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Abstract. Large discontinuities in material properties, such as those encountered in composite
materials, lead to ill-conditioned systems of linear equations. These discontinuities give rise to
small eigenvalues that may negatively affect the convergence of iterative solution methods such as
the preconditioned conjugate gradient method. This paper considers the deflated preconditioned
conjugate gradient method for solving such systems. Our deflation technique uses as the deflation
space the rigid body modes of sets of elements with homogeneous material properties. We show that
in the deflated spectrum the small eigenvalues are mapped to zero and no longer negatively affect
the convergence. We justify our approach through mathematical analysis and show with numerical
experiments on both academic and realistic test problems that the convergence of our DPCG method
is independent of discontinuities in the material properties.
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1. Introduction. In many real life engineering applications composite materials
play an important role. Good examples are the infrastructural materials found in
civil engineering or rock formations in geotechnical engineering. Understanding the
interaction between the different components in these materials may lead to more
accurate and realistic simulations that are used in the design of more sustainable
materials or the displacement of subsurface materials. In recent years there has been a
shift in length scales, going from macro- to microscale structural analysis of composite
materials. The computationally most demanding task of the finite element (FE)
analysis is the solution of large symmetric, positive definite linear systems.

In our application, the composite materials display large differences in the mate-
rial properties of its components, leading to large jumps in the entries of the stiffness
matrix and to ill-conditioned linear systems. In [8], we have studied the relation be-
tween these jumps and the deterioration of the performance of the preconditioned
conjugate gradient (PCG) method. Specifically, we have shown that there is a corre-
lation between the number of rigid body modes of subbodies of materials contained
within the FE mesh and the number of small eigenvalues of the stiffness matrix. Based
on this observation, we used rigid body modes combined with existing deflation tech-
niques to remove those small eigenvalues from the spectrum of the stiffness matrix.
We introduced the deflated preconditioned conjugate gradient (DPCG) method that
uses deflation vectors based on the rigid body modes of sets of elements with similar
material properties.
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Deflation based preconditioners were first introduced in [14] and have successfully
been applied within the field of computational fluid dynamics, with excellent results
on problems with discontinuous jumps in coefficients [16], [5], [15]. Rigid body mode
deflation generalizes the previous deflation techniques in the sense that it can be
applied to discretized coupled partial differential equations.

We note that the idea of using rigid body modes to speed up computations has
been widely used in algebraic multigrid methods [18], [7] and the FETI framework
[12], [11]. Using rigid body modes based on the underlying geometry of the physical
problem in a deflation technique is, to the best of our knowledge, new.

In [9] we compared the parallel implementation of our DPCG method with
smoothed aggregated algebraic multigrid, which is currently the state-of-the-art solver
for the type of problems considered in this research. Numerical experiments showed
that our approach is quite competitive.

In the present paper we provide a mathematical analysis of the rigid body mode
deflation. This analysis allows us to formulate rigid body mode deflation in a recursive
way, which leads to a natural extension of the technique for composite materials with
more than two components. We illustrate our results on both academic test problems
and realistic test problems derived from CT scans of a core of asphalt concrete.

2. Problem definition: Composite materials. The majority of FE simula-
tions of composite materials were performed by means of homogenization techniques
[4] because these simulations put less strain on CPU time and available computa-
tional resources. However, by using homogenization techniques one loses insight into
the interaction between the components of the composite materials.

In this application we consider asphalt concrete as composite material. It consists
of a mixture of bitumen, stones (also referred to as aggregates), and air voids.

We use the computational framework described in [4] to simulate the component
interaction using FE analysis. The resulting stiffness matrix and the corresponding
linear system is represented by (1),

(1) Ku=f.

In the introduction we have argued that solving (1) is the most expensive computation
in the FE simulation. In (1) the displacements of the nodes and the differences between
the internal and external forces are represented by u and f, respectively. The stiffness
matrix K is symmetric positive definite for elastic, constrained systems. We refer the
reader to [9] for a more detailed problem definition.

3. On theory of DPCG.

3.1. Motivation of rigid body mode deflation. In [8] we concluded that
the number of aggregates times the number of rigid body modes per aggregate (6 in
three dimensions) is equal to the number of small eigenvalues of stiffness matrix K.
As a result the performance of PCG depends explicitly on the number of aggregates
in the composite as well as on the size of Young’s moduli. Increasing the number of
aggregates introduces correspondingly more (clustered) small eigenvalues in stiffness
matrix K. The jumps in Young’s moduli are related to the size of the small eigen-
values. We know from [17] that the smallest eigenvalues correspond to the slowly
converging components of the solution.

