for equality constraints, and extended for inequality constraints in Subsection
3.2.1.
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3.2.1
Augmented Lagrangian method for inequality constraints

The procedure described in Section 3.2 is designed to solve optimiza-
tion problems with equality constraints. Here, we expand the AL method for
inequality constraints. Consider the following optimization problem with in-
equality constraints:

min f(z)

st gi(z) <0 Vj=1,...,N, (3-17)
1<z <u,
where 1 and u define the lower and upper bounds of the design variables,

respectively. Introducing slack variables, constraints g;(z) < 0 are rewritten

as:
hj(z) =g;(z) +s;=0, s, >0, j=1,...,N,. (3-18)

Consequently, the approximate sub-problem that needs to be solved at the
k-th step of the AL method is:

st u<z<l
s; >0 Vj=1,...,N..

The minimization of J*)(z,s) with respect to the slack variables is

obtained explicitly for any fixed z by solving the optimization problem:

min [)\5’“ (%‘(z) + sj') + M;k) <9j(z) + 51‘)2

Sj

(3-20)
s.t.: Sj > 0.

The optimization statement (3-20) is defined in terms of the slack variable,
s;, associated to constraint g;. As a result, its solution can be found in closed
form using the stationary conditions of the Lagrangian of (3-20), which leads
to:

(k)
s; = max |0, — (/jk) + gj(z)> Vji=1,...,N.. (3-21)

Substituting Eq. (3-21) into Eq. (3-18) leads to:
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(k)
h;(z) = max [gj(z), _Mzk)] Vj=1,...,N.. (3-22)

Using Eq. (3-22), the inequality constraints g;(z) < 0 of (3-17) can be
replaced by equality constraints, allowing the problem to be solved using
the procedure described for solving the equality-constrained problem (3-9).
As inferred from Eq. (3-22), the slack variables do not need to be computed
explicitly, facilitating the implementation of the AL method with inequality
constraints. One must recall that the Lagrange multiplier estimators, )\g-k),
and the penalty factor, u*), remain constant for each AL sub-problem, and
thus the AL function is continuously differentiable (with respect to the design
variables) at each AL step. Despite the presence of the maximum function, the

AL function used with Eq. (3-22) is differentiable even at the points in which
k
9;() = =X /u® ((20] p. 161).

3.2.2
Modified Augmented Lagrangian method and the Scale Factor 7

We apply the AL method to solve the optimization problem in Eq. (3-1).
We introduce a slight modification to the AL method by introducing a scale
factor n that multiplies the penalty term of the AL function. The AL function
for the k-th sub-problem is:

Ne Ne
J(z) =3 peve+ny [Ag.k)hj (z) + ‘Lth(z)Ql (3-23)
e=1 7j=1

(k)
in which h;(z) is defined as max [gj(z), —2{@1, with ¢;(z) being the MPVSC

defined in Eq. (3-7). The scale factor n is introduced because the progress
towards a feasible solution using the traditional AL method depends on the
ratio between the original objective function and the penalty term of the AL
function. Therefore, the magnitude of the penalty term is highly dependent
on the number of constraints. In the context of topology optimization with
local stress constraints, the number of constraints increases with the number of
elements in the mesh. Through numerical experimentation, we found that if the
objective-to-penalty ratio in the AL function is kept approximately constant
and independent of the number of constraints, our AL formulation leads to
consistent optimization independent of the mesh size. To preserve this ratio
for different mesh sizes, we multiply the penalty term by the scale factor n,

which is given by:

n=1/Ne, (3-24)
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where N, is the number of constraints. The proposed scale factor 7 helped
us obtain consistent optimization results for a variety of problems solved in
the present study, in which the number of constraints ranged between a few

thousands to over 35 million.

3.23
Addressing non-convexity

The stress-constrained TO problem is non-convex. Consequently, it is
common for optimization algorithms to get trapped in local optima. To
mitigate this effect, and possibly escape from unfavorable local optima, we
adopt a common strategy with the AL method for non-convex problems that
is to restart the values of y and \; when the optimization stagnates' [19, 20, 88].
This approach allows us to achieve better results, i.e., designs with lower mass
ratio than that obtained when these parameters are not restarted. The effect
of restarting these parameters in the quality of the optimization results is
demonstrated in [102].

3.3
Sensitivity analysis

The stress-constrained topology optimization problem discussed in this
section is solved using gradient-based optimization algorithms. In order to
do so, sensitivity information for the AL function (3-23) is required. The

sensitivity of the AL function is computed using the chain rule as:

dJ® e oJ®) dp; dp;
de =1 6,51 dpl de (3_25)
Ne 9J*) tanh (5n)

- ; 97 tanh (B7) + tanh(B(1 — 7))" |1 — tanh®*(B(p; — )| Py

The term Pj; in Eq. (3-25) is obtained from the relation p(z) = Pz and the
term 0.J*) /0p; is obtained using Eq. (3-23), as follows:

oJ® 9 N o N i
= Y et Y (Ahi(2) + Shi(a?] . (326

For simplicity in the notation, we have dropped the superscript & in Eq. (3-26)
and in the subsequent equations of this section. The second part of Eq. (3-26),

which is related to the penalty term, is computed as:

!Stagnation is reached when the average change in the design variables between two
consecutive iterations is smaller than a given tolerance.
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o > [utte) + ] = 32 [ + o) E e

Using Eq. (3-7) and (3-22), the non-zero part of the sensitivity of constraints

h; is determined as follows:

Ohj(z) _ 0 L7, , 2 v
5 "5 (07 /0t — 1) + 0.1(07 /i — 1)]
=pp 033 [0} [otm — 1)? + 0.1(07 Jom — 1)] + (3-28)
P oo doy\" oU
* Olim [Q(Uj [oim = 1) + 0'1} ou p;

where 6;; is the Kronecker delta operator and U is the displacement vector
obtained from the equilibrium equation KU = F. The last part of Eq. (3-28)
corresponds to the sensitivity of the von Mises stress for the jth stress con-
straint. The adjoint method is used herein to avoid the expensive computation
of oU/0p; [17, 31]. Differentiating the aforementioned equilibrium equation
with respect to the design variables, and assuming that f is independent of the

design variables, we obtain:

0K ou

U+ K =0 3-29
Ipi " Ipi (3-29)

Substituting Eq. (3-28) into Eq. (3-27) and adding the expression in Eq. (3-29)

multiplied by the adjoint vector, &, leads to:

0 & Y 2
o [t + Gh(ar| =
N. X
Z {/\j + uhj(z)} Py 0y [(af/alim —1)>+0.1(0} /o1im — 1)] +
j=1 . . e\ U (3-30)
2 Pj v g;
+j:1 [/\] + [Lf%(Z)} Ol [Q(O-j /Ulim - 1) + 01} <0U> aiﬁl"’
0K ou
T
K
e (6/3@[” 8@-) ’

Collecting all terms in Eq. (3-30) that multiply OU/0p; and choosing & such
that these terms vanish from the sensitivity evaluation allows rewriting Eq.

(3-30) as:
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> [tst) + S| = Dt i 9l (03 o — 1)+
7=t ) (3-31)

K
+0.1(0} /oim — 1)] + €" % U,

where & is the solution to the following adjoint problem:

i 75 DoV M
— . i J v o i ~
K¢ = ; [\ + phy(z)] - [2(07 /ot — 1) +0.1] 5 (3-32)
The last term in Eq. (3-31) is obtained as ng—IﬁfU =¢r glpff i, where &;, k;, and

U; refer to element-wise quantities. Because we compute the element stiffness
matrices using Eq. (3-5), then:
ok;
Ip;

= p(1— )5 ko (3-33)

The final expression for the sensitivity of the AL function (3-23) is given by:

asm o 2
=3 Lo O hi() pit [0} o — 1)+
+0.1(0% form — 1)] + p(1 - e)ﬁf‘lgiTkOUi} (3-34)

tanh (4n)
tanh (81) + tanh(3(1 — n))

Note that using the adjoint vector, &€, obtained from Eq. (3-32) greatly

B |1 = tanb*(8(p — )] Py

reduces the cost of computing the sensitivity as compared to computing Eq.
(3-28) directly, which requires the computation of OU/0p; for i =1,..., N,.
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4
Toward Large-Scale GPU-based Stress-Constrained Topology
Optimization

Large-scale problems are essential for the general application of TO,
because they allow for the fully detail design of complex structures with high
physical accuracy. Furthermore, large-scale TO has pushed the boundary of
material design by enabling the direct optimization of the micro-structure. To
solve large-scale TO problems, we will implement parallel computing strategies
in a GPU framework. GPUs have thousands of cores that can process extensive
amounts of data in parallel, making them powerful devices for the solution of
large-scale TO problems.

The GPU-based parallelization of the TO procedure encounters three
main challenges: the filter, the optimization algorithm, and the solution of
the equilibrium equations by means of the FEM. In the next Sections we will
address each of these challenges individually to achieve a parallel GPU scheme

capable of solving large-scale stress constrained TO problems.

4.1
Large-Scale Filter in Parallel

The filter [24, 26, 107, 128] is an important part of every TO framework,

because it solves two practical problems of TO [18]:

1. Checkerboard patterns: The filter prevents checkerboard patterns
in the solution. Checkerboard patterns appear due to the numerical
discretization of the domain, and the use of low order elements in the

FEA, which overestimate the stiffness-to-weigh ratio of such patterns;

2. Minimum length-scale: The filter controls the minimum length-scale
of the TO result, i.e. the filter prevents structural features smaller than a
certain size (determined by the choice of filter radius), which is important
from manufacturing point of view, because small structural features are

troublesome to manufacture in practice.

The filter solve this problems by restricting the space of admissible den-

sity distribution to that of continuous and smooth fields. This restriction to
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continuous and smooth fields is accomplished by applying a convolution op-
eration of a continuous function, with local support, over the design variable
distribution, ensuring the smoothness of the convoluted output. The convolu-

tion operation is described by equation:

p(x) =k*z= /k:(T)z(x —T1)dt (4-1)

in which p is the filtered density field, k£ is the kernel function, % is the
convolution operation, z is the design field, x is the position variable, and
7 is the convolution variable. The most common filter kernel used is the linear

hat kernel given by the equation:

b(x) = max [0’ (1 )

The most traditional, and computationally efficient way to apply the

(4-2)

filter operation is, as previously described in Section 3.1, pre-computing the
discretized convolution parameters given in Eq. 3-2, and writing them in a
sparse filter matrix format. The filter operation is then reduced to a simple
matrix-vector operation which can be done in O(n?) time, in which n is the
size of the vector (in this case the number of design variables). However,
the problem with this approach is the memory requirement to store such

900

sparse filter matrix. Each row ”i” of this matrix has to store the distance
between element ”i” and its neighbors for which such distance is smaller
than the filter radius. Considering a 3D case with homogeneous mesh, the
average characteristic size! of an element follows a O(1/n'/?) trend for a given
fixed domain. We can then estimate the number of neighbor elements that fall
inside the filter radius by diving the volume of a sphere of such radius by the
characteristic volume of the elements given by the cube of the characteristic

size:

4_p3
TR

1 \3
/3

Considering that the filter matrix has n rows, the memory requirements,

=0(n). (4-3)

for such matrix, grows with O(n?). The quadratic growth of the memory
requirement rapidly becomes prohibitive, as we deal with large-scale problems,
specially for GPUs, which have considerably limited memories. To give an idea
of how fast the memory requirement can grow, notice that, a filter that requires
only 100 MB with a mesh of 100,000 elements, would require almost 10 GB

L Characteristic size here refers to a measure of length-scale that represents the geometry
of the element, e.g. the side length of a cube
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with a mesh of 1 million elements, and almost 1 TB with a mesh of 10 million
elements.

Because of this issue, alternatives to the pre-computation and storage
of the filter matrix have been proposed. One approach is to directly compute
the convolution operation using discrete Fourier Transform (DFT) algorithms,
which can be performed with significantly limited memory. However, such
algorithms are not computationally efficient, as they present an asymptotic
complexity of O(n?log®(n)) (3D). Other techniques replace the convolutional
filter, with a filter based on elliptic PDEs [65, 72, 119], more specifically an
Helmholtz-like PDE:

~R*VPp+p==z (4-4)

In the PDE Filter approach, Eq. 4-4 is solved to obtain the filtered
variable p. The main advantage of this approach is the limited memory
requirement, and the efficiency, which is dictated by the algorithms used
to solve the PDE that can be implemented in parallel. However, the PDE
filter introduces further complexity to the formulation, both theoretically and
implementation-wise. The approach that we propose in Section 4.1.1 combines
limited memory requirements and efficiency, while being remarkably simple to

implement.

4.1.1
Sequential Filter

The sequential filter combines the idea of PDE filter technique, and
the pre-computed filter matrix convolution. Similar to the pre-computed filter
matrix, we pre-compute a sparse matrix that represents a discrete convolution
of the density field with a continuous locally supported kernel function. The
difference is that we choose the kernel function such that its support is
restricted to the elements in the immediate vicinity of an element. Because
of this limited support of the kernel, we only need to store the neighboring
elements of each element. Once we have this local filter matrix, we apply it to
the density field repeatedly, similar to a "time" evolution of a time-dependent
PDE. This accomplishes an extended smoothing effect that approximates a
convolution with a kernel function reaching a larger support region comparable
to traditional filtering techniques. However, unlike the traditional filtering
techniques, the memory requirements for this technique grows linearly with
the problem size, O(n), because we only store a fixed number of neighbours
for each element. Mathematically, this sequential filter operation is equivalent

to a sequence of convolutions, i.e.:
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r iterations
——
p=kkkk-- xk*z (4-5)

in which p is the filtered density field, k is the kernel function, x is the
convolution operation, z is the design field, and r is the number of iterations of
the convolution. The associative properties of the convolution operation allow
us to compute the term kxk*- - -xk, i.e. the r iterations of the convolution of the
kernel k with itself. This computation is done for analysis purposes only, since
pre-computing this term would result in a computational cost comparable to

the traditional filter. We propose the following equation to estimate the number

()

where Ry is the radius of action of the local kernel k, R is the radius of effect

of iterations r of the kernel:

r =

(4-6)

that we want to achieve, and a and b are numerical parameters. The parameters
a and b are determined by minimizing the mean absolute error of the sequential
filter in relation to the traditional linear filter that we would like to replicate.
In order to evaluate the error we choose discrete values of R/ Ry ranging from
2 to 14. We then minimize the mean absolute error of these points using the
Nelder-Mead simplex search algorithm [89]. Solving this minimization problem

lead us to the following equation for r:

R\
= |1.07 | =
=)

Figure 4.1 displays the mean absolute error obtained using this formu-

(47)

lation for different values of R/Ry. From this plot we can see that the error
decreases with the value of R/Ry. This is because the local filter acts like a
discretization of the linear filter, and as we increase the value of R/Ry, we
obtain a finer discretization.

Figure 4.2 illustrates the term k xk x - - - xk in 3D, in comparison with a
linear kernel, considering r iterations computed with Eq. (4-7). The example
shown in Fig. 4.2 considers a cube of side length 2, a radius R = 1, and a radius
for the local kernel Ry = 0.15, meaning that this local kernel was applied 44
times.

Algorithm 1 displays the procedure to implement the sequential filter
and it has as inputs the matrix representation, Py, of the local kernel k,
the vector of design variables z, the desired equivalent radius of the linear
filter R, and the radius of the local kernel Ry. Considering that the local

kernel radius is proportional to the element characteristic size, and that
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Filter Radius
(R)

Mean Absolute Error

R/ Ry

Figure 4.1: Error of the sequential filter in relation to the traditional linear
filter as a function of the ratio of the filter radius over the local kernel radius.

1/3

the characteristic size of an element is proportional to 1/n'/?, we have that

2.14/3)

Ry o< 1/n'/32 and, consequently, » = O(n . Meaning that we have to

2.14/3) matrix-vector products of the local filter matrix with

perform r = O(n
the design variables. However, notice that the local filter matrix has a fixed
number of non-zero components at each row, meaning that, due to its sparsity,
we can compute the matrix-vector product in O(n) operations. Considering
this, the asymptotic analysis of the efficiency of the sequential filter algorithm
give us an rO(n) = O(n**/3n) = O(n>1%/3) < O(n?) performance. In practice,
the cost of the sequential filter is negligible when compared to the cost of the
FEA required in each TO iteration. Another advantage of the sequential filter
is the easiness to change the filter radius R, which, in the sequential filter
algorithm, just required a change in the input of the algorithm, in contrast to
traditional filter approaches that would require the full re-computation of the

filter matrix.

4.2
Optimization Algorithm

The optimization algorithm is responsible for optimizing the structure by
updating the design variables, and it is at the core of any TO implementation.
The most traditional optimization algorithms for TO are the Optimality
Criteria (OC) [55, 86, 98], and the Method of Moving Asymptotes (MMA)

2 is the mathematical symbol for proportional to.
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a) Linear Filter (b) Local Kernel (c) Sequential Filter

0.001

AR

(applied 44 times)

Figure 4.2: Schematic of the effect of the traditional linear filter, the local
kernel, and the sequential filter over a 3D mesh.

Algorithm 1 Sequential Filter Algorithm
1: procedure SEQUENTIAL_ FILTER(Py, z, R, Ry)
2 p— 1z

3 for i =0 to {(R/Rk)zJ do

4: p+ Pp
)
6
7

end for
return p
: end procedure

[4, 109, 110]. The OC is very limited, and can only solve optimization problems
with one constraint, for which said constraint must be active at the optimum.
Furthermore, the OC can be very unstable for problems with high non-linearity,
and the optimization path generated by the OC can only transverse a sub-
space of the design domains in which the constraint is active, making it
extremely susceptible to local optima for non-convex problems. Some other OC
based algorithms have been developed that can accommodate more than one
constraint, such as the ZPR [131], but they suffer from the same shortcomings.
Despite this disadvantages, the OC and OC-like methods are still very popular,
because of their efficiency, and easiness to implement for compliance problems
that tend to be particularly well-behaved.

