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Abstract

In topology optimization, the state of structures is typically obtained by numerically evaluating a discretized PDE-based
model. The degrees of freedom of such a model can be partitioned in free and prescribed sets to define the boundary conditions.
A multi-partition problem involves multiple partitions of the same discretization, typically corresponding to different loading
scenarios. As a result, solving multi-partition problems involves multiple factorization/preconditionings of the system matrix,
requiring a high computational effort. In this paper, a novel method is proposed to efficiently calculate the responses and
accompanying design sensitivities in such multi-partition problems using static condensation for use in gradient-based topology
optimization. A main problem class that benefits from the proposed method is the topology optimization of small-displacement
multi-input-multi-output compliant mechanisms. However, the method is applicable to any linear problem. We present its
formulation and an algorithmic complexity analysis to estimate computational advantages for both direct and iterative solution
methods to solve the system of equations, verified by numerical experiments. It is demonstrated that substantial gains are
achievable for large-scale multi-partition problems. This is especially true for problems with both a small set of number of
degrees of freedom that fully describes the performance of the structure and with large similarities between the different
partitions. A major contribution to the gain is the lack of large adjoint analyses required to obtain the sensitivities of the
performance measure.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Static condensation; Topology optimization; Computational efficiency; Sensitivity analysis; Partitioning; Adjoint

1. Introduction

Finding a solution to large scale gradient-based topology optimization problems in a nested analysis and design
approach requires a significant amount of computational effort due to the need to perform one or multiple expensive
simulations per design iteration [1]. These simulations are often based on solving discretized governing partial
differential equations with many Degrees of Freedom (DOFs). A solution to such a linear system of equations is an
assignment of values to the unknown variables at each DOF for given Boundary Conditions (BCs), such that all the
equations are satisfied simultaneously. In this setting, we call this set of variables the state, which may represent
nodal values such as, e.g., temperature, displacement, pressure or velocity.

One may opt for a direct or iterative solution method to solve the involved system of linear equations;
both methods consist of two subsequent steps. Direct methods require the (generally expensive) construction of
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factorization, and subsequently find the exact solution via comparatively inexpensive back-substitutions [2]. In
contrast, iterative methods require the construction of a preconditioner, and subsequently generate a sequence
of improving approximate solutions until convergence [3,4]. Relative cost of preconditioner construction and the
iterative solution process depends on many factors, such as the type of preconditioner and condition number. For
conciseness, we will hereafter denote the construction of factorization/preconditioner simply by preprocessing and
the back-substitution/iterative method simply by the solve.

A priori to finding the solution to the governing equations, the DOFs are generally partitioned in two unique
sets based on the applied BCs. One may either specify (i) the magnitude of the solution at a DOF, that is the
state is prescribed, or (ii) the magnitude of the applied discretized load, and thus the state is free. These types
are complementary—all DOFs for which the state is free will have an applied load (although possibly with zero
magnitude), and vice versa.

As Rozvany et al. [5] pointed out almost three decades ago, real-world optimization problems generally involve
multiple scenarios. We define a scenario as an engineering description of a specific loading condition, see for
example the four scenarios depicted in Fig. 1. Examples of optimization problems that typically involve multiple
scenarios are problems with (i) uncertainties in the intended use of the product, (ii) multiple use cases, such as multi-
input—multi-output compliant mechanisms, (iii) a strict set of requirements (as obtained for example from the user),
see e.g. Cavazzuti et al. [6], and (iv) problems that consider—in addition to the critical use case scenarios—variations
in boundary and loading conditions originating from manufacturing, assembly, transportation and testing of the
product. Each scenario is translated to BCs, i.e. prescribed state(s) and applied load(s), that represent the scenario
as good as possible. In principle, each scenario comprises a unique partitioning of DOFs. However, scenarios of
which only the magnitude of the applied BCs vary, but the type remains the same, share equal partitioning.

In this work, we define an analysis as the process of finding a solution to a properly constrained set of discretized
governing equations—that is finding the state u € R”, with n € N the number of nodal DOFs. Each analysis relates
to a single scenario, and thereto also comprises a unique partitioning of DOFs. A combination of analyses with
equal partitioning is hereafter called an analysis set. A single analysis set thus requires finding the states to multiple
loads (possibly with varying magnitude) with the same partitioning of DOFs. These different states can generally
be efficiently found, since only a single preprocessing process is required [7].!

Topology optimization problem formulations involving responses (objective and constraints) that depend on the
states of multiple analyses sets are called Multi-Partition Optimization Problems (MPOPs). In contrast to problems
involving a single partition, in MPOPs the preprocessing cannot be reused. This is evident in the design of, for
example, multi-input—-multi-output compliant mechanisms (see e.g. Liu and Korvink [10] and Jin et al. [11]).

For clarification, consider a response, hereafter denoted by g € IR, that depends on the state(s) of a € N analysis
sets. Thus, g = g [U®, ..., U?], with U? € R and 1 € N a positive natural number of analyses contained

in analysis set i, thus U9 = [u(]”, el u%] with each state u® e R”. The states of an analysis set U? implicitly

depend on the design variables x € RY via the discretized governing equations, that is
K[x]U” =F”, Vie A (1)

with the index set of all analyses sets A := {i € N | i < a}, the design dependent system matrix K[x] € R"*" and
loads F© € R"!"’ Hereafter we assume the system matrix is symmetric and, without loss of generality, assume the
applied loads are design independent. Note that, in Eq. (1), the states and loads of analysis set i contain all DOFs;
both free and prescribed states as well as applied and reaction loads.

A simple example of an MPOP is the optimization of a structure considering four scenarios, schematically shown
in Fig. 1. Note that between the four scenarios the set of DOFs for which the state is prescribed differs. Therefore,
in this example, two unique analysis sets exist, comprising of two analyses each. The response function g of this
artificial problem depends on the states of these two unique analysis sets, i.e. g [U", U®], where for this problem
U® = [u(li), ug)] are the states (in this case the displacement) of analysis set i.

In spite of the fact that MPOPs are relevant for many applications, the computational efficiency of both the
forward and sensitivity analyses involved in such problems has, to the best knowledge of the authors, not been
investigated yet. With an increasing number of analysis sets, the computational effort to solve MPOPs increases
quickly. Since the preprocessing used in the analysis occurring in MPOPs is partition-specific, in a straightforward

' For very large number of loads one can opt for efficient sampling schemes, see e.g. Zhang et al. [8,9].
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(a) First scendrio provid-
ing state u1 . The state is
prescribed on the left side

and the body is subjected
to a load fl(l).

~

(b) Second scenario, pro-
viding state u( ) The
state is prebcrlbed on the
left side and the body is
subjected to a load f2(1).

o
)

(¢) Third scenario, pro-

viding state u() The
state is prebcrlbed on the
bottom and the body is,
in this case a similar to
Fig. 1a, point load f(2)
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(d) Fourth scenario, pro-
viding state u(2> The
state is prescrlbed on the
bottom and the body is,
in this case a similar to
Fig. 1b, point load f(g)

Fig. 1. A structural topology to be optimized for four different scenarios, as shown in Figs. 1(a) to 1(d). As a result, this Multi-Partition
Optimization Problem (MPOP) consists of two unique analysis sets, both comprising two analyses.

approach the computational effort of solving these problems scales with the number of analysis sets considered.
On the contrary, within reasonable limits, the number of analyses per set is of less importance, given the fact that
a solve requires negligible computational effort as compared to the preprocessing.

The computational efficiency of an analysis in the context of structural optimization can be increased by efficient
iterative solution strategies (see e.g. Evgrafov et al. [12], Amir et al. [4], Aage et al. [13] and Wu et al. [14]),
or approximated reanalysis, see e.g. Kirsch [15], Amir et al. [1] and Amir [16]. Alternatively, one can opt for
model-order reduction techniques, which reduce the computational effort of both analysis and optimization, see
e.g. Yoon [17] and Choi et al. [18]. Typically, however, model-order reduction techniques introduce a loss of
accuracy. One special reduction method is what is called static condensation amongst engineers, for which the
reduction is exact [19,20]. As will be shown hereafter, in particular in MPOPs the use of static condensation
is attractive. Moreover, as static condensation, similar to an analysis as previously defined, relies on finding the
solution to a set of linear system of equations, it can also be combined with efficient iterative solution techniques
and/or approximated reanalysis.

Static condensation was originally developed by Guyan [19] and Irons [20], hence the common nomenclature
Guyan-Irons reduction scheme. The term ‘static’ was added to differentiate from its application in dynamic analysis,
for which the reduction scheme is no longer exact. Static condensation is regularly applied in the process of
substructuring, also known as the Schur complement domain decomposition method [21-23]. This technique is
based on the decomposition of the original structure into one or multiple sub-structures, often referred to as super-
elements. The dimensionality reduction is achieved by a procedure that is closely related to Kron’s method of tearing
and Gaussian elimination [24,25].

Consider the continuum from Fig. 2(a). After discretization of the governing equations in n DOFs, as shown in
Fig. 2(b), the behaviour of the system can be described by the set of linear equations given by

K[x]Ju=Hf, 2)

where, for simplicity, we consider a single analysis set consisting of a single analysis and thus u € R” and f € R".

The DOF index set D := {i € N | i < n} can be split in subset Ml C ID containing all indices of the primary DOFs,
and its complement S := D \ M containing all indices of the secondary DOFs. The primary DOFs are those DOFs
contained in the condensed model, whereas the secondary DOFs are eliminated. After partitioning accordingly, one
may rewrite the governing equations from Eq. (2) using oversets (A) and (V) to represent the properties related to
primary and secondary DOFs, respectively, as

f&fé[ﬁ]_%
K K|l ||

where the principal sub-matrix K is nonsingular, such that K is invertible [26]. This partitioning is completely
independent of the partitioning in free (f) and prescribed (p) DOFs. In case we are solely interested in the state

3)
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(a) Bounded domain
occupied by a material
with  relevant physical
properties, modeled as a
continuum.
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(b) Domain from Fig. 2a
discretized into 4 x 4 fi-
nite elements. The result-
ing nodes are split into pri-
mary (®) and secondary
(O) nodes.

(¢) Superelement as ob-
tained after static conden-
sation. The information
of the secondary DOFs
is condensed into the pri-
mary DOFs.

Fig. 2. Step-wise illustration of static condensation. For simplicity, and without loss of generality, the domain is chosen to be a 2D square
and discretized using a structured mesh of 4 x 4 quadrilateral finite elements. For simplicity of visualization, we consider all DOFs of a
single node to be either primary or secondary DOFs. Primary nodes are indicated by a disc (®), whereas secondary nodes are indicated by
a circle (O).

of the primary DOFs, we can write the secondary state u in terms of the primary state  using the second row
of Eq. (3), which yields

U= —K'Kd, (4)
assuming f— 0 for simplicity (the general case will be treated in Section 2). Subsequently, U can be eliminated by
substitution of Eq. (4) in the first row of Eq. (3), which gives

(f& — féﬁ—lfé) a=*f 5)

The result of this condensation is a reduced system matrix K € R”™*", with the number of primary DOFs m := [M],
that exactly describes the behaviour of the full-order model. This reduced system matrix follows as

M N W

K =K - KK 'K, (6)

and was originally proposed as the “Schur complement of K in K”, first introduced in this form and notation
by Haynsworth [27]. The eponymous adjective “Schur” was chosen by Haynsworth because of the first use of the
complement in the “Schur determinant lemma” published by Schur [28].

