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i Abstract

The demand for large nonlinear finite element models in the field of Civil engineering grows
every year. The finite element software has to facilitate the analysis of larger models in
less time. One of the computationally most intensive parts of a finite element analysis is
the solution of one or more systems of linear equations. Iterative solution methods have
proved to be efficient for some classes of applications.

DiaNA (DIsplacement ANAlyzer) is a general finite element software package that can be
used to analyze a wide range of problems arising in Civil engineering. This thesis focuses
on improving the convergence of iterative solution methods of general finite element ap-
plications. The convergence of iterative solvers stagnates if some eigenvalues are relatively
small. Large stiffness jumps in the underlying model, such as significant material differ-
ences, cracking or other nonlinear behavior, can result in such harmful eigenvalues.

The considered remedy is based on the approximate rigid body modes of the model. To
identify the approximate rigid body modes in a finite element application we propose a
generally applicable method based on element stiffness matrices. Furthermore, we propose
a strategy for reusing the rigid body modes in a nonlinear iteration loop. The rigid body
modes are used for deflation and coarse grid correction and the performance is compared in
a sequential and parallel environment with various number of threads. Both the symmetric
case (Conjugate Gradient) and the non-symmetric case (restarted GMRES) are considered.

The proposed methods are implemented in the commercial software package DIANA and
are extensively tested. Cases with sudden stiffness jumps of a factor 10® or higher can
be significantly improved by using approximate rigid body modes. We find that coarse
grid correction is more robust than deflation and it also scales better with the number of
concurrent threads.



ii Notation and definitions

Below some common mathematical notation and definitions are introduced.

Definition 1. Let z € R™ be a vector and A € R™ "™ be a matriz. Then A is defined:

Symmetric if A= AT
Positive definite if zT Az >0, Yz #0.

Definition 2. Let z,y € R™ be vectors and let A € R™ ™ be a positive definite matriz.
Then the following inner products are defined as

n
(2, y)2 = leyl =y,
i=1

(@, y)a = 2" Ay.
Inner products can induce norms.

Definition 3. Let x € R™ be a vector, A € R™" be a positive definite matriz and p €
NU {oo}. Then the following commonly used norms are defined by

n 1/p
]l = (Z Iwz|p> zlla = VaT Az,

i=1

|| Az]] ~\
14l = 22, o, Al =y 2D lasl®
rER™M{0} P i=1 j=1
The || - ||, is often chosen as || - |1, || - [|2 or || - ||oc, Where
|Z||o := max |z;].
i=1,....,n
The || - ||2 is called the Euclidean norm or L?-norm and for the Euclidean matrix norm

holds that ||All2 = v/ Amax(AT A). The || - || p-norm is the Frobenius norm and is often used
in numerical computations since it is relatively cheap to compute.

Any norm induced by an inner product satisfies ||z||« = /(z,x).. The Euclidean norm is
induced by the Euclidean inner product and for positive definite matrices, the A-norm is
induced by the A-inner product.

Definition 4. Let A € R™ "™ be a matriz. The condition number k. of A is defined as

ra(A) = || Al AT

If there is no ambiguity we write k(A) := ka(A). Furthermore, if A is symmetric positive
definite, this reduces to
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The effective condition number of the symmetric (semi-)positive definite matriz A is defined

by the following ratio:
Amax(4)
(A) = Jma )
" ﬁ( ) )\m+1(A)

where Ap,41(A) is the smallest positive eigenvalue of A.

Definition 5. A matriz (or any operator) A is self-adjoint if
(Az,y) = (z, Ay).
Note that any symmetric matrix is self-adjoint.

Definition 6. Let the function f be defined on domain V. Let k € NU {occ} and p € N 1.
Then the following function spaces are defined as

C(V):={f = C| f is continuous},
CF(V):={f = C| f is k-times continuously differentiable},

V)= {f - C| /V P dV < oo},

HWV) :={f = C[lfl| = V{f, ) is well-defined},
H (V) :={f € L*(V) | f has a weak derivative},
H'(V):={f e H'(V) | f e H"}(V)}.

The function space H is called a Hilbert space and the function space H™ is called a Sobolev
space. Any space with a well-defined inner product is a Hilbert space. The mentioned weak
derivative above will be elaborated later. In addition, any lower index 0, such as f € C&(V),
indicates that the corresponding function f is zero at the boundary I' of V.

!Typically, k = {1,2,00} and p = {1,2}.
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1 Introduction

In the field of Civil engineering there is a growing demand for large three-dimensional non-
linear finite element models. One of the computationally most intensive parts of a finite
element analysis is the solution of one or more systems of linear equations. Large three-
dimensional problems lead to systems with millions of degrees of freedom. To solve these
systems a number of direct and iterative solution methods are available [34]. Tterative solu-
tion methods have proved to be able to solve these systems in a reasonable time and require
less memory than the direct methods. A major drawback is that iterative solvers are not
always robust, i.e., convergence can be slow or they may not converge at all. Several tech-
niques are available to increase the robustness of iterative solvers, such as preconditioning.

DiaNA (DIsplacement ANAlyzer) is a general finite element software package that can be
used to analyze a wide range of problems arising in Civil engineering including structural,
geotechnical, tunneling, earthquake disciplines and oil and gas engineering [10]. The pur-
pose of this research is to get more insight in the iterative solvers of DIANA and how to
improve them. This thesis addresses the following research question:

How can the iterative solution methods of DIANA be improved by incorporating
the physical properties of the model?

The solvers are implemented in a general commercial finite element software package, which
requires that non-specialist users should be able to use it. Therefore, any improvements
of the iterative solvers should be easy to use and generally applicable. Furthermore, the
implementation should be easy to understand and easy to maintain.

The convergence of the iterative solvers stagnates if some eigenvalues are relatively small.
Large stiffness jumps in the underlying model, such as material differences, cracking or
other nonlinear behavior, can result in such harmful eigenvalues. The considered remedy
is based on the stiff parts in a model, the so-called approximate rigid body modes [20].
This approach aims to increase the robustness and the convergence of an iterative solution
method in case large jumps in stiffness occur. Examples are different material layers in a
geotechnical model or nonlinear material behavior in tunneling models. Furthermore, the
rigid body modes can improve global convergence in the context of parallel computing [25].

The rigid body modes can be used for coarse grid correction or for deflation. Coarse grid
correction is an algebraic multigrid method to enhance the convergence of low frequency
modes of a model. Deflation is a projection technique similar to preconditioning, with the
purpose to increase the robustness and the convergence speed of an iterative solver. Defla-
tion is very suitable in combination with a preconditioner and has shown to be successful
in the application of structural mechanics and composite materials [20-23,13].

This thesis builds on the work of Lingen [28], who implemented coarse grid correction in
DiANA based on the subdomains of a domain decomposition. This works also strongly
relates to the work of Jonsthovel [20], who described the rigid body modes deflation tech-
nique applied to composite materials. Some theoretical background of the finite element
method is based on Bathe [2] and Zienkiewicz [52] and the information available in the
DIANA manuals [10-12]. Background theory of iterative solution methods can be found in
Saad [31] and a starting point for deflation theory is Frank et al. [12].



The outline of the remainder of this thesis is as follows:

Section 2: The finite element method. The displacement based finite element method
is introduced.

Section 3: Iterative solution methods for linear systems. The iterative solution
methods, preconditioners and other solution techniques that are currently available in D1-
ANA are described.

Section 4: Domain decompositions. The domain decomposition techniques substruc-
turing (Schur complement) and parallel Schwarz domain decomposition are explained.

Section 5: Deflation. The deflation technique to improve the iterative solver is intro-
duced.

Section 6: Identifying rigid bodies. This section explains the idea of (approximate)
rigid bodies in the model and describes how to identify and reuse the rigid bodies.

Section 7: Rigid bodies within the solution method. Both deflation and coarse grid
correction can take advantage of the rigid body modes.

Section 8: Implementation. Some implementation considerations are illustrated and
motivated.

Section 9: Results. This section shows the results for the iterative solution methods
when applying the proposed techniques. A comparison is made with the current solvers in
DiaANA.

Section 10: Conclusions. The summary, conclusions and recommendations of this thesis
are presented.

2 The finite element method

The finite element method (FEM) is a multi-purpose numerical method to solve involved
partial differential equations (PDEs). Finite element procedures are very widely used in
engineering analysis and an important advantage of the FEM over other numerical methods
is its broad applicability. A general but extensive introduction to the FEM can be found
in the historically significant books of Bathe [2] and Zienkiewicz [52].

Partial differential equations arising from physics can often be written as a minimization
problem [16]. Such minimization problems typically aim to minimize the underlying po-
tential energy or seek the shortest path. The advantage of minimization problems is that
they admit a larger solution class than the corresponding PDE formulation; they require
fewer boundary conditions. The boundary conditions explicitly described in the minimiza-
tion problem are called essential boundary conditions. Other boundary conditions that
are present in the PDE but are absent in the minimization problem are called natural
boundary conditions. These natural boundary conditions are only implicitly present in the
formulation of the minimization problem. As a rule of thumb, for second order PDEs all
boundary conditions regarding to the displacement vector u are essential and all boundary



conditions regarding to the spatial derivative of u are natural.

Another, more general approach, is the weak formulation. The weak formulation as well as
the minimization problem allow a larger solution class than the corresponding PDE formu-
lation. The weak formulation is identical to the minimization problem if the minimization
problem can be formulated. Although of historical relevance and linked with physical mean-
ing, the minimization problem formulation is only applicable in specific cases. For more
information on the minimization problem formulation, please refer to Van Kan et al. [16].
This thesis will mainly focus on the weak formulation.

2.1 The weak formulation

The goal of the weak formulation is to admit a larger solution class by using the concept
of weak derivatives.

Definition 7. The function g € L*(V) is the weak derivative of f € L*(V) if g satisfies

/ G(s)A(s) ds = — / F($)N(s) ds, WA e CL(V). (2.1)
174 1%

Note that the (strong) derivative f’ of f is also the weak derivative and that the weak
derivative g of f is also the (strong) derivative f’ of f if it exists.

An example of a function with a weak derivative without a strong derivative is f = |z| on
V = [—1,1]. The strong derivative f’ of f does not exist in {0}, while the weak derivative
g is given by

-1 ifz e (-1,0],
9(z) = { 1 ifze(0,1).

The function ¢ is well-defined and the choice of the value of g at x = 0 is irrelevant, since
the weak derivative is only defined up to point-wise almost-everywhere equivalence [19)].
The function g is equal to the strong derivative of f on V\{0}. Furthermore, since the

function space C*(V) is ||.|| g1-dense in the function space H'(V) [16], Equation (2.1) also
holds for all A € H} (V).

The strength of the weak formulation can be illustrated by considering the following Poisson
problem on V with f € L2(V):

2
—veu=f, on V,
{ u =0, onI'=90V. (2.2)

The PDE notation demands that u is twice differentiable. Now consider the weak formu-
lation approach:

/—V%Advz fAdv, Vae Hy(V) (2.4)
\% 14
/vu-v/\—v-(vu)\)dv—/f)\dv, YA € HY (V)
\% v
/Vu~v)\ dV—yf(wA)-ndF:/fA dv, VA€ H}(V) (2.5)
\%4 \%

/ V- YA dV = / fAdV, VA€ Hy(V). (2.6)
\%4 %4



Equation (2.4) results from multiplying with a test function A € H{(V'), which satisfies the
essential boundary conditions of u, and integrating on the whole domain. This is equivalent
to Equation (2.3) by the extension of DuBois-Reymond’s lemma [16]. Equation (2.5) follows
by Gauss divergence theorem and Equation (2.6) follows from the boundary conditions of A.

The weak formulation approach results in a lower order problem (in derivatives) with the
same unique solution as the original PDE. It admits a larger solution class by only demand-
ing that u € HZ(V). The weak formulation is a generalization of the corresponding PDE; a
solution of the PDE is also a solution of the weak formulation, but not necessarily vice versa.

2.2 Solving the weak formulation

The finite element method solves Equation (2.6) by approximating u by a linear combination
of so-called test functions, i.e.,

n
U U —E UjAj,
Jj=1

where \; are test functions. The domain V' is divided into n.; elements with each element
consisting of a number of (shared) nodes. The number of nodes per element varies with
the specific choice of test functions. The choice of the test functions \; € H} (V) strongly
determines the sparsity of the resulting linear system of equations. In order to preserve
the underlying model sufficiently accurate, the test functions \; always satisfy \;(z;) = d;;.
This ensures that u(z;) = u; in the nodes.

Reconsider the Poisson problem in Equation (2.2). Independent of the specific choice of
Aj, the approximation u™ in our example leads to:

/vu”.wi dV:/f)\i av
1% 1%

/v(zum)-wi dV:/ f\i dv

Zuj/wj-wi dV:/f)\Z- dav.
=1 7V v

Assume the number of elements to be n.; and denote the elements by e,,. Let us introduce

Kz’j = / V)\J . V)\Z dVv
\%
Nel Nel

= Z/ VA VA dV =YKo,
m=1"Y€ém m=1

fi:/vf/\i dv

Nel Nel

- Z/ frhdv=>" fm.
m=1"€ém m=1



By choosing test functions, this notation leads to:

ZKZ‘]‘U]‘ :fi, Vi:{l,...,n},
7j=1
Ku=f. (2.8)

The solution u of the linear system in Equation (2.8) can be found by a direct or iterative
solution method. The solution u of the original PDE in Equation (2.2) is approximated by

the solution u = ( Ul ... Up )T found in Equation (2.8) by u ~ u" = Z?:l UjA;.

2.3 Application of the finite element method to structural problems

In a structural problem the displacements u, strain ¢ and stress o are the unknowns of in-
terest. The displacements can be directly analyzed in a finite element method as in DIANA.
The formulation of the displacement based finite element method is extensively described
in Bathe [2].

Strain is a two-dimensional tensor and it is a measure of deformation, representing the dis-
placements between particles relative to a reference length. It is therefore a dimensionless
quantity. Strain is often expressed as an array (engineering notation) for convenience [19].
It consists of normal components (diagonal terms in the tensor) and shear components (off-
diagonal terms). Strain is expressed as a function of the derivative of the displacements.

Stress is also a two-dimensional tensor and is a measure of the internal forces per area that
particles exert on each other. Stress is therefore of dimension force per area. Any strain
generates a stress in the linear elastic case, as a reaction on the deformation. Stress can also
occur due to the environment, for example when a solid vertical bar supports a hanging
weight. Stress may even exist when strain is absent, or when no external forces occur (e.g.
with so-called pre-stress). Stress is expressed in the stress-strain relation. Often, the stress
is expressed as an array (engineering notation) for convenience [19].

Consider a static structural problem. The local strain € can be calculated by € = Bju,
with B, the local strain-displacement (differential) matrix. The stress corresponding to
e are given by o = D,,(¢), with D, the local stiffness relation. Assuming linear elastic
behavior, this can be written as o = D&, with D,, the local rigidity matrix. This rigid-
ity matrix depends on material properties such as Young’s modulus F and Poisson’s ratio v.

In element formulations the displacements w, strain € and stress o are locally formulated
for each element using the interpolation matrix N,,. This matrix IV, is determined by the
test function A as introduced in Equation (2.4). The local matrices B, depend on N,, and
vary from element to element. The matrix T, maps the local element numbering to the
global numbering. In conclusion, the local stiffness matrices K" and the global stiffness
matrix K are formed by:

Kem = / BLD,.B,, av,
€m

Nel
= K = Z TrKenT,,,

m=1



where n; is the number of elements. In essence this matrix formulation is a special case of
the general weak formulation approach.

2.4 Elements

Elements model local physical behavior. This behavior can consist of extensive material
properties, friction, contact between faces and more [11]. Therefore, a large number of
element types and element shapes exist. All elements consist of a number of nodes and
corresponding degrees of freedom. Nodes in three dimensional models consists up to: three
translational degrees of freedom, three rotational degrees of freedom and a number of scalar
degrees of freedom. These scalar degrees of freedom can for example be temperature,
pressure or Lagrange multipliers. Geometrically speaking, DIANA offers: nodal point, line,
triangle, quadrilateral, pyramid, wedge and brick elements. For structural analysis DIANA
provides a number of structural elements, such as continuum, interface, spring, and mixture
elements.

2.4.1 Structural elements

Three-dimensional structural elements usually consist of three translational degrees of free-
dom per node. Standard type structural elements consists of a geometry and a material,
the latter at least described by Young’s modulus E and Poisson’s ratio v [12]. Young’s
modulus F indicates the material elasticity property. The Young’s modulus of a material
can be used to calculate the stress it exerts under specific strain. Poisson’s ratio v indicates
the ratio of material deformation in the plane perpendicular to the direction of the exert-
ing compression or stretching. Assuming linear elasticity, the following three-dimensional
relation holds

Oz Exx
Oyy Eyy
g e
2z - D,, 2z 7 (2.9)
Oyz Eyz
Ozx Ezx
U;ry Exy

where the stress o and strain ¢ are two-dimensional tensors expressed as arrays and where
the entries of the rigidity matrix D,,, depend on e.g. Poisson’s ratio v and Young’s modulus
E. Equation (2.9) is the three-dimensional generalization of Hooke’s law for linear elastic
material. In general, there are 36 matrix components. In many applications the components
of matrix D,,, may lose independence. This reduces the number of independent components
to 21 in the symmetric case (anisotropic), 9 (orthotropic), 5 (transverse isotropic) or 2
(isotropic) [52]. Considering the one-dimensional case, Hooke’s law reduces to:

o = Fe,

2.10
F=Ac = ETAAU, ( )

where F' is the force, A is the cross-sectional area through which the force is applied, L is
the original length of object and Aw is the relative displacement.

In structural mechanics it is common to use finite elements such as beam, plate and shell
elements. These elements are introduced in situations where classical elements perform
poorly, e.g., the underlying problem is governed by fourth-order equations. Therefore, the



shape of the elements, the degrees of freedom and the test function A have to be adapted.
These elements restrict the local rigidity matrix D,, by assumptions on the stress-strain
relation.

Rotational degrees of freedom are typical for special elements, such as shell elements [11].
The essence of shell elements is that they are planar (although they may be curved in that
plane). In general two hypotheses hold:

e Straight-normals. Particles that are originally on a straight line remain on a straight
line during deformations.

o Zero-normal-stresses. The stress through the thickness of the shell is zero.

In each node of a shell element occur five (or six) degrees of freedom: three translational
degrees of freedom and two (or, if drilling rotations are included, three) rotational degrees
of freedom. Many principals of shells are described in Zienkiewicz [52].

2.4.2 Interface elements for structural analysis

DiANA offers three families of interface elements, namely structural interfaces, contact el-
ements and fluid-structure interfaces. Interface elements are placed between nodes, lines
and /or planes with special properties. Typical applications of structural interface elements
are elastic bedding, nonlinear elastic bedding, discrete cracking, bond-slip along reinforce-
ment, friction between surfaces, joints in rock, masonry and so on [12]. Moreover , structural
interface elements can be pre-stressed.

Contact elements model zones of possible contact. There are two types of contact elements:
surface containing contact elements and surface containing target elements. Contact ele-
ments can result in poor performance of the solution method and are avoided as much as
possible by using structural interface elements when possible.

At fluid-structure interface elements the additional pore pressure potential degrees of free-
dom are one-side added. The fluid-structure interface elements are used in fluid-structure
interaction analysis, coupling the fluid domain to the structure via pressure of the fluid and
the normal displacement of the structure.

The behavior of interface elements is nonlinear in general. For example, in cracking the
interface elements will act linearly at the beginning, but as cracking starts to take place,
the nonlinear behavior will become dominant. The transition of this behavior is hard to
compute, and in general more iterations per nonlinear loop and smaller increments are
required during the initiation of a crack.

The input for DIANA for interface elements are not Young’s modulus and Poisson’s ratio,
but the elastic rigidity D and depending on the application, the stiffness can be specified
per direction and can depend on maturity, temperature, friction, etc. [42]. The diagonal
entries of D need always to be specified. Assuming linear elasticity and an uncoupled
system, the following three-dimensional relation is given:

Tx Dy, 0 0 Azu
Ty = 0 Doy 0 Ayu ) (211)
T, 0 0 Ds3 ALu



where 7 is the traction vector (equivalent to the stress o), D is the stiffness relation and
Auw is the relative displacement. Equation (2.11) is called Hooke’s law for linear elastic
material. Considering the one-dimensional case, Hooke’s law reduces to

7= DAu,

(2.12)
F=71A=DAAu,

where F' is the force and A is the cross-sectional area through which the force is applied.
Comparing the one-dimensional stiffness of a classical structural element in Equation (2.10)
with an interface element in Equation (2.12) gives the following one-dimensional relation:

F:<€f>mF4DmA%

E
=~ =D.
L

Thus, to compare the two different types of elements, one should compare the interface
element’s stiffness D with the classical structural element’s Young’s modulus and original
length.