On the other hand, the MMA is a very powerful and general optimization
algorithm that can handle a wide range of different optimization problems.
Because of the freely available MMA codes provided by the author of [110], the
MMA is widely disseminated in the TO community. However, the general and
powerful capabilities of the MMA come at a high computational cost, because
the MMA generates a convex approximated optimization problem that needs
to be solved iteratively. This iterative inner solve, which can be significantly
expensive, determines the update of the design variables. Several MM A-based
approaches have been developed, such as the GCMMA [111], which guarantees
the convergence of the algorithm, the TRMMA [60], which presents improved
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convergence, and the EMMA [21], which incorporate second order information,
but none of them address the high computational cost.

Because of the previously mentioned difficulties associated with the
OC and the MMA, a different algorithm was necessary for the large-scale
solution of stress constrained TO problems. For this reason, we developed a
adaptive gradient descent-based (AGD) approach that is efficient, simple to
implement, and easily parallelizable. Notice that we handle the constraints
of the optimization problem with the Augmented Lagrangian method, and,
therefore, we are left with an unconstrained optimization problem. Algorithm

2 describes the main steps of the proposed algorithm.

Algorithm 2 Adaptive Gradient Descent
1: procedure MODIFIED__GRADIENT _DESCENT(z, f, df/dz, foa1, folaz,
Zmin, Zmaz, &, MOVE, IlOI’m())

22 if (fouar — foua2)(f — foar) < 0 then
3: o + max( 0.25qa, 1079)
4: else
5: a < min( 1.25a, 1)
6: end if
7: m, < move (Zmar — Zmin)
a df
5 dy < normg dz
9: z < max(max(min(min(z — dy,z + m,), Zpaz), 2 — M;), Zyin)
10: Jold2 < fold1
11: Jolar < f

12: end procedure

In Algorithm 2, z are the design variables, f is the value of the objective
function, df /dz is the gradient of the objective function in respect to the design
variables, foq1 and foq2 are the values of the objective function in the last two
iterations, z,,;, and z,,,, are the lower and upper bound of the design variables
respectively, a is adaptive parameter that damps oscillation by controlling the
size of the step taken by the optimizer, move is move limit (generally set to
0.05), and normy is a normalizing parameter for the gradient. The value of this
normalizing parameter is set to normy = ||(df /dz)o||, /move, in which (df /dz),
is the gradient at the first iteration of the optimization. For some problems, it
might be beneficial to update the value of normy every 50 iterations or so to
accelerate convergence.

To compare the performance of the proposed AGD algorithm with the
MMA, we will solve the diagonal square problem proposed by [102]. The

problem domain is represented in Fig. 4.3(a), in which we have a four element
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square mesh fixed at the lower left element, with a load applied at the upper
right node. The elements at the anti-diagonal have a fixed density of 1 (i.e. solid
passive zone), while the density of the two elements in the main diagonal are
the design variables of the problem. The mathematical optimization statement
of the diagonal square problem is displayed in Eq. (4-8). Figure 4.3(b) displays
the design domain of this problem in which we can see the feasible region, the
constraints, the objective function, and the optimization path performed by
the AGD (Blue) and the MMA (Gray) algorithms. We can see that the AGD

describes a smooth path towards the optimum taking a total of 24 iterations,

while the MMA presents a more ragged and oscillatory behavior towards the

optimum taking a total of 32 iterations.

min Zl -+ ZQ
(Z1,22)
O.V
st g1 = ! —-1<0, Z1>0
Olim
14 4-8
92:;2—1§0, Zy >0 (4:8)
lim

0<p <1, i=12
with: K(Zl, ZQ)U = F,

4.3
Finite Element Analysis

The FEA is the most computationally expensive part of the TO proce-
dure. As it is demonstrated trough numerical experiments in Section 4.5 (see
Fig. 4.12(b)), the computational cost of the FEA easily surpass 99% of the
total computational time. Not only that, the solution of the FEA also requires
a substantial amount of RAM memory, which can be the limiting factor for
the size of problems one is able to solve. Therefore, this is the most crucial
part of the implementation when dealing with large-scale TO problems.

In this work, we are only considering a linear elastic model for the
mechanical behavior of the structure, and therefore, the FEA comes down
to the solution of a single linear system per iteration, which is represented by
the stiffness matrix.> To solve this linear system, the use of direct methods
(e.g. Cholesky, LU decomposition) rapidly become prohibitive because of high
memory requirements, and, therefore, we will resort to iterative methods, more
specifically, the preconditioned conjugated gradient method (PCG) [51, 104,

p. 628]. The PCG presents several advantages over other linear system solver:

3For a detailed explanation of the FEA method, and the computation of the stiffness
matrix see [95].
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(@) (b)

1
Zy
= AGD Feasible Region ’
= MMA . — .
Constraintg, .. Objective Function - .
=== Constraint g,  v¥ Global optimum 0 Z, 1

Figure 4.3: Diagonal Square problem proposed by [102]. (a) Problem domain,
design variables (Z; and Z,), and boundary conditions. (b) Optimization
domain of the problem presented in Eq. (4-8), displaying the feasible region, the
constraints, the objective function, the global optimum, and the optimization
path performed by the AGD (24 iterations) and the MMA (32 iterations)
algorithm. In this plot, we can clearly see the smooth path taken by the AGD,
in comparison with the ragged and oscillatory path taken by the MMA.

o PCG is an iterative solver, meaning that we do not need to decompose

the stiffness matrix, leading to a lower RAM memory requirement;

o PCG finds the best solution at each step in the subspace that it has
explored. That is, for step k, and initial guess uy, PCG will have the
best solution possible for the problem in the Krylov subspace K(K;ug) =
span{ug, Kuy, ..., K*ug};

e PCG only requires three types of operations, dot product, vector
add/subtract, and matrix vector product, which can be easily imple-

mented in parallel.

A disadvantage of the PCG method is that it only guarantees convergence
for symmetric positive definite matrices. However, the system that we are
trying to solve, generated by linear elastic FEA, are indeed symmetric and

positive definite, meaning that this limitation of the PCG is not a issue for us.
43.1
Preconditioned Conjugated Gradient (PCG)

In this Section we will provide more details about the Preconditioned

Conjugated Gradient method. First we will give a brief introduction to the
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Conjugated Gradient method (CG), and then we will discuss the importance of
the preconditioner that easily extends the CG method to the PCG method. CG
is a linear solver that belongs to the class of iterative Krylov methods. Methods
of this class search for the best solution in the Krylov subspace of the problem.
The Krylov subspace is generated by the matrix that represents the linear
system, and by a initial guess of the solution. To solve the system KU = f
through the PCG method, we iteratively solve a sequence of optimization
problems:

1
i U)=-U'KU-U'F -
Uelggl%}ré,ro) ¢( ) 2 ’ (4 9)

in which rp = KUy — F, Uy is a initial guess, and Ky(K, () is the Krylov

subspace defined as:
Kk(K, 19) = span {ro, Kr, K’rg, K’rg, -+, K*'r}

Notice that the only change from the optimization problem (4-9) of
iteration k to iteration k + 1 is the Krylov subspace that defines the solution
domain of the problem. Another special property of optimization problem (4-9)
is that, if matrix K is positive-definite, the optimization problem is convex, and
therefore has only one solution, because the second derivative of the objective
function (i.e. the Hessian of the problem) is the matrix K itself. This means
that any critical point of the objective function f(U) is a solution to the
optimization problem. To identify critical points we compute the first derivative
of f(U), and set it equal to zero:

d¢(U)

———=KU-F=0 4-10
aU Y ( )

demonstrating that a critical point of f(U) is also a solution to the linear

system KU = f. To solve the optimization problem in Eq. (4-9), we can make

use of the fact that the iterations of the solution domains IC\ (K, r¢), form a

sequence of nested subspaces, i.e.:
IC()(K,I'(D C ’Cl(K,ro) c---C /Ck(K,rO).

Furthermore, we can iteratively define an orthonormal basis for the sequence
of nested subspaces. Let Vi1 = {vo, vy, -+ ,Vvi_1} be and orthonormal basis
for ICx_1(K,1rp), then an orthonormal basis of Ky(K,ry) can be created by
orthonormalizing K*'rq with respect to the set vj_1, and then adding the
orthonormal resulting vector, vy, to that set Vj, = Vi1 U {vy}. This sequence

of orthonormal basis also gives us a formula to find the optimum of the
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optimization problem in Eq. (4-9):
U® = uk-b v, (4-11)

To find the value of ., we compute:

(k)
%;) =—(vi)'K (Uik_l) - uka;) +(vi)"F=0 (4-12)
(vi)" (Kng_l) - F) (vi)" Vi
B = 4-13
. (vi)" K (vy) (vi)" K (vi) (4-13)

To prove that the optimum of the optimization problem in Eq. (4-9)
is of the form displayed in Eq. (4-11), suppose that there exist a point
o¥ = ul - ou, with u € K,_1, such that ¢ <A£k)) < @ (U&k)>. Then
we can compute the optimal value of « in the same way that we computed the
optimal value of :

96(0)

S = ('K (UP —ou) + (w)F =0 (4-14)

(4-15)

The term in the numerator between parenthesis, r, = <KUikl) — F), has
the special property of being orthogonal to the subspace Kp_; (see [116,
p. 296]). Therefore, if r, L Ky, and u € Kj_1, we have that o = 0, and
U% = U™, Proving that Eq. (4-11) is the optimum. For more details on
the conjugated gradient, please refer to [51, 104, p. 628]. The mathematical
formulation described before leads to Algorithm 3.

Each iteration of the CG algorithm requires the computation of one
matrix-vector product, two dot products, and three scalar ax plus y
(SAXPY) operations. From all of the previously mentioned operations, the
matrix-vector product is the most expensive, and it is responsible for most of
the computational time spent in each iteration. Furthermore, the dot product
and SAXPY operations are straightforward, therefore, in the next Sections
we will focus our efforts in optimizing the matrix-vector operation. For the
dot product and SAXPY operations we used the standard and highly efficient
cuBLAS library [1]*.

4cuBLAS is a highly efficient CUDA library that provides GPU-accelerated linear algebra
routines.
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Algorithm 3 Conjugated gradient algorithm
1: procedure CONJUGATED GRADIENT( K, F, Uy )
2 ro .= F — KU,
3 Po = To
4 k=20

o: Wo ‘= Ty - Ig

6

7

8

9

while norm(ry) > Tol do
ar = Kpy
pu = wi/ (Pr - dk)
U1 = Up + Pr

10: Tpr1 = T — ek
11: Wh1 *= Th1 * Tiy1
12: B = Wkt1/Wr

13: Pit1 = Try1 + BpPr
14: kE=k+1

15: end while

16: end procedure

Another matter that deserves attention is the convergence of the CG
algorithm, i.e. how the error of the approximate solution changes in each
iteration. Fortunately, we have an analytical expression that bounds the error

of the solution at each iteration developed by [116, p. 299]:

1/2 k
Jo. - 0% < 2o w0 (SRR
{ra(K)} 77 +1

where ks is the condition number of the input matrix. Unfortunately, this
upper bound on the error is dependent on ks, meaning that ill-conditioned
matrices might require a large number of iterations to achieve a satisfactory
convergence. To improve the condition number of a matrix, preconditioners are
generally applied to the system. The idea of preconditoning is to transform the
system KU = f as:

M;KM,Y = M,F, with M;'U =Y (4-17)

in which M is the left preconditioner and M, is the right preconditioner.
If the condition number of the resulting matrix M;KM, is better than the
condition number of K, we are able to greatly reduce the number of iterations
necessary to solve the system. The final solution can then be obtained by
solving M, 'U =Y. From this, we can derive a set of requirements for a good

preconditioner:

1. The preconditioners M; and My must improve the condition number of

K;
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2. The preconditioner must be easy to compute, that is, the computational
cost of applying the preconditioner cannot be greater than the compu-

tational cost saved by the reduction of the number of iterations;

3. The preconditioners must be memory efficient to be able to handle large-

scale problems.

The GPU framework makes requirements 2 and 3 more complicated,
because, not only the preconditioner must be easy to compute, but it must
be easy to compute in parallel, and we have to deal with the limited memory
available for the GPU. For this reason, we chose to use the simple and efficient
Jacobi preconditioner defined by M; = My = diag(K)~'/2, in which diag(K)
designates a diagonal matrix composed of the main diagonal of K. To apply the
preconditioner, however, it is not necessary to the directly compute M; KMs.
We can incorporate the preconditioner by defining the matrix M = M;M,, as
shown in Algorithm 4 (for more details see [51, p. 651]):

Algorithm 4 Preconditioned conjugated gradient algorithm

1: procedure PRECONDITIONED CONJUGATED GRADIENT( K, F, Uy,M )
2 ro .= F — KU,

3 zo = Mrg

4: Po = Io

5: k=0

6 Wy ‘= Zg -+ Tg

7 while norm(r;) > Tol do
8 qr = Kps

9: i = wi/ (Px * dk)
10: Uit = Ug + ups
11: Tet1 = T — Ok

12: Zii1 = Mry

13: Wk+1 = Zk41 * Thy1
14: Br = Wry1/w

15: Prt1 = Zpp1 + BePr
16: k=k+1

17: end while
18: end procedure

43.1.1
Matrix-Vector Product and Assembly-free Method

This Section explains the computation of the matrix-vector product
necessary for the PCG algorithm. In order to perform such matrix-vector
product operation in large-scale problems, we adopt an assembly-free method

[11]. An assembly-free method does not require the full assembly of the matrix
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representing the linear system. This is beneficial because the assembly of the
matrix generally demands a large amount of RAM memory even when state-
of-the-art sparse representations are used, and, not only that, the memory
requirement grows with O(n?) which quickly prevents the assembly of the
matrix for large-scale problems. This means that methods that require the
assembled matrix, such as direct method (e.g. Cholesky, LU decomp), are
severely limited for large-scale systems.

To compute a matrix-vector product, or any other operation using an
assembly-free method, one must consider such operation as the composition
of several smaller operations. For example, if A = B+ C + D + E, one could
compute Ax as Bx+ Cx+ Dx+ Ex, and in this way, the explicit computation
of A =B+ C+ D + E is not necessary. In simple cases, the advantage of
computing Bx + Cx + Dx + Ex, instead of just summing up the matrices that
compose A, and computing Ax directly might not be apparent. However, when
matrix A presents clear patterns, or formation rules, assembly-free methods
can be extremely efficient. Luckily, the stiffness matrix that comes from the
linear elastic FEM presents a formation pattern that can be exploited for
the computation of the matrix-vector product. The formation pattern can be

clearly seen when we examine the global stiffness matrix definition as:
Ne
K(z) = élke

in which the symbol ez&el represents the assembly process of the global stiffness
matrix. In this equation, we see that the stiffness matrix is nothing more than
the sum of the contributions of the local stiffness matrix k. of each finite
element of our mesh. We will use the individual contributions of the local
stiffness matrix to compute an the assembly-free matrix-vector product in what
is called an Element-by-Element approach (EbE) [39]. Furthermore, if we use
a uniform mesh, i.e. all of the mesh elements have the same geometry, we only
need to compute one local stiffness matrix, significantly reducing the amount
of memory, and computation required for the solution of the linear system.
For this reason we chose to restrict our meshes to one single type of element,
the hexagonal element (Brick 8) displayed in Fig. 4.4. In the particular case of
TO, each element of the mesh is also associated to a optimization z, variable

that controls its stiffness E,(z). Therefore the assembly process becomes:
Ne
K(z) = 1_%1Ee(z)ke,

but since F.(z) is a scalar we can still exploit this formation pattern for
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an assembly-free matrix-vector product operation. Notice that, to perform

such operation, we need to know the :zi&el, i.e. how each local stiffness matrix
contributes to the global stiffness matrix. This information tell us how the
entries of the matrices k., are summed up to form the entries of K, and this
information depends on the connections of the elements of the mesh, i.e. which
elements share a node, and how many degrees of freedom (DOF) each node
has (3 DOF’s for each in the linear elastic case). If we are dealing with a
structured mesh, i.e. a mesh for which we can derive a simple formation
rule that tell us the connection between elements, we do not need to store
any connectivity information, and the DOF contribution of each local k. can
be computed on demand. However, this severely restricts the geometry of
the domain that we can optimize. A workaround would be defining passive
zones, i.e. elements which we do not account for in the optimization, but this
strategy wastes a lot of resources on this passive zones that can, for some
geometries, account for more than 5 times the elements in the active zone.
Therefore, to extend our capabilities to non-trivial geometric domains, we store
the connectivity of the mesh in a data structured that can be easily accessed
and used during the assembly-free matrix-vector product. Since we are using
an element-based approach, i.e. we compute the contribution of each local
stiffness matrix associated with each element, our mesh data structure is also
element-based, and for each element we store the nodes associated to it. For
the Brick 8 element that we will use to compose our mesh, each element has 8
nodes that we need to store. However, we can reduce the number of nodes that
we need to store by half (from 8 to 4) if we use a simple node index numbering

rule:

o The indexes of the top nodes of an element is equal to the indexes of the

bottom nodes plus one.

This rule can be visualized in Fig. 4.4. With this rule, we only need to store
the bottom nodes for each element, and we can easily compute the top nodes.
The indexes of the bottom 4 nodes can be stored using a int4 CUDA data
type, which groups the information of 4 regular int variables together for fast
coalesced memory access.