We have argued in [9] that subsets of unconstrained finite elements can be con-
sidered as rigid bodies. In our application of asphaltic materials, the aggregates are
subsets of elements where Young’s modulus binds the elements as a shared property.
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3.2. Recursively deflated PCG. In order to define the deflation precondi-
tioner we split the solution of (1) into two parts [5],

(2) u=(I-P")u+ Py,
in which the project matrix P is defined by
(3) P=1-KZ(ZYK2)"'Z", Z e R™™,

Here span(Z) is the deflation subspace, i.e., the space to be projected out of the
system, and [ is the identity matrix of appropriate size. We assume that m < n and
Z has rank m, which implies that £ = ZTK Z is symmetric positive definite and may
be easily computed and factored. Hence,

(4) (I-PYu=ZE 'Z"Ku=ZE'Z"f

can be computed immediately. We need only compute PTu. Because KP7T is sym-
metric,

(5) KPT = PK,
we solve the deflated system,
(6) PKu=Pf

for 4 using the CG method and multiply the result by PT. System (6) is singular and,
hence, does not have a unique solution. The projected solution, w = ZE~'ZT f+ P74,
however, is unique. The nullspace of PK is explicitly projected out of the solution of
the singular system that is computed by CG. We remark that CG can be applied to
find a solution of a consistent singular system as is explained in [10], [18].

The definition of P given by (3) does not provide insight into the effect of indi-
vidual deflation vectors on the spectrum of PK. The next theorem defines a recursive
deflation operator which can be used for more extensive eigenvalue analysis of PK.
Moreover, it will justify our choice of deflation vectors on which we elaborate later.

DeFINITION 3.1. PW) = [ — KZ(ZFK Z,)) ' ZF with Z), = [Z1, 2o, ..., Z4),
where Z; € R™*% and has rank 1.

THEOREM 3.2. Let P*%) and Z), be as in Definition 3.1; then PRK = P.Py_...
PlK, where PiJr]_ =1 - KiZiJrl (ZﬁlkiZiJrl)ilZ;l;l; Ki = Hkifl, kl = PlK,
Ko =K, Z;-Tf(i_lZNiT, and ZF K Z; are nonsingular because Z; are of full rank and K
is a symmetric positive definite matriz.

Proof. By induction,

(i) show PLK = PO K, where Z, = Z; € R,

(11) assume Hflkifg = Ki,1 = P(iil)K, where Z;_1 = [Zifl, Zifg, ..

show that Pif(i—l = P(i)K, where Z; = [Zi,Zi—lL Zi_1 € Rnxl(i—l)
R and [ =370 1.
For the start of the induction we have to prove (i). The induction hypothesis is given
by (ii). We first show that P K = PMK,

'7?1]7
,Zl' (S

PK=K-KZ(Z'KZ) ' ZI' K
=K-KZ,(ZY Kz} 'Z[' K
= PWK,
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which implies that (i) is proved. For (ii) we assume P_1K; 5 = PV DK, and we
prove that this implies P;K;_; = PO K,

PYK =K - KZ(Z'KZ) '\ Z'K

. zZr - N\ [ ZE.K
. L[ ZF K
(7) :K—[KZZ‘,1 KZl}E 1|: Z;Tlf{ :|7

K3

g | ZEKZi ZE K7, .
YKz,  ZFKZ;

The matrix E = [g; g;i] is a symmetric 2 x 2 block matrix. Its inverse is defined as
follows [13]:

E-1 E' + B Fro(Ba — Eo1 B Bro) 'En B —Fy ' Eia(Ea — Ba1 By Eig) ™t
—(Foy — Bo1 B Ero) 'Ea Bt (Eay — Eo1 By Erp) ! ’
with
V=ZTKZ — 2K 2, 1 (ZF K2, 1) 28 (K Z,.

K2 K2

It follows that

(E"YH = (ZszlKZzel)il + (ZzT,lKZifl)il ZN KZ 9 ' ZYK Z; (ZinlKZi,l)fl ,
(B =— (28 \KZi 1) Z8 K207,

(E71)21 = _\11712;-I‘KZ1;1 (Z;-I‘_lKZi,l)_l7

(BN =0

Substitution of these expressions into (7), leads to

(EYnZE K+ (E Y12 2r K

3

(B ZE K + (B )0 Zl K
—K— {KZi,lEl‘ll ZY K+ KZ; \E'Z K + KZ,E5 78 | K + K Z,E5 77K

POK =K — [ KZi_\ KZ }

8) =K-KZ_, (ZszlKZifl)il Zi K
—KZ;_ (ZT_lKZi—l)_l Z;I—lKZi‘I/_lz;IKZi—l (ZT—lKZi_l)_l 7z

K2 K2 K2

+KZ (28 K2, ) 28 K29 21K

+KZU 2K Z, 4 (20 KZi 1) Z8 K
~-KZ; 9 'ZTK.