(2.13)

2.4.3 Spring elements

Spring elements act as continuous dampers in the finite element model between two nodes
or model the interaction of the finite element model with its environment [12]. Therefore,
a spring element can consist of one or two nodes. A spring element requires the spring
‘constant’ k, which may depend on the relative displacements. Spring elements can model
springs and/or dashpots in both translational or rotational direction. A spring element
often models one-dimensional elasticity and for linear static analysis the following relation
holds (Hooke’s law):

F =EkAu,

where F' is the force, k is the spring stiffness and Aw is the relative displacement.
Comparing the spring stiffness with classical structural element stiffness gives the following
one-dimensional relation:

F=kAu= <E[j4> Au,
(2.14)
= k= £4
=7

Thus, to compare the two different types of elements, one should compare the spring
element’s spring stiffness with the classical structural element’s Young’s modulus, the area
through which the force is applied and its original length.

2.4.4 Mixture elements

If deformation affects the pore pressures, one may extend a structural element with pore
pressure potential degrees of freedom. These elements are called mixture elements. All
DIANA ’s regular plane strain, axisymmetric and solid structural elements can be extended
to mixture elements, adding a scalar pore pressure potential degree of freedom to each
element node. Also interface elements can be mixture elements.



In static analysis, the time derivatives are zero, yielding only a single-sided coupling between
stress and flow (flow influences stress only). In a dynamic analysis there is a two-sided
coupling. The pressure degrees of freedom are often of a different order of magnitude than
the translational degrees of freedom. Details of mixture elements can be found in DIANA
User’s Manual, Analysis Procedures [10], Section 60.2.

2.5 Element integration

The element integrals K;; and f; as in Equation (2.7) can be calculated using exact or
numerical integration. Often exact integration cannot be done. Numerical integration is
typically done by Newton-Cotes, composite Simpson, Lobatto or Gauss integration [10] in
the following way:

L3
[ orav =3 ues),
em i=1

where ; are the integration points, we, is the weight function of the integration scheme and
ng¢ is the number of integration points. The number and location of required integration
points depends on the used integration scheme and the order of the test function.

2.6 Nonlinear analysis

In nonlinear finite element analysis the relation between the force vector f and the vector u
is no longer linear. The general behavioral description F'(u) = 0 cannot be reformulated to
Ku = f as in the linear case. A common approach to solve F'(u) = 0 is Newton’s method.
Newton’s method takes an initial guess u® and then determines an improved solution u**!
by a Taylor expansion in the neighborhood of u*.

Pty = F(ak) + ) (@ =) + O = ub)?),
where J = g—i. Setting F(u**1) = 0 and neglecting second order terms results in the
following iteration scheme:

J(uF)wP = —F(u),

2.15
WP =k 4k, (2.15)

Note that uw, v and F' are vectors and J is the Jacobian matrix. Forming and solving the
linear system in Equation (2.15) is the hard part.

Newton’s method is effective, but nonlinear behavior can results in very small eigenval-
ues of the stiffness matrix and furthermore, the computation of the Jacobian J is very
time consuming. A number of alternative iterative approximations are available in DIANA,
namely Modified Newton, Quasi-Newton and linear and constant stiffness. Furthermore,
continuation and line search are used to speed up these nonlinear iterative methods.

Modified Newton uses only the initial Jacobion matrix J(u’) so that each nonlinear iter-
ation is cheap. Of course, in general more iterations are needed with Modified Newton.
Quasi-Newton methods, such as BFGS [1] and Crisfield [6], use information of previous iter-
ations to achieve better approximations than Modified Newton. The linear stiffness method
uses the initial linear stiffness matrix all the time (also for successive states, e.g. in time)



and is therefore very cheap per iteration (using a direct solution method) but yields slow
convergence in general. The constant stiffness method uses the constructed stiffness matrix
of another method, keeping it constant from that point on (also for successive states). The
constant stiffness method also yields very cheap iterations but slow convergence in general.

Speeding up these iterative methods can be done by continuation and line search. Contin-
uation assumes relative continuous deformation, so that the previous increment is a first
prediction of the current increment. The line search algorithm is useful if the prediction
is far from the equilibrium, e.g., if strong nonlinearities take place. The line search algo-
rithm determines the amplification factor of the direction of the nonlinear iterative method.

In DIANA a nonlinear analysis is performed by using load or time stepping. In essence
these two types of stepping are similar: they both define a sequence of states. The following
problem illustrates how to solve a nonlinear problem using stepping. The following equation
represents a nonlinear spring satisfying Hooke’s law.

k(u)u = f, (2.16)

where k(u) = (1 — u)ko. The solution u of Equation (2.16) requires solving the nonlinear
problem

F(u) = —kou? + kou — f = 0.

In the light of load stepping, this means that the first load step (right-hand side vector) of
Equation (2.15) is initialized at zero and increased with —F (u). If the right-hand side vec-
tor is too large or if the model is strongly nonlinear, the nonlinear iterations could converge
slowly or not at all. This can be solved by applying several load steps to incrementally
increase the right-hand side f of Equation (2.16).

In many applications several nonlinear PDE’s need to be solved. The solutions can also
affect subsequent solutions in next time/load steps, e.g., material elasticity can change
after deformation as in Equation (2.16). This results in a nonlinear stress-strain relation.
Suppose the solution vector uf?n at time/load step k is converged after m nonlinear iterations.
By applying the continuation technique, the solution vector u¥, does not need to be reset
after convergence of the nonlinear iteration method, but can be scaled and used as initial
solution vector uf ! at time/load step k + 1.

3 Iterative solution methods for linear systems

The analysis of a finite element analysis requires to solve at least one linear system of
equations Ku = f. In general, this system of equations is too large to be solved by directly
computing K. Two classes of solution methods exist to solve a system effectively, namely
direct and iterative solution methods, also called direct and iterative solvers. This thesis
focuses on the iterative solution methods due to its attractive properties for large three-
dimensional problems. Two category of iterative solution methods for solving Ku = f exist.

The first category of iterative solvers is called Basic Iterative Methods and they are based
on a splitting K = P — N, followed by the iteration scheme

Ul = Um + P, (3.1)
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with r,, = f — Ku,, the residual and wg is an initial guess. The matrix P should resemble
K in some way and it should be easy to solve Px = y. Typical resulting methods are
(damped) Jacobi, Gauss-Seidel and SOR(w). For increasing size of K, the Basic Iterative
Methods can converge very slowly [18].

The second category of iterative solvers is called Krylov subspace methods. This category
is widely popular and often more effective than the Basic Iterative Methods.

3.1 Krylov subspace methods

Krylov subspace methods can be used to solve large systems of linear equations or to find
eigenvalues, without performing matrix-matrix operations. Many different iterative solu-
tion methods are based on Krylov subspaces. This thesis mainly focuses on (the derivation
of) the well-known methods Conjugate Gradient (CG) and Generalized Minimal Residual
(GMRES) [31], since these methods are currently available in DIANA.

Krylov subspace methods yield two m-dimensional subspaces: K™, which is also called the
solution space, and £, which is called the constraints space. A Krylov subspace method
uses the span of the vectors in subspace K™ to reduce the residual r,, = f — Ku,,, while
rm should be orthogonal to £L™. Reformulated, this implies

Find u,, € ug + K" such that f — Ku,, L L™ (3.2)

The exact solution u is approximated by u,, € K™. In order to find an approximation u,,
satisfying Equation (3.2), the bases V;,, for K™ and W,, for £™ have to be constructed.
The approximation u,, can be computed by u,, = ug+ Viuym such that W (f — Ku,,) = 0.

The Krylov subspace K™ is based on a polynomial of degree m —1. The choice for the poly-
nomial approximations strongly determines the success of the Krylov method. The Krylov
subspace is defined as K™(K;rg) = span{rg, Kro,..., K™ 'ry}, which is the mth-order
Krylov subspace generated by matrix K with starting vector rg. If no ambiguity occurs,
this is shortly denoted by K™.

Arnoldi’s procedure is an algorithm for building an orthonormal basis of the Krylov sub-
space K™ (K;vy1) [34].

Algorithm 1. Arnoldi
Choose a vector vy, such that ||v1]2 =1
Forj=1,2,....,m Do:
hi,j = <KU]', Uz‘>‘f0’f"i = 1, 2, PN ,j
wy = Kvj =373 hijus
hjv1 = llwill2
If hji1; =0 then Stop
it = wj/hjtj
EndDo

W YD TP Lo DS

At iteration j this algorithm multiplies the vector v; with K and orthonormalizes the
resulting vector w; with respect to all previous v; by a Gram-Schmidt procedure. The
Arnoldi algorithm stops if w; = 0. The resulting vectors vy, vy, ..., v, are equal to the
orthonormalized (with respect to each other) vectors vy, Kvy, ..., K™ ;. This orthonor-
mal property is very useful, which will be elaborated later. This version of Arnoldi uses a
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Gram-Schmidt procedure, but due to rounding errors often a more stable method is used,
such as modified Gram-Schmidt or Householder reflection.

Let the entries of matrix H,, be given by hi; at the m-th iteration in Algorithm 1. The
resulting matrix H,, € R("TD*™ ig an upper-Hessenberg matrix. This is a matrix with
only non-zero entries h;; for j =i—1,4,...,m. Let us also define V;;, = [v1 - - - vy}, and Hp,
obtained from H,, by deleting its last row, so

hip -0 --- him

hoy hag - hom

Hy, = hgp e ham

hm,mfl hmm

The following equalities hold:
KV = Vi Hyy + wiel, (3.3)
= m+1ﬁm (34)
VKV, = Hy,

From Algorithm 1 follows that

j
vjthyyy = wj = Kvj =Y hijo;,
=1

Jj+1
= va = Zhijvi‘
i=1

Rewriting in matrix formulations leads to Equation (3.4). Equation (3.3) follows by step
4 in Algorithm 1, where w; is orthogonal with respect to all previous v;. By premultiply-
ing Equation (3.3) with V,I and using orthonormality of its columns follows Equation (3.5).

The following subsections describe different iterative solution methods that can be derived
from Arnoldi’s procedure or its symmetric variant, the Lanczos procedure. The first de-
scribed method is the Full Orthogonalization Method (FOM). It is not used in DIANA, but
acts as an introduction to the Generalized Minimimal Residual method (GMRES) and the
Conjugate Gradient method (CG). The FOM solves non-symmetric problems by orthog-
onalizing the residuals with respect to each other. The solution and constraints spaces
are chosen to be K™ = L™. The CG method applies the same strategy for symmetric
problems. GMRES solves non-symmetric problems by minimizing the residual and takes
K™ = K - £™. The Conjugate Residual method (CR) applies the same strategy for sym-
metric problems, but this method is less popular and will not be further discussed in this
report. The methods are graphically classified in Figure 1.
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Arnoldi

FOM GMRES

orthogonal residual minimal residual

CcCG CR

Lanczos
Figure 1: Krylov-based iterative solution methods.

More Krylov-based iterative solution methods have been developed and some of them will
be shortly addressed.

3.1.1 Full Orthogonalization Method

The Full Orthogonalization Method uses the Arnoldi procedure with solution space and con-
straints space ™ = L. The Arnoldi procedure becomes particularly interesting if Algo-
rithm 1 is initialized with vy = ro/||ro||2 := r0/B. Now, for any vector u,, € ug+K"(K;ro)
there is a vector y,, of appropriate length such that w,, = ug + Viym.-

The challenge is to find ym such that the residual corresponding to the calculated wy,
satisfies r,, L L. It follows from KV,, = V,,+1H,, that

m :f_Kum = f_K(u0+mem)
=19 — KViym
= fBv; — Vm-i-leym

= m+1</8€1 - Hmym)'

(3.6)

The residual is orthogonalized with respect to the current Krylov subspace K™ (K;rp). The
approximate solution u,, can be found by solving

Ym = H;,I/Bela

(3.7)
U = Uy + VinYm.-

To determine whether the solution w,, is sufficiently accurate, Equation (3.6) is reduced to

T'm = f — Kuy = 67}1 - Vm+1Hmym

= 67}1 - VmHmym - hm—l—l,me%ymvm—}—l (38)
= _hm+1,mefnymvm+la
by HpYm = Bei. Taking the norm of Equation (3.8) yields |7 |2 = [hm+t1,mYm (m)|, which
is cheap to evaluate.

Furthermore, as a consequence of Arnoldi’s procedure on ry/[3, all residuals r,,, are mutually
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orthogonal,

Tm = f — Kup = _(hm—&-l,me%ym)vm—&-l
= 7y € span{vny,41}
= 1y L span{uy, ..., v,} € K™
=1, L, Vi#Em.

The FOM subsequently orthogonalizes all residuals and computes u,, by Equation (3.7).

3.1.2 Generalized Minimal Residual Method

The full GMRES procedure can be motivated by the FOM and the Arnoldi procedure [35].
Its strategy is to set L™ = K - K™. Theorem 1 shows that this is equivalent to minimizing
the residual [1].

Theorem 1. The condition f — Kup, =1 L L™ = K - K™ is equivalent to

lrmllz = min [If —Kulz= min i}

Proof. Write r = rg+1 with [ € L™ and define P,, as the orthogonal projector onto L,, and
Qm = [—P,,. Then we can decompose the initial residual 7y according to ro = (P, +Qm )70,
so r can be decomposed as

r=ro+1=(Ppro+1)+ Qmro.
Taking the Euclidean norm and applying Pythagoras yields

17113 = [1Pmro + 113 + [ Qmroll3.
The minimum 7, is attained for | = —PF,,rg resulting in

rm =710 — Pmro :QmTQ 1 cm.

Reversed reasoning implies that if » L £™, then r = Q,,r so that ||r]|3 = |Qmr|3 =

1Qmroll3.
O

In the light of Equation (3.6), let us define the following operator
J(ym) = |If = Kumllz = |[f = K(uo + Vinym)||2-

To solve the system Ku = f it is clear that minimizing the Euclidean norm of the residual,
J(ym), could be an advantageous strategy. Recall that at iteration m holds f — Ku,, =
Vini1(Ber — Hpy) from Equation (3.6). Taking the norm yields by orthonormality

J(y) = l|Ber — Hmylla- (3.9)

The GMRES method computes after convergence the solution wu,, of the minimization
problem in Equation (3.9) by

Ym = argrnyin Hﬁel - I_{my|’2

Um = U0 + VinYm.-
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The Hessenberg matrix H,, has eigenvalues that approximate the eigenvalues of the matrix
K. These eigenvalues are called the Ritz values. Since H,, typically is much smaller than
K, only the extreme eigenpairs are approximated. Thereafter, the corresponding approxi-
mate eigenvectors can be computed. This information can be reused in the nonlinear loop
by using deflation of the smallest eigenvectors, as will be discussed in Section 5.

Full GMRES has optimal properties based on K™(K;.), but has long recurrences. The
iteration process is ceased as soon as the solution has converged. Meanwhile, each Krylov
vector has to be stored and is used in each iteration, resulting in more CPU time. Fur-
thermore, the required computer memory can grow to an enormous amount. Restarted
GMRES or GMRES(s) bounds the number of iterations up to s iterations and thereafter
ug := ug is used to restart GMRES. Restarted GMRES computes the approximate solution
after convergence or if the memory requirements of the Krylov vectors exceed a certain
threshold.

In DiANA the restarted GMRES method is available with a modified Gram-Schmidt or-
thogonalization procedure. GMRES is restarted if 50% of the memory used by the system
matrix and the preconditioner is used for the Krylov vectors.

3.1.3 On other non-symmetric iterative methods

For general (non-symmetric) matrices K there exist many iterative solution algorithms
based on Krylov subspaces. A small selection of popular choices is Bi-CGSTAB, IDR(s),
GMRES and restarted GMRES [341]. For non-symmetric matrices it is impossible to
combine the advantageous properties optimality and short-recurrence. The Bi-CGSTAB,
IDR(s) and restarted GMRES algorithm are not optimal (they do not guarantee to decrease
the residual over an always-increasing subspace) and full GMRES has long recurrences.
This implies that GMRES is preferable if the solution converges relatively fast, but as
soon as a restart is required due to memory issues, another short-recurrence, non-optimal
method could be preferable.

In Appendix D the IDR(s) method [38,45] is described as an alternative for restarted
GMRES. IDR(s) is short-recurrent and can be a valuable addition to the methods currently
available in DIANA.

3.1.4 The Conjugate Gradient Method

The Conjugate Gradient (CG) method is a popular choice for symmetric positive defi-
nite (SPD) matrices [17]. SPD matrices yield some favorable properties, such as short-
recurrence, optimality and orthogonal residuals based on K. Looking at Arnoldi’s proce-
dure, note that by symmetry of K it follows from Equation (3.5) that

H, =VIKV,, =VIKTV,, = HL,

which implies that the Hessenberg matrix is a symmetric tridiagonal matrix T;,, so

t11 ti2
t12 too o3
Hm =Tm = ta3
tm—l,m
tm—l,m tmm
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Referring to Algorithm 1, this property results in a short-recurrence algorithm, since each
additional column of T, only consist of two unique non-zero entries. Therefore, in Algo-
rithm 1 step 3 only ¢;; has to be calculated. In step 4 only t;_1 ; and t;; can be unequal
to zero. Adapting to common notation, let us introduce 3; := ||wj_1||2 and hj; := «. This
yields the Lanczos procedure and can be viewed as a special (symmetric) case of Arnoldi’s
procedure [34].

Algorithm 2. Lanczos
1 Choose a vector vy, such that ||[vi||2 =1
2 Forj=1,2,...,m Do:

3 w; = va — ﬂjvj_l

4 oy = (wj,v5)

) Wy = Wy — ;U5

6 Bj—i—l = ”ijQ. If Bj-i—l =0 then Stop
7 v =w/Bin

8 EndDo

Note that due to symmetry the 3; is reused in the update of w;. Also note that by short-
recurrences this version of Arnoldi is using the Modified Gram-Schmidt procedure, since
v;41 is orthogonalized with respect to all previous relevant predecessors.

Similar as with the non-symmetric case there are two popular strategies, namely orthogo-
nalizing residuals (£™ = K™) or minimizing the residual (£ = K - K™) [31]. The strategy
for CG is that the residuals r,, are orthogonalized with respect to each other. The SPD
matrix K yields an easy-to-invert matrix 7,,, which can be decomposed by a direct LU
decomposition of T, = L,,U,,, where L,, is a lower triangular matrix and U, an upper
triangular matrix. The bandwidth of T, is only two, resulting in

1 m B

Tm - LmUm - . . . 2
S B
TIm

Consider Equation (3.5), which can be reduced in the symmetric case to

Am 1

VIKViy = Ty = LinUp,
VIKV, Ut = Ly, (3.10)
U VIKV, Ut =U_TL,,
Define P, = V,,U,.}, then Equation (3.10) reduces to

PIKP, =U,"Ly. (3.11)

The right-hand-side of Equation (3.11) results in a symmetric and lower triangular matrix
and therefore a diagonal matrix. The columns p; of P, are called the search direction
vectors or conjugate vectors. From the resulting diagonal matrix in Equation (3.11) follows
that the conjugate vectors p; are K-orthogonal, i.e., (p;, Kp;) =0, Vi # j.

The consequence of symmetry is that the residuals r; and K-conjugate p; can be constructed
in a recurrence of only two vectors, while the non-symmetric FOM requires an additional
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vector for every iteration. Furthermore, the approximating solution vector u,, can be
updated every iteration. The resulting Conjugate Gradient algorithm applicable for SPD
matrices K is shown in Algorithm 3, adapted to common notation.