Using the parallel processing power of the GPU, we can compute the
contribution of several local elements to the global matrix in the assembly-free
method at the same time, which greatly speeds up the computation of the
matrix-vector product. However, when we compute the contribution of each
element in parallel, two different processors might try to add the contribution

of their respective elements to the same DOF at the same time. That will
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hyt1 i+ 1

Mesh Data Structure
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! Element Node Int4 Array
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| h, ’ 0 hy Iy o Ko 0
L 1 hoijik |1

Figure 4.4: Node ordering and mesh data structure for efficient GPU storage
and access.

Figure 4.5: Coloring scheme for assembly-free parallel matrix-vector product.

happen when the elements being computed by two different processors share
a node. When two processors try to write to the same memory space (a.k.a.
the same DOF) at the same time, we have what is called a race condition [52],
which can severely slow down computation, because one of the processors has
to wait for the other to finish writing to that memory space so that it can
then itself use that memory space as well. To avoid this race condition we use
a mesh coloring scheme [39]. In this mesh coloring scheme, we color the mesh
such that elements with the same color do not share a node. After the mesh is
colored, we can send the elements of each color to be processed in parallel, one
color at the time, and with this, we avoid the race condition, as exemplified in
Fig. 4.5.

4.3.1.2
Optimized Local Stiffness Matrix Product

The essence of the assembly-free global stiffness matrix product operation

is the local stiffness matrix product, which is computed in parallel. Therefore,
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the efficiency of this local stiffness matrix computation is directly related to
the efficiency of the assembly-free operation. Our goal in this Section is to
make the local stiffness matrix product as efficient as possible, and to explain
that, we are going to use a simple example. Imagine we have the following

matrix-vector product that we are trying to compute:

Y1 a a a —-b —=b T
Yo —a —a ¢ ¢ ¢ T
yz3 | = c ¢ a a T3 (4-18)
Ya a —a ¢ b b x4
Ys —-a —a —a b Ts

Notice that this matrix has only 3 distinct terms a, b and ¢, and we can use this
to our advantage. Let us focus on the first row of the matrix, which represents

the following Eq.:

h=axi+axrs+ars—bxry—>buxs (4-19)

In this Eq. (4-19), we have to perform 5 multiplications, and four additions
to compute the value of y;, which sums up to a total of 9 floating-point
operations (FLOPS). However, if we reorganize this Eq. (4-19) making use
of the distributive property of multiplication:

y1 =a (r1 + 29 + x3) — b (T4 + 5), (4-20)

we can reduce the number of multiplication required to compute the value of
y; from 5 to only 2, which reduces the total number of FLOPS to 6. If we do

the same for all the rows in the Eq. we get:

y1=a (xry +x9+a3) — b (T4 + x5)
Yo = —a (1 + x3) + ¢ (x3 + x4 + T5)
ys = ¢ (x1 + 2o + 5) + a (v3 + x4) (4-21)
ys=a (r1 —x2) + cx3+b (4 + x5)
ys = —a (r1 + 22+ x3) + b (24 + x5),

which reduces the total number of FLOPS of this matrix-vector product from
45 to 31. So far we only reduced the number of operations row-wise, but we
have several repeated terms across different rows that we can pre-compute to

reduce the number FLOPS even further. Let us define the following terms:
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tl = (.Z‘l + i) + .T3) tz = <I4 + .775) t3 = (Il + 132)
t4 = (173 —|— Ty =+ 175) t5 = (.Z'l —+ ) —|— .1‘5) (4—22)
t6 = (1'3 —|— ZE4) t7 = ((L’l — IL‘Q) tg = (173),

then we can redefine Eqgs. (4-21) as:

Y1 =at; — bty

Yo = —atls+ciy

ys = cts +atg (4-23)
Yyr=at;+ctg+ bty

Ys = —at; + bty

The computation of the ¢, terms cost us 10 FLOPS, and to compute Eqs. (4-23)
cost us an extra 17 FLOPS, which give us a total of 27 FLOPS. This simple
example demonstrates the idea of how to optimize a matrix-vector product.
We can go a step further and optimize the formation of the ¢, terms. To see
this, notice that we can write the formation of these terms as a matrix-vector

product as well, i.e.:

£ 1 1 100
t 0 0 01 1
s
s 1 100 0
¢ o o0 11 1][™
. o |, (1-24)
e 1 1 001
Ty
6 0 0 110
Ts
. 1 —100 0
s 0O 0 10 0

and we can optimize this computation in a similar manner by defining the

following terms:

S1 = T + To S9 = 81 + T3 S3 = T3 + Ty (4—25)

With the terms defined above in Eq. (4-25), we can compute the terms from
Eq. (4-22) as:

11 = 52 lo =124 + 25 lg = 51 ly =25+ 83 (4-26)
s = x5+ 51 le = s3 lr =21 — 22 lg = w3
By using the terms of Eq. (4-25), to compute the terms of Eq. (4-26), we can
reduce the total number of FLOPS to 25. Therefore, by simply rearranging


DBD
PUC-Rio - Certificação Digital Nº 1712569/CA


PUC-Rio- CertificagaoDigital N° 1712569/CA

Chapter 4. Toward Large-Scale GPU-based Stress-Constrained Topology
Optimization 56

the operations we can reduce the matrix-vector product from 45 FLOPS to 25
FLOPS, which yields a 45% reduction in computational cost.

This 5X5 matrix example is simple enough that we can analyse it by
hand, and figure out an efficient arrangement to compute the output of the
matrix-vector product. However for the 24X24 local stiffness matrix, or other
more complex matrix-vector product, we need a systematic procedure to find
the best way to compute the matrix-vector product. In other words, we want
to find a set of additions, and multiplications that minimizes the number of
FLOPS necessary to compute the output of a given matrix-vector product.
In this general form, we could have terms, such as t; = xy + x5 + x3, that
are formed by the addition of three values. However, in terms of number of
FLOPS, this is equivalent to computing to5 = x1 + 2o, and t; = tg5 + 3. As
a matter of fact, any term that is composed by the addition of more than two
terms can be decomposed in a series of terms formed by adding two numbers.
These terms that are composed by adding only two terms are, therefore, the
"pairs" of our problems, which we can use to form any other term. This means
that we can reduce our problem of finding a set of additions, to that of finding
a set of "pairs" that minimizes the number of FLOPS.

The input of our problem is, therefore, a set of sets, that represent
the matrix of the matrix-vector product, a comparison function, and a cost
function. The set of sets is generated from the matrix such that, for each row,
all the components of the input vector that are multiplied by the same value
form a set, e.g. for the matrix in Eq. (4-18), the first row would give us the
sets {x1, z9, 23} and {x4, x5}, the second row would give us the sets {z1,x2}

and {z3, 4,25}, and so on, until we get the whole set of sets:

g = {{$17$2,I3}7 {$47$5}, {$1,I2}7 {$37$4,$5}, {$1,$27$5},
{1‘3,1'4}, {xlv_x2}7 {I?’}}

The comparison function takes as inputs two "pairs', and outputs a logical

(4-27)

True if they are equal according to a specified rule, and False otherwise. In
the specific problem that we are interested, i.e. minimize the number of FLOPS

spent in addition, the comparison function is:
C ({xa,xg} {(E,Y,il'g}> = (xa ==, ANxg == 1’9) Vv (xa == —x, \NTg == —:L’g) (4-28)

in which A and V are the symbols for the logical operations "and" and "or",
respectively. To understand why the need for such comparison function see the

two Egs. in the following example:
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=r1+a (x2+x
n 1 ( 2 3) (4_29)
Yo =11 +a (—x2 — x3)
The two Egs. are different, because the second terms (z3 + 3), and (—x9 — z3),

however, we can rewrite the second Eq. as:

yo =1 —a (re + x3), (4-30)

which preserves the number of operations (FLOPS) necessary to compute s,
but show us that we can re-utilize the term (xy 4+ 23) computed in the first
equation. The cost function, L give us the cost of forming a specific "pair",
and for this case L ({.ra,:vg}) =1, is constant for any {xa, 93/5}, because the
cost of adding two terms in the "pair" is always the same. We use definition
of a cost function here, instead of simply instating a cost of 1 to each pair for
the sake of generality, and the possibility to expand this scheme to other types
of operation cost minimization. Once these inputs are specified, we can define
a series of algorithmic operations in the input G presented in the sequence of

instructions below:

1. Initialize a counter p = 141 such that i is the largest index of z; contained

in all the sets in G;

2. If possible, choose a "pair", {xa,xﬁ}, from a set of G. If is not possible

to choose a pair, terminate;

3. Search all the sets in G for the pair {xa,xg} using the comparison
function. If the comparison function returns True, remove the "pair"
{xa,xﬁ} and replace it by the term z,. We will call this operation
collapsing the "pair' {xa, xﬁ} into wp;

4. Remove from @G, all sets with one or less elements, and increase the

counter p =p + 1.
5. If G is not empty return to step 2, otherwise terminate.

These set of instructions will always terminate, because each iteration
collapses at least one "pair", and the number of "pair" in the input is finite. We
are going to demonstrate this sequence of instructions on the example input

of Eq. (4-27), that represent the matrix-vector product of Eq. (4-18), i.e.:

Iteration 0O: Initialize p =6

g(O) = {{'Tlax27x3}7 {x47$5}7 {xl,fﬂQ}, {x3,$4,x5}7 {.’El,.TQ,IB},

{w3, 24}, {71, —22}, {w3}}


DBD
PUC-Rio - Certificação Digital Nº 1712569/CA


PUC-Rio- CertificagaoDigital N° 1712569/CA

Chapter 4. Toward Large-Scale GPU-based Stress-Constrained Topology
Optimization 58

Iteration 1: Chosen "pair" {z1, 22}, p =6

g(l) = {{xﬁa $3} ) {:E47 1’5} ) {x?n Ty, 335} ) {CEG’ 1'5} ) {IL‘3, 934} Z {xl’ —l’g}}

Iteration 2: Chosen "pair" {zg, 23}, p=7

g(2) = {{JJ4,335}, {1’3,1‘4,1»'5}, {$67x5}7 {x3,$4}, {331, _932}}

Iteration 3: Chosen "pair" {z4, 25}, p =8

g(3) = {{x37x8}7 {336vx5}7 {$3,IE4}, {1’1, —1’2}}

Iteration 4: Chosen "pair" {z3,25}, p =9

g(3) = {{x67$5}a {1’3,1}4}, {ZBl, _:EQ}}

Iteration 5: Chosen "pair" {zg, 25}, p = 10

g(3) = {{333,1‘4}, {1'1, —l‘g}}

Iteration 6: Chosen "pair" {z3, 24}, p =11

GO = {{z1, —22}}

Iteration 7: Chosen "pair" {z;, —x2}, p = 12

¢ = {} Terminate
This give us the sequence of "pairs":

Te = {371,1’2}, X7 = {956,373} , Lg = {354,965}, Tg9 = {xz,xs},

T10 = {176,375}; x11 = {$37£U4}7 T12 = {331, —xz},

or more compactly written, P = {{zy,22}, {xs, 23}, {T4, 25},
{3,258}, {xs, 25}, {x3, 24}, {71, —22}}, which coincides with the forma-
tion of the terms in Egs. (4-25) and (4-26). The problem is then to find
the sequence of "pairs" P = {{xal,xgl},{xaz,xg2},~--{xan,x5n}}, that
terminates the sequence of instructions above, and minimizes the total cost
T(P) = i L ({$ai, x51}> We will call this problem the Set Collapsing prob-
lem. Thé:"lpairs“ of this problem’s solution are the terms ¢, that we need to
form to minimize the number of FLOPS of the additions necessary to compute

the matrix-vector product of the input.
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4.3.1.3
NP-Hardness

Unfortunately, this problem is NP-Hard [48], which means that a poly-
nomial time solution algorithm is unlikely to exist. To proof that this problem
is NP-Hard, we are going to reduce the Vertex Cover problem [64], which is
known to be NP-Hard, into the Set Collapsing problem, outlined above, in
polynomial time. In the Vertex Cover problem, we have as an input a Graph
G = (V,E), and the problem is to find the smallest subset, V, of vertex of
this graph, such that for every edge e;; € E, we have that either the vertex v;,
or the vertex v; (or both), are in the subset V, i.e. every edge must have at
least one of the vertices on its extremes in the subset V. The reduction of the
Vertex Cover problem into the Set Collapsing problem is outlined in the steps

below:

1. As input we have a graph G = (V| E), with V = {vy,v9, -+ ,v,}, and
E = {eiljl,eim, e ,eimjm} in which the term e;; represents an edge

between vertices v;, and vj;

2. We perform the reduction to the Set Collapsing problem by creating m
sets gr, one for each edge, such that g, = {xo,xik,xjk}, in which the
indexes i, and j; come from the edge eikjk,f’. This will be the sets of
the G = {g1,92," -, gm} that will serve as input to the Set Collapsing
problem. The comparison and loss function used will be the same as

define in the previous Section;

3. We solve the Set Collapsing problem with the input above. We
now interpret the solution of the Set Collapsing problem P =
{{$i17$j1} , {%‘2, $j2} S {xip, :ij}}, to obtain a solution to the origi-
nal Vertex Cover problem. To do this, first discard all the pairs {xz o ij}
in P for which one of the elements has its index (either ij or ji) greater
than the number of vertices n. This will discard any pairs that has an
element that was created by collapsing a pair of existing elements. From
each of the remaining pairs {xl X ij} choose the greatest index among
the two of them, ¢ = max(ix, jx), and add the corresponding vertex x,
to the covering subset V. The subset V formed this way is a minimum

vertex cover.

Now we will prove that this procedure give us the solution to Vertex

Cover problem, and that the subset V formed this way is a minimum vertex

5Notice that the element zy has no vertex counterpart, and it is exclusively used in the
reduction.
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cover. First, see that each element of the input G has 3 elements, and that two
different sets have, at most, two elements in common, x(, and possibly another
element x; 9. This means that after a set is collapsed, the remaining set has
two elements, and this new set is not the same as any other set, current or
possibly generated in future collapses. To see this more clearly, we can separate

the collapse in four cases, and for any arbitrary two sets we have:

Case 1: g; = {xo, Tiy, Ijl} and g, = {xo, Tiy, sz}, with z;, = z;, (the cases in
which z;, = z;,, or z;, = z;,, or x;, = x;, are analogues), and we are collapsing

Tpi1 = {To, x;, }. From this we get the new sets:

g1 = {xn+17$j1}7 and g2 = {In—i-l"rjz}
Since x;, # x;,, we have that g; # gs.

Case 2: g1 = {$07$z‘17$j1} and go = {xo,xi2,x]~2}, with z;, = x;,, and we are

collapsing x,,11 = {xo, le}. From this we get the new sets:

g1 = {l'n+1,35i1}> and gy = {'Ivaizvsz}

The two sets are clearly different because they have different number of
elements, but not only that, any future collapse can only replace pairs with a

new element x,, with » > 1, meaning that x,1 # z,.,. Therefore g; # gs.

Case 3: g1 = {%7%17%} and go = {xo,xi2,xj2}, with z;, = x;,, and we are

collapsing x,.11 = {Im%‘l}- From this we get the new sets:

g1 = {xn-i-lax()}a and g2 = {'IOal‘izal‘jQ}

The collapse of the pair in the first set cannot cause a collapse in the second
set because z;, = xj,, and for the same argument stated in the previous case
regarding the formation of new element, the two sets will never be equal.

Therefore g, # go.

Case 4: g1 = {xo,xil,xﬁ} and g, = {xo,xig,xh}, with z;, # x;,, and we are
collapsing a pair in the first set. This case is trivial, and for the same argument
stated in case 2 regarding the formation of new element, the two sets will never

be equal. Therefore g; # go.

SIf two sets had all 3 of the elements they would represent the same edge counted twice.
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This tell us that the solution, P of the Set Collapsing problem is composed
by u + m pairs, m being the number of edges, and @ being the number of
elements in the vertex cover subset V, i.e. s collapses that reduce the 3-element
sets in G to m 2-element sets, and those m 2-element sets which are themselves
pairs. Notice that all of these new m 2-element sets will have a new element
ZTpir with 7 > 1 and, therefore, will not be a part of the solution to the Vertex
Cover Problem. Imagine now that there exist a subset cover, V of size U, that is
smallest than the solution , V of size u (@ < ), obtained through the reduction
procedure outlined. From this new solution, V, we can create a new solution
P to the Set Collapsing problem by considering the pairs {zg,x} for each
2, € V. These pairs would collapse all the 3-element sets in G, because the
3-element sets are formed based on the n edges, and the subset V is a vertex
cover. We then add the remaining collapsed 2-element sets to this solution P,
which will give us a total number of pairs equal to &+m < w+m contradicting
the assumption that P is the solution to the Set Collapsing problem, proving
that V is the solution to the Vertex Cover Problem.