Static condensation has been applied in the field of gradient-based structural optimization in a variety of settings.
Contributions include formulations that condense the

e DOFs within non-design domain(s) [29-31],

e internal DOFs of (complex) finite elements or components [32-35],

e internal DOFs of repetitive unit cell(s) [36,37], and/or

e DOFs of a structure that do not occur in the responses, e.g all DOFs except input and output in a compliant
mechanism [38,39].

Fig. 3 schematically illustrates the use of static condensation in each of these applications, which are discussed in
more detail hereafter.

Early studies by Botkin and Yang [29], Gangadharan et al. [30] and Yang and Lu [31] aim to reduce the
computational effort of both the Finite Element Analysis (FEA) and/or the sensitivity analysis of 3D structural
optimization problems by static condensation of specific sub-domains. The topology in those domains does not
depend on the design variables and hence remain unchanged during optimization, as shown in Fig. 3(a). Since only
a small part of the structure is subject to change, significant computational efficiency increase can be achieved if
the dimensionality of the problem is reduced before the optimization, such that repetitive analysis of the non-design
domain(s) is avoided. Since these early studies, this use of condensation in optimization has become commonplace
and is also available in commercial software packages.
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(a) Condensation of the
DOFs in non-design do-
main(s), noticeable by the
lack of influence by design
variables in those regions,
reducing the dimensional-

(b) Condensation of four

internal DOFs of four
structural or finite ele-
ments, effectively reducing
the dimensionality of each
element.

(c) Condensation of the
internal DOFs of a peri-
odic unit cell. The result-
ing equivalent superele-
ments of lower dimension-
ality are subsequently as-
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(d) Condensation of all
DOFs of a structure that
do not directly influence
any of the responses,
resulting in a reduced
system matrix consisting

solely of the primary
DOFs.

ity of the resulting design sembled in a 2 x 2 grid.

dependent system matrix.

Fig. 3. Four different settings in which static condensation can be used in structural optimization. Top and bottom figures illustrate discretized
domains before and after the condensation process, respectively. Similar to Fig. 2, discs (®) and circles (O) denote primary and secondary
nodes, respectively. Red crosses (x) indicate the location of design variables, which only locally influence the design.

In the fields of geometrically non-linear, high-resolution and multi-component layout structural optimization,
static condensation is effectively applied to eliminate internal DOFs from finite elements before global assembly,
as schematically shown in Fig. 3(b). This process reduces element complexity and decreases the dimensionality of
the assembly system matrix, see e.g. Yoon et al. [32], Xia et al. [33], Groen et al. [34] and Amir and Amir [35].

In addition to the aforementioned, the computational effort can be further reduced in case the structure is periodic.
Since all repeated cells share the same topology, only static condensation of a single cell is required, as shown in
Fig. 3(c). The system matrix of the cell is condensed to reduce the dimensionality of the assembled system matrix
that forms the periodic structure, see e.g. Zhang and Sun [36] and [37].

A rather underexposed application of the static condensation procedure is its use in a unique set of optimization
problem formulations of which the responses target a small set of DOFs, see Fig. 3(d). The state itself will generally
depend on the full set of design variables. Representative examples are studies proposing problem formulations
for the synthesis of compliant mechanisms with desired kinematics [38,40,41]. The added value of using static
condensation in these formulations is the natural way of describing the performance of the structure as a function
of a limited set of primary DOFs. In these formulations, the scenarios generally consist of a large number of DOFs
that share the same type of BCs.

Although the usefulness of static condensation in FEA has been common knowledge, the usefulness in sensitivity
analysis and the impact on the computational efficiency of structural optimization problem formulations has
been unexplored so far. Gangadharan et al. [30] acknowledge and demonstrate the potential usefulness of static
condensation to reduce the computational effort in the sensitivity analysis for problems in which the design variables
only affect a small part of the domain. However, the usage of static condensation shows high potential in terms
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of computational effort for solving MPOPs as well, as it could reduce the cost of both the forward and sensitivity
analysis, as will be shown in Section 2. The findings in the present work explore the potential in this field, ready
to be applied to real-world problems.

This paper presents a novel method to efficiently solve MPOPs of which the responses involve a relatively small
set of DOFs, see Fig. 3(d). The method exploits the concept of static condensation in a way not reported before.
We analyse and discuss the method’s characteristics and limitations, provide a comparison between the proposed
method and the state-of-the-art, and demonstrate the computational efficiency by numerical examples.

This work is focused on gradient-based topology optimization problems, involving linear state equations, solved
via nested analysis and design. In addition, we assume (quasi-)static design independent loading conditions. The
method operates on any square and symmetric system matrix, e.g. as obtained by assembly of 2D or 3D finite
elements.

Note that it is not per se true that analyses of the reduced-order model are cheaper than analyses of the full-
order model under all conditions. The reduced system matrix is not only of reduced dimensionality, but also
non-sparse. This loss of sparsity may impair any efficiency increase due to dimension reduction. Hence, it is
critical to understand under what conditions to apply static condensation in the context of gradient-based structural
optimization.

A generalized mathematical description of the method and corresponding sensitivity analyses will be given
in Sections 2 and 3. Both direct and adjoint sensitivity analysis aspects will be discussed. The description
forms the basis for the formulation of a computational effort estimate. This estimate is based on the algorithmic
complexity as a function of both the number of required analyses and the reduction of number of DOFs. The
resulting estimation of computational efficiency with respect to a straightforward approach, i.e. performing all
analyses without condensation, is outlined in Section 4. The computational effort estimate is verified by numerical
experiments. Section 5 describes a comparison of computational efficiency for a variety of relevant examples.
For simplicity, the proposed method is demonstrated by, but by no means limited to, 2D single-physics static
topology optimization problems. The description of the method fully complies with any square, positive definite and
symmetric system matrix. This is followed by a description of an example implementation and closed by discussions
and conclusions.

2. Method

This section describes two different approaches to solve a generalized MPOP, namely (i) an elementary approach,
and (ii) the novel work presented herein—the condensation approach. We start the description of the elementary
approach of solving MPOPs, which will act as a reference.

2.1. Elementary approach

In the elementary approach one first defines the set of prescribed DOFs for each scenario. For each of the
resulting sets of prescribed DOFs one can partition the system of linear equations accordingly. Subsequently, as in
standard FEA one solves for the free state(s) [42].

The index set of all DOFs D can be split in subset P C DD containing the indices of all prescribed, and its

complement F® := D\ P® containing the indices of all free DOFs of analysis set i, hereafter denoted by subscripts
‘p” and ‘f’, respectively. After partitioning accordingly, one may write the governing equations as
K¢ Kg)i| |:U<g>i| I:F(j):|
f PR = [k VieA (7
(@) i i i ’ ’
[Kpf K LG LRy

where U} are the free state(s), U? the prescribed state(s), F;’ the applied load(s) and F{ the reaction load(s) of

i

analysis set i. Note that U’ € R/ Ox1? \where fO = |F®|. Where subscript ‘f” indicates the subset of the state and
italic * f” indicates the corresponding dimensionality of this set. The solutions to Eq. (7), U(f' ', now can be obtained
by solving the system of linear equations

KOUP = F —KOUY, VieA. (®)
Subsequently, if required, the reaction loads are obtained via
Fy = KUy + KoUY, Vi€ A 9)
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(a) First example analysis.
Note the unique subdivision
of DOFs in free and pre-
scribed, visualized by shape
(O vs. 0O) as well as the
DOFs of interest, visualized
by color (black vs. red)
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(b) Second example anal-
ysis. Note the change in
partitioning (free vs. pre-
scribed) of DOFs according
to the boundary conditions
of this scenario as well as
the change in DOFs of in-

1 ® ® 1
o—<C
—<C
0 @ | O

(c) Subdivision of the set of
%
DOFs D in disjoint sets P
Vv
(D)v F (O) and M (.)7 ac-
cording to the definitions in
Egs. (10) and (12) and the
partitioning as visualized in
Figs. 4a and 4b.

terest.

Fig. 4. Example of the discretized domain from Fig. 2(a) subjected to two distinct analyses; as shown in Figs. 4(a) and 4(b). The DOFs
with prescribed states are denoted by a square (OJ), the DOFs with free states by a circle (O) and primary DOFs by a black dot (@)
(analogously to Figs. 2 and 3). DOFs of interest are coloured in red (O, [J). The combination of analyses leads to a subdivision in sets
following Egs. (10) and (12), as shown in Fig. 4(c). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Note that because of the uniqueness of each analysis set, following our definition, F® # FY and P® # PY for all
i # j € A. Therefore, the number of times one has to preprocess a large system of equations equals a.

2.2. Condensation approach

We propose a novel method, aimed at solving MPOPs, consisting of two subsequent steps: condensation and
analyses. First, one defines a set of primary DOFs that can fully describe the response function(s) and one condenses
the remaining secondary DOFs to obtain a reduced system matrix. With this step, one basically solves for the
secondary DOFs applying the same BCs for all analysis sets. Subsequently, a variety of analyses is performed
based on this reduced system matrix with varying partitions, originating from the BCs of the scenarios. The latter
step is fully equivalent to the elementary approach, however, as a result of the condensation, involves a much smaller
system of linear equations. As such, one basically circumvents repeatedly solving for the secondary DOFs. Key is
to define the set of primary DOFs in an adequate manner to omit repetitive analyses of large systems of equations,
by restricting the size of the set of primary DOFs.

2.2.1. Definition of primary DOFs

Consider again the structure as visualized in Fig. 2(a). For the purpose of explanation, after discretization, we
subject this arbitrary structure to two different scenarios as illustrated in Figs. 4(a) and 4(b). For each scenario one
defines the DOFs with a prescribed state, indicated by a square in Fig. 4. In addition, one defines per scenario which
DOFs are of interest for the response function of the MPOP, in Fig. 4 indicated in red. Note that both free and
prescribed DOFs may be of interest. In what follows we explain how to find the smallest possible set of primary
DOFs that can fully represent the behaviour of all scenarios and contains all DOFs of interest for a given MPOP.

For the condensation approach the index set of all DOFs D is split in three disjoint parts, namely D = PUFUM
as shown in Fig. 4(c). We define the proper index subset of prescribed secondary DOFs, i C D, to consist of all
indices of DOFs for which the state is prescribed in all analyses excluding those that are a DOF of interest for any
of the analyses. Mathematically, this can be written as the intersection between all index sets of prescribed DOFs
P for which the DOFs are not a DOF of interest, i.e.

P = {x € {Nica PO} | x & {Uica MV}}. (10)
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Here M® consistsvof the indices of all DOFs of interest of analysis i. Fully analogously, the index set of free
secondary DOFs, F C D, is defined as all indices of DOFs for which the state is free in all analyses, excluding
those that are a DOF of interest for any of the analyses. Based on these chosen definitions, the index set of primary
DOFs, M, is simply defined as the union between all indices of DOFs that are of interest in any of the analysis
sets and the indices of DOFs that change freedom between analysis sets, i.e.