K
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In order to show P,K;_1 = PWK we now elaborate P;K,_1,

~ ~ ~ JU -1 .~
PK, 1=K, 1—K; 1Z; (ZiTKi—lzi) ZIK; 4
— pli-Ug _ pli-UfZ, (Z;TP“*UKZ) T Tpling

=K-KZ 1 (2] \KZ 1) 2] K
_ (K —KZiy (Z8 KZi1) ZiT_lK) Zi

2

(28 (K - K21 (28K 2i0) " 28 1K) )

2

7t (K —KZiy (Z8 K Ziy) ! ZiT_lK)

=K — KZ»L'_l (Zr'I;lKZi—l)_l Z;I‘—lK

2

_ (KZ K2 (28 KZi ) ZiT_lKZi) gt

: (ZTK —~Z'KZ, (28 KZi0) ZLK)
(9) =K-KZ;,_1 (Z;ElKZi—l)71 ZszlK

~KZi 2 (2N K2 0) 2N K29 2T K Z 0 (28 K2 ) T 2 K

VK2 (28 \KZi2) " 28 K207 27K
VKZU ' ZVKZ, (2 K2,0) 7 28 K
- KZ, v ' Z'K.

Note that (8) and (9) are identical, so P K;_; = PWK. O

Theorem 3.2 provides us with a theoretical framework in which we construct
the deflation vectors. We will see that by subsequently adding rigid body modes of
particular sets of elements to the deflation space the number of small eigenvalues of
the deflated system is smaller compared to the nondeflated system.

3.3. Condition numbers of deflated matrices. Let us denote the ith eigen-
value of K in nondecreasing order by \;(K) or simply by \;. Theorem 10.2.6 in [6]
provides a bound on the error of CG. After k iterations of the CG method, the error
is bounded by

aay
An

where k = k(K) = 3> is the spectral condition number of K, and the K-norm of u is
given by |lu||x = VuTKu.

For a positive semidefinite matrix K the condition number should be replaced by
the effective condition number [17] that is defined by

An
)\m+1 ’

- willxe < 2||u—uo|K(

(10) Keft(K) =
in which A,,41 is the smallest nonzero eigenvalue.

Theorem 2.2 from [5], here repeated as Theorem 3.3, implies that a bound on the
condition number of P*) K can be obtained.
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THEOREM 3.3. Let P) as defined in Definition 3.1 and suppose there exists
a splitting K = C' + R such that C and R are symmetric positive semidefinite with
N(C) = span{ Zy}, the nullspace of C. Then for ordered eigenvalues \;,

(11) M (C) € M(PPK) < \(C) + Aman( P R).

Moreover, the effective condition number of P® K is bounded by

An(K)
(12) keg(PPK) < T ()

Proof. See [5, p. 445] for the proof. O

We use deflation in combination with conventional preconditioner techniques such
that we can treat the smallest as well as the largest eigenvalues. For a preconditioned
deflated matrix L='P® KL~-T with M = LLT the preconditioner, the bound in
Theorem 3.3 becomes

A(LYKLT)
Ama1 (L TCL-TY

(13) kep(LT' PO KL™T) <

4. Recursive deflation for FE problems.

4.1. Recursive deflation strategy. In this section we introduce a strategy
to construct the deflation space Z; for PU)K of Definition 3.1 to obtain decoupled
problems using Theorems 3.3 and 3.2. We start by observing that nullspaces of sets
of elements are represented by the rigid body modes of those sets of elements. By
choosing sets of elements we define C' and the nullspace of C' is our deflation space,
which is by definition spanned by the rigid body modes. In the appendix an algorithm
is given for computing rigid body modes of sets of elements.

We have an arbitrary FE mesh € consisting of elements e;, ¢ = 1,...,n, and
m materials, sorted by decreasing stiffness. We will elaborate on the importance of
the ordering by material stiffness in section 4.2. Material j of the FE mesh can
have multiple bodies j; which is the collection of connected elements that share
the same material property. We note that each body of material induces a jump
in the entries of the stiffness matrix of which the size depends on the differences
in stiffness of the corresponding materials. Hence it is important to distinguish all
bodies of all materials as we want to decouple those regions in the stiffness ma-
trix. The set of elements that makes up a body [ of the material j is defined
as Qf, where Q@ = UL {UL, 2}, Let T = {i:e; CQ} be defined as the in-
dex set of 2. The index set of Qé is Ijl» = {2 te; C Qg} We also define index set
Ijlfp ={i:(e; C Q\Qé) A (eiNex # 0 Ve, C Qé)}, which contains all indices of the
elements of 2\Q} that are connected to (the boundary elements of) Q.