43.1.4
Branch-and-Bound Solution

The fact that the Set Collapsing problem is NP-Hard tell us that a
polynomial time algorithm is unlikely to exist. However, we can still solve the
problem using non-polynomial time algorithms, more specifically we will use
the Branch-and-Bound method (B&B) [32, 71] to obtain the optimal solution.
In the B&B algorithm, we create a tree that systematically represent all the
possible solutions of the problem. We then search the branches of this tree for
the best solution, and while we are searching, we prune unfavorable branches,
i.e. we limit our search to favorable solutions, by using appropriate upper
and lower bounds. The pruning of the tree can greatly reduce the number
of possible solutions that need to be evaluated, and this becomes important
once we analyse the asymptotic number of possible solutions. The asymptotic

number of possible solution to this problem, for an input G = {g1, 92, - , gn},

is given by:
n |gz ' n ‘gz .
J 1) n
= L g15=5 = L= = Ol gmas (lgmaa =1)1)") (4-31)
i=17=2 ! i=17=2

where |g;| indicates the number of elements of g;, and |gmqaz| is the number of
elements of the largest set in G. This indicates that the number of solutions
grows incredibly fast, e.g. the asymptotic number of solutions for the example

problem in Eq. (4-27) is 486, but if you duplicate the number of sets (keeping
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the same number of elements for each duplicated set) it grows to 236196, if
instead, we add one set with 8 elements the number of possible solutions grows
to 771573600. From this, it is evident that checking every possible solution
becomes impractical extremely fast, and pruning the tree plays a critical role
in finding an optimal solution. Now we will describe the details of the B&B
algorithm that we will use to solve this problem. The first part is to define the
tree that represents all the possible solutions. To build this tree we will use a

recursive formation rule:

1. Start with a root node. For the first set of the input G with two or more
elements compute all possible pairs. Each possible pair will be a new
node of the tree connected to the root, and will represent the choice to

include the respective pair in the solution;

2. For each new node, collapse the pair related to that node, add that pair
to the solution set P and remove any set in G with less than two elements.
If G is empty, P represents a solution, otherwise, for each node, return

to the first step with the new G and the current node as root.

The resulting tree allow us to systematically search the solution space
for the optimal solution. A schematic of such tree is displayed in Fig. 4.6. Each
node of the tree amounts to solving a sub-problem generated by collapsing a
pair, leading to a recursive description of the problem. Searching every branch
of the tree, however, would amount to a brute force approach, which, according
to the previous discussion of the complexity of problem, would be impractical
even for small-sized problems. The second part of the B&B algorithm, pruning,
significantly reduces the number of branches that we need to check to find the
optimal solution. In order to prune we need to conceive a function, b(G), such
that b(G) < T'(P) for all possible solutions, P, of G, i.e. this function b(G) is a
lower bound on the objective function to all possible solutions of G.

To use this bound to prune the tree, observe that each node i has a
partial solution P;, obtained by systematically adding the pairs represented
by the nodes that lead to the current node ¢, and a sub-problem G; generated
by collapsing all the pairs in said partial solution. By adding the cost of the
partial solution of a node to the lower bound of the sub-problem associated to
said node, l[; = T(P;) + b(G;), we get a lower bound on the objective function
of all possible solutions emanating from that node. If we compare this value to
the best solution that we found thus far, P+, we can estimate how favorable
a branch of tree might be, moreover, if T(P,y+) < l;, we can guarantee that

any solution emanating from that node will not be better than our current
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Figure 4.6: Schematic of the decision tree graph representing the solutions of
the Set Collapsing Problem.

best solution. Therefore, we do not need to search any edge going out of that
node, effectively pruning the tree of irrelevant branches.

This highlights the importance of choosing a good lower bound function.
The tighter the bound, i.e. the closest b(G) is to the minimal value of
T(P), the more branches we will be able to prune, reducing significantly
the computational cost. The bounding function chosen for our problem is the
number of unique sets in G. To demonstrate that this is a lower bound, note
that any unique set will have at least one pair that can be associated to it. More
precisely, if there existed a solution with less pairs than unique sets, it would
mean that a set was completely collapsed by pairs contained in other sets. In
order for that to happen, either the collapsed set, g., must be equal to another
set, which is not possible by assumption, or, g. is contained in another set, g;,
larger than itself (||g.|| < ||gil|). We regard that even if g. is the combination
of two or more smaller sets, we can still associate an unmatched pair to it,
because the collapsed pairs will generate new elements such that the pairing
of these new elements will, eventually, not be in any smaller set. Returning to
the case g. C g;, we can associate g. to the pair, which will completely collapse
(i.e. the pair that will make g. collapse to a single element), and associate to
gi, the pair that will completely collapse it, which will be different because
llgell < |lg:]l, and this concludes the proof.

To exemplify the effectiveness of this bounding function, we display, in
Fig. 4.7, the solution tree of the example problem in Eq. (4-27), highlighting

the checked solutions in comparison to all existing solutions.
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@ Root node == Pruned branches

I SN S SN

Figure 4.7: Decision tree graph representing the solutions, and the Branch-
and-Bound procedure of problem in Eq. (4-27).

43.1.5
Optimizing FLOPS Spent in Post-Multiplication Addition

We have effectively optimized the number of FLOPS spent in pre-
multiplication additions in the matrix-vector product. Similarly, we can reduce
the number of FLOPS spent in the post-multiplication addition operations,
and we can do this using the same framework. To do this, we simply write
each multiplied ¢, term as a new input to a matrix-vector product, e.g. for

Egs. (4-23), we can write:

mlzatl mgzbtg m3:at3 m4:ct4
(4-32)
ms = C t5 mg = a tg mr=aty mg = c g,
and then redefine the computation of the output y vector as the matrix-vector

product:
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ma
mo
n 1 =1 0 00000
ms
Yo 0 0 -1 10000
my
ys | =] 0 0 01100 (4-33)
ms
Yy 0 1 00 011
me
Us ~1 1 00000
mr
msg

The first thing we highlight is that we can reuse the multiplied terms m;
and mo, that appears in more than one row. More than that, if we perform the

same optimization procedure on this matrix, we arrive at the following terms:

ny =mip — me No = —M3 + My ng = ms + Mg ng = Mg + my + ms,
(4-34)

reducing the computation of the Egs. (4-23) to:

=1
Y2 = N2
Ys ="N3 (4-35)
Ya = Ny
Ys = —11

With this step of optimizing the post-multiplication addition, we can reduce
the total number of FLOPS to 20, which corresponds to a 55% reduction of

the number of operations.

4.3.1.6
FLOP Optimization of the BRICK8 Element Local Stiffness Matrix

The local stiffness matrix is defined by the geometry of the elements
of the mesh, and the constitutive matrix of the material considered in the
optimization. In order to save memory, and increase computational efficiency
we restrict ourselves to a single element geometry, a regular hexahedron (Brick8
element). The regular hexahedron element presents several advantages: the
regular hexahedron tessellates the 3D space, i.e. it can fill up a volume, it
is stable for linear elastic FEM, it presents a higher accuracy computation
of stress over tetrahedral elements, and presents several symmetries that we
can explore to reduce the cost of computing the local stiffness matrix-vector

product. The formula to compute such local stiffness matrix is given by Eq.
4-36:
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E
(1+v)(1-2v)

where [ is the side length of the element, E is the Young’s modulus, v

Klocal =1

(K, +K.) (4-36)

is the Poisson ratio, and the two matrices, K, and K., are displayed in
Eqgs. A-6 and A-7. Notice that the local stiffness matrix K., has a linear
dependency on E, and [, and, therefore, these two variables have no influence
over the optimization of the local stiffness matrix product. If we analyse the
contribution of the term (vK, +K.), we notice that this term only has 10

distinct absolute values, which are:

ky = 0.021 ko = 0.028 ks = 0.042 k4 = 0.056
ks = 0.028 — 0.083v ke = 0.021 — 0.083v kr =0.042 — 017y (4-37)
ks = 0.056 — 0.083v kg = 0.069 — 0.083v k1o = 0.22 — 0.33v

If we compare the number of distinct values to the total number of
components in the local stiffness matrix, 24 - 24 = 576, we realize that the
number of distinct value is incredible low. This low number of distinct values
is due to the symmetries of the geometry of the element Brick8, the isotropic
behavior of the material, and the regularity of the linear elastic model. This
possibly indicates that we can significantly reduce the number of FLOPS spent
in the matrix-vector product of this matrix. The FLOP optimized solution of
the BRICKS element local stiffness matrix obtained using the B&B algorithm
described in Section 4.3.1.4 is presented in Appendix A.

4.4
Numerical Results

This Section presents numerical results obtained using the techniques
described in this Chapter through a C+4/CUDA implementation of the AL-
based stress constrained TO formulation. The implementation was run in a
machine with 24 Intel Xeon CPUs, 251 GB of RAM, and a NVIDIA Titan
Xp GPU with 12 GB of RAM. The problems presented here, consisting of a
benchmark 3D L-Beam, a Double-Decked Bridge, and a Victoria Amazonica
plant (a.k.a. Victoria-Regia) inspired domains, verify the effectiveness of
the proposed techniques. The computational efficiency of the framework is

discussed in the following Section.
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4.4.1
L-Beam

The L-Beam problem is arguably the most traditional stress-constraint
TO benchmark problem, because of the sharp corner in its domain’s geometry
that causes a stress concentration, which needs to be avoided in the final
design. In this Section, we solve a 3D version of the L-Beam problem to verify
the effectiveness of the implementation in avoiding stress concentration. The
solutions presented here also provide a base for comparison for past, and future
works. The numerical parameters” for this problem are displayed in Table 4.1.
The domain and boundary conditions of the L-Beam are displayed in Fig.
4.8(a). Figures 4.8(b)-(d) present the optimized structure of the L-Beam for
different mesh sizes, and we can see that all the solutions avoid the sharp
corner of the L-Beam domain. Interestingly, the solution displayed in Fig. 4.8(c)
presents a considerably different geometry. The difference in geometry is due to
the non-convexity of the optimization problem that has several local minima,
i.e. several different solutions; nonetheless , we can see that the different results
are somewhat equivalent because they present similar values for the objective

function, i.e. the weight.

Table 4.1: Input parameters for the L-Beam problem.

Parameter Description Value
Ey Young’s modulus 200 GPa
v Poisson’s ratio 0.25
Olim Stress limit 350 MPa
F Applied load 700 kN
r Filter radius 0.015

4.4.2
Double-Decked Bridge

This Section presents the numerical results for the Double-Decked Bridge
problem for which the domain and boundary conditions are described in Fig.
4.9(a). The numerical parameters for this problem are displayed in Table 4.2.
The Double-Decked Bridge problem was chosen for two main reasons: First, it
is a fully 3D problem, meaning that it cannot be obtained by the extrusion of a
2D domain; and, second, it has several sharp corners that cause stress concen-
tration and have to be avoided in the final design. Furthermore, the solutions
of this problem (Fig. 4.9(b)-(d)) present a great amount of complexity, with

several small-scale features. These detailed structures require meshes with a

"Material properties of general steel taken from https://www.matweb.com/search/
datasheet.aspx?bassnum=MS0001&ckck=1.
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Figure 4.8: L-Beam problem and solutions; (a) Design domain geometry,
and boundary conditions, with the supports being represented by the brown
patches, and the loads being represented by the red arrow. (b)-(d) Optimized
structures for meshes with 2097152, 16777216, and 46656000 elements, and
their respective weights as a percentage of the total weight of the domain.
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considerable number of elements to be precisely represented, highlighting the
importance of large-scale problems. In the optimized structures of Fig. 4.9(b)-
(d) we can also notice an increase in complexity, which we believe is caused
by the finer meshes increased capabilities of representing fine details of the

structure.

Table 4.2: Input parameters for the Double-Decked Bridge problem.

Parameter Description Value
Ey Young’s modulus® 200 GPa
v Poisson’s ratio 0.25
Olim Stress limit 350 MPa
F Applied load 980 MN
r Filter radius 0.25

4.4.3
Victoria Amazonica

The Victoria Amazonica (a.k.a. Victoria-Regia) is the largest species
of water lily in the world, with leaves reaching up to 3 meters in diameter,
and supporting up to 40 kilograms in its surface. Their leaves are able
to withstand such tremendous weight because of their intricate structure
hiding underneath the surface of the water (see Fig. 4.10(a)). Inspired by
this evolutionary optimized structure, we proposed the disk like domain, and
boundary conditions displayed in Fig. 4.10(b) to try to mimic the Victoria
Amazonica underlying structure. Although the whole disk domain is used
during the optimization, we impose symmetry in design as indicated by the
3 symmetry planes in Fig. 4.10(b). We also have one element thick solid
passive zone in the top layer of the domain (where we apply the loads) to
simulate the leaf itself. Loads 1 and 2 increase linearly in magnitude with the
radial coordinate, while Load 3 is homogeneously distributed throughout the
surface. Each load case is applied separately. Unlike the previous examples
that start with homogeneous initial guess of 0.5 for the design variable, this
example starts with a heterogeneous random initial guess following a uniform
distribution in the range of [0.3, 0.7]. This random initial guess breaks the radial
symmetry, which promotes the "branching" of the structure, and solutions with
lower overall weight.

Figures 4.10(c), and (d) display the optimized structure for two different
mesh sizes containing 1.5 million and 16.8 million elements. The optimized
structure mimics the radial features of the Victoria Amazonica leaf, but do not
present the thin shells that seem to run along its circumference. We theorize

that this is because the main function of such circumferential shell is to trap
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Figure 4.9: Double-Decked Bridge problem and solutions; (a) Design domain
geometry, and boundary conditions, with the supports being represented by
the brown patches, and the loads being represented by the red arrows. The
symmetry planes of the design domain are represented in green and blue. (b)-
(d) Optimized structures for meshes with 8847360, 29859840, and 47416320
elements, and their respective weights as a percentage of the total weight of
the domain.
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air underneath the leaf to help keep it afloat, and do not play a significant
structural role. Considering this fact, the resemblance between our optimized
structures and the structure of the Victoria Amazonica leafs show us once again
the power that evolution plays in the optimization of living organisms, and

demonstrates the capabilities of our framework to obtain optimal structures.

Table 4.3: Input parameters for the Victoria Amazonica problem.

Parameter Description Value
Ey Young’s modulus 1 Pa
v Poisson’s ratio 0.25

Olim Stress limit 0.75 Pa

Fy Load 1 100 N

I Load 2 100 N

F3 Load 3 100 N
r Filter radius 0.20

4.5
Computational efficiency

In this Section we will evaluate the computational efficiency of the
proposed GPU framework, and compare it with other freely-available GPU
libraries. All the tests were performed using a machine with 24 Intel Xeon
CPUs, 251 GB of RAM, and a NVIDIA Titan Xp GPU with 12 GB of RAM?.
The computational times displayed are an average of 1000 executions in order
to obtain an accurate measure of performance.

We will start by evaluating the efficiency of the implemented matrix-
vector product, because this the most essential part of the framework, and
the operation with the greatest contribution of this work. The matrix-vector
product efficiency is measured using several matrices generated from the FEM
ranging from 810,000 to 154,436,544 DOFs (rows/columns). The results are

displayed in Fig. 4.11(a) where we compare 4 different frameworks:

1. The proposed EbE optimized local matrix product;

2. The traditional EbE approach using the full local matrix product;
3. An implementation using the cuSPARSE library [2]'?;

4. An implementation using the Matlab GPU library.

9The computational time is highly dependent on the hardware used to run the imple-
mentation, but the same trend is expected for reasonably similar GPU architectures.

0cuSPARSE is a highly efficient CUDA library that provides GPU-accelerated linear
algebra routines for general sparse matrices
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Figure 4.10: Victoria Amazonica problem and solutions; (a) Specimen of the
plant Victoria Amazonica in nature that inspired the problem definition,
and the complex underlying structure of their leaves ; (b) Design domain
geometry, and boundary conditions, with the supports being represented
by the brown patches, and the loads being represented by the red arrows.
The symmetry planes of the design domain are represented in blue. (c)-(d)
Optimized structures for meshes with respective weights as a percentage of
the total weight of the domain.
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In this results, we can see that, not only the proposed framework 1
provides a considerable speedup when compared to frameworks 2 (X1.6 speed
up), 3 (X2.8 speed up), and 4 (X3.3 speedup), but also the EbE approach
allow us to solve problems almost 20 times bigger than the cuSPARSE
implementation, and almost 50 times bigger than the Matlab implementation.
As expected, due to the sparsity pattern of the matrices, we see a linear relation
between the number of DOFs and the computational time.

Next, we compare the efficiency of the PCG in each framework (except
for framework 2 1! ), and the results are displayed in Fig. 4.11(b). In this
results, we can see that the speedup of the proposed framework is even greater,
reaching a X3.8 speedup compared to 3, and a X25.3 speedup compared to 4.

Finally, we evaluate the performance of the TO procedure using the
proposed EbE optimized local matrix product (1) for the L-Beam, and the
Double-Decked Bridge!?. The results are displayed in Fig. 4.12(a) in which
we can see a non-linear increase in computational time with the number of
elements in the mesh. This non-linear increase is due to the higher number
of PCG iterations required for convergence of the linear systems solutions.
Furthermore, we also see the problem’s influence, i.e. L-Beam vs Double-
Decked Bridge, on the computational time, because of the geometry of the
domains that affects the condition number of the linear systems. Figure 4.12(b)
also display a breakdown of the computational time of the TO showing that
more than 99% of the computational time is spent on the solution of the
linear system. In addition, Figure 4.12(c) displays the breakdown of the PCG
algorithm per operation demonstrating that the matrix-vector multiplication
accounts for 70% of the total time, which emphasizes the importance of the

matrix-vector product performance.

HWe do not evaluate the efficiency of the PCG using framework 2 because the only
difference between framework 1 and 2 is the EbE matrix-vector product.