Algorithm 3. Conjugate Gradient

1 Compute ro = f — Kug, pg = 1p.
2 Forj=0,1,...,until convergence, Do:
3 aj=(rj,r)/(pi Kpj)
4 Uj+1 = Uj + a;ipj
5 Tj+1:Tj—aijj
6 Bj=(rjr1,rie1)/(rsm5)
7 pj+1="7j41+ Bip;
8 EndDo
For a full derivation of the CG method please refer to Saad [34]. In [34] is also shown that
the coefficients in Algorithm 3 can be used to directly compute 7T, as
1 vBo
ag ap
VB 1 + Bo VB
ag a1 ag ai
T = : (3.12)
: . /B2
Am—2
ﬁm—Q 1 B'm72
O —2 Qm—1 Qi —2

Corresponding eigenvalues of T, in Equation (3.12) are called Ritz values and they approx-
imate the extreme eigenvalues of the matrix K. The QR algorithm [I1] could be used to
determine the Ritz vectors, where () is an orthogonal matrix and R an upper triangular ma-
trix. This information can be useful in a nonlinear iteration loop using eigenvector deflation.

The CG algorithm is the most popular choice for SPD matrices, combining optimality
and short-recurrence. To be precise, CG minimizes ||u — up||x using orthogonal residuals
m = f—Kuy. The convergence behavior of the CG method is determined by the condition
number (for SPD matrices) K = Amax/Amin @s by Definition 4 in Section ii. The following
bound for the CG method is well-known:

Theorem 2. Let K be a symmetric positive definite matriz. Then the error u — uy, of the
CG method at iteration m is bounded by

VE—1
VE+1

This implies that a small condition number x > 1 results in fast convergence. The proof
can be found in e.g. Saad [31].

m
”u_umHK§2 l: :| HU_UOHK-

3.2 Preconditioning

For any Krylov subspace method it is important to have a preconditioner to improve its
performance. Preconditioning means that the system is multiplied with a well-chosen ma-
trix called the preconditioner. The newly acquired system should have better convergence
properties than the original one. An effective preconditioner P should resemble K in some
way and it should be easy to solve Px = y. Preconditioners are often inspired by the
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matrix P where K = P — N as in Equation (3.1), or by direct methods. Precondition-
ing can be applied in different ways. Left-preconditioning is shown in Equation (3.13),
central-preconditioning in Equation (3.14) and right-preconditioning in Equation (3.15).

P 'Ku= P71y, (3.13)
P=1LU, L 'KU e =L~ w=U "z, (3.14)
KP 'z =f; u= Pz (3.15)

3.2.1 Preconditioned CG

Preconditioning CG directly effects the convergence by Theorem 2. Central-preconditioning
preserves symmetry by P = LLT. This is advantageous for SPD matrices K, since CG can
directly be applied on the symmetric system L™K L™T,

Left- and right-preconditioning can destroy the symmetry of the system, even when P~ is
symmetric. Yet, there is a solution to circumvent this by using other inner products than
the standard Euclidean inner product in CG iterations. Note that the left-preconditioned
system P'K is self-adjoint if the P-inner product is used:

<P71Kxay>P = <K{L’,y>2 = <$,Ky>2 = <$7P(P71K)y>2 = <‘T7P71Ky>P-

This implies that left-preconditioning combined with the P-inner product preserves sym-
metry. Note that the right-preconditioned system K P! is self-adjoint if the P~'-inner
product is used

(KP7 'z, y)p1 = (PTYKP 2, y)y = (2, PTIK P 1y)y = (2, KP™1y) p-1.

This implies that right-preconditioning combined with the P~!-inner product preserves
symmetry. Moreover, rewriting the CG algorithm for left-preconditioning with the P-
inner product results in the same algorithm as rewriting the CG algorithm for right-
preconditioning with the P~!-inner product. In other words, the left-preconditioned CG al-
gorithm with the P-inner product is mathematically equivalent to the right-preconditioned
CG algorithm with the P~!-inner product [31]. The central-preconditioning can also be
rewritten to the same algorithm.

3.2.2 Preconditioned GMRES

GMRES does not require a symmetric system. Therefore, preconditioning GMRES can
be done straightforwardly. Left-preconditioning results in computing the initial residual at
the start of GMRES as

ro = Pil(f — KUO).
Right-preconditioning yields computing the solution at the end of GMRES as
T = 20 + P WV um.

Central-preconditioning P = LU is a combination of both by ro = L™'(f — Kug) and
U, = Ug + U_lvmym-
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When comparing left-, right- and central-preconditioning for GMRES, observe that the
spectra of the three associated operators P71K, KP~! and L7'KU™! are identical. In
practice however, the convergence behavior differs. Left-preconditioning minimizes the
residual norm ||P~1(f—Ku,,)||2, but preserves the original iterations u,,. Right-preconditioning
preserves the original residual norm, but requires to calculate u,, = P~ ', after conver-
gence. Although all norms on a finite space are equivalent, it still means that ill-conditioned
systems yield different convergence behavior due to numerical issues. DIANA applies right-
preconditioning for restarted GMRES.

3.2.3 Diagonal scaling

The simplest preconditioner P for K € R™*™ is diagonal scaling or Jacobi preconditioning.
The Jacobi preconditioner P has non-zero entries

.P“:Ku, 221,...,77,.

The advantage of this preconditioner is that is cheap to construct, it is cheap to solve
Px = y and easy to parallelize. The disadvantage is that it does not resemble K very
accurately in general, resulting in only slightly less iterations.

3.2.4 Incomplete decompositions

The full Cholesky decomposition is applicable for SPD matrices K, which decomposes the
matrix K = LL”, where L is a lower triangular matrix. The non-symmetric variant is a full
LU decomposition, which decomposes K = LU, where L is a lower triangular matrix and U
an upper triangular matrix. Full decompositions can be used as a direct solution method,
where a forward and backward substitution are performed to solve Ku = f. Performing
a full decomposition on a large sparse matrix can be too expensive to be applied directly.
The so-called bandwidth of the matrix K results in fill-in and a full decomposition is not
always competitive.

The Incomplete Cholesky (IC) decomposition for symmetric systems and the Incomplete
LU (ILU) decomposition for non-symmetric systems are based on the idea to do the de-
composition of the matrix incompletely. These incomplete decompositions can be used
as preconditioners for an iterative solution method. The preconditioners P = LU for
non-symmetric systems and P = LLT for symmetric systems should approximate the stiff-
ness matrix K to some extent. Note that preconditioning by diagonal scaling is actually a
special case of an incomplete decomposition, restricting the fill-in of P to the diagonal of K.

The standard preconditioner in DIANA for non-symmetric systems is the ILU decomposition
without fill-in ILU(0).

3.16
(LU)U = Aij otherwise. ( )

Replacing in Equation (3.16) matrix U by LT gives the IC decomposition without fill-in,
IC(0). As a result, the sparsity pattern of K is unchanged, which saves memory and CPU
time.
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The ILU and IC decompositions can also be applied in a block-wise approach, e.g. appli-
cable in a parallel environment. In that case the following holds:

(LU)pij) = Ay

4] otherwise.

This block-wise approach is used in DIANA for the parallel domain decomposition.

If the iterative solution method fails to converge using this preconditioner, then a thres-
hold 7 for fill-in is set up. These preconditioners are abbreviated by ICT(7) and ILUT(7).
The threshold 7 for fill-in is decreased until the iterative solver converges within a specified
number of iterations. Decreasing 7 results in a more accurate and more expensive approx-
imation of K. Note that the exact factorization is obtained if the drop tolerance is small
enough, e.g. 7 = 0. Details of the IC and ILU decomposition can be found in e.g. Saad [34]
or Van der Vorst [14].

3.2.5 Other preconditioners

DiANA also offers substructuring in the form of a preconditioner (although technically, it
is a Schur domain decomposition). In the context of Schwarz domain decomposition an
additive Schwarz preconditioner and a coarse grid correction are available. These domain
decomposition techniques are explained in Section 4. The coarse grid correction is a specific
case of algebraic multigrid.

3.3 Multigrid

Multigrid methods are efficient iterative methods for the solution of linear systems [31].
Two types of multigrid can be distinguished, namely geometric and algebraic multigrid.
The advantage of geometric multigrid is its efficiency, however, it can only be applied when
the geometric grid and underlying PDEs are explicitly known. Algebraic multigrid is more
adaptive and only requires information from the matrix and underlying connectivity itself,
although the costs per iteration are slightly higher than with geometric multigrid. For
generic problems, algebraic multigrid is more robust than geometric multigrid.

Multigrid can be implemented as a preconditioner, but this is only implicit. Multigrid
actually corrects the residual vector in the following way:

Uip1 = Uy +P_1(f — Ku@)

This computation is not directly performed. Multigrid uses two complementary processes,
namely relaxation and coarse grid correction. In the relaxation phase an iteration is per-
formed to damp the low frequencies in the error. Thereafter, the coarse grid correction
damps the high frequencies by projecting the grid on a restrictive coarse grid. The follow-
ing procedure is followed

1. Restrict the residual
7 =Y.

20



2. Compute the coarse solution
YTKZAi,; = 7.

3. Expand the coarse solution

4. Correct the solution
Uir1 = u; + Au;.

where Y7 the restriction operator and Z the interpolation operator. In algebraic multigrid
it often holds that Y = Z. The coarse problem of the algebraic multigrid is formulated
with the coarse matrix (also: Galerkin matrix)

E=7T"KZ.

This technique can be implemented as a stand-alone solution algorithm, where the coarsen-
ing process is repeatedly applied, see e.g. Notay [33]. Furthermore, algebraic multigrid can
be used in a Krylov method. In DIANA an analogue technique called coarse grid correction
is implemented in the Schwarz domain decomposition method.

4 Domain decompositions

Domain decomposition methods aim at the divide-and-conquer strategy. A domain can
be described by a collection of subdomains, which can be solved separately with correct
coupling. Domain decomposition methods attempt to solve the problem on the entire
domain

nq
o=Jo,
i=1
by constructing solutions on the subdomains Q; [34].

Domain decomposition methods have several advantages. Historically, one of the most im-
portant features was memory management. The idea is to partition the original structure
into ng subdomains, where each subdomain fits in memory. Thereafter, the subdomain
solutions can be used to compute the global solution. A more recent trend in domain de-
composition methods is parallel computing.

Two types of domain decomposition methods exist: the Schur and Schwarz domain decom-
position method. DIANA supports a sequential Schur domain decomposition method, also
called substructuring, and a parallel Schwarz domain decomposition method. Any domain
decomposition method requires partitioning.

4.1 Partitioning

A simple partitioning is illustrated in Figure 2. An efficient partitioner should have three
objectives: minimize the number of so-called interface degrees of freedom, minimize the
variation in subdomain sizes and group together the degrees of freedom that have similar
properties [28, 34].
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0 Q9

Figure 2: The domain ) divided in three subdomains without overlapping elements.

1. Minimize the number interface degrees of freedom. The so-called interface
degrees of freedom can be loosely described as degrees of freedom that occur in multi-
ple domains. This first objective minimizes communication between subdomains. In the
context of parallel processes this improves parallelism and in the context of sequential com-
puting this speeds up the computation of the solution in the interfaces.

2. Minimize the variation in subdomain sizes. The second objective ensures bal-
anced computing time for the subdomains. This is mainly important for optimal parallel
computations.

3. Group together degrees of freedom with similar properties. The third ob-
jective is based on the observation that preconditioners tend to be more effective if the
subdomain is fairly regular in terms of geometry, linearity, underlying PDEs or material
properties [28, 34].

A variety of domain decompositions have been developed and applied. It is hard to satisfy
the three above objectives all together and a preference has to be made. DIANA supports
two types of domain decompositions in the form of substructuring (Section 4.2) and par-
allel domain decomposition (Section 4.3). The partitioning for substructuring focuses on
objectives 1 and 3. The partitioning for parallel domain decomposition focuses on objec-
tives 1 and 2. The parallel domain decomposition partitioning uses Metis [20], a graph
partitioning open software package. Metis partitions the elements of the model, so that no
element is split up. This implementation does make sure that the partitioning is balanced,
based on the underlying connectivity of the elements and it also minimizes the interface
degrees of freedom. However, no other information, such as material properties, element
types or stiffness is used to determine the partitioning.

In principal, a partition does not need to contain any overlapping elements; all elements can
be assigned to exactly one subdomain. In substructuring no overlapping elements occur.
In the parallel domain decomposition some elements are assigned to multiple subdomains
to improve the convergence of an iterative solution method.

Degrees of freedom are originally mapped to one subdomain; these are called internal de-
grees of freedom. The additional degrees of freedom are called interface degrees of freedom.
Each degree of freedom is an internal degree of freedom in exactly one subdomain and an
interface degree of freedom in a subdomain is also an internal degree of freedom in exactly
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one other subdomain.

4.2 Substructuring

Substructuring or Schur domain decomposition is one of the two types of domain decompo-
sition methods. The idea is to divide the whole domain into ny4 substructures (subdomains)
of similar properties. The most important example in DIANA is to put elements that behave
linearly in a nonlinear model in a substructure. The coefficients of such a substructure will
not change throughout the nonlinear iterations and the decomposition can be reused by a
direct solver.

The partitioning in substructures is based on element properties. Thereafter, the degrees
of freedom are divided in internal degrees of freedom and interface degrees of freedom.
Internal degrees of freedom belong uniquely to a substructure, whereas interface degrees of
freedom belong to multiple substructures. The degrees of freedom corresponding to the ng
substructures can be reordered such that the stiffness matrix K can be written as

Ay By
As Bs
K ~ :
An, Bn,
B BY ... BTTLd C

The A; correspond to internal degrees of freedom of substructure ¢ and the coupling between
the substructures is described by the interface degrees of freedom in B; and B}. The
reordered matrix K can easily be factorized as

Ay I AT'By
Ay I A;'By
An, I Agdand

Bl By ... B C* I

The local solution of the internal degrees of freedom in each substructure can be computed
independently. Assuming all A; are SPD, the local solution is computed by B} Ai_lBi using
a Cholesky factorization. The computation of the so-called Schur complement is given by

nd
C*=C-> BlA7'B,
i=1
which can be the most time consuming part. The system of equation C*u = f is in general
a dense system and it can be solved by a solver of the user’s choice. Substructuring can be
effective, but has some disadvantages. If the ratio interface degrees of freedom to internal
degrees of freedom is high, then substructuring can be ineffective due to the density of C*.

Substructuring in DIANA is implemented as a preconditioning technique without overlap-
ping subdomains.

4.3 Schwarz domain decomposition

The purpose of Schwarz domain decomposition is to divide the domain into a number of
subdomains for parallel processing. The parallel Schwarz domain decomposition at DIANA
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is designed by Erik Jan Lingen and the implementation has strong similarities with his later
work [28]. The DIANA user can specify the number of available threads when using the
iterative solver. This number is equal to the number of subdomains the parallel iterative
solver will use.

Let us define the boolean left and right restriction operators of the i-th subdomain [28].
The left restriction operator L; correspond to the internal degrees of freedom of the i-th
subdomain, while the right restriction operator R; corresponds to internal and interface
degrees of freedom of the i-th subdomain. Note that non-zero columns of (R; — L;) indicate
the interface degrees of freedom of the i-th subdomain.

The matrix K can be expressed in terms of the subdomain matrices K; (which may be
overlapping) by

ng
K =) LTKR;.

i=1
The domain decomposition uses a two-level Schwarz preconditioner. The first precondi-
tioner is an additive Schwarz (AS) preconditioner and the second is a coarse grid correction.
The AS preconditioner is used to combine the local preconditioners of each subdomain. The
coarse grid correction aims to provide global communication at each iteration in order to
make the convergence rate independent of the problem size and the number of subdomains.

The AS preconditioner P! preserves symmetry (in case of symmetric subdomain precon-
ditioners Pfl) by ignoring overlap and is constructed as follows:

ng
P =) RIP 'R,
i=1

where Pi_1 are the subdomain preconditioners, such as an ILU decomposition precondi-
tioner. If the additive Schwarz preconditioner fails, the more effective restricted additive

Schwarz (RAS) preconditioner is being used, given by
ng
P =) LIP 'R,
i=1

The RAS preconditioner, however, is non-symmetric and forces the use of GMRES(s) or
another non-symmetric iterative solver.

The second preconditioner is a coarse grid preconditioner. It is constructed in a similar way
to classical algebraic multigrid, described in Section 3.3, only the coarsening is extreme [37].
The coarse grid correction without other preconditioner is obtained in the following way:

Po=1+27(Z'Kz)'Zzt =14+ ZzE 127, (4.1)
where Z is given by the rigid body modes of the ng subdomains.
In multigrid terminology Z7 is the restriction operator and Z the interpolation operator.
The restriction and interpolation are based on the approximate null space of the domains as

described in Section 6. Each domain is described by (restricted to) six vectors, namely three
translation and three rotation vectors per domain. The coarse system Ez = y can then be
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solved by e.g. a direct solution method. The coarse solution x is thereafter interpolated
by applying Z. The extended solution vector can be used to correct the iterative solution
vector.
The computation of E~! is computationally most expensive and is done in DIANA by a
QR-decomposition

E=QR,

with @ an orthonormal matrix and R an upper triangular matrix. This process can be
performed in parallel (as implemented in DIANA) by applying a Gram-Schmidt orthonor-
malization procedure to the columns of E. For details we refer to Lingen [28].

Coarse grid correction can be applied as a stand-alone preconditioner as in Equation (4.1)
or in combination with another preconditioner. Combining preconditioners can be done in
an additive or a multiplicative way. The additive way is simply the addition:

Popr=P '+ ZE1ZT. (4.2)
A more effective strategy is the multiplicative way [28]. The techniques are computed as
follows:
Additive Multiplicative
y1 = P_lxa g = P_ll',
yo = ZE 177 ¢, 7 =x— K7, (4.3)
Yy =y + Y. y =ZE 1777,

Although more effective, the multiplicative technique requires an extra matrix-vector mul-
tiplication including additional communication between threads.
4.4 Substructuring versus parallel domain decomposition

The two domain decomposition methods in DIANA seem similar but are very different. This
section provides a short overview of (the implementation of) substructuring and parallel
domain decomposition in Table 1.
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Substructuring Parallel domain decomposition

Sequential computations Parallel computations

Partitioning: minimum number of interface | Partitioning: minimum number of interface

degrees of freedom and similar type degrees of freedom and balanced work
Home-made partitioning in Metis partitioning in
SOLVE building block DOMDEC building block
Non-overlapping Overlapping as well as non-overlapping
Cholesky decomposition per substructure Additive Schwarz preconditioner
Solve Schur complement by Coarse grid correction

method of user’s choice

Implemented as preconditioner Implemented as solution method

Table 1: Differences between DIANA’s Schur (left) and Schwarz (right) domain decomposi-
tion methods.

5 Deflation

Deflation is a technique to improve an iterative solution method. The main difference
between preconditioning and deflation is that deflation is a projection and hence not in-
vertible. Deflation is particularly suited to eliminate eigenvectors corresponding to small
eigenvalues of a matrix. These eigenvalues are projected out of the system of equations.
Deflation has been developed by Nicolaides [32] and Dostél [%] and different deflation tech-
niques have been developed, improved and exploited by other authors [9, 12, 25].

Deflation has some analogies with algebraic multigrid methods, as deflation also uses the
restriction operator Y7 and interpolation operator Z. Deflation is based on two projections
1€ and II*, which are constructed by Y7 and Z [12].

The solution u is split into two parts: one part to be solved directly and one part to be
solved iteratively. The splitting of solution u can be written as follows:

u=uS +ut. (5.1)

Let the interpolation operator Z € R™ ™ be a basis for the Z and the restriction operator
YT € R™™ be a basis for Y with m < n. The part of the solution w in Z, ut, can be
written as a linear combination of Z, implying ut = Zy. The residual r+ = f — Ku' is

orthogonalized with respect to Y, i.e., 7* L Y. This requirement [34] can be written as
yirt =o,
YT(f - Kul) =0, (5.2)

YT(f — KZy) = 0.

Define the coarse matrix or Galerkin operator £ = YT KZ. Equation (5.2) requires y =
(YTKZ)"'YTf = E-'YTf. Substituting this into u" results in
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ut =Zy=ZE'YTf,
= ZE"YWYTKu.
Defining the projector I1€ = I — ZE~'YTK yields

ut = (I —1I%)u.

Note that for projector II€ indeed holds (I1€)? = II€. Furthermore, the solution u' can
be calculated directly as in the first statement of Equation (5.3). In general the matrix Z
consists of m columns with m < n, implying that this part is relatively easy to solve.

Equation (5.1) can also be written as

u=(I—T1I%)u+ . (5.4)

The projector II* can be constructed by finding a solution for u€ := II€u. For this purpose
u€ is premultiplied by K, resulting in

Ku€ = KII€u,
Kllfu=K(I - ZE7'YTK)u,
= f—-KZE 'YTKu,
= (I - KZE'YT)f.

