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Preface

This thesis is submitted to the Department of Mathematics, University of Oslo in partial
fulfillment of the requirements for degree Ph.D. The work that led up to the thesis was carried
under the supervision of Associate Professor Mikael Mortensen and Professor Kent-Andre
Mardal in the period between September 2012 and November 2016.

The thesis consists of four research papers preceded by a short introduction which provides
motivation for the problems studied in the articles and reviews some of the concepts that are
central to the thesis.

During my master studies at Charles University I have had the pleasure to witness several
talks by Professor Kumbakonam Rajagopal. As the great orator and presenter he is, he would
always start his presentation by quotations “so that the audience had something to think about
in case his talk was exceedingly boring”. I shall follow his example here. The following are
some of the quotes that have inspired me throughout the last four years.

“The road to wisdom?-Well, it’s plain and simple to express: Err and err and err again, but always
less and less and less.”
— Piet Hein

“I learned very early the difference between knowing the name of something and knowing
something.”

— Richard Feynman

“Singular matrices, in a certain sense, do not exist at all. ”

— Cornelius Lanczos

In case of Professor Rajagopal the quotes were never the most amusing part of the pre-
sentation. It is my hope that the reader will reach the same conclusion about the presented
thesis.
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Introduction

This chapter begins by placing the problems studied in the thesis into a broader context. Af-
terwards, some relevant tools of analysis which were used throughout the work are presented.
Finally, the chapter concludes with a summary of the papers.

Motivation

In his essay The unreasonable effectiveness of mathematics in the natural sciences, see [72], the
Nobel prize winning physicist Eugen Wigner calls mathematics the correct language for for-
mulating the laws of (inanimate! ) nature. In the language of mathematics these laws are often
expressed with an elegance and beauty that inspires awe much like the natural phenomena
governed by the laws themselves. However, the aesthetics of notation is secondary to the fact
that it is the mathematical language and reasoning that make consequences of these laws com-
putable. Thus it can be seen how well the existing laws explain a given phenomena or whether,
perhaps, a new law is needed.

In the mathematical language many laws of nature are formulated as, and numerous phys-
ical processes are described by, partial differential equations (PDEs). To give a few examples,
the Newton’s law of gravity can be formulated as a Poisson equation while the laws of conser-
vation of mass and momentum for the incompressible materials are expressed as the Navier-
Stokes equations. The Poisson equation models stationary heat distribution, distribution of
charges in electrostatics or, under certain assumptions, deformation of an elastic body, see e.g.
[23]. The applications of Navier-Stokes equations are then ranging from hemodynamics, e.g
[52], through dynamics of Earth’s mantle, e.g. [58], to formation of galaxies, e.g. [38]. It is
fair to say that one learns about nature by solving PDE:s.

In general, the exact solution to the equations can only be computed under special cir-
cumstances and therefore approximations of the solution, which can be obtained from sim-
pler problems, are of interest. Such approximations can be constructed for example by the
method of finite differences, the finite volume method or the finite element method?, see [56]
and the references therein. With the listed methods the approximation is obtained by solving
a sparse linear system acquired by transformation/discretization of the underlying PDE. Even
with simple equations, such as the Poisson problem, the requirements on the accuracy of the
approximation can result in systems with millions of unknowns.

Nowadays a sparse linear system of order one million, i.e. 10° unknowns, is solved in a
few seconds on an ordinary laptop. This is in a striking contrast to say 1960’s when inverting
a dense matrix with 200 unknowns was a task pushing the limits of the most powerful ma-

!For the sciences that involve human beings [29] points to the unreasonable effectiveness of data.

?The idea of discretizing the domain to obtain a linear system from a differential equation is certainly not
recent. Already Daniel Bernoulli (1700-1782) computed the deflection of a chain by considering it as a collection
of small segments [37, ch 4.].



chines (supercomputers) available at that time [70, ch 32.]. The speed-up has been enabled by
advances in (super)computer hardware as well as advances in the field of computational meth-
ods. In fact, the contribution of the two is about the same [50] implying that the algorithms
for solving linear systems, in some sense, keep up with Moore’s law”.

Let us denote by N the order of a linear system Ax = b due to either of the discretization
methods above. As noted before the system matrix is sparse with O(N) number of nonzero
entries Z. In a general case, the performant direct methods known to date, e.g. [39, 40], can
solve the system in at most O(ZN log N) operations. In contrast, iterative methods can often
compute the (approximate) solution only in &(N) operations *. A class of iterative methods
which can offer linear complexity are the Krylov subspace methods such as the conjugate
gradient method (CG)[31, 63] or the minimal residual method (MINRES) [51]. An overview
of other methods can be found e.g. in [24, ch 11.4]. A cost of a single step of these algorithms is
proportional to N as it typically involves only a fixed number of matrix-vectors products. For
optimal complexity it is therefore necessary to guarantee that the solution with the prescribed
error tolerance is obtained in a number of steps independent of N. To this end the methods
are applied to a modified system BAx = Bb instead of the original problem. Here, B is the
preconditioner matrix introduced to improve convergence of the method while not increasing
its complexity.

For many PDEs efficient preconditioners for the related linear systems are known; the
Poisson equation is solved efficiently by CG employing multigrid as a preconditioner [68, 4],
MINRES with preconditioner of [71, 65] is an optimal solver for the Stokes equations, while
[64] present a preconditioner for solving linearized Navier-Stokes equations efficiently by gen-
eralized minimal residual method of [60]. However, there is a wide range of problems for
which efficient numerical algorithms are missing. In this thesis such methods are established
for two types of problems; a multiscale problem describing coupling of two diffusive processes
on domains with different dimensionality (see (17) and (18)) and the Neumann problem of lin-
ear elasticity (see (19) and (20)).

Multiscale problem

The considered multiscale problem is particularly relevant in biomedical applications where
a wide range of spatial scales is present. Here, resolving the smallest structures as three-
dimensional objects embedded in the surrounding domain of interest might be prohibitively
expensive, e.g. alveoli in the human lungs have a typical diameter of 200um [49], for the cap-
illaries in the cardiac muscle the diameter is even smaller 5um [55]. One option to include
these scales into the model is order reduction. Then, the three-dimensional structures will be
modeled by PDEs posed on lower-dimensional manifolds. In case of capillaries, the radii are
negligible in comparison to their lengths and the manifold is a curve. Finally, the complete
model represents a coupling between a process in the three-dimensional bulk domain and a
possibly different process on the reduced domain. If further modeling assumptions are made
about the processes in the bulk a 2d-1d coupled problem can be obtained.

The 3d-1d models have been used e.g. by [25, 41, 22, 57] to study blood and oxygen
transport in the brain, [15] to describe fluid exchange between microcirculation and tissue
interstitium, [ 14] to study efficiency of cancer therapies delivered through microcirculation or

3This achievement should not be taken for granted. For example, improvements in the compiler technology
lag significantly [62].

*Assuming N = 108, and a computer delivering 1TFLOPs (for simplicity let one flop correspond to one
operation step of the method) the complexity of the algorithms translates respectively into a computational time
of one day and less than one second.



[47] to investigate hyperthermia as a cancer treatment. Since the focus here is on handling the
domain coupling rather than on the physical applications, the coupled problems considered
in the thesis are simpler than those previously cited.

The proposed strategy of handling the coupling is to include the constraint by introducing
anew unknown, the Lagrange multiplier. This way a symmetric, indefinite system suitable for
MINRES method is obtained. A major advantage of the approach is that it allows for using
the standard and efficient preconditioners for the PDEs that describe the processes on the
involved domains. At the same time, the size of the linear system is only marginally increased.
However, establishing an efficient preconditioner for the Lagrange multiplier is not trivial and
the contribution of this work is showing how the challenge can be overcome.

Singular problem

The Neumann problem of linear elasticity describes deformation of an (elastic) body which is
not anchored in space. Assuch, it is a natural model to use with objects that, in the broad sense
of the word, float. Examples of such objects are ships, celestial objects [69] or human brain
[21]. Unfortunately, the absence of anchoring renders the equations of the model singular and
this fact presents an issue for the numerical methods.

In special cases, the singularity can be avoided by choosing the discretization method such
that the singular modes (rigid motions) are not present, e.g. spherical body and discretization
using spherical harmonics. A more universal approach is to artificially fix the body in space
by modified boundary conditions or by constraining the point displacement. However, these
approaches leave artifacts on the solution, e.g. [61], or result in poor convergence properties”,
see Paper IV.

This thesis discusses how the Neumann problem can be solved efficiently without resort-
ing to any of the above tricks. More specifically, an orthonormal basis of the space of rigid
motions is constructed and later employed to formulate well-posed problems suitable for MIN-
RES or CG methods. For both methods efficient preconditioners are designed.

Methods

In the following, both the multiscale problem and the Neumann problem shall be discretized
by the finite element method. Consequently, weak forms of the governing equations are con-
sidered and the problems are regarded as operator equations defined in terms of bilinear and
linear forms over suitable Hilbert spaces. The considered problems fit into an abstract frame-
work of operator preconditioning [44], see also [43], in which the structure of the discrete
preconditioners is identified by considering the properties of the continuous operators. As
the framework is an essential tool used throughout the thesis, we shall next briefly review the
main ideas.

Operator preconditioning

Let V be a Hilbert space with norm [|-||,,. We shall denote as V’ the space of linear functionals
defined on V/, while the action of f € V' on v € V is written as (f, v).

>In some sense, the statement of Archimedes “Give me the place to stand, and I shall move the Earth.” is wrong
here. Fixed points are not sufficient for the Neumann problem.



The problems to be analyzed in the subsequent chapters are saddle point systems of the
form: Given f € V/, he Q' find » € V, p € Q such that for all test functions v € V, g € Q

a(u,v)+b(v, p)+b(u,q)=(f,v)+(h,q). (1)

Here,a: VxV >R, b:V xQ —Rand L€ V’'x Q' are respectively the given bilinear and
linear forms defined over a pair of Hilbert spaces V, Q. The problem (1) can be equivalently

stated as an operator equation .&/x =Lfor &/ : W > W/ W=V xQandxeW,Le W'

given as
5 711 ®

with the operators A, B defined in terms of the bilinear forms 4, & from (1) as
A:V = V' (Au,v) =a(u,v)and B: V — Q',(Bu,q) = b(u,q).

Note that B': Q — V" is the adjoint of B, (Bu,q) = (B'q, u).

Let now .&/ : W — W’ be a symmetric isomorphism and suppose that we wish to find
the solution of a well-posed problem (2) by Krylov iterations. We refer to e.g. [26] for for-
mulation of CG and MINRES methods in the Hilbert space (infinite dimensional) setting
and only note here that in order for the methods to be well-defined, the Krylov subspaces
K, = span{L,.o/L,.e/*L,....e/*"'L}, in which the approximations are sought, must make
sense. For .o/ : W — W', L € W’ such a construction is not meaningful®.

For the Krylov method to be well-defined the iterations must use an isomorphism W —
W. In the framework of operator preconditioning the isomorphism is constructed as 9B.<f
where the preconditioner 8 : W' — W is a symmetric positive-definite. As such, its inverse
B! defines an inner product on W, namely (-,-); = (8B7+,-). Moreover the operator %.¢/
is symmetric with respect to the induced inner product

(B x,y) 5= (B B x,y) =(dx,y) = (A y,x) = (B By, x) =(B.AY,x) .

We note that the Krylov subspace constructed by applying 8B.¢/ to BL € W is well-defined.
The needed mapping 98 can be obtained by the Riesz representation theorem. Thus differ-
ent norm-equivalent inner products on W’ give rise to different spectrally equivalent precondi-
tioners. The spectral equivalence property is of practical importance since the preconditioners
are typically not equally cost efficient.
Given V, Q with their respected norms the operator .¢/ from (2) can be shown to be an
isomorphism by verifying the Brezzi conditions [12]:

(1) There exists a* > 0 such that,

a(u,v) < a"||u||||v||y for any u,v € V. (3a)

(i1) There exists o, >0 such thatforany v € Z, Z ={v € V;b(v,q) =0 for all g € Q}

a(n,u)>a |||} (3b)

®When the operator equation is discretized this fact is manifested by iterations being unbounded with respect
to the size of the linear system.



(iii) There exists 8* > 0 such that,
b(n,q) < B’llullyllgllq for any » € V,q € Q. (3¢)

(iv) (inf-sup condition) There exists 3, > 0 such that

b(q,v)

vev |[2lly

> B.ll4llq for any ¢ € Q. (3d)

We remark that the Brezzi theorem is a special case of the result due to Babuska [5] and Necas
[48] (see also [10, ch 3.3], [18]). Therein, the bilinear form related to .¢/ is not assumed to
have the structure (1). Note also, that if the Brezzi conditions hold, the preconditioner for
the operator equations .&/x = L is such that (B 1(u, p),(u, p)) = ||#|> + ||p|/%, ie. the
preconditioner is diagonal. We finally note that the condition number of the preconditioned
operator 9.4/ is given in terms of the constants from the inequalities (32)-(3d), see e.g. [35].

Assuming that the Brezzi conditions hold, we shall finally solve the problem (2) numer-
ically. To thisend let V, C V, Q, C Q be the finite element subspaces and consider the
problem: Find #, € V,, p, € Q, such that

a(uy,vy) + b(vy, pp) + b(ny,9,) = (f,v,) +(hsq,) v, €V)q,€Q,

or equivalently .¢/,x, = L,. Similarly, let 9, denote the Galerkin approximation of the pre-
conditioner AB. It is well known that for the discretization to be stable, the finite elements
must be chosen such that (32)-(3d) are true on the discrete subspaces V), Q,. In particular,
discrete versions of the coercivity condition (3b) and the inf-sup condition (3d) do not fol-
low automatically from the continuous case. However, if the conditions hold, the number
of Krylov iterations on 98, .¢7, will be bounded in the discretization parameter as the conver-
gence of the method is estimated in terms of the (discrete) Brezzi constants. Such an estimate
for the MINRES method can be found e.g. in [53, ch 4.]. We note that the action of 3, is
typically expensive to compute and in the Krylov method the preconditioner is therefore re-
placed by a more practical, spectrally equivalent operator. The new preconditioner then leads
to different Brezzi constants.

To demonstrate the power of the abstract framework let us apply it to a simple example
of a 1d-0d coupled problem. Using the example we shall also illustrate some of the crucial
concepts that appear in the 2d-1d and 3d-1d coupled problems studied in Paper I and Paper
II, e.g. the trace and extension operators.

The 1d-0d coupled problem

Suppose 2 = (—1,1) and y € Q. For consistency of notation with the rest of the work we
write Au = d*#/dx? (and similarly for V) and consider the following problem
Au+pd =f in Q,
#»=0 ondQ, )
Ty% =h aty,

with £, b the given data. Here # is the unknown function constrained at point y, while the
scalar p is the Lagrange multiplier associated with the point constraint. We shall come back



to its physical meaning later. Finally the operators T, (trace), &, (mean value) are respectively
such that 7 v = v(y) and fﬂ((?yfv)(x)dx = v(y) for v a continuous function.

To discuss the weak form of (4) let V = H](2) where the space shall be considered with
the norm |||, = 4/(Vu,Vu). Here (-,-) denotes the L*(2) inner product while the corre-
sponding norm is denoted as ||-||. Note that the fact that |||, is indeed a norm on V follows
from Poincaré inequality, e.g. [11, ch 5.3].

As the functions in V' are continuous both 7, and &, are continuous operators on V.
More precisely, by the fundamental theorem of calculus the estimate

y
(8,,0) = J Vo(x)ds < C[[Ve]l = Cllell, 5)

holds. Moreover, by Riesz representation theorem there exists a unique element g € V such

that <ng,V'v> = (é\y,'v) for any v € V. Note that in turn C = ||g,||;; in the proceeding
estimate. The function g, is the Green’s function satisfying

Au=23 in Q,

4 6
u=~0 on dN. ©

The solution of (6) then reads g (x) = 3(1—|x—y|—xy) and it follows that g I} = S(1—y2).
Using the Green’s function we shall define extension operator £, : R — V, E :q — qg,.
Clearly, the operator is bounded and 7', is its inverse.

Interestingly, the Green’s function here can be linked to the famous Basel problem of sum-
ming > 72, 1/k>. The problem was first solved by Euler who showed the result to be 7*/s, see

e.g. [17]
Remark 1 (Basel problem) Let functions u,, k > 1, k € N be defined as

sin kz—”x k even ,
my(x) =

cos /%”x k odd .

Then u, € V and pairs (u,,k’7* [4) solve the eigenvalue problem —Aun, = A, u,. Moreover, the set
{u,}72, formsan L*-orthonormal and V-orthogonal basis of V. Note that by expanding u € V in
the basis, it is easy to see that the smallest eigenvalue A, = 1% |4 is the constant of Poincaré lemma on
the space V. Indeed ||u||* < A7'||u|, can be seen to hold. A function which is particularly simple
to represent in the basis of eigenfunctions is the Green’s function. Here the expansion coefficients
are computed simply by evaluating the eigenvectors

- (8, m)
g}’ = E Gkuk’ Gk = }:1 .
k=1 k

Moreover, the norms are easily computable by Parseval’s equality

< (8, m) < (3,
e b= Nl =~ ?)

k=1 k k=1

kr

. . 5 . .. 4
Finally, consider g,, the Green’s function at the origin. Then g, = > .. =5 €0s 5-X and upon

6
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Figure 1: (Left) Partial sums of series of the Green’s function g, = 5(1—|x|) for different values
of N. (Right) The exact Green’s function g, representing functional &, and its continuous
piecewise linear approximations g¢,. On a nonmathching mesh the approximations cannot
resolve the kink of the true solution within an element. The element boundaries are indicated

by dashed and dotted vertical lines.

evaluating the right hand side in (7) we have > 7° ., 1/k* = 7*[8. To illustrate convergence of the
kr

Zx.

_ . : 4
series for gy, Figure 1 plots several partial sums 373 —77 €OS

To solve (4) the problem is recast as a saddle point system for # € V' and a Lagrange mul-
tiplier p € Q, Q =R satisfying

(Vu,Vo)+p(8,,0) +q(8,,u)=(f,v) +hq, veV,q€Q. (8)
Equivalently, (8) defines an operator equation (2) with
(An,v) =(Vu,Vv) and (Bq,u)=q(T ,u). )

To show that the system (8) is well posed, let us see if the Brezzi conditions hold. Clearly,
o' =a,=1in (3a), 3b). Moreover p(J,,v) < |plllglly[|v|ly follows from (5). Thus if the

space Q is considered with norm [|g||q = |¢] then 5* =g ||, in (3¢c). On the other hand,
setting ||gllq = |qlllg, Il yields 5* = 1. We are left with verifying the inf-sup condition.
However, employing the extension (E,,q) = qg, it holds that

q(Sy,fo) q<ng,Vfu> q(ng,ng>
——— =sup > :qnngV'
eV ||7)||V veV ||‘U||V ||gy||V

Thus 5, =1iflqllq =lqlllg,Ilv and 5" =g, Il if l4llq = lql-
Using the two norms of the space Q with respect to which (8) was proved well-posed we
define two preconditioners for the problem

A —1 _A —1
1 [ 1] and 3, [ ||gy||zv} (10



Here, 98, corresponds to considering the space Q with |-| norm, while with 2, the norm is
llpllo = I2lllg, I+ Obviously, the preconditioner %8, is less practical of the two as it involves
solving a global problem (6) in order to find the norm of the Green’s function. However,

||2 —

. . . . 1 .
here the quantity is easily obtained, ||g |[}, = 3(1 —y?). Moreover, as is shown next, the

preconditioner is independent of the location of the point constraint.
Consider now the eigenvalue problem for operator .¢/ with the preconditioners (10): Find
(u,p,A) € V x Q X R such that

(Vu,Vo)+p(3,,0) +q(3,,u) = A(Vu,Vo)+ CApq, veV,q€Q. (11)

Here C takes the values 1 or || gy||%, depending on whether %, or 8, is considered. We show

that there are at most three distinct eigenvalues. First suppose that p = 0. By testing (11) with
(v,9) =(0,1) it can be seen that » € V must be such that (Sy, u) =0, L.e. u is orthogonal to

g, in the inner product of V. For such # the eigenvector (#,0) has an eigenvalue A= 1. Next
suppose # = g, . Then (11) reads

(8,,0)+p(8,,0)+4q(3,,g)=A(S,v)+CApq, veV,q€Q.

Testing by (0,1) yields p = C'A7"||g |[,. Further, testing by (g,,0) and using p yields a
quadratic equation with roots
Hlg, I
T4/ 1+
A= . <, (12)

which for the considered choices of C become

1++/5

_lEVIRAi—)
= =—

2

A

Note that for C =1, i.e. 98, preconditioner, the spectrum depends on the location of y. In
fact, for y approaching the boundary the smallest eigenvalue goes to zero. This is consistent
with the fact that having y = £1 would enforce boundary conditions which are already built
into the function space V' and thus (8) becomes singular. However, the preconditioner 93, is
never singular. For preconditioner 98, the spectrum is constant and therefore independent
of y. We remark that the discrete version of 8, is the Schur complement preconditioner of
[46].

Before considering the discrete setting, we shall come back, as promised, to the meaning
of the Lagrange multiplier p.

Remark 2 (Interpretation of Lagrange multiplier) Observe that by integrating by parts

(Vu,Vo)= JV Vu(x)Vo(x)dx —|—f Vu(x)Vo(x)dx ={Vu(y")—Vul(y")} + (—Au,v).
14

—1
Upon inserting the above into (8) and testing the equation with (v,0) we then obtain
{Vau(y ) =Vu(y ) o(y)—po(y)=0, veV,yeq.

The Lagrange multiplier therefore represents a jump of the derivative of u at point y. Thus, p =0
is necessary for u € H*(Q). We remark that the relation of p to flux of u is to be expected. In [6]

8



the use of Lagrange multipliers for enforcing boundary conditions is studied and it is shown that
p =—Vu-n as functionals in H=(IQ). Here n is the outer normal of the boundary.

Finally, the remaining ingredient in the framework of operator preconditioning is a stable
finite element discretization of the problem (1). Here we shall see that the spaces V, C V made
of continuous linear Lagrange elements are suitable. To simplify the discussion we impose
certain restrictions on the discretization of Q2. Namely, the mesh (subsequently referred to as
matching) shall be such that y is its vertex.

From the four discrete Brezzi conditions only the inf-sup condition is not immediately
evident. To show that it indeed holds, let # € V' be given, and suppose #, € V) is defined as a
solution of

(Vu,,Vo)=(Vu,Vv) veV,. (13)

By Lax-Milgram theorem the problem (13) is well-posed and we have ||, ||\, < ||#||, . Further,
as the Green’s function g, € V' is piecewise linear with a kink at y, it is exactly represented in
V. More precisely, g = 1,g, where I, : V' — V, is the nodal interpolant. Further, setting
v=g, in (13) it follows that

O:<V(u—uh),ng>:(3)/,14—%,}). (14)

Here, the last equality is due to property of the Green’s function and » —«, € V. With
mapping IT, : # — u, the discrete inf-sup condition follows from the continuous one by the
Fortin’s criterion, e.g. [ 10, ch 4.4]

8 U 3 ,H u 8 U 8 "z
sup 95 ¥ ») > sup Al ) ):Sup A v >Zsup Al v >Z/B*||q};||Q'
,€V), (EZA1R% wev [, u||y wev [[Wyully — wev  lully

Here the last inequality is due to the continuous inf-sup condition.

In case &, is not supported by a mesh vertex (nonmatching mesh), u), defined in (13) is not a
Fortin projector since (8, #—u,) # 0 in general. We mark that the discrete inf-sup condition
still holds, but a modified projector is required to show the result. Moreover, convergence of
the approximation may be suboptimal. One option to recover optimal convergence is then
the extended finite element method, see e.g. [7].

The fact that (14) does not hold on a nonmatching mesh is illustrated in Figure 1 for special
case of # = g,. In the figure y = 0 is contained in a cell with volume 5 such that the distance
from the point to the left edge is €. We observe that the numerical Green’s function gj,
defined by (13) matches g, everywhere but inside the intersected cell where it cannot resolve
the kink of g,. In turn the condition (14) cannot be met. However, the error |u(y)—u,(y)| =
(8, # —u,)| can be controlled.

Remark 3 (Approximation error at y) The error of the numerical Green’s function on a non-
matching mesh can be obtained by a direct calculation

e(h—e
I, — it = L= (15)

Note that the estimate || g, — & ) |y < % Vb follows from the equality. Further, recall the property of
the Green’s function, (8 ,,v) = v(y), v € V, and the Galerkin orthogonality of the approximation



Z 0 1 2 3 4 5 6
x| 3.732 4.442 6.416 10438 18.462 34479 66.489

x, 2618 2618 2.618 2.618 2.618 2618  2.618

Table 1: Spectral condition number x = Anw/A,;, of the eigenvalue problem (16) for y = —1+
27, As the point approaches the boundary, the condition number of the %,-preconditioned
system grows. With 98 the condition number is constant at x, = 1+v5/v5—1, cf. the eigen-
values (12).

g;,;,’ that is (V(gy - g;,h),V'v> =0,veV,. Then

1 (y) = my ()| =(V g, V(n—m,)) = (V(g, — g5,), V(s —m,))

1
<llg, = g ullvllx =mlly < Eﬁ””_”h”w

In particular, if the continuous and the numerical Green’s functions are equal, as is the case with
matching mesh, u and u,, are equal at y. In general, the pointwise error decreases at faster rate
than the error measured in the energy norm. We note that the argument above was used in [20],
see also [66, ch 3.4 ], to study pointwise (super-Jconvergence of finite element solutions.

To verify the results of the analysis we shall perform two numerical experiments. First,
(11) 1s tested by considering a generalized eigenvalue problem

ﬁ TT][E]:ABi_lm’ ie{ly} (16)

where Bi_1 = diag(A, C) and, as in the continuous case, C =1 or C = ||gy||%, fori =1or
i =y respectively. Matrices A, T then represent the Galerkin approximations of operators 4,
B defined in (9) in the basis of V, and Q,.

Table 1 confirms the theoretical conclusions. In particular, the Schur complement precon-
ditioner B, leads to a constant condition number” regardless of the position of the constrained
point y. As predicted, for B, the condition number increases as y approaches the boundary.