12\We do not display the data from the Victoria Amazonica example because it has 3 load
cases while the other examples have only one load case, and that would skew the resulting
computational time.
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Figure 4.11: Computational efficiency of (a) a matrix-vector operation, and
(b) a PCG iteration using the proposed EbE optimized local matrix product
compared with a traditional EbE implementation, a cuSPARSE-based imple-
mentation, and a Matlab implementation for varying number of DOFs. Each
computational time is the average of 1000 executions. The red strike marks the
largest number of DOFs that we were able to compute with each approach. We
also display the average speedup of the proposed EbE optimized local matrix
product in relation to the other approaches.
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Figure 4.12: Efficiency of the TO procedure; (a) Computational time of the
stress constrained TO procedure as a function of the number of elements
for the L-Beam and Double-Decked Bridge problem; (b) Computational time
breakdown of the TO procedure showing that the linear system accounts
for more than 99% of the total computational time; (¢) Computational time
breakdown of the PCG algorithm per operation.
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5
Continuously Varying Load Case

In this chapter, we focus on loads that vary in direction and magnitude,
while retaining a fixed location of application. Figure 5.1 exemplifies all the
load varying cases contemplated in this work, i.e. loads varying in direction
and magnitude (Fig. 5.1(a)), loads varying only in direction (Fig. 5.1(b)),
loads varying in a limited range of directions (Fig. 5.1(c)), loads varying in
direction combined with fixed loads (Fig. 5.1(d)), two or more loads varying
independently (Fig. 5.1(e)), and loads varying in 3D (Fig. 5.1(f)). We formulate
the stress constrained topology optimization problem such that the local stress
constraints account for the load variability in a worst-case oriented approach.
That is, the stress constraints consider the maximum stress generated by the
loads in a set of possible load directions. We derive analytic expressions that
represent the maximum stress in this set of load directions. The formulation is
tailored for linear elasticity (state equation) and we adopt a von Mises stress
measure.

To handle the large number of constraints inherent to the local stress
constraints problem we use the AL-based approach described in Chapter
3. We highlight that although this work focuses on stress constraints, the
analytic expressions derived here can be applied to any topology optimization
problem with bilinear functions and linear state equations (see Appendix B

for derivations related to compliance minimization).

5.1
Multiple load direction

In this work, the direction of the loads applied to the TO domain are
controlled by a variable @ € I', that represents the angle of the load application,
and by the set I'" that represents the set of all possible angles. Each load
direction, a.k.a. load angle 8 € I', induces a distinct stress state in the
optimized structure. To prevent structural failure, we have to consider the
maximum stress induced by all possible load angles, 8 € T" |, i.e. the critical
stress:

g¢ = sup {U}’(Z,G) |8 € F} (5-1)

J
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,/;i’ RIS
/7; 0"‘0 “‘\\\\
/ y//7

2% o‘on
LLELRKKAI ““
RS

11 X
(e) Two loads varying (f) Load varying in 3D
independently

76

Figure 5.1: Schematic of all the load conditions, with loads varying in direction,
and magnitude, contemplated in the proposed formulation. (a) Load varying
360° degrees forming a ellipsoid domain in which the load varies, not only
in direction, but also in magnitude. (b) Load varying 360° degrees forming a
circular domain, in which the load varies only in direction. (¢) Load varying in a
limited range of admissible directions. (d) Load varying 360° degrees combined
with a fixed load. (e) Two loads varying independently in direction. (f) Load

varying in 3D directions.
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where 07(z, 8) is the von Mises stress at the centroid of the element j of the
finite element mesh, which depends on the design variables, z, i.e. the structure,
and the load direction, 8 . We can cast the problem of finding the critical stress
generated by @ as an optimization problem:
max 0i(z,0) 52)
with: K(z)U = F(0)
In other words, we are interested in the critical angles, 85", that cause the
highest stress in the structure. Notice that, each stress evaluation point j,
and, therefore, each constraint will have a particular critical angle. Using the
critical angles, 657, j = 1,..., N, we can analytically derive a worst-case stress
constraint for each constraint, g;, 7 = 1, ..., N¢, in the TO problem. In the next
sections, we derive solutions for the problem in Eq. (5-2) considering different

sets of admissible load angles, that is, different domains, I'.

5.1.1
Case 1: Planar load varying 360° degrees

We begin by deriving the solution for the problem in Eq. (5-2) considering
a single force with direction that can vary 360° !, i.e., § € T = [—7,7]. We
start by writing the load as the sum of two vectors weighted by cosine and sine

functions:
F(0) = F, cos(#) + F,sin(6) (5-3)

where the load basis vectors, F, and F,, are two linearly independent vectors
that compose the space of admissible loads. We highlight that F, and F,, do
not need to be aligned with the z-axis or the y-axis, or to have the same
magnitude. The load basis vectors just need to be able to span the space of
possible load cases. Figure 5.2 displays a schematic of the domain of possible
loads, and the load basis vectors.

Due to linearity of the underlying physics (linear elasticity), we can

compute the solution to the state equations using the load basis vectors as:
U=K"F(0) = (K'F,) cos(0) + (K'F,) sin(0) (5-4)

By defining U, = K™1F, and U, = K™1F,, we can compute the stress as:

'We choose the domain as ' = [—, 7] instead of the more obvious I' = [0, 27] because
of the definition of the inverse tangent used in this paper, which has an image in the range
I'=[-m, .
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Lo L

(a) General Case (b) Particular Case
IF:]# £ IFz] =1

Figure 5.2: Schematic of the domain of possible load cases in red and the
load vector basis in white for case 1, with (a) general load basis vector, i.e.

|1l # |

direction, but also in magnitude, and (b) load basis vectors with the same

FyH forming a elliptic domain in which the load varies, not only in

magnitude, i.e. |F,| = HFyH forming a circular domain, in which the load
varies only in direction.

o = DBU = DB (U, cos(6) + U, sin(0)) (5-5)
o = o, cos(f) + oy, sin(f)

where D and B are the constitutive and strain-displacement matrices, re-
spectively, in the finite element setting. We defined the stress components as
o, = DBU, and o, = DBU,, which allow us to compute the von Mises stress

as:

T

o — {O_TVO_}I/Q _ {[a’z cos(0) + o, sin(@)} \Y% [ax cos(0) + oy, SiH(@)} }1/2

oV = {tm cos®(0) + t,, sin®(0) + 2 t,, cos(0) sin(&)}l/2
(5-6)

where V is the von Mises matrix, and we defined the quadratic stress terms
tee = O, VO, ty, = o, Vo, and t,, = o} Vo, to simplify the expression.
Notice that t,,, t,, and t,, do not depend on §. We simplify Eq. (5-6) using

trigonometric identities:

1/2
o — {twy sin (26) + 0.5 [(tm — tyy) €08 (20) + oy + tyy} } (5-7)

We change the definition of the objective function in Eq.(5-2) to the
squared von Mises stress. Squaring the von Mises stress simplifies further
computations, and, because the von Mises stress is non-negative, squaring
it will not change the solution to the maximization problem. Therefore, the

optimization problem for the critical load angle can then be written as:
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max [0"(z,0)]?
oerl (5—8)
with: K(z)U, =F,, K(z)U,=F,
To find the analytic solution to the optimization problem in Eq. (5-8) we
differentiate the objective function with respect to 6, and set it equal to zero
to find the critical points, i.e.:
a (O.U)Z
00
Eq. (5-9) solutions are of the form:

= 2ty €05 (20) — (s — 1) sin (260) =0 (5-9)

%tan_l(Qt:py, tm—tyy)—i-kw for k € Z
6 — (5-10)
%tan_l(—%w, tyy—tm) +k7 for k € Z

where tan™! (-, - ) is the two-value-argument inverse tangent that considers
the appropriate quadrant in the computation of the inverse of the tangent. We
denote the first and second set of solutions, in Eq. (5-10), as < and 6

mazx man?

respectively. Notice that all elements of the set 65— achieves the same value

for the objective function, independently of the value of k, and the same is

true for 6. . Therefore, from now on, we will assume k£ = 0, meaning that the

min*®
solution will always lie in the interval [—7, 7|. To classify these two critical

points, < and 6. = we will use the second derivative:

max min’
82 (O.’U ) 2

W = —4 txy Sin(2 9) -2 (txx - tyy) COS(2 9) (5_11)

We can use the trigonometric identities:

: 1 B a
sin(tan™"(a, b)) = 7{@2 PO
b (5-12)
—1 _
conlian™(0,0) = "
to obtain the value of the second derivative at 65 ~and 67, -
0% (V)2 82, = 2 (ta — tyy)? (5.13)
G P {4t2 + (tpe — ¢ )2}1/2 _
Y max Ty xrx yy
9% (ov)? 82, 2 (tee — tyy)? 14
N 2|12 o1
=0, {4txy + (tyz — tyy) }
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Notice that the second derivative in 6¢7  is always non-positive, while the

is always non-negative, meaning that 6<"

o 15 a local

second derivative in 6

min
maximum, and 6. is a local minimum. Furthermore, the objective function
is periodic, with the period equal to half of the domain of the optimization
problem, and the objective function is smooth, which means that the global

maximum, and global minimum are necessarily critical points. Since 6 = and

mazx
cr
emin

are the only two critical points in the optimization domain, we have

that 6 is a global maximum, and 6

max min

is a global minimum. Therefore, the
solution to optimization problem in Eq. (5-8) is:

1
0 =0, = > tan " ( 2tay, te —ty, ) (5-15)

max 2

We substitute the expression of 8* into Eq. (5-7) of the von Mises stress

to obtain the expression for the critical stress:

1/2
G’ = {tw sin (26%) + 0.5 [(tm — 1y, ) €08 (20%) + tog + tyy]} (5-16)

This critical stress 6" is used in the stress constraints in Eq. (3-7) to solve
the topology optimization problem. This critical stress constraint guarantees
that the von Mises stress will be below the stress limit for any load angle in

the domain I'" in the optimized structure.

5.1.2
Case 2: Planar load with limited angle

In this section, we focus on the case of a planar load varying in direction
within a limited range of angles, § € I' = [Glow, QMP}, contained inside [—m, 7.
This case is of practical interest because the range [—m, 7] might be too
conservative for some applications, i.e. it might consider load directions that
do not occur in practice leading to an over-design of the structure making it
unnecessarily heavier. Therefore, the introduction of an adjustable range of
angles for the load allows for more flexibility in the framework.

First, we will consider the special instance where the angle range is
centered at § = 0 described as [—6,., 0,], and displayed in Fig. 5.3. Then we will
show how to generalize this special instance of angle range to any interval of
the form [Qlow, Qup]. To consider this special instance of angle range, we adapt

the optimization problem in Eq. (5-8) by including a constraint in the value
of 0:
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1/2
max o' (z,0) = {txy sin (260) + 0.5 [(tm - tyy) cos (20) + ty, + tyy]}

st 62— 93 <0

with: K(z)U, =F,, K(z)U,=F,
(5-17)

Figure 5.3: Schematic of the domain of possible load cases in red and the load
vector basis in white (F},) and black (F},), with a limited range of angles (6,),
for case 2.

We can divide the solution of this problem into two instances, either the

Ccr
max

[—0,,0,]. If the critical point 6 lies in [—0,.,6,], then 6 = as defined in Eq.

max max?

critical point < lies in the interval [—6,,0,], or it lies outside the interval

(5-15), is the optimum point of this problem.

However, if 0 ¢ [—6,,0,], the optimum point is either —6, or 0,,
because we proved that the only other form of critical point of this problem
is a global minimum. To determine which of —6, or 6, is the optimum of the

problem, first notice that the objective function is periodic, with a period of

7. Therefore, we only have to focus in intervals smaller than [—7 /2, 7/2]; any

cr
max

larger interval will necessarily contain 6 because of the periodicity of the

objective function. We can further sub-divide the instance of 6¢ ¢ [—6,,0,]

into the cases in which [—6,,0,] lies between 6. and 6 and the case in

min max

which 6. lies in the interval [—7/2, 7 /2].
In the case [—0,,0,] lies between 0. and 0 . we can use the fact that
the objective function is monotonic in the interval between 6. and 65 = to

conclude that the maximum is the point, —@, or 0, that is closest to < . In

max-*

cr
min

function is symmetric with respect to 6

from 6<"

min

the case 6¢. is in the interval [—6,, 0,], we can use the fact that the objective

cr
mwn

inside [—#6,,0,] is the maximum, which, consequently, is also the

to conclude that the farthest point

CcT
max*

point that is closest to 6 For a clear visualization of the proof outlined
above see Fig. 5.4. We can express all of this cases in a simple expression for

the solution to the optimization problem in Eq. (5-17) as:
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1
#* = min { max [2 tanil ( thyy tmx - tyy ) ) _97"| ) 07’ } (5—18>

Figure 5.4: Representation of the three cases of the limited angle optimization
problem. Case 1, in which the maximum lies between the limited angle range
([—0,,6,]). Case 2, in which the maximum and the minimum lie outside the
limited angle range. Case 3, in which the maximum lies outside and the
minimum lies inside the limited angle range.

To generalize this solution for any value of [Glow, QUP}, we take advantage
of the freedom that we have to choose the basis vectors F, and F), (for more

details see section 5.2). We use this freedom to rotate F,, and F,, by the angle
GU 6 ow . . . o
g, so that F} lies in the middle of the interval [onw, Oup}, and we set

eu - eow . .. .
0, = %, so that the interval [—#,.,6,] matches the original interval

[Qlow, Qup}, as illustrated in Fig. 5.5. With this change of basis, the problem of

finding ¢” in the interval [Hlow, Qup} is the same as finding " in the interval
[—6,,0,] with the rotated F, and F),.

= Llpp ()Inw

/\:I)p + Oow
() ow
o 11" B,

Figure 5.5: Schematic displaying how to rotate the basis vectors (F, and F)
to achieve any continuous range of admissible angles desired.
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5.1.2.1
Secondary Range of Admissible Angles

If we obtain a solution that satisfy the stress constraints for a range of
[—0,,0.], then the solution will also satisfy the stress criteria for 8’ = 6 + ,
in which 6 € [—6,,0,]. This secondary range of admissible load angles occurs
because the state equations are linear and the von Mises stress equation is the
square root of a bilinear function. This idea comes naturally if one realizes
that inverting the direction of the loads generates the same von Mises stress
distribution. To see this clearly, notice that, if we replace 6 by 6’ + « in the
objective function of Eq. (5-17), we obtain:

1/2
0¥(z,0") = {tw sin (26 + 27) 4+ 0.5 [(tm — tyy) €08 (20 4 27) + tu, + tyy]} , (5-19)

but sin (260 4+ 27) = sin (26) and cos(26 + 27) = cos(260), which means that
the expression in Eq. (5-19) is numerically equivalent to the expression in Eq.

(5-17). This secondary range of admissible load directions is illustrated in Fig.
5.6.

Secondary Range of

Admissible Angles Fy 0,

Figure 5.6: Schematic of the secondary range of admissible angles caused by
the linearity of the state equations and the quadratic behavior of the von Mises
stress.

5.1.3
Case 3: Planar load varying 360° degrees plus a fixed load

In this section, we discuss the case in which we have a load varying 360°
degrees, plus a fixed load that does not varies in direction. A practical example
that demonstrates the utility of this case is a bridge that is subjected to the
self-weight load, which is always in the downward direction, plus a simplified
load caused by the wind, which can vary in direction. In this case, we can

express the loads as:

F(9) = F,cos(f) + F,sin(0) + Fy (5-20)
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where F; is the load basis vector associated with the fixed load applied to the
structure. Figure 5.7 displays an schematic of this load case. We can similarly
define U; = K™ 'F}, and oy = DBUy, where U and o are the displacement,
and stress component caused by the fixed load, respectively. We can then derive

an expression for the von Mises stress (similar to Case 1 in Section 5.1.1), i.e.:
f XF/" / \}F.f

(a) General Case (b) Particular Case
T E VN IFl =1Fl

Figure 5.7: Schematic of the domain of possible load cases (red), the load basis
vectors (white) for the varying load and the fixed load (green), for case 3. (a)
general load basis vector, i.e. ||[F.| # HFyH forming an elliptic domain, and

(b) load basis vectors with the same magnitude, i.e. ||F,| = HFyH forming a
circular domain.

o’ = {tm cos®(0) + t,, sin?(0) + 2 t,, cos(6) sin() + 2 ¢, cos(0)+
1 (5-21)
trp+ 2ty sin(@)} /

in which we further define the extra quadratic stress terms t;y = U?VC’f,
toy = 0L Voy, and t,y = o) Voy. In this form, Eq. (5-21) has no clear optima,
so we apply the Weierstrass variable substitution [108], also known as half-

angle tangent substitution:

. 2u 1—u?
sin(f) = T cos(0) = vl (5-22)
which leads to the expression:
1
ol = {2 5 [(tmx +ipr— 2 txf)uA‘ + 4(nyf — txy)u3~|—
(u?+1) (5-23)

1/2
F2(trs + 2ty — taa)U® + Altys + tay )+ try + 2t + 1y }
Now, we have to solve the related optimization problem:
max [0%(z,u)]”

u€R (5—24)
with: K(z)U, = F,, K(z)U,=F,, K(z)U;=F,
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In order to find the solution to the problem in Eq. 5-24, we look for
the critical points by differentiating the objective function with respect to the

optimization variable and finding the roots of such expression:

(0°(z,u))?  Altay — typ)u® + 8(tyy — tyy — tmf)u3+

ou (u?2+1)3
24t u® + 4 4 4 (5-25)
- oyl + Aty —top —tap)u+ 4ty +4 1, _
+ =0
(U2 + 1)3

Notice that the denominator is never zero, and, therefore, we can find the
roots of the above expression by looking exclusively to the numerator, which
is a fourth order polynomial. The roots of a fourth order polynomial have
closed expressions based on the rationals of the polynomial. These expressions
are too extensive to be displayed here, but can easily be found in literature
[45, 47]. Numerical experiments demonstrate that the maximum is attained
at different roots depending on the values of the coefficients of the equation.
Thus, we add a stress constraint for each root of Eq. (5-25). This means that
our optimization problem will have four times the number of constraints of
the original problem; however, only the constraints associated with the actual
optima of the expression of the von Mises stress will be active at the optimal
points, and our numerical experiments demonstrate that the AL formulation is
able to accommodate the extra number of constraints without any detriment

to the final solution. With this, the value for the critical von Mises stress is:

~v __ 1 . ’U,*4 o u*3
5 _{((u*)“l)? (n + g — 2 o) (1) + Aty — )0+ -

1/2
+2(tff + 21y, — th)<U*>2 +4(tyf + twy)(U*) Ftoe + 285 + tff}}

where u* are the roots of the fourth degree polynomial displayed in Eq. (5-25).