M = (UieA Mm) U ((UieA ]P)m) \ (mieA Pm)) . (11)
Note this is also the complement of all secondary DOF indices, that is
M;:D\(]fvuﬁ?). (12)

In many relevant applications, 1 < m < n, meaning the number of primary DOFs is much lower than the total
number of DOFs.

2.2.2. Static condensation o R R

Considering a general MPOP, the response can now be rewritten as g [U“), U, ...,U“‘)], with U® the state
of the primary DOFs of analysis set i. From the system matrix K € R"*" one can obtain a reduced, but dense,
system matrix K € Rm*m through static condensation, which exactly represents the system behaviour in terms of
the primary DOFs. We can partition the system of linear equations in line with the subdivision in sets as proposed
in Section 2.2.1, which gives

o gff Efp Iva = Ff ’ (13)
Kp Kpf Kpp UP Fp

where Iv?f € R/*! are the loads on the secondary DOFs and [va e R”*! the prescribed states of the secondary DOFs.

Note that the primary states U contain both free and prescribed DOFs in accordance with the scenarios imposed,
as will become evident from Section 2.2.3. Here we have defined / to be the sum of the loads in all analysis sets,

ie.
1= 1. (14)

icA
Hence, one can write for all i € A

v v v Vo V. V.. i) oG
Fo=[F0, R0 wi B0 =i, ] e RS (15)

Analogously to Eq. (4), from the second row of Eq. (13), we obtain

KU =F, - KU -K,U,. (16)
Substitution of Eq. (16) into the first row of Eq. (13) gives

KU=F+F. (17)
Here K is the reduced system matrix defined as

K:=K-KX, KeR™m, (18)
and F is the reduced load, defined as

F=KV,-KU, Fer" (19)
In order to obtain this reduced system of equations one has to solve the linear systems of equations

KX, =K, (20)
and

K.V, = K,U, - F,, 1)
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where we have introduced the ‘condensation states’ ﬁf e R/>™ and </f € R/*/. Note that the total number of
analyses thus equals m + I. The method is thus capable of handling loads on the secondary DOFs, such as body
loads. However, this will have an impact on the computational effort. The additional effort will—in practice—be
modest, since (i) the analysis in Eqs. (20) and (21) belongs to the same analysis set, and (ii) the majority of variations
in loading conditions will only affect the primary DOFs. As such, although / might be large, the number of unique
loads will generally be a few.

The reduced system matrix K consists of two parts: K containing the contributions of the primary DOFs, and
féfﬁf containing the contributions of the secondary DOFs reflected onto the primary DOFs. Moreover, by definition
of Eq. (6), K is square and symmetric. One should add the appropriate reduced loads to the loads on the primary
DOFs in all subsequent analyses based upon the reduced system matrix. If the loads on the secondary DOFs Ir’f =0
and the prescribed state on the secondary DOFs IVJp =0, then the reduced load vanishes.

After solving Eq. (17), as will be described in the next section, one can retrieve the secondary states via

az_(ﬁﬁ+vg, (22)

and subsequently the corresponding reaction loads on the secondary DOFs via

V.

F,=KU+K,U+K U,. (23)

2.2.3. Analyses based on the reduced system matrix
After condensation, the reduced system matrix K can be used to repeatedly analyse the reduced governing
equations, and obtain the required states and/or reaction loads for the response(s) of the considered MPOP.
Reconsider the system of equations given in Eq. (17), i.e.
KU=F+F. (24)
Note that the dimensionality of this system of equations is m. Similarly to the elementary approach, ASectioAn 2.1,
one can split the indices in M according to the type of boundary conditions, in the disjoint sets Ml = F® 1y P® for
each analysis set i. We define
FO .= Mn F®,
A (25)
P9 .= MNP,

Partitioning of the system of linear equations accordingly gives

I:((flf) If(flp) IAJ(f’) = lj(fw + I:?(fl) VieA. (26)
Ky kg Lo Tl L)

Note again, that this division of DOFs is unique for each set of analyses based upon K, since O # FO for all
i # j € A. In addition to the partitioning, for each analysis set the appropriate loads are selected. Thus, whereas

N .
F e R™, F(fi) e R/’ The subdivision is schematically visualized in Fig. 5, in line with the representation in
Fig. 4.
The states of a variety of analyses sets can be obtained by solving the set of linear equations similar to the
elementary approach, i.e.

R0 = F) - ROUY +FP, VieA @7)
Note that system matrix I~((f;) is square and non-singular for all i. If required, the reaction loads are obtained via

FO = ROUP + ROUO —FO, VieA. (28)
2.3. Comparison of response evaluation

Although the approaches obtain exactly the same state and thereto response value(s), they differ in implemen-
tation, with critical consequences for the required computational effort. In order to keep an overview of the large

9
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(a) Superelement as ob-
tained after condensation of
the system in Fig. 4c.

Computer Methods in Applied Mechanics and Engineering 393 (2022) 114829

(b) First partitioning of the
primary DOFs. The parti-
tioning is in line with the

(¢) Second partitioning, in
accordance with the sce-
nario in Fig. 4b.

partitioning of the full sys-
tem, see Fig. 4a.

Fig. 5. Analyses on using the reduced system matrix, based on the example in Fig. 4. Fig. 5(a) shows the condensed domain of Fig. 4(c),
resulting in a reduced system matrix. Figs. 5(b) and 5(c) illustrate the analyses based upon the reduced system matrix, in accordance with
the scenarios of Figs. 4(a) and 4(b).

Table 1

Commonly used operators, dimensionality and first appearance equation number.

Op Dim (R) Egs.
K nxn 2)

KO O % fO (®)

u? £ 1@ )

K mxm (18)
F m x 1 (19)
K fxf (20)
W Vv

z(f ]i X m (20)
V; fxl (20)
RY FO % O 27)
A A .

U(f:) f(t) x [ 27

number of sets, subscripts and different operators presented, the most important operators, their dimensionality and
reference to their first use can be found in Table 1.

To highlight the differences, consider the pseudo codes in Algorithms 1 and 2, that describe the procedures to
obtain the same response function using the elementary and condensation approach, respectively. Note the critical
difference between the solves in Algorithm 1: Line 2 and Algorithm 2: Line 10. To obtain the state(s) of the
DOFs of interest, iAn the condensation approach, one solves for the state using the partitioned reduced system
matrices K/ € R/ D ? where the number of free primary DOFs f@ = m — p® and p® := |P®|. In the
elementary approach, one solves for the state using system matrices K(f"f) e R/ where the number of free DOFs
[P :=n—p?and p» = |P?|. Since f© ~ n and f @ ~ m, for sufficiently large systems, the dimensionality of the
constrained system matrix K is much larger than the constrained reduced system matrix K{/, that is n >> m for all
analysis sets i. The difference in computational effort of preprocessing a system matrix of dimensionality n X n as
compared to m xm is large. The condensation approach only requires a single preprocessing of a large system matrix
(Algorithm 2: Line 4), compared to a preprocessing steps of a large system matrix for the elementary approach
(Algorithm 1: Line 2). As a result, the computational effort to evaluate the response(s) can be highly reduced by
using the condensation approach, when multiple scenarios are considered.

Upon close examination of the approaches, it becomes apparent the elementary approach contains the differences
between the BCs of analysis sets in the large system of equations (Algorithm 1: Line 2), effectively solving
repeatedly for the large amount of secondary DOFs. In contrast, the condensation approach basically uses some

10
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pre-processing (the static condensation in Algorithm 2: Line 4) to solve for the secondary DOFs. The different
partitionings are ‘moved’ to the system of equations of reduced dimensionality, see Algorithm 2: Line 10.

In terms of implementation, little is required to extend the elementary approach to the condensation approach.
Apart from additional ‘administrative tasks’ involving index sets, i.e. Algorithm 2: Lines 1-3 and 8-9, the extension
requires additional matrix—vector multiplications (Lines 5-6) and solves (Lines 4 and 10). Irrespective of the
programming language of choice, those operations are also required for the elementary approach. The similarity
between approaches in terms of implementation becomes all the more evident upon examination of the attached
MATLAB code.

Algorithm 1 elementary approach: response evaluation

for alli € A do _ o
solve  KpUY =F) —KLUY, Ky e RIS

end for

return g < g[UY, .., U“]

w2

Algorithm 2 Condensation approach: response evaluation

L Pis {x e {Niea PO} | x & {Ujen M"}}
F = {x € {Nica FO} | x & {Uiea M?}}
3 M <« D\ (ﬁuﬁ?)

4: solve Ivéff [52 {If] = [Iv%f Iv%fp[vjp — f‘f] , ﬁff e RfF*f
5 K <« K—K, 52
6 F « KV, — KPUp
7: forAall i €Ado
8
9

»

FO « MNF®
A . .
PO« MNP®
10: sol KOUO — FO — ROUO + FO. K9 RADx O
: solve i Up = Ky fp Up ) i €
11: end for R R
12: return g < g [U‘”, o U(“)]

3. Sensitivity analysis

Design sensitivities are essential for gradient-based structural optimization schemes, as they provide the basis
for the design update. This section describes the sensitivity analysis of all relevant entries used in the condensation
approach, as described in Section 2.2. Since the second part of the condensation approach, as described in
Section 2.2.3, also covers the elementary approach we omit a separate description of the sensitivities for the
elementary approach.

Making wuse of the chain rule of differentiation, the full derivative of a response function

g [ﬁ [f( [K[x]], F[K [x]]]] to design variable x; reads as

dg d o0 oK aU oF\ dK
_g__g.<_. )._ 29)

aw g0 \ak K T aR oK) ax

Herein, we assume % and K are known, since they are problem and response dependent. Although not a restriction

of the method, for snnphcny of the discussion in this section, we assume design independent loads. This section is
subdivided into the separate sensitivity analysis of

1. the reduced system matrix K to the system matrix K,
2. the reduced load(s) F to the system matrix K, and

3. the primary state(s) U to the reduced system matrix K and load(s) F.
11
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The remaining sensitivity analyses, e.g the sensitivities of the reaction loads IAT‘p with respect to the reduced system
matrix, are not considered critical for understanding of the method and subsequent conclusions. However, for
completeness those and additional sensitivities can be found in Appendix A.

In the following, the sub-matrices of the system matrices in Eqgs. (13) and (26) are written using selection
matrices. Some examples are:

)
K,; = SKS;

K = S'KS

W oy (30)
K, = S'KS,

~ ~T o~ ~
K, =S KS

()
These highly sparse rectangular selection matrices S() can be used to select parts from the system matrix, which
will prove useful during the sensitivity analysis.