In the second experiment the approximation properties and the convergence of the itera-
tive method will be of interest. To this end (8) is considered with f = 257% cos 577{96, h=2,
y =0 and discretized with (stable) continuous linear Lagrange elements using both matching
and nonmatching meshes. The related preconditioned linear system

e RN

is then solved with MINRES 8. Here B, is a spectrally equivalent and cost efficient approxi-
mation of the preconditioner B,. The operator used a single sweep of algebraic multigrid to
approximate A~L.

The error convergence of the proposed discretization is shown in Figure 2. Using the
matching meshes, linear and quadratic convergence is observed respectively for #, and p,.

"For each y, the listed condition number is computed on a series of refined meshes until |, — x,,| < 1078,
where x), is the element size . Then we set x = x,.

$Random initial vector was used to start the iterations. The stopping criterion for the norm of the precondi-
tioned residual was set to 1075.
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Figure 2: Error convergence of the finite element method for (8) using piecewise linear con-
tinuous Lagrange elements. On a matching discretization the convergence is optimal. Non-
matching discretization with constrained point inside an element yields suboptimal conver-
gence.

With nonmatching meshes the orders are halved, cf. Remark 3. Regarding the efficiency of
the constructed preconditioner, we note that approximately four MINRES iterations were
required regardless of the mesh size . Moreover, the number of iterations was not effected
by varying y. This observation is to be expected as dim Q, = 1 and thus the spectrum is
dominated by the Poisson problem for which multigrid is an optimal preconditioner, see [68,
4].

Having successfully found an efficient preconditioner for the coupled 1d-0d problem, we
shall comment on some of the upcoming challenges which cannot be appreciated on the simple
example. First, the multiplier space here, Q =R, is deceivingly simple; the Lagrange multi-
plier is a single number. In the 2d-1d and 3d-1d coupled problems studied in the papers Q
becomes an infinite dimensional Hilbert space. Further, due to functions H}(2), @ = (—1,1),
being continuous, the range of the trace operator here is simply R. Characterizing the trace
space in the later problems is far more involved. Finally, unlike here, there will be a PDE
posed on the lower dimensional manifold.

Let us also briefly comment on the role of the abstract framework of operator precondi-
tioning for the singular problems such as the Neumann problem of linear elasticity. A possible
approach to transform a singular system into a well-posed one is to require orthogonality of
the solution and the singular modes. This constraint is enforced by Lagrange multipliers and
the new problem then takes the form of the saddle-point system (1). At this point the abstract
framework can be applied to establish well-posedness and obtain a preconditioner. A simple
example which could be used for illustration here is the singular Poisson problem with a one di-
mensional nullspace of constant functions. However, the problem is sufficiently well-known,
see e.g. [8], and we therefore choose not to include it here.

We conclude the introduction by providing a summary of the papers that form the main
body of the thesis.
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Summary of the Papers

Paper 1 M. KUCHTA, M. NORDAAS, J. C. G. VERSCHAEVE, M. MORTENSEN, AND
K.-A. MARDAL,
Preconditioners for saddle point systems with trace constraints coupling 2d and 1d
domains,
SIAM Journal on Scientific Computing, 38 (2016), pp. B962-B987.

Paper I M. KUCHTA, K.-A. MARDAL, AND M. MORTENSEN,
On preconditioning saddle point systems with trace constraints coupling 3d and 1d
domains - applications to matching and nonmatching fem discretizations,
SIAM Journal on Scientific Computing, (2016). Submitted.

Paper III M. KUCHTA, K.-A. MARDAL, AND M. MORTENSEN,
Characterisation of the space of rigid motions in arbitrary domains,
in Proc. of 8th National Conference on Computational Mechanics, Barcelona,
Spain, 2015, CIMNE.

Paper IV M. KUCHTA, K.-A. MARDAL, AND M. MORTENSEN,
On the singular Newmann problem in linear elasticity,
Numerical Linear Algebra with Applications, (2016). Submitted.

Paper 1

The paper is concerned with preconditioning of a model coupled 2d-1d problem

—Aqw+eSrp=f inf,
—Av—p=g onl, (17)

elfw—v=0 onl.

Here Q ¢ R? while T C Q is a curve such that T € JQ. The system is considered with
homogeneous Dirichlet boundary conditions. Recasting (17) as a saddle point system, two
different preconditioners
—Aq - —Aq+ Trl(_szr)TF -
By = —A; | , By = —A;
_62A;5 _A;l _AFI

are derived within the framework of operator preconditioning [44]. To this end existence and
uniqueness of the weak solution are shown using the Brezzi theory [12] with the solution
(n,v,p)€ W x V x Q where the spaces are respectively

H, () x Hj (T) x (eH_%(F) NH™! (F)) and (Ho1 QN eH&(F)) x H) (T)x H~'(T).

Consequently, finite element discretization of the problem is discussed. The discrete inf-sup
condition is shown to be satisfied with the discrete spaces from continuous linear Lagrange
elements and meshes of I" and € such that the cells of the former are edges in the latter mesh
(matching meshes). The discrete approximation of 9y, then uses standard preconditioners
(multigrid and LU factorization) for the individual blocks. In case of 9, the approximation
of the fractional Laplacian is constructed by spectral decomposition. Finally, numerical exper-
iments are presented which show robustness of both preconditioners with respect to ¢ and the
discretization parameter. Moreover, computational efficiency is assessed. For the considered
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examples, the costs of both preconditioners are similar, however, the generalized eigenvalue
problem used to approximate 9, can become a burden for large meshes of I'. To address the
issue mass lumping is shown to work as a simple trick that reduces the computational cost.

The main novelty and contribution of the paper is the mathematical analysis of the two
proposed preconditioners. Altogether a complete and efficient algorithm for obtaining the
numerical solution of (17) is presented.

In the future, it would be interesting to apply the proposed ideas to real-life applications.
To this end the results might have to be extended to different equations, e.g. advection-
diffusion or Stokes flow. Further, if the preconditioner 9, (or similar operator using map-
pings in the fractional Sobolev spaces) is to be applied in large scale computations, e.g. 3d-2d
coupling, a more efficient realization of the approximation needs to be used. Here, domain
embedding preconditioners[59, 30] or Lanczos iterations as presented e.g. in [2, 3] are promis-
ing methods. Finally, a natural extension of this work is to consider preconditioning of 3d-1d
coupled problems.

Paper 11

This paper extends Paper I in several ways. In particular coupling between the domains 2 C R’
and I C Q a manifold of codimension two is discussed. Moreover, finite element discretization
with nonmatching (cf. summary of Paper I) triangulations is considered. Finally, in addition
to piecewise linear continuous Lagrange elements, the Lagrange multiplier space is also ap-
proximated by piecewise constant elements. The considered example of a 3d-1d problem is

—Aqw+w+Sp=f inQ,
—Av+v—p=g onl, (18)

Iiw—v=0 onl,

equipped (for the ease of implementation) with homogeneous Neumann boundary condi-
tions.
The main contribution of the paper is establishing a robust preconditioner for the model
problem (18). The structure of the discrete preconditioner is motivated by ideas of Paper I
—Aqy,+1o), -
B, = —Ap+ 1,
s -1
_Ar,h o Ar,h

Here, however, the exponent of the fractional Laplacian is not derived from theory since estab-
lishing a well-defined continuous trace operator T} requires higher than H' regularity. The
discrete trace operator, on the other hand, is well defined as the considered finite element
functions are continuous. The focus is therefore on numerical experiments which identify
the exponent s that leads to stable numerical behavior. Using a simplified 3d-1d coupled
problem a range of such exponents is identified in interval (—0.2,—0.1). Taking s =—0.14, it
is demonstrated that 93, is a suitable preconditioner for (18). The preconditioner uses stan-
dard multigrid for the two leading blocks while spectral decomposition is used for the trailing
block. The preconditioner is further shown to work with nonmatching triangulations and
the multiplier space constructed from continuous piecewise linear and discontinuous piece-
wise constant Lagrange elements. For inf-sup stability of both discretizations, the restriction
on the mesh sizes of Q, I inspired by 2d-1d problems, see e.g. [16, 54], is shown to be crucial.
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A weakness of the presented work is the missing theoretical foundation as the precondi-
tioner was established by reasoning about the discrete rather than the continuous problem.
Putting the preconditioner on a proper mathematical footing is therefore a natural direction
for the future work. We would further like to apply the preconditioner to practical appli-
cations in biomechanics. A challenge here might be the nature of domain I', which in the
applications often resembles a space-filling curve, cf. [41, 22, 57].

Paper III

This conference paper compares two approaches for solving the singular Neumann problem
of linear elasticity

—V-o(u)=f in Q,
o(n)=2ue(u)+ AV -u)l in Q, (19)
o(u)-n=h on JN.

In the first case, the kernel of rigid motions is handled on a discrete level by solving the positive
semi-definite linear system by (preconditioned) conjugate gradient method with a nullspace
of the discrete operator passed to the solver. Alternatively, the singularity is dealt with on a
continuous level and the orthonormal basis of the space of rigid motions is used to formulate
a variational problem which upon discretization yields a positive definite linear system. In
both cases finite element discretization is used. It is shown by numerical experiments that the
solutions due to the first method may be wrong approximations in the H' norm if the mesh
of Q is nonuniform (or anisotropically refined). Similar observation was made in [8]. The
second approach gives optimal convergence even in this case.

The novelty of this paper is the construction of the orthonormal basis of the space of rigid
motions based on a tensorial quantity which describes rotational energy of the body with
respect to its center of mass ¢. The tensor / with components

L; :Jn(x—c)-(x—c)é\ij +(x —c);(x —c);dx

is known in classical mechanics as inertia tensor of €2, e.g. [27], however, its application in
numerical methods for (19) is new.

As the focus of the paper is mainly on handling the rigid motions and numerical experi-
ments, several aspects of the methods are omitted. Most notably, a thorough discussion of the
preconditioning, in particular robustness with respect to Lamé constants, is missing. These
aspects are left for future work.

Paper IV

The final paper discusses well-posedness of different variational formulations of the singular
problem of linear elasticity with an aim to derive parameter robust preconditioners for the
resulting equations. The formulations from Paper III are included and in this sense Paper IV
is a completion and extension of the previous work. With u > A robust preconditioners are
established for Lagrange multiplier formulation of (19) and the two formulations from Paper
III. To derive robust preconditioner in case A>> u a new variable, solid pressure p = AV - u,
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is introduced leading to a singular system

V-Que(u)—Vp=f in 0,
AWW-n—p=0  inf 20)
o(u)-n=h ondQ.

Here the established preconditioner is similar to [33, 34].

The main contribution of the paper is that it presents, in a systematic way, the different
approaches to solving singular systems with a finite dimensional kernel of which the Neumann
problem in linear elasticity is an example.

Among the future extensions of this work is extending the ideas to different material mod-
els, e.g. poroelasticity or hyperelasticity. Another fruitful direction are the practical applica-
tions.

Additional Works

In addition to the summarized articles, three other papers have been written during the course
of the project. Their brief summary is provided below.

Paper [45] presents a simple Python library for computing deformation of a plate-beam
system governed by

JQ|AU|2(x)dx —2JQ U(x)F(x)dx
i r_lA”i|2(t)dt —ZLI u(t)fi(r)dr

— min

subject to 7 constraints

Here U, u; and F, f; are respectively the deflections and loads of the plate occupying the do-
main  C R? and the beams I, C Q which are one dimensional curves. The above system
is an example of a problem where equations on domains with different dimensionality are
coupled. In fact, this problem motivated the later Papers I and II. The focus here is on the im-
plementation which uses the Galerkin method with eigenfunctions of the related biharmonic
operator as the basis functions and utilizes symbolic computations (Sympy [67]) to assemble
the discrete problem. The paper also features a discussion of the conditioning of the assembled
linear system for the case 7 = 1 using H 2 norm as the preconditioner for the Schur comple-
ment. The preconditioner improved markedly the condition number of the system, however,
in the light of the findings from Paper I, the preconditioner was not optimal and ¢ robust. In
particular, the proposed norm ignores the intersection structure of the multiplier space and is
therefore a good approximation only for the case ¢ < 1.

In [28] the drug delivery via injection into the spinal chord is studied by simulating the
flow of cerebrospinal fluid and the therapeutic agent using the Navier-Stokes equations cou-
pled to the equation for advection of a passive scalar. Following [32] the algorithm used for
the transport problem was implemented for FEniCS [42, 1] by Mikael Mortensen and the
author. In the flow regimes dominated by convection, the method based on Lagrangian parti-
cle tracking showed more robust properties than the techniques used with the finite element
discretization (and the Eulerian description of the flow) such as SUPG [ 13, 9] or stabilized dis-
continuous Galerkin method [19, ch 2., 3.]. The main outcome of the study are indications
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of injection locations and angles which lead to faster spread of the drug.

Finally, [36] is concerned with simulations of the free surface Stokes flow with high density
and viscosity ratios for the purpose of investigating the evolution history of Saturn’s moon
Tapetus. In particular, the moon’s large flattening and its connection with giant impact craters
observed on the surface are of interest. The paper is an extension of the author’s master thesis
work where the foundations of the numerical code were laid. The study concludes that a
collision with an external body is a plausible explanation for the current shape.

16



Bibliography

[1] M. ALNAS, J. BLECHTA, J. HAKE, A. JOHANSSON, B. KEHLET, A. LOGG,
C. RICHARDSON, J. RING, M. ROGNES, AND G. WELLS, The FEniCS project version
1.5, Archive of Numerical Software, 3 (2015).

[2] M. ARIOLI, D. KOUROUNIS, AND D. LOGHIN, Discrete fractional Sobolev norms
for domain decomposition preconditioning, IMA Journal of Numerical Analysis, (2012),
p. drr024.

[3] M. ARIOLI AND D. LOGHIN, Discrete interpolation norms with applications, SIAM Jour-
nal on Numerical Analysis, 47 (2009), pp. 2924-2951.

[4] S.F. ASHBY AND R. D. FALGOUT, A parallel multigrid preconditioned conjugate gradient
algorithm for groundwater flow simulations, Nuclear Science and Engineering, 124 (1996),
pp. 145-159.

[5] L. BABUSKA, Error-bounds for finite element method, Numerische Mathematik, 16 (1971),
pp. 322-333.

[6] ——, The finite element method with Lagrangian multipliers, Numerische Mathematik,
20 (1973), pp. 179-192.

[7] T. BELYTSCHKO, R. GRACIE, AND G. VENTURA, A review of extended /generalized
finite element methods for material modeling, Modelling and Simulation in Materials Sci-
ence and Engineering, 17 (2009), p. 043001.

[8] P. BOCHEV AND R. B. LEHOUCQ, On the finite element solution of the pure Newmann
problem, SIAM review, 47 (2005), pp. 50-66.

[9] P. B. BOCHEV, M. D. GUNZBURGER, AND ]. N. SHADID, Stability of the SUPG finite
element method for transient advection-diffusion problems, Computer methods in applied
mechanics and engineering, 193 (2004), pp. 2301-2323.

[10] D. BRAESS, Finite Elements: Theory, Fast Solvers, and Applications in Solid Mechanics,
Cambridge University Press, 2001.

[11] S. BRENNER AND R. SCOTT, The Mathematical Theory of Finite Element Methods, Texts
in Applied Mathematics, Springer New York, 2007.

[12] F. BREZZI, On the existence, uniqueness and approximation of saddle-point problems aris-
ing from Lagrangian multipliers, Revue francaise d’automatique, informatique, recherche
opérationnelle. Analyse numérique, 8 (1974), pp. 129-151.

[13] A.N.BROOKS AND T.]J. R. HUGHES, Streamline upwind /Petrov-Galerkin formulations
for convection dominated flows with particular emphasis on the incompressible Navier-Stokes
equations, Computer Methods in Applied Mechanics and Engineering, 32 (1982), pp. 199
- 259.

[14] L. CATTANEO AND P. ZUNINO, A computational model of drug delivery through micro-
circulation to compare different tumor treatments, International Journal for Numerical
Methods in Biomedical Engineering, 30 (2014), pp. 1347-1371.

[15] ——, Computational models for fluid exchange berween microcirculation and tissue inter-
stitium, Networks and Heterogeneous Media, 9 (2014), pp. 135-159.

17



[16] W. DAHMEN AND A. KUNOTH, Appending boundary conditions by Lagrange multipli-
ers: Analysis of the LBB condition, Numerische Mathematik, 88 (2001), pp. 9-42.

[17] D. DANERS, A short elementary proof of ¥1/k? = n?/6, Mathematics Magazine, 85
(2012), pp. 361-364.

[18] L. DEMKOWICZ, Babuska«s Brezzi.

[19] D. A.DIPIETRO AND A. ERN, Mathematical Aspects of Discontinnous Galerkin Methods,
Mathématiques et Applications, Springer Berlin Heidelberg, 2011.

[20] J.DOUGLAS AND T. DUPONT, Superconvergence for Galerkin methods for the two point
boundary problem via local projections, Numerische Mathematik, 21, pp. 270-278.

[21] T.DUTTA-ROY, A. WITTEK, AND K. MILLER, Biomechanical modelling of normal pres-
sure hydrocephalus, Journal of Biomechanics, 41 (2008), pp. 2263 - 2271.

[22] Q.FANG,S. SAKADZIC, L. RUVINSKAYA, A. DEVOR, A. M. DALE, AND D. A. BOAS,
Oxygen advection and diffusion in a three-dimensional vascular anatomical network, Op-
tics express, 16 (2008), pp. 17530-17541.

[23] R. P. FEYNMAN, R. B. LEIGHTON, AND M. SANDS, The Feynman Lectures on Physics,
Vol. I: The New Millennium Edition: Mainly Mechanics, Radiation, and Heat, Basic Books,
2015.

[24] G. H. GOLUB AND C. F. VAN LOAN, Matrix Computations, Matrix Computations,
Johns Hopkins University Press, 2012.

[25] L. GRINBERG, E. CHEEVER, T. ANOR, J. R. MADSEN, AND G. E. KARNIADAKIS,
Modeling blood flow circulation in intracranial arterial networks: a comparative 3D/1D
simulation study, Annals of biomedical engineering, 39 (2011), pp. 297-309.

[26] A. GUNNEL, R. HERZOG, AND E. SACHS, A note on preconditioners and scalar products
in Krylov subspace methods for self-adjoint problems in Hilbert space, Electronic Transac-
tions on Numerical Analysis, 41 (2014), pp. 13-20.

[27] M. E. GURTIN, An Introduction to Continuum Mechanics, Mathematics in Science and
Engineering, Elsevier Science, 1982.

[28] P. T. HAGA, G. PIZZICHELLI, M. MORTENSEN, M. KUCHTA, S. H. PAHLAVIAN,
E. SINIBALDI, B. MARTIN, AND K.-A. MARDAL, A numerical investigation of intrathe-
cal drug and gene vector dispersion within the cervical subarachnoid space, PLOS ONE,
(2016). Submitted.

[29] A.HALEVY, P. NORVIG, AND F. PEREIRA, The unreasonable effectiveness of data, IEEE
Intelligent Systems, 24 (2009), pp. 8-12.

[30] E. HAUG AND R. WINTHER, A domain embedding preconditioner for the Lagrange mul-
tiplier system, Mathematics of Computation of the American Mathematical Society, 69
(2000), pp. 65-82.

[31] M. R. HESTENES AND E. STIEFEL, Methods of conjugate gradients for solving linear sys-
tems, vol. 49, 1952,

[32] S.IANNIELLO AND A. DI MASCIO, A self-adaptive oriented particles level-set method for
tracking interfaces, ]. Comput. Phys., 229 (2010), pp. 1353-1380.

[33] A. KLAWONN, Block-triangular preconditioners for saddle point problems with a penalty
term, SIAM Journal on Scientific Computing, 19 (1998), pp. 172-184.

[34] ——, An optimal preconditioner for a class of saddle point problems with a penalty term,
SIAM Journal on Scientific Computing, 19 (1998), pp. 540-552.

[35] W. KRENDL, V. SIMONCINI, AND W. ZULEHNER, Stability estimates and structural
spectral properties of saddle point problems, Numerische Mathematik, 124 (2013), pp. 183-
213.

18



[36] M. KucHTA, G. TOBIE, K. MILJKOVIC, M. BEHOUNKOVA, O. SOUCEK,

G. CHOBLET, AND O. CADEK, Despinning and shape evolution of Saturn’s moon lapetus
triggered by a giant impact, Icarus, 252 (2015), pp. 454-465.

[37] C.LANCZOS, Linear Differential Operators, Dover books on mathematics, Dover Pub-
lications, 1997.

[38] R. B. LARSON, Models for the formation of elliptical galaxies, Monthly Notices of the
Royal Astronomical Society, 173 (1975), pp. 671-699.

[39] X.S.L1 AND ]J. W. DEMMEL, Making sparse Gaussian elimination scalable by static pivot-
ing, in Proceedings of the 1998 ACM/IEEE conference on Supercomputing, IEEE Com-
puter Society, 1998, pp. 1-17.

[40] ——, SuperLU DIST: A scalable distributed-memory sparse direct solver for unsymmet-
ric linear systems, ACM Transactions on Mathematical Software (TOMS), 29 (2003),
pp. 110-140.

[41] A. A. LINNINGER, I. G. GOULD, T. MARINNAN, C.-Y. HSU, M. CHOJECKI, AND
A. ALARAJ, Cerebral microcirculation and oxygen tension in the human secondary cortex,
Annals of biomedical engineering, 41 (2013), pp. 2264-2284.

[42] A.LOGG, K.-A. MARDAL, AND G. WELLS, Automated solution of differential equations
by the finite element method: The FEniCS book, vol. 84, Springer Science & Business Me-
dia, 2012.

[43] J. MALEK AND Z. STRAKOS, Preconditioning and the Conjugate Gradient Method in the
Context of Solving PDEs, Society for Industrial and Applied Mathematics, Philadelphia,
PA, 2014.

[44] K.-A. MARDAL AND R. WINTHER, Preconditioning discretizations of systems of partial
differential equations, Numerical Linear Algebra with Applications, 18 (2011), pp. 1-40.

[45] M. MORTENSEN, M. KUCHTA, J.C.G. VERSCHAEVE, AND K.A. MARDAL,
BENDPY: Python framework for computing bending of complex plate-beam systems, in
Proc. of 8th National Conference on Computational Mechanics, Barcelona, Spain, 2015,
CIMNE.

[46] M. F. MURPHY, G. H. GOLUB, AND A. J. WATHEN, A note on preconditioning for
indefinite linear systems, SIAM J. Sci. Comput., 21 (1999), pp. 1969-1972.

[47] M. NABIL AND P. ZUNINO, A computational study of cancer hyperthermia based on vas-
cular magnetic nanoconstructs, Open Science, 3 (2016).

[48] J. NECAS, Sur une méthode pour résoudre les équations aux dérivées partielles du type ellip-
tigue, voisine de la variationnelle, Annali della Scuola Normale Superiore di Pisa - Classe
di Scienze, 16 (1962), pp. 305-326.

[49] M. OcCHS, ]J. R. NYENGAARD, A. JUNG, L. KNUDSEN, M. VOIGT, T. WAHLERS,
J. RICHTER, AND H. J. G. GUNDERSEN, The number of alveoli in the human lung,
American Journal of Respiratory and Critical Care Medicine, 169 (2004), pp. 120-124.

[50] SIAM WORKING GROUP ON CSE EDUCATION, Graduate education in computational
science and engineering, SIAM Review, 43 (2001), pp. 163-177.

[51] C. C. PAIGE AND M. A. SAUNDERS, Solution of sparse indefinite systems of linear equa-
tions, SIAM Journal on Numerical Analysis, 12 (1975), pp. 617-629.

[52] C.S. PESKIN, Numerical analysis of blood flow in the heart, Journal of Computational
Physics, 25 (1977), pp. 220 - 252.

[53] J.PESTANA AND A.J. WATHEN, Natural preconditioning and iterative methods for saddle
point systems, SIAM Review, 57 (2015), pp. 71-91.

[54] J. PITKARANTA, Boundary subspaces for the finite element method with Lagrange multi-
pliers, Numerische Mathematik, 33 (1979), pp. 273-289.

19



[55] R.F.POTTER AND A. C. GROOM, Capillary diameter and geometry in cardiac and skele-
tal muscle studied by means of corrosion casts, Microvascular research, 25 (1983), pp. 68-84.

[56] A. QUARTERONI, Numerical models for differential problems, Springer Science & Busi-
ness Media, 2010.

[57] J. REICHOLD, M. STAMPANONI, A. L. KELLER, A. BUCK, P. JENNY, AND B. WEBER,
Vascular graph model to simulate the cerebral blood flow in realistic vascular networks, Jour-
nal of Cerebral Blood Flow & Metabolism, 29 (2009), pp. 1429-1443.

[58] Y. RICARD AND C. VIGNY, Mantle dynamics with induced plate tectonics, Journal of
Geophysical Research: Solid Earth, 94 (1989), pp. 17543-17559.

[59] T.RUSTEN, P. A. VASSILEVSKI, AND R. WINTHER, Domain embedding preconditioners
for mixed systems, Numerical Lin. Alg. with Applic., 5 (1998), pp. 321-345.

[60] Y. SAAD AND M. H. SCHULTZ, GMRES: A generalized minimal residual algorithm for
solving nonsymmetric linear systems, SIAM Journal on Scientific and Statistical Comput-
ing, 7 (1986), pp. 856-869.

[61] M. B. SANDERUD, Patient-specific modeling of normal pressure hydrocephalus, master’s
thesis, University of Oslo, 2012.

[62] K. SCOTT, On Proebsting’s law, tech. report, 2001.

[63] J.R.SHEWCHUK, An introduction to the conjugate gradient method without the agonizing
pain, tech. report, Pittsburgh, PA, USA, 1994.

[64] D. SILVESTER, H. ELMAN, D. KAY, AND A. WATHEN, Efficient preconditioning of the
linearized Navier-Stokes equations for incompressible flow, Journal of Computational and
Applied Mathematics, 128 (2001), pp. 261-279.

[65] D. SILVESTER AND A. WATHEN, Fast iterative solution of stabilised Stokes systems. Part
II: Using general block preconditioners, SIAM Journal on Numerical Analysis, 31 (1994),
pp. 1352-1367.