Start with material j = 1 and body [ = 1, which corresponds to submesh Q.
This yields the first splitting:

Ko=A=Cy+ Ro,
Co= > NIK.N, + > NIK.N,
i€y ieT\{z} "uzl}

Ry = Z NIK.,Ne,.

iez) "
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The matrix Cj consists of the assembly of all finite elements that belong to body
Il = 1 of material j = 1. Matrix K., is the element stiffness matrix of element e;
with corresponding connectivity matrix IVe,. The matrix R, consists of the assembly
of all finite elements that share nodes with the elements on the boundary of body
| = 1 of material j = 1 but that are not contained within submesh Qi. The first
splitting yields N'(Co) = Z; and P, = I — Ao Z1(ZL Ao Z1) "' ZT. By this splitting we
have decoupled the first body of material 1 from all other materials. The rigid body
modes of all elements corresponding to the first body of material 1 are contained in
N(Cp). We construct A1 = PLA = P1(Co + Ry) = PiCy + PRy = Cy + Ry, where
P, Cy = Cy follows by definition of P;. Continuing with the second body of material 1
and repeating the previous decoupling step gives

K1:P1A:CO+R0201+R1+RO,

Ci=Y N'K.Ne,+ > NIK,N + > NIK.,N,,,
i€} i€\ ieT\ Uz {zi uzt}
Ri= Y  N'EK.N..

iez>M\z} "

Hence, N (C1) = Zy and Py = I — A1 Z5(ZF Ay Z5) ' Z}. Continue for all bodies and
materials. At splitting m = Z;:ll ji + 1 for material n and body I,

Km—l - Cm—2 + Rm—Q = Om—l + Rm—l + Rm—Za
Cm—l -

n—1
53 s,
q=1 Lr=1 LieP
l

+> ZNgK&N&}
r=1 LieC

+ > NIK. N,
iceU

Rp1=Y NIKcN,

i€B

where

n—1 3 l
u:z\{ {@I;%I};}}U{Uzgfuzg},
q=1 (r=1 r=1

n—1 Jg -1
B:I}f\ UL_Jle-T U{UIZ’F}.

s=1
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Hence, N(Cpy—1) = Zy and Py oy = I — Ky 1 Zn(ZE Ky 1Zm) ' Z) = P with
P=1-AZ(Z"AZ)*Z" and span{Z} = ] span{Z;}. The above expression for
K,n_1 is rather complex. We have divided the index sets needed for assembly of C,,_1
and R,,_1 into 4 subsets, P, C, U, and B. The set P contains all element indices that
belong to body r of material ¢ except for all elements that are included in boundary
element sets of previously assembled materials and bodies. The set C contains all the
element indices that belong to body r of current material n except for all elements
that are included in boundary element sets of previously assembled materials and
bodies, and the [ — 1 assembled bodies of the current material. The set ¢ contains all
the element indices that belong to materials and bodies that have not been assembled
yet. The set B contains all element indices that belong to elements that lie against the
boundary of body [ of current material n but without all elements that are contained
within boundary sets of previously assembled bodies and materials.

4.1.1. Tllustrative example: One-dimensional (1D) Poisson equation.
The main results of this paper are on three-dimensional (3D) mechanical problems.
However, the general deflation theory and strategy provided can be applied to any
FE problem. We will illustrate the effect of the deflation operator on the 1D Poisson
equation with discontinuous coefficients. For this case deflation is easier to understand
and analyze when compared to 3D mechanical problems. The 1D Poisson equation
reads

(14) - (c<x>d“("”)) — f(2), ze 0.1,

(15) u(0) =0,

where ¢(z) is a given piecewise constant function, u(x) the unknown displacement
field, and f(x) the given source term.

We discretize (14) with the FE method using linear first-order shape functions
and equally spaced elements of size h. It is well known that in this particular case
the FE stencil for the 1D Poisson equation reads

c(z;))  —clziqr)
(16) —c(z;) C(Jh‘;)

We introduce an FE mesh for the line [0, {] including three domains Q4 = {z1,...,24},
Q2 = {[IJ5, v ,Jjg}, and Qg = {339, cee ,Z(Jlg}.
For the sake of simplicity we will write ¢; = ¢(x;), where i = 1,...,13, 1 = h,

and x13 = [. Furthermore because ¢; is constant on each material domain we will use
¢; =c1, ¢; = co, and ¢; = c3 on 2, o, and (23, respectively.
After discretization we obtain

(17) Ku=hf(x),
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where
i 261 —C1 T
—C1 .'. ". @
261 —C1
—c a+tc —c
1 —C2
K - E
262 —C2
—c2 Cc2+c3 —c3
—c3
0 . 2¢3  —cs
L —C3 C3
and u = [ug,ug,...,u13)T, x = [21,22,...,713]T. The stiffness matrix K of (17) is

preconditioned by M ~ K. In this example we take M = diag(K).