Defining the projector II- =T — KZE~'YT yields

Ky =TI f. (5.5)

Note that indeed holds (IT+)% = II*. Using the identity I+ K = KTI€ in Equation (5.5)
implies

Ko =T f. (5.6)

The solution @ of Equation (5.6) is introduced to avoid ambiguity. The solution @ is the
computational difficult part and can be solved iteratively. Deflation can in the light of
Equation (5.6) be seen as a left preconditioner (although it is a projection). This projec-
tion results in a singular system. The singularity of this system is not necessarily a problem,
as long as the corresponding right-hand side II* f is in the range of II* K (Equation (5.6)
should be consistent) [3,24]. The projection I is applied at the right-hand side as well,
thus it still holds that f = K4 for some .

The solution © = u€+u' can be computed by combining the solutions u' and @ of Equation
(5.3) respectively Equation (5.6) into Equation (5.4) as

w=ZE YT+ 110 (5.7)

Note that the extreme case where the complete space is deflated, Z =Y = I, results in a
direct solution method and reduces Equation (5.7) to u = K1 f.

In case that matrix K is symmetric, it is advantageous to preserve symmetry in the appli-
cation of deflation. Note that to preserve symmetry, only II*K = KTI€ is not sufficient,
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but the requirement II* K = K(II+)T should hold. This implies II€ = (II+)T and thus
Y =7

The non-symmetric case allows more freedom for the choice of Y and Z. Often the choice
Y = Z is made anyway. This choice allows us to draw some conclusions about the robust-
ness of deflation. An SPD matrix K and full rank matrices Y = Z ensure a nonsingular
coarse matrix E. The robustness and (non)singularity concerning E is discussed in Section
5.2. Another advantage is that only one set of vectors need to be determined and stored.
From this point it is assumed that ¥ = Z.

Deflation is very suitable in combination with a preconditioner. Typically, deflation could
deal with the smallest eigenvalues, while a preconditioner deals with the largest eigenvalues.
The choice of Z strongly influences the effectiveness of deflation. A good choice for Z is
an important but not so obvious part of deflation. Typical options for Z are elaborated in
Sections 5.3, 5.4 and 5.5.

A variant of the Deflated Preconditioned Conjugate Gradient method [39] is given in Al-
gorithm 4:

Algorithm 4. Deflated Preconditioned Conjugate Gradient
Choose ug. Compute rg = f — Kug. Set rg := 7.
Solve Pzy = rg and set py = zg.
For 7 =0,1,... until convergence, Do
zj = I Kp;
aj = (rj, %)/ (Pj» %)
Uj+1 = Uj + Q;pj
it = T Q52
Solve PZj+1 =Tj+1
Bi = (rjr1, zj1)/ (15: %))
10 pj+1 = zj+1 + Bipj
11 EndDo
12 uw=ZE1ZTf 4+ Su;y

© 3 D GuAs Lo S

The algorithm for deflation applied to GMRES(s) is given as Algorithm 5:

Algorithm 5. Deflated right-preconditioned GMRES ((s)

1 Choose ug. Compute 1o = f — Kuyg.

2 Setrg:=1rrg, B =|rol2 and vi = ro/B.
8 Forj=0,1,...,s, Do

4 Compute w = HJ—KP_lvj

5 Fori=1,...,7, Do

6 h@j == <w,vi>

7 w = w — hi,jvi

8 EndDo

9 hjprg = lwlz and vip = w/hj,;

10 Vs=T[v1,...,vs] and Hs = {h; j}1<i<jr1,1<)<s
11 EndDo

12 Compute y, = argmin, ||fe; — Hyyll2 and ug = ug + P~1V,ys
18 uw=ZE'ZTf 4+ u,
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5.1 Convergence of deflation

The convergence of an iterative method is influenced by the condition number of the system
of equations. The condition number is defined as x(K) = ||[K ||z - ||K||2, which yields for
symmetric positive definite matrices K = Amax/Amin-

Deflation involves multiplying matrix K from the left by the projection matrix II*. By
(effective) deflation some small eigenvalues are projected out of the system of equations
(projected to zero). This decreases k and often increases the rate of convergence. The
following two theoretical bounds on the effective condition number (Definition 4) of IT+ K
for SPD matrices K are given [12].

Theorem 3. Let K be symmetric positive definite, let I+ = I — KZ(ZTKZ)™'ZT, Z €
R™ ™ and suppose we can split K = C + R such that C' and R are symmetric positive
semidefinite with N'(C) = span{Z} the null space of C'. Then

M (C) € M(ITHE) < Xi(C) + Amax (T R). (5-8)
The effective condition number of II-K is bounded by

>\max (K)

Arsa (©) (5:9)

kep(ITHK) <

Proof. Note that IIK is symmetric. Since Z is in the null space of C, it follows that
IIC = C is also symmetric. Matrix R is positive semidefinite, II™ a projection and
I+ R =TI K — C is symmetric. Define y = (IT*)7'z, then:
2Tt Re = 27 (1112 R
=TI R 2
= (1) "2)"R(ATH) )
=y Ry >0,

so IT* R is symmetric positive semidefinite. This implies Ay (II-R) > 0. The bounds in
Inequality (5.8) follow from Theorem 8.1.5. of Golub et al. [13].

N(ITEC) + Apin ([T R) < N(THK) < X(ITHC) 4 Apax (ITHR).

This results in \;(IT+K) > \;(C). Furthermore, since II* K is also positive semi-definite,
Theorem 8.1.5 of [13] gives Amax(ITTK) < Amax(K). Combining these bounds gives In-
equality (5.9). 0

The preconditioned variant of Theorem 3 with a split Cholesky preconditioner P = LLT is
the following theorem [12]:

Theorem 4. Assume the conditions of Theorem 3 and let P = LLT be a symmetric
positive definite Cholesky based preconditioner. Then the effective condition number of
LI KL™T is bounded by

Amax (LYK LT
L RLT) < 2max .
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Proof. Define K = L'KL T, C =L 'CL T, R=L'RLT,Z=L"Z and
ML =7-KZ2(Z'K2)"'2" = L7'IT* L.

A ~ 9 A A A
Note that TI+ = IT*+ is a projection, IT*K is symmetric and it still holds that TI+C' =
C. Now, apply Theorem 3 on the deflated matrix [T K and substitute back all original

variables.
O

Enlarging the size of the full rank matrix Z € R™ ™, thus increasing m, is equivalent
to enlarging the null space of C'. This means that the effective condition number of the
deflated system will in general improve for increasing dimensions of full rank matrix Z. For
symmetric matrices this means that the convergence improves. For non-symmetric matrices
this is not necessarily true, although if the non-symmetric part is not too dominant, similar
convergence behavior may be expected.

5.2 Robustness

The coarse matrix £ = Z7 K Z must be nonsingular. For SPD matrices K it is sufficient
to have full rank Z by the following theorem [12].

Theorem 5. Assume K € R™™ to be a symmetric positive definite matriz and let Z €
R™ ™ be a full rank matriz. Then E = ZTKZ is nonsingular.

Proof. Tt is sufficient to show that F is also SPD. Since K is SPD, by definition holds that:

'Kz >0, VeeR" xz+#0.

Since Z is full rank, we can always write x = Zy # 0, Vy € R™,y # 0. Now, Vy € R™,y # 0
holds
yTEy =y " ZTKZy = (Zy)TK(Zy) = 2" Kz > 0,

which shows that F is positive definite. The theorem follows by F = ZTKZ = (ZTKZ)T =
ET. O

This theorem does not hold for non-symmetric matrices K. In Yeung et al. [51] it is proven
that F is nonsingular under the assumption that the columns of Z form a K-invariant
subspace. This is certainly true for eigenvectors of K, but in general needs to be checked.
For practical implications concerning the robustness of deflation please refer to Section 8.3.

5.3 Eigenvector deflation

An obvious choice for Z is the span of the eigenvectors corresponding to the smallest eigen-
values. Such an approach certainly is effective, although the smallest eigenvectors are not
always known beforehand. However, in some iterative methods such as GMRES(s), the
(approximate) eigenvectors can be computed relatively cheap. These vectors can be used
as a deflation space in the restart of GMRES(s) or in the nonlinear iterative loop [9,29].
Another limitation is the effectiveness in case of a large number of independent small
eigenvectors. Deflating a large amount of small eigenvectors means that the dimension of
Z grows beyond its effectiveness.

Eigenvector deflation has shown to be effective. The Ritz vectors can be computed and
used in CG and GMRES(s). In Erhel et al. [9] and Morgan [29] the restart of GMRES(s)
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is augmented or deflated using approximated eigenvectors and in Gosselet et al. [11,15] the
CG method is augmented in nonlinear structural analysis problems. In DIANA these appli-
cations of eigenvector deflation can be an effective technique to speed up the convergence
process.

5.4 Subdomain deflation

Let us divide the domain 2 = U;Lil (), into ng subdomains and choose

7o 1 ifie Qj,
Y1 0 otherwise,

resulting in Z € R™*"d, If it is advantageous to decouple these domains (for similarity in
properties or parallel computations), then the convergence of an iteration method could
speed up by using subdomain deflation. DIANA uses a coarse grid correction in its Schwarz
domain decomposition, which has the same purpose as subdomain deflation. Subdomain
deflation can be extended to rigid body modes deflation.

5.5 Rigid body modes deflation

The idea of rigid body modes deflation is to treat a collection of elements as a rigid body.
This can be advantageous due to physical properties or for parallel computations. The stiff-
ness of a collection of elements can be relatively large and therefore it approximately acts as
a rigid body. A true rigid body would result in a singular matrix and eigenvalues equal to
zero. The so-called approximate rigid bodies show similar behavior, resulting in eigenvalues
close to zero. Approximate rigid bodies are a collection of stiff and interconnected elements
and these typically cause the matrix K to be ill-conditioned, as the discontinuities in the
physical properties result in large jumps in the coefficients of K. Deflating the rigid body
modes of these collections of elements would improve the condition of K.

Ignoring scalar degrees of freedom for the moment, the rigid body modes of a three-
dimensional node, element or collection of elements can be described by six modes, namely
three translational modes and three rotational modes. Consider a single node consisting of
three translational degrees of freedom u,, uy and u.. The rigid body modes of this nodes
are given by

Uy 1 00 0 —z2 y
Uy 010 =z 0 —x
Uy 001 —yx O

Consider a three-dimensional problem consisting of two materials; a connected rigid ma-
terial and a not-so-rigid material. Let us split the stiffness matrix K = C' + R, with C
containing one independent singular submatrix corresponding to the rigid material and
R corresponding to the not-so-rigid material. Using rigid body modes deflation, the sub-
space Z is equal to the span of the null space of C, i.e., Z = N(C) = span{Z} with
Z = {z',..., 2%} the six base vectors corresponding to the six rigid body modes of the rigid
material. This results in Z € R"*6,

Assume the number of bodies to be ny. Splitting K = C' + R provides us the possibility

to decouple the matrix K into disjoint matrices C; with C' = |J;" C; and mutual couplings
R;, with R = U?” R;. If we choose matrices C; on basis of material properties, then the
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matrices C; do not have irregular jumps in their coefficients.

o

G ]
| Oy |

Recall Theorem 3 and 4 for the bounds on the effective condition number of the deflated
system IT+K and the preconditioned deflated system LTI+ K L~ The split of K = C+R
is here explicitly given.

K=C+R= +R.

Section 6 explains the identification of rigid bodies. More details on the rigid body modes
and how to apply the modes can be found in Section 7.

6 Identifying rigid bodies

An approximate rigid body is a collection of connected elements in a finite element mesh
that acts to a certain extent as a rigid body. The approximate rigid body modes of a model
can be used in deflation or in coarse grid correction. These modes (vectors) can negatively
influence the convergence of a Krylov subspace method. This section proposes a method
applicable for general finite element packages to identify the approximate rigid bodies in a
model.

6.1 Motivation

One-dimensional Poisson case
Consider the following illustrative one-dimensional Poisson problem on V = U?:1 Vi, where

V5 seperates V7 and Vs:
d du
—% <Cdx> = f, T e V,

u=0, xe€dV,

(6.1)
where

9

e ifreniuv
Tl e ifzxels

u the unknown displacements and f the given external forces. Equation (6.1) can be
discretized with the finite element method. Linear test functions and regular elements of
size h results in the following discretization:

Ku=hf (6.2)
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where

261 —C1
2cq —C1 0
—C1 C1+cyg —C2
—C
K = 2
262 —C9
—Cy C1+cCy —C
@ —C1
201 —C1
—C1 261

Let us take ¢; = 10, ¢ = 107, h = 1/40 and V; such that

o= 10 ifx e {ell,...,6[19,€l26,...,€l40}
o 107 ifxe {6[20, R ,6[25} '

Note the jump in the coefficient of ¢ around the 20-th and 25-th element.

Equation (6.2) can be solved by the Preconditioned Conjugate Gradient method, precondi-
tioned by a Jacobi preconditioner (diagonal scaling) P with entries p;; = ki;. The spectrum
of P71K is illustrated in blue crosses in Figure 3.

Value
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0 0 2 0 0 O
1,00E+00 xxxx‘-xyyxxXX)(XX¥ 1 Eigenvalue ID

T xx
) 0 20 30 40
X®°
xXe
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1,00E-07

1,00E-08

1,00E-09

Figure 3: The eigenvalue spectrum of P~'K and II* P! K for the one-dimensional Poisson
problem.

The eigenvalues of P~1K are despite of diagonal scaling strongly diverse due to one rela-
tively small eigenvalue. Recall that the convergence of Conjugate Gradient is influenced by
the effective condition number Keg(K) = Amax/Amin by Theorem 2. This basically means
that the small eigenvalue of P~'K in Figure 3 results in slow convergence of CG. The
convergence of Preconditioned CG (PCG) is illustrated in the dotted blue line in Figure 4.
This figure shows that PCG converges just within the theoretical iteration bound (39) of
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Figure 4: The convergence of PCG and DPCG for the one-dimensional Poisson problem.

the size of the problem [17].

The jumps in ¢ have a bad influence on the eigenvalues of P~'K. Deflation based on the
rigid body modes as discussed in Section 5.5 can significantly improve this. By choosing
the three uniform parts of the model as approximate rigid bodies, we can decouple the
system into parts with constant coefficients ¢. The three corresponding one-dimensional
rigid body modes are:

100
10
0 1
Z = : (6.3)
10
0 1
00 1

which in practice will be normalized. As can be seen in Equation (6.3), in one-dimensional
problems rigid body modes deflation is equivalent to subdomain deflation. Figure 3 shows
the eigenvalue spectrum of II"P~1K in red dots, excluding the three eigenvalues equal
to zero® due to deflation. Note that the small eigenvalues of P~'K and II-P~'K are
significantly different, but the large eigenvalues are not. The convergence of Deflated Pre-
conditioned CG (DPCQG) is illustrated in the solid red line in Figure 4.

The effective condition number decreases from reg(P 1K) =~ 2 - 108 to keg(IITP71K) ~
1-102. The number of CG iterations decreases from 39 to 22 iterations.

2 Actually, these computed eigenvalues are of order 10716.
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SphereInCube case

Consider the three-dimensional SpherelnCube case consisting of a stiff sphere located in a
low stiffness cube, as illustrated in Figure 5. This case is modeled, evaluated and solved in
DiaNA.

Figure 5: A section of the SphereInCube case with high stiffness material (red sphere) in
low stiffness material (blue cube).

The SpherelnCube case is a linear elastic model and built with tetrahedron elements. It
has 36.129 degrees of freedom of which 33.425 degrees of freedom are really free (not con-
strained). The inner sphere is 10° stiffer than the surrounding cube. The cube is fixed at
the bottom and at the top edges in the normal direction. A uniform load is applied on the
top plane of the cube. The inner sphere with high stiffness acts, by approximation, as a
rigid body in the low stiffness cube. The convergence of PCG using preconditioner IC(0)
is shown as the dotted blue graph in Figure 6.
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Figure 6: Convergence of PCG and DPCG for the case SpherelnCube.

Figure 6 shows that PCG has six ‘difficulties’ in the convergence process. These jumps
indicate the six modes in the model that are typically hard to find in Krylov subspace
methods. Typically, Krylov subspace methods have difficulties with reducing the residual
in the span of small eigenvectors.
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The sphere is not a true rigid body in the model, but due to the high stiffness of the sphere,
the corresponding modes are dominant in the model. By choosing the two uniform parts of
the model as approximate rigid bodies, namely the sphere and the cube, we can decouple
the system into parts with more or less constant coefficients in the stiffness matrix. The
convergence of Deflated PCG (DPCG), preconditioned by IC(0) and deflated by the ap-
proximate rigid body modes, is shown as the red graph in Figure 6. The curious little jump
in convergence for DPCG could be due to numerical rounding errors.

The number of iterations reduces from 410 to 84 and the residual decreases more grad-
ual. Furthermore, the computation time reduces from 11.2 to 4.7 seconds, including the
identification time for the approximate rigid bodies. The above analysis indicates that
approximate rigid bodies can result in slow convergence of an iterative solution method.
Identification of these bodies can be advantageous, since two techniques (deflation and
coarse grid correction) can be used to improve this behavior.

The real rigid body modes of an unsupported model are eigenvectors corresponding to
eigenvalue zero. Such vectors indicate a singular system. Approximate rigid bodies occur if
a part of the model approximately floats free in the remainder of the model. This happens
if a group of elements is mutually strongly coupled, but weakly coupled with its environ-
ment. This behavior can be caused by large stiffness jumps and by attempts to decouple
parts of the model, e.g. for the purpose of domain decomposition. In general, domain
decomposition methods result in subdomains that lack boundary conditions [20,28]. The
boundary conditions can be imposed (or corrected for) by using the rigid body modes of a
complete subdomain.

The remainder of this section explains how to identify the approximate rigid bodies in a
FEM model. Please note that the terms ‘rigid body’ and ‘approximate rigid body’ are used
interchangeable for convenience if there is no ambiguity.

6.2 The coloring algorithm

The approximate rigid bodies are actually a collection of connected elements with a compa-
rable stiffness. A classical method to identify the bodies is the so-called coloring algorithm.
Each element consists of a material and the coloring algorithm groups together the con-
nected elements of the same material. A relevant classical example of the coloring algorithm
is described in Jonsthovel et al. [20], similar to Algorithm 6.
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Algorithm 6. Coloring algorithm to identify rigid bodies

Given the FE mesh with d materials and elements A = {Aq,..., Ay, }.
Define element i as A; = {xa,,0;, VA, }, with

e neighboring elements, xa,, containing indices of neigboring elements of
element A;.

e material type, Op,.

o rigid body, ya,-

1 Forj=1,...,d, Do

2 set dj =0

3 Fori=1,...,n¢, Do

4 select element A; with xa,, Oa, and yy,.
5 assign_element_to_body(A;) {

6 If Op, = 7, Then

7 If yo, = 0, Then

8 dj =dj +1, set yz, = d;

9 EndIf

10 For all A, € xa,, Do

11 select element Ay with xa,, Oa, and ya, .
12 If On, = j, Then

13 If ya, =0, Then

14 set YA, = VA

15 put element Ay on the heap of element A;.
16 EndIf

17 Endlf

18 EndFor

19 Endlf

20 }

21 For all Ay on the heap of A;, Do

22 assign_element_to_body(Ay)

23 EndFor

24 EndFor

25 FEndFor

Algorithm 6 starts with defining an element as a rigid body and seeks all connected el-
ements of the same material by sequentially checking all neighbors of those elements. If
all connected elements of the same material are identified and labeled as a rigid body, an
unlabeled element is defined as a new rigid body. Thereafter, all connected elements of
the same material as the new rigid body are identified and labeled as a rigid body. This
process repeats itself until all elements are contained in a rigid body.

On one hand, it is advantageous to eliminate all stiffness jumps in the corresponding system
of equations to improve the convergence of an iterative solution method. On the other hand,
increasing the number of rigid bodies results in larger matrices Z and E. This can increase
the computation time required for one iteration significantly. Therefore, a proper balance
between stiffness jumps and the number of rigid bodies is required for optimal performance.

For this reason the number of bodies should be limited to a maximum. Let this maximum
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number of allowed bodies be n; bodies. In case of domain decomposition, each subdo-
main may contain n; bodies. Actually, no domain decomposition is equivalent with one
subdomain. Each subdomain combines neighboring bodies found by Algorithm 6, based
on their material properties, until n; bodies remain for each subdomain. The assembled
bodies per subdomain form the complete subdomain. In other words, the approximate
rigid body caused by the decoupling of the subdomain can be constructed by the assembly
of all bodies in the subdomain.