[66] G.STRANG AND G.]. FIX, An analysis of the finite element method, Wellesley-Cambridge
Press, 1988.

[67] SYMPY DEVELOPMENT TEAM, SymPy: Python library for symbolic mathematics, 2016.

[68] O. TATEBE, The multigrid preconditioned conjugate gradient method, (1993).

[69] G. TOBIE, O. CADEK, AND C. SOTIN, Solid tidal friction above a liquid water reservoir
as the origin of the south pole hotspot on Enceladus, Icarus, 196 (2008), pp. 642 - 652. Mars
Polar Science IV.

[70] L. N. TREFETHEN AND D. BAU, Numerical Linear Algebra, Society for Industrial and
Applied Mathematics, 1997.

[71] A. WATHEN AND D. SILVESTER, Fast iterative solution of stabilised Stokes systems. Part I:
Using simple diagonal preconditioners, SIAM Journal on Numerical Analysis, 30 (1993),
pp. 630-649.

[72] E. P. WIGNER, The unreasonable effectiveness of mathematics in the natural sciences.
Richard Courant lecture in mathematical sciences delivered at New York University, May
11, 1959, Communications on pure and applied mathematics, 13 (1960), pp. 1-14.

20



Paper 1

Preconditioners for saddle point systems with trace constraints coupling 2d
and 1d domains

M. KUCHTA, M. NORDAAS, J. C. G. VERSCHAEVE, M. MORTENSEN, AND K -A.
MARDAL

SIAM Journal on Scientific Computing, 38 (2016), pp. B962-B987.

21






SIAM J. Sci. COMPUT. © 2016 Society for Industrial and Applied Mathematics
Vol. 38, No. 6, pp. B962-B987

PRECONDITIONERS FOR SADDLE POINT SYSTEMS WITH
TRACE CONSTRAINTS COUPLING 2D AND 1D DOMAINS*

MIROSLAV KUCHTAT, MAGNE NORDAAS#, JORIS C. G. VERSCHAEVE', MIKAEL
MORTENSENT# AND KENT-ANDRE MARDALT#

Abstract. We study preconditioners for a model problem describing the coupling of two ellip-
tic subproblems posed over domains with different topological dimension by a parameter dependent
constraint. A pair of parameter robust and efficient preconditioners is proposed and analyzed. Ro-
bustness and efficiency of the preconditioners is demonstrated by numerical experiments.
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1. Introduction. This paper is concerned with preconditioning of multiphysics

problems where two subproblems of different dimensionality are coupled. We assume
that I' is a submanifold contained within (2 € R™ and consider the following problem:

(1a) —Au+ edrp = f in ©,
(1b) —Av—p=yg on I,
(1e) eu—v =0 on T,

where dr is a function with properties similar to the Dirac delta function, as will be
discussed later. To allow for a unique solution (u, v, p), the system must be equipped
with suitable boundary conditions, and we shall here, for simplicity, consider homoge-
neous Dirichlet boundary conditions for u and v on 02 and 0T, respectively. We note
that the unknowns w,v are here the primary variables, while the unknown p should
be interpreted as a Lagrange multiplier associated with the constraint (1c).

The two elliptic equations that are stated on two different domains, Q2 and T, are
coupled, and therefore the restriction of v to I' and the extension of p to €2 are crucial.
When the codimension of T" is one, the restriction operator is a trace operator, and
the extension operator is similar to the Dirac delta function. We note that € € (0,1)
and that the typical scenario will be that € < 1. We will therefore focus on methods
that are robust in e.

The problem (1a)—(1c) is relevant to biomedical applications [18, 15, 2, 17] where it
models the coupling of the porous media flow inside tissue to the vascular bed through
Starling’s law. Further, problems involving coupling of the finite element method
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and the boundary element method, e.g., [24, 26], are of the form (1). The system
is also relevant for domain decomposition methods based on Lagrange multipliers
[32]. Finally, in solid mechanics, the problem of plates reinforced with ribs (cf., for
example, [44, Ch. 9.11]) can be recast into a related fourth order problem. We also
note that the techniques developed here to address the constraint (1c) are applicable in
preconditioning fluid-structure interaction problems involving interactions with thin
structures, e.g., filaments [22].

One way of deriving equations (1) is to consider the following minimization prob-
lem:

(Vu)? — 2uf dz

(2) — min
(Vv)? — 2ugds
r
subject to the constraint
(3) eu—v=0 onl.

Using the method of Lagrange multipliers, the constrained minimization problem will
be recast as a saddle-point problem. The saddle-point problem is then analyzed in
terms of the Brezzi conditions [13], and efficient solution algorithms are obtained using
operator preconditioning [35]. A main challenge is the fact that the constraint (3)
necessitates the use of trace operators, which leads to operators in fractional Sobolev
spaces on I.

An outline of the paper is as follows: Section 2 presents the necessary notation and
mathematical framework needed for the analysis. Then the mathemathical analysis
as well as the numerical experiments of two different preconditioners are presented
in sections 3 and 4, respectively. Section 5 discusses the computational efficiency of
both methods.

2. Preliminaries. Let X be a Hilbert space of functions defined on a domain
D, and let || - ||x denote its norm. The L? inner product on a domain D is denoted
(-,)p or [}, -, while (-,-) p denotes the corresponding duality pairing between a Hilbert
space X and its dual space X*. We will use H™ = H™(D) to denote the Sobolev
space of functions on D with m derivatives in L? = L?(D). The corresponding norm
is denoted || - |, p- In general, we will use H* to denote the closure in H™ of the
space of smooth functions with compact support in D, and the seminorm is denoted
as ‘ . |m,D-

The space of bounded linear operators mapping elements of X to Y is denoted
L(X,Y), and if Y = X, we simply write £(X) instead of £(X,X). If X and Y are
Hilbert spaces, both continuously contained in some larger Hilbert space, then the
intersection X N'Y and the sum X + Y are both Hilbert spaces with norms given by

lzl&kny = el +llzll5 and Jlelfyy = inf  (l2l% + yl3)-

zeX,ye
z=x+y

In the following 2 C R"™ is an open connected domain with Lipschitz boundary
0Q. The trace operator T is defined by Tu = u|p for u € C(Q) and T' a Lipschitz
submanifold of codimension one in 2. The trace operator extends to bounded and
surjective linear operator T : H'(Q) — H*(T); see, e.g., [1, Ch. 7]. The fractional
Sobolev space H*(T") can be equipped with the norm

u(2) — uly)P
() sy = Iy + [
) L@ I'xIl

o=yt dzdy.
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However, the trace is not surjective as an operator from Hg(€2) into H*(T'); in
particular, the constant function 1 € H:(T") is not in the image of the trace operator.
Note that H((T') does not characterize the trace space, since Hg(T') = H*(T'); see [30,
Ch. 2, Thm. 11.1]. Instead, the trace space can be identified as H{%O(F), defined as
the subspace of H*(I") for which extension by zero into H 5(T') is continuous, for some

suitable extension domain I' extending I" (e.g., I' = T U 9R). To be precise, the space
Hgy(T") can be characterized with the norm

. . u(z), zeT,
(5) lall gt gy = Nl ey, () = {07 ot
The space H, 30 (T") does not depend on the extension domain I, since the norms induced
by different choices of I’ will be equivalent.

The above norms (4)—(5) for the fractional spaces are impractical from an imple-
mentation point of view, and we will therefore consider the alternative construction
following [30, Ch. 2.1] and [16]. For u,v € H(T'), set L,(v) = (u,v)r. Then L,
is a bounded linear functional on HJ(I'), and in accordance with the Riesz—Fréchet
theorem there is an operator S € £L(H}(I')) such that

(6) (S, w) a0y = Lu(w) = (ww)p,  w,w e Hy(T).

The operator S is self-adjoint, positive definite, injective, and compact. Therefore,
the spectrum of S consists of a nonincreasing sequence of positive eigenvalues {Az}52,
such that 0 < A1 < Ap and A\ — 0; see, e.g., [48, Ch. X.5, Thm. 2]. The eigenvectors
{Pr}32, of S satisfy the generalized eigenvalue problem

Apr, = N\, My,

where operators A, M are such that (Au,v)r = (Vu, Vo) and (Mu,v)r = (u,v)p.
The set of eigenvectors {¢y}72, forms a basis of Hj (I') orthogonal with respect to
the inner product of H}(I') and orthonormal with respect to the inner product on
L*(T). Then for u =Y, cx¢r € span {¢}72, and s € [—1,1], we set

(7) lullz, = [> A
k

and define Hy to be the closure of span {¢x }3° ; in the above norm. Then Hy = L*(T')
and Hy = Hg(T') with equality of norms. Moreover, we have H, = H;y(T) with
equivalence of norms. This essentially follows from the fact that H, and H, ()
are closely related interpolation spaces; see [16, Thm. 3.4]. Note that we also have
H_y = (HY(D))* = H-(T) and H_, = (Hjo(D)* = HH(D).

As the preceding paragraph suggests, we shall use the normal font to denote linear
operators, e.g., A. To signify that the particular operator acts on a vector space with
multiple components, we employ the calligraphic font, e.g., A. Vectors and matrices
are denoted by the sans serif font, e.g., A and x. In the case when the matrix has
a block structure, it is typeset with the blackboard bold font, e.g., A. Matrices and
vectors are related to the discrete problems as follows (see also [35, Ch. 6]). Let
Vi C H&(D), and let the discrete operator Ay, : V3, — V¥ be defined in terms of the
Galerkin method:

(Apup,vp)p = (Au,vp)p  for up,v, €V, and u € H&(D).
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Let ;,7 € [1,m] be the basis functions of V3. The matrix equation,
Au=f, ueR"™ andfeR™,

is obtained as follows: Let 7, : V), = R™ and py, : V7 — R™ be given by

v =Y (avn); %5, vh €V, and  (uafn); = (fa,¥5)p,  fa € V.

J

Then
A=ppApmy by v =TRon, =

A discrete equivalent to the Hy inner product (7) is constructed in the following
manner, similarly to the continuous case. There exist a complete set of eigenvectors
u; € R™ with the property u; ' Mu; = J;; and m positive definite (not necessarily dis-
tinct) eigenvalues \; of the generalized eigenvalue problem Au; = A\;Mu;. Equivalently,
the matrix A can be decomposed as A = (MU)A(MU)" with A = diag (\1,...,A\m)
and col;U = u; so that UMU = | and UTAU = A. We remark that A is the stiffness
matrix, while M is the mass matrix.

Let now H : R — Pgyy,, where Py, denotes the space of symmetric positive
definite matrices, be defined as

(8) H(s) = (MU) A*(MU)".

Note that, due to M orthonormality of the eigenvectors, the inverse of H(s) is given
as H(s)_1 = UA=3U". To motivate the definition of the mapping, we shall in the
following example consider several values H(s) and show the relation of the matrices
to different Sobolev (semi)norms of functions in V5.

Ezample 1 (La, H}, and H~! norms in terms of matrices). Let Vj, C Hg ('),
dim Vj, = m, v, € Vj, and v € R™ be the representation of vy, in the basis of V},, i.e.,
v = mpvp. The L? norm of vy, is given through the mass matrix M as ||vh\|aF = v Mv
and M = H(0). Similarly for the Hj (semi)norm, it holds that |vp|? p = v'Av, where
A is the stiffness matrix, and A = H(1). Finally, for a less trivial example, let f}, € V4,
and consider f; as a bounded linear functional, (fy,vn)r = (fu,vn)p for v, € V.
Then || f4]|?  p = f'H(=1) f. By the Riesz representation theorem there exists a unique
up, € V3 such that (Vuh,Vvh)F = <fh,'l)h>p for all v, € V}, and ||fh||_111‘ = |uh|1,r.
The latter equality yields ||fh|\271’r = u'Au, but since uy € V}, is given by the Riesz
map, the coordinate vector comes as a unique solution of the system Au = Mf, i.e.,
u=A"'Mf (see, e.g., [33, Ch. 3]). Thus ||f4]|* , p = f'MA~!Mf. The matrix product
in the expression is then H(—1).

In general, let ¢ be the representation of vector u € R™ in the basis of eigenvectors
u;, u = Uc. Then
uH(s)u=cAc=>» A,
J

and so u'H(s)u = [Jusl|3; for w, € Vi such that w, = 7, 'u. Similarly to the
continuous case, the norm can be obtained in terms of powers of an operator
S T S S T S
uTH(s)u = [UA?(MU)’U] M {UAi(MU)‘u} - [s—iu] M {S_iu},

where S = A7!M is the matrix representation of the Riesz map H~! (T') — Hj (T') in
the basis of V.
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Remark 2. The norms constructed above for the discrete space are equivalent to,
but not identical to, the Hs-norm from the continuous case.

Before considering proper preconditioning of the weak formulation of problem
(1), we illustrate the use of operator preconditioning with an example of a boundary
value problem where operators in fractional spaces are utilized to weakly enforce the
Dirichlet boundary conditions by Lagrange multipliers [6].

Ezample 3 (Dirichlet boundary conditions using the Lagrange multiplier). The
problem considered in [6] reads as follows: Find w such that

—Au+u=f in Q,
(9) u=g onl CoQ,
Opu =0 on 0N\ T

Introducing a Lagrange multiplier p for the boundary value constraint and a trace
operator T : H*(Q)) — H*(T') leads to a variational problem for (u,p) € H' (Q2) x
H~# () satisfying

(Vu, VU)Q + (U»U)Q + ,Tv)r = (f, U)Q ,  VE H' (Q),

(10) .
(¢, Tu)r = (g, 9)r g€ H*(T).

In terms of the framework of operator preconditioning, the variational problem (10)
defines an equation

/
(1) Az =b, where A_[_AQ+I T].

T 0

In [6] the problem is proved to be well-posed, and therefore A : V' — V* is a symmetric
isomorphism, where V = H* (Q) x H=*(T') and z € V, b € V*. A preconditioner is
then B € £ (V*,V), constructed such that B is a positive, self-adjoint isomorphism.
Then BA € £ (V) is an isomorphism.

To discretize (11) we shall here employ finite element spaces V}, consisting of linear
continuous finite elements where I', is formed by the facets of Qy; cf. Figure 1. The
stability of discretizations of (10) (for the more general case where the discretization
of @ and T are independent) is studied, e.g., in [40] and [42, Ch. 11.3].

The linear system resulting from discretization leads to the following system of
equations:

(12) BAx = Bb,

where .
A~ A B’
B = [ _1} and A= [ ] .
H(-3) s

The last block of the matrix preconditioner B is the inverse of the matrix constructed
by (8) (using discretization of an operator inducing the H'(T') norm on the second
subspace of V},), and matrix BA has the same eigenvalues as operator By, Aj,.

Tables 1 and 2 consider the problem (10) with Q the unit square and T' its left
edge. In Table 1 we show the spectral condition number of the matrix BA as a function
of the discretization parameter h. It is evident that the condition number is bounded
by a constant.
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TABLE 1 TABLE 2
The smallest and the largest eigen- The number of iterations required for convergence
values and the spectral condition number of the minimal residual method for system (12) with B
of matriz BA from system (12). replaced by the approzimation (13).
h Amin  Amax K Size Niters H’LL — Up ”1,52
1.77x 10-1 [ 0.311 1.750 5.622 4290 38  6.76 x 10~2(1.00)
8.84 x 1072 | 0.311 1.750 5.622 16770 40  3.38 x 1072(1.00)
4.42 x 1072 1 0.311 1.750 5.622 66306 38 1.69 x 10~2(1.00)
2.21 x 1072 | 0.311 1.750 5.622 263682 38 845 x 1073(1.00)
1.11 x 1072 | 0.311 1.750 5.622 1051650 | 39  4.23 x 10~3(1.00)

Table 2 then reports the number of iterations required for convergence of the
minimal residual method [38] with the system (12) of different sizes. The iterations
are started from a random initial vector, and for convergence it is required that rg,
the kth residuum, satisfy ry, "Bri, < 10710, The operator B is the spectrally equivalent
approximation of B given as!

(13) B = diag (AMG (A), LU (H (—1))) .

The iteration count appears to be bounded independently of the size of the linear
system.

Together the presented results indicate that the constructed preconditioner whose
discrete approximation utilizes matrices (8) is a good preconditioner for system (9).

Finally, with Q@ € R2, T' C Q of codimension one, we consider problem (1). The
weak formulation of (la)-(1c), using the method of Lagrange multipliers, defines a
variational problem for the triplet (u,v,p) € U X V X Q,

(Vu,Vo)o + (p, eTrd)r = (f,0)q peU,
(14) (Vu,Vi)r — (p,¥)r = (9,¢¥)p » Yev,
(X, €Tru —v)r =0, X €Q,

where U, V,(Q are Hilbert spaces to be specified later. The well-posedness of (14)
is guaranteed provided that the celebrated Brezzi conditions (see Appendix A) are
fulfilled. We remark that

(p,Trd)r = (orp, d)a

Hence dr is in our context the dual operator to the trace operator Tr. Since 1T :
H(Q) — Hyy(T), then 6p : H#(I') — H~H(R).

For our discussion of preconditioners it is suitable to recast (14) as an operator
equation for the self-adjoint operator A,

U Ay Byl |u f
(15) Alv| = Ay By vl =g
P By By p

)

1 Here and in the subsequent numerical experiments AMG is the algebraic multigrid BOOMER-
AMG from the Hypre library [23], and LU is the direct solver from the UMFPACK library [19]. The
libraries were accessed through the interface provided by PETSc [7] version 3.5.3. To assemble the
relevant matrices FEniCS library [31] version 1.6.0 and its extension for block-structured systems
cbe.block [34] were used. The AMG preconditioner was used with the default options, except for
coarsening, which was set to Ruge—Stueben algorithm.
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with the operators 4;, B;, i € {U,V}, given by
<AUU7 ¢>Q = (V’U,, VQS)Q ’ <AVUa ’l/}>l—‘ = (V’U, v/l/))[‘ )
(Buu, \)r = (x; €Iru)r,  (Byv,x)r = —{(X,v)r.

Further, for discussion of mapping properties of A it will be advantageous to consider
the operator as a map defined over space W x Q, W =U x V as

(16) A[g B*] with A[AU AV] and B=[By By].

Considering two different choices of spaces U, V, and @, we will propose two
formulations that lead to different preconditioners:

Ay
(17) B, = Ay
By Ap'Bi + By Ay By,
and
Ay + BjRBy
(18) B;VI - AV

By Ay By,

Here R is the Riesz map from Q* to Q. Preconditioners of the form (17)—(18) will
be referred to as the Q-cap and the W-cap preconditioners. This naming convention
reflects the role intersection spaces play in the respected formulations. We remark that
the definitions should be understood as templates identifying the correct structure of
the preconditioner.

3. Q-cap preconditioner. Consider operator A from problem (15) as a map-
ping W x Q — W* x Q*,
) W= H} (@) x H3 (D).
Q=eH *(T)NH ().

The spaces are equipped with norms

(20) lwlify = lulf o + i r  and |Iplg = €llpl2, r + Pl -

Since H~*(T") is continuously embedded in H~1(T'), the space @ is the same topo-
logical vector space as H*(T'), but equipped with an equivalent, e-dependent inner
product. See also [9, Ch. 2]. The next theorem shows that this definition leads to a
well-posed problem.

We will need a right inverse of the trace operator and employ the following har-
monic extension. Let ¢ € Hjy(T), and let u be the solution of the problem

—Au=0 inQ\T,
(21) u=0 on 04,
u=q onT.

Since the trace is surjective onto Hj(T'), (21) has a solution u € H}(Q) and |ul; o <

Clql,,r for some constant C. We denote the harmonic extension operator by FE, i.e.,
u= Eq with ||E|| < C.
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THEOREM 4. Let W and @ be the spaces (19). The operator A : W x Q —
W* x Q*, defined in (15), is an isomorphism, and the condition number of A is
bounded independently of € > 0.

Proof. The statement follows from the Brezzi theorem, Theorem 13, once its
assumptions are verified. Since A induces the inner product on W, A is continuous
and coercive, and the conditions (51a) and (51b) hold. Next, we see that B is bounded:

<BU}7 Q>F = <Qv ETFU' - U>F
<llq
< (14 1T alP o+ P B g + 02

= 1+ 1Trl) llallelwlw-.

rlleTrullsr + (gl -1 rlvlir

It remains to show the inf-sup condition (51d). Since the trace is bounded and sur-
jective, for all £ € Hj,(T') we let u be defined in terms of the harmonic extension (21)

such that u = e 'E¢ and |ul1,o < e Y| E||[|€]],,r. Hence,
<B’U.),q>1" _ <Q7 ETFU_U>F
sup Tl BUp — e
wew w weW  Jlulf o + [vlf p
> (BT sw 6,6 + o)r

(6w)EHE, (T)x HE (I) \/6_2||€||§,F +lvllf
Note that we have the identity
Q"= (eH ()N HYI))" = e ' Hy(I) + Hy (D),

equipped with the norm

la*llg- = inf e ?|gflr +la5]7 -
q*=q7+4q5
See also [9]. It follows that
<QJ£+’U>F _ <Q7£+U>F
sup = sup sup
1 _ 2 2 * e — 2 2
(€.0)€H (D) x HY (T) Vk 2M€012r + 10l r <a91g;“g) e 2|l r + [vlip
= sup <q7 C)F
W = R
E+v=C
veHy(T)
= llallo= = llalle-
Consequently, condition (51d) holds with a constant independent of e. 1]

Following Theorem 4 and [35], a preconditioner for the symmetric isomorphic
operator A is the Riesz mapping W* x Q* to W x @Q:
~Aq B
(22) Bg = —Ar
EAF + ALY
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Here A} is defined by (Afv,w)r = (v,w)n,, with the Hg-inner product defined by
(7). Hence the norm induced on W x @ by the operator Bél is not (20) but an
equivalent norm

(Boe.2) = [uff o + ol e+ lplE o) + el

for any x = (u,v,p) € W x Q. Note that Bg fits the template defined in (17).

(a) (b)

Fic. 1. Geometrical configurations and their sample triangulations considered in the numerical
experiments.

3.1. Discrete Q-cap preconditioner. Following Theorem 4, the Q-cap pre-
conditioner (22) is a good preconditioner for operator equation Az = b with the
condition number independent of the material parameter e. To translate the precon-
ditioned operator equation BoAz = Bgb into a stable linear system it is necessary
to employ suitable discretization. In particular, the Brezzi conditions must hold on
each approximation space Wj x @ with constants independent of the discretization
parameter h. Such a suitable discretization will be referred to as stable.

Let us consider a stable discretization of operator A from Theorem 4 by finite
dimensional spaces Uy, V},, and @}, defined as

U = span {¢;}1Y,, Vi, =span {¢;}1Y;, Qn =span {x;};3.

Then the Galerkin method for problem (15) reads as follows: Find (up,vn,pn) €
Uy, x Vi, x Qp, such that

(VUh, V(b)ﬂ + <ph7 6TF¢>F = (.fa ¢)Q ) (b S Uh7
(vvhvvw)F - <ph7(l/}>l—‘ = (ng)l“v ’d} S Vh7
(x, €Trup, — vp)r = 0, X € Qp-

Further, we shall define matrices Ayr, Ay and By, By in the following way:

Ay € R"XM - (Ay), = (Vo;, Vi)g,
Ay € R™M 0 (Ay), 5 = (Viby, Vibi)p,
By € R"*"™ . (By), ; = (eTre;, xi)r,
By € R"@*™  (By), ; = — (¢, Xi)r-

(23)
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We note that By can be viewed as a representation of the negative identity mapping
between spaces V;, and @p. Similarly, matrix By can be viewed as a composite,
By = MUQT~ Here MUQ is the representation of an identity map from space Uy,

to space Q. The space Uy, is the image of U, under the trace mapping Tr. We
shall respectively denote the dimension of the space and its basis functions ng and
¢i, @ € [1,ng]. Matrix T € R"0*™ is then a representation of the trace mapping
Tr : Uy — Up.

We note that the rank of T is ng, and mirroring the continuous operator It, the
matrix has a unique right inverse T*. We refer the reader to [36] for the continuous
case. The matrix TT can be computed as a pseudoinverse via the reduced singular
value decomposition TU = QX; see, e.g., [45, Ch. 11]. Then T+ = UL ~!Q. Here, the
columns of U can be viewed as coordinates of functions ¢; zero-extended to € such
that they form the {2 orthonormal basis of the subspace of R”U where the problem
Tu = u is solvable. Further, the kernel of T is spanned by ng-vectors representing
those functions in U, whose trace on I' is zero.

For the space U} constructed by the finite element method with the triangula-
tion of Q such that I" is aligned with the element boundaries (cf. Figure 1), it is a
consequence of the nodality of the basis that Tt = T7,

With definitions (23) we use A to represent the operator A from (15) in the basis
of Wh X th

Ay By’
(24) A= Ay By
By By

Finally, a discrete @-cap preconditioner is defined as a matrix representation of (22)
with respect to the basis of W), x Qp:

Ay -t

(25) Bq = Ay
(=) +H

The matrices A, M which are used to compute the values H(:) through the definition
(8) have the properties |p|; - = p"Ap and [|p||§ p = p"Mp for every p € Q@ and p € R"?
its coordinate vector. Note that due to properties of matrices H(-), the matrix N,

(26) Ng = [H(=3) + H(-1)] = U[A*+ A7) U,

is the inverse of the final block of Bg,.

By Theorem 4 and the assumption on spaces W, x @ being stable, the matrix
BoA has a spectrum bounded independently of the parameter e and the size of the
system or equivalently discretization parameter h. In turn, Bg is a good precondi-
tioner for matrix A. To demonstrate this property we shall now construct a stable
discretization of the space W x @ using the finite element method.

3.2. Stable subspaces for Q-cap preconditioner. For h > 0 fixed, let Q)
be the polygonal approximation of Q. For the set Qj, we construct a shape-regular
triangulation consisting of closed triangles K; such that I' N K; is an edge e; of the
triangle. Let I'j, be a union of such edges. The discrete spaces W;, C W and Q) C Q
shall be defined in the following way. Let

Up={veC () : vlxk =P1(K)},

(27) Vh = {U eC (fh) : ’U|e =P (6)},
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where Py (D) are linear polynomials on the simplex D. Then we set
Wi, = (Un N Hy () x (Vi N Hg (I)),

(28) )
Qn=VynN HO (F)

Let Ap, By be the finite dimensional operators defined on the approximation
spaces (28) in terms of the Galerkin method for operators A, B in (16). Since the
constructed spaces are conforming, the operators Aj, By, are continuous with respect
to the norms (20). Further, Aj is W-elliptic on W}, since the operator defines an inner
product on the discrete space. Thus, to show that the spaces W}, x @), are stable, it
remains to show that the discrete inf-sup condition holds.