The spectrum of M 'K is given by Figure 1. Clearly the smallest eigenvalue,
which is of O (10’10) and induced by the (only real) rigid body contained in the mesh,
is much smaller compared to the other eigenvalues. Moreover, it affects the condition
number of M ~'K. Now we apply the deflation strategy by finding a correct splitting
of K. We sort the materials in decreasing order of diffusion. Figure 2 shows the spar-
sity pattern of the three splitting matrices Cy, C1, and Cs. In matrix Cy the assembly
of the elements belonging to stiffest material 3 is represented by the bold crosses. The
interface between weaker materials 2 and 3, which goes to Ry, is represented by the
circles and all other elements are represented by the nonbold crosses. The second
splitting is the decoupling of material 2 from the system; again those elements are
represented by the bold crosses. The interface between materials 2 and 3 has been re-
moved already, and the interface between materials 2 and 1 goes to R;. The remaining
splitting is the decoupling of material 1 from the boundary conditions which go to R.

4.2. Deflation vectors in the neighborhood of a jump. If some elements
of a less stiff material are assigned to the element set of a stiffer material, the material
stiffness matrices are not decoupled. We illustrate this with a simple example. When
a node belongs to two elements and two different materials and is assigned to the
wrong (least stiff) element with respect to the splitting of K, then by applying the
preconditioner the coupling between the stiffness matrices remains. For instance, the
1D Poisson problem and preconditioning based on diagonal scaling, the entry on the
main diagonal is ¢; + c2, with ¢; < ¢g. Clearly, when decoupled correctly, we have in
splitting of K only ¢, on the main diagonal of C, and hence M ~1C gives 61262 ~ 1.
With a wrong choice of deflation vectors, we have ¢; on the main diagonal of C, and
hence M~1C gives 01362 ~ é < 1. However, all other terms on the diagonal of
M~1C will be approximately 1, introducing small eigenvalues for this material and
unfavorable local spectrum of eigenvalues of M ~1C.

4.2.1. Illustrative example: 1D Poisson equation (continued). We illus-
trate the effect of incorrect decoupling by analyzing the spectrum of the splitting
matrices for the 1D Poisson equation. Figure 3 shows the spectrum of M ~'C; for
the correct (star) and wrong (bold cross) choice of deflation vectors compared to the
spectrum of M ~'K. After applying three deflation operations, we observe from the
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Nonzero elements represented by symbols; corre-

sponding to deflated material, interface elements and remaining elements pictured by bold crosses,

circles, and nonbold crosses, respectively.

e
NM'cy

+E ¥

e R

.+

FIG. 3. Spectrum of M—YC; (% correct, + wrong choice deflation vectors) compared to spectrum
of M—'K (+).

spectrum of M ~'Cy that the smallest eigenvalue of the wrong choice of deflation
vectors is much smaller than the smallest eigenvalue for the correct choice of defla-
tion vectors, which coincides with the smallest eigenvalue in the spectrum of M 1 K.
Moreover, we can see from the spectrum of Cy and C; that the wrong choice has
clearly been made with respect to coupling of material 3 and material 2. The effective
condition number of the wrong choice of deflation vectors will affect the performance
of DPCG. Figure 4 shows the convergence of the error of DPCG and PCG for correct
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——DPCG"

Ir‘I/IrOI
3

iteration

FIG. 4. Convergence of DPCG and PCG where [c1, c2,c3] = [1,10%,108] and DPCGt, DPCG~
represent the correct and wrong choice of deflation vectors, respectively.

Algorithm 1. DP CG solving Ku = f.
Select ug. Compute ro = (f — Kuy), set £g = Prg, and pg = fo
Solve Myy = T and set pgp = yo

for j =0,1,... until convergence do
w; = PKpj,
a; = ((1:‘1‘.-,3'1')

T =15 —a;wy,
Solve MYjJrl = f’jJrl,
B = (Fit1,y541)
J (f'j7yj) ’
Pj+1 =Yj+1 + Bipj,
end for
u=ZE'ZTf + PTﬁjJrl

(+) and wrong (-) choice of deflation vectors. The performance of DPCG™ is worse
than DPCG™, as predicted by values of the eigenvalues in Figure 3.

4.3. DPCG algorithm. The deflation method was proposed by [14]. A prac-
tical variant of the deflated preconditioned gradient method from [16] is given by
Algorithm 1.