Figure 7 presents a model with two non-overlapping subdomains divided by the dashed
line. The complete model €2 consists of four bodies and each of the subdomains 2; and
Q) consists of three bodies. Bodies Q¢, Q% and 2§ make up for the complete subdomain
Q and bodies Q%, Q% and Q5 make up for the complete subdomain Qy. If in this case the
maximum number of bodies n, = 3, then all bodies can be used by the iterative solver.

Figure 7: A model consisting of four bodies divided into two subdomains, each consisting
of three bodies.

Unfortunately, Algorithm 6 is insufficiently applicable in a general FEM software package.
The most important short-coming of the classical coloring algorithm is a proper criterion to
classify the different ‘materials’ in the model, since a wide variety of elements and materials
exist.

Element can be described by various parameters, such as Young’s modulus, time, previous
(local) stresses, temperature, pressure, etc. This implies that one material can lead to large
behavioral differences throughout the model. This also implies that two different materials
can actually behave similarly.

Furthermore, in some cases it is not possible to compare elements on the previously men-
tioned parameters. It is not obvious how to compare a classical structural element with
an interface element, which can model various phenomena, such as elastic bedding, crack-
ing, bond-slip along reinforcements, friction between surfaces, joints in rocks, contact and
fluid-structure relations. In general, the relation between e.g. a structural element and an
interface element depends on the element sizes and the cross-sectional area through which
the force is applied are also involved, as described in Section 2 in Equation (2.13) and (2.14).

It may be possible to incorporate every relevant parameter that determines the behavior

of an element. Nevertheless, for general FEM computations it is important to identify the
rigid bodies in an easy and broad applicable way. The rigid body identification should easy
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to understand and easy to maintain.

6.3 Generalizing the coloring algorithm

This section describes how to compare elements in any model and how to use this compar-
ison to identify rigid bodies in the model.

6.3.1 Comparing elements

The issue that relates to approximate rigid bodies in the iterative solution method is the
large stiffness jumps in the global stiffness matrix K. A group of elements corresponding
to an approximate rigid body will have a dominant contribution to the matrix K compared
to its surrounding. This relatively large contribution can be caused by various relevant pa-
rameters, such as the Young’s modulus of an isotropic material, a so-called dummy stiffness
D,,, of an interface element or the spring constant of a spring element.

As an illustration, consider the rigidity matrices DI° of an isotropic structural element and
D% of an interface element. The rigidity matrix DB° for a three-dimensional structural
element modeling isotropic behavior equals

1-v v v 0 0 0
v 1—-v v 0 0 0
Diso _ E v v 1—-v 0 0 0
™ (T+v)(1-2v) 0 0 0 (1-2v)/2 0 0 ’
0 0 0 0 (1-2v)/2 0
0 0 0 0 0 (1—-2v)/2

where E is Young’s modulus and v is Poisson’s ratio. The rigidity matrix D2t for an
interface element equals

. Dy 0 0
DRt — 0 Dy O ,
0 0 Ds3

where Dj;; is the user’s input.

All relevant parameters will eventually result in an element stiffness matrix. The element
stiffness matrix is always present if the element contributes to the global stiffness matrix.
The element stiffness matrices are formed as follows:

Kem = / Bl Dy By, dV.
€m

These matrices K" can be mutually compared in a fair and relatively easy way. In general

the diagonal of the element stiffness matrix is leading for the stiffness of the element.

An attempt to describe an element stiffness matrix with one value is to take the maximum,
the sum or the average of the element stiffness diagonal. The sum of the element stiffness
diagonal is the trace by definition.

Theorem 6. Let K, m = 1,...,n. denote the element stiffness matrices of the global
stiffness matriz K € R™"™ such that Y ' K®» = K. Then the following holds:
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Nel n

D tr(Kem) =) N(K).

Jj=1

Proof. Note that the sum of the assembled element stiffness matrices is the global stiffness
matrix.

Nel Nel

S (k) = 35 ke,
m=1 m=1 1
n
=> Ky,
i=1

= tr(K).

The characteristic polynomial of K can be written as p(\) = (=A)" + tr(K)A"~ ! + ... +
det(K), and also as p(A) = (—=1)"(A — A1) -+ (A — \,). Comparing the A"»~! coefficients of
both expressions yields Y ;" | \; = ¢r(K), which concludes the theorem. O

This means that the trace of an element stiffness matrix K¢ directly contributes to the
sum of the eigenvalues of the global stiffness matrix K. We suggest to take the average
of the element stiffness diagonal, since this also relates to the classical approach based on
Young’s modulus.

6.3.2 Identifying bodies

An effective approach is to iteratively define the rigid bodies based on the relative stiffness
difference of neighboring elements. The parameter ¢ indicates when two neighboring ele-
ments are put in the same body; if their stiffness relatively differs less then § € R, then the
two elements are put in the same body. The parameter § is initialized based on the mini-
mum and maximum stiffness occurring in the model. A minimum value for the parameter §
is set (e.g. 0 > 100). If the number of identified bodies is too large, then ¢ is increased and
the rigid body identification is re-applied until a reasonable amount of bodies is identified.
The steps are summarized in the illustrative Algorithm 7.

Algorithm 7. Extended coloring algorithm to identify rigid bodies

1 Compute the average of the element stiffness diagonals.

2 Estimate the  parameter.

8  Apply a variant of Algorithm 6: Combine neighboring elements to bodies
if their stiffness differs less than factor d.

4 If the number of bodies is much larger than ny, then increase § and goto 3.

5 Combine identified bodies until ny, bodies per subdomain remain.

This approach is intuitively clear; the stiffness of an approximate rigid body should be
much larger than the stiffness of its neighboring elements, which implies a “stiffness jump”
at the boundary of the rigid body. The internal coupling of the degrees of freedom in the
approximate rigid body is significantly stronger then the coupling of the degrees of freedom
between the rigid body and its surrounding elements. Therefore, the rigid body floats rel-
atively free, if no other boundary conditions are attached to the body itself. In that case,
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the surrounding elements effectively put Dirichlet boundary conditions on the rigid body.

An alternative (less effective) approach to identify rigid bodies is based on “stiffness ranges”
in the model. More information can be found in Appendix C.

6.4 Limitation of rigid bodies

Although the approximate rigid body approach is often effective, some limitations should
be addressed.

1. Gradual versus sudden stiffness increases. A simple preconditioning matrix
such as Jacobi can deal with gradual stiffness increases throughout the model. The
elements of the stiffness matrix can be properly scaled in that case. Convergence
problems do occur if stiffness jumps are induced by the model. Figure 8 illustrates
how a gradual stiffness increase (as the extension of the coloring algorithm detects it)
can ultimately lead to a large stiffness difference. For the case in Figure 8, it could
be wise to define two or three bodies.

Figure 8: An annular finite element model where gradual stiffness increases can result in
large stiffness jumps.

2. Scalar degrees of freedom of another order of magnitude. The rigid body
modes approach in general can identify and improve systems of equations with a small
number of approximate rigid bodies. This approach is unsuitable for models where
stiffness differences occur throughout a large part of the model.

Let us illustrate this limitation by a model with pressure degrees of freedom that
occur throughout a large part of the model. These scalar degrees of freedom interact
with other (translational) degrees of freedom, which have other units and order of
magnitude. All these scalar degrees of freedom can be seen as rigid bodies, as each
pressure degree of freedom implies a large stiffness jump in the matrix. As the number
of pressure degrees of freedom can be very large, it is unwise to define each of them
as an approximate rigid body, since the size of Z will grow beyond its effectiveness.

In short, scalar degrees of freedom with another order of magnitude than the degrees
of freedom that they interact with, should not defined as a separate rigid body. The
approximate rigid body approach cannot improve convergence for those cases.
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6.5 Reusing rigid bodies in nonlinear iterations

The system of equations in a nonlinear iteration loop may change only slightly or not at
all. For a preserved system, e.g. constant stiffness, it is obvious how to reuse information.
A direct solver can reuse the matrix decomposition and an iterative solver can reuse the
preconditioner and deflation operator. It is less obvious if and how to reuse information
in a slightly changing system of equations, for example in a relative linear Newton iteration.

The extended coloring algorithm described by Algorithm 7 starts with computing the av-
erage trace of each element stiffness matrix. Let n.; be the number of elements, v € R the
nonlinear tolerance parameter and let y; € R" be a vector. The vector y; contains the
average trace of each element stiffness matrix in nonlinear iteration . By storing vector y;,
each element can be compared with y;41 in the next nonlinear iteration. The previously
identified rigid bodies can be reused if the element stiffness difference is small:

Wi+1(7) — wi(4)] i
- . ~ <7 J
min(yi+1 (), ¥i (7))
provided that y;+1 and y; do not contain zero entries. Inequality (6.4) checks whether all
vector entries differ less than factor 1 4+ v. Some numerical experiments suggest v = 1,
resulting in a bound of factor-two relative stiffness change.

=1,...,ng, (6.4)

7 Rigid bodies within the solution method

7.1 The rigid body modes

The rigid body modes are spanned by the kernel base vectors of the corresponding element
stiffness matrix. The rigid body modes are the eigenvectors corresponding to eigenvalue
zero. The null space of the element matrices can therefore be approximated by the rigid
body modes of the element matrices. The rigid body motions (in three dimensions) are
given by three translations and three rotations plus any scalar degrees of freedom types,
such as temperature or pressure.

Equation (7.1) shows the eight rigid body modes of a node with eight degrees of freedom.
The node consists of three translation degrees of freedom u;, u, and u., three rotational
degrees of freedom ¢, ¢, and ¢ and two scalar degrees of freedom p and 7' corresponding to
pressure and temperature. Translation and rotational degrees of freedom are not necessarily
coupled in the model, but they are coupled in the rigid body rotational modes.

Ug 100 0 —-—29y 00
Uy 010 =z 0 —x 00
Uy 001 —yax 0 0O
Oz 000 1 0 0 00O
Dy 000 O 1 0 00O (7.1)
0% 000 O 0 1 00O
P 000 O 0 0 1O
T 000 O 0 0 01

For the sake of completeness, all rigid body modes should be correctly oriented with respect
to the orientation of the nodes (which could differ from {(1,0,0), (0,1,0),(0,0,1)}). Each
column represents the null vector corresponding to the translation in x-, y- and z-direction,
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linearized rotation in z-, y- and z-direction and pressure and temperature. Each row rep-
resents one of the eight degrees of freedom of the node. Each body (collection of elements)
imply 6 + s deflation vectors in three dimensions, as each body has three translational and
rotational degrees of freedom [20] plus s types of scalar degrees of freedom.

The rigid body modes of a single element are the combination of the vectors in Equation
(7.1) for all nodes contained in that element. Sets of elements make up the bodies. The
rigid body modes of a collection of elements is equal to the assembly of the rigid body modes
of the individual elements, ignoring their overlap. Nodes that do not uniquely belong to
one element are assigned to the stiffest element, so that nodes that belong to two bodies
will be assigned to the stiffest body.

7.2 Deflation versus coarse grid correction

The coarse grid correction described in Section 4.3 and rigid body mode deflation described
in Section 5.5 are analogous to a large extent. Recall that the stand-alone coarse grid pre-
conditioner is Po = I + ZE~'Z7T as in Equation (4.1). The preconditioned coarse grid
preconditioner is Po p-1 = P~' 4+ ZE~'Z" as in Equation (4.2). Recall that the deflation
operator is [I* =T — KZE~1Z7.

The coarse grid correction in DIANA takes the rigid body modes of the subdomains as base
for Z. This can be extended in such a way that it not only takes the subdomains as bodies,
but that each subdomain contains up to nj bodies. This means that the matrix Z of coarse
grid correction and deflation can be chosen equal.

Algorithm 8 provides an algorithm where one can choose deflation [D] (DPCG) or coarse
grid correction in the form of a second preconditioner [P] (PPCG) to use the rigid body
modes. If deflation [D] is applied, then the coarse grid correction [P] should be skipped
and vice versa®. The preconditioners are additively applied and can be replaced by a
multiplicative version as in Equation (4.3).

3Some numerical experiments suggest that applying both deflation and coarse grid correction is possible,
but without gain.
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Algorithm 8. PCG menu: DPCG [D] or PPCG [P]

a;j = (rj:2j)/{Pj: 25)
Uj+1 = uj + Q;pj
10 T‘j+1 :’I“j*Oéij
11 Solve P12j+1 =Tj+1
[P] 12 Compute Zj41 = ZE 1 ZTrj 1 and set zj41 = zj41 + Zjt1-
13 By = (rj+1, 2410/ (755 %))
14 pj+1 = zj+1+ Bip;
15 EndDo
[D] 16 uw=ZE'ZTf+ ;4

1 Choose ug. Compute rg = f — Kuyg.
[D] 2 Setry:=TIItr.
8 Solve Pzy =19 and set pg = zp.
[P] 4  Compute 3o = ZE~'ZTry and set py := po + Zo.
5 Forj=0,1,... until convergence, Do
6 Zj = Kpj
[D] 7 Zj = HJ‘ZJ‘
8
9

Algorithm 8 shows at what moment deflation and coarse grid correction are applied in
PCG. GMRES(s) can be modified analogously. The application of the techniques is as
follows:

Deflation Coarse grid correction
y=x—KZE'Z"z y=ZE"1'Z"¢

In both techniques the coarse matrix £ = ZTKZ acts as a representation of the rigid
bodies in the subdomains and in both techniques the coarse system should be efficiently
solved. In Nabben et al. [30,31] a comparison is made between coarse grid correction and
deflated preconditioning. The following theorem and proof are from [30]:

Theorem 7. Let K € R™" be symmetric positive definite and Z € R™™ be full rank such
that span{Z} = N(C), where C = K — R is positive semidefinite. Let I+ =1~ KZE1ZT
be the deflation operator and Po = I + ZE~'ZT be the coarse grid preconditioner. Then
the following holds:

MITHK) = ... = \(IIMK) =0, (7.2)
)\n(HLK) < )\n(PCK)v (7'3)
A1 (ITHK) > A (PoK). (7.4)

Proof. By the proof of Theorem 3, II*K is positive semidefinite. All eigenvalues of TIK
are therefore real and non-negative. Since I'KZ = KZ — KZE~'ZT"KZ = 0, Equation
(7.2) holds. Consider

i i 1 —15T L 15T
K:PocK? —1I"K=KZE " Z'K+ K:ZE "Z'Kz2.
The right-hand side is positive semidefinite, so for the left-hand side holds that A; (K %PCK %) >

\i(TI+K) by Corollary 7.7.4 in Horn et al. [18]. Since the spectra of PoK and K2PoK?
are equal, we obtain

44



MN(PoK) = M(K2PoK?) > A\(ITHK),

which proves Inequality (7.3). Now consider

PoKPo —T"K =K+ ZE '"ZTK+ KZE ‘2" + ZE"'ZTKZE'ZT
~ K+ KZE'ZTK
=ZE " ZTK+ KZE'\ZT + ZE~'ZT + KZE"'ZTK
= (K+1)ZE'ZT(K +1I).

This shows that Po K Po — IITK is symmetric and of rank m. By Theorem 4.3.6 in Horn
et al. [138] follows that

A1 (ITHK) > A\ (PoK Po) = M\ (PEK).

Since Po — I is positive semidefinite, P(% — Po and K %P(%K K %PCK 3 are also positive
semidefinite. Hence,

N(P2K) = Ni(K2PEK2) > N(K2PoK2) = A\(PoK).
Combining the inequality above gives

M1 (ITHK) > M\ (PAK) > M (PoK).

From Theorem 7 follows that

keg(IITK) < k(PoK),

so deflated CG converges faster than CG combined with coarse grid correction, for arbi-
trarily full rank Z € R™*™, Theorem 7 can extended to a preconditioned version.

Theorem 8. Let K € R™" and P~! be symmetric positive definite and Z € R™ ™ be full
rank. Let It =1 — KZE'ZT be the deflation operator and Pop-1= P14+ ZE1ZT be
the coarse grid preconditioner. Then the following holds:

A (PTHTK) < Ap(Pop1 K), (7.5)
A1 (PTHIRK) > M\ (P p1 K).

The proof is given in Nabben et al. [30]. From Theorem 8 follows that

Kef(P I K) < k(Po p-1K),

so deflated PCG (DPCG) converges faster than PCG combined with coarse grid correction
(PPCG).

Table 2 gives an overview of the strong and weak characteristics of deflation and coarse
grid correction.
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Deflation | Coarse grid correction
Cost per iteration +4 +
Scalability with # threads _ +
Effectiveness + -
Sensitivity to numerical issues - +

Table 2: Comparison of the weak and strong characteristics of deflation and coarse grid
correction.

The costs per iteration for deflation are larger due to an extra vector addition and a multi-
plication with K. This extra multiplication can be performed beforehand by pre-computing
Kz = KZ, which considerably reduces the extra costs per iteration. Appendix B.2 indi-
cates that pre-computing K Z is efficient, especially for a small number of threads (< 5).
On the other hand, in parallel computing this strategy poorly scales with the number of
threads. For each additional thread i, each thread has to store the contribution KZZ of
thread i. Details on parallel deflation follow in Section 8.2.

Deflation is more powerful than coarse grid correction, if properly used. This can be seen
by the effective condition number of the system and by the number of iterations of an iter-
ative solver. It is be proven that, with arbitrary full rank matrix Z, the effective condition
number for deflation is always below the condition number of the system preconditioned
by the coarse grid correction [30].

A disadvantage of deflation is that it is more sensitive to numerical errors. The projection
operation in deflation has to be very accurate. If a small part of a deflation vector is not
completely projected out of the system, then it will never leave the Krylov subspace. In
that case, the iterative method possibly never converges at all. The coarse grid correction
allows for inaccuracy, only the correction will be less effective. The next iterations are likely
to improve this ineffective correction.

For a performance comparison of deflation and coarse grid correction in DIANA, please refer
to Section 9. Additional theoretical background can be found in Nabben et al. [30,31].

8 Implementation

DiaNA-specific implementation details can be found in Appendix A.1.

8.1 Parallel computers

A parallel computer is a collection of processors that is able to work cooperatively to solve
a computational problem [10]. Three classes of parallel computers exist: shared memory
computers, distributed memory computers and virtual shared memory computers.

A shared memory computer or Symmetrical Multi-Processor (SMP) consists of multiple
processors sharing the same memory. Each processor can access all memory addresses
through a bus, as illustrated in the upper left figure in Figure 9 acquired from Lingen [27].
The memory access time increases with the number of processors due to the capacity of

4if KZ is pre-computed as KZ = K.
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the bus. Therefore, each processor has its own fast cache memory. Typically, the number

of processors ranges from 2 to 32.
(M| [M]

( -~ Network --- )

Shared memory Distributed memory

® @
] m T
F Router ----- /

Virtual shared memory

---- =Data path

Figure 9: The three classes of parallel computers.

A distributed memory computer consists of multiple processors, each having its own mem-
ory. The processors interact with each other through a communication network, as illus-
trated in the upper right figure in Figure 9. The performance of a distributed memory
computer is strongly influenced by the performance of the communication network. This
can be expressed in terms of latency and bandwidth. Latency is the time required to start
an interaction between two processors and the bandwidth is the number of bytes that can
be transferred over the network within one second. The number of processors can be very
large, since no restrictive bus is required.

A virtual shared memory computer combines the properties of a shared memory computer
with that of a distributed memory computer. It has a memory architecture that is phys-
ically distributed, but the memory can be accessed by all processors. Each processor can
directly access the memory of any other processor through a routing network, as illustrated
in the lower left figure in Figure 9.

The implementation in DIANA targets shared memory computers. This architecture repre-
sents most modern desktop computers and is relatively easy to implement within existing
software. In the shared memory programming model, a parallel program consists of con-
current threads, each executing its own sequential program. In the case of DIANA, all tasks
execute the same sequential program, which classifies the implementation of DIANA as ‘Sin-
gle Program, Multiple Data’ (SPMD). This model supports all shared memory and virtual
shared memory computers, as long as each computer provides the same shared memory
programming language or software libraries.