LEMMA 5. Let Wi, C W, Qn C Q be the spaces (28). Further, let ||-|lw, |||l
be the norms (20). Finally, let By, be such that (Bpwp,qn)r = (Bw,gp)r, w € W.
There exists a constant B > 0 such that

B
(29) 1nf Sup < hwhth>F >
aneQn waews, lwnllwllanllq

Proof. Recall that Q = eH*(T)NH ! (T'). We follow the steps of the continuous
inf-sup condition in reverse order. By definition,

L L/ N—
peeHy(M)+H(T)  inf \/ e 2lpllir + Ip2lir
(30) p=p1+p2 :
=sup sup <Qh:P1>1‘ + <Qh:p2>l_‘

p p=pi+p2 \/6_2Hp1||%2’1" + |p2|%,1“

For each p; € Hgo (I, let up, € Up be the weak solution of the boundary value problem
—Au=0 in Q,
€u = p1 on I
u=20 on 0N).

Then eTrup = p1 in Héo (I') and €e|up|1,0 < Cl|p1|s,r for some constant C' depending

only on © and I". For each py € H& (T"), let vy € V}, be the L? projection of py onto
the space Vj,:

(31) (vh —p2,2)r =0, z€V,.

By construction we then have (g, p2—vp)r = 0 for all ¢, € Qp, and |lvp]lor < |Ip2]lo.r-
Moreover, for shape-regular triangulation, the projection I : H} (T') — Vj, vs = IIps
is bounded in the H} norm:

(32) [vnl1,r < |p2l1,r.
We refer the reader to [10, Ch. 7] for this result. For constructed up, v, it follows
from (30) that

(qn, €Irun + vp)r

lanlle < sup sup
wp €U +Vy Wh=un+vn \uhﬁ o™t |’Uh|% r

T B
_ sup (qn, €Trun + vp)r = sup { hwh:‘]h)l". 0

(unsom)eUnx Vi (s vn)|lw wnew,  |lwnllw
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The constructed stable discretizations (28) are a special case of conforming spaces
built from Up,.x C H* () and Vj,; C H! (T') defined as
(33) Uh;k = {U eC (Qh) : ’U‘K =P (K)},
Vh;l = {’U eC (fh) : U‘e =P (e)}

The following corollary gives a necessary compatibility condition on polynomial
degrees in order to build inf-sup stable spaces from components (33).

COROLLARY 6. Let Wiy = (Ung N Hg (22)) X (Vi N H (D)) and Quim = VimN
H} (T). The necessary condition for (29) to hold with space W1 X Qp.m is that
m < max (k,1).

Proof. Note that Trup—vp, is a piecewise polynomial of degree max (k, ). Suppose
m > max (k,1). Then for each (up,v) € Wi, we can find an orthogonal polynomial
0 # gn € Qp;m such that

{qn, Trup — vp)r = 0.
In turn, 8 =0 in (29), and the discrete inf-sup condition cannot hold. 1]

3.3. Numerical experiments. Let now A, Bg be the matrices (24), (25) as-
sembled over the constructed stable spaces (28). We demonstrate the robustness of the
Q-cap preconditioner (22) through a pair of numerical experiments. First, the ezact
preconditioner represented by the matrix B¢ is considered, and we are interested in
the condition number of BgA for different values of the parameter e. The spectral con-
dition number is computed from the smallest and largest (in magnitude) eigenvalues of
the generalized eigenvalue problem Ax = ABx, which is here solved by SLEPc¢ [27].2
The obtained results are reported in Table 3. In general, the condition numbers are
well behaved, indicating that Bg defines a parameter robust preconditioner. We note
that for € < 1 the spectral condition number is close to (1 T \/E)/(\/E - 1) ~ 2.618. In
section 3.4 this observation is explained by the relation of the proposed preconditioner
B¢ and the matrix preconditioner of Murphy, Golub, and Wathen [37].

TABLE 3
Spectral condition numbers of matrices BoA for the system assembled on geometry (a) in Figure

. logyg €
Size nQ -3 ;) -1 0 1 2 3
99 9 2.655 2.969 4.786 6.979 7.328 7.357 7.360

323 17 2.698 3.323 5.966 7.597 7.697 7.715 7.717
1155 33 2,778 3.905 7.031 7.882 7.818 7.816 7.816
4355 65 2932 4.769 7.830 8.016 7.855 7.843 7.843
16899 129 | 3.217 5.857 8.343 8.081 7.868 7.854 7.852
66563 257 | 3.710 6.964 8.637 8.113 7.872 7.856 7.855

In the second experiment, we monitor the number of iterations required for con-
vergence of the MinRes method [38] (the implementation is provided by cbc.block
[34]) applied to the preconditioned equation BoAx = Bgb. The operator Bg is an

2We use the generalized Davidson method with the Cholesky preconditioner and convergence
tolerance 10~8.
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efficient and spectrally equivalent approximation of By,

AMG (Ay)
(34) Bo = LU(Ay) ,
Ng

with Ng defined in (26). The iterations are started from a random initial vector,
and as a stopping criterion a condition on the magnitude of the kth preconditioned
residual ry, ry"Bgr, < 10712 is used. The observed number of iterations is shown in
Table 4. Robustness with respect to size of the system and the material parameter
is evident as the iteration count is bounded for all the considered discretizations and
values of e.

TABLE 4
Iteration count for convergence of EQAX = ]EQb solved with the minimal residual method. The
problem is assembled on geometry (a) from Figure 1.

. logq €
Size nQ 3 —2 -1 0 1 2 3
66563 257 | 20 34 37 32 28 24 21

264195 513 22 34 34 30 26 24 20
1052675 1025 | 24 33 32 28 26 22 18
4202499 2049 | 26 32 30 26 24 20 17
8398403 2897 | 26 30 30 26 22 19 15
11075583 3327 | 26 30 30 26 22 19 15

Comparing Tables 3 and 4, we observe that the e-behavior of the condition number
and the iteration counts are different. In particular, fewer iterations are required for
€ = 103 than for ¢ = 1073, while the condition number in the former case is larger.
Moreover, the condition numbers for ¢ > 1 are almost identical, whereas the iteration
counts decrease as the parameter grows. We note that these observations should
be viewed in light of the fact that the convergence of the minimal residual method
in general does not depend solely on the condition number (e.g., [29]), and a more
detailed knowledge of the eigenvalues is required to understand the behavior.

Having proved and numerically verified the properties of the Q-cap precondi-
tioner, we shall in the next section link By to a block diagonal matrix preconditioner
suggested by Murphy, Golub, and Wathen [37]. Both matrices are assumed to be as-
sembled on the spaces (28), and the main objective of the section is to prove spectral
equivalence of the two preconditioners.

3.4. Relation to Schur complement preconditioner. Consider a linear sys-
tem Ax = b with an indefinite matrix (24) which shall be preconditioned by a block
diagonal matrix

(35) B = diag (Ay,Av,S)”", S=ByAy 'By' +BvAy 'By’,

where S is the negative Schur complement of A. Following [37], the spectrum of
BA consists of three distinct eigenvalues. In fact, p (BA) = {1, + 1v/5}. A suitable
Krylov method is thus expected to converge in no more than three iterations. However,
in its presented form, B does not define an efficient preconditioner. In particular,
the cost of setting up the Schur complement comes close to inverting the system
matrix A. Therefore, a cheaply computable approximation of S is needed to make the
preconditioner practical (see, e.g., [8, Ch. 10.1] for an overview of generic methods
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for constructing the approximation). We proceed to show that if spaces (28) are used
for discretization, the Schur complement is more efficiently approximated with the
inverse of the matrix Ng defined in (26).

Let Wy, Qp be the spaces (28). Then the mass matrix Mg, = Myq (cf. the
discussion prior to (23)), and the matrix will be referred to as M. Moreover, let us
set Ay = A. With these definitions the Schur complement of A reads

(36) S=eMTAY ' T'™M + MA~IM.

Further, note that such matrices A, M are suitable for constructing the approximation
of the Hs norm on the space @ by the mapping (8). In particular, A is such that
|p iF = p'Ap with p € Q, and p € R"? its coordinate vector. In turn, the inverse of
the matrix Ng reads

(37) No ™' = (MU) (€A + A7) (MU)" = e®H(—3) + H(-1).

Recalling that H(—1) = MA~!M and contrasting (36) with (37), we see that the
matrices differ only in the first terms. We shall first show that if the terms are
spectrally equivalent, then so are S and NQ_l.

THEOREM 7. Let S, NQ_1 be the matrices defined, respectively, in (36) and (37),
and let ng be their size. Assume that there exist positive constants ci,co dependent
only on Q and I' such that for every ng > 0 and any p € R"@

c1p™H(—1) p < p'MTAL ' T'Mp < ezp H(~ ) p.

Then, for each ng > 0, matriz S is spectrally equivalent with NQ_l.

Proof. By direct calculation we have

p'Sp=€p'MTAy 'T'Mp + p'H(—1)p
< ce®p H(=3)p+p'H(-1)p
< Cp'Ng~'p

for Cy = \/1+ c3. The existence of the lower bound follows from the estimate
p'Sp > c1e?p H(—3) p+p H(=1)p > C1p'Ng 'p

with C; = min (1, ¢1). O

The spectral equivalence of preconditioners By and B now follows immediately
from Theorem 7. Note that for ¢ < 1 the term H(—1) dominates both S and Ng ™.
In turn, the spectrum of BA is expected to approximate well the eigenvalues of BoA.
This is then a qualitative explanation of why the spectral condition numbers of BoA
observed for e = 1073 in Table 3 are close to (1 + \/5)/(\/5— 1). It remains to prove
that the assumption of Theorem 7 holds.

LEMMA 8. There exist constants c1,co > 0 depending only on Q, T such that for
allng >0 and p € R"2

c1p™H(—1) p < p'MTAL ' T'Mp < cap H(— ) p.
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Proof. For the sake of readability let n = ng and m = ny. Since M is sym-
metric and invertible, H(—3) = MUA *U™M and UA*U™ = H(1) ', the statement is
equivalent to

(38) clyTH(%)fly <y TA, Ty < ngTH(%)ily for all y € R™.

The proof is based on properties of the continuous trace operator 7. Recall the trace
inequality: There exists a positive constant Ky = K3 (Q,T) such that ||Trul,r <
Ks|uly g for all u € H} (Q). From here it follows that the sequence {A™#*}  where for
each m value A2®* is the largest eigenvalue of the eigenvalue problem

(39) T'H(3) Tu = Myu,

is bounded from above by K5. Note that the eigenvalue problem can be solved with
a nontrivial eigenvalue only for u € R™ for which there exists some q € R™ such that
u = T'qg. Consequently, the eigenvalue problem becomes T'H (%) q = MyT'q. Next,

applying the inverse of Ay and the trace matrix yields TAy 'T'H(3) q = Aq. Finally,

setting g = H(1) 'p yields

(40) TAy 'T'p = AH(2) 'p.

Thus the largest eigenvalues of (39) and (40) coincide, and, in turn, C; = K,. Fur-
ther, (40) has only positive eigenvalues, and the smallest nonzero eigenvalue of (39)
is the smallest eigenvalue A™" of (40). Therefore, for all y € R™ it holds that
)\,’,ﬁmyTH(%)fly <y'TAy 'T'y. But the sequence {\™"} is bounded from below since

the right-inverse of the trace operator is bounded [36]. |

The proof of Lemma 8 suggests that the constants ¢y, co for spectral equivalence
are computable as the limit of convergent sequences { A"} {\M8x} consisting of the
smallest and largest eigenvalues of the generalized eigenvalue problem (40). Con-
vergence of such sequences for the two geometries in Figure 1 is shown in Figure 2.
For the simple geometry (a), the sequences converge rather fast, and the equivalence
constants ci,co are clearly visible in the figure. Convergence on the more complex
geometry (b) is slower.

So far we have by Theorem 4 and Lemma 5 that the condition numbers of matrices
BoA assembled over spaces (28) are bounded by constants independent of {h,e}. A
more detailed characterization of the spectrum of the system preconditioned by the Q-
cap preconditioner is given next. In particular, we relate the spectrum to computable
bounds C4, C5 and characterize the distribution of eigenvalues. Further, the effect of
varying € (cf. Tables 3-4) is illustrated by numerical experiment.

3.5. Spectrum of the Q-cap preconditioned system. In the following, the
left-right preconditioning of A based on By is considered, and we are interested in the
spectrum of

s A;Bu Ng!
Iy Ay/By Ng?
N,BuA,  N,ByAY

(41) B

o
oo

The spectra of the left preconditioner system BgA and the left-right preconditioned
system B%QAIB% are identical. Using results of [41] the spectrum p of (41) is such that
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FIG. 2. Convergence of sequences {\*} {\™"} from Lemma 8 for geometries in Figure 1. For
all sequences but maz (b) the constant bound is reached within the considered range of discretization

parameter m =ngq.

p=1"UI" with

LI +4a§1ax}
b) 2 )

2) I 1— 1;4031ax’1— 12—|—4afnm]’ e

and opin, Omax the smallest and largest singular values of the block matrix formed by
the first two row blocks in the last column of ]B%ZQAIBPQ. We shall denote the matrix as

D: .
3 T 3
D= [AQBUTNQQ} .
A‘;BV NQ2

PROPOSITION 9. The condition number k (BgA) is bounded such that

14+ +/1+4Cs
H(BQA) § —_—,
1—-v1+44C

where Cy,Cy are the spectral equivalence bounds from Theorem 7.

Proof. Note that the singular values of matrix D and the eigenvalues of matrix
No?SNg?* are identical. Further, using Theorem 7 with p = Ng*q, q € R"® yields

C19'q < q'Ng*SNo*q < Caq’q  for all g € R,

In turn, the spectrum of matrices NQ%SN%Q is contained in the interval [C7, Cs]. The
statement now follows from (42). o

From numerical experiments we observe that the bound due to Proposition 9
slightly overestimates the condition number of the system. For example, using nu-
merical trace bounds (cf. Figure 2) of geometry (a) in Figure 1, ¢; = 0.204, ¢, = 0.499,
and Theorem 7, the formula yields 9.607 as the upper bound on the condition number.
On the other hand, condition numbers reported in Table 3 do not exceed 8.637. Sim-
ilarly, using estimated bounds for geometry (b), ¢; = 0.237,¢2 = 0.716, the formula
gives the upper bound 8.676. The largest condition number in our experiments (not
reported here) was 7.404.
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FiG. 3. Eigenvalues of matrices BoA assembled on geometries from Figure 1 for three different
values of €. The value of € is indicated by gray vertical lines. On the left side of the lines is the
spectrum for configuration (a). The spectrum for geometry (b) is then plotted on the right side. For
€ K 1 the eigenvalues cluster near A = 1 and A\ = % + %\/5 (indicated by gray horizontal lines),
which form the spectrum of BA.

It is clear that (42) could be used to analyze the effect of the parameter € on
the spectrum provided that the singular values omin, omax Were given as functions
of e. We do not attempt to give this characterization here. Instead the effect of €
is illustrated by a numerical experiment. Figure 3 considers the spectrum of BoA
assembled on geometries from Figure 1 and three different values of the parameter.
The systems from the two geometrical configurations are similar in size: 4355 for (a)
and 4493 for (b). Note that for e < 1 the eigenvalues for both configurations cluster
near A =1 and A = % + %\/57 that is, near the eigenvalues of BA. This observation
is expected in light of the discussion following Theorem 7. With € increasing, the
difference between By and B caused by H(—%) becomes visible as the eigenvalues
are no longer clustered. Observe that in these cases the lengths of intervals I, I"
are greater for geometry (b). This observation can be qualitatively understood via
Proposition 9, Theorem 7, and Figure 2, where the trace map constants ¢y, ¢ of
configuration (a) are more widely spread than those of (b).

4. W-cap preconditioner. To circumvent the need for mappings involving
fractional Sobolev spaces, we shall next study a different preconditioner for (14). As
will be seen, the new W-cap preconditioner (18) is still robust with respect to the
material and discretization parameters.

Consider operator A from problem (15) as a mapping W x Q — W* x Q*, with
spaces W, () defined as

W = (H; () neHy (1)) x H (T),

(43) Q=H1T).

The spaces are equipped with norms

(44) lwllfy = lulf o + €| Trulf p + v

trand plg =Pl r-

Note that the trace of functions from space U is here controlled in the norm |-|; r and
not the fractional norm |-, r, as was the case in section 3. Also note that the space
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W now is dependent on € while @ is not. The following result establishes the well-
posedness of (14) with the above spaces.

THEOREM 10. Let W and @ be the spaces (43). The operator A : W x Q —
W* x Q*, defined in (15), is an isomorphism, and the condition number of A is
bounded independently of € > 0.

Proof. The proof proceeds by verifying the Brezzi conditions in Theorem 13. With
w = (u,v), w = (¢,1), application of the Cauchy—Schwarz inequality yields

(Aw,w)q = (Vu, Vo) + (Vu, Vi)
<|uli,0ldlie + v|rlv)r
P10 + €| Trulir

< [lwliw flwliw-

1,0
<lu

1,0 Blir + vlir[Ylir

Therefore, A is bounded with ||A]| = 1, and (51a) holds. The coercivity of A on ker B
for (51b) is obtained from

f (Aw, w)q _inf M%Q + M%,r
weEker B HwH%/V weEker B ‘u|iQ + €2|TFU|¥7F + |U|%,F

‘UEQ + v ir 1

= inf —m———— >
weker B ‘UE,Q + 2|v‘i1‘ -2

where we used that eIpu = v a.e. on the kernel. Consequently, v = % Boundedness
of B in (51c) with a constant || B|| = /2 follows from the Cauchy-Schwarz inequality:

(Bw,q)r < |lqll-1relTrulir + llgll-1rlv]ir

< V2|l eI Trul? p + o3

< V2lallgy/lult o + I Trul? - + [0 -
< V2lldllqllwllw-

To show that the inf-sup condition holds, compute

<Bw7Q>F _ <q,€TFU—’U>F
sup -———— = sup
weW ||’U)HW weWw \/|UE,Q +62|TFU|%F + ‘UE,F
uz0 q,0)T
= sup LT g,
vev [v[r
Thus 8 =1 in condition (51d). d

Following Theorem 10, the operator A is a symmetric isomorphism between spaces
W x @Q and W* x Q*. As a preconditioner we shall consider a symmetric positive-
definite isomorphism W* x Q* — W x @:

(—Aq+Tp (—Ap) Tr)
(45) Bw = (—Ap)™
—Ar
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4.1. Discrete preconditioner. Similar to section 3.1, we shall construct dis-
cretizations W, x @Qp, of space W x @ (43) such that the finite dimensional operator
Ap, defined by considering A from (15) on the constructed spaces satisfies the Brezzi
conditions in Theorem 13.

Let Wy, ¢ W and Qp C @ be the spaces (28) of continuous piecewise linear
polynomials. Then A, By, are continuous with respect to norms (44), and it remains
to verify conditions (51a) and (51d). First, coercivity of Ay is considered.

LEMMA 11. Let Wy, Qp, be the spaces (28), and let Ay, By, be such that (Aw,wp)q
= (Apwn,wn)q, (Bw,qn)r = (Bhwn, qn)r for wp,wn € Wi, w € W, and q;, € Qn.
Then there exists a constant o > 0 such that, for all z, € ker By,

(Anzn, zn) > olzn]lw,

where ||-||w is defined in (44).

Proof. The claim follows from coercivity of A over ker B (cf. Theorem 10) and the
property ker By, C ker B. To see that the inclusion holds, let z;, € ker By,. Since zj, is
continuous on I', we have from definition (zx, qn)r = 0 for all ¢, € Qp, that zx|r = 0.
But then (zp,q) = 0 for all ¢ € @, and therefore zj, € ker B. ]

Finally, to show that the discretization Wy, x @}, is stable, we show that the inf-sup
condition for Bj;, holds.

LEMMA 12. Let spaces Wi, Qp and operator By, from Lemma 11 be given. Then
there exists > 0 such that

B
(46) 1nf sup < hwh7Qh>F 2 5’
qh€EQR WrEWR Hwh”Wth”Q
where ||-||q is defined in (44).
Proof. We first proceed as in the proof of Theorem 10 and compute

(qn, €Trup — vp)p wn=0 (vh, gn)r

(47) sup

wn €W l|wnlw oneVi VRl

Next, for each p € H} (T), let v, = Ip be the element of V}, defined in the proof of
Lemma 5. In particular, it holds that

®—=vhqn)r =0, qn € Qn,

and |vp|1r < C|ply,r for some constant C' depending only on © and I'. Then

hs hs Uh
llgnl|-1,0 = sup {an, p)r < C sup u
peHL(T) |p|1,F VR EVh "Uh|171—‘
The estimate together with (47) proves the claim of the lemma. 0

Let now Ay, Ay and By, By be the matrices defined in (23) as representations of
the corresponding finite dimensional operators in the basis of the stable spaces W},
and Q). We shall represent the preconditioner By, by a matrix

(Au + ETAT) ™

(48) B = (Ay)" ,
H(-1)!
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where H(—=1)"" = M~'AM~! (cf. (8)) and M, A are the matrices inducing L? and
H} inner products on Q. Let us point out that there is an obvious correspondence
between the matrix preconditioner By, and the operator By defined in (18). On
the other hand, it is not entirely straightforward that the matrix By represents the
W-cap preconditioner defined in (45). In particular, since the isomorphism from
Q* = H}(T) to Q@ = H~Y(T) is realized by the Laplacian, a case could be made for
using the stiffness matrix A as a suitable representation of the operator.

Let us first argue for A not being a suitable representation for preconditioning.
Note that the role of matrix A € R”™*™ in a linear system Ax = b is to transform
vectors from the solution space R™ to the residual space R™. In the case when
the matrix is invertible, the spaces coincide. However, to emphasize the conceptual
difference between the spaces, let us write A : R® — R™*. Then a preconditioner
matrix is a mapping B : R™ — R”. The stiffness matrix A, however, is such that
A:R" — R"e*,

It remains to show that M~*AM™! is the correct representation of A = —Ar.
Recall that @), C @* and A is the matrix representation of operator Aj : @, — Q7.
Further, mappings 7 : Qn — R"2, up : QF — R"e¥,

ph= Y _(Tapn)iXi, pn € Qn, and  (unfa); = (f;,X5), fn € Qj,

J

define isomorphisms between® spaces Qp, R"@ and Qj, R"@*, respectively. We can
uniquely associate each p;, € @, with a functional in @} via the Riesz map I, : Q) —
Q; defined as (Inpn, gn)r = (Ph, qn)p- Since

(nInpn); = (Tnpn, X5)p = D (T0pn); (Xis X3 »
7
the operator I is represented as the mass matrix M. The matrix then provides a
natural isomorphism from R™@ to R™@*. In turn, M~'AM~! : R*@* — R™@ has the
desired mapping properties. In conclusion, the inverse of the mass matrix was used
in (48) as a natural adapter to obtain a matrix operating between spaces suitable for
preconditioning.

Finally, we make a few observations about the matrix preconditioner By, . Recall
that the Q-cap preconditioner B¢ could be related to the Schur complement based
preconditioner (35) obtained by factorizing A in (24). The relation of A to the W-cap
preconditioner matrix (48) is revealed in the following calculation:

Ay + 2TTAT
(49) ULA = A M |,
—eMT MA~IM
where
~TeAM™! l
U= | and L= |

[ —MA~Y

3Note that in section 1 the mapping u; was considered as pup : Q; — R"Q. The definition
used here reflects the conceptual distinction between spaces R"@ and R™Q*. That is, uj is viewed
as a map from the space of right-hand sides of the operator equation Appp, = Lj to the space of
right-hand sides of the corresponding matrix equation Ap = b.
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Here the matrix L introduces a Schur complement of a submatrix of A correspond-
ing to spaces V},, @p.The matrix U then eliminates the constraint on the space Uy.
Preconditioner By, could now be interpreted as coming from the diagonal of the re-
sulting matrix in (49). Further, note that the action of the Q5,-block can be computed
cheaply by Jacobi iterations with a diagonally preconditioned mass matrix (cf. [47]).

TABLE 5
Spectral condition numbers of matrices By A for the system assembled on geometry (a) in Figure

. logq €
Size _3 ) 1 0 i 2 3
99 2619 2627 2546 3.615 3098 4.044 4.048

323 2.623 2.653 2.780 3.813 4.023 4.046 4.049
1155 2.631 2.692 3.194 3.925 4.036 4.048  4.049
4355 2.644 2.740 3.533 3.986 4.042 4.048 4.049
16899 | 2.668 2.788 3.761 4.017 4.046 4.049 4.049
66563 | 2.703 3.066 3.896 4.033 4.047 4.049 4.049

4.2. Numerical experiments. Parameter robust properties of the W-cap pre-
conditioner are demonstrated by the two numerical experiments used to validate the
(@Q-cap preconditioner in section 3.3. Both experiments use discretization of domain
(a) from Figure 1. First, using the ezact preconditioner, we consider the spectral
condition numbers of matrices By A. Next, using an approximation of Byy, the linear
system By Ax = By f is solved with the minimal residual method. The operator By,
is defined as

AMG (Ap + ET'AT)
(50) By = LU(A)
LU (M) ALU (M)

The spectral condition numbers of matrices By A for different values of material
parameter € are listed in Table 5. For all the considered discretizations, the condition
numbers are bounded with respect to e. We note that the mesh convergence of the
condition numbers appears to be faster and the obtained values are in general smaller
than in case of the Q-cap preconditioner (cf. Table 3).

Table 6 reports the number of iterations required for convergence of the mini-
mal residual method for the linear system By Ax = By f. Like for the Q-cap pre-
conditioner, the method is started from a random initial vector, and the condition
re By re < 10712 is used as a stopping criterion. We find that the iteration counts
with the W-cap preconditioner are again bounded for all the values of the parameter
€. Consistent with the observations about the spectral condition number, the itera-
tion count is in general smaller than for the system preconditioned with the @Q-cap
preconditioner.