3.1. Sensitivities of the reduced system matrix

Consider a response g [ﬁ [f( K [X]]]], with

~ M N

K =K - K/X;. (18 revisited)
Here the system matrix is a function of design variables x, i.e. K[x]. However, for demonstration of the method
we are solely interested in the sensitivities of the reduced system matrix K with respect to the system matrix K.
Therefore, this dependency is omitted from here onward. For conciseness, we use the full differential. The full
derivative of the response function can be written as

. dg dK
dg|K[K]|= —=: —: , 31
s[KIK]] == 5% 31
where :TfZ; =% 3—% is the sensitivity of the response with respect to K and dK the sensitivity of the system matrix.
au
In the following we assume both are known. The aim is to find %, i.e. the sensitivities of the reduced system matrix
with respect to the system matrix.
The total derivative of K is given by
dK [K] = dK — dK.X, + X,dK X, — X,dK,. (32)

Here we have made use of
dX, = —K;'dK, X, + K;'dK,. (33)
Substitution of Eq. (30) into Eq. (32) yields

dK [K] = (s _ éffﬁf) TdK (s — éffﬁf) . (34)
By rewriting”? Eq. (34) we obtain the full derivative

dK[K] = (A®A) : dK, (35)
with

A= §-§K, a9

2 Here we introduce the dyadic product, also known and equivalent to the outer or tensor product. The dyadic product of two vectors
acR" and b € R can be represented as a ® b = ab' = a;b ;. For matrices A € R"*“ and B € R™*¢, the dyadic product is defined as
A®B=AB' = A;ijByj.

3 ATBC = AijBjxCri = AjiCix Bjx = (ACT) :B=A®C(C):B.
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Thus

dK

— —AQA, 37

K % (37)
which consists only of terms that have been previously computed in the condensation. The following section further
explores this property of the reduced system matrix. The full step-by-step derivation, both for the direct and adjoint

approach, can be found in Appendices A.l.1 and A.1.2.

3.1.1. On the self-adjointness of the reduced system matrix
Following the adjoint sensitivity approach [43,44] we define
LIK[K], A;] = g[K K] + 4, : (Kffxf - Kf) , (38)

WA
where A; are the Lagrange multipliers. The sensitivities of the Lagrangian (extensive derivation can be found in
Appendix A.1.2) are obtained via

d N A
dc =%, (STdKA) A (édeKA) . (39)
dK
To find ﬁf, one has to solve the following system of equations:
WA A dg
KA, = Ki—. (40)
ff e 'K
By suitable choice of calculation order [45], this can be rewritten as
W w_, (w dg w dg
A=K1<K—~)=X—~. (41)
f ff T "Ik

In contrast to the general adjoint approach, where the calculation order is determined by the number of responses
versus the number of design variables, the most suitable choice in this case is the same under all conditions, since

A
X, has already been calculated. Thus, the sensitivities of the reduced system matrix can be calculated without
solving an additional system of linear equations. Since both the state and adjoint fields are exactly identical we

can conclude that—for a symmetric system matrix—an optimization problem with response g [f(] has a self-
adjoint operator [5,44] independent of the self-adjointness of the operator(s) K is acting upon. As a result, no

extra preprocessing is required to compute the sensitivities of K. This has critical consequences with respect to the
computational efficiency of the condensation approach.

3.2. Sensitivities of the reduced load

Since the required steps to obtain the sensitivities of the reduced load are very similar to those in the previous
section we solely present the result here. The full derivation—both for the direct and adjoint approach—can be
found in Appendices A.2.1 and A.2.2.

Recall the definition of the reduced load, namely

F[KF, U, | =KV, - KU, (19 revisited)

Let us consider a response function g[F [K]], hence omitting the dependency on the free secondary load(s) Ev’f and

prescribed secondary state(s) U, here. Substitution of Eq. (30) into Eq. (19) and application of either direct or
adjoint sensitivity analysis yields

oF

— =AQ®B 42

K ® 42)
with

B:=SV,-S,U,. 43)

Note that Eq. (42) solely involves quantities that have been calculated in the condensation process and requires
therefore negligible additional computational effort.

13
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3.3. Sensitivities of the state

~ ~ AN AN

In an MPOP the response function, often g [IAJt [K F., U ]], generally depends on multiple states, i.e.
g [IAJ(f”, ceeh IAJ(f“)] is obtained by solving

RYUY = F) - ROUY +FP, VieA (27 revisited)
Therefore, one is required to determine the total derivative dg [IAJ}') [f( Fo), Iﬁ"f' ) IAJS)]] for all i € A. For clarity,

the superscript i is omitted from here on. Moreover, for conciseness we omit the dependency on the free loads F;
A
and prescribed states U, in this section. Although this section focuses on the condensation approach, the following

is similar for the elementary approach, where g [Uf [K]]. Complete and step-by-step derivations can be found in
Appendix A.3.
The full derivative of the response function is given by

dg[ﬁf[ﬁ,i]]=;_ﬁg:(aaf< aic 4 2% i) "

We aim to find f and , while assuming dK, dF and % to be known. The full derivative de can be obtained
de

by d1fferent1at10n of Eq. (27), which gives

du, [K F] =K' (de — KU, — df(fpﬁp) . 45)
Substitution of Eq. (30) and simplification yields
E)g ~
~§:4,®U (46)
sk it
and
g ~ A
9% _54. 47)
oF t/lt
where
~ A d
KA = —Ag (48)
du;

Y i . .. . . .
is the adjoint equation and A? € R is the state of the adjoint problem of analysis set i. Thus, to obtain
AN ~ ~
du; LK, F] one requires one additional system of linear equations to be solved per analysis set.

The total number of adjoint loads to solve an MPOP theoretically equals the number of responses times the
number of states, that is the total number of adjoint loads

b=hl=h Zl(”, (49)

with & the number of responses of the MPOP. However, if the right-hand-side is linear dependent on the applied
load, the problem is self-adjoint and solving the corresponding adjoint equation can be omitted [5]. This is for
example the case in classical compliance minimization [46]. What is more, in practice, the majority of responses
depend on a single state or multiple states of a single analysis set, that is many adjoint loads A(,) are zero. Thereto,

generally the total number of adjoint loads satisfies

h a
b= Y b, (50)

j=1i=1

with b;® the number of non-zero adjoint loads of response function j to the states of analysis set i, and thus
b < [0,

14
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3.4. Comparison of sensitivity analysis

To compare the sensitivity analyses, consider the pseudo-codes Algorithms 3 and 4, respectively for the
elementary and condensation approach. Herein, it is assumed both applied loads and prescribed states are design
independent. Note the difference in dimensionality of the systems of equations to be solved in the second step of the
algorithms, that is Algorithm 3: Line 2 and Algorithm 4: Line 2. It may be assumed here no additional preprocessing
is required, as the preprocessing of the response evaluation can be reused. As a result, in the elementary approach,
for each response g;, b; adjoint states of substantial dimensionality are to be solved for. In contrast, assuming
m < n, the computational effort of the sensitivity analysis in the condensation approach is negligible. Most notably
is the fact that zero solves of substantial dimensionality are required, see Section 3.1.1.

Apart from some additional matrix—vector operations, see Algorithm 4: Lines 4-5, implementation of the
sensitivity analysis of the condensation approach is straightforward. Also note the similarity between the structure
of Algorithm 3: Line 4 and Algorithm 4: Line 6.

Full step-by-step sensitivity analysis of g [IAJf [K, lVTf, IVJp, fo, IAJP]] and g [fTP [K, I*v’f, Iva, I*A’f, ﬁp]], without those
assumptions, can be found in Appendices A.3 and A.4. In addition, the derivation of sensitivities for responses in-
volving the state or reaction load of secondary DOFs, that is g [Uf [K, F,, Up, F,, Up]] and

g [ﬁp [K, f‘f, IVJp, ﬁ‘f, ﬁp]], can be found in Appendices A.5 and A.6. All resulting sensitivities are summarized
in Table A.3 of Appendix A.7.

Algorithm 3 elementary approach: sensitivity analysis

1. for alli € A do

. < () AG) _ 08 i) f(i>xf<i)
2. solve KyA{' = el Ky e R
f

3: end for )
1@

. g . O, 9K 40
4: return T < ZieAZj:l)‘j o W

Algorithm 4 Condensation approach: sensitivity analysis

1. for alli € A do

~ A ~ . Ni :
) o 1)

2:  solve K}’f)A;’) = ig,, K(f'f) e RFXS
auf’

3: end foAr v ow
4: A «~ S — Sfo

VoV

vV Vv
5: B« Sfo - SpUp
' g 1® 2O K () 0!
6: return 75 <3, >0 (AA) o0 (b — A

4. Computational effort

This section describes the computational effort involved in using the condensation approach compared to the
elementary approach. First, predominant factors that influence the computational effort are discussed. Subsequently,
the computational effort of both approaches is estimated using algorithmic complexity analysis, which yields an
estimate of the computational efficiency of using the condensation approach with respect to the elementary approach
as a function of the predominant factors.

4.1. Predominant factors

A critical factor influencing the computational effort of the condensation approach is the number of free secondary
DOFs versus number of primary DOFs. The number of free secondary DOFs f depends on the system size n, the
number of prescribed secondary DOFs p and the number of primary DOFs m via f = n — p — m. The number
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of free secondary DOFs f is the primary contributor to the total effort of calculating the Schur complement, as it
directly influences the cost of the preprocessing of Iv%ff. The number of primary DOFs m determines the number of
right-hand-sides of the system of linear equations solved in the static condensation process. If the number of primary
DOFs increases, the number of secondary DOFs decreases with equal amount. In addition, the number of primary
DOFs m influences the computational effort of the subsequent analysis sets based upon K. The computational effort
of subsequent analysis sets increases rapidly as m increases, since K is a dense system matrix as compared to the
generally sparse system matrix K.

The similarity between analysis sets or, equivalently, the amount of overlap of sets F® for all analysis sets is
crucial. The higher the overlap of those sets, the smaller M can be, and hence, the lower becomes the computational
effort of both the static condensatlon and subsequent analysis sets. The presence of non-zero yrescrlbed values on
the secondary DOFs, i.e. U # 0 and/or non-zero applied loads on the secondary DOFs F; # 0 introduces /
extra right-hand-sides for the static condensation and introduces a reduced load term. In that case, the number
of prescribed secondary DOFs p influences the effort of matrix—vector product Ivéfplvlp and ﬁpﬁp if IVJP # 0, and

influences JX via JX = n —m — p. However, for the majority of large scale problems p <« n and the additional
effort becomes negligible.

Another clearly important factor influencing the computational effort is the number of analysis sets a. The
computational effort of the elementary approach increases linearly with a. In contrast, in the condensation approach
a has little influence on the computational effort if m < n, as analysis sets based upon K are—in that case—of
negligible effort. In contrast, when m — n both the static condensation and all analysis sets based upon K become
expensive, due to the high number of right-hand-sides in the static condensation and the large dense matrix K. For
the elementary approach, most important is the number of free DOFs for each analysis set f©, which determines
the effort of the preprocessing of K{{. Note that generally @ ~ f for all i, j € A. The number of loads [ for
each analysis set will have a positive influence on the efficiency of the condensation approach with respect to the
elementary approach for m < n, but vice versa if m — n.

Also the sparsity, condition number, bandedness and band structure of K influence the type and cost of
preprocessing and, hence, to a lesser extent impact the computational effort of both approaches. Such properties
mostly depend on the type of governing equations, but are also influenced by the discretization (e.g. node numbering
and reordering) and dimension (e.g. band structure and sparsity are different for 2D and 3D problems). Lastly,
implementation-related factors play a role, e.g. type of solver, compiled vs. interpreted code, vectorization and
parallelization. Note that some of the dominant parameters mostly affect the computational effort of the condensation
approach (such as the number of analyses a or dimensionality of K), whereas others will have a comparable influence
on both approaches, e.g. the type of solver or specific implementation.