5.1.4
Case 4: Multiple loads varying independently with different angles

In this section, we address the case in which we have several loads varying
independently of each other. In this case, the variable that controls the angle
of the loads, 0, is a vector in [—m,7]", where n is the number of loads, and
each component of this vector controls the angle of a different load. First, we
develop a solution to this problem based on the simple case of n = 2, i.e., two
loads with two independent angles, and then we generalize the solution for an
arbitrary number of loads, n. Let #; and 65 be the first and second components
of 6. Also, let F; and F5, be the forces that vary in direction with 61, and 0,

respectively. Figure 5.8 displays a schematic of this load case. We can write
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each force as the sum of linearly independent components as before:

F =Fi(01) + F2(62) (5-27)

Fl (91) = Flz COS(01)+F1y Sin(@l) Fz(eg) = FQx COS(02)+F2y Sin<02) (5-28)

Y& e

(a) General Case (b) Particular Case
IFol # 1 IE:] = 1F

Figure 5.8: Schematic of the domain of possible load cases in red and green,
and the load vector basis in white for case 4. (a) General load basis vector,

ie. [[Full # [Py

basis vectors with the same magnitude, i.e. || Fi,| = HFlyH and || Fo.|| = HngH
forming a circular domain.

, and || Fo.|| # HngH forming elliptic domains, and (b) load

We can then perform a similar derivation as in Section 5.1.1 to obtain:
Uy, = (K—lFlm)a Uy, = (K—lFly) , Uy, = (K—lFQI) L Uy, = (K‘lFQy)

and the respective stresses:

O1; — DBle, O1y = DBUly, 09y — DBUQ:C, Oy = DBUgy.

The von Mises stress can then be computed as:

o' = {tlm cos?(61) + t1yy sin®(61) + t14, sin(0;) cos(6; )+
+tome €082 (0) + tay, SIn?(0a) + tog, sin(6s) cos(fs)+ (5:20)
5.
+25,, cos(0;) cos(6z) + 25, sin(6;) sin(bs)+

+ 25,y cos(6) sin(62) + 25y, sin(6,) 008(92)}1/

By defining the quadratic stress terms as:
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tige = a-lxvo-lx tlyy = Ulyvaly tlzy = Ulrvaly
toge = 0'2$V0'21~ toy = U2yVU2y t21’y = U2zV02y
(5-30)
Spx = 01, VO, Syy = O1y VO
Sgy = UleUQy Syr = Ulyva2z

we further simplify Eq. (5-29), using trigonometric identities, to obtain:

ol — {fuy sin (26,) +0.5 {(tlm — tlyy) cos (201) + tige + tlyy} +

taey Sin (26) + 0.5 [(tm — tayy) €08 (202) + tage + tzyy} +
5-31
(Szy + Sy:c) Sin (91 ; 92) + (S:c.t - Syy COS (91 + 92) ( )
max [0"(z, 0)]

(syx — sxy> sin (91 ; 92) + (sm + syy> cos }
9l

We then have to solve the related optimization problem:
with: K(z)Uy, = Fy,, K(z)Uy, = Fy, (5-32)

K(Z)UQI = FQI) K(Z)Ugy = ng

_|_

This optimization problem is more complicated than the previous ones,
and we were not able to obtain an analytic solution for its solution; however,
we can obtain an analytic upper bound on the objective function. Again, we
square the von Mises stress in the objective function to eliminate the square
root on the right-hand side, because it does not influence the solution of the
optimization problem. We then decompose the expression of the squared von

Mises stress into three parts:

51 = tlxy sin (2 91) + 0.5 [(tlmz — tlyy) COS (2 01) + tlxm + tlyy]

52 = tgmy sin (2 02) 4+ 0.5 [(tgmm - tgyy) COS (2 82) + t21m + tgyy]

01 + 0 01 + 0 (5-33)
§12 = (Sxy + syx) sin ( ! —; 2) + (sm — syy) Cos < ! —g 2) +

(sym — sxy) sin (01 ; 92) + <3m + syy) cos (01 ; 92)

The maximum of the sum of these terms is less than or equal to the sum

of the maximum of each term. Therefore, we compute the maximum of each
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term and use the sum of the three terms as an upper bound on the critical
stress. The expressions for £ and & resemble Eq. (5-8), which we have already

derived a solution for. Thus, we have:

EF = tigysin (207) + 0.5 [( trew — tigy) €08 (207) + tiae + tlyy}

(5-34)
& = togysin (263) + 0.5 [(tgm — tgyy) cos (263) + tou, + toy}
with:
* 1 -1
91 = 5 tan ( 2t1:1:y; tlxz — tlyy )
1 (5-35)
0; = 5 tanfl ( Ztgxy, tme — t2yy )
. . 01 + 0
To find a solution for the &5 term, we substitute u = and

2

0, — 0
= -1 2 into the expression for &, in Eq. (5-34), and separate &p5 in

two terms, £19, + &120, €ach containing only terms with u, or v:

120 = (Szy + Syw) sin (u) + (sm - syy) cos (u)

(5-36)
120 = (Syx - Sxy> sin (v) + <8m + syy> cos (v)

Differentiating the expressions in Eq. (5-36) and setting them equal to zero,

we find the following critical points:

-1
tan ( Szy T Syzs Szz — Syy )

cr

tan ™" (= sy + Sya)s — (S0 — 53y) ) (5-37)

-1
tan ( Syz — Says Szx T Syy )

cr

tan~! ( _<3y:p - Sa:y)v _(sz + Syy) )
We denote the first solutions in Eq. (5-37) u¢,. and v . and the second
solutions u;,, and v, .

and evaluating them at the critical points, we find:

By taking second derivatives with respect to v and v

2 /
885212 e = - {(Sxy + Sy:c)2 + (Sxx — 3yy>2}1 i (5—38)
2 /

T 'min
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? /
885212 N = - {(Sccy - Sy:c>2 + (Sxx + Syy>2}1 i (5—40)
§ /
885212 . = {(Sa:y - Sy:p)2 + (Sxx + Syy)2}1 i (5—41)

min

The second derivatives of &5 with respect to u and v are always non-positive
cr _ cr
min and v = Unins

) is a local

— cr — cr 1 —
at uw = ug .. and v = v, and always non-negative at u = u

cr ,UCT‘
min? mwn

meaning that the point (u v

max’? “max

) is a local maximum, (u

minimum, and (u& ., v, ) and (uf, v

max’ “min min’ “max

) are saddle points. Since these are

the only critical points in the domain and the function is smooth and periodic,

cr ,UCT
max’ “max

) is the global maximum and (u¢,  v<

(u er. vt ) is the global minimum.

Therefore, the maximum point of &5 is:

* -1 * -1
u” = tan ( Sgy + Syzs Szz — Syy ) v* = tan ( Syz — Szys Szx T Syy ) ,

(5-42)

and the maximum is:

£, = (smy + syx> sin (u*) + (sm - syy) cos (u*) (5-43)
+ (syx - swy> sin (v*) + (sm + syy) cos (v¥)

To obtain the upper bound, 6", for o, we sum &, & and &£, i.e.:

e (= == Y12
o= {514‘524‘512} =
{tlxy sin (20%) + 0.5 [(tlm — tyy) 08 (201) + tres + tlyy] +
tosysin (263) + 0.5 {(bm — toy> cos (260%) + tog. + tgyy] + (5-44)
(sxy + sya;) sin (u*) + (sm - syy) cos (u*) +
1/2
(syx — smy) sin (v*) + (Sm + syy) cos (U*)}

By using the upper bound, ", in the stress constraints, we can guarantee

that the stress will be below the limit for any of the possible load cases.

5.14.1
Error Analysis of Critical Stress Upper Bound

The use of an upper bound on the worst-case stress constraint leads to
an overestimation of the actual maximum stress caused on the structure by the

loads. This overestimation of the stress can lead to an over design resulting in
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structures that have extra unnecessary material. Therefore, the more accurate
this upper bound is, i.e. the closer it is to the actual worst-case stress, the less
extra unnecessary material the optimal structure will have. To evaluate the
accuracy of such upper bound, we generated a sample of 100 million uniformly
distributed random stress basis vectors (o, o1y, 02, 09y), and computed
an percent error (see Eq. (5-45)) comparing the worst-case stress with the
proposed upper bound using these random stress basis vectors. The result of
such statistic analysis of the error is displayed in Fig. 5.9 in the form of a
histogram. In this histogram, we see that the mean error was 3.18% with an
1.8 standard deviation, and that the maximum percent error was 12.8%. We
also notice that this probability distribution is skewed to the left, indicating
that the error rarely attains values close to this maximum error. With this
analysis, we show that the percent error is moderate, and that the proposed
upper bound is significantly accurate.

To verify that this sample of 100 million random stress basis vectors
is representative of the underlying probability distribution, we performed a
numerical convergence analysis by starting with a sample of 10 million and
increasing its size, 10 million by 10 million, until we reached the 100 million
sample size. We also generated 10 different samples of 100 million elements,
which proved to be numerically identical. With this two numerical experiments,
we guaranteed that the sample size used was large enough to provide us with
an trustworthy representation of the underlying probability distribution.

The use of an upper bound on the worst-case stress constraint brings up
the need to evaluate the accuracy of such upper bound. Ideally, the closer such
upper bound is to actual worst-case stress the better will, because

Percent Error (%) = &+ ) - x 100 (5-45)

v
O-CT

in which {& + & + §f2}1/ ® is the proposed upper bound for the worst-case

stress, and o7 is the worst-case stress.

5.1.4.2
Limiting the range of 6; and 6,

If we want to restrict the range of one, or both load angles, we can do so by
restricting each expression in Eq. (5-33) individually, and applying the solution
presented in Section 5.1.2. Furthermore, we can construct the admissible range
for u and v based on 6y, and 0y, as [—0.5(61, + 62,.),0.5(01, + 65,)] for both u
and v, in which [—6,,, 61,] and [—6y,., 02,] are the range of admissible angles for

0, and 0y, respectively. With this limited range we have:
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Figure 5.9: Histogram generated using a sample of 100 million uniformly
distributed random stress basis vectors representing the underlying probability
distribution of the percent error (see Eq. (5-45)) between the proposed upper
bound, and the worst-case stress.

1
67 = min { max [5 tan~! ( 212y, tige — tlyy

017" }
* : 1
f5 = min ¢ max 3 tan™ ( 2tozy, togs — tzyy —027- , Oa,.

u* = min { max [tan_l ( Szy T Sy, Sza — Syy ) , —0.5(601, + 927,)} , 0.5(01, + 62,.) }
v* = min { max [tanfl ( Syz — Szy, Szx T Syy ) , —0.5(01, + 6’2,«)} , 0.5(01, + 62,.) }
(5-46)
5.1.4.3

Generalization to more than two independent loads

To generalize this approach for an arbitrary number of loads represented
by an arbitrary number of angles 6;, notice that the interactions between the
loads in Eq. (5-29) occurs pairwise, because the expression of the von Mises
stress is bilinear. Therefore, we can obtain a similar estimation for the upper
bound of the von Mises stress by separating the terms that depend exclusively
on ¢; and the cross terms between 6; and 6; for ¢ # j, and then summing them
all together. Equation (5-47) displays this approach for a general number n of
angles 6;, in which the terms ¢; and ;; are expressed in Eq. (5-33) by replacing
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the appropriate indexes:

n n 1/2
o’ = { (fi + Z fij) } (5-47)
i=1 j=i+1

in which the indexes ¢, 7 = 1, ..., n refer to the angles ¢; and 0, that control the

loads F; and F;, respectively.

5.1.5
Case 5: Load varying in 3D

The last case presented in this work is for 3D problems in which the loads
can vary, not only in a plane, but also in out-of-plane directions, representing a
whole surface of possible load directions. To account for these out-of-plane load
components, we combine two loads varying independently in direction (with
01 and 65), with the appropriate basis, using the derivations of case 4. As
seen in Fig. 5.10(a), by combining two independent loads with basis that form
orthogonal planes, we obtain a 3D load surface that accounts for out-of-plane
load components. Furthermore, by combining independent loads of different
forms we can obtain different 3D load surfaces (5.10 (b) and (c)). Notice that,
by setting one of the basis (F}) to zero in Fig. 5.10(b) and (c), we obtain a

load that only varies in intensity, from —F, to F, in a fixed direction.

5.2
Generalization of load decomposition and varying load intensity

All of the methodology developed in the previous section is based on
decomposing the load into load basis vectors that we can use to obtain upper
bounds to the worst-case von Mises stress. However, no assumption was made
about the direction or magnitude of these basis vectors (other than the basis
vectors being linearly independent). Consequently, the previously obtained
solutions are valid even if F, and F} have different magnitudes, or if F} and
F, are not aligned with the x and y axis. If we change the magnitude of F}, in
relation to F,, we obtain a domain of load cases that forms an ellipse instead
of a circle, as it is displayed in Figures 5.11(a) and (b). We can also rotate this
ellipse by rotating the basis vectors, as displayed in Figures 5.11 (c) and (d).?
This arbitrary choice of load basis vectors allows us to consider a wider set
of load domains. This freedom to choose the load basis vector provides extra
flexibility to the framework, making it possible for the designer to define load

cases in which a specific load direction is more relevant than the others.

2We use this property in Case 2 ( Section 5.1.2) to shift the range of admissible angles
to be centered around the origin.
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Figure 5.10: Schematic of how to combine loads with varying with independent
angles to achieve a load that varies in 3D.

5.3
Critical Stress Sensitivity Analysis

In this section we present the sensitivity analysis in respect to the design
variables of the expressions derived in section 5.1 for the worst-case multiple
load directions formulation. The sensitivity information is necessary because
the topology optimization problem is solved using gradient-based optimization
algorithms [30]. We will also provide proof of the differentiability of the
worst-case stress analytical expression presented previously. To compute the
sensitivity information, we will use the chain rule starting by differentiating
the AL function:

dJ®  9J® aM(z) NeaJ® g dM(z) d< dgi
_ i _ Al k) g ) =2 (5-48
dz;  OM(z) 0z +; dg; 0z; dz; +;( P g)de (5-48)

The derivation of the sensitivity analysis for the AL stress constrained for-
mulation without considering continuously varying load cases is presented in

Section 3.3, and can be used as support for the following derivations. We will
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Figure 5.11: Load case 1 with different magnitudes and different orientations
for the load basis vectors F, and Fj,.

now focus on the derivative of the critical stress constraints, because their

formulation is one of the main contribution of this work:
dg: _ 9gi . dg; 95}

de 8zj 85';) 62]'

(5-49)

The partial derivative of the constraint in respect to the design variable is
simple to compute, and it can be written as:

d9;
(9Zj

p;
(9Zj

:pﬁzp_l [(Uy/alim - 1) +0. 1( /Ullm - 1)}

(5-50)

Next, if we expand the second term with the derivation of the constraint in
respect to the von Mises stress, we obtain:

85? 8(00)2‘
a(O'C)i 8zj '

dg; 957 P
85';) 6zj N Olim

(5-51)

[2(07 /0im — 1) + 0.1]

where the term (o.); represent the stress components of each sub-case, in which
the index ¢ represent the associated stress component, and the index ¢ represent

the associated constraint. For each different case displayed in Section 5.1 of the

main manuscript, we have a different expression for therefore, Sections

0
6(0'0)1'7
5.3.1, 5.3.2, and 5.3.3, will present the derivation of this term for each of the

8(06)1-
0z

because of this, its derivation will be presented in the end, in Section 5.3.4.

cases. The derivation of the term is very similar for all cases, and,

5.3.1
Sensitivity of case 1 and case 2: Planar load varying in direction

In this Section we will display the sensitivity for the first and second cases.
We display the sensitivity for these two cases together because the sensitivity
of both cases is practically identical. As a matter of fact, case 1 can be thought
of as a sub-case of case 2 for which the limiting angle is 6, = 7. The expression
for this case is derived in Sections 5.1.1 and 5.1.2, and it is displayed here again

to help the reader follow the sensitivity derivations:
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1/2
G’ = {tw sin (267) + 0.5 {(t — 1y ) €08 (20%) + toq + tyy] } (5-52)
with:
0* = min { max [6", —6,], 6, } (5-53)

We decompose the derivative of ¥ using the chain rule as:

45V o5 050 06

= -54

(o)~ o), T 96" 00w, (5-54)

However, notice that % = 0, because if 0* = —0, or 8* = 6, then 6* does not
depend on z;, and if 0* = 07 then 6* is a critical point of the expression for

the von Mises stress then g‘;z = 0 by the definition of 6, . Therefore, we only

need to compute:

atmy * atmm o * atyy
B(on): +0.5(1 4 cos(0 ))3(Oc)i +0.5(1 — cos(f ))8(0(:)1'

o501 [
Do ﬁ sin(2 6%)

5.3.2
Sensitivity of case 3: Planar load varying in direction plus a fixed load

This Section presents the derivation of the sensitivity of case 3, a planar
load varying 360° degrees in direction plus a fixed load. The expression for
this cases is derived in Section 5.1.3. The expression for the critical stress is

displayed again here to facilitate the sensitivity derivations:

v _ 1 - ur 4 - u* 3
o {[(u*)Q—i— 1]2 {(tm_"tff 2 tap)(u)" + 4ty — tay)(u”) (5-56)

1/2
+2(tsp + 2 tyy — tew) (W) +4(tys + tay) (W) + o + 2ty + tff}}

where u* are the critical points of the expression above in relation to u*. We

decompose the derivative of ¥ using the chain rule:

doy _ 057 95} ow (5.57)
d(oo);  O(oe)i  Our d(oe); )

. . da? . o
Similar to the previous case, we have thatz+ = 0, because u* is a critical

point of the expression for the von Mises stress by definition. Therefore, the

sensitivity for this case reduces to:
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057 1 g 2o q] Par e Ot
ooc); 27 [(u*>2+u2{{(“> 20 1) 5 4 g,
[y +2 (u*)2—+-1}é;i£32 L [ — ) 5?Zi31
-2 [ ] 2 0]

(5-58)

5.3.3
Sensitivity of case 4: Multiple Planar loads varying independently

This Section presents the derivation of the sensitivity of case 4, displayed
in Section 5.1.4, in which we have multiple loads varying independently in
direction. In order to simplify the expression, we will split the computation
of the sensitivity, and consider the sensitivity of &, & and &5 separately.
The expressions for & and &, are identical to the expression for a single load
varying in direction for which the sensitivity has already been computed in
Section 5.3.1. Therefore, we refrain from repeating it here and we will focus
on the sensitivity of &5. We have that:

A€o 06 | 06 Our  9&, OV
d(o.);  0(oe);  Our d(o.);  Ov* O(o.);

Similar to previous cases, u* and v* are critical points of the expression for &,

and, consequently, ‘?dfjf =0 and % = 0. The remaining term reads:

(5-59)

déiz _ 12 o

0Syy

1o0: ~ 30w, = [cos (u*) + cos (v")] 900): + [cos (v*) — cos (u*)] 76(00%—1—
. ey OSay s e O5ye
[sin (u*) — sin (v")] 00, + [sin (u*) + sin (v*)] o),
(5-60)
The full expression of the sensitivity for this case is:
do; 1 &1 0& 012 (5-61)

A(0); 250 |9(on); T 9(o: T alow)

where the expressions for 8(851)' and a?(f?), are the same as the expression for

the sensitivity of case 1.