We note that the observations from section 3.3 about the difference in e-dependence
of condition numbers and iteration counts of the Q-cap preconditioner apply to the
W-cap preconditioner as well.

Before addressing the question of computational costs of the proposed precondi-
tioners, let us remark that the Q-cap preconditioner and the W-cap preconditioner
are not spectrally equivalent. Further, both preconditioners yield numerical solutions
with linearly (optimally) converging error; see Appendix B.

5. Computational costs. We conclude by assessing computational efficiency
of the proposed preconditioners. In particular, the setup cost and its relation to the
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TABLE 6
Iteration count for system By Ax = By f solved with the minimal residual method. The problem
is assembled on geometry (a) from Figure 1. A comparison to the number of iterations with the Q-cap
preconditioned system is shown in the brackets (cf. also Table 4).

. logg €
Size —3 -2 1 0 i 2 3
66563 17(-3)  33(-1) 40(3) 30(-2) 20(-8) 14(-10) 12(-9)

264195 19(-3)  35(1) 39(5) 28(-2) 19(-7) 14(-10) 11(-9)
1052675 | 22(-2)  34(1) 37(5) 27(-1) 19(-7) 14(-8)  11(-7)
4202499 | 24(-2) 34(2) 34(4) 25(-1) 17(-7) 12(-8)  9(-8)
8398403 | 25(-1) 32(2) 32(2) 24(-2) 16(-6) 11(-8)  8(-7)
11075583 | 25(-1)  32(2) 32(2) 25(-1) 16(-6) 13(-6)  11(-4)

aggregate solution time of the Krylov method is of interest. For simplicity we let
e=1.

In case of the Q-cap preconditioner discretized as (34) the setup cost is determined
by the construction of algebraic multigrid (AMG) and the solution of the generalized
eigenvalue problem Ax = AMx (GEVP). The problem is here solved by calling the
OpenBLAS [46] implementation of the LAPACK [3] routine DSYGVD. The setup
cost of the W-cap preconditioner is dominated by the construction of multigrid for
operator Ay + TTAT. We found that the operator can be assembled with negligible
costs and therefore do not report the timings of this operation.

The setup costs of the preconditioners obtained on a Linux machine with 16GB
RAM and a single Intel Core 15-2500 CPU clocking at 3.3 GHz are reported in Table
7. We remark that the timings on the finest discretization deviate from the trend
set by the predecessors. This is due to SWAP memory being required to complete
the operations and the case should therefore be omitted from the discussion. On the
remaining discretizations the following observations can be made: (i) the solution
time always dominates the construction time by a factor 5.5 for W-cap and 3.5 for
Q-cap; (ii) W-cap preconditioner is close to two times cheaper to construct than the
Q-cap preconditioner in the form (34); (iii) the eigenvalue problem always takes fewer
seconds to solve than the construction of multigrid.

For our problems of about 11 million nodes in the 2d domain, the strategy of solv-
ing the generalized eigenvalue problem using a standard LAPACK routine provided an
adequate solution. However, the DSYGVD routine appears to be nearly cubic in com-
plexity (O(ngjm) or O(n};3®); cf. Table 7), which may represent a bottleneck for larger

problems. However, the transformation M;%AM;% with M; the lumped mass matrix
presents a simple trick providing significant speed-up. In fact, the resulting eigenvalue
problem is symmetric and tridiagonal and can be solved with fast algorithms of nearly
quadratic complexity [20, 21]. We note that due to the spectral equivalence of M and
M; (e.g., [47]), the trick leads to a preconditioner spectrally equivalent to (25). In
particular, the iteration count with lumping is expected to remain bounded. In our
experiments (not reported here) the lumped preconditioner leads to convergence in
3-10 fewer iterations than (34). However, the savings should be interpreted in light of
the fact that convergence in the two cases is measured with respect to different norms.
Note also that the tridiagonal property holds under the assumption of I' having no
bifurcations and that the elements are linear. To illustrate the potential gains with
mass lumping, using the transformation and applying the dedicated LAPACK routine
DSTEGR, we were able to compute eigenpairs for systems of order 16,000 in about
50 seconds. This presents more than a factor 10 speed-up relative to the original gen-
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eralized eigenvalue problem. The value should also be viewed in light of the fact that
the relevant space U, has in this case about a quarter billion degrees of freedom. We
remark that [28] presents a method for computing all the eigenpairs of the generalized
symmetric tridiagonal eigenvalue problem with an estimated quadratic complexity.

Let us briefly mention a few alternative methods for realizing the mapping be-
tween fractional Sobolev spaces needed by the @-cap preconditioner. The methods
have a common feature of computing the action of operators rather than constructing
the operators themselves. Taking advantage of the fact that H(s) = MS~%, S = A~1M,
the action of the powers of the matrix S is efficiently computable by contour integrals
[25], by the symmetric Lanczos process [4, 5], or, in cases when the matrices A, M are
structured, by fast Fourier transform [39]. Alternatively, the mapping can be realized
by the BPX preconditioner [12, 11] or integral operator based preconditioners (e.g.,
[43]). The above-mentioned techniques are all less than O(ng,) in complexity.

In summary, for linear elements and geometrical configurations where I' is free of
bifurcations, the eigenvalue problem required for (8) lends itself to solution methods
with complexity nearing that of the multigrid construction. In such cases the Q-cap
preconditioner (34) is feasible whenever the methods deliver acceptable performance
(ng ~ 10%). For larger spaces @, a practical realization of the Q-cap preconditioner
could be achieved by one of the listed alternatives.

TABLE 7
Timings of elements of construction of the Q, W-cap for ¢ = 1 and discretizations
from Tables 4 and 6. Estimated complexity of computing quantity v at the ith row, r; =
logv; —logvi_1/logm; —logm;_1, is shown in the brackets. Fitted complexity of computing v, O(TLE))
is obtained by least-squares. All fits but GEVP ignore the SWA P-affected final discretization.

n n Q-cap W-cap
v Q AMG]s] GEVP[s] MinRes[s] AMG]s] MinRes[s]
66049 257 | 0.075(1.08) 0.014(1.81) 0.579(1.69) | 0.078(1.94) 0.514(1.73)

263169 513 0.299(2.01)  0.066(2.27)  2.286(1.99) | 0.309(1.99)  2.019(1.98)
1050625 1025 | 1.201(2.01) 0.477(2.87) 8.032(1.82) | 1.228(1.99)  7.909(1.97)
4198401 2049 | 4.983(2.05) 3.311(2.80) 30.81(1.94) | 4.930(2.01) 30.31(1.94)
8392609 2897 | 9.686(1.92) 8.384(2.68) 62.67(2.05) | 10.64(2.22) 59.13(1.93)
11068929 3327 | 15.94(3.60) 12.25(2.74) 84.43(2.15) | 15.65(2.79) 82.13(2.37)
Fitted complexity (2.02) (2.70) (1.92) (2.02) (1.96)

6. Conclusions. We have studied preconditioning of model multiphysics prob-
lem (1) with T’ being the subdomain of  having codimension one. Using oper-
ator preconditioning [35], two robust preconditioners were proposed and analyzed.
Theoretical findings obtained in the present treatise about robustness of precondi-
tioners with respect to material and discretization parameter were demonstrated by
numerical experiments using a stable finite element approximation for the related
saddle-point problem developed herein. Computational efficiency of the precondi-
tioners was assessed revealing that the W-cap preconditioner is more practical. The
Q-cap preconditioner with discretization based on eigenvalue factorization is efficient
for smaller problems, and its application to large scale computing possibly requires
different means of realizing the mapping between the fractional Sobolev spaces.

Possible future work based on the presented ideas includes extending the precon-
ditioners to problems coupling three-dimensional and one-dimensional domains, prob-
lems with multiple disjoint subdomains, and problems describing different physics on
the coupled domains. In addition, a finite element discretization of the problem which
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avoids the constraint of I'j, being aligned with facets of €2, is of general interest.

Appendix A. Brezzi theory.

THEOREM 13 (Brezzi). The operator A : V x Q@ — V* x Q* in (16) is an
isomorphism if the following conditions are satisfied:

(a) A is bounded,

(Au, v)
sup sup

(5la) T
wev vev [ullvvllv

=ca = [|A]| < oo
(b) A is invertible on ker B, with

(51b) mf AW

— >a>0;
u€ker B HUHV

(¢) B is bounded,

B
sup sup 7< va) cp = ||B]| < oc;

(51c) =
Q@ vev lvllvilalle

(d) B is surjective (this is also the inf-sup or LBB condition), with

B
inf sup (Bv, q)

(51d) 2
qgeEQ veEV ”UHVHq”Q

>p>0.

The operator norms ||A|| and | A~|| are bounded in terms of the constants appearing
in (a)—(d).
Proof. See, for example, [14]. 1]

Appendix B. Estimated order of convergence. Refinements of a uniform
discretization of geometry (a) in Figure 1 are used to establish order of convergence
of numerical solutions of a manufactured problem obtained using Q-cap and W-cap
preconditioners. The error of discrete solutions u; and vy is interpolated by discon-
tinuous piecewise cubic polynomials and measured in the H} norm. The observed
convergence rate is linear (optimal).

Size Q-cap W-cap
[u —upl1,0 [v—vnl1,r [u —upl1,0 [v—wnl1,r

16899 3.76 x 1072(1.00)  1.32 x 10~2(1.00) | 3.76 x 10~%(1.00)  1.32 x 10~2(1.00)
66563 1.88 x 1072(1.00)  6.58 x 1073(1.00) | 1.88 x 1072(1.00)  6.58 x 10~3(1.00)
264195 | 9.39 x 1073(1.00)  3.29 x 1073(1.00) | 9.39 x 1073(1.00)  3.29 x 10—3(1.00)
1052675 | 4.70 x 1073(1.00)  1.64 x 1073(1.00) | 4.70 x 1073(1.00)  1.64 x 10~3(1.00)
4202499 | 2.35 x 1073(1.00)  8.22 x 10~4(1.00) | 2.35 x 10~3(1.00)  8.22 x 10~4(1.00)
Acknowledgment. We would like to thank the anonymous referees for their

valuable and constructive comments, which improved the presentation of this paper.
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ON PRECONDITIONING SADDLE POINT SYSTEMS WITH TRACE
CONSTRAINTS COUPLING 3D AND 1D DOMAINS —
APPLICATIONS TO MATCHING AND NONMATCHING FEM
DISCRETIZATIONS *

MIROSLAV KUCHTA T, KENT-ANDRE MARDAL ¥ AND MIKAEL MORTENSEN f

Abstract. Multiscale or multiphysics problems often involve the coupling of partial differential
equations posed on domains of different dimensionality. In this work we consider a simplified model
problem of a 3d-1d coupling and the main motivation is to construct algorithms that may utilize
standard multilevel algorithms for the 3d domain, which has the dominating computational complex-
ity. Preconditioning for a system of two elliptic problems posed, respectively, in a three dimensional
domain and an embedded one dimensional curve and coupled by the trace constraint is discussed.
Investigating numerically the properties of the well-defined discrete trace operator, it is found that
negative fractional Sobolev norms are suitable preconditioners for the Schur complement. The norms
are employed to construct a robust block diagonal preconditioner for the coupled problem.

Key words. preconditioning, saddle-point problem, Lagrange multipliers, trace
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1. Introduction. Let  be a bounded domain in 3d, while I' represents a 1d
structure inside 2, and consider the following coupled problem

—Au+u+por = f in Q, (1.1a)
—Av+v—p=gyg on I, (1.1b)
Tu—v=nh onI. (1.1c)

Here the term pdr is to be understood as a Dirac measure such that [, p(x)dpv(z) de =
Jrp(t)u(t)dt for a continuous function v. We remark that from a mathematical
point of view the trace T' of u required in (1.1c) is in the continuous case not well-
defined unless the functions are sufficiently regular. For simplicity, the system shall
be considered with homogeneous Neumann boundary conditions.

The system (1.1) is relevant in numerous biological applications where the em-
bedded (three dimensional) structure is such that order reduction techniques can be
used to capture its response by a one dimensional model. Equation (1.1a) then models
processes in the bulk, while (1.1c) is the coupling between the domains. A typical
example of such a system is a vascular network surrounded by a tissue and the order
reduction is due to assumption of radii of the arteries being negligible in comparison
to their lengths. To list a few concrete applications, the 3d-1d models have been used,
e.g., in [17, 21, 16, 31] to study blood and oxygen transport in the brain or in [11] to
describe fluid exchange between microcirculation and tissue interstitium. Efficiency
of cancer therapies delivered through microcirculation was studied in [10], and hyper-
thermia as a cancer treatment in [27]. We note that the employed models are more
involved than (1.1), but that the system still qualifies as a relevant model problem.
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2 Preconditioning for 3d-1d coupled problems

Due to the measure term and the three-to-one dimensional trace operator, the
problem (1.1) is not standard and establishing its well-posedness is a delicate is-
sue. In fact, considering (1.1a) with a known p and homogeneous Dirichlet bound-
ary conditions, the equation is not solvable in Hg (), as Vu may be unbounded in
the neighborhood of I'. A similar problem was studied in [14], where two elliptic
problems were coupled via a measure source term, and a unique weak solution was
found using weighted Sobolev spaces. In particular, the weighted spaces ensured that
the trace could be defined as a bounded operator. A corresponding finite element
method (FEM) for the problem was discussed in [13], where optimal convergence in
the weighted Sobolev norm was shown using graded meshes. For an elliptic problem
with measure data, it was shown in [19] that FEM with regular meshes yields optimal
convergence in the L? norm outside of the fixed neighborhood of the singularity. We
note that the more application oriented works [11, 10, 27], that build on the analysis
in [14, 13], relied on incomplete LU preconditioning.

In the current paper we shall assume that (1.1) is well posed and the focus is
then on the construction of optimal preconditioners for the linear system due to (1.1)
and FEM. Because the computational complexity of the 3d problem dominates the 1d
problem, we put focus on preconditioners that are composed of standard multilevel
algorithms for the 3d problem. This means that the weighted Sobolev spaces, or extra
regularity in the equation in the 3d domain (1.1a), is disregarded, and that we rather
add an extra requirement to (1.1c). We note that u shall be approximated within H*
conforming finite element spaces and as such the approximation has a well defined
trace.

The current paper is an extension of [20], where a system similar to (1.1a)—(1.1c)
was analyzed for the case 2 a bounded domain in 2d and T' a structure of codimen-
sion one. Therein, robust preconditioners were established, based on the operator
preconditioning framework [26], in which preconditioners are constructed as approxi-
mate Riesz mappings in properly chosen Hilbert spaces. The framework often allows
for construction of order-optimal preconditioners, with convergence independent of
material and discretization parameters, directly from the analysis of the continuous
system of equations. In particular, in [20] it was shown that the proper precondi-
tioning relied on a nonstandard fractional H? inner product. Crucial for the analysis
was the fact that the trace operator T is a well-defined mapping between H'(2) and
H*(T'), when T is of codimension one with respect to 2. Furthermore, for the finite
element approximation in [20], it was assumed that the discrete meshes representing
I' and Q2 matched in the sense that the cells of the mesh of I were edges in the mesh
of Q2. Finally, only continuous linear Lagrange elements were used.

This paper utilizes ideas presented in [20] for the construction of the precondi-
tioner, but here we go beyond what was theoretically established. In particular, we
consider the case where I' is of codimension two with respect to €2. As the trace
operator T is not well-defined in the continuous case, we do not attempt to provide
mathematically rigorous proofs, as this would require additional regularity of the solu-
tion. Instead, we study for which s the H® inner product provides numerically stable
behaviour. In addition, we consider the case where the discretizations of I" and € do
not match. Finally, an approximation by discontinuous elements is discussed.

Our work is structured as follows. In §2 the theoretical background is presented.
Section 3 discusses numerical experiments using spectral and finite element discretiza-
tions that identify suitable norms for the discrete 3d-1d trace operator. In §4 the
identified norms are employed to construct optimal preconditioners for coupled model



3d-1d problems discretized with FEM and matched discretizations of € and I". In
§5 this restriction is lifted, the corresponding inf-sup condition is discussed, and we
present numerical experiments that suggest the identified norms lead to good precon-
ditioners. Finally, conclusions are drawn in §6.

2. Notation and preliminaries. Let X be a Hilbert space of functions defined
on a domain D C R%, d = 1,2,3. The norm of the space is denoted by |-||x, while
(-,-)x/,x is the duality pairing between X and its dual space X’. We let (-,-)x
denote the inner product of X, while, to simplify the notation, (-,-)p is the L? inner
product. The Sobolev space of functions with m square integrable derivatives is
H™(D). Finally, HJ*(D) denotes the closure of the space of smooth functions with
compact support in D in the H™ (D) norm.

We use normal capital font to denote operators over infinite dimensional spaces,
e.g. A: X — X'. For a discrete subspace X;, C X, dim X}, = n, the subscript h is
used to distinguish the finite dimensional operator due to the Galerkin method, e.g.,
Ap + X, — X, defined by

<Ahuh,vh>X@X = <Au, 'Uh>X’,X Up, UV, € Xh and u € X.

For a given basis, {¢; }7_; of X}, the matrix representation of the operator is denoted
by sans serif font. Thus Ay, is represented by A € R™*" with entries

Aij = (Andj, di)x x-

Finally, the function uj, € X}, is represented in the basis by a coefficient vector u € R™,
where up, = u;¢; (summation convention invoked).

2.1. Properties of the trace operator. We consider Q@ C R? an open con-
nected domain with Lipschitz boundary 02 and I' a Lipschitz submanifold of codi-
mension one or two in . The trace operator T is defined by Tu = u|r for u € C(Q).

In case the codimension of I' is one, the properties of the trace operator are well
known. In particular, T : H*(Q)) — H*(T') is bounded and surjective, see, e.g., [1, ch.
7], where H:(T) is a fractional Sobolev space equipped with the norm

2 2 |u(@) —u(y)?
L = dzdy.
||’LLH 3(I) ”uHL?(F) + /1"><F |1, _ yld_H LAy

Moreover, T : H}(2) — H#(T) is bounded, but not surjective. To define the trace
over H{(Q) as a surjective operator, the range is given as Hg,(I'),

Héo(r) ={ue H!();a e H%(f‘)} where 4(z) = {g(x) i i ?\F

and T is some suitable extension of T, e.g., I = I'U 9%, in which case llull ;2 @ =
00

4]l g7 (7). We refer to [20] for these results.

The integral norms of H*(I') and H,(T') can be expensive to compute. For
construction of efficient numerical algorithms, it is therefore more suitable to relate
the spaces to interpolation spaces, see [22, 5] or [20]. For the sake of completeness,
we review here the presentation from [20]. Let u,v € X = H*(T). For u fixed
v = (u,v)r is in X’ and by the Riesz-Fréchet theorem there is a unique w € X such
that (w,v)x = (u,v)r for any v € X. The operator S : u — w is injective and compact
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and thus the eigenvalue problem S¢; = \;¢; (no summation implied) is well-defined.
In addition, S is self-adjoint and positive-definite such that the eigenvalues form a
nonincreasing sequence 0 < Agy1 < A\ and A — 0. By definition, the eigenvectors
satisfy

(¢i,0)x = A; (i, v)r v E X,
or equivalently
Ay = N\ P M¢; with (Au,v)x: x = (u,v)x and (Mu,v)x/ x = (u,v)r. (2.1)

Further, the set of eigenvectors {¢x}5>, forms a basis of X, which is orthogonal in
the inner product of X and orthonormal in the L?(T') inner product. Finally, for
s € [—1,1] we define the s-norm of u = ¢, ¢y, € span{¢y}2, as

HS(F) = \/C%)\’;S. (22)

The space Hy(T') is defined as the closure of the span{¢x}7>, in the s-norm, while
H, o(T) is then defined analogically to H*(T') with X = H}(T') in the construction. We
remark that Ho([') = L?(T"), Hy o = H3(T'), Hy = H'(T") and the norms of the spaces
are equal. Moreover H,(I') = H*(T") and H, (') = Hj,(T") with the equivalence of
norms.

Following the approach in [20], a weak formulation of the homogeneous Dirichlet
problem for (1.1)—(1.1c) with Q € R3, T C Q of codimension one, using the method
of Lagrange multipliers, reads: Find (u,v,p) € HE(Q) x HE(T) x @ such that

lul

(Vu, Vo)g + (u, @) + (0, T)r = ([, 9)q ¢ € Hy (),
(V’U, VQ/))F + (va)l" - (Pvd’)r = (971/])[‘ ’(/) S H&(F)7 (23)
<X7Tu - U)l" = (ha X)F X € Q

Letting Q = Hs o, the well-posedness of (2.3) is guaranteed as the Brezzi conditions
are satisfied with s = —%, see [20] for the proof in 2d-1d setting, which immediately
generalizes to 3d-2d. Crucial for the well-posedness is the fact that T : H}(Q) —
H, ((T) is an isomorphism. Consequently, [26] is invoked to yield a block diagonal
preconditioner for the discretized problem where individual blocks are conceived as
approximations of the corresponding Riesz mappings.

Let now Vj, € H(Q). Considering (1.1) on the finite dimensional spaces, we
obtain a variational problem: Find (up, vp,pp) € Vi, X W), x Qp, such that

(Vun, Von)g + (wn, én)g + 0n, Thdn)r = (f, dn)g én € Vi,
(Von, Vi) p + (Vn, Yr)p — (Pr, Yn)p = (9, ¥n)p Y € Wh, (2.4)
(Xn, Thun — va)r = (b, Xn)r Xn € Qn-

Here the discrete trace operator T}, is well-defined as the functions in V}, are contin-
uous. The continuous problem, on the other hand, is not well defined since H' does
not to permit a bounded trace in L?(T), see [14]. In turn we cannot directly follow
the steps of [20] and employ operator preconditioning [26] to construct an optimal
preconditioner. Instead, we shall reason about the properties of the discrete system.
From a linear algebra point of view, the problem (2.4) is a saddle-point system

s =10-1



Block diagonal preconditioners for such problems can be constructed as an approxi-
mate inverse of the matrix diag(K, L), where K should be spectrally equivalent with
A and L should be spectrally equivalent with the Schur complement BA'B", see, e.g.,
[32, 33]. Considering (2.4), the key question is thus whether it is possible (in an ef-
ficient and systematic manner) to construct an operator that is spectrally equivalent
with the Schur complement. Motivated by the 2d-1d, the operator shall be based on
the fractional s-norm (2.2).

Following [20], the discrete approximation of the s-norm shall be constructed by
mirroring the continuous eigenvalue problem (2.1). More specifically, let X, C X
and matrices A, M be the representations of Ay, Mjp; the Galerkin approximations of
operators A, M from (2.1). Then there exists an invertible matrix U and diagonal,
positive-definite matrix A satisfying AU = MUA. Moreover, the product U'MU is an
identity such that the columns of U form an A orthogonal and M orthonormal basis of
R™. In order to define the discrete norm, we let H; be a symmetric, positive-definite
matrix

Hy = (MU)'A® (MU). (2.5)

The matrices Hy o are defined analogically to (2.5), using the eigenvalue problem for
the Laplace operator with homogeneous Dirichlet boundary conditions. For u; € X3
represented in the basis of the space by a coefficient vector u, let ¢ be the representation
of u in the basis of eigenvectors, that is, u = Uc. We then set

lun |, ry = vV uTHsu = VcTAsc. (2.6)

The generalized eigenvalue problem required for evaluating the discrete s-norm
(2.6) becomes trivial if the approximation space V,, is such that V,, = span{¢;},,
i.e. the basis is formed by the eigenvectors of the continuous problem (2.1). Such a
discretization is practically limited to Cartesian domains, however, it will prove useful
in studying the trace operator when the codimension of I' in € is two. The technique
is introduced in Example 2.1.

EXAMPLE 2.1 (Spectral method for 2d-1d coupled problem). Let Q = [0, 1]2,
I = {(t,3);t € [0,1]} and consider the task of finding u € H* () which minimizes
v (Vo,Vou)g —2(f,v)q subject to Tu = g and u =0 on the boundary (in the sense
of traces). Introducing V = H(Q), Q@ = H ,o(T) the problem is formulated as a
saddle point system foru € V, p € Q satisfying

(Vu, Voo + (p, Tv)qr.q = (f,v)a vev,

2.7
(. Tu)g o = (90,0 1€Q. @7)

Well-posedness of (2.7) is readily established by verifying the Brezzi conditions [9].
In particular, the inf-sup condition can be shown to hold, see, e.g., Appendix A. By
operator preconditioning [26] the canonical preconditioner for (2.7) is the Riesz map
with respect to the inner product inducing the norm of V- x Q.

The Galerkin approzimation of (2.7) is defined with spaces Qu,, Vi such that
Qm = span{¢y(t)}72, and V,, = span{¢;(z)d;(y)}';—1. Recall that functions ¢y (t) =
V2sinknt are the eigenfunctions of (2.1) satisfying —Ad¢y, = (kw)%¢y, on T'. For
greater readability, let us introduce N = n?. In the basis of eigenfunctions, the discrete
trace operator is represented by a trace matriz T € R™*N with entries

T _Jo j even
k,(1,3) = (_1)j+1\/§5ik jodd
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Here (i, j) is a column index n(i—1)+7j. With matriz A € RN*N and vectors f € R,
g € R™ defined in a natural way, the preconditioned linear system from (2.7) is

] [ TR T ] @9

where the first matriz is the discretization of the canonical preconditioner. We note
that matrices Hy o are diagonal. Consequently Hs o™ = H_s .

For stability of the solution obtained by solving (2.8), it is required that the discrete
inf-sup condition holds. Note that for m > n the trace matrix does not have a full row
rank and thus m < n is necessary. We shall set m = n and show that for this choice
the inf-sup condition is satisfied.