4.2. Prognosis

Based on the previous discussion we expect the computational efficiency of the condensation approach with
respect to the elementary approach to be high when m <« n and to increase linearly with a. Assuming m < n
and a > 1, we expect the source of computational efficiency of the condensation approach with respect to the
elementary approach to be twofold:

1. The condensation approach requires a single preprocessing of the system matrix, as opposed to a for the
elementary approach.” All subsequent analysis sets based on the reduced system matrix have relatively
negligible computational effort. Thus, the more analysis sets are based upon K, the higher will be the
computational efficiency with respect to the elementary approach.

2. As described in Section 3.1.1, the sensitivities of the reduced system matrix are self-adjoint, independent
of the response. All information required to compute those sensitivities has been calculated during the
condensation process. What remains is the computational effort of the adjoint problems based on the reduced
system matrix. The problem may still consist of multiple non-self-adjoint responses, but when m < n, the
associated adjoint problems are negligibly small compared to the condensation process required for the

4 Note that in the elementary approach, if using a direct solution method, one also has to store a system matrices of notable size in
memory, as opposed to a single matrix in the condensation approach.

16



S. Koppen, M. Langelaar and F.v. Keulen Computer Methods in Applied Mechanics and Engineering 393 (2022) 114829

response evaluation. The sensitivity analysis of any response depending solely on the reduced system matrix
is therefore of negligible computational effort.

For a fixed number of analysis sets a, an increase in m causes an increase in computational efficiency due to
the low cost of repetitive analysis sets based upon the reduced system matrix in contrast to the high cost of each
extra analysis set in the elementary approach. However, when m becomes large, the static condensation becomes
computationally more demanding. Of even more importance is the increase in dimensionality of the reduced system
matrix, which is a dense matrix. Based on the above, it is expected that the gain is higher than one (meaning
computational effort of condensation approach is less than the effort of the elementary approach) for any problem
with more than one analysis a and any ratio of n = % that satisfies 0 < n=n=<7n< 1, with n and 77 the bounds
on n for which positive gain is expected.

4.3. Algorithmic complexity analysis

To fairly compare the computational efficiency of the condensation approach to the elementary approach, we
investigate the computational gain =, defined as the relative decrease in computational effort through the use of
the condensation approach compared to the elementary approach, as a function of the predominant parameters. We
define the theoretical computational effort as the number of floating point operations (FLOPs) § required and assume
that the relative FLOP count of the two algorithms is an approximation that gives sufficient accuracy to estimate
the resulting relative Central Processing Unit (CPU) time ¢. In what follows it will be shown that this assumption is
sufficiently valid under the chosen conditions to get a simple order of magnitude estimator. The computational gain
can be based upon the theoretical estimated FLOP count, denoted by =j or, alternatively, based on experimentally
measured run time, hereafter denoted by =;. First, this section presents an algorithmic complexity analysis, followed
by a numerical study in Section 5. The overset of B with a tilde emphasizes, in contrast to the exact FLOP count
B, that the FLOP count is an estimation. The goal of the theoretical estimation is to have a ‘back-of-the-envelope’
measure of the order of magnitude gain one may expect. Considering the number and severity of the assumptions
that will be required to get a reasonably simple analytical formula for the estimation, the resulting formulae are by
no means expected to be an exact computational effort predictor.

Note that computational gain is measured in relative FLOPs or relative runtime, whereas—in some cases—
storage considerations might be critical. A thorough investigation of memory storage (as well as parallelization) of
the method is considered out of scope of the present work, nonetheless some critical observations can be found in
Section 6.

4.3.1. Assumptions on FLOP count of predominant operations
The FLOP count for the operations involved in the condensation and elementary approach are based upon the
following assumptions:

e Arithmetic operations with individual elements have computational complexity O(1), as is the case with fixed-
precision floating-point arithmetic. CPU time is equal for all individual operations (addition, multiplication
etc.).

e Linear systems of equations are either solved using direct (factorization plus back-substitution) or iterative
(preconditioning plus iterative solve) solution methods.

e The computational effort is dominated by the preprocessing and solve. Thus, all other operations are of
negligible cost. In other words, we assume problems to be sufficiently large, that is n > 1.

e The properties (sparsity, symmetry, band density, definiteness, band structure etc.) of all system matrices are
known. Based on this the solution method is chosen, as well as specific implementation(s).

e To calculate the gain = the following are assumed to be known: problem size n and number of analysis sets
a as well as the index sets F” and P, indices of the DOFs of interest M, prescribed state U}’ and applied
load F(f’ ) for each analysis set i € A.

The accuracy of = with respect to =; under the given assumptions, as well as the range of validity will be
shown by numerical experiments in Section 5.1.
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4.3.2. Theoretical approximated gain
An estimation of the FLOP count for solving a system of equations can, in general, be described by a function
of the form

Bln,11=ynl+eln]l xI, (51)
with n the system size, / the number of analyses, and y [n] and ¢ [n] system size dependent functions that are
unique to the solution method. Here y [n] is the FLOP count of the preprocessing, and ¢ [n] the count per solve.
Using such functions, we can approximate the expected gain of using the condensation approach compared to the
elementary approach for a MPOP by

£2 B[l 4]

Bs(n —m,m)+ 3¢ Balm, 19 + b1’
where the subscripts ‘s’ and ‘d’ refer to the solution method specific functions for solving a sparse and dense system
of equations, respectively. The parameter b denotes the number of non-zero right-hand-sides for the adjoint solve
of analysis set i. The gain is based upon the response evaluation and sensitivity analysis, where we assume the
preprocessing is reused where possible. In addition, we assumed that for a sufficiently large problems the ratio of
prescribed DOFs to freAe DOFs becomes so small, that it is valid to assume the size of the analysis equals the system
size, that is f@ ~n, fO ~m for all i € A.

The ratio between the coefficients, that is x [#] = Z[[:J] is a predominant parameter that differentiates different
solution methods, in the context of estimating the computational effort of problems for which the effort is dominated
by linear solves. Direct solution methods are generally characterized with a high x. For extremely high x, such
as direct computation of the inverse system matrix, the gain estimation becomes independent of the number of
analyses. In that case, the gain is fully defined by the number and size of the analysis sets, that is Eq. (52) is
approximated as

(52)

Eiln,m,a,l, bl ~

ax ysn]
ysln —ml+a x ys[ml’
with ys and y4 the coefficients determining the preprocessing FLOP count for solving a sparse and dense system
of equations, respectively.
Preconditioned iterative methods characteristically have a substantial lower . For solution methods with an
extremely low x, such as Jacobi preconditioned iterative methods, the gain estimation is dominated by the number
of analyses irrespective of the number of analysis sets. That is, Eq. (52) may reasonably be approximated by

(I + D) x € [n]
mxe[n—ml+({+b) xeq[m]
with €5 and €4 the coefficients determining the FLOP count of solving a sparse and dense system of equations,

respectively. For illustrational purpose, we assumed in both cases that the extreme values of y pertained to the
solution methods of both sparse and dense solvers.

(53)

Ealn,m,a]l ~

Eiln,m,l, bl ~

(54)

4.3.3. Theoretical complexity of solution methods

The Cholesky factorization (CHOL) with subsequent back-substitutions is the most commonly applied direct
solution method (both for sparse and dense matrices) to solve symmetric positive definite system matrices of small to
moderate size. The FLOP count of a CHOL (without reordering) and subsequent back-substitutions of a symmetric
sparse banded system matrix depends on dimensionality n and bandwidth k. Note that the bandwidth for discretized
PDEs depends on the number of dimensions, e.g. in 2D k = ./n, whereas in 3D k = n% [47]. The dimensionality
has a slight impact on the cost of the factorization; the factorization is relatively more expensive for 3D problems.
Given the difference in number of factorizations between the condensation and elementary approach—at least for
the solution method presented—higher estimated gains are expected for 3D problems. In this work we will—without
loss of generality—study 2D examples, and hence use the function coefficients of CHOL as provided in Table 2.

One of the most common iterative solution methods to solve symmetric positive definite system of equations is
to first construct an incomplete Cholesky factorization (ICHOL) preconditioner and then find the solution using a
Conjugate Gradient (CG) algorithm [49]. The computational cost of the preconditioning (for simple preconditioners)
is assumed negligible compared to the cost of the iterative solve. Therefore, in what follows, this contribution is
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Table 2

Characteristic function coefficients of a variety of commonly applied solution methods [2—4,47,48]. The subscripts
‘d” and ‘s’ refer to the dense and sparse implementations, respectively. Both iCHOL-CG and MG-CG have
negligible preprocessing effort.

y [n] € [n] x [n]
CHOL4 %nz’ 2n %nQ
CHOL, n? 2 % Jn
iCHOL-PCG 2n? (2D)
MG-PCG xn

neglected. This assumption also emphasizes the usability of the method for a wide range of solution methods that
meet this characteristic. Each CG iteration involves multiple operations, of which one matrix—vector product is
dominating. For a k-banded matrix, the total FLOP count per iteration is thus 2nk [3]. Thus, for the same system
size n, 3D problems will have a higher FLOP count per iteration. The resulting additional computational effort
is expected to have a slight impact on the computational gain for high ratios of n. The required number of CG
iterations is approximately proportional to /7, see Table 2.

In modern large-scale topology optimization implementations Krylov subspace iterative solvers, in particular
MultiGrid Preconditioned Conjugate Gradient (MG-PCG) methods, are commonly applied. Such solvers provide
mesh-independent convergence as well as good parallel scalability [4]. Similar to iCHOL-CG methods, the
preprocessing costs are relatively negligible. However, in contrast, the number of CG iterations is independent of the
system size. As a result, MG-PCG can provide a solution of a linear system for a computational cost proportional
to n, see Table 2. Assuming the same solution method to solve the dense problem, the MG-PCG will have similar
gain for low to moderate n (as the cost of solving the dense system is negligible). For high n the advantageous
scaling of MG-PCG (relative to iCHOL-CQG) is expected to have a slight negative impact on the gain of MG-PCG
compared to iCHOL-CG, as the increasing cost of solving the dense system will have a larger influence.

Note that in both functions ﬁs [n,1] and ,3~d [n,1] and coefficients therein depend on the type of solver,
implementation and computer hardware, and are thus subjected to change. As such, the provided coefficients in
Table 2 are not expected to be accurate; the values are intended to provide insight on the influence of the ratio n
to the gain estimation for different solution methods.

In order to show the general applicability, but keep the number of numerical examples to a minimum, the
estimation is verified on numerical examples using two solution strategies with substantially different x to solve
the system of equations. To represent problems of moderate size we first consider solving both sparse and dense
system of equations using a direct solution method. To represent large-scale to very large-scale problems (in which
memory storage and communication requirements are dominant), we employ an approach in which the sparse system
of equations are solved using an iterative solution method. Considering the simplicity of implementation and ease
of replication of results we use the ilICHOL-CG. For the dense systems, the direct solution method remains the
preferred choice.