Two standard software libraries are POSIX Threads software library [5] and OpenMP [7].
The customized software library in DIANA is implemented by Lingen [27] and is based on
OpenMP.
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8.2 Parallel computations

Recall the left and right restriction operators L; and R; as introduced in Section 4.3 with

n
K=Y LTKR;
i=1
Both L; and R; are the same size with the number of columns equal to the global size and
the number of rows equal to the local size (of subdomain 7). The right restriction operator
can be used to extract subdomain matrices/vectors from the global matrices/vectors:

K; = R;KRT,

The left operator can be used to assemble the local vectors into a global vector, which is
useful for inner products:

n

i=1

Parallel computations involve three different types of data exchange. The different types of
data exchange will be explained through three examples: an inner product, a matrix-vector
product involving stiffness matrix K and a matrix-vector product involving approximate
null space Z.

Parallel: inner product
A parallel inner product yields

n
s=aly= Z:UZTLZL;FyZ (8.1)

i=1
The inner product computation requires to evaluate matrix LiLiT. This is a boolean di-
agonal matrix containing non-zero values for the unique set of degrees of freedom in the
i-th subdomain. In other words, LiLiT only preserves the internal degrees of freedom and
disregards all overlapping degrees of freedom.
This is in alignment with the intuitive interpretation that the multiplication of all entries
in the global vectors is evaluated exactly once. After the local inner products, the local
sums are synchronized (added up) to obtain the global inner product.

Parallel: matrix-vector product with stiffness matrix
A parallel matrix-vector product with K yields

yj = Ry = RjKx

n
=R;> LI KRz
=1

= Zn: RJLZTKZCUZ
=1
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The matrix RjL;fr is non-zero if subdomain ¢ shares degrees of freedom with subdomain j.
In other words, R;L! communicates and contributes between subdomains in one direction:
only domain ¢ can influence domain j, but not the other way around.

The computation is performed in two steps. Firstly, each local thread computes K;x;. Sec-
ondly, the contributions Kjx; of all domains are exchanged, corresponding to the shared
degrees of freedom between subdomains. This data exchange is one-directional.

Parallel: the approximate null space matrix

Following notation of Lingen et al. [28], the coarse restrictor operators C; € R6*(6ma)
extracts a coarse subdomain vector from a global coarse vector by applying z; = Cjz.
Furthermore, just as the left restriction operator L;, C; has a unique set of non-zero columns

such that L
r ) 0 ifi# g,
C”OJ’_{I if i = j.

Now, the matrix Z can be written as

n
Z=> RlZC;,
i=1
where Z; is the local approximate null space of Kj, i.e., the local rigid body modes. A
parallel matrix-vector product with Z yields

yj = jy = RjZl‘

n
= Iy Z RZTZQOZQT
=1

n
= Z RjRZTZi.%'Z'
=1

The matrix RjRZT is non-zero if the subdomain ¢ and j share common degrees of freedom.
In other words, RjRZT indicates symmetric communication between subdomains.

The computation is performed in two steps. Firstly, each local thread computes Z;x;. Sec-
ondly, the contributions Z;x; of all domains are exchanged, corresponding to the shared
degrees of freedom between subdomains. This data exchange is symmetric and thus two-
directional.

Let us illustrate the consequence of domain decomposition on the (local) null spaces. As-
sume two domains of uniform material, resulting in two null spaces Z; and Zs which are
non-zero for the corresponding domains. In order to compute the correct null space of each
domain, we scale the border of the subdomain Z by the diagonal of K. This approach is
also called weighted overlap [17]. To be precise, define K; the stiffness matrix of domain 4
and K" the diagonal element of K; at border degree of freedom . Consider border degree
of freedom «, present in domains ¢ and j, such that K* = K@ + K. Then (until so far
globally determined) Z* and Z3 are scaled in the following way:

Ko
i J
Ko (8.2)
(0%

V4 e p———
R CUNN
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Due to overlapping domains (in terms of nodes), note that the above scaling results in the
correct global assembled null space Z, as all overlapping nodes add up to one.

8.2.1 Deflation

Since the multiplication with K Z is required each iteration, it is advantageous to compute
KZ in advance. A performance comparison is discussed in Appendix B.2. The following

steps are analogue to the approach of Lingen [28]. Let us compute bg , column j of KZ.
b = KZe
n n )
=R; Y L{KR > RZCy .
=1 k=1

1. Form the coarse subdomain vector ei = Cel.
2. Compute &i = Zkei.

3. Exchange data to obtain a{ =30 Rledi.
4. Compute l;f = Kla{.

5. Exchange data to obtain b/ = 37| RiLlTB{ .

Each thread stores all partial columns of KZ. The vector y = K Zx is computed by data
exchange after the local computations

Y; = bix.

Data exchange is required for each thread, resulting that the matrix KZ grows with each
thread. This is a severe disadvantage if a large number of threads is used.

Deflation also requires to evaluate y = Z7 Kz, one time after convergence. In the symmetric
case this can be done by ZT K= (KZ)T. The resulting vector y = (KZ)Tx is in fact a
number of inner products, which can be computed analogue to Equation (8.1):

y(j) = )z => (b)) L;L] z;.

=1

In the non-symmetric case, y = Z Kz is just computed by first multiplying with K and
thereafter with Z7.

The coarse matrix E € R(67a)*(6n4) can be computed by pre-multiplying b’ with Z7, so
that each thread i stores the partial columns E; € R6%(6na)
8.3 The condition number of the coarse matrix

The robustness of both deflation and coarse grid correction strongly depend on the quality
of the rigid bodies and the quality of the coarse matrix £ = ZT K Z. To successfully project
or correct for the rigid body modes, the coarse matrix F must be nonsingular.
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In case of deflation, the projection needs to be very accurate to completely project the rigid
body modes out of the system. If only the slightest span of a projected vector remains in the
system, then this part can freely influence the solution vector. An unsuccessfully projected
vector will never leave the Krylov subspace and therefore, it is unlikely that the iterative
solution method will ever converge.

In case of coarse grid correction, the correction is allowed to be less accurate. The correction
may lose accuracy, but as long as the main direction is correct, there is no serious harm in
using coarse grid correction. Unlike deflation, the coarse grid correction can be seen as a
preconditioner, where accuracy is of lesser importance.

8.3.1 Improving the condition number of the coarse matrix

The condition number of E = ZT K Z can be effectively improved by adjusting the approx-
imate null space Z. It is clear that if Z is not full rank, then this results in a singular
matrix . The choice of non-overlapping bodies per domain ensures that no problem can
occur on each domain. On the other hand, due to overlapping elements in the domain
decomposition, some small bodies located in more than one domain can result in (almost)
linearly dependent vectors in Z. Such overlapping bodies can dramatically increase the
condition number x(E).

Figure 10 shows a two-dimensional model with overlapping partitioning. The global model
Q consists of two rigid bodies Q¢ and Q°. The partitioning provides two subdomains €
and €y, each consisting of two rigid bodies. Note that due to overlap, body Q% and Q4 are
the same body, but regarded by the iterative solver as two bodies.

Q Q° Qb
o Qf Qb
Q) 0b 05

Figure 10: A model with two rigid bodies is partitioned into two overlapping subdomains.

The nonzero elements of the globally assembled null space matrix Z of the model in Figure
10 are illustrated in Equation (8.3).
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The matrix Z in Equation (8.3) is scaled at the overlapping parts by the diagonal of K,
as described in Equation (8.2). Nevertheless, it is clear that bodies Q% and Qf result in
(almost) linearly dependent vectors in Z.

One strategy to deal with (almost) linearly dependent vectors in Z is to apply orthogonal-
ization. Resulting vectors with a relative small norm are disregarded, other vectors can be
normalized and are linear independent. The disadvantage of this approach is that the or-
thogonalization results in coupled vectors throughout several domains. An identified rigid
body on the edge, located in two overlapping domains, results in an orthogonalized vector
with values in previously non-overlapping parts in both domains. This approach couples
the approximate null vectors, so that the implementation is less parallelizable.

Another strategy is to directly disregard (almost) linearly dependent vectors in Z. The
quality of the vectors can be checked by orthogonalization. Resulting vectors with a rela-
tive small norm are disregarded. The original (‘not-orthogonalized’) vectors of good quality
are preserved. Note that the quality check can be done by orthogonalizing the nodes of the
bodies instead of Z, which is much cheaper (for example, reducing six degree-of-freedom-
vectors to one node-vector results in a speed up of factor 18).

Both strategies should incorporate the correct scaling of the null space as described in Sec-
tion 8.2. This means that after disregarding a body, the null space should be scaled with
only the present bodies.

The current implementation is based on the second strategy to enforce parallelism. As an

addition, it starts with ordering the bodies on size. The bodies are orthogonalized with
respect to the previous bodies, starting with the largest bodies. This ensures that large
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bodies are less likely to be disregarded.

8.3.2 Computing the condition number of the coarse matrix

The QR-decomposition determines @ and R such that £ = QR, after which R~ and
QT are computed. Each thread i computes local Q;TF and local R ! the partial columns of
QTand of R~!. Due to the explicit inversion of R it is cheap to compute the exact condition
number k(F) as follows:

K (B) = | Bl B
= IQR[IR'QT|
= [[RI IR

where typically [|.||« = {||.||2, |||z} The last statement holds because @ is orthonormal.

The Frobenius norm is used to compute the condition number for its computational attrac-
tiveness and the bound on the Euclidean condition number.

Theorem 9. Let K € R"™ ™ be a symmetric positive definite matrixz. Then holds the
following:
ko(K) < kp(K).

Proof. Let K ~1 denote the symmetric positive definite inverse of K. Let 01 > ... > 0, >0
be the singular values for K. Then

T

K[ = of <) of = | K]
i=1

Applying the same analysis for K~! concludes the theorem. O

8.3.3 Accuracy of the coarse solution

The condition number x(E) strongly influences the accuracy of the solution x of Fx = y.
The following inequality holds:

[Az]]

]

< R(E)M

Iyl

This inequality indicates the rate of change of the solution x with a change in the right
hand side vector y. Assuming a machine precision of 107'6 and a convergence criterion of
€, the solution  of the coarse system can lose up to log(10%) significant digits without
any problems. However, the solution of the coarse system may lose log(x(FE)) significant
digits. Consider the two techniques deflation and coarse grid correction.

1. Deflation. Since deflation is based on a projection technique, it is important not
to lose any significant digits within the convergence criterion in the solution x of
Ex =y. If a deflated vector has a small contribution in the non-deflated part, then
this contribution will never leave the Krylov subspace again. Therefore, to make
sure no significant digits within the convergence criterion are lost, it is required that
k(E) < 10%e.

93



2. Coarse grid correction. Since coarse grid correction can be seen as a preconditioning
technique based on multigrid, it is allowed to lose significant digits in the solution.
Some numerical experiments showed that coarse grid correction can be effective even
if the condition of the coarse matrix is extremely large (see e.g. Table 12 using 8
threads). Coarse grid correction will give a warning for large condition numbers but
never aborts, except if the iterative solver fails to converge.

As a result, if the condition number x(E) > 10'%¢, then we switch from deflation to coarse
grid correction. Most computations, such as the approximate null space matrix Z and the
coarse matrix F, can be reused, but are just differently applied. The costs for switching
to coarse grid correction are therefore relatively low; in practice this costs less than 0.1
seconds.

9 Results

This section describes artificial and real-life engineering cases and the performance of the
iterative solution methods for these cases.

The methods are implemented in DIANA, which is programmed in Fortan77 and C. The
supporting libraries are BLAS and LAPACK in the Intel MKL library. All cases are per-
formed on the HENDRIKS machine, a Dell PowerEdge 2900 workstation. This workstation
contains 2 Quad-Core Intel Xeon X5355 processors (8 CPUs) running at 2.66GHz and 24GB
DDR2 ECC memory. Maximum parallelism is gained at 8 concurrent threads running in
parallel. For more details please refer to Appendix A.2.

9.1 General applicability

Apart from the described cases in this section, the implementation of the rigid body modes
approach has been extensively tested by performing the standard DIANA test suites. An
amount of 828 linear, 139 geomechanical and 1605 nonlinear test problems were analyzed
on the HENDRIKS machine. The tests validate correct behavior on a large scale of problems.
The new implementation is tested for the original iterative solver settings, rigid body modes
deflation and rigid body modes coarse grid correction.

9.2 Case descriptions

An overview of all cases is given in Table 3. The first five cases illustrate the strength and
weakness of the iterative solvers and the last three cases are models of real-life applications.
9.2.1 3Cubes

8Cubes is a linear static model consisting of three high-stiffness cubes inside a low-stiffness
cube. The model is built with tetrahedron elements and consists of four materials [Figure
11].
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# free d.o.f. | # materials | Analysis | Symmetry
3Cubes 15.735 4 Linear Y
BeddingBylnterfaces 206.681 2 Linear Y
BeddingBySprings 203.401 2 Linear Y
SplittedCube 161.711 2 Linear Y
Mixture Cube 33.832 2 Linear N
Geo 73.336 9 Linear Y
PitExcavation 10.856 8 Nonlinear N
Road 2.286 5 Nonlinear Y

Table 3: Overview of the cases.

Figure 11: A graphical representation of the 3Cubes case. Inside this cube there are three
relatively stiff cubes located.

The three inner cubes are much stiffer than the outer cube as given in Table 4. The itera-
tive solver is expected to perform poorly.

Material Young’s modulus
OuterCube 1.0-10° kPa
InnerCubel ~ 9.0-10° kPa
InnerCube2  6.0-10° kPa
InnerCube3 3.0-10° kPa

Table 4: Young’s moduli of the materials in the $Cubes case.

The model 3Cubes has 17.058 degrees of freedom of which 15.735 degrees of freedom are
really free (no constraints). The cube has fixed boundary conditions at the bottom. A
uniform load is vertically applied on top of the large cube.

9.2.2 BeddingBylnterfaces

BeddingBylnterfaces is a linear static model of a cube standing on fixed interface elements,
which function as a linear elastic bedding. The model is built with plane interfaces and
hexahedron elements and consists of two materials [Figure 12]. The model BeddingByIn-
terfaces has 211.806 degrees of freedom of which 206.681 degrees of freedom are really free
(no constraints). The cube is attached to the interfaces at the bottom and supported at
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two sides of the cube. The load is vertically applied at one of the top plane’s corners, which
physically will result in tilting the cube.

Figure 12: A graphical representation of the BeddingBylnterfaces and BeddingBySprings
cases. The blue bottom represents the linear elastic bedding.

9.2.3 BeddingBySprings

BeddingBySprings is similar to BeddingBylnterfaces, but instead of interface elements, the
linear elastic bedding is modeled with spring elements. The remainder of the model is built
with hexahedron elements [Figure 12]. The model BeddingBySprings has 206.763 degrees
of freedom of which 203.401 degrees of freedom are really free (no constraints). The cube
is attached to the springs at the bottom and supported at two sides of the cube. The load
is vertically applied at one of the top plane’s corners, which physically will result in tilting
the cube.

9.2.4 SplittedCube

SplittedCube is a linear static model consisting of quadratic hexahedron elements and
quadratic plane interfaces. A uniform cube is divided into two parts by interface elements
[Figure 13]. The interface elements are located between the green part and the yellow part.
The stiffness of the interface elements is relatively low in comparison with the stiffness of

Figure 13: A graphical representation of the SplittedCube case. Interface elements are
placed between the two parts.

the cube. The model Splitted Cube has 170.706 degrees of freedom of which 161.711 degrees
of freedom are really free (no constraints). The cube is supported in the normal direction at
three neighboring planes (bottom, back and one side). A uniform load is vertically applied
on top of the cube.
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9.2.5 MixtureCube

MiztureCube is a non-symmetric linear static model. It consists of two materials modeled
by classical and mixture hexahedron elements [Figure 14]. The classical elements form a
horizontal three-element thick layer in the middle of the cube. Below and above the layer
are the mixture elements. The model MixtureCube has 36.817 degrees of freedom of which
33.832 degrees of freedom are really free (no constraints). The cube is supported in the
normal direction at two side planes and at all edges. A uniform load is vertically applied
on top of the cube.

Figure 14: A graphical representation of the MiztureCube case. A three-thick element layer
divides two mixture element blocks.

9.2.6 Geo

Geo is a linear static geotechnical model of a real-life application. The model is built with
plane interfaces and hexahedron elements and consists of eight materials which roughly
form layers in the model [Figure 15].

Figure 15: A graphical representation of the Geo case. A pressure load is applied in the
center.

Young’s moduli of the materials is presented in Table 5. This table gives the materials as
they appear in the model from top to bottom.

o7



Material Young’s modulus
Sediments 1.0-10* kPa
Chalk 5.0 -10% kPa
Cromer Knoll 1.0-10% kPa
Kimmeridge 2.0-10% kPa

Interface n/a

Upper Fulmar 5.0 -10° kPa
Lower Fulmar 1.0-10° kPa
Pentland 4.0-10% kPa
Triassic 8.0-10% kPa

Table 5: Young’s moduli of the materials in the Geo case.

The interface elements are located between the Kimmeridge and Upper Fulmar layer. The
interface elements have 2.0-10% kN/m? normal stiffness and 1.0-10~ kN/m? shear stiffness
moduli.

The model Geo has 77.517 degrees of freedom of which 73.336 degrees of freedom are really
free (no constraints). The cube is supported in the normal direction at two side planes and
at all edges of the model. A pressure load is applied in the center of the model; gravity is
ignored. The model contains some ‘ill-shaped elements’, which means that the volume of
the element is relatively low in comparison with the nodal distances.

9.2.7 PitExcavation

PitExcavation is a non-symmetric, nonlinear geotechnical model of a real-life application
consisting of three phases: the initial state, wall installation and drainage, and excavation
and loading. These phases result in five nonlinear steps. The case is modeled with plane
interfaces and hexahedron elements and consists of eight materials [Figure 16].

Figure 16: A graphical representation of the PitEzcavation case. The part inside the red
sheet pile wall will be excavated.

Young’s moduli of the materials are presented in Table 6.
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Material Young’s modulus
Sand 2.0-10% kPa
Sheet Pile Wall ~ 1.8-10' kPa
Strut 2.1-10% kPa
Interfaces (5) n/a

Table 6: Young’s moduli of the materials in the PitEzcavation case.

Five variants of interface elements occur in the model; between the sand and the wall and
in the sand layers. The interface stiffness is of order 107 kN/m3.

The model PitFEzcavation has a varying number of degrees of freedom, depending on the
phase. In each phase one or more parts of the model is active. The number of degrees of
freedom that is not constrained is between 10.856 and 11.808, depending on the phase. The
cube is supported in the normal direction at three planes and at all edges of the model.
There are three load cases. First, the gravity load is applied, then a load is applied on the
surface and the last load is pore pressure on both sides of the wall after drainage.

9.2.8 Road

The case Road is a two-dimensional, nonlinear model of a real-life application. It consists of

five layers, namely bitumen, a granular base, two sand layers and a soil foundation [Figure
17].

Figure 17: A graphical representation of the two-dimensional Road case.

Young’s moduli of the top-to-bottom layers are presented in Table 7.

Material  Young’s modulus
Bitumen 4.0-10% kPa
Granular 8.0-103 kPa
Sand 1 6.5 -10* kPa
Sand 2 1.3-10° kPa
Soil 6.0 - 10* kPa

Table 7: Young’s moduli of the materials in the Road case.
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The two-dimensional model Road consists of 2.324 degrees of freedom of which 2.286 are
really free (no constraint). The boundary conditions support the outside of the model in
horizontal direction and the bottom in vertical direction.

A gravity load and a wheel load are applied. The wheel load is located at the upper left
corner of Figure 17.

9.3 Numerical experiments

In this section the results of the cases are described. Table 8 presents the solvers that are

compared.
PARDISO
PCG Preconditioned Conjugate Gradient
GMRES(s) Restarted Generalized Minimal Residual method
DPCG Deflated Preconditioned Conjugate Gradient
PPCG Preconditioned Preconditioned Conjugate Gradient

DGMRES(s) Restarted Deflated Generalized Minimal Residual method
PGMRES(s) Restarted Preconditioned Generalized Minimal Residual method

Table 8: The solvers that are compared.

The PARDISO solver will be the standard solution method in DIANA version 9.6. It is a
parallel direct sparse solver implemented by the Intel Math Kernel Library (Intel MKL).
The solver uses a combination of left- and right-looking supernode techniques [30].

The PCG method respectively GMRES(s) method are the current implementations of the
symmetric respectively non-symmetric iterative solver. The PCG and GMRES(s) methods
use coarse grid correction that is purely subdomain-based, by the subdomains of the Schwarz
domain decomposition method. The number of available threads is equal to the number
of subdomains. The domain decomposition is not performed if it is specified to use one
thread. In that case no coarse grid correction is applied.