By, e.g., [24] or [7], the constant of the discrete inf-sup condition is the smallest
eigenvalue of the generalized eigenvalue problem for the negative Schur complement
of the system matrizx, i.e.,

TA T e = AH_, ge,

where (A € R,e € R™) is the sought eigenpair. The simple structure of the involved
matrices allows us to compute all the eigenvalues of the problem analytically. In fact,

n

5 .
(H%,OTA"TT)U = S;6;j where S; = p Z e j_ -
1 odd

Then S; > Sy, and the lower bound can be evaluated. Using Mathematica [36], we have
obtained lim,_,~ S, = % as the discrete inf-sup constant. For the largest eigenvalue,
the following estimate can be established

2 o~ 1 i
1 odd

=

and in turn the theoretical spectral condition number for the preconditioned Schur
complement is k = 2. We remark that the remaining Brezzi constants are both equal
to one and the condition number of (2.8) can be determined from spectral bounds
presented in [32].

The theoretical findings about the condition number of the preconditioned Schur
complement are confirmed by numerical experiments, with results shown in Figure 2.1
and Table 2.1. The figure shows that there is a range of exponents s € [—0.52, —0.5]

for which the condition numbers are stable. Interestingly, in this range s = —0.5 gives
the largest condition number while for s = —0.52 a slightly smaller value is observed,
cf. Table 2.1.

3. Norms for the discrete 3d-1d trace. In Example 2.1 a priori knowledge
of the trace space lead to an optimal preconditioner for the model problem (2.7). In
particular, the norm of the trace space was used to construct a spectrally equivalent
operator to the Schur complement of (2.8). For Q C R? and T a one dimensional curve,
the trace space is not a priori known and we shall therefore attempt to characterize
it numerically. To this end, we shall at first use the spectral discretization and search
for the s-norm (2.6) for which the condition number of the preconditioned Schur
complement is bounded in the discretization parameter. We note that the condition
is motivated by the fact that convergence of the preconditioned conjugate gradient
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Fig. 2.1: Spectral condition numbers of the generalized eigenvalue problem for matri-
ces TATT" and Hp, (cf. (2.8)), and different values of the discretization parameter
n. The exponent s = f% yields condition number 2, independent of n. Only the
exponents s € [—0.52,0.5] yield stable condition numbers.

Table 2.1: Spectral condition numbers s of the preconditioned Schur complement
of (2.8) with two preconditioners H_¢ 509 and H_g 520. In agreement with analysis,
s = —0.5 yields bounded x. The value s = —0.52, determined from observations, cf.
Figure 2.1, yields a smaller condition number.

log, n 8 10 12 14 16 18 20
s=-0.5 1.9848 1.9959 1.9987 1.9997 1.9999  2.0000 2.0000
s=—0.52 | 1.7189 1.7190 1.7190 1.7190 1.7190 1.7190 1.7190

method is estimated in terms of the condition number, see, e.g., [35]. For suitable s
the linear system with the Schur complement could thus be solved efficiently. We also
note that the condition is weaker than spectral equivalence. In fact, if such s exists,
the matrix H, ¢ is spectrally equivalent with the Schur complement if and only if one
of the extremal eigenvalues is bounded by a constant.

3.1. Trace operator with spectral discretization. Let Q = [0, 1}3, Qm =
span{@;(t)}72, and V,, = span{¢;(z)¢r(y)¢i(2)}}') =1, cf. Example 2.1. We consider
the problem of minimizing v — (Vv,Vu)q — 2(f,v)q, v € V,, subject to v = 0 on
the boundary and the constraint Tv = g on I', where the trace operator restricts v
either to I'; = {(¢, %7 %);t € [0,1]} or Ty = {(¢,¢,t);t € [0,1]} respectively. The weak
formulation of the problem reads

(vu7 VU)Q + (p7 TU)F = (fa U)Q v E Vny

@Twr = (09 q€Qn 3D

and is equivalent with a linear system

PR
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T T T T
—e—p =210 37+7L:23 |
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s s

Fig. 3.1: Spectral condition numbers computed from the generalized eigenvalue prob-
lem for Schur complement of (3.2) and matrices Hs ¢, see (2.6). (Left) The constraint
is considered on I' = {(t,3,1);¢ € [0,1]}. (Right) T = {(t,¢,t);¢ € [0,1]} is consid-
ered. With both configurations, values s close to —0.14 yield bounded &.

In (3.2) the trace matrix T € R™*¥ for curve I'y is sparse with entries

T ] k or [ even
kb = (=1)F1(=1)!*125;; otherwise

Here N = n?® was introduced for readability. Note that for m > n the matrix does
not have a full row rank and the system is singular. We therefore set m = n. For
I's the trace matrix is sparse with a more involved sparsity pattern and at most four
nonzero entries per row

1
Tkl = 4\/5/ sin jrt sin émt sin knt sin 7t dt.
0

Finally, we consider the generalized eigenvalue problem for the Schur complement
of (3.2) and matrices Hy o where such exponents are of interest, for which the spectral
condition number £ = Apax/Amin 1S bounded in the discretization parameter. Note
that with I'y the Schur complement is a diagonal matrix S;0;;,

4 < 1

Si=m@ L FrErm 33)
lm odd

For T's the matrix is dense and shall be computed from assembled terms. As such a

smaller n is explored in this configuration.

The results of the numerical experiments with s € [-0.2, —0.1] are summarized
in Figure 3.1. We observe that values s € [—0.145, —0.1] yield bounded condition
numbers for I';. The condition numbers are not quite converged for the other config-
uration, however, it is possible to identify unstable exponents s < —0.18. Moreover,
the values close to s = —0.14 appear to be stable also in this configuration. This fact
is easier to appreciate in Table 3.1, which shows Apin, Amax and & as functions of the
discretization parameter for s = —0.14. With I'; the condition number is evidently



Table 3.1: Smallest and largest eigenvalues Amin, Amax and the spectral condition
numbers x of the preconditioned Schur complement of (3.2). (Top) The preconditioner
is H_g.14,0. While the eigenvalues are unbounded the condition number is bounded in
n. (Bottom) Matrix Hy ¢ (identity matrix) is used as the preconditioner. In agreement
with the analysis in Remark 3.1, constant Anin and Apax with a logarithmic growth
are observed.

T={(t3,3)t€[01]} r={(t¢t1t;t€[0,1]}
logon  Amin Amax K logon  Amin Amax K
10 0.6218  2.0696 3.3285 6 0.8476 1.9916  2.3496

12 0.9167  3.0511 3.3285
14 1.3514  4.4982  3.3285
16 1.9923 6.6315  3.3285

11 0.0648 1.2167 18.7767
12 0.0648 1.3270  20.4792
13 0.0648 1.4373  22.1818
14 0.0648 1.5476  23.8843

1.0298 2.4283  2.3581
1.2513  2.9491  2.3569
1.5201  3.5804  2.3553

0.1939 1.2180 6.2807
0.1938  1.4080  7.2655
0.1938  1.5985  8.2487
0.1938  1.7893  9.2312

© 00 O© o

constant, while for I'y the number appears to be bounded. Note that with both con-
figurations the smallest and largest eigenvalues are not bounded and thus H_g 14 is
not spectrally equivalent with the Schur complement with the bounds independent of
n. However, any of Amin(n), Amax(n) (or their linear combinations) define a mesh-
depenedent scale 7(n)H_q 14,0 that yields spectral equivalence. Such scale, however,
is not easily computable in general.

In the numerical experiment the range of exponents was limited to s € [—0.2, —0.1]
and the upper bound yielded condition numbers independent of the discretization
parameter, cf. Figure 3.1. The observation raises a question about the suitablity of
s = 0, i.e. considering the multiplier space @Q,, with the L? norm. It is shown in
Remark 3.1 that the choice leads to a condition number with logarithmic growth.

REMARK 3.1. We consider (3.2) with I'y. Since Hoo is (due to the employed
discretization) an identity, the values S; in (3.3) are the eigenvalues of the precon-
ditioned Schur complement, where Ho o is the preconditioner. We have S; > S, and
observe that the lower bound sums O(n?) terms that are at most n~2 in magnitude.
Thus S, is bounded from below by a constant. On the other hand the upper bound
S; < S1 grows as logn.

Note that for the 2d-1d trace and s = 0 we have, cf. Example 2.1,

n n n

2 1 2 1 2 1
Y 5=y <2y —<cC
2472 =77 i2 42 — 1472 — 7
T edd™ T T edd? T T T

while the lower bound as a sum of O(n) terms with n=2 magnitude decays as n~!.

Thus s = 0 leads to a linearly growing condition number.

The estimates for Q C R? are confirmed by numerical experiment summarized in
Table 3.1. In particular, the constant lower bound and the upper bound growing as
logn, are wvisible for both configurations.

Experiments with the spectral discretization suggest that there exists an exponent
s, independent of I', such that the discrete trace operator T}, defined over V}, can be
controlled by the s-norm (2.6). However, the space V}, considered thus far consisted of
infinitely smooth functions. We proceed to show that a similar conjecture holds if the
discrete spaces are obtained by FEM. In particular, the space V}, shall be constructed
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using the H' conforming continuous linear Lagrage elements.

3.2. Trace operator with FEM discretizaton. Let Vj, C H'(Q2). Further,
let {11 }3, and {L;}2; be, respectively, the basis and degrees of freedom/dual basis
nodal with respect to {¢;}7; of the finite element space Qp over I'. The trace
mapping T}, : Vi, — @Qp shall be defined by interpolation so that p, = Thuy is
represented in the basis by vector p € R™,

pj = (Lj, unlr). (3.4)

Equivalently we have p = Tu where u € R™ and the matrix representing the trace
operator has entries

Tij = (Li, &5lr),

where {¢;}"_, are the basis functions of V},.
LeEmMA 3.1 (Discrete trace operator by projection). Let uy € V3, be given and

Pr € Qn be the L? projection

(ﬁ’HQ)F = (Uh|FaQ)F, q € Qh'

Further let py, € Qp be defined via (3.4). Then Vi|r C Qp, is necessary and sufficient
fOT Ph = ﬁh .

Proof. To verify the assertion let ¢ € Qp be the Riesz representation of Ly, i.e.
(qk,v)r = (Li,v), v € Qn, and up € Vj, arbitrary. Then by definition (pn,qr)r =
(Li, un|r) (¥i, qr)r and

(Li, un|r) (Wi, a1)r = (gis un|r)r(Le, ¥i) = (g, unlr)r = (qk, Pr)T

by the property of the Riesz basis {qgx } ", nodality of the basis {1;}7; and definition
of pp. It follows that (pr, — Pr, qx)r = 0. Note that up|r € Qp was required to apply
the Riesz theorem. O

DEFINITION 3.2 (I-matching spaces). Let I' be a manifold in Q and Qp, Vi, the
finite element spaces over the respected domains. The spaces are called T'-matching if
(i) Vi, and Qp are constructed from the same elements and (i) meshes of Q and T
are matched.

REMARK 3.2 (Equivalence of interpolation and projection trace). The condition
from Lemma 3.1 is satisfied with Vi,|r = Qn if Vi, and Qp, are T'-matching. Finally,
note that the interpolation trace is in general cheaper to construct than the trace due
to projection. We shall employ (3.4) throughout the rest of the paper.

Let now V},, @, be a pair of I'-matching spaces constructed from continuous linear
Lagrange elements. Further, the discretization of the geometry shall be such that the
mesh of  is finer at/near I' than in the rest of the domain, cf. Table B.1 in Appendix
B and Figure 4.1. This way the dimensionality of @}, is increased. Finally, we consider
the Schur complement® of (3.1) preconditioned by different matrices H . Recall that
previously global trigonometric polynomial basis functions were used with (3.1) and
—0.2 < s < —0.1 yielded condition numbers bounded in the discretization parameter.
Figure 3.2 and Table 3.2 show that the same conclusions hold also if the finite element
discratization is employed.

L The Schur comeplement is computed from its definition, where the components T, A are
assembled using FEniCS [23, 2] and PETSc [8] libraries. The Laplacian matrix is then inverted by
conjugate gradient method with algebraic multigrid (AMG) preconditioner from Hypre library [15].
Relative tolerance 1015 was set as a convergence criterion.
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Fig. 3.2: Condition numbers of the Schur complement of (3.1) with finite element
discretization, n = dim@)p, and different preconditioners H;o. (Left) the curve is
I'y. (Right) the curve is I's. The zoomed out plot shows that s < —0.25 yields
unbounded . For both configurations exponents from the interval around s = —0.1
yield bounded condition numbers.

Table 3.2: Condition numbers of Hy ¢ preconditioned Schur complement of (3.1) for
selected values of s. The finite element discretization is considered on a sequence of
uniformly refined meshes, see Table B.1. For each discretization the mesh is finer
near I' than in the rest of the domain. Exponent s = —0.14 observed in the spectral
discretization, cf. Table 3.1, yields bounded k also with discrization by FEM. Note
that similar to the spectral discretization there is a slight growth of k for s = 0.

" T= {1 1ite0.1]) T = {460 € 0,1])
-0.16 -0.14 -0.12 -0.1 0 -0.16 -0.14 -0.12 -0.1 0
1 4.568  4.932 5.517 6.531 19.530 5.760 6.316 7.064 8.129 24.484
2 3.883 4.282 4.804 5.545 17.525 5.743 6.300 7.085 8.175 25.253
3 4.023 4.400 4.927 5.710 19.713 5.192 5.744  6.488 7.525 25.386
4 4.062 4.477  5.045 5.781 21.561 5.381 5.926 6.698 7.798  28.731

Figure 3.2 explores the condition numbers for s € [-0.5,0]. It is evident, cf. the
zoom-out plot, that for s < —0.25, H, ¢ is not a good preconditioner for the Schur
complement. For both configurations there are exponents in (—0.2,0) that lead to
bounded condition numbers. For several values of s in this interval, the condition
numbers observed on a sequence of uniformly refined meshes are reported in Table
3.2. Therein s < —0.1 can be observed to lead to bounded . Exponent s = 0, i.e.
the L? norm, leads to a slight growth in x with both T'; and I's.

We note that in both configurations the behaviour of the eigenvalues is similar to
the spectral case. In particular, Apax and Apin grow for s < —0.1, whereas for s = 0
only Apax grows while A, is bounded by a constant, see Table 3.3. Since the extremal
eigenvalues are in general not bounded by a constant, Hy o is not a discretization of an
operator spectrally equivalent to the Schur complement with constants independent
of the discretization parameter. However, the relation observed in the experiments

X TA ' T'x

x € R™
x"Hg ox

0 < Amin(h) < < Amax(h) (3.5)
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Table 3.3: Smallest and largest eigenvalues of the H, ¢ preconditioned Schur comple-
ment considered in Table 3.2. Similar to spectral discretization both the extremal
eigenvalues grow for s = —0.14 while the lower bound is constant and the upper one
grows for s = 0.

L L ={(t %, 3);te[0,1]} I ={(t,t,t);t €[0,1]}

s =—0.14 s=0 s=—0.14 s=0
1] (0.290, 1.433)  (0.051, 1.000) || (0.207, 1.310)  (0.041, 1.000)
2 | (0.420, 1.799)  (0.059, 1.040) || (0.256, 1.610)  (0.041, 1.026)
3 | (0.502,2.208)  (0.059, 1.161) || (0.342, 1.965)  (0.045, 1.145)
4 | (0.603,2.701)  (0.059, 1.276) || (0.401, 2.379)  (0.044, 1.265)

suggests existence of a mesh dependent scale in which spectral equivalence can be
achieved. In particular, rescaling the s-norm matrix as Amin(h)Hs,0 leads to constant
bounds, cf. observed constant spectral condition number. We remark that Api, is
bounded away from zero for all h, in fact the eigenvalue increases with A~!, and in
this sense the discrete inf-sup constant never approaches zero.
Based on the mesh-dependent s-norm a block-diagonal preconditioner

diag(A, Amin(h)Hs 0) ™! could be analysed and shown to be optimal using the results
of [32, 33] (see also the review paper [29]). However, obtaining the scale is compu-
tationally expensive. We shall therefore proceed with (2.6) only. In particular, the
exponents s identified previously shall be used to construct preconditioners for several
3d-1d constrained problems. We note that the bounds (3.5) enter estimates for con-
vergence of iterative solvers, see, e.g., [33], and since the bounds here are not constant,
the proposed preconditioners are theoretically suboptimal. Nevertheless, the number
of iterations in the studied examples will be bounded. We remark that the smallest
and largest eigenvalues are never far from unity in our examples.

4. Trace coupled problems. The previous experiments revealed a range of ex-
ponents s for which matrices Hy behaved similarly to the Schur complement, in terms
of stability of the condition number, of the related generalized eigenvalue problem.
To simplify the discussion, we shall in the following employ s = —0.14. The exponent
shall be used to construct preconditioners for two model 3d-1d coupled problems.

4.1. Babuska’s problem. Let V},, Q) be a pair of I-matching spaces con-
structed by continuous linear Lagrange elements and consider the problem: Find
u €V, C HY(Q), p € Qp such that

(Vu, Vo)a + (u,v)a + (p, Tv)r = (f,v)a v € Va,

(¢, Tu)r = (¢,9)r  q € Qn. *1)

The system (4.1) is a Lagrange multiplier formulation of the minimization problem
for v — H”||2Hl(9) — 2(f,v)q, and the constraint Tv — g = 0 on I'. We note that the
problem is considered with homogeneous Neumann boundary conditions. A similar
problem with @ C R? and ' C 99 was first studied in [6] to introduce Lagrange
multipliers as means of prescribing boundary data.

Similar to the Schur complement study in Section 3.2, the problem shall be consid-
ered with two different curves I'. Moreover, for each configuration we consider three
different sequences of uniformly refined meshes, to investigate numerically whether
the construction of the preconditioner relies on a quasi-uniform mesh, or if shape-
regular elements are sufficient. In a wuniform discretization the characteristic mesh
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Fig. 4.1: Domains used in experiments with matching discretization. The one di-
mensional curve I' is drawn in blue with element boundaries signified by red dots.
(Left) The curve is, respectively, a horizontal or diagonal segment. The triangulation
of  is either refined or coarsened at I'. (Right) The curve contains branches and
bifurcations, thus capturing some of the features of complex vascular systems.

size of Q) and T' are identical and the tessellation of € is structured. In finer and
coarser discretizations the mesh is unstructured and is either finer or coarser near I'
than in the rest of the domain. The example meshes are pictured in Figure 4.1. In-
formation about the parameters of the discretizations and sizes of the corresponding
finite element spaces are then summarized in Table B.1.

Since (4.1) is considered with Neumann boundary conditions, the block diagonal
preconditioner for the system shall have the multiplier block based on Hy (not Hs o).
We propose the following preconditioned linear system

[A+ M H—0,14] B [(AMj;g) (MFT)T] m _ [A+ M H_o.lJ . [Q oy

where M and Mr are, respectively, the mass matrices of V}, and Q. We remark that
the proposed preconditioner is not theoretically optimal because of the estimate (3.5).

In our implementation the leading block of the preconditioner is inverted by al-
gebraic multigrid from the Hypre? library [15]. The system is then solved iteratively
with the minimal residual method (MINRES) implemented in cbc.block [25] and re-
quiring a preconditioned residual norm smaller than 10~'? for convergence. The initial
vectors were random.

The recorded iterations counts are reported in Table 4.1. It can be seen that
the proposed preconditioner results in a bounded number of iterations for all the
considered geometrical configurations and their discretizations. In the table we also
report iteration counts for the preconditioner that employs Hy = Mr for the multiplier

2We have used default values of all the parameters.
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Table 4.1: Tteration counts for preconditioned Babuska’s problem (4.1) with precon-
ditioners based on (2.5) and s = —0.14 or s = 0 (discrete L? norm). Two geometric
configurations and their different discretizations (L denotes the refinement level) are
considered cf. Figure 4.1 and Table B.1. Both preconditioners yield bounded number
of iterations. The L? norm leads to a less efficient preconditioner.

I ={(t,5 3):t€[0,1]} I={(t¢tt)te01]}
uniform finer coarser uniform finer coarser
(28,59) (53, 81) (44, 46) (29, 57) (73, 107) (62, 71)
(27, 68) (52, 82) (49, 58) (27,59) (69, 103) (64, 81)
(25, 70) (52, 83) (47, 62) (25,61) (69, 105) (67, 88)
(23,70) (53,83) (51, 71) (25,62) (70, 105) (67, 91)

[SLINUURE O] I o

block. Recall that with s = 0 and spectral discretization, the spectral condition
number of the preconditioned Schur complement showed a logarithmic growth, cf.
Table 3.1. Using FEM, the growth was less evident (see Table 3.2), however, the
condition number was significantly larger than for s = —0.14. The iteration counts
agreee with this observation; the L? norm leads to at least 20 more iterations. We
remark that the norms in which the convergence criterion is measured differ between
the two cases.

4.2. Model multiphysics problem. Building upon the Babuska problem we
next consider a model multiphysics problem (1.1). A similar problem with Q C R2
and I' a manifold of codimension one was previously studied by the authors in [20].
Therein it was found that the problem is well posed with the Lagrange multiplier in
the intersection space H~*(I'") N H~1(T)). The structure of the space was mirrored by
the preconditioner, which used (H_g 5 + H,l)fl in the corresponding block.

We note that the exponent —% was dictated by the properties of the continuous
trace operator. In the 3d-1d case, which is of interest here, we shall instead base the
exponent/preconditioner on the previous numerical experiments. More specifically,
the linear system obtained by considering (2.4) on finite dimensional finite element

subspaces

Aq + Mg (MFT) u f
AF + MF MF W| = (43)
(MrT) Mp p h
shall be considered with the preconditioner
Aq + Mg o
Ar 4+ Mr . (4.4)

H_ 014 +H_y

Note that in (4.4) the structure of the trailing block mimics the related 2d-1d prob-
lem. We remark that in the implementation, the remaining two blocks are inverted
by AMG. Moreover the discrete spaces are such that W;, = @ and V,, Q) are I'-
matching. As in the previous example, continuous linear Lagrange elements are used.
To demonstrate the performance of the preconditioner, (2.4) is considered on the same
geometrical configurations and their discretizations as (4.1). The preconditioned sys-
tem is then solved by MINRES, starting from a random initial vector and terminating
if the preconditioned residuum is less than 1072 in magnitude. As can be seen in
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Table 4.2: Tteration counts for the model problem (4.3) with preconditioner (4.4).
Spatial configurations and disretizations from Table 4.1 are considered. In all the
cases the number of iterations is bounded.

L[ TGl Dicpay || T={GLoicpi]
uniform  finer coarser uniform  finer coarser

2 51 45 42 44 62 62

3 49 45 48 43 59 62

4 47 43 47 43 59 64

5 46 43 49 42 59 66

Table 4.2, the preconditioner yields bounded iteration counts. Interestingly, the con-
vergence is faster on the finer discretization than on the coarser one. We note that
the systems on the latter discretization are in general of smaller size and have more
than a factor 10 fewer degrees of freedom in Qj,.

In the examples presented thus far, I' was always a straight segment. To show
that the preconditioner (4.4) (or the general idea of Hs based preconditioners for 3d-1d
problems) is not limited to such simple curves, we shall in the final example consider
(2.4) with T having a more complicated stucture. The considered domain, pictured in
the right pane of Figure 4.1, is inspired by biomechnical applications and is intended
to mimic some of the features of the vasculature. In particular, the domain consists
of numerous branches and contains multiple bifurcations.

Repeating the setup of the previous experiment, Table 4.3 reports the iteration
counts for the (4.4) preconditioned linear system (4.3), obtained by considering (2.4)
on the complex I'. The number of iterations is clearly bounded. In fact, the number
decreases with refinement.

The good performance of the proposed preconditioner in all the considered ex-
amples brings in the question of practicability of its construction. Here, the question
shall be addressed by considering the setup costs of the preconditioner for the domain
with complex I'. The choice is motivated by the fact that (i) the domain is potentially
relevant for practical applications and (ii) the large (releative to dim V},) number of
degrees of freedom of @y puts the emphasis on the construction of (2.5). We note
that the costs are expected to be determined by the multigrid setup and the solution
time of the generalized eigenvalue problem (2.5). As in [20] the eigenvalue problem is
solved by the DSYGVD routine from LAPACK [3].

The timings obtained on a Linux machine with a single Intel Xeon E5-2680 CPU
with 2.5GHz and 32GB of RAM are reported in Table 4.3. The observed costs of the
eigenvalue solve are 3-4 times smaller than that of the multigrid setup, and thus the
spectral construction does not present a bottleneck. Morover, both AMG and GEVP
are expected to scale roughly as dim Q,®. However, due to the cubic scaling, the
system/preconditioner is unlikely to be assembled/setup in serial. For such a case,
a scalable parallel implementation, for the construction of (2.5), remains an issue,
and approaches that provide the approximate action of Hy matrices may offer better
performance. Examples of such approaches are the Lanczos method [5, 4], contour
integrals [18] or fast Fourier transforms [28]. We refer to [20] for a more thorough
discussion of the subject.

5. Nonmatching discrete trace. The numerical examples presented thus far
have always employed I'-matching finite element spaces. We note that in [20] this
construction is shown to imply that the discrete inf-sup condition holds for problems
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Table 4.3: Tteration counts and setup costs (in seconds) for system (4.3) and precon-
ditioner (4.4). Both operators are assembled for the complex I' pictured in Figure
4.1. The number of iterations is bounded in the discretization parameter. In the con-
sidered example, the eigenvalue (GEVP) based construction (2.5) does not present a
bottleneck as it is 3-4 times cheaper than setting up the algebraic multigrid (AMG).

dimV;, dimQ, # | AMGJ[s] GEVP]|s]
18K 817 86 0.2 0.1
100K 1605 81 1.9 0.6
634K 3193 76 15.0 4.2
4.8M 6381 68 141.6 36.4

(4.1) and (2.4) considered with @ C R? and I' a one dimensional curve. However,
the assumption of matched discretizations of 2 and I' can be too limiting, e.g, if fine
resolution is requested on the curve. In this section we present numerical examples
using the Babuska problem (4.1), which demonstrate that the assumption is not nec-
essary and to the extent given by the new inf-sup condition the discretizations can be
independent. For stable discretizations, preconditioners based on characterization of
the trace space will remain optimal. We note that from the point of view of Lemma
3.1 the spaces shall be such that Vi |r D Q.

5.1. Codimension 1. Consider (4.1) with Q@ C R?. For I' C 99, the finite
element discretization of the problem requires that the spaces V4, Qg (we use different
subscripts to indicate the difference in underlying triangulations) are such that h < cH
for some ¢ < 1. Here h is understood as a mesh size of V}, on I'. The inequality ensures
that the discrete inf-sup condition is satisfied, see, e.g., [34, 12]. We note that [30]
shows that the inequality is not necessary.