5. Numerical examples

This section demonstrates the computational efficiency of the condensation approach for two different example
problems, each representative for a specific type of MPOP.
We consider the following distinct examples:

1. A self-adjoint thermal conductivity MPOP where, by definition of the problem, the number of analysis sets
equals the number of DOFs of interest, that is a = m, and each additional DOF of interest introduces an
additional analysis set based on the reduced system matrix. This problem is representative for structural
optimization problems with uncertainties in the use case or boundary conditions.

2. A non-self-adjoint displacement-based compliant mechanism design MPOP. The problem emphasizes the
effect of reduction of computational effort of the sensitivity analysis. This example is representative for
problems in which multiple response functions (requirements on behaviour from different use cases) all
depend on a limited set of DOFs of interest.
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Fig. 6. Schematic representation of Problem 1 for N =9 and m = 3. The DOFs of interest are chosen arbitrarily. From left to right: one
of the three analyses as solved for in the elementary approach, subdivision into primary and secondary DOFs, resulting system after static
condensation and, the equivalent analysis as solved for in the condensation approach. The DOFs with prescribed states are denoted by a
square ([J), the DOFs with free states by a circle (O) and primary DOFs by a black dot (®) (analogously to Figs. 2 and 3). DOFs of
interest are coloured in red (O, [J).

These examples are defined to easily allow variations of parameters to emphasize the validation of the efficiency im-
provements. Despite the conceptual description, the examples are representative for practical structural optimization
problems.

Both examples are topology optimization problems, parametrized in a 2D structured grid of N bilinear quadri-
laterals with a single design variable per element. The constrained nonlinear optimization problem is defined as

minimize go [x]
subject to gi[xI<0, j=1,....m (55)
xe XV

where x is the field of design variables, X := {x; € R |0 < x; < 1}. The design variable field is blurred using a
filter [50] with a radius of r = 2.0 finite elements. The element conductivity/stiffness is related to the filtered design
variable via the modified SIMP® interpolation function [51] with a constant penalty value of p = 3.0.

5.1. Problem 1

Consider the well known heat conduction topology optimization problem in a two-dimensional domain [52]. We
investigate a variation of this problem with multiple analysis sets, by considering efficient heat conduction between
m randomly distributed DOFs. In each of the a analysis sets, a single DOF acts as a heat sink (temperature prescribed
to zero), and a heat load of random magnitude (between 0Js~! and 1Js™!) is applied to the m — 1 remaining primary
DOFs.

Following the drawing conventions as previously used, a representation of this problem is sketched in Fig. 6.
For this MPOP, the number of primary DOFs is equal to the number of distinct analysis sets, i.e. m = a. The aim
is to find a design that efficiently conducts heat between all primary DOFs, for each considered scenario. Thereto,
we minimize the overall conductive resistance for all considered analyses, that is

Q)
H[UV K], ... . U x]] =} > uf - Kx]u} (56)
ieA j
for the elementary approach and
1@
0 2 A T A
g[UV[x],.... U [x]] = > > uf - K(x]u (57)
ieA j
for the condensation approach. The material usage is constrained as

N .
Xi
g1=E ﬁ_ls (58)
i

5 We omit further explanation as these terms, arguments and implications are considered common knowledge within the field.
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Fig. 7. Resulting topology of Problem 1 as schematically sketched in Fig. 6. The white material is highly conductive, whereas the black
material has low conductivity. For this MPOP the number of variables N = 100 x 100, the number of structural DOFs n = 10000, and the
number of primary DOFs and analyses m = a = 100. The maximum amount of material usage v = 0.2. The location and magnitude (size
of red dot) of the primary DOFs and applied loads are indicated in red.

where v is the maximum ratio of solid to void material based upon the filtered field X. An example of a resulting
topology for m = 100 is shown in Fig. 7, which can be reproduced using the attached MATLAB code.

5.1.1. Computational efficiency
Although the choice of approach, i.e. elementary or condensation-based, has no influence on the resulting

topology or design performance, it does influence the computational effort. For this specific MPOP [¥) = m — 1 for
alli € A and % = F9. As a result, we can simply write A” = U® and fully equivalent for the condensation
approach AO = Uo. Hence, the problem is self-adjoint and there is no need to solve the additional system of

equations of Eq. (48). Therefore, b = 0 for all i € A. For the proposed optimization problem, Eq. (52) can thereto
be simplified to

Z:ﬂ Bsln,m —1]

Bsln —m,m]+ 3" Balm,m — 1]

The computational gain :5 as a function of n and m is plotted in Figs. 8(a) and 8(b) for direct and iterative
solution methods respectively. The contour graphs show the condensation approach clearly outperforms the
elementary approach, especially for large systems and small to moderate m. For this type of MPOP, a problem
with many DOFs and a low ratio of m to n can be solved up to /000 times faster using the condensation approach
independent of the chosen solution method. Figs. 9(a) and 9(b) give a clear view of the gain as a function of m for
different system sizes using direct and iterative solution methods, respectively. In addition to the gain as a function
of FLOP count =, the gain obtained via a time measurement® for n = 10* is plotted.” One may observe that
Zi slightly deviates from Zj. Such deviation may reasonably be expected considering the severity and number of
assumptions, as well as the uncertainties on the efficiency of the software, compilers and hardware used. As such,
the analytical formulae, in its turn, are not expected to be an exact predictor of the results obtained by the time

Eiln,m]~

(59

% The gain based on time measurements, equivalently to the gain based on FLOP count, only considers the time of solving the systems
of equations.

7 This problem size is considered sufficiently large to give a representative measure, without requiring unnecessary computation cost of
the verification.
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Fig. 8. Theoretical estimated gain of the condensation approach compared to the elementary approach for Problem 1. Figs. 8(a) and 8(b)
show a triple-log contour plot of the gain =g as a function of system size n and number of DOFs of interest m for the direct (a) and

iterative (b) solution methods respectively.
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(b) Iterative solution method.

Fig. 9. Theoretical estimated and experimental gain of the condensation approach compared to the elementary approach for Problem 1.
Figs. 9(a) and 9(b) show double-log graphs of the gain as a function of the number of primary DOFs m for a variety of system sizes. The
gain based on FLOP count is verified by calculating the gain based on CPU time as shown in Figs. 9(a) and 9(b).

measurements. Despite the deviations, the trend is captured. In line with the prognosis; there is an increasing gain

up to some point, after which the gain decreases. This confirms that Eq. (52) can be used as a ‘order of magnitude’

estimator for the expected gain of using the condensation approach. In the following example, we will, thereto,

utilize the analytical formulae without further verification.
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Fig. 10. Schematic representation of Problem 2; a multi-input-multi-output compliant mechanism with N = 16, the number of inputs x =2
and m = 2x = 4. The number of DOFs per node is 2, however, for simplicity of visualization, only a single DOF is shown. From left to
right (analogous to Fig. 6): one of the two analyses as solved for in the elementary approach, subdivision into primary and secondary DOFs,
resulting system after static condensation and, the equivalent analysis as solved for in the condensation approach. Note that the displacements
of both sides are fixed.

5.2. Problem 2

The second problem aims to maximize the amount of material required to achieve a displacement-based x-input
x-output compliant mechanism satisfying prescribed input—output transmission ratios, see e.g. Larsen et al. [53].
The problem is sketched in Fig. 10. This second problem emphasizes the effect of reduction of computational effort
of the sensitivity analysis.

The objective function for this MPOP is

N
g=) %. (60)
i
One can write the mechanism output displacements as a function of the input displacements as
ll[ZJ,'jllj, Vi,j:l,...,x (61)

where J is the so-called Jacobian matrix, i denotes the output and j the input. For example, Ji, is the displacement
of Output 1 due to an input displacement on Input 2. One requires a = x analyses with prescribed unit input
displacements to obtain J. In order to control all entries in the Jacobian matrix, we introduce 2x transmission
constraints, i.e.
g =241, (©)
tj
with J; ; 7 0 the minimum transmission between input i and output j. Note this response can be used for both
positive and negative ratios. If one assigns j[j = u”*, then the required J;; < —u™* and if j,-j = —u*, then J;; > u*,
for any target displacement u* € R*.
An example of the resulting design for x = 2 and

< Jos 20
JZ[I.O —1.0}

is shown in Fig. 11. Due to the conflicting behaviour between volume maximization and minimum transmission
ratio the resulting topology almost exactly satisfies the target Jacobian with a minimum amount of holes. To get an
idea of the working principle, Fig. 11(b) provides a rigid-body mechanism interpretation of the material distribution
of Fig. 11(a). One may vastly observe the desired behaviour is restricted to small displacements.

5.2.1. Computational efficiency

For this specific MPOP [ =1 for all i € A. Since the problem is non-self-adjoint an additional x right-hand-
sides per analysis has to be solved for, that is 5 = x for all i € A. Note that the number of DOFs of interest
equals twice the number of inputs,® i.e. m = 2x. For the proposed optimization formulation, Eq. (52) can therefore

8 Assuming the number of inputs and outputs are equal.
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Fig. 11. Resulting topology and rigid-body mechanism interpretation of the MPOP posed in Section 5.2 as schematically sketched in Fig. 10.
For this MPOP the number of variables N = 100 x 100, the number of structural DOFs n = 10000, the number of analysis sets a = 2 and the
number of primary DOFs m = 2x = 4. The location of primary DOFs and applied loads are indicated in red. This multi-input-multi-output
compliant mechanism is optimized for a Jacobian matrix J=10.52.0; 1.0 —1.0]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

be simplified to

> Bsln,m]
Bsln—m,m]+ 37 Balm,m]
with m = 2x and x the number of inputs and outputs. Note the computational gain for this type of problem is
twofold. One requires a single analysis set with 2x analyses, as opposed to x analysis sets to obtain the responses
plus an additional x analysis sets to obtain the sensitivities. Simple reasoning as well as the FLOP count analysis

learns that for this type of problem the gain approximately equals the number of inputs (and thus the number of
analysis sets) for low to moderate number of inputs, see Fig. 12.

Eiln,m] ~

(63)

6. Discussion

The proposed method is applicable to any linear(ized) PDE as well as multi-physical coupled problems and can
be extended or adapted to a range of other problems. The method is still applicable to asymmetric system matrices.
The advantageous property of inexpensive sensitivities vanishes for asymmetric matrices since the self-adjointness
property no longer holds, hence the method is expected to reduce efficiency. The method is applicable to reduce the
dimensionality of eigen-problems, with tremendous reduction in computational cost. However, in the reduced mass
matrix, combinations of stiffness and mass elements appear. The result is that the eigenvalue—eigenvector problem
is closely but not exactly preserved, with scenario-dependent accuracy issues [19].

A response function may depend on secondary DOFs, in which case an additional large system of linear equations
has to be solved to obtain the sensitivities, see Appendix A.5. Although the additional effort is marginal since
the preconditioner can be reused, it makes the use of responses dependent on secondary DOFs uneconomical. As
opposed to the general guidelines presented in this work, one may want to put secondary DOFs with varying freedom
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Fig. 12. Theoretical estimated gain of the condensation approach compared to the elementary approach for Problem 2. Figs. 12(a) and 12(b)
show a triple-log contour plot of the gain Zg as a function of system size n and number of DOFs of interest m for direct (a) and iterative
(b) solution methods respectively.

per analysis set subjected to loading into the set of primary DOFs. This will increase the number of primary DOFs,
however circumvents the necessity to calculate and use the reduced load. This will reduce the computational effort
if the number of loaded secondary DOFs are small.