5.3.4
Sensitivity of the Stress Components

In order to compute the sensitivity of any of the cases displayed in this
work, it is necessary to compute the sensitivity of the quadratic stress terms
(e.g. Otyy/00,, Oty /0o, and Oty /0o, for case 1). The sensitivity of the
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quadratic stress terms follows a basic formula, for all the cases displayed in
this work. Therefore, the sensitivity for an arbitrary quadratic stress terms is
derived in this Section, and it can be used for any of the cases presented. Let
T be the quadratic stress terms generated by T, = 0,Voy, e.g. in case 1,
T,y = tey = 0, Vo,. Then we have that:

8Tab - aO'a an
a(jc = aO_CVO'b + O'avaio_c (5-62)

in which o, is a stress component. Now we focus on the derivation of the stress

component in respect to the design variable, written as:

6(0’6)1' . 8(05)1- 8Ulm
8zj N 8Ulm 8zj

(5-63)

where the the index c¢ of the variable o, represents the stress component
associated with that variable, and the outermost index i of (o.); represents
the constraint associated with the i-th stress constraint. Furthermore, the first
index [ of the term Uy, represents the displacement generated by the load basis

vector Fj, while the second index m represents the degrees of freedom of the

"™ is computed using the adjoint method.
2k
In the adjoint method, we differentiate the equilibrium equations associated

displacement vector. The term

to our problem considering all the load basis vectors:

0 aI(nl 8(]lm
82j ( i ) 82j tm + ! 82]-

—0 (5-64)

Because the above Eq. is equal to zero, we can multiply it by a factor &, and
add it to our sensitivity equation (Eq. 5-48), without altering its value. For

simplicity, we only show the relevant terms of Eq. (5-48), i.e. we ignore the

terms related to the objective function and the partial derivative 2% and

8zj ’
dg; 0o}
focus only on the terms related to fZ L. So, we have:
80';} 8Zj
aJ® o5r I dgi 057 9(0.); OU K. ou;
i ( (k) ,,\ Y9 i c)i lm nl K lm
957 0z ;(AZ 1) o5 @) 90 0z o\ Tz, Vit K
(5-65)
If we collect the terms containing 5 b,
%

9oy 0z | &= 057 (90¢)i Ut 0z, 0z,
(5-66)

aJ® gzv | e dgi 950 d(o.); U K,
Ta9~v ok = Z(/\Ek)—’—ﬂ(k)gl) J % (U) +£annl l_ +§nm lUlm

We can then set the value of factor &, so that the term in brackets becomes

zero. In order to do that we have to solve the Eq.:
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Ne dg; 05! 0(o.);
Kot =SS0 ¢ W, 08 000 0loe): i
nlén 12::1( i + H 92)65;, (80'0)1‘ 6Ulm (5 67)

Therefore, we have to solve the system K,,; of linear equations for m right-hand
sides, where m is the number of load basis vectors, which depends on the load
case of interest. Once we have calculated &,,,, we can compute this part of the

sensitivity as:

*) 95 K
oJ 60'1 — gnmaanlUlm (5—68)

Y . .
0oy 0z, 2;

5.4
Numerical Results

This Section presents numerical results obtained through an implementa-
tion of the formulations to handle continuously varying load cases described in
this work®. The numerical results presented here, which consist of the 2D dou-
ble L-bracket, and the 3D bracket from the General Electric (GE) jet engine

bracket challenge 4, verify the effectiveness of the proposed formulation.

5.4.1
Double L-bracket

In this Section we present the results obtained for the double L-bracket
domain, displayed in Fig. 5.12(a), considering two loads varying simultaneously
with the same angle (case 1 and 2, Sections 5.1.1 and 5.1.2), one fixed load
and one load varying in angle (case 3, Section 5.1.3), and two loads varying
independently of each other (case 4, Section 5.1.4). The numerical parameters
for this problem are displayed in Table 5.1. In Fig. 5.12(b), we display the
solution obtained for a fixed load with a load angle of 8 = —90° to serve as
a base for comparison with the other load cases. We also use this solution
to exemplify the importance of considering multiple load directions in the
design. In Fig. 5.12(c), we display this solution’s maximum stress as we vary
the load angle. Notice that the stress limit is only satisfied for the angle
0 = —90° that was considered during the optimization, and for the angle
0 = —90° 4 180° = 90°. 5 Furthermore, the plot shows that small changes in

3The 2D numerical results were obtained through a Matlab implementation, and the 3D
numerical results were obtained through the C++/CUDA implementation. The Hardware
used to run this problems consists of computer with an i7-4930k CPU at 3.40 GHz and 64
GB of RAM and a NVIDIA GEFORCE GTX 1080 Ti GPU running on a 64-bit operating
system

“https://grabcad.com/challenges/ge-jet-engine-bracket-challenge

5The angle § = 90° satisfies the stress limit because of the linearity of the equilibrium
equations and the symmetry of von Mises stress formulation, as explained in Section 5.1.2.1,
which is also the reason for the symmetry of the plot.
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the load angle cause a drastic increase in the maximum stress meaning that
this structure is highly susceptible to failure due to small deviations of the

load direction.

Table 5.1: Input parameters for the 2D Double L-bracket problem.

Parameter Description Value
Ey Young’s modulus 1 Pa
v Poisson’s ratio 0.3

Olim Stress limit 100 Pa
L Double L-bracket length 1.6 m
t Thickness 1m
F Applied load 1N
Ey Applied load 1N
d Load distribution length 0.06 m
r Filter radius 0.015 m
Mesh size 220,000 Q4 Elements

54.1.1
Double L-beam with two loads varying simultaneously

Figure 5.13 displays the design obtained for the double L-beam consider-
ing two loads varying with the same angle 6 for different ranges of admissible
angle. We can see that, as we increase the range of admissible angles, we ob-
tain designs with more material, and greater complexity. To verify that the
structure can withstand the load directions considered in the design, we plot,
in Fig. 5.14, the maximum stress of each design as we vary the load direction.
We can see that the design that considers a single load direction (6, = 0), ex-
periences a drastic increase in the maximum stress as we vary the load angle 6.
On the other hand, by imposing a limited angle range as low as 15° (blue line
in plot), we reduce the peak of maximum stress outside the admissible range.
We also plot the volume fraction of each design as we increase the range of ad-
missible load angles 6,., on the top right of Fig. 5.14. As expected, the volume
fraction increases as we increase the value of #,., because of the extra structural

complexity necessary to accommodate the additional load directions.

5.4.1.2
Double L-beam with one fixed load and a load varying in direction

Figure 5.15 displays the design obtained obtained for the double L-beam
considering one load varying with angle 6 combined with a simultaneous fixed
load. We can see that the results present a clear asymmetry regarding the
vertical center line, caused by the different load conditions on each side of the

double L-beam. To verify the effectiveness of the approach, we plot contours
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Figure 5.12: Double L-Bracket design considering a single load. (a) Double L-
Beam domain geometry; (b) Design optimized for a fixed load angle equal to
—90° for F} and Fy ; (c) Maximum stress of the design in (b) as we vary the
load angle 6 and the stress map for this structure at selected load angles.

of the maximum stress of each structure as we vary both load directions (Fig.
5.16). In these contour plots, we can see the blue regions, which correspond
to regions where the maximum stresses are below the stress limit, align with
the load conditions for which we design the structures. We also display the
volume fraction of each design in Table 5.2. We choose to display the volume
in a table, instead of a plot, as we did for the other cases, because, for this
case, we do not have a clear progression of volume, since we vary the fixed load

direction, and not the range of admissible angles.

Table 5.2: Volume fractions for the double L-beam designs of Fig. 5.15,

considering a load varying in direction and a fixed load with different angles.
Fixed Angle

0° 30° 60° 90° | 120° | 150°

] Volume Fraction | 0.235 | 0.280 | 0.298 | 0.302 | 0.286 | 0.247

5.4.1.3
Double L-beam with two loads varying independently

Figure 5.17 displays the design obtained obtained for the double L-beam
considering two loads varying independently in direction with angles 6, and 6.
This combination of loads generates designs that are completely different from
the designs in Fig. 5.13, in which the loads vary simultaneously with the same

angle. The difference in design demonstrates the influence of this load case.
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Figure 5.13: Double L-beam solutions with two loads varying simultaneously
with an angle 0, with different ranges of admissible angles (a)-(d), and their
respective stress map envelope (e)-(h).

To verify the effectiveness of the approach, we plot contours of the maximum
stress of each structure as we vary both load directions (Fig. 5.18) in which the
white squares in the contour plot represent the set of admissible angles that
we consider in the optimization. As mentioned in Section 5.1.4, the approach
for loads varying independently is based on an upper bound for the maximum
stress, which results in a feasible region (blue region), that is larger than the
range of admissible angles considered in the optimization. This is most evident
in Fig. 5.18 (f), which displays the maximum stress for the case with a 300°
range of possible load directions. For such case, we can see that the maximum
stress is satisfied for every possible combination of load directions. This means
that we might possibly design lighter structures that satisfy the stress limit for
the range of angles that we considered in the optimization. However, this extra
region of feasibility provides a certain degree of safety to the structure. We also
display, in Fig. 5.18(h), the volume fraction of the final structure in regards
to the range of admissible angles, and we can see a trend of increasing volume
fraction as we increase the range of angles considered in the optimization, as

expected.

5.4.2
GE Jet Engine Bracket Challenge

In this Section we present the results obtained for the GE Jet Engine
Bracket Challenge domain, displayed in Fig. 5.19(a). The domain is subjected

to a load case that can vary in 3D, obtained using the combination of two load
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Figure 5.14: Maximum stress of the optimized designs of Fig. 5.13, as we vary
the load angle, and the volume fraction of these designs in respect to the range
of admissible load angles (6,.) considered in the optimization.

cases varying independently, contained in perpendicular planes. We proposed
this as a Benchmark problem for stress-constrained TO with continuously
varying 3D loads. The numerical parameters for this problem are displayed in
Table 5.3. Figures 5.12(c)-(g) displays the solutions as we gradually increase
the range of admissible load directions from 0° to 15°, 30°, 60° and 90°. As we
increase the load angle range, we obtain solutions with more volume distributed
in a shell-like structure to withstand the extra load directions. The volume
fractions of the structures are displayed in Fig. 5.19(b), where we see the
expected trend of increasing volume with the increase of the range of admissible

angles.

Table 5.3: Input parameters for the 3D GE Jet Engine Bracket Challenge
problem.

Parameter Description Value
Ey Young’s modulus 1 Pa
v Poisson’s ratio 0.25
Olim Stress limit 2.5 Pa
F Applied load 100 N
Ey Applied load 100 N
r Filter radius 2.5

- Mesh size 3,727,159 Elements
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Figure 5.15: Double L-beam solutions with one fixed load (6,, red load), and
one load varying in direction (6, green load), for different angles of the fixed
load (a)-(f), and their respective stress map envelope (g)-(m).
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Figure 5.16: Maximum stress of the optimized designs of Fig. 5.15, as we vary
the angles of both the fixed load (6;, red load in Fig. 5.15), and the load
varying in direction (6, green load in Fig. 5.15). Blue regions of the contour
plot indicate stress below the stress limit.
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Figure 5.17: Double L-beam solutions with two loads varying independently in
direction (¢; and 05, red and green load, respectively), with different ranges of
admissible angles (a)-(g), and their respective stress map envelope (h)-(n).
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Figure 5.18: Maximum stress of the optimized designs of Fig. 5.17, as we
vary the angles of both loads (¢, and 0, red and green load in Fig. 5.17,
respectively). Blue regions of the contour plot indicate stress below the stress
limit, and the white squares indicate the range of admissible angles considered
in the optimization.
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Figure 5.19: GE jet engine challenge problem; (a) design domain with the red
regions indicating loading, and green regions indicating support. (b) Volume
fraction of the GE jet engine challenge problem solutions displayed in (c)-(g)
as we vary the load angle range, 6,. (c)-(g) Isometric, top, and bottom views,
of the optimized structures considering 0°, 15°, 30°, 60° and 90° load angle
range.
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6
Conclusions

Stress-constrained topology optimization leads to designs that are more
suitable to engineering applications, because it incorporates material limita-
tions that are essential for real-life applications in the design process. In this
work, we expanded on the the existing stress-constrained TO techniques by
developing large-scale, GPU-based parallel computing techniques, and an effi-
cient and consistent technique to consider a continuous range of load angles in
the TO formulation. To handle the large number of stress constraints, we adopt
an AL-based technique that was able to efficiently solve problems with over
46 million constraints (Double-Decked Bridge problem, Fig. 4.9, and L-Beam
problem, Fig. 4.8). For the formulation of the stress constraint, and to address
the associated singular optima phenomena, we present a modified piece-wise
vanishing stress constraint that is more stable than previous formulations.

The AL-based stress-constrained TO high computational cost was ad-
dressed by the development of a C++/CUDA GPU parallel computing frame-
work, that allowed the solution of large-scale problems. The large-scale stress-

constrained TO lead to the development of:

» a sequential filtering technique with a low memory footprint;

« an adaptive gradient-based optimization algorithm that can easily

be implemented in parallel;

o and a parallel GPU assembly-free preconditioned conjugated
gradient solver for the FEA with and optimized local stiffness matrix
product that can efficiently handle large-scale problems with unstruc-

tured meshes.

The optimization of the local stiffness matrix product was accomplished by the
creation of a new optimization problem, the Set Collapsing Problem, which
was mathematically proved to be NP-Hard. The problem was then solved
by a specifically tailored Branch-and-Bound scheme. The solution reduced
the number of floating point operations by more than half. These techniques
allowed us to solve several numerical examples ( L-Beam, Double-decked
bridge, the Victoria-Regia, and the GE jet engine bracket) with over 47 million

constraints, demonstrating the effectiveness of the framework. The numerical
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examples provided insight on large-scale optimized structures, and served as
base of comparison for the efficiency of the GPU implementation.

Continuing in our path to achieve more practical optimized design, we
considered a continuous range of load angles in stress-constrained TO that
more closely resemble realistic load scenarios. The technique to incorporate
the continuously varying load is based on a worst-case scenario approach in
which we find analytical solutions that bound the maximum stress caused by

a range of admissible load angles. We developed analytical solutions for:

 a single load varying in a limited range of angles;
e a load varying in direction plus a fixed load;
e two or more loads varying independently in direction;

e a load varying in 3D in a limited range of angles.

The technique is extremely flexible, supporting a wide variety of load
conditions, including loads that vary in intensity. This wide variety of load
conditions provides engineers with the tools to design structures that are
a better fit to practical requirements. As demonstrated by the numerical
examples, designs optimized considering only one fixed load are extremely
sensitive to variations in the load angle, and small variations in the load
direction, which are common in real life situations, can cause severely high
stresses, meaning that the structure might fail in practice. On the other
hand, considering a range of load angles, instead of a single fixed load,
leads to significantly different optimized structure that are closer to realistic
engineering components, and are robust under variations of the load direction.
Additionally, the technique developed here can be used for any TO problem
with objective, and/or constraint functions that have a primarily bi-linear
form (such as compliance), and linear state equations (see Appendix B for

a compliance minimization formulation).