We determine the computational cost of DPCG compared to PCG. The projec-
tor P is never computed explicitly. We compute the sparse matrix Kz = KZ as well
as the inverse of the small dense matrix £ = ZTKy beforehand. Assume the (full
rank) deflation space has dimension d < n where K € R™*", implying Z € R"*4,
E e R¥™4 and K, € R™*?. Evaluation of w = Pv is equal to w =v — KzE~'Z" .
Stiffness matrix K, deflation vectors Z, and matrix K, are sparse. We compare the
cost of one matrix vector product of the stiffness matrix K and the deflation matrix P
by comparing the number of flops. Assume that the average number of nonzeros for
each row of K, ZT, and Ky is «, 3, and ~, respectively. The total number of flops
of one matrix vector multiplication with stiffness matrix K is 2an. The (cumulative)
number of flops of P is (23d) + (2d?) + (2yn) + n; clearly 2yn is the dominating term
but is difficult to estimate as v depends on the number of deflation vectors. However,
if the number of deflation vectors is small and Z very sparse, the number of nonzeros
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in Kz will be comparable to the number of nonzeros of K, and the number of flops
of both operators will be of the same order of magnitude. Choosing dense deflation
vectors with much overlap may cause operator P to be more expensive than K in
terms of flops.

5. Numerical experiments. Both experiments in this section concern the anal-
ysis of asphaltic materials subjected to an external force. These materials give rise to
coupled partial differential equations [4]. The experiments make use of the same set of
material parameters. We distinguish between three materials: aggregates, bitumen,
and air voids. The corresponding stiffness coefficients (E modulus) are given in Table 1
and are the dominating contributions to the entries of the stiffness matrix. In order to
illustrate the effect of the discontinuities on the convergence of PCG, we show results
for 4 sets of parameters. The first set (i) from Table 1 contains realistic material pa-
rameters. The other sets do not have a direct physical meaning to asphaltic materials,
but are used for the illustration of the performance of deflation. We have conducted
the experiments with two different preconditioners, diagonal scaling, and incomplete
Cholesky with a drop tolerance of 10~2. This drop tolerance was determined after
performing several tests with ILUPACK [2] and represents the optimal value in terms
of memory usage (lower drop tolerance demands more memory) and the speed of
the back solve (lower tolerance yields a slower back solve) against the performance
of the preconditioner in terms of reduction in number of iterations of DPCG. We
have implemented PCG and DPCG into the existing parallel FE software package
CAPA-3D [3]. All experiments were done on a cluster of Dell workstations containing
eight CPUs Intel Xeon E5450, running at 3.00GHz and connected by Infiniband. We
compare the additional storage used by deflation as well as the ILU preconditioner to
the storage of stiffness matrix K. In both experiments the additional storage of the
deflation operator, i.e., the matrices Z, KZ, and E~!, is approximately 50% of the
storage of the stiffness matrix, and the additional storage of the ILU preconditioner
is approximately 150% of the storage of the stiffness matrix.

TABLE 1
E modulus for different materials.

Aggregate  Bitumen  Air voids
(i) 69000 5000 100
(ii) 690000 5000 100
(ii) 69000 500 100
(iv) 69000 5000 102

5.1. Experiment 1: Cylinder containing aggregates and bitumen. The
case given in Figure 5 is a cylinder of soft material (air voids) containing three ag-
gregates embedded in a layer of bitumen. The mesh contains 1.2 x 10* degrees of
freedom. We compare DPCG and PCG in combination with diagonal scaling. The
case involves a mixture of materials that is subjected to an external force applied to
the upper boundary of the volume. Zero displacement boundary conditions are im-
posed on the base of the volume; this is homogeneous Dirichlet boundary conditions
to all degrees of freedom in the z, z-plane for y = 0. We note that the case resem-
bles the uniaxial compression test, which is a standard laboratory test. We observe
the convergence behavior of DPCG and PCG for variations in the £ modulus of the
bitumen and aggregates as given in Table 1. We compare a standard choice for the
values of parameter F [4] with increased stiffness of the aggregates, and decreasing
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(a) (b)

Fic. 5. FE mesh and schematic representation of cylinder containing three aggregates (red)
represented by spheres and surrounded by bitumen (blue) and air voids (black).

stiffness for the bitumen and air voids. We have identified six rigid bodies and thus
have 36 deflation vectors.