For scenarios with multiple DOFs following the same freedom and magnitude throughout each analysis set
(for example the DOFs contained in a non-design domain), pre-processing of the system matrix by multi-point
constraints’ is recommended to limit the dimensionality of the reduced system matrix. This has no further
consequences apart from implementation, possibly reduction in global dimensionality and change of sparsity
pattern/band density.

For large-scale 3D problems, the memory requirements and parallelization generally become critical aspects.
Using the elementary method requires storage of multiple (equal to the number of analysis sets a) large system
matrices (either factorizations or preconditioners), whereas the condensation approach only has to store a single
system matrix of substantial dimension. Just as the elementary method, the condensation method consists of
linear solves, matrix—vector products and dot-products. Thereto, no substantial differences in terms of ‘ease of
parallelization’ are expected. For very large-scale problems it is recommended to distribute the condensation solves,
Egs. (20) and (21), over multiple computing nodes (as opposed to distribute each solve over multiple nodes) to
reduce the amount of communication.

7. Conclusion

This study aims to find a solution to efficiently solve for large-scale structural optimization problems involving
multiple analyses with varying boundary conditions. With an increasing number of analyses, the computational effort
to solve such problems quickly increases. Using static condensation to eliminate the DOFs that do not change
freedom between analyses and are not of interest to any of the optimization responses, the effort can be highly
reduced. In contrast to solving for multiple systems of equations with different sparse system matrices of high
dimensionality, this allows for solving multiple systems of equations with the same sparse system matrix of high
dimensionality and multiple systems of equations with different dense system matrices of low dimensionality. A
profound finding is that the sensitivities of the static condensation procedure can be calculated without solving
additional systems of equations, even if the response functions are not self-adjoint. Consequently, the dimensionality
of the adjoint equations is highly reduced.

9 Primary—secondary, penalty augmentation or Lagrange multiplier adjunction methods.
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Numerical examples indicate that an algorithmic complexity analysis can be used to roughly estimate the expected
computational effort of a broad range of problems, even if solely the major contributors are taken into account. In
line with the prognosis the numerical examples demonstrate that substantial computational gains can be achieved.
However, the presented examples only cover a small part of the total applicability.

It is expected that future research will reveal more applications that benefit from this method. We expect at least
applications in structural and multidisciplinary optimization with many conflicting requirements based on a variety
of load cases. Given the limited additional implementation effort, future work on—or including—multi-partition
structural optimization problem(s) should consider a back-of-the-envelope estimation of computational gain by using
the condensation approach.
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Appendix A. Sensitivity analysis

Dependencies will, after first mention, be omitted for brevity without further notice.
A.l. Sensitivities of the reduced system matrix

Consider a response function g[f( [K]], with

K=K -KX,. (18 revisited)

Here the system matrix is a function of the design variables, i.e. K[x]. For now we are solely interested in the
sensitivities of the reduced system matrix with respect to the system matrix and therefore omit this dependency
from here onward. The full derivative can be written as

_dg dK

dg [K [K]] = K : K - dK, (31 revisited)

where j—::; is the sensitivity of the response function with respect to K and dK the sensitivity of the system matrix.

In the following we assume both are known. The aim is to find the fourth order tensor 48 ie. the sensitivities of

the reduced system matrix with respect to the system matrix. *©
A.l1.1. Direct method
Direct differentiation of Eq. (18) yields

dK = dK — dK X, — K,dX,. (32 revisited)
Here dﬁf can be obtained by direct differentiation of Eq. (20), that is

dX, = —K;'dK, X, + K;'dK,. (33 revisited)
Substitution of Eq. (33) into Eq. (32) gives

dK = dK — dKX; + X,dKX; — XdK,. (A.])
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Substitution of Eq. (30) into Eq. (A.1) yields
~ AT A AT VoA N VT VA N VT A
dK = §'dKS — S dKSX, + XS, dKS,X, — X,S;dKS. (A2)

Subsequent substitution of the result into Eq. (31) gives the expression for the sensitivities of the response function,

ie.
d A NV VoW
dg= -5 ((sT —stﬁ) dK (s S X ))
dK (34 revisited)
d
=28 (ATdKA> ,
dK
where
A=8-SX.. (36 revisited)
We can simplify'” this to obtain
d
de= (A @A) :dK, (A3)
dK
In addition, rewriting® of Eq. (34) gives
dK
K= ARA. (37 revisited)

A.1.2. Adjoint method
Alternatively to the direct method, one can use the adjoint method [43,45]. After augmentation of the response
function as defined in Eq. (31) with Eq. (20), we get

LIR[K]. A] = g[K [K]] + 4, : (KX, — K;). (38 revisited)

where E[f( [K] , ﬁf] is the Lagrangian and flf € R/*™ the Lagrange multipliers related to ﬁf. Full differentiation
of both sides gives

d ~ W WA W VA WA
d = 8 (4K + A, : (dKffxf + KX, — dKf) . (Ad)
dK
Substitution of Eq. (32) into Eq. (A.4) yields
ac=% (dK dK X, — defﬁf) + A, (dlwiﬁfﬁf + KydX, — dlv%f) . (A.5)
dK

WA W\
Since dX; is computationally expensive to calculate, the aim is to circumvent this by a suitable choice of A;.
WA
Collecting terms involving dX; gives

W W d W
A, : (Kffdxf) - (dexf) (A.6)
This can be rewritten'' into

WA d A
KA, — K— ) : dX,. (A7)
"dK

To make the terms involving dfﬁf vanish, the term in parentheses must be zero. This can be achieved by choosing
A; as
A W d A d
A =K;'K, S =X, (41 revisited)
dK dK

10°A: (BCD)= (B'TA®D) : C.
A (BC) = (B'A) : C.
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Here the self—adjomtness property appears; no additional solves are needed to compute A With these multipliers,
the terms 1nv01v1ng dX vanish from Eq. (A.5), that is

dc = d_f( (K — aKX,) + 4, : (KX, - dK)). (A.8)

with jAlf as defined in Eq. (41). Next, substitution of Eq. (30) into Eq. (A.8) yields

e = jl‘i (S'dKS - S'aKSX,) + 4; : (S{AKSX, - S[dKS)
= ;116; (S dKA) A (SdeA) (39 revisited)

.
rd VARV
=[S$=2 —§,A,) dKA.
dK

The reader can verify that substitution of Eq. (41) into Eq. (39) results in Eq. (A.3).

A.2. Sensitivities of the reduced load

Consider a response function g [l~T [K, Bv“f, {Jp]], with

F [K lVTf, IVJP] = I%f{’f [K, lvi'f, [v]p] — ﬁvaJp. (19 revisited)
By applying the chain-rule, the full derivative of this response function can be written as
~ VY d ~ VooV
dg [F [K, K, Up]] =8 . aF [K, K, Up]
dF
dg [ oF . oF (A.9)
=—=: tdFy + —— 1 dU,
aF | oK oF, o,
The aim is to find 2£, 2 and "F
9K oK, oU,”
A.2.1. Direct method
Direct differentiation of both sides of Eq. (19) yields
dF = dK,V; + K,dV; — dK,U, — K dU,. (A.10)
Here d{’f can be obtained by direct differentiation of Eq. (21), that is
av, = Ky ( dK;V; + dK, U, — dF; + K, dU) (A.11)
Substitution of Eq. (A.11) into Eq. (A.10), and using the definition of {7f from Eq. (21) yields
dF = dK,V, + X, (—dKy ¥, + dK U, — dF, + K a0, ) — dK U, — K aU,. (A.12)
For conciseness, we define the variable
" =XK;, - K, (A.13)
and substitute this into Eq. (A.12), which yields
~ NV N WV N NV N \ T Vv
dF = dK;V; — X;dK;V; + deKprp dK, U, — X dF; + C'dU,,. (A.14)

Subsequent substitution of Eq. (30) into Eq. (A.14), and Eq. (A.14) into Eq. (A.9) gives an expression for the
sensitivities of the response function, i.e.

d Y VoV Y VoV A VoV NV v
dg = di (S dKS;V; — X,S;dKS,V; + X;S;dKS,U, — § dKS,U, — X,dF, + CTdUp) . (A.15)
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10

We can simplify'” this to obtain

d w d v d v
dg = <A—§ ® B) LK — X, =5 : dF 4+ C=% U, (A.16)
dF dF dF
with
B:=SV,-S,U,. (43 revisited)
And thus
oF
K= A ®B. (42 revisited)

Note that all terms in Eq. (A.16) are calculated in the corresponding forward analysis, and thus no additional solves
are required.

A.2.2. Adjoint method
After augmentation of the response function with the linear system of equations from Eq. (21), we get

c [F [K ¥, Up] , Af] = g[F [K, ¥, Up]] — A, (Kﬁ.vf +F, - Kprp) , (A.17)
where /Vlf € R/*! are the Lagrange multipliers related to {7f. Differentiation of both sides gives
dg ~ \4 WV " V. wW 4 V W V
dl = aF dF — A (dKgV, + KpdV, — dK, U, + dF; — Kfdep). (A.18)

Substitution of Eq. (A.10) into Eq. (A.18) gives
dg A N % NV N \4 \% WV w % W \4 V. wW \
de = aF : (dKV; + K dV; — dK, U, — Kdep) — A (dKgV 4+ KgdV, — dKg, U, + dF; — KdeUp).
(A.19)

V. \%
Since dV, is computationally expensive to calculate, aim is to circumvent this by a suitable choice of A;. Collecting
\%
terms involving dV; gives

dg ANV v W v
£ (Kavy) = A, (KgaVy) (A.20)
dF
This can be rewritten'' into
VA dg WV ) v
K—= — KA, ) :dV,. (A.21)
( dF o
To make the terms d<7f vanish we choose /vlf as
Note again that no adjoint solve is necessary. Substitution of Eq. (30) into Eq. (A.19) yields

d A VvV Vv AN VvV Vv N V \2 Vv VvV Vv V VoV V W V.
dc = d—é : (S'dKS;V; — §'dKS,U, — K dU,) — A, : (S;dKS,V; — S;dKS,U, + dF; — K, ,dU,),  (A.23)

with }1f as defined in Eq. (A.22). The reader can verify that substitution of Eq. (A.22) into Eq. (A.23) results
in Eq. (A.16).
A.3. Sensitivities of the state

A

Often responses are a function of the state, i.e. g [Uf [f( [K] , F [K, I*v’f, IVJP] ,ﬁ‘f, ﬁp]]. Note that this may be
the state of multiple analyses, that is g [ﬁ}”, IAJ(fz), o IAJ(f“)], where a is the total number of analyses based upon K.
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A v o~ A AL . . . .
Therefore, one is required to determine dU}’ [K, F, F), Ug)] for all i € A. For clarity, we omit the superscript i

from here on (assume a single analysis set). Taking the full derivative of g [IAJf [f( F, EA‘f, IAJP]] yields

dg dg [aU U U ] S
dg = dUt f = dK + —F £. dF +—=+:dU, |, (44 revisited)
de du; dK oF aFf 8Up
where we assume — to be known. The terms i:{ s a;é nd are to be determined. To this end, we augment
dU oF, aU
the response function with the linear system of equations ffrom Eq. (27), which yields
[0, 4] =g[U] - 4;: (ReU, - F, + K, U, - Fy) (A24)

where E[ﬁf, /Alt] is the Lagrangian and /Alf € R/*! the Lagrange multipliers related to IAJf. Full differentiation of

both sides gives
d
=~

LdU, — 4, : (df(ﬂﬁf + KydU; — dF, + dK, U, + K dU) — dif) . (A.25)
duU;
Since d[AJf is computationally expensive to calculate, aim is to circumvent this by a suitable choice of jAlf. Collecting

terms involving dU; gives

d A~ A
84U, — A, : KdU,. (A.26)
du,
This can be rewritten'! into
d - A
i A;) : dU,. (A27)
dU
To make the terms dIAJlc vanish we choose /Alf as
A d
KA =~ (48 revisited)
du,