The DPCG and DGMRES(s) methods are the newly implemented iterative solvers using
rigid body modes deflation. The PPCG and PGMRES(s) methods are the newly imple-
mented iterative solvers using rigid body modes in coarse grid correction. The rigid body
modes are based on the physical properties of the model. The number of available threads
is equal to the number of subdomains and each subdomain results in at least one and up
to nyp rigid bodies. The rigid body modes are also used if it is specified to use one thread.

All iterative solution methods use the preconditioners IC(0) for symmetric matrices or
ILU(0) for non-symmetric matrices, if not specified otherwise. Substructuring with or
without rigid bodies proved not to be competitive and is therefore not included in the
comparison.

Tables 9 — 16 show the performance of several solution methods in DIANA. The first column
presents the number of available threads, which equals the number of subdomains. The
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second column presents the condition number of the coarse matrix formed by the identified
rigid bodies. The condition number is explicitly computed by

kp(E) = |E|FIE7 F = |RIFIR™|F-

The CPU times of the DPCG, PPCG, DGMRES(s) and PGMRES(s) methods include the
rigid body identification time.

Figures 18 — 20 show the convergence of several iterative solvers. The vertical axis rep-
resents the relative residual and the horizontal axis represents the iteration number. The
convergence criterion is 1078, The residual is always explicitly computed after convergence
to verify the results.

9.3.1 3Cubes

Table 9 presents the results for the 3Cubes case. The DPCG and PPCG solvers identified
four global rigid bodies in 0.3 seconds. Note that the assembly of the bodies per subdo-
main always forms the whole subdomain. The bodies are formed by the three cubes and
the remainder of the model, implying Z € R"*?* for one subdomain. The number of re-
moved bodies due to overlap increases with the number of threads. For example, four of
the seventeen global bodies were removed using eight threads.

# threads || kp(E) PCG PARDISO DPCG PPCG
iter CPU(s) | iter CPU(s) || iter CPU(s) | iter CPU(s)
1 4-10% || 820 5.2 1 1.1 92 1.2 91 1.2
2 6-10% || 761 3.1 1 0.8 92 0.9 100 0.8
4 1-10* | 846 23 1 0.6 103 0.8 |102 0.7
8 4-10° || 746 3.6 1 0.6 63 1.0 67 0.9

Table 9: The results of the 3Cubes case.

The PARDISO solver outperforms the iterative solvers due to the small size of the model.
Figure 18 shows how the relative residual decreases with each iteration of the PCG, DPCG
and PPCG methods for the $Cubes case.
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Figure 18: The convergence behavior of the 3Cubes case using one thread.

This shows that convergence of the PCG method for the 3Cubes case is slow and erratic.
The DPCG and PPCG methods improve convergence by using the rigid body modes.

9.3.2 BeddingBylnterfaces

Table 10 presents the results for the BeddingBylnterfaces case. The DPCG and PPCG
solvers identified two global rigid bodies in 0.8 seconds. These bodies are the interface
elements (the bedding) and the solid elements, implying Z € R™*'2 for one subdomain.

# threads || kp(E) PCG PARDISO DPCG PPCG
iter CPU(s) | iter CPU(s) || iter CPU(s) | iter CPU(s)
3-106 || 130 25.8 1 132.3 88 21.0 104 23.8
9-10% | 113 14.7 1 79.2 104 14.6 110 15.4
2-107 | 123 12.8 1 44.7 113 13.4 125 13.9
5-107 | 120 13.2 1 44.7 85 12.0 96 12.5

O = DN =

Table 10: The results of the BeddingBylnterfaces case.

Figure 19 shows the convergence of the iterative solvers with sequential computations. Note
that deflation and coarse grid correction improve the convergence of the PCG method. As
shown, coarse grid correction results in a more erratic convergence process. Also note that
the rigid bodies have a slightly negative effect on the convergence of PPCG for four threads,
which is unexpected.

9.3.3 BeddingBySprings

Table 11 presents the results for the BeddingBySprings case. The DPCG and PPCG solvers
identified one global rigid body in 0.8 seconds. The springs have a low stiffness, so that
the nodes attached to the springs and the solid elements are put in the body of the solid
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Figure 19: The convergence behavior for the BeddingBylnterfaces case using one thread.

elements. This implies Z € R"*% for one subdomain.

# threads || kp(E) PCG PARDISO DPCG PPCG
iter CPU(s) | iter CPU(s) || iter CPU(s) | iter CPU(s)
1-10% || 143 26.7 1 128.9 90 214 95 22.9
3-10% || 112 14.3 1 75.1 105 14.6 112 15.1
8-10% || 135 13.5 1 43.6 127 13.9 135 14.4
2-10% || 93 10.6 1 42.7 83 10.9 93 114

0 = N =

Table 11: The results of the BeddingBySprings case.

As can be seen in Table 11, the identification of rigid bodies in the model BeddingBySprings
is not worthwhile. The result is one rigid body per subdomain, which is identical to the
original PCG method. The iterations of the PCG and PPCG methods are identical when
using more than one thread. The PCG method is faster than the PPCG method by saving
the required time to identify one rigid body per subdomain. Note the difference between
the PCG and PPCG methods in the sequential setting. The reason for this difference is
that the PCG method does not use coarse grid correction in sequential computations.

9.3.4 SplittedCube

Table 12 presents the results for the SplittedCube case. The DPCG and PPCG solvers
identified two global rigid bodies in 0.5 seconds. These bodies are the two cube parts. The
interface elements have a low stiffness and the corresponding nodes are put in the bodies
formed by the two cube parts. This implies Z € R™*!? for one subdomain.
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# threads

0 =~ N =

. 1019

iter
248
229
255
248

PCG

CPU(s)
66.2
43.1
35.4
37.5

PARDISO
iter CPU(s)
1 1320
1 780
1 471
1 479

DPCG

iter
122
n/a
n/a
n/a

CPU(s)
37.8
n/a
n/a
n/a

iter
126
144
151
128

PPCG
CPU(s)
38.7
30.7
23.3
23.4

Table 12: The results of the SplittedCube case.

Note that deflation is too sensitive to rounding errors for 2, 4 or 8 threads, since the con-
dition number kp(F) is too large.

Figure 20 presents the convergence behavior of the PCG, DPCG and PPCG methods. The
DPCG method does not always converge, as illustrated in Figure 20b. The convergence
jumps for the PCG method in Figure 20a can be explained by the interface crack of the
SplittedCube case. This jump is removed by correcting for the rigid body modes in Figure

20c.
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(b) The DPCG method: computations with one, two, four
and eight threads. Only the computation with one thread
converges.
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Figure 20: The convergence behavior for the SplittedCube case.
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9.3.5 MixtureCube
Table 13 presents the results for the Mizture Cube case. The DGMRES(s) and PGMRES(s)

solvers identified three global rigid bodies in 0.2 seconds. In two bodies extra pressure de-
grees of freedom occur. This implies Z € R™*(7+7+6) for one subdomain. The number of
removed bodies due to overlap increases with the number of threads. For example, two
of the sixteen global bodies were removed using eight threads. Nevertheless, the coarse
matrix is very ill-conditioned.

# threads | kp(E) | GMRES(s) PARDISO DGMRES(s) | PGMRES(s)
iter CPU(s) | iter CPU(s) || iter CPU(s) | iter CPU(s)
2-10%2 || 17 23.7 1 158 | n/a  n/a 23 211
2.10" | 30 2104 1 10.3 29  221.6 | 30  223.7
8102 || 41 9.2 1 7.2 44 9.8 41 9.8
2.101 || 42 8.8 1 7.0 44 9.5 44 10.1

O = N =

Table 13: The results of the MiztureCube case.

Table 13 shows that the iterative solver with two threads is very inefficient. The additional
time is required for the setup of the ILUT(107%) preconditioner. With other number of
threads, the much cheaper ILUT(10~3) preconditioner is used. Furthermore, identifying
the rigid bodies does not seem not to speed up or even to slow down the convergence speed.
This is caused by the ill-conditioned coarse matrix, which imply that deflation and coarse
grid correction may be less effective. Using one thread and deflation results in divergence.

9.3.6 Geo

Table 14 presents the results for the Geo case. The DPCG and PPCG solvers identified two
global rigid bodies in 0.3 seconds. These bodies are formed by the top layer Sediments and
the remainder of the model. Note that the interface elements do not result in an additional
rigid body. This implies Z € R™*!2 for one subdomain.

# threads || kp(E) PCG PARDISO DPCG PPCG
iter CPU(s) | iter CPU(s) || iter CPU(s) | iter CPU(s)
2-10% || 289 17.5 1 18.6 248 16.6 251 16.7
7-10% || 255 10.3 1 11.1 255 10.9 258 10.8
1-10° || 284 9.2 1 7.1 279 10.1 283 9.8
4-10° | 256 9.2 1 6.5 251  10.6 | 255 9.9

O = DN =

Table 14: The results of the Geo case.

The convergence of all methods for the Geo case is acceptable. The residual decreases
relatively slow, but gradually and stable. Note that the identified rigid bodies for two
threads have a slightly negative effect on the convergence, which is unexpected.

9.3.7 PitExcavation

The nonlinear relation is solved by a Quasi-Newton method (see Section 2.6). This implies
that the matrix does not change and hence, the decomposition can be reused in all non-
linear iterations per step. The first phase (initial state) requires two steps, involving the
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solutions of nine linear systems; the second phase (wall installation and drainage) requires
two steps, involving the solutions of thirteen linear systems; the third phase (excavation
and loading) requires five steps, involving the solutions of thirty linear systems.

The iterative solvers GMRES(s), DGMRES(s) and PGMRES(s) use the ILUT(107°) pre-
conditioner. The computation time of the complete analysis is given in Table 15. Only one
thread is analyzed, since the GMRES(s) method failed to converge for a larger number of
threads. The number of iterations and the condition number in Table 15 are averaged over
all the solution procedures.

# threads || kp(E) GMRES(s) PARDISO DGMRES(s) PGMRES(s)
iter  CPU(s) | iter CPU(s) || iter CPU(s) | iter CPU(s)
1 9-10% || 249,3 843 1 63 221,1 763 233,1 878

Table 15: The results of solving the linear systems of the PitFxcavation case.

Note that PARDISO clearly outperforms the iterative solvers, since the decomposition can
be reused every nonlinear iteration.

The DGMRES(s) and PGMRES(s) solvers identified two rigid bodies in each phase, im-
plying Z € R"*12. In the first phase the rigid bodies are the group of interface elements,
where the wall will be placed and the remainder of the active part of the model. In the
last two phases the rigid bodies are the wall and the remainder of the model. The stiffness
matrix does not change within each phase. The DGMRES(s) and PGMRES(s) methods
reuse the identified rigid bodies every nonlinear iteration in each phase.

9.3.8 Road

In the nonlinear analysis two gravity load steps and fifty wheel load steps are applied using
Newton’s method. The granular layer becomes stiffer as more load is applied, reducing
the stiffness jump between the bitumen and the granular layer. The computation time of
the complete analysis is presented in Table 16. Due to the small size of the model only
one thread is analyzed. The number of iterations is averaged over all solution procedures
that were able to solve the system using the IC(0) preconditioner. This means that fill-in
solutions were neglected for the average number of iterations.

Z threads | #p(E) PCG PARDISO DPCG PPCG
iter CPU(s) | iter CPU(s) || iter CPU(s) | iter CPU(s)
1 1-10% || 292.2 17 1 8 239.7 18 248.5 17

Table 16: The results of the Road case.

The DPCG and PPCG solvers identified one rigid body in each linear system, implying
Z € R™3, since the Road case is two-dimensional. The rigid body was reused in 75
of the 133 linear solves, since the element stiffness matrices changed not so extremely.
Recomputing the new rigid body took 2 milliseconds on average.
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The DPCG and PPCG methods are more effective if the stiffness difference is larger®. Note
that PARDISO is significantly faster than any iterative solver for this small two-dimensional
problem.

10 Conclusions

This section provides a summary of the theory, the conclusions from the numerical results
and possible future research.

10.1 Summary of theory

The finite element method is introduced by the weak formulation of a PDE. DIANA uses a
displacement application for structural problems including linear and nonlinear finite ele-
ment analysis. Different types of properties are addressed as well as a variety of structural
elements, such as continuum, spring, mixture and interface elements.

The resulting system of equation(s) can be solved by a number of iterative solution meth-
ods. A Krylov subspace method based on Arnoldi’s procedure is the Full Orthogonalization
Method (FOM), which orthogonalizes the residuals. A Krylov-based variant of the FOM
is the Generalized Minimal Residual Method (GMRES), which minimizes the residual over
the Krylov subspace. The symmetric version of Arnoldi’s procedure is Lanzcos, resulting
in the efficient short-recurrent Conjugate Gradient (CG) method.

Preconditioning a system can significantly improve convergence and robustness of an iter-
ative solution method. Both left- and right-preconditioning are useful; left-preconditioning
preserves the original iterations and right-preconditioning preserves the original residual
norm. Different preconditioners are discussed such as: Jacobi, Incomplete Cholesky de-
composition, Incomplete LU decomposition, Schwarz preconditioning and coarse grid cor-
rection.

DiaANA provides the Schur and Schwarz domain decomposition methods. The Schur do-
main decomposition method, or substructuring, divides the model into parts based on their
properties and computes the global solution sequentially. The Schwarz domain decomposi-
tion method divides the model into almost-equally large parts and can be used for parallel
computations. Parallel computation in DIANA targets shared memory computers. All tasks
execute the same sequential program (Single Program, Multiple Data). This way, the re-
quired data exchange between threads are kept to a minimum.

It is showed that the convergence of a Krylov subspace method can be improved by defla-
tion. Thee deflated preconditioned iterations for the Conjugate Gradient and Generalized
Minimal Residual Method are given. Some deflation strategies are eigenvector deflation,
subdomain deflation and rigid body modes deflation.

The (approximate) rigid bodies of a model can be identified by using a coloring algorithm.
The balance between the number and size of the stiffness jumps, and the number of rigid
bodies determines the performance of the rigid body modes strategy. In a general finite

SIf the stiffness difference between the bitumen and the granular layer is sufficiently increased (factor 10)
or a linear analysis is performed, then the algorithm initially identifies two bodies. After applying gravity
load, it identifies only one body.
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element application, the coloring algorithm cannot be directly applied.

We propose to compute the average trace of the element stiffness matrices. Elements may
be combined to rigid bodies based on their relative stiffness difference. Furthermore, we
propose to reuse the identified rigid bodies in a nonlinear iteration loop if the average trace
of the element stiffness matrices do not change significantly.

The modes corresponding to the identified rigid bodies can be used for deflation and coarse
grid correction. Deflation is a more powerful technique than coarse grid correction, re-
sulting in less iterations. On the other hand, coarse grid correction is better parallelizable
and is more robust than deflation. An important factor in the robustness of deflation and
coarse grid correction is the condition of the coarse (Galerkin) matrix.

We propose to remove small, substantially overlapping rigid bodies. Furthermore, we pro-
pose to compute the condition number of the coarse matriz and to efficiently switch from
deflation to coarse grid correction for ill-conditioned coarse systems.

10.2 Conclusions from the results

This thesis addressed the following research question:

How can the iterative solution methods of DIANA be improved by incorporating
the physical properties of the model?

Eight cases are described in terms of dimensions, boundary conditions, external forces and
performance. The first five cases illustrate the strengths and weaknesses of the iterative
solvers and the last three cases are models of real-life applications. An analysis of the spec-
trum of the one-dimensional Poisson problem is a motivation to eliminate the rigid body
modes corresponding to the stiff parts of the model.

The stiffness jumps are induced by approximate rigid bodies present in the underlying
model, which result in slow convergence of the iterative solvers. The iterative solvers in
DiANA are Conjugate Gradient (CG) and restarted GMRES (GMRES(s)). Identifying the
rigid bodies in a finite element model only takes a fraction of the time of the complete
analysis, often less than one second. The corresponding rigid body modes can be used by
the iterative solvers for deflation or coarse grid correction.

In terms of iterations it is often beneficial to identify and use the rigid bodies in the model.
In terms of CPU time it is beneficial for cases with stiffness jumps of 103 or larger. For
these cases, the rigid body modes significantly improve the convergence of the iterative
solvers, thus decreasing the computation time.

In the 8Cubes, MiztureCube, PitExcavation and Road cases, the standard PARDISO solver
clearly outperformed the iterative solvers. This is the result of small models, whereas the
iterative solvers are more suitable for large models. In the PitFxcavation case, the perfor-
mance gain of PARDISO is enforced by reusing the matrix decomposition in the nonlinear
iteration loop. Furthermore, the Mizture Cube model with mixture elements is hard to solve
by the iterative solver. The rigid body modes approach does not significantly improve con-
vergence for models with mixture elements or other elements with scalar degrees of freedom
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of another order of magnitude.

Rigid body modes deflation and rigid body modes coarse grid correction are compared in
sequential and parallel computations. In general, deflation is more powerful than coarse
grid correction in number of iterations. Deflation is also often more efficient in CPU time
for a small number of threads. On the other hand, coarse grid correction is slightly cheaper
per iteration, it scales better with the number of threads and it is more robust than defla-
tion. In general, deflation outperforms coarse grid correction until four threads, provided
that deflation can be applied sufficiently accurate. Deflation failed to converge for some
cases with an ill-conditioned coarse matrix. The condition of the coarse matrix can be
improved by removing some small overlapping rigid bodies, which can occur due to over-
lapping subdomains. In general, the number of removed bodies increases with the number
of subdomains. If the condition number is still too large, the strategy is to switch from de-
flation to coarse grid correction. This takes about one-tenth of a second of computing time.

In nonlinear analysis, the identified rigid bodies of the previous linear system can some-
times be reused. In the PitFExcavation case the rigid bodies were reused in the constant
stiffness method in each phase of the analysis. In the Road case the rigid bodies were
reused in 56% of the linear systems in Newton’s method. Rigid bodies can be reused if the
element stiffness matrices do not change significantly. A relative stiffness change of factor
two seems an acceptable choice.

Rigid body modes deflation and rigid body modes coarse grid correction are implemented
in CG and GMRES(s) in D1IANA and may be available in DIANA 9.6. The techniques
have been extensively tested by performing the standard DIANA test suites. An amount
of 828 linear, 139 geomechanical and 1605 nonlinear test problems were analyzed on the
HENDRIKS machine. The test were performed to validate correct behavior on a large scale
of problems.

10.3 Future research

Rigid body modes deflation and rigid body modes coarse grid correction have been exten-
sively tested. The recommendations for future research aim in particular at new concepts
in the context of rigid bodies and at other problems with the iterative solvers.

e Approximate rigid bodies can be used in the partitioning. The corresponding rigid
body modes can be specialized for certain problems.

— The Schwarz domain decomposition method in DIANA can be improved by a
partitioning that takes the rigid bodies into account. The idea is to identify
the rigid bodies in the model and subsequently to decompose the domain into
subdomains with the identified rigid bodies as a starting point [25].

— Another point of interest is the approximate null space matrix Z corresponding
to a rigid body. DIANA provides some elements with high stiffness in only a part
of the element (e.g. in specified directions). The approximate null space of a
collection of these elements can be improved by restricting the rigid body modes
to the high stiffness parts. A question that arises is whether this approach is
worthwhile.

e Nonlinear iteration schemes can require considerable computation time. Reusing
information from previous solutions is a natural approach to speed up the solve pro-
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cedure. The nonlinear iteration methods linear and constant stiffness can reuse the
matrix decomposition of a direct solver. For slightly changing systems of equations,
Newton-Krylov methods are efficient methods for solving sequences of linear systems.

— Several improvements can be made in DIANA, such as automatically using the
exact decomposition of the previous nonlinear iteration as a preconditioner in
the current nonlinear iteration. Also, eigenvector deflation can effectively reuse
information in nonlinear iterations loops [9, 14, 15,413].

— The identified rigid bodies are reused in a nonlinear iteration scheme if the
element stiffness matrices do not change significantly. The criterion to reuse the
rigid bodies can be further optimized.

e Several elements in DIANA can result in slow converging iterative solvers. Mixture
and shell elements introduce different units within the element stiffness matrices,
which induce jumps in the global stiffness matrix. Other scalar degree of freedoms
can also have bad influence on the convergence.

— The convergence of the iterative solvers is poor with e.g. mixture elements
and shell elements. This could be resolved by defining or identifying each non-
translational degree of freedom as an approximate rigid body, but in practice this
is too cumbersome. An obvious approach would be to seek a proper (physics-
based) preconditioner.