6.1
Suggestions for Future Work

In this Section we discuss possible future research, and extensions of the

techniques developed in this work:

e Multi-GPU: The large-scale parallel GPU implementation developed
in this work is limited to a single device (i.e. a single GPU), which
limits the potential of the implementation by the capabilities of the
GPUs available on the market. By incorporating Multi-GPU support into

the implementation we could possibly efficiently solve larger problems.
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However, a Multi-GPU framework presents many challenges due to the
time consuming exchange of information between GPUs. Ideally, this
communication between GPUs should be minimized, and the appropriate
Hardware is necessary (NV-Link) to make this communication as efficient

as possible.

Multi-Grid: The PCG method performance is heavily dependent on
the condition number of the input matrix. Unfortunately, the condition
number of the stiffness matrix in TO problems quickly degenerates as
the optimization progresses. This leads to significant increase in compu-
tational time for the solution of the equilibrium equations. To circumvent
this issue, the use of preconditioners can greatly improve the condition
number of the underlying problem. The Multi-Grid preconditioner is,
potentially, the most promising option in the parallel GPU framework,
because it has a high degree of parallelization, and a low memory foot-
print. The implementation of a Multi-Grid PCG could greatly improve

the efficiency of the current framework.

Closer Upper bound for 3D varying Load: The upper bound of the
stress used for the 3D varying load case could potentially be improved by
the use of approximations of the trigonometric functions. A better upper
bound would improve the accuracy of the TO solution, and enable us to

obtain lighter structures that more closely satisfy the stress constraints.

Loads varying location: In real life structures, loads can vary, not only
in direction, but also in location, e.g. a truck crossing a bridge imposes a
load that transverse the whole length of said bridge. The development of
a worst-case stress analytical solution for a load varying in location would

greatly improve the capabilities of TO as a design tool for engineers.
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A
FLOP Optimization Solution of the BRICK8 Element Local
Stiffness Matrix

After running the B&B algorithm described in Section 4.3.1.4 to optimize
the number of FLOPs in the BRICKS element local stiffness matrix (See Eq.
(4-36)) product, we obtain the following set of optimal pairs:

PUC-Rio- CertificagaoDigital N° 1712569/CA

tos = Uro + Unz tas = Us + Uns toar = Us + Uiz

tog = Ur + Uss tag = Uz + Uny t30 = Us + Uy

t31 = Uy + Uy t32 = Up1 + Usg ts3 = Uy + Ux

t34 = Us + Uss t35 = Urg + Uay t36 = Uy + U

tsr = Uy — Uny tss = Urr — Uss tz9 = Uy — Uss

tso = —Use + Uz ty = —Uz + Ux tyg = —Us + Urr

taz = —Ura + Un tye = —Urg + Usg tys = Ura — Uss

tag = Uiz — Ung tar = U1o — Uy tig = —Unn + Uny

tyg = —Us + Uss tso = —Us + Uy ts1 = Ur — Use
ts2 = Uz — Uss ts3 = Us — Uss tsa = —Us + Un (A1)

tss = —Us+ Ui ts6 = Us — Uso ts7 = Us — Ut

tss = —Us + Uno lsg = —Us + Us teo = U1 — Uy

te1 = t37 +tas
ta = tag +taa
ler = —lgs + tag
l7o = —laa + 153
t73 = ts53 + t57
trg = tag + 159
trg = tag — ls7

lgo = t37 — t59

te2 = t39 + tao
tes = tas + tag

leg = —tao + t50
lrr = —lap + ts4

trs = T45 + t5g
trr = 139 + teo
tgo = tsa — t5g

g3 = t50 — teo

les = tar + a2
Lo = tar +tus
leg = t51 + t52
l7a = t55 + 156
lrs = tag + 55
lrs = taa + 51
g1 = tar + ts6
lga = ta1 + t52

with these pairs, we can compute the multiplied terms:
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myz = ki Uy
mi7 = ki Us
ma1 = k1 Us
mas = ki Uz
mag = k1 Us

mas = ki Uy

msr = k1 Uo
ma = k1 Uny
mys = k1 Utz
mag = k1 Uss
ms3 = ki1 Uiy
msr = k1 Uss
me = k1 Usg
mes = k1 Uiy
meg = k1 Uss
mr3 = ki Uy
mayr = k1 Uy
mg1 = k1 Uy
mags = k1 Uz
mgg = k1 Uss

Moz = k1 Usy

mg7 = ks tas

mio1 = ks tay
mios = ks tag
Mgy = ks t31
mi13 = ks t33

mi17 = ks t35

miy = ke Uy

mig = ke Us

maz = ke Us

mag = ke Uz

mao = k¢ Us

may = ke Uy
mas = kg Uto
mas = ke Uny
mas = ke Ur2
mso = ke U3
msy = kg U
mss = kg Uts
mez = ke Ute
mes = ke Utz
mzo = ke Uss
mary = ke Urg
mzs = ke Uao
mga = ke Ua1
mge = kg Uaz
mgo = kg Uas

Moy = kg Uy

mog = kg t25

Mgz = kg tay
mios = kg tag
myio = ks t31
my14 = kg t33

my1g = ks t35

mys = ko Uy
mig = kg Us
maz = ko Us
ma7 = kg Uz
maz1 = ko Us
mas = kg Ug
mag = kg Uto
maz = ko Uny
mar = ko Urz
ms1 = kg U3
mgs = kg Ura
mgsg = kg Uts
mesz = kg Ute
mer = kg Utz
mz = kg Usg
mys = kg Urg
mrg = ko Usp
mgz = kg Uz
mgy = kg Usz
mg1 = kg Us3
mos = kg Uay
mag = ks t26
mioz = ks tag
mio7r = ks t30
mi11 = ks t32
my1s = ks t34

mi19 = ks t36

Matrix 125
my =k Uy my = k¢ Uy ms = kg U; mg = k1o Us
ms = ki Us me = ke Us my = kg Uy mg = k1o Uz
my = ki Us mio = ke Us miy = kg Us mis = k1o Us

mie = ko Uy
Mmooy = k1o Us
Moy = k1o Us
maog = k1o Uz
M3z = k1o Us
mse = k1o Uy
mao = k1o Uio
Mmas = k1o Un
myg = k1o Uiz
ms2 = ko Uss
mse = k1o Uiy
meo = k1o Uss
mes = k1o Uss
mes = k1o Uty
My = kg Usg
mre = k1o Utg
mgo = k1o Uao
mgs = k1o Uz
mgg = k1o U
Mg = k1o Uss
Mo = k1o Upy
mioo = kg tos
Mmios = kg tog
mios = kg T30
mi2 = kg t3o
mie = kg t34

Mm99 = ks t36

(A-2)
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Appendix A. FLOP Optimization Solution of the BRICK8 Element Local Stiffness

Matrix 126
mio1 = ky L1 miz = k3 te1 Mmizz = ky te1 Mios = kr L1
Mmios = ko te2 Mmiz = k3 te2 Mmigr = ky Lo Mmiog = k7 L2
Migg = ky te3 miso = k3 te3 miz1 = ky T3 mize = k7 te3
M3z = ka Ty Mmizs = k3 Ty miss = ks tes mize = k7 tes
myzr = ky tes misg = k3 tes mizg = ky tes Mo = k7 tes
mis1 = ky tes misz = k3 tes miaz = ky Les M = k7 Les
migs = ka ter miss = k3 ter Mgy = ky ter myag = k7 ter
Mgy = ky tes Mmiso = k3 tes mis1 = kg Leg Misz = k7 teg
Mmis3 = ka tey Mmiss = k3 Leg Mmiss = kg Leg mise = k7 Leg
Mmisy = ka t7o mysg = k3 t7o Misg = kg t7o mieo = k7 t7o
mier = ko try Mz = k3 71 mies = ks t71 Mies = k7 71
Mmies = kg l72 miec = k3 t72 mier = kg t72 mies = k7 t72 (A-3)
M1y = ka2 t73 maro = k3 t73 marr = kg t73 Mmare = k7 t73
Mgz = ky t7y Mirs = k3 t7y Mmirs = ky try Mize = k7 t7a
marr = ko t7s marg = k3 t7s Mirg = ky l7s migo = k7 t7s
mig1 = ka te migy = k3 t6 migs = ky l76 Mgy = k7 l7g
migs = ko t77 mige = k3 trr Mgy = kg t7r migg = kr t77
Mgy = ka t7g migo = k3 t78 migr = ky t7g Mige = k7 t7g
mig3 = ky trg Mgy = k3 trg Migs = ky t7g Mmige = kr trg
magr = ka tgo migg = k3 tgo Migyg = kg tgo Mago = k7 tso
Mao1 = ky tg Mooz = k3 tg Mooz = ky tg Maos = kr tg
Maos = ko T2 Moo = k3 tga Maogr = ky tgo Maos = k7 T2
Magy = Ky tg3 Moo = k3 tg3 Mo = ky tg3 Moz = k7 tg3
M1z = ki tgy Mao1g = k3 tgy Ma1s = kg tgy Ma1e = k7 T4

After that, we can optimize the sum of the post-multiplication terms to

obtain:
ny = Moy — Mip4 g = Mog — Mi1e ng = mMmip1 — Mii8
Ty = Myo3 — Mo Ny = Miyp5 — M112 Neg = Myo7 — M120
(A-4)
N7 = Mip9 — Mi114 ng = mMmiix — Mioe Ng = Mi113 — Mi1o
N1o = Mi115 — Mioo N1 = Mi17 — Mio2 N1z = Mi19 — Mo

Finally, we arrive at the following optimized equations:
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Appendix A. FLOP Optimization Solution of the BRICK8 Element Local Stiffness

Matrix 127
fi=—mgs +mi21 +mMiro —Mi3s —M7s —Miga — Mis + My + 1y
fo=—mes +mizs +Mira —Mie3 — Mrg — M2z — Mug + Mg + no

fs = —ms3 +mizg +mirs + Mmooz —Ms2 +Mise — M5y + M1z +ng
fa=—mz3 +mizz +misz —miaz —Mge —Mir2 — M3 +mig + Ny
f5s = —ms3 +misr +mMmige — Mis1 — Mgy — Maogo — M31 + Moo + N
fo = —mus +mag1 +migo +Ma1s — Mg + Mies — Mr1 +Mas +Ng
fr=—me +miss +migs —misg —mso —Moos — M3y +mag +n7
fs = —mso +misg +migg —migg —Msa —Mags —Mig + M3z +ng
fo = —mg +mis3 + Mmooz +mMi79g — Msg +Mmiz2 — Mgz + M3 +n3
Ji0 = —mag + mis7 +Ma06 — Mia7r — Me2 — Mige — May + My + Ny
fin=—mrr +migt +maio —Mmizr —Mee — Mire — M7 + Mag + Mo
Ji2 = —ma1 +mies +mMa1a +Mig1 —M7o + Miga — M5 + Mag + Ng (A-5)
f13 = —m37 —mi93 — Mise + Maor — M2 + Mico — Me3 + M2 + Ng
fia = —maz —migr —mis0 +Migr —M30 + Mg — Mo1 +Mse + N5
Jis = —mg1 —ma01 — Miss — M3 —M34 —Migo — Mi1 + Mgy + N1
Ji6 = —mas —moos — miss +migs — M3z + Mias —Ms1 + Mes + N7
Jir=—m5 —mag9 —Mmiez +Mi75s —Maz +mMmizs — Mr9 +Mes + N2
fis = —Mg3 — Ma13 — Migs — M43 — Mas — Mig2 — Ma3 + M2 + Ni2
fio = —mi3 —migg — Misa +Mig3 — Mo + Mize — Mgy + M7 + Ny
f20 = —ma1 —maz3 —mize +ma11 — Mg +Miea — Mer +Mso + Nio
fa1 = —ms7 —marr —maigo —Miss — Mo — M204 — M35 +Msga + N2
foo = =M1 —mMmig1 — Mi34 +Mi71 — Mg + Migg — Mrs + mgg +nq
foz = —mag — Mmigs — Migg + Migg — Mig + Misa — Mss + Mgz + Ng
J2a = —mgg —migy —Mis2 — Mier — M2z — Maig — Ma7 + Myg + N2

The whole computation considering the calculation of all the intermediate
terms costs 492 FLOPS (216 multiplications and 276 additions). Meanwhile,
the direct computation of the matrix-vector product would cost 1128 FLOPS

indicating a reduction of 56% on the total number of operations.
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Appendix A. FLOP Optimization Solution of the BRICK8 Element Local Stiffness
Matrix 128

0
1
0
0
1
0
1
1
2
0
0
0
1
1
2
0
0
0
0

0
0
1
0
0
1
0
1
0
0
2
0
0
1
1
1
0
2
0

—4
2
1
1
2

» = 0.083

K

(A-6)
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B

Compliance Minimization with Continuously Varying Loads
This appendix presents a brief description on how to extend the formula-

tion for compliance minimization. The compliance minimization optimization

statement is presented in Eq. (B-1):
min C(z,0) = U%(z,0)K(z)U(z,0)
sit. gy(z) <0
0<2<1, e=1,...N,
with: K(z)U(z,0) = F(0)

(B-1)

in which, C'(z, ) is the compliance, and gy (z) is the volume constraint. Similar
to the stress constraint formulation, the load direction in the compliance
formulation also depends on a variable 6. However, instead of stress constraints,
which limit the worst-case stress for any load direction possible, now we
minimize the worst-case compliance. Here, we will derive the formulation for
the equivalent of the previously describe case 1 of load variation (Section 5.1.1),
in which we have a single load that can vary 360° in direction. The other load
cases can be derived following the same approach. The derivations for the
worst-case compliance starts in the same way as the stress, by decomposing

the load into linearly independent components:
F(¢) = F, cos(#) + F, sin(0) (B-2)
we then replace the this expression for the loads in the equilibrium equation:
U(z,0) = K 'F(0) = (K 'F,) cos(0) + (K 'F,)sin(6)  (B-3)

By defining U, = (K‘lFI) and U, = (K‘le), we can compute the

compliance as:

C(2,0) — [(Ux) cos(0) + (U,) sin(@)]T K(2) [(Ux) cos(0) + (U,) sin(e)]
(B-4)

To simplify the expression in Eq. B-4 we define the quadratic compliance terms
tee = ULK(2)U,, t,, = U/K(z)U,, and t,, = UTK(z)U,, which we then
substitute in Eq. B-4:

C(z,0) =ty cos’(0) +t,, sin’() + 2t,, cos(d)sin(0) (B-5)

We simplify this equation even further using trigonometric identities:
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Appendix B. Compliance Minimization with Continuously Varying Loads 131

C(2,) = t,,sin (20) + 0.5 [(t — 1) cos (26) + o, + tyy}, (B-6)
and we finally obtain the optimization problem for the worst-case compliance:
max C(z,0) =t,,sin(26)+ 0.5 [(tm — tyy) cos (26) + tu, + tyy}
with: K(z)U, =F, (B-7)
K(z)U,=F,

which is exactly the same as the one in Eq. 5-8, for which the solution is:

1
0" =00, = 5 tan " ( 2ty te — by, ) (B-8)

max 2


DBD
PUC-Rio - Certificação Digital Nº 1712569/CA


	Locally stress-constrained topology optimization with continuously varying loading direction and amplitude: Toward large-scale problems
	Resumo
	Table of contents
	Introduction and Motivation
	Summary of the Main Contributions of This Work
	Thesis Outline

	Literature Review
	Large-scale GPU
	Continuously Varying Load Case

	Stress-Constrained Topology Optimization Formulation
	Basic Stress-constrained topology optimization formulation
	Piecewise vanishing stress constraint
	Stress Measure

	Augmented Lagrangian Method (AL)
	Augmented Lagrangian method for inequality constraints
	Modified Augmented Lagrangian method and the Scale Factor eta
	Addressing non-convexity

	Sensitivity analysis

	Toward Large-Scale GPU-based Stress-Constrained Topology Optimization
	Large-Scale Filter in Parallel
	Sequential Filter

	Optimization Algorithm
	Finite Element Analysis
	Preconditioned Conjugated Gradient (PCG)
	Matrix-Vector Product and Assembly-free Method
	Optimized Local Stiffness Matrix Product
	NP-Hardness
	Branch-and-Bound Solution
	Optimizing FLOPS Spent in Post-Multiplication Addition 
	FLOP Optimization of the BRICK8 Element Local Stiffness Matrix


	Numerical Results
	L-Beam
	Double-Decked Bridge
	Victoria Amazonica

	Computational efficiency

	Continuously Varying Load Case
	Multiple load direction
	Case 1: Planar load varying 360 degrees 
	Case 2: Planar load with limited angle
	Secondary Range of Admissible Angles

	Case 3: Planar load varying 360 degrees plus a fixed load
	Case 4: Multiple loads varying independently with different angles
	Error Analysis of Critical Stress Upper Bound
	Limiting the range of theta 1 and theta 2
	Generalization to more than two independent loads 

	Case 5: Load varying in 3D 

	Generalization of load decomposition and varying load intensity
	Critical Stress Sensitivity Analysis
	Sensitivity of case 1 and case 2: Planar load varying in direction
	Sensitivity of case 3: Planar load varying in direction plus a fixed load
	Sensitivity of case 4: Multiple Planar loads varying independently 
	Sensitivity of the Stress Components

	Numerical Results
	Double L-bracket
	Double L-beam with two loads varying simultaneously
	Double L-beam with one fixed load and a load varying in direction
	Double L-beam with two loads varying independently 

	GE Jet Engine Bracket Challenge 


	Conclusions
	Suggestions for Future Work

	FLOP Optimization Solution of the BRICK8 Element Local Stiffness Matrix
	Compliance Minimization with Continuously Varying Loads