Note that to obtain jAlf one has to solve an additional system of equations. Subsequent substitution of Eq. (30) into
Eq. (A.25) gives

dc = A;: (~S[dRU + SdF + dF, - KU, ), (A.28)
where we also used

U =580, +8,0,. (A.29)
Note that Eq. (A.28) can be rewritten as

de= (-84, @) : dR + 8,4, : dF + A, : dF, — KA, : dU,. (A.30)
Substitution of Egs. (35) and (A.14) into Eq. (A.30) yields

de = (AS;4;®D) : dK — XS4, : dF; + CS;A, : dU, + A, : dF - K4, : dU,, (A31)
with

D:=B—AU. (A.32)

Thus to obtain d[AIf one requires an extra solve or matrix—vector product (depending on the self-adjointness), Eq. (48),
per analysis based on the reduced system.
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A.4. Sensitivities of the reaction load

From the solution of Eq. (27) the reaction loads can be calculated via
F,=K,U,+K, U, - F, (28 revisited)

A ~ ~ A A
Note that here we have again omitted the subscript i. Sensitivities of a response function g [Fp [K, F,U,, Up]] are
defined as

d A
dg = % : dF,. (A33)
dF,
To this end, we augment the response function with the linear system of equations from Eq. (27), which yields
c [Fp, Af] =g [Fp] e (f(fof ~F+ KU, - Ff) (A34)

where £ [IA?‘p, ﬁf] is the Lagrangian and /Alf € R/*! the Lagrange multipliers related to ﬁf. Full differentiation of
both sides gives

d A A ~ A ~ A A ~ A ~ A ~
ac = - 5 LR — A, : (dKfof + KdU; — dF; + dR, U, + K, dU, — de) , (A.35)
P
with
dF, = dR,,U; + K ,dU; + dK U, + K,dU, — dF,. (A.36)

AN A
Since dU; is computationally expensive to calculate, aim is to circumvent this by a suitable choice of A;. Collecting
AN
terms involving dU; gives

dg - A A ~ A
£ R ,dU, — 4, : KydU, (A37)
dF

p

This can be rewritten'' into
-~ d ~ A A
Ky— —RyA; | : dU,. (A.38)
dFP

A A
To make the terms dU, vanish, the term in parentheses must be zero. This can be achieved by choosing A; as

~ A ~ dg
KffAf = Kpr' (A.39)

dF,
Note that to obtain /Alf one has to solve a system of equations. Substitution of Egs. (30), (A.29) and (A.36) into
Eq. (A.35) and rewriting yields
dg ~T ~ A ~ A ~T ~ A ~T ~ A A ~ A ~T ~
e =5 (SdeU +K,,d0, - sde) — A, (SdeU — dF; + Kp,dU, - sde> (A.40)
dF,
Subsequent substitution of Egs. (35) and (A.14) and simplifying using Eqgs. (A.13) and (A.32) yields

WA V. Vv A A ~ d ~ A A
dg = (AE®D) : dK — X,E: dF; + CE: dU, + A, : dF, + [ K 5 K 4| : a0, (A41)
dF
P
with temporary'? variable
~ A ~ d
E:=S§4,-§,—~. (A.42)
de

12 Only used within this section.
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Thus to obtain dﬁ‘P one requires an extra solve or matrix—vector product (depending on the self-adjointness),
Eq. (A.39), per analysis based on using the reduced system.

A.5. Sensitivities of the state on the secondary DOFs

After obtaining the solution to the state of the primary DOFs one can obtain the solution of the free secondary
DOFs via

U = (fﬁfﬁ +V,). (22 revisited)
We augment the response function with the linear systems of equations from Egs. (20), (21) and (27), that is
[0, Ay A, 4] =g [U] - 4+ (KX, - K))
— A (ﬁﬁ{q ~K,U, + i“f) (A.43)
= s Ryl + Ry U, — ).
Full differentiation of both sides gives

dl =

s, (dfﬁfﬁ +X,dU + d{ff)
du,
— A (dKffxf + KydX, — dKf> Add)

\%

— A+ (@K, + KydV, - dK,,U, - Kp,dU, + dF)
— A : (40, + KydU; — dF; + dR,,U, + KypdU, — dﬁf) .

Slnce de, dV and dU are computationally expenswe to calculate, aim is to circumvent this by a suitable choices
of At, Af and A;. Collecting terms involving de gives

T~ d ~ A A
—§iX, 2 —KyA, | : dU,, (A.45)
de
where we used
dU = §,d0; + §,d0,. (A.46)
To make the terms dﬁ vanish we define 1A1f as
T~ d
Ky = —SX,—, (A47)
du;
which requires an additional solve using the condensed system. Collecting terms involving d{7f gives
d w v
( 8 A) L dv,. (A.48)
de
To make the terms d{’lc vanish we define /vlf as
WV d
KA, = =2 (A49)
du,
for which an additional full system solve is needed. Finally, collecting terms involving dﬁf gives
de ~ W A
( Sy - : dX,. (A.50)
dUr
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WA W\
To make the terms dX, vanish we define A; as

KA, = — ds g, (A51)
du,
Thus, with Eq. (A.49)
A, [ﬁf] - AU (A.52)

With all multipliers defined, substitution of Egs. (30), (A.46) and (A.52) into Eq. (A.44) and simplifying using
Eq. (A.32) gives

de=— (éf}lf ® D) L dK — (Sfﬁf ® ﬁ) . dK + 8,4, : dF
Vv V A A ~T /V dg A (A‘53)
Ap:dU + A : dF; — A—}-SXf :dU,.
Uf
Substitution of Egs. (35) and (A.14) into Eq. (A.53) yields

e = [(Aéfﬁf - éfﬁf) ® D] . dK

e dg\ . (ASY)
pf
f

(RS A A) < dF o (ASA,+ Ry A) a0, + A, (KA £55%% ) ap,

A.6. Sensitivities of the reaction load on the secondary DOFs

Based on the solution of Eq. (22) one can also analyse the reaction loads of the secondary DOFs via

V.

F,=K,U+K;U;+K_ U, (23 revisited)
We augment the response function with the linear systems of equations from Egs. (20), (21) and (27), that is

L [Fp, A, Ag, A ] =g [ ] Ay (Kffo - Kf)
— A (KoV - KU, + ) (A.55)

— A (f(fof —F+ KU, — ).

Full differentiation of both sides gives

dL _d? : (K, U + KU, + dK,0,)

d AN A W W A AN A V. W \4
+ = ¢ (KydU = K (X0 + XU + V) + K0,
dF,
w (A.56)
— A (dKffxf + KydX, — dKf>
— A (dKffo +KydV, — dK, U, — K, dU, + de)
A (df(ffﬁf + KydU; — dF; + dR,, U, + K dU, — dﬁf) .
Since dﬁf, d{ff and dIAJf are expensive to calculate, aim is to circumvent this by a suitable choices of ﬁf, jlf and
A;. Using Eq. (A.46) and subsequently collecting terms involving dU; gives

oo d
_§ 8
dF,

KA, | @ dU,. (A.57)
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To make the terms dIAJf vanish we define /Alf as

~ A ~ d
Ko, = -S.C =8 (A.58)

\
which requires an additional solve using the condensed system. Collecting terms involving dV; gives

— KA, | : av,. (A.59)

To make the terms d\vff vanish we define jvlf as
Kyl = —Ky—, (A.60)
P

for which an additional full system solve is needed. Finally, collecting terms involving dﬁf gives

W dg AT WA A
—Kfpgu — Ky A, | - X, (A.61)

p

W WA
To make the terms dX; vanish we define A; as

WA w de A
Kgydy = —KprgUT- (A.62)
dF
P
Thus, again
A, [ﬁf] - AU (A.52 revisited)

Costs are comparable to those for the case in Appendix A.5. With all multipliers defined, substitution of Egs. (30),
(A.46) and (A.52) into Eq. (A.56) and simplifying using Eq. (A.32) gives

de=—(S;4;®D): dK - (§,4;0 U) : dK +§ 4, : dF

\ N W dg W \ Vv A A ~ A ~T T dg A (A‘63)
— A dF+ | K, —— + K Ap | :dU, + A0 dFp — | KA +S,C — | 1 dU,,.
dF, dF,
Substitution of Egs. (35) and (A.14) into Eq. (A.63) yields
dc =[ (84, - AS4;) & D] : dK
—(§Sﬁ+}1)-df‘+ K 98 L C§4, +K A, | U, + 4, : aF
it St § f f ppdfr 43 pf<f p f f (A64)

p

~ A ~ d A
— | KA+ 8,05 | - av,,
dF,

A.7. Summary

For clarity the resulting sensitivities as obtained in Appendices A.l to A.6 are summarized in Table A.3. It also
lists the additional solves, along with their dimensionality and number of right-hand-sides, required to calculate

X A .
the sensitivities. Here we assumed a worst-case scenario, where a response g depends on all the [© states U?,

le'g), IVJ}') and/or Ev’g) of analysis i. In practice the number of right-hand-sides for a single response depends on the
dependency of the response with respect to each state. Table A.3 shows expensive additional solves are only required
for responses depending on the state(s) or reaction loads of secondary DOFs.
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Table A.3
Sensitivities of common response dependencies with respect to the system matrix, applied loads and prescribed states. Format is dg; [x;] =

Voo . A . .
Zi a;j : dbj, with i the row and j the column. Note the dimensionality of }1f e RFX1Y and A e Rf%)”(l).

x dK au dFY ao® aFY  q Solves
K Aa® A Az
dK
F® Aa ® B® Ca —)sza dg
dF()
09 Ad@D® Ca X RQAD AP SPA) kAP = &
f
(D) % S 4@
[ i X Hor A0 S ) 4O _ g _d
Fp Aa @ DY Ca —X;a - dg Af i dg Ky 4y = Ky dﬁﬁ'>
" G " ok *’
P p
KA Rl = -5
W (A-$AY) oD Cari A Ram A0 e g A0 sa0 U
Sp X dIvJ(i) K?f) A}’) _ —S?)TXf vg
f auf’
¥va) =) 4 ) Kao - K, 9
R 10 Co+ Kol X A Ko - A S 4 ® ' ? dlv*"g)
Fp (A“ =S4 )®D 1K dg —Xja — Ay soTer_d8 Ay S¢ Ay A i d
K~ S, v 5 KO 40 — _gorer_dg
dF} dF; ff f dF®
P
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