Let now I' be a curve, contained in {2, where the domains are discretized such
that the condition from the previous paragraph is met. Further, the space V} shall
be discretized by continuous linear Lagrange elements, while, for the construction of
Qp, either the same elements or piecewise constant Lagrange elements are employed.
We note that with the latter choice the eigenvalue problem for the discrete s-norm
simplifies, since the mass matrix is diagonal in this case.

Table 5.1 reports the number of MINRES iterations on the system (4.1), using
diag(AMG(A + M),H_g5 ') as the preconditioner. The iterations are started from
a random vector using 10712 as the stopping tolerance for the magnitude of the
preconditioned residuum. With both considered finite element discretizations of the
multiplier space the number of iterations is bounded indicating (i) that the inf-sup
condition is satisfied and (ii) the optimality of the preconditioner. We note that
for h > H, the iterations are unbounded (not reported here) and thus the inf-sup
condition is clearly not satisfied. An example of a pair of inf-sup stable and unstable
discretizations is shown in Figure 5.1.

5.2. Codimension 2. For I' a manifold of codimension two a condition guaran-
teeing the discrete inf-sup condition and stability of the discretization of (4.1) is not
available. However, we shall assume that the inequality h < cH, ¢ < 1 plays a role
also in the 3d-1d case and discretize the domains accordingly.

The problem (4.1) is considered with two carefully constructed curves T, see
Figure 5.1, and © a unit cube discretized such that the inequality is ensured. As
before, the spaces Qg are constructed from continuous piecewise linear or discon-
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Fig. 5.1: Domains used in experiments with nonmatching discretization. (Left) The
spaces Vj, and Qg are inf-sup stable for (4.1) if h < ¢H, ¢ < 1. The condition is
satisfied /violated in the top/bottom configurations. (Right) The 3d-1d experiments
use two curves I'. The mesh of ) is obtained by first subdividing the domain into
odd number of cubes in each direction. Thus degrees of freedom of V}, Qg are not
associated with identical spatial points. Moreover h < H is ensured in the refinement.

Table 5.1: Iteration counts and error convergence for (4.1) and 2 a unit square and
I' a circle. The spaces V}, and Qg are formed either by continuous linear Lagrange
elements or Qg uses discontinuous piecewise constant Lagrange elements. Note that
I' is closed and thus Qg has the same dimension with either of the elements. The
inequality h < cH, ¢ < 1 is respected ensuring that the inf-sup condition is satisfied.
Consequently the iteration count is bounded. Both pairs yield optimal, order 1,
convergence in H!(2) norm of the error u — uj,. We note that the exact solution is
smooth. The error of the Lagrange multiplier measured in the s = —% norm (2.6) (on

the same mesh) norm decays with order 1.5.

. . Qp continuous Qg discontinuous

dm Vi A v o —pallg | # Tu—wilv_Jp—pillg
22K 136 52 9.54E-02 5.28E-03 47 9.54E-02 3.68E-03
87K 272 52 4.78E-02 1.71E-03 48 4.78E-02 1.15E-03
348K 544 51 2.39E-02 5.77TE-04 49 2.39E-02 4.18E-04
1.4M 1088 51 1.19E-02 1.87E-04 50 1.19E-02 1.49E-04

tinuous piecewise constant Lagrange elements. We note that the dim Q;, < dim V},.
Further, the MINRES iterations use the same initial and convergence conditions as
in §5.1, while diag(AMG(A+ M), H_q.14") is used as the preconditioner. In Table 5.2
we observe that the discretization and the preconditioner lead to bounded iteration
counts. We note that too fine a discretization of T', i.e., violating the inequality, leads
to unbounded iterations.

6. Conclusions. We have discussed preconditioning of a model multiphysics
problem (1.1), where two elliptic subproblems were coupled by a trace constraint,
bridging the dimensionality gap of size two. The design of preconditioners for the
problem followed our previous work [20]. In particular, the discrete fractional Sobolev
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Table 5.2: Tteration counts for (4.2) posed on 2 C R? and the two curves pictured
in Figure 5.1. For each domain, Qg from continuous linear (first column) or discon-
tinuous constant (second column) Lagrange elements is considered. The domains are
discretized such that h < c¢H, ¢ < 1. In all the cases, the number of iterations is

bounded.

dim Vj, Square Spiral
dmQy # | dmQyg # dmQy # | dmQyg #
33K 16 36 16 24 29 48 28 36
262K 32 38 32 24 57 48 56 35
2.1M 64 36 64 23 113 46 112 35
6.0M 128 38 128 24 225 48 224 36

norm was employed in order to facilitate the re-use of standard multilevel precondi-
tioners for the 3d domain. Previously, the Sobolev index was dictated by properties
of the continuous 2d-1d trace operator. Due to the difficulty of establishing a well-
posed 3d-1d trace operator for functions in H', we relied on properties of the discrete
trace. Using spectral and finite element discretizations, a range of suitable (nega-
tive) Sobolev indices was found. Consequently, preconditioners for coupled problems
were built and their performance was demonstrated by a series of numerical experi-
ments. The proposed preconditioners were robust with respect to the discretization
parameter. Finally, the work in [20] was extended by considering independent dis-
cretizations of the bulk and embedded domains and by using discontinuous elements
for the Lagrange multiplier space.

An obvious weakness of the presented work is the lack of a theoretical foundation,
as the well-posedness of (1.1) was assumed and not established. Thus, referring to the
idea of operator preconditioning, the continuous picture behind the preconditioner is
missing.

Appendix A. Inf-sup condition for Example 2.1. Let Q~ = [0,1] x [O, %],
Qt =10,1]x [%, 1]. Further, let g € H, o(I") be given. The functions uf], i€ {—,+}are
the unique weak solutions of —Awu} = 0 in ©’ with homogeneous boundary conditions
on O\ T and Tuy = g on I'. Then

l[ugll 113 0y < Cillgla, o
for some constants independent of the domain. Moreover,
_ ca-
ugla) = ")
uf(z) xeQt

is such that Vu, (defined piecewise) is in L*(2) and thus u, € H{ (). Finally, the
estimate [ugl|g1q) < Cllglla, o) holds. Then, by surjectivity of the trace, we get
the estimate

(@901, o(r).H, o (1) (0, Tug) s, o(r),H, o(r)

lallz )= sup =R
10D semm) lglla, ocr) Cuyeri@ llugll ez ry
1 (@ Tv)n , )5, 4(T)
< — sup - ;

C vEHL(Q) ||UHH3(F)
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and the inf-sup condition for (2.7) is satisfied.

Appendix B. Geometrical configurations and their discretization. Nu-
merical experiments with the Schur complement in §3.2 and the coupled problem in §4
are considered on sequences of uniformly refined meshes, discretizing the geometrical
configurations shown in Figure 4.1. The Schur complement experiment is considered
with straight segments I' = {(¢,3,3);t € [0,1]} or ' = {(t,¢,¢);t € [0,1]}. For each
case the domains are discretized in three ways: (uniform) the meshes for Q, I' have
the same characteristic size, (finer) the mesh of Q is finer at I' than in the rest of
the domain, (coarser) the mesh of Q is coarser at I' than in the rest of the domain.
Parameters of the meshes for each refinement level are summarized in Table B.1.

Table B.1: Sizes of FEM spaces and mesh parameters for different levels of refinements
(L). The length of the largest cell in the mesh of I' is denoted by H. For readability
the reported value is H x 103. Lengths of smallest/largest edges of cells of the mesh for
Q\T are respectively Amin and Amax. (Top) In uniform discretization the characteristic
mesh size of 2 and T triangulations are identical. (Middle) Finer discretization uses
finer mesh near I'. (Bottom) In the coarser cases the mesh of I' is coarser near the
curve.

L r={(3,3);te0,1]} r={(¢t1);te[0,1]}

dimV, dimQy Tmin Fmax H dimV, dimQpy Tmin Fwax H
1 5K 17 1.7 1.7 625 5K 17 1.0 1.0  108.3
2 | 36K 33 1.7 1.7 31.2 36K 33 1.0 1.0 54.1
3 | 275K 65 1.7 1.7 15.6 275K 65 1.0 1.0 27.1
4 | 21M 129 1.7 1.7 7.8 2.1M 129 1.0 1.0 13.5
5| 6.1M 183 1.7 1.7 5.5 6.1M 183 1.0 1.0 9.5
1 12K 161 1.1 329 6.2 9K 187 1.0 225 9.4
2 | K 321 1.0 353 3.1 46K 373 0.9 247 47
3 | 476K 641 0.9  39.0 1.6 308K 742 08 273 2.3
4| 3.7M 1281 0.8  40.6 0.8 2.2M 1481 08 270 1.2
5| 6.8M 1601 0.7 408 0.6 7.4M 2220 08  27.0 0.8
1 11K 9 0.2 1.7 125.0 5K 16 0.2 1.7 1225
2 | 59K 17 0.2 1.9 625 30K 31 0.2 20  61.2
3 | 375K 33 0.2 2.1 31.2 194K 59 0.2 2.2 30.6
4| 27M 65 0.2 2.1 15.6 1.4M 114 0.2 2.3 15.5
5| 85M 97 0.2 2.5 10.4 4.4M 169 0.2 3.2 10.4
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Abstract. The Neumann problem for linear elasticity is singular with a kernel formed
by rigid motions. Unless removed, the kernel causes problems for both direct and iterative
methods. In this paper we shall first discuss how the basis of the nullspace may be used
to formulate a well posed problem. Afterwards we present a simple and efficient technique
for computing an orthonormal basis of the kernel. We give examples where the technique
is used to characterize the space of rigid motions in complex domains. Finally, we show
how iterative methods may exploit this basis for efficiency.

1 Introduction

In this paper we shall study efficient iterative methods for solving the linear elasticity
equation subject to Neumann boundary conditions. The problem reads

—div- (o (u)) = f in Q, .

o(u)-n=nh on 0f, (1)
where v is the unknown displacement vector while o is the (symmetric) stress tensor
defined by the constitutive law o (u) = 2pue (u)+tr (e (u)) I with p, A denoting the material
parameters and € (u) the symmetric part of the displacement gradient. Moreover I is the
identity tensor while tr denotes a trace. Finally n is the outer normal vector of the body
Q2 and f,h are respectively the volume and surface forces acting on the body.

Variants of the Neumann problem describe a range of physical phenomena. For example
in Tobie et. al. [1] the solution provides insight into internal processes of the Saturn’s
moon Enceladus, while Sanderud [2] uses the Neumann problem to study a condition of the
brain known as hydrocephalus. In order to solve (1) one must recognize the fact that the

1
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problem is not well posed. First of all, a solution exists if and only if the net force and the
net torque on the body are zero (see, e.g., [4]). This condition places a restriction on the
forces f, h and it is also referred to as a compatibility condition. Secondly, even if u solves
(1) for some compatible data, the solution is not unique. In fact, for @ C R% d = 2,3 there
exist, respectively, three and six linearly independent functions z% such that o (2*) = 0.
Consequently function u+ v for v an arbitrary combination of 2* is also a solution of (1).
Such functions v are called rigid motions. Due to the ambiguity of solution a careless
discretization of the problem results in a singular system.

To circumvent the singular system a displacement can be fixed in d nodes or different
boundary conditions can be used for the continuous problem. For example, Dirichlet
boundary condition may be prescribed on some part of the boundary or Robin boundary
conditions may be used with a small weight factor controlling the displacement. Both
of these methods modify the matrix of the system such that it is no longer singular.
Bochev and Lehoucq [3] report that the preferred method amongst practitioners is to
fix the solution datum. The latter approach is applied in [2] where it is also found that
the solution close to the boundary is affected by the modified boundary conditions. If
modifying the system matrix is not desirable, the solution can be obtained by Krylov
subspace iterations. In fact, a symmetric singular linear system Au = b can be solved by
the Krylov method provided that the vector b is [>-orthogonal to the nullspace of A and
the approximate solution remains orthogonal to the nullspace throughout the iterations.
The approach is supported by linear algebra packages such as Trilinos [6], PETSc [5],
or PyAMG [13] where the nullspace is provided in the form of an [*-orthonormal basis.
As we shall demonstrate in the later sections the numerical solution obtained by the
iterative method is not always a good approximation to the true solution. Moreover the
convergence rate of the error in the L?-norm is suboptimal.

Broadly speaking the methods for solving (1) listed thus far treat the singularity on
a discrete/algebraic level. Either the invertible system was obtained by modification of
the matrix via artificial boundary conditions or the kernel of the matrix was considered.
On the other hand there exists a class of methods where the singularity is treated on a
continuous level. A well known method of this type is the Lagrange multipliers which
yields a saddle point formulation of (1) and after discretization a symmetric indefinite
linear system. The main focus of the current paper is a symmetric positive definite
formulation of (1) and its connection to the saddle point formulation. In Bochev and
Lehoucq [3] similar idea is explored in the context of augmented/stabilized Lagrangian
formulation of the singular Poisson problem. Here we shall follow a different line of
reasoning.

The symmetric positive definite formulation is derived from an abstract framework
for solving singular problems with a known kernel which is specified as an orthogonal
basis. In the framework the relation of the formulation to the saddle point problem
becomes evident. The framework is developed in the next section. Then in Section 3 the
basis for the space of rigid motions over arbitrary body is constructed. Section 4 begins
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with a discussion of preconditioners that are used to solve efficiently the linear system
stemming from the proposed formulation of the Neumann problem (1). Afterwards the
numerical results are shown to verify the properties of the method. Finally the singular
Poisson problem is used to compare the presented method with Krylov method for solving
symmetric singular linear systems.

2 Abstract framework for singular problems with known kernel

For completeness and clarity we list here some basic properties of the singular varia-
tional problems. The results can be found in books on mathematical theory of the finite
element method, e.g., [4, 11].

We let V' denote a Hilbert space over body Q and (-,-) the L*-inner product. We
assume that a : V x V +— R is a symmetric continuous bilinear form and that there exist
finite & = dim(Z), where Z is the nullspace of the bilinear form. For z € Z, we have
a(z,v) =0 for any v € V. Finally we assume that the form is coercive on the orthogonal
complement of Z in V which we denote as Z+. Under these assumptions on a we want
to solve a variational problem:

Find v € V such that a (u,v) = L(v) Yv eV, (2)

for some linear continuous functional L. The problem (2) is not solvable for all L. In fact
the solution exists if and only if for all z € Z we have L(z) = 0. For such (compatible) L
the solution is not unique as for u some solution of (2) the function u+ z is also a solution.
The space V' is therefore too large to find a unique solution. However a unique solution
of (2) with compatible L exists in Z+. The unique solution can be found by considering
a constrained saddle point problem: Find [u,a] € V x R* such that

a(u,v) +aj (v,27) + B (u,27) = L(v) Vv, €V x R~ (3)

Here 27,j = 1,--- , k are the orthonormal basis functions of Z (note that the basis func-
tions here do not need to be orthonormal). Problem (3) is uniquely solvable since the
requirements of the Brezzi theory [10] on the form a are satisfied by assumption while
choosing w = z' + 22 + - - - 4 2F yields

. J , J s
Supozj(v,z)_ozj(w,z): a’l
vev  lvlly [olly [l
The inf-sup condition is thus satisfied with constant v = —+— > 0. Here aT1 denotes an

llwlly
Euclidean inner product between vectors o and 1. We remark that in (2) no compatibility

condition is required from L.
In the saddle point formulation & new unknowns have been introduced. However, an
informal calculation shows that the vector of Lagrange multipliers a € R* is not a true



Miroslav Kuchta, Kent-Andre Mardal and Mikael Mortensen

unknown. Indeed, testing (3) with functions [2%,0],7 = 1,2, - - - k it follows that a; = L(2").
The variational problem can now be rearranged yielding: Find u € V such that

a(u,v)+ B; (u,zj) =1L (v — (v,zi) zl) Vv, €V x R" (4)

In (4) observe that L (v — (v, 2%) 2") = 0 for all v € Z and thus the role of « is to ensure
that the functional L is compatible. We remark that by testing (4) and (3) with [0, 5] it
follows that the solution belongs to the orthogonal complement Z-+.

The observation about the role of multipliers suggests that there exists a formulation
where the only unknown is the primary unknown w. The formulation can be obtained
based on the following reasoning. Let operator A be defined by

(A(lu,al), [v. B]) = a(u,v) + ey (v,27) + B (u, 27)
where [u, o], [v, 5] € V x RE. Further let B,

<B([u7a]) ’ [’Uvﬁb = a(u,v) + (uvzj) (Uvzj) + O‘Tﬂ-

Operator B defines an inner product over V' x R¥. The norm it induces controls the
multiplier in its natural space [?. Further letting u = uz + uy., where uy = (u, 27) 27,
Uz = u— (u,29) 27, we have (B ([u,a]), [u,a]) = a(ugr,uzs) + (uz, 2;) (uz, 2;) + a’a.
The norm induced by B thus controls the part of u in the orthogonal complement only
by the energy norm and in this sense it is optimal.

Next consider a generalized eigenvalue problem A ([u,a]) = AB ([u, @]). Seeing how
the norm induced by B separates the kernel from the complement we propose functions
[27,—t7],5 = 1,2,--- ,k and [w,0] as solution candidates. Here #/ is the j-th standard
unit vector in R¥ and w is arbitrary element of Z+. Indeed we get by a direct calculations
that for all [v, 8] € V x RF

a(w,v)=Xa(w,v) and — (v,27) + 8, =A((v,27) = 3)). (5)

Thus (1, [w,0]) and (—1,[27, —#/]) are solutions of the eigenvalue problem. As a corollary
we have that a spectrum of the generalized eigenvalue problem is formed only by eigen-
values A = 1 and A\ = —1. Moreover, the number of negative eigenvalues matches the
dimension of the kernel Z. A computational verification of the claims can be found in
Figure 1 which shows computed spectrum of the generalized eigenvalue problem for (1)
posed over a three dimensional domain. As a further observation note that the second
equation in (5) is also solved by (1,[27,#/]). The first set of solutions, (—1,[27, —t7]),
highlights the indefiniteness of A but with the second one A = 1 is the only eigenvalue.
Therefore for any [u,a] € V x R¥ it holds that A ([u, a]) = B ([u, a]). Thus especially for
a = 0 we have

(A([u,0]),[v,8]) = a(u,v) + (u,2?) (v,27).
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Figure 1: Spectrum of the (generalized) eigenvalue problem for linear elasticity equation with Neumann
boundary conditions. Spectrum of the eigenvalue problem for operator A is plotted in red against the

left axis while the spectrum of the generalized eigenvalue problem is shown in the blue color against the

. . 3 . . .
right axis. The body was 2 = [—%, %] and piecewise-linear continuous elements were used to construct

space V. In agreement with our analysis the computed spectrum consists only of eigenvalues A = 1 and
A = —1, where the number of the negative eigenvalues is six. Recall that for a three dimensional body
the space of rigid motions is six dimensional.

Finally comparing the left hand side with (4) we observe that for compatible L the
solution of saddle point problem (3) can be instead obtained as a solution to the symmetric
positive-definite problem: Find u € V such that

a(u,v)+ (u,2’) (v,27) =L(v) veW (6)

Note that by compatibility of L the solution of (6) belongs to Z+. Also, observe that for
u € Z+ it holds that (u,27) (v,27) = 0 for all v € V. The additional term is therefore
consistent.

While (6) was derived from reasoning about spectral properties of operators A, B we
note that the resulting formulation can be also viewed as a special case of a variational
problem: Find v € V such that

a(u,v)+ 7 (u,2’) (v,2) =L(v) veV, (7)
which defines extreme points of the augmented Lagrangian
1 J J
L) = sauu)+ 7“2 ),

for some v # 0. Application of the augmented Lagrangian in the context of finite element
method can be found in the pioneering work of Babuska [16] where it is referred to as a
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variational principle with penalty. We remark that therein v =« (h) where h is a param-
eter of the discretization. In [3] the formulation (7) with constant stabilization/penalty
parameter is used to solve the singular Poisson problem.

We remark that the augmented Lagrangian formulation (7) can be included into the
presented spectral considerations by replacing B in the eigenvalue problem A ([u,a]) =
AB ([u, a]) by operator B,

<B“/ ([’LL, O{]) ) [Ua /8]> =a (uy U) +7 (,U" Zj) (’U, Zj) + ’YO[TB-
With the substitution the eigenvalues of the problem are A =1 and A = —y~L.

2.1 Finite element method for the symmetric positive-definite formulation

To solve Eq. (6) we let V}, denote an N-dimensional finite element space subspace of
V. The variational problem posed over the constructed space then reads: Find u;, € V},
such that

a (uh,(bi) + (uh,zj) (qﬁi,zj) =1L (gb’) i=1,2,---N, (8)
where ¢! are the basis functions of V. We let A € RV*V denote a matrix corresponding
to the bilinear form a. The components of the matrix are A;; = a(¢',¢’). For every
function 27 € Z we let zfl denote its interpolant in V}, and ﬂ(zi) € RY is then the primal
representation(see Mardal and Winther [8]) of the interpolant. Further we define matrix
Z € RN*F whose j-column is W(zfl) and the mass matrix M € RY*Y with components
M;; = (¢',¢7). Finally let b € RY be the vector representing the right-hand side of
(6), i.e., bj = L(¢’) and u € RY be the unknown vector of expansion coefficients of the
solution up, i.e., u, = u;¢’. With this notation the discretization of (6) yields a linear

system
Au + (MZ) (MZ)" u = b. (9)

We note that while matrix A is sparse, the second matrix in (9) is dense and thus
storing the linear system requires O (N?) storage. However, if the vectors M (zfl) are
stored (O (N) additional storage requirement) the matrix-vector product which is needed
for iterative methods can be obtained efficiently in O (V) operations.

Recall that vector b should represent the discretization of a compatible functional L.
For any L a compatible functional is obtained by L (v) «- L (v — (v,29) 29) ,v € V. For
v € V}, this transformation becomes

b (I— (MZ)Z")b. (10)

and can again be represented in O (N) storage and operations. We remark that orthog-
onalization of function v € V), with respect to Z is provided by a matrix I — 7Z (MZ)T
which is a transpose of the transformation which orthogonalized functionals.
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2.2 Neumann problem of linear elasticity in the general framework

To apply the presented framework to the Neumann problem (1), the first Korn’s lemma
(see, e.g., [12]) is used to show coercivity of the bilinear

a(u,v) =2u (e (u),€e(u)) + A (divu, divo) , (11)

over the orthogonal complement of the rigid motions. Here the space V' is the Sobolev
space H' (). For completeness we state here also the linear form used in the variational

problem
L(U):/fTvdx+/ htvds.
Q o0

Further ingredient of the framework, the orthonormal basis of the space of rigid motions
of arbitrary body €2 is needed. Construction of such basis is the subject of the following
section.

Figure 2: Eigenvectors of the matrix G which define the basis of the space of rigid motions. In red and
blue the vectors used to define respectively the L2-orthonormal and /2-orthonormal basis are shown.

3 Constructing an orthonormal basis for the space of rigid motions

Let ¢',i = 1,2,3 denote the Cartesian unit vectors. With 7 the position vector in R?
we further define r® = r x t',i = 1,2,3. For any L > 0 the set RM, = {t’,rz}zi;’ is
then an orthogonal basis of rigid motions for body €y = [—L, L]3, where functions ¢, ¢
are, respectively, the basis of translations and rotations. It is obvious that for general
domain 2 an orthogonal basis of rigid motions can be obtained by using Gramm-Schmidt
orthogonalization properly on RM,. However it is the author’s opinion that such a process
leaves out several physical insights. Therefore we advocate a constructive method which
is closely connected to rotational motions.
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Let D € R%6 be the matrix of mutual L2-inner products between the functions from

D= |:(tl'7 t]) ) (tzj TJ‘):|
= L) o))

Clearly orthonormality of RM, is equivalent to D = I. If the body €2 is shifted so that
the geometrical center of the domain is no longer in the origin, then the basis seizes to
be orthogonal. However, using identity (r x )" # = (¢! x t/)" 7 we get that a transfor-
mation r <— r — ¢ where ¢ = (Ig restores orthogonality. Physically this transformation
means that the rotations are described relative to the geometrical center c. In fact, this
transformation restores nullity of the translation-rotation block of ID for any deformation
of the body. However it is not sufficient to yield a diagonal block measuring inner prod-
ucts between rotations. Let then G € R**3 G;; = ((r — ¢) x t*, (r — ¢) x /). The matrix
G being symmetric, positive-definite has three orthonormal eigenvectors e’ and three pos-
itive (not necessarily distinct) eigenvalues \;. We now set t* = e’ while the rotations are
defined with respect to the eigenvectors. By properties of the eigenvectors, the matrix
D assembled in this new basis is diagonal with |Q2| = (1,1) the diagonal values for the
translation-translation block, while the rotation-rotation entries are the eigenvalues. The
L?-orthonormal basis for arbitrary body is therefore

_ el e 3 (r—c)xe (r—c)xe? (r—c)xed
JEIVAVES VR Vh

To uncover the physical importance of the constructed basis note that G can be equiv-
alently written as

/Q(T_C)T(T—C)H—(T’—C)®(7‘—c) dr.

Gurtin in [7] gives the last expression as the inertia tensor relative to ¢, while the eigen-
values \; are termed moments of inertia and the eigenvectors e’ form a coordinate system
that simplifies considerations about the kinetic energy of rotation. In this sense the con-
structed basis RM is a natural one. We remark that in the basis the translations are
"along“ the eigenvectors while the rotations are ”"around“ the eigenvectors.