Figure 6 shows the convergence of PCG and DPCG for parameter sets (i) to (iv).
In Table 2 we provide the CPU wall time and iteration count of PCG and DPCG.
Clearly the convergence of the solution with PCG is slow and highly oscillating. PCG
compared to DPCG is also slower in terms of CPU time. But due to the small problem
size, this is more a qualitative example rather than quantitative. We observe in the
plots of sets (i) to (iii) that the value of the material stiffness for the aggregates
and bitumen does not influence the number of iterations of DPCG. This is what
we expected. The stiffness matrices corresponding to the aggregates and bitumen
have been decoupled. The effective condition number is bounded by the smallest
eigenvalue of the least stiff material, the air voids. This can also be observed in the
plot of set (iv). The number of iterations of DPCG increases from 150 towards 242 for
air. As the value of the material stiffness of the air voids changes from 100 to 1072,
the effective condition number increases as well as the number of iterations of both
DPCG and PCG. However, this is not surprising as the smallest (nonzero) eigenvalue
is determined by the least stiff material, due to the decoupling of the stiffness matrices
corresponding to the different materials. When the stiffness decreases, the smallest
eigenvalue will become smaller and subsequently the condition number increases. We
do not consider this as a shortcoming of the deflation method as it can and must be
solved by applying the right preconditioner.

5.2. Experiment 2: FE mesh from CT scan. The case given in Figure 7
is an FE mesh of a real life sample of asphaltic material obtained from CT scan.
The mesh contains 2.3 x 10° degrees of freedom. We compare DPCG and PCG in
combination with incomplete Cholesky with drop tolerance 10~2. The case involves
a mixture of materials that is subjected to an external force applied to the upper
boundary of the volume. Zero displacement boundary conditions are imposed on
three sides of the volume, which are homogeneous Dirichlet boundary conditions to
all degrees of freedom in the x, z-, x, y-, and y, z-planes for y =0, z =0, and z = 0,
respectively. We observe the convergence behavior of DPCG and PCG for variations
in the £ modulus of the bitumen and aggregates as given in Table 1. We compare
a standard choice of parameters [4] with increased stiffness of the aggregates, and
decreasing stiffness for the bitumen.

There is a difference between the artificial cylinder and the sample of real asphaltic
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Fic. 6. Convergence of PCG and DPCG (bold line) for cylinder containing three aggregates.

TABLE 2
Ezample 1: CPU wall time(s) PCG and DPCG.

PCG DPCG

Tter cpu(s) Tter cpu(s)
(i) 648 0.288 143 0.204
(i) 1089 0.477 154 0.175
(i) 746 0.328 149 0.172
(iv) 1581  0.677 242 0.276

material. Where it was possible to decouple all materials in case of the cylinder, for
an FE mesh obtained from a CT scan this is much more involved. We can see from
Figure 8(b) and (c) that there exist many small bodies of material. Each body is
represented in the deflation space by six rigid body modes. However, due to overlap,
many of these sparse vectors will become zero, implying a singular deflation matrix.
Moreover, because of the large number of small bodies and thus deflation vectors, it
would be more favorable in terms of overhead to collapse these bodies into one entity.
Therefore, we have used an adapted version of the deflation strategy of section 4.1.1.
By combining sets of elements of different materials, we still have a decoupling when
we keep in mind the decreasing order of stiffness for the construction of the splitting
of Theorem 3.3. We note that we lose some rigid body modes, and hence a worse
bound of the condition number for PK but we gain performance because of a large
reduction in deflation vectors and avoid singularity of the deflation matrix. Also we
have omitted set (iv) from this test because the FE software would not run this value
of air voids due to collapsing elements (negative Jacobian). We have identified 27
rigid bodies and, thus, have 162 deflation vectors.

We observe in Figure 9 that PCG has a strongly oscillating path of convergence
and DPCG has nearly a straight line. In Table 3 we provide the CPU wall time and
iteration count of PCG and DPCG. Clearly the unfavorable eigenvalues have been
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F1G. 7. FE mesh representing core of asphaltic material containing aggregates (yellow), bitumen
(red), and air voids (blue).

Fi1c. 8. Deflation strategy, identify sets of elements corresponding to material: (a) aggregates,
(b) bitumen, and (c) air voids.

removed by deflation. However, the system is not decoupled completely because the
number of iterations is not invariant for different sets of material parameters. But the
number of iterations of DPCG is much smaller compared to PCG. The performance
of DPCG in terms of CPU wall time is also better compared to PCG.

6. Conclusion. We considered the application of the deflated preconditioned
conjugate gradient (DPCG) method to mechanical problems with strongly varying
stiffness of materials. We described a simple general applicable way on how to choose
deflation vectors by using the rigid body modes of subsets of elements. By combining
the deflation technique and the computation of the exact rigid body modes of the
components, the robust DPCG is obtained. The DPCG method is insensitive to large
jumps in the E modulus of materials. The amount of work per iteration for the
deflation operator of DPCG is comparable to one matrix vector product. However,
this does not imply that DPCG becomes twice as expensive as PCG because the
preconditioning step consumes most resources in both time and memory. For most
applications, using sparse deflation vectors, DPCG is roughly 30% more expensive in
time per iteration compared to PCG.