— Mixture elements always yield non-symmetric systems, which may be difficult
to solve and may require many iterations. An alternative for GMRES(s) is the
short-recurrent IDR(s) algorithm. IDR(s) can outperform GMRES(s) in case
of a large number of required iterations [38,45]. One of the main challenges is
to select the best performing non-symmetric method beforehand.
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A DIANA

Table 17 converses some important parameters in this thesis to DIANA-implementation
(where we like six-character capitalized parameters). These parameters are useful for DI-
ANA developers.

Thesis | DIANA

Maximum number of allowed

bodies per subdomain np MAXBOD
Distinguish parameter for

combining bodies 0 DISBOD
Nonlinear tolerance paramater

for reusing bodies vy REUSEB

Table 17: Conversion table for parameters.

A.1 The DIANA user

An average user of DIANA is likely to be unfamiliar with solution methods. Therefore, the
solver is implemented as a ‘black box’ and requires but little knowledge of the user.

In the light of the implemented rigid body approach, the user can specify two input parame-
ters, namely TYPE and MAXBOD. The input TYPE determines how to use the rigid bodies, thus
by deflation or coarse grid correction (preconditioning). The default is TYPE = AUTOMA. The
input MAXBOD determines the maximum number of allowed bodies per subdomain, which
was previously denoted by np in Section 6. The default is MAXBOD = 4. The possible input
values are described in Table 18.

Input Value Result

TYPE DEFLAT Rigid body modes deflation
PRECON Rigid body modes preconditioning
AUTOMA  Automatic

[Unspecified] Automatic

MAXBOD ny € N>1  Maximum of n; bodies

[Unspecified] Automatic

Table 18: Possible user-supplied input.

The following two input commands give the same results.

SOLVE ITERAT

SOLVE ITERAT RIGBOD TYPE AUTOMA MAXBOD = 4

Automatic rigid body type determines how to apply the rigid bodies by the number of spec-
ified threads. Rigid body modes deflation is applied if the number of threads is less than
four; otherwise rigid body modes preconditioning is applied. The choice can still change
during the solve procedure (from deflation to coarse grid correction) due to the condition
number of the coarse matrix.
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The command RIGBOD OFF explicitly switches off rigid body identification.

A.2 HENDRIKS machine

The details of DIANA’s HENDRIKS machine are showed in Table 19.

Dell PowerEdge 2900

2 Quad-Core Intel Xeon X5355 2.66GHz/2x4MB 1333FSB

24GB 667MHz FBD (12x2GB dual rank DIMMs)

2 * 146GB SAS (15,000rpm) 3.5 inch Hard Drive (RAID1) System

2 * 300GB SAS (10,000rpm) 3.5 inch Hard Drive (RAID1) Data

2 * 450GB SAS (15,000rpm) 3.5 inch Hard Drive (RAIDO) Scratch

PERC 5/i integrated RAID Controller Card, 256 MB cache, battery backup
Red Hat Enterprise Linux Server release 5.10 (Tikanga)

Table 19: Detailed hardware specifications of the HENDRIKS machine.

B Performance and memory considerations

B.1 Approximate null space matrix

The approximate null space matrix Z is in general a sparse matrix, depending on the num-
ber of rigid bodies. Computations concerning Z can therefore be performed sparse. An
advantage of storing Z sparsely is the memory requirements.

Let us illustrate this by a model Q with four rigid bodies Q%, Q°, Q¢ and Q¢. Suppose that
the rank of each body is equal to six (three translations and three rotations). Equation
(B.1) shows how the four rigid bodies can be described by six vectors with the same
sparse structure; it contains only non-zeros in for those degrees of freedom that lay in
that particular body. For this reason, it can be advantageous to exploit this sparse block
structure. The corresponding sparse computations use one local-to-global mapping for six
vectors at a time. This local-to-global mapping is therefore cheap.

Za

ZC

Zd

Full computations are merely faster for the special case with just one rigid body and only
slightly faster in that case. The current implementation only supports sparse computations.
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B.2 Pre-computing KZ versus not pre-computing KZ

Deflation requires to compute y = K Zx every iteration. The matrix KZ can be pre-
computed (one-time-computation in advance of the iteration process) or be computed as
y = KZx = Ky, i.e. not pre-computed. A disadvantage of pre-computing K Z is some ad-
ditional memory requirements, but this can be minor by converting K to a sparse matrix.

The test problems in Table 20 compare pre-computing KZ and not pre-computing K7
within deflation with varying number of available threads. Only test problems with suf-
ficiently accurate coarse matrix E (see Section 8.3.3) are included; other test problems
automatically switched to coarse grid correction. The computations were performed using
an executable that was created without optimization during compiling.

Case # threads CPU(s)
Pre-computed Not pre-computed
Block 1 0.83 1.01
2 0.57 0.65
4 0.47 0.49
6 0.35 0.34
8 0.49 0.46
SpherelnCube 1 3.16 3.83
3Cubes 1 1.54 1.87
2 0.98 1.15
4 0.86 0.89
Geo 1 19.45 24.04
2 12.64 14.83
4 9.64 10.88
6 10.47 11.49
8 9.96 10.58

Table 20: Computation time in seconds for preparing and solving the system of equations.

The best performing tests in Table 20 are colored green. Note that not pre-computing
KZ can only be advantageous if the number of threads is large, but in these cases it is
advantageous to use coarse grid correction. Therefore, deflation with pre-computing sparse
K Z is applied.

C Stiffness range as generalization of the coloring algorithm

This approach defines the stiffness ranges in the model. A stiffness range in the model
can be seen as a newly defined material. The elements are divided in a number of stiffness
ranges and each element is contained in exactly one stiffness range. Thereafter, the classical
coloring algorithm can be applied as in Algorithm 6. The steps are illustrated below.

1. Compute the trace of the element stiffness matrices and determine the maximum and
minimum of all elements.

2. Determine the stiffness ranges. These stiffness ranges are based on relative differences:
the upper bound of the current stiffness range is a constant factor times the upper
bound of the previous stiffness range.
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3. Put all elements into a stiffness range.

4. Check which stiffness ranges are filled with one or more elements and label these as
active stiffness ranges.

5. Remove inactive stiffness ranges and combine stiffness ranges until a reasonable
amount (> np) of stiffness ranges remain.

6. Apply the coloring algorithm to identify rigid bodies.

7. Combine identified bodies until n, bodies (per subdomain) remain.

A disadvantage of this approach is its cumbersomeness. The identification of the stiffness
ranges can be ineffective, since some neighboring elements with comparable stiffness can be
split up into two stiffness ranges. The identification of stiffness ranges is merely based on
stiffness and not on location; this can easily lead to a diffused distribution of the stiffness
ranges, resulting in a large number of identified bodies.

D Induced dimension reduction

The recently proposed method IDR(s) [35] has proven to be highly efficient for some classes
of non-symmetric systems. It is a short-recurrence Krylov subspace method, but, different
from Bi-CG-type algorithms, it is not typically based on the bi-Lanzcos method. These
Bi-CG-type methods (such as CGS and Bi-CGSTAB) are essentially based on biorthogonal
bases K™(K;rg) and K™(KH;rqg) := K™(K”;7y). The IDR method is based on forcing
the residuals r,, in subspace G; which is of decreasing dimension.

The original IDR method was published in Wesseling et al. [50]. Any IDR(s) method is
based on this idea of IDR and its generalization is given in Sonneveld et al. [38].

Theorem 10. Let K be any matriz in CN*N | let vy be any nonzero vector in CN, and let
Go be the full Krylov space KN (K, vy). Let S denote any proper subspace of CN such that
S and Go do not share a nontrivial invariant subspace of K, and define the sequence Gj,
7=1,2,... as

gj = —w;iK)(Gj-103),
where the w;’s are nonzero scalars. Then
(i) G; C Gj—1 Vj>0,
(i) G; = {0} for some j < N.
For the proof please refer to Sonneveld et al. [38]. The IDR(s) method assumes the space

S to be the left null space of some full rank N x s matrix P = ( p; p2 --- ps ), shortly
noted by S = N (PH).

The residuals r,, are in the Krylov subspaces K" (K;rg) and therefore, r,, can be written
as ¢n—1(K)ro, where g, is a certain polynomial of degree n — 1. If we are able to find a
recursion for r,,, then it should also be possible to find a recursion for u,,, since

KAu, = —-Ar, = (qn(K) - QHJrl(K))TO?

where the operator A is defined by Ax; := x;41 —;. Therefore, the general Krylov method
can be described in the following form [38]:

75



l
Tnyl = Ty — aKv, — ZVlArn—la
=1
]
Unt1 = Up + aVp — Y VAU,
=1

(D.1)

with v, € K"(K;r0) \ K" ' (K;ro). The integer [ is the depth of the recursion, e.g., using
[ = n is a long recurrence. If we force the residual 7,41 into G;11 then
Tn4+l = (I — wj+1K)vn, with v, € gj NnsS. (D.Q)

If we choose

[
Up =Tn — ZVlATnfla (D3)
=1

then we obtain the recursion of 7,41 in Equation (D.1) with o = wj41.

Now suppose ry,, Ar,_; € G, 1 =1,... ,[. This implies that v, € G; by Equation (D.3). If
we choose v; such that v, € S by Equation (D.2), then by Theorem 10 we have 7,41 € Gj11.
To satisfy this we need to find the correct ;. Taking [=s yields a unique solution for ~;
in solving the s-by-s linear system.

Defining the matrices

AR, = ( Arp_1 Arp_g - Arp_g )7
AXn = ( A{L‘nfl A:Ej,Q s Aiﬂnfs ),

then we can calculate 1,11 € Gj11 as follows:

Algorithm 9. IDR update residual
1 Solve: c€C* from (PEAR,)c= PHr,
2 v=r,— AR,c
3 Tnyl = U — wjp1 Kv

The choice for wj;1 is unspecified and is typically chosen to minimize the residual norm,
provided that w;;1 does not become very small (a threshold can be used).

A suitable IDR(s) algorithm for DIANA could be IDR(s)-biortho, described in Van Gijzen
et al. [15].

76



References

AUZINGER, W., AND MELENK, J. Iterative Solution of Large Linear Systems. Vienna
University of Technology (2011).

BaTHE, K.-J. Finite element procedures. Prentice Hall, 1996.

BrowN, P., AND WALKER, H. GMRES On (Nearly) Singular Systems. SIAM J.
Matriz Anal. Appl. 18, 1 (Jan. 1997), 37-51.

BROYDEN, C. G. The convergence of a class of double-rank minimization algorithms:
2. the new algorithm. IMA Journal of Applied Mathematics 6, 3 (1970), 222-231.

BuTeENHOF, D. R. Programming with POSIX threads, third ed. Addison-Wesley
Longman, Inc., Jan 1998.

CRISFIELD, M. A. Non-linear Finite Element Analysis of Solids and Structures, vol. 1.
John Wiley & Sons, 1991.

Dacgum, L., AND MENON, R. OpenMP: an industry-standard API for shared-memory
programming. IEEE Computational Science € Engineering 5, 1 (Jan 1998), 46-55.

DosTAL, Z. Conjugate gradient method with preconditioning by projector. Interna-
tional Journal of Computer Mathematics 23, 3 (1988), 315-323.

ERrRHEL, J., BURRAGE, K., AND PoOHL, B. Restarted GMRES preconditioned by
deflation. Journal of Computational and Applied Mathematics 69 (1995), 303-318.

FOSTER, 1. Designing and building parallel programs. Addison-Wesley, Inc., 1995.

Francis, J. G. F. The QR Transformation A Unitary Analogue to the LR Transfor-
mationPart 1. The Computer Journal 4, 3 (1961), 265-271.

FrANK, J., AND VUIK, C. On the construction of deflation-based preconditioners.
SIAM Journal on Scientific Computing 23 (2001), 442-462.

GoLus, G. H., AND LoaN, C. F. V. Matriz Computations (3rd Ed.). Johns Hopkins
University Press, Baltimore, MD, USA, 1996.

GOSSELET, P., AND REY, C. On a selective reuse of krylov subspaces in newton-
krylov approaches for nonlinear elasticity. Proceedings of the fourteenth international
conference on domain decomposition methods (2003), 419-426.

GOsseLET, P., REY, C., AND PEBREL, J. Total and selective reuse of krylov

subspaces for the resolution of sequences of nonlinear structural problems. CoRR
abs/1301.7530 (2013).

HAAsE, M. Lectures on Functional Analysis. Delft Institute of Applied Mathematics,
2012.

HESTENES, M. R., AND STIEFEL, E. Methods of conjugate gradients for solving linear
systems. Journal of research of the National Bureau of Standards 49 (1952), 409-436.

HorN, R., AND JOHNSON, C. Matriz Analysis. Cambridge University Press, Cam-
bridge, UK, 1985.

7



[19]

[20]

[21]

[22]

23]

[24]

[25]

HUNTER, J. K. Notes on Partial Differential Equations. Department of Mathematics,
2010.

JONSTHOVEL, T. The Deflated Preconditioned Conjugate Gradient Method Applied to
Composite Materials. PhD thesis, Delft University of Technology, 2012.

JONSTHOVEL, T., VAN G1JZEN, M., KASBERGEN, C., AND SCARPAS, A. Precondi-
tioned conjugate gradient method enhanced by deflation of rigid body modes applied
to composite materials. Computer Modeling in Engineering and Sciences 47 (2009),
97-118.

JONSTHOVEL, T., VAN GIJZEN, M., MACLACHLAN, S., C.VUIK, AND SCARPAS, A.
Comparison of the deflated preconditioned conjugate gradient method and algebraic
multigrid for composite materials. Computational Mechanics 50 (2012), 321-333.

JONSTHOVEL, T., VAN GIJZEN, M., VUIK, C., AND SCARPAS, A. On the use of rigid
body modes in the deflated preconditioned conjugate gradient method. Report 11-04,
Delft University of Technology, Delft Institute of Applied Mathematics, 2011.

KAASSCHIETER, E. Preconditioned conjugate gradients for solving singular systems.
Journal of Computational and Applied Mathematics 24, 12 (1988), 265 — 275.

Kaunr, K., AND RiITTICH, H. Analysis of the deflated conjugate gradient method
based on symmetric multigrid theory.

KARyPIs, G., AND KUMAR, V. Metis. a software package for partitioning unstruc-
tured graphs, partitioning meshes, and computing fill-reducing orderings of sparse
matrices. Tech. rep., University of Minnesota, September 1998.

LINGEN, F. Design of an object oriented finite element package for parallel computers.
PhD thesis, Delft University of Technology, 2000.

LINGEN, F., BONNIER, P., BRINKGREVE, R., VAN GIJZEN, M., AND VUIK, C. A
parallel linear solver exploiting the physical properties of the underlying mechanical
problem. Report 12-12, Delft University of Technology, Delft Institute of Applied
Mathematics, 2012.

MorcAN, R. GMRES with Deflated Restarting. STAM J. Sci. Comput. 24, 1 (January
2002), 20-37.

NAaABBEN, R., AND VUIK, C. A comparison of Deflation and Coarse Grid Correction
applied to porous media flow. SIAM J. Numer. Anal. 42 (2004), 1631-1647.

NaBBEN, R., AND VUIK, C. Domain decomposition methods and deflated Krylov
subspace iterations. In European Conference on Computational Fluid Dynamics EC-

COMAS CFD 2006 (2006), TU Delft.

NicorLAIDES, R. A. Deflation of conjugate gradients with applications to boundary
value problems. SIAM Journal on Numerical Analysis 24, 2 (Apr. 1987), 355-365.

NoTAYy, Y. An aggregation-based algebraic multigrid method. ETNA 37 (2010),
123-146.

SAAD, Y. Iterative Methods for Sparse Linear Systems, 2nd ed. Society for Industrial
and Applied Mathematics, Philadelphia, PA, USA, 2003.

78



[35]

[36]

[41]

[42]

[43]

[44]

[46]

[47]

SAAD, Y., AND ScHULTZ, M. GMRES: A generalized minimal residual algorithm
for solving non-symmetric linear systems. SIAM J. Sci. Stat. Comput. 7, 3 (1986),
856—-869.

SCHENK, O., GARTNER, K., AND FICHTNER, W. Efficient Sparse LU Factorization
with Left-Right Looking Strategy on Shared Memory Multiprocessors. BIT Numerical
Mathematics 40, 1 (2000), 158-176.

SMITH, B. Domain decomposition methods for partial differential equations. Tech.
rep., 1990.

SONNEVELD, P., AND VAN GIJZEN, M. IDR(s): A family of simple and fast algorithms
for solving large nonsymmetric systems of linear equations. SIAM Journal on Scientific
Computing 31, 2 (2008), 1035-1062.

TaNG, J., NABBEN, R., VUIK, C., AND ERLANGGA, Y. Comparison of Two-Level
Preconditioners Derived from Deflation, Domain Decomposition and Multigrid Meth-
ods . Journal of Scientific Computing 39 (2009), 340-370.

TNO DIANA. DiaNA 9.5 Finite Element Analysis, User’s Manual, Analysis Proce-
dures, first ed., 2014.

TNO DIANA. DIANA 9.5 Finite Element Analysis, User’s Manual, Element Library,
first ed., 2014.

TNO DIANA. DIANA 9.5 Finite Element Analysis, User’s Manual, Material Library,
first ed., 2014.

VAN DER LINDEN, J. Development of a deflation-based linear solver in reservoir
simulation. PhD thesis, Delft University of Technology, 2013.

VAN DER VORST, H. Iterative Krylov methods for large linear systems. Cambridge
University Press (2003).

VAN GIJZEN, M., AND SONNEVELD, P. Algorithm 913: An elegant IDR(s) variant that
efficiently exploits bi-orthogonality properties. ACM Transactions on Mathematical
Software 38, 1 (November 2011), 5:1-5:19.

VAN KAN, J., SEGAL, A., AND VERMOLEN, F. Numerical Methods in Scientific
Computing, 1st ed. VSSD, Delft, The Netherlands, 2005.

VERMOLEN, F., VUIK, C., AND SEGAL, A. Deflation in preconditioned conjugate gra-
dient methods for finite element problems. In Conjugate Gradient and Finite Element
Methods. Springer, 2004, pp. 103-129.

Vuik, C., AND LAHAYE, D. Scientific computing (wi4201). Lecture notes for wi4201,
2012.

WELLS, G. N. The finite element method: An introduction. Lecture notes for CT5142,
January 2011.

WESSELING, P., AND SONNEVELD, P. Numerical experiments with a multiple grid and
a preconditioned Lanczos type method. In Approzimation Methods for Navier-Stokes
Problems, R. Rautmann, Ed., vol. 771 of Lecture Notes in Mathematics. Springer Berlin
Heidelberg, 1980, pp. 543-562.

79



[51] YEUNG, M., TANG, J., AND VUIK, C. On the convergence of GMRES with invariant-

subspace deflation. Reports of the Department of Applied Mathematical Analysis,
2010.

[52] ZIENKIEWICZ, O. The Finite Element Method, 3rd ed. McGRAW-HILL Book Com-
pany (UK) Limited, Maidenhead, England, 1977.

80



	Abstract
	Notation and definitions
	Acknowledgments
	Introduction
	The finite element method
	The weak formulation
	Solving the weak formulation
	Application of the finite element method to structural problems
	Elements
	Element integration
	Nonlinear analysis

	Iterative solution methods for linear systems
	Krylov subspace methods
	Preconditioning
	Multigrid

	Domain decompositions
	Partitioning
	Substructuring
	Schwarz domain decomposition
	Substructuring versus parallel domain decomposition

	Deflation
	Convergence of deflation
	Robustness
	Eigenvector deflation
	Subdomain deflation
	Rigid body modes deflation

	Identifying rigid bodies
	Motivation
	The coloring algorithm
	Generalizing the coloring algorithm
	Limitation of rigid bodies
	Reusing rigid bodies in nonlinear iterations

	Rigid bodies within the solution method
	The rigid body modes
	Deflation versus coarse grid correction

	Implementation
	Parallel computers
	Parallel computations
	The condition number of the coarse matrix

	Results
	General applicability
	Case descriptions
	Numerical experiments

	Conclusions
	Summary of theory
	Conclusions from the results
	Future research

	DIANA
	The DIANA user
	HENDRIKS machine

	Performance and memory considerations
	Approximate null space matrix
	Pre-computing KZ versus not pre-computing KZ

	Stiffness range as generalization of the coloring algorithm
	Induced dimension reduction