Appendix. Computing rigid body modes of a finite element. We know
from [1] that the rigid body modes of a finite element are spanned by the kernel base
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Fic. 9. Convergence of PCG and DPCG for a real slice of asphaltic material.

TABLE 3
Ezample 2: CPU wall time(s) PCG and DPCG.

PCG DPCG

Tter cpu(s) Tter cpu(s)
i 648 13.18 261 7.26
ii. 821 17.48 332 9.31
iii. 756 15.21 331 8.89

vectors of the corresponding element stiffness matrix. We will show a fast and cheap
solution for the computation of the rigid body modes. The same principle can be
easily extended to sets of finite elements of arbitrary shape and order. We note that
the rigid body modes are only defined by the geometric properties of the element.

In three dimensions a finite element has six rigid body motions: three translations
and three rotations. For simplicity we consider a four noded tetrahedral element; how-
ever, all derivations can be extended to N noded elements without loss of generality.
The coordinate vector of the element is given by

T
{ ] Y1 Z1 2 Y2 Z2 3 Y3 Z3 T4 Y4 Z4 } .
A translation can be considered as a uniform displacement of every node in a

given direction. To obtain three orthogonal translations we choose the x, y, and z
directions, respectively. The three translation vectors are given by
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z p1 = (p7.p{,p) =

D> = (05.P4.73)

(b)

Fi1c. 10. (a) Spherical coordinates, (b) rotation around origin of tetrahedral element in x,y-plane.

The rotations can be easily described using the spherical coordinate system
x = rcos(f)sin(¢), y=rsin(d)sin(¢), z=rcos(¢),
where
r= \/m, 6 =tan~! (%) , ¢=cos ! (%) ,

and 0 and ¢ as in Figure 10(a).

We derive a rotation df in the x,y-plane, hence d¢ = 0 and dr = 0. The z,v,
x, z and y, z planes contain unique rotations. The corresponding vectors can be found
by swapping axis. For an arbitrary point in space which has spherical coordinates
(r,0,¢) a change df in the z, y-plane yields a displacement in Cartesian coordinates of

dx = —rsin(f) sin(¢)d, dy = rcos(0)sin(¢)dd, dz = 0.

Figure 10(b) shows the rotation for one element with respect to the origin over
angle df. By using above expressions we obtain all three rotation vectors:
Rotation x, y-plane:

—r1 sin(01) sin(¢q)
r1 cos(01) sin(d1)
0

—rg sirz(@e%) §ir2(¢d>2))
. . 7‘2 cos 2 sin 2
L —1( Y R Ny 7 0
; = tan <_> , ¢ = cos (_) ) —rg sin(03) sin(é3)
T r3 cos(930) sin(¢3)

—ry sin(0y) sin(¢y)
rq cos(04) sin(dyg)
0

Rotation y, z-plane:

—rq sin(01) sin(¢pq)
0

71 cos(61) sin(¢q)
—rg sin(fg) sin(¢pg)
0

ro cos(02) sin(¢g)
—r3 sin(f3) sin(¢3)
0

z
Gj = tan_l <
x

F1Q
~_
<

<.
I
o
o
m|
—
7N
S E
~_

rg cos(03) sin(¢3)
— 1y sin(04) sin(py)
0

rq cos(04) sin(¢yg)
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Rotation x, z-plane:

0
71 cos(61) sin(¢q)
—rq sin(67) sin(¢pq)
0

3 79 cos(fg) sin(¢pg)
z ) 7 ij — cos~ ! (x_j> 7 7727 sin(%)sm(fz)

rg cos(03) sin(¢3)
—rg sin(63) sin(d3)
0

Gj = tan_l <

S

T4 cos(0y4) sin(py)
—ry sin(f4) sin(¢py)

We compute the nullspace of each element matrix. Sets of elements make up
the bodies of materials, as a collection of elements share a certain property and are
neighbors. The rigid body modes of a collection of elements is equal to the assembly
of the rigid body modes of the individual elements taking into account the multiplicity
of those degrees of freedom that lie in multiple neighboring elements. In the case of
asphaltic materials we choose the element stiffness as the property for discrimination
between elements. We can think of stones, bitumen, and air voids. We should note
that we compute the rigid body modes of each independent body of material. Hence,
two bodies of the same material imply 12 deflation vectors. This has a physical
meaning also: two bodies will not rotate and translate at the same time and at the
same rate. Therefore, these movements need to be taken care of independently.
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