The L?-orthonormal basis of the rigid motions, represented in some finite element
function space V},, is obtained simply by interpolating the functions in RM. Further
the six vectors in R™ that form an [2-orthonormal basis of the rigid motions in the
Euclidean space can be obtained by the constructive method with two modifications: (i)
the interpolated functions are replaced by their primal representation, (ii) the L?-inner
products in the definition of G and c are replaced by the discrete [2-inner product. This
basis can be used by the Krylov methods mentioned in the introduction. In Figure 2 we
present some examples of the constructed basis for two complex domains. Rather than
by plotting the vector fields, the difference between the basis is illustrated by showing the
eigenvectors. In general, the defining axes for {> and L2-orthonormal basis are rotated

8
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Figure 3: Eigenvectors of the matrix G which define the basis of the space of rigid motions. In red and
blue the vectors used to define respectively the L?-orthonormal and I2-orthonormal basis are shown. On
the right figure note that only the L?-inner product yields ¢ as the true center of gravity.

and/or translated with respect to each other. However, this difference should not be
interpreted as a difference between spaces. The vectors from the [2-orthonormal basis and
the primal vector representation of the L2-orthonormal basis span the same subspace of
R,

Finally we note that the method can be equally well used to construct an orthonormal
basis for rigid motions of  C R%. With c still denoting the center of mass of the body,

we define G;; = ((r —c);,(r—c) ].). We denote €%, e! the two orthonormal eigenvectors

of G and \q, Ay the two corresponding eigenvalues. Then

A — el 2 (r—c) x(e! xe?)
NV Ik VAL + A
is the L?-orthonormal basis of the rigid motions for body €. Two examples of the basis
constructed with the method are shown in Figure 3. Note that for the left body the cen-
ter points ¢;, ¢, computed respectively using the [ and L?-inner products are practically
identical. On the other hand the center points for the right body are clearly distinct.
The relative distance between the computed centers ¢;, ¢y, is directly linked to the ap-
proximation properties of the discrete inner product. On a homogeneous triangulation

the [%-inner product provides a good(convergent) approximation of the L-inner product
whereas on an inhomogeneous triangulation the two inner products diverge in general.

4 Validation of method

In this section the formulation (8) presented in Section 2 and the basis for the space
of rigid motions presented in Section 3 are used to solve the Neumann problem (1). The
numerical experiments presented here have been conducted using the software frameworks
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FEniCS[15] and cbe.block[14]. The problem has been discretized using piecewise linear
continuous finite elements and the resulting linear system has been solved by the precon-
ditioned conjugate gradient(CG) method. As as a preconditioner we have employed the
multigrid method (ML) with a linear system A+M. We used the multigrid implementation
from the PETSc library[5].

Before discussing the numerical results we shall comment on the choice of the precon-
ditioner. Let A be defined as

(Au),v) = a(uv)+ (u,27) (v,27),

with the bilinear form (11) and 27 the orthonormal basis functions of RM over Q. Using
Korn’s second inequality (see, e.g., Marsden [12]) the operator A is an isomorphism
between V = H'(Q) and its dual space. Following Mardal and Winther [8] a canonical
preconditioner for the problem (6) is then based on an operator (B (u),v) = (Vu, Vov) +
(u,v) which defines and inner product over V. However, the bounds provided by the
Korn’s inequality are not sufficiently sharp and the condition number of the preconditioned
system is about three hundred. To obtain a better conditioned system we consider an
operator
(B (u),v) =a(u,v) + (u,v).

We do not discuss spectral equivalence of operators B, B;. Instead, the relevance of the
proposed operator is illustrated numerically by computing the spectrum of a generalized
eigenvalue problem Au = ABu. The calculated spectrum of two and three dimensional
rectangular bodies is shown in Figure 4. For both domains the spectrum lies within a
narrow interval A € (0.97,1]. The upper bound can be obtained analytically. Indeed a
simple calculation shows that A = 1,u = 27 solves the eigenvalue problem. Moreover
A = 1if and only if u € RM. The condition number estimated from the calculated
spectrum is about 1.02. This establishes B~! as a suitable preconditioner for problem (8).
We note that the matrix A + M is a discretization of operator B.

The results of a convergence study for a two dimensional domain Q = [—3, %]2 are
presented in Table 1. In the tests we set traction force h equal to zero while as the
volume force we set f = (fu, f,), where f, = 4\sin2z + 8usin2x + 26y + 1 and f, =
9Asin 3y + 18usin3y — 2v/62. The volume force was purposely chosen to render the
functional L incompatible. With the compatible functional the problem (6) has a solution
u = (sin2z,sin 3y). We observed optimal convergence rate of the computed solution in
both the H' and the L?-norm.

To evaluate the performance of the method on a three dimensional problem we used

domain €2 = [—%, %}3 The surface force was identically zero while for the volume force
f = (fo, fsr f2); fo = 4\sin 22 + 8usin 22 + /6y + 1, f, = 9Asin 3y + 18usin 3y — v/6z,
f. = Asinz 4+ 2usinz — 2 was used. Again the linear form with this data was not

orthogonal to the rigid motions. After orthogonalization the problem allows solution
u = (sin 2z, sin 3y, sin z). The results of the convergence study are presented in Table 2.
Similar to the two dimensional case we observed optimal convergence rates in both norms.

10
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Figure 4: Spectrum of the generalized eigenvalue problem for the preconditioned formulation (6) of

the Neumann problem (1). (Left) Domain Q = [—1, %]2 (Right) Q = [-1, %]3 The spectrum lies in
a narrow interval bounded from above by A = 1. The dashed line indicates the first eigenvalue with

magnitude greater than 1 — 1.1073.

Table 1: Convergence study of (6) used to solve problem (1) with body @ = [—1, %]2 The first three
columns list respectively the mesh size and errors together with convergence rates in L? and H'-norms.
The norms were computed by interpolating the error into the space of discontinuous polynomials of degree
four. Due to memory requirement the last norm was computed from error represented in the same space
as the solution. This change is indicated by a horizontal line. The fourth and fifth columns indicate if
the solution is perpendicular to the kernel in the L? and I%-inner products. Finally the last two columns
list the size of the linear system and number of iterations needed to reduce the error to required tolerance

10710,

h lello lelly (un,z) 27Uy N n
442E-02 8.21E-04(1.94) 5.94E-02(1.01) 1.78E-12 5.61E-07 2178 32
2.21E-02 2.08E-04(1.98) 2.96E-02(1.00) 8.41E-13 3.84E-08 8450 38
L10E-02 5.23E-05(1.99) 1.48E-02(1.00) 2.70E-12 249E-09 33282 42
5.52E-03 1.31E-05(2.00) 7.39E-03(1.00) 1.32E-11 1.58E-10 132098 48
2.76E-03 3.28E-06(2.00) 3.70E-03(1.00) 5.55E-11 9.98E-12 526338 53
6.91E-04 2.05E-07(2.00) 9.24E-04(1.00) 8.62E-10 2.49E-13 8396802 65

We remark that in both test cases the number of iterations required for convergence of
the preconditioned conjugate gradient method grows logarithmically with the size of the
linear system. For the two dimensional case the iteration count obeys n < 4In N. In three
dimensions the count grows as n o 5In N. We observe similar growth when using ML as a
preconditioner for CG solution of the vector Poisson equation or linear elasticity equation
both considered with the homogeneous Dirichlet boundary conditions. Specifically, with
vector Poisson equation and two dimensional domain the iterations grow as n o< 3In NV,
while in three dimensions n « 2In N is observed. For linear elasticity equation the
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Table 2: Convergence study of Eq. (6) used to solve problem (1) with body Q = [—%, %]3 Notation
from Table 1 is reused.

h €T, e, O A T
2.17E-01 1.45E-02(1.63) 2.47E-01(0.95) 8.82E-13 2.80E-05 2187 34
1.08E-01 4.22E-03(1.78) 1.22E-01(1.01) 9.26E-13 2.01E-06 14739 43
5.41E-02 1.12E-03(1.91) 6.00E-02(1.02) 3.81E-12 1.13E-07 107811 53
2.71E-02 2.87E-04(1.97) 2.98E-02(1.01) 1.07E-11 5.55E-09 823875 63
1.35E-02 7.22E-05(1.99) 1.48E-02(1.01) 2.92E-12 2.56E-10 6440067 75

observed growth was n o« 8In N and n o 5In N for two and three dimensional body
respectively.

4.1 Comparison with the conjugate gradient method for solving singular lin-

ear systems

The presented results demonstrate that the studied numerical method performs opti-
mally when applied to the Neumann problem (1). In this section the method is compared
against the iterative method for solving singular linear systems from Sec. 1. For compar-
ison both methods are applied to the singular Poisson problem. We note that this test
case is less complex than problem (1). Nevertheless it sufficiently illustrates the important
differences between the methods.

In the singular Poisson problem the unknown scalar u is obtained from the equations

—Au = f in §,

12
gradu - n = h on 02, (12)

where f, h are given scalar fields representing the volume and surface forces. The problem
has a one dimensional kernel spanned by the function z = ﬁ Furthermore, the problem
is solvable only for data satisfying the compatibility condition (f,1) + (h, 1),y = 0. Here
we used (-, ), to indicate the L?-inner product over the boundary 0€).

The bilinear form a and the linear form L needed to apply (8) to (12) are defined as

a(u,v) = (gradu,gradv) and L (v) = (f,v) + (h,v)s0 (13)

for u,v € V.= H'(Q). Note that the defined L is not necessarily compatible and its
orthogonalization is to be handled by the numerical method. Finally, the space V) C
V,dim (V},) = N is constructed from the continuous piecewise linear finite elements.
Considering the problem (2) on the space V}, yields a singular linear system Au = b
with A € RY*Y and b € RY having respectively the entries A;; = (grad¢’, grad¢’) and
bj = L (¢’). The matrix A has a one dimensional nullspace whose [?>-orthonormal basis is
formed by a single vector y = \/LN The linear system is therefore solvable if and only if

yTb = 0 (see Lanczos [9]). We note that for any b such that y'b # 0, the transformation

12
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Table 3: Convergence rates of methods (6) and (2) for the singular Poisson test case with a homogeneous
triangulation of the domain. Notation from Table 1 is used. The results of method (6) are shown in the
top half of the table. In the bottom half the results of method (2) are listed. Method (6) gives optimal
convergence rates and enforces orthogonality in the L2-inner product. The convergence rate of method
(2) in the L?-norm is suboptimal. The orthogonality with respect to kernel is enforced in the [%-inner
product.

i el e, (wn?) 20 N n
4.42E-02 4.08E-04(1.98) 4.35E-02(0.99) 5.63E-13 3.26E-05 1089 13
2.21E-02 1.02E—04(1.99) 2.18E—02(1.00) 1.65E-13 8.45E-06 4225 14
1.10E-02 2.57E—05(2.00) 1.09E—02(1.00) 2.35E-14 2.15E-06 16441 14
5.52E-03 6.42E-06(2.00) 5.45E—03(1.00) 2.40E-13 5.41E-07 66049 16
4.42E-02 2.48E-02(0.95) 2.01E-01(0.96) 1.33E-03 5.73E-20 1089 12
2.21E-02 1.27E—02(O.97) 1.02E—01(O.98) 7.09E-05 2.58E-20 4225 12
1.10E-02 6.4OE—03(0.98) 5.13E—02(0.99) 1.20E-04 1.51E-19 16441 12

(0.99) (0.99)

5.52E-03  3.22E-03(0.99) 2.57E-02(0.99) 9.95E-05 1.69E-19 66049 13

b + b — yy'b yields a vector orthogonal to y. With the orthogonalized right hand side
the singular linear system can be solved by the Krylov subspace method provided that
the solver is aware of the kernel. This ensures orthogonality of the constructed Krylov
subspaces with respect to the nullspace. We shall refer to this method as method (2).

Methods (2) and (6) are compared on a singular Poisson problem (12) with domain
Q = [0,1]* and forces f = w%sinwz + n2sinwy, h = 7. Note that the chosen data
is not compatible. The unique solution of the test case is then v = sin7wx + sinmy +
5%% — % + % The resulting linear systems were solved by the preconditioned
conjugate gradient method with the multigrid method on a linear system A + M used as
a preconditioner. The stopping criterion was that the absolute magnitude of the error be
less than 1071%. For method (6) the CG and ML implementations were taken respectively
from cbe.block[14] and PETSc[13]. In method (2) both CG and ML from PyAMG][13]
were used. Due to differences in ML implementations the methods are not expected to
converge in the same number of iterations. However, the difference in iteration counts
should be (order one) small.

Table 3 shows results of a convergence test performed on a uniformly discretized mesh.
Both methods perform similarly in terms of iteration counts. Method (6) yields optimal
convergence rates in both H' and L?-norms. Moreover, orthogonality of the solution to
the kernel is enforced in the L%-inner product. Only the convergence rate in the energy
norm is optimal with method (2). The orthonormality constraint is enforced in the [?-inner
product.

Table 4 shows results of a convergence test performed on successive uniform refinements
of the mesh pictured in the right pane of Figure 3. Convergence rates by method (6)
remain optimal. Method (2) fails to converge to the true solution if vector b is modified
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Table 4: Convergence rates of methods (6) and (2) for the singular Poisson test case with a domain
triangulated as in Figure 3. Notation from Table 1 is used. The results of method (6) are shown above
the double horizontal line. The convergence rate in both norms is optimal. Below the line, the results
of method (2) are listed. The results for the right hand side made compatible with the matrix problem
are listed first. The Krylov method converges to the wrong solution. If the right hand side compatible
with the variational problem is used the solution converges linearly in the energy norm. There is no
convergence in the L?-norm.

h lello llelly (un, 2) Z'U, N n
2.21E-02  1.61E-03(1.78) 7.54E-02(0.91)  2.36E-13 1.88E-04 1621 14
1.10E-02  4.24E-04(1.93) 3.85E-02(0.97)  9.30E-14 9.61E-05 6377 16
5.52E-03  1.08E-04(1.98) 1.94E-02(0.99)  8.91E-14 4.81E-05 25297 18

(
(
(
2.21E-02 2.01E+00(-0.01) 5.12B4+00(-0.00) 1.40E+00 2.04B-17 1621 12
1.10E-02  2.01E+00(-0.00) 5.12E+00(-0.00) 1.40E400 5.67E-17 6377 16
(-0.00 (0.0

(

(

(

5.52E-03  2.01E4-00(- ) 5.12E+00 0) 1.40E400 1.23E-18 25297 15
2.21E-02  7.38E-03(0.25) 7.58E-02(0.91)  7.21E-03 9.09E-06 1621 12
1.10E-02  7.46E-03(-0.02)  3.92E-02(0.95)  7.45E-03 2.79E-06 6377 17
5.52E-03  7.53E-03(-0.01)  2.08E-02(0.92)  7.53E-03 7.72E-07 25297 16

by the [?>-projection used on the uniform mesh. Note that this is not signaled by an
increase in the iteration count. Convergence properties of the method are restored by
mapping b with (10) which represents orthogonalization of the functional L.

5 Conclusions

In this paper we have presented a method for solving the singular Neumann problem of
linear elasticity based on the symmetric positive-definite formulation of the problem. The
method takes advantage of the orthonormal basis of the nullspace which is herein obtained
by a constructive algorithm closely related to the physical nature of rigid motions. The
method has been verified by a series of numerical tests. It has been found that while
having superior convergence properties the method’s performance is similar in terms of
efficiency to the Krylov method for symmetric singular linear systems.
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SUMMARY

The Neumann problem of linear elasticity is singular with a kernel formed by the rigid motions of the
body. There are several tricks that are commonly used to obtain a non-singular linear system. However,
they often cause reduced accuracy or lead to poor convergence of the iterative solvers. In this paper, four
different well-posed formulations of the problem are studied through discretization by the finite element
method, and preconditioning strategies based on operator preconditioning are discussed. For each problem
we derive preconditioners that are independent of the discretization parameter. Preconditoners that are robust
with respect to the first Lamé constant are constructed for the pure displacement formulations, while a
preconditioner that is robust in both Lamé constants is constructed for the mixed formulation. It is shown
that, for convergence in the first Sobolev norm, it is crucial to respect the orthogonality constraint derived
from the continuous problem. Based on this observation a modification to the conjugate gradient method is
proposed that achieves optimal error convergence of the computed solution. Copyright © 2010 John Wiley
& Sons, Ltd.

Received ...

KEY WORDS: linear elasticity; rigid motions; singular problems; preconditioning; conjugate gradient

1. INTRODUCTION

The presented paper discusses numerical techniques for solving the singular problem of linear
elasticity. Let Q C R3 be the body subjected to volume forces f: Q2 — R? and surface forces
h : 9Q — R3. The body’s displacement u : £ — R is then found as a solution to

—V.o(u)=f in €,
o(u) =2pe(u) + MV - u)I in €, (1)
o(u)-n=nh on 01,

with g > 0, A > 0 the Lamé constants of the material, I the identity matrix, e(u) = 1 (Vu + (Vu)")
the strain and n the outward-pointing surface normal, see [1]. The system is used extensively in
structural analysis [2], and is relevant in numerous applications for, e.g., marine engineering [3],
biomechanics of brain [4], spine [5] or the mechanics of planetary bodies [6].

Due to the absence of a Dirichlet boundary condition that can anchor the body (coordinate system)
in space, the problem can be solved if and only if the net force and the net torque on {2 are zero, i.e.,
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the forces f, h satisfy the compatibility conditions

/fdx—l—/ hds =0,
Q oQ

/fxa:dm+/ hxxzds =0.
Q Gle)

With such compatible data the now solvable (1) is singular as any rigid motion can be added to
the solution. We note that the space of rigid motions z : Q — R? such that €(z) = 0, consists of
translations and rigid rotations and for a body in 3d the space is six-dimensional.

The ambiguity of the solution of (1) can be removed by adding constraints by means of Lagrange
multipliers which enforce that the solution is free of rigid motions. When discretized, this approach
yields an invertible saddle point system. Alternatively, discretizing (1) directly leads to a symmetric,
positive semi-definite matrix with a six dimensional kernel. If (2) holds, such a system can be solved
by the conjugate gradient (CG) method [7]. Finally, a common approach (here termed pinpointing)
in engineering literature, e.g. [3], is to remove the nullspace by prescribing the displacement in
selected points of 9f2.

In this work we focus on analysis of the Lagrange multiplier method and the conjugate gradient
method for the singular problem (1). Well-posedness of both the methods is discussed and efficient
preconditioners are established based on operator preconditioning [8]. Further, connections between
the two methods and the question of whether they yield identically converging numerical solutions
are elucidated.

The manuscript is structured as follows. In §2 the necessary notation is introduced and
shortcomings of pinpointing and CG are illustrated by numerical examples. Section 3 discusses
Lagrange multiplier formulation and two preconditioners for the method. Section 4 deals with the
preconditioned CG method and two preconditioners are proposed. Further, it is revealed that if
the variational origin of the discretized problem is ignored, the method, in general, will not yield
convergent solutions. A variational setting is introduced to modify the CG to yield a convergent
method. Section §5 discusses well-posedness and preconditioning of an alternative formulation of
(1). The proposed formulation leads to a symmetric, positive definite linear system. In §3-5 we
assume that A\ and p are of comparable magnitude in order to put the focus on proper handling of
the rigid motions. In §6 we consider the case where A > u. The focus here is on a well-known
and simple technique to remove the problems of locking, namely the mixed formulation of linear
elasticity. This formulation yields robust approximation and preconditioning in A when care is taken
of proper handling of the rigid motions. Finally, conclusions are drawn in §7.

@)

2. PRELIMINARIES

Let V' be the Sobolev space of vector (or scalar or tensor) valued functions, which, together with
their weak derivatives of order one, are in space L?(f2). We denote (-,-) the L? inner product
of functions in V' while ||| is the corresponding norm. The standard inner product of V is
(u,v)1 = (u,v) + (Vu, Vv), u,v € V and ||-||; shall be the induced norm. For any Hilbert space
V its dual space is denoted as V'’ and we use capital or calligraphy letters to denote operators, e.g.
A:V=>V'orA: (VxV)— (Vx V). Finally, (-,-) is the duality pairing between V' and V.

The space R" is considered with the /2 inner product x'y = z;y; (invoking the summation
convention), x,y € R™ and the norm |x| = v/x"x. For clarity of notation bold fonts are used to
denote vectors and operators(matrices) in R™ that represent functions and operators from finite
dimensional finite element approximation space V;, C V with respect to its nodal basis {¢;}1_,. The
representations are obtained by mappings , : Vj, — R” (the nodal interpolant) and pj, : V] — R”
such that forv € Vj,, f € V)

v=(mpv)i¢; and (unf)i = (f, bi)- (3)
We refer to [8, ch 6.] for a detailed discussion of the properties of the mappings, e.g. invertibility,
and note here that M : Vj, — V}/ is represented by a matrix M = p, M7, '. In particular, the

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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mass matrix M, M;; = (¢;, ¢;) represents the Riesz map with respect to the L?-inner product,
(Mu,v) = (u,v), u € V3. On the other hand the duality pairing between V;, and V}, is represented
by the I inner product (f,v) = f'v, f = u;f. We remark that for V}, set up on a sequence of
non-uniformly refined triangulations of €2, the {? inner product u'v may not provide a converging
approximation of (u,v) and the distinction between the two becomes crucial for the construction of
converging methods.

Finally, Korn’s inequalities on V' = [Hl(Q)}S and Z+t ={veV;(v,2)=0,2€ Z}, Z={v e
V;e(v) = 0} are invoked, see [9, thm 2.1] and [9, thm 2.3]. There exist a positive constant C' = C'(2)
such that

Cllullf < lle(@)|” + [lul* we V. ©)

and
Cllull? < le(w)]| uwe z*. (5)

To motivate our investigations, we present three numerical examples which discuss performance
of CG and pinpointing for solving (1). That the pinpointing can be a suitable method for treating a
singular problem is shown in the first example which considers the Poisson problem with Neumann
boundary conditions. However, the method in not a cure-all as the second example shows that it
does not work well for (1). In the third example, the singular elasticity problem is therefore solved
with preconditioned CG. The employed preconditioner ignores the rigid motions leading to lack of
convergence and unbounded iterations.

Bochev and Lehoucq [10] report an increase in iteration count due to pinpointing for a non-
preconditioned CG in the context of singular Poisson problem. However, Krylov methods are in
practice rarely applied without a preconditioner. For this reason, Example 2.1 solves the singular
Poisson problem in two and three dimensions by means of pinpointing and a preconditioned CG,
where algebraic multigrid (AMG) from the Hypre library [11] is used as a preconditioner. We will
see that the preconditioned method yields convergent numerical solutions without increasing the
iteration count.

Example 2.1
We consider 2 = [0,1]%, d = 2,3 and the singular Poisson equation

—Au=f in Q,
Vu-n=0 ond,

with unique exact solution obtained by subtracting its mean value [Q ' Joudz from a
manufactured u. The value of the exact solution is prescribed as a constraint for the degree of
freedom at the (bottom) lower left corner of the domain, which is triangulated such that the
computational mesh is refined towards the origin.

To discretize the system continuous linear Lagrange elements’ from the FEniCS library [12] were
used. The resulting linear system was solved by the preconditioned CG method implemented in the
PETSc library [13], taking Hypre AMG with default settings as a preconditioner. The iterations were
started from a random initial guess and a relative preconditioned residual magnitude of 10~*! was
required for convergence.

The number of iterations together with error and convergence rate based on the H' norm are
reported in Table I. Pinpointing yields numerical solutions u;, that converge with optimal rate. The
number of iterations is bounded.

Following the performance of pinpointing in the singular Poisson problem, the same approach is
now applied to (1) in Example 2.2. Here, we will observe that fixing the solution datum in vertices of
the mesh leads to slightly increased iteration counts. More importantly, we will see that the method
in general does not yield converging solutions.

fUnless stated otherwise continuous linear Lagrange elements (P;) are used to discretize all the presented numerical
examples.

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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Table 1. Convergence of the pinpointing approach for the singular Poisson problem.

d=2 d=3
size Hu—uhHl # size ||u—uh||1 #
40849 2.49E-01 (1.00) 11 | 12347 2.72E+00 (1.22) 10
162593 1.25E-01 (1.00) 11 | 92685 1.36E+00 (1.01) 11
648769 6.23E-02 (1.00) 11 | 718649 6.78E-01 (1.00) 12
2591873  3.11E-02 (1.00) 12 | 5660913  3.39E-01 (1.00) 12

Example 2.2

We consider the singular elasticity problem (1) with p = 384, A = 577 and 2 obtained by rigid
deformation of the box [—%,%] x [=1,1] x [—1, 1]. The box was first rotated around z, y and z
axes by angles 7, 7 and ¢ respectively. Afterwards it was translated by the vector (0.1,0.2,0.3).
The unique exact solution is obtained by orthogonalizing u = (sin Tz, 2%, —y) with respect to the
rigid motions of 2 where the orthogonality is enforced in the L? inner product. The solution is
pictured in Figure 1. We note that in this example a uniform triangulation is used.

To obtain from (1) an invertible linear system, the exact displacement was prescribed in four
different ways, cf. Table II below. (30) constrains six degrees of freedom in three corners of the
body such that in i-th corner there are ¢ components prescribed. This choice is motivated by the
dimensionality of the space of rigid motions, cf. [3]. The fact that fixing three points in space is
sufficient to prevent the body from rigid motions motivates (1>) where all three components of
displacement are prescribed on vertices of a single triangular element on 0f2. However, with mesh
size decreasing this constraint effectively becomes a constraint for a single (mid)point. Thus in (3>)
the displacement in three arbitrary triangles is fixed. Finally in (3e) the displacement is prescribed
in three corners of the body.

The iterative solver used the same tolerances and parameters as in Example 2.1. In particular,
default settings of the multigrid preconditioner were utilized and the iterations were started from
random initial vectors.

The number of iterations together with error and convergence rates based on the H' norm are
reported in Table II. Note that all the considered pinpointing strategies lead to moderately increased
iteration counts. The increase is most notable for (1), which effectively constrains a single point
as the mesh is refined. On the other hand, strategies (3>) and (3e), that always constrain all three
components of the displacement in at least three points, yield the slowest growth rates. However,
neither strategy yields convergent numerical solutions. In fact, the numerical error can often be seen
to increase with resolution.

Table II. Convergence of the pinpointing approach for the singular Poisson problem.

size 30 1> 3> 3e

Tu—up [l # [ lu—unlh # ] Tu—unlh # | Tu—unlh #
2187 6.69E-02 (-0.02) 30 | 1.01E-OI1 (-0.70) 32 | 2.82E-02 (0.88) 24 | 2.89E-02 (0.99) 25
14739 1.27E-01 (-0.92) 35 | 9.61E-01 (-3.25) 40 | 1.08E-02 (1.38) 28 | 1.35E-02 (1.10) 29
107811 | 2.57E-01 (-1.02) 36 | 7.89E+00 (-3.04) 48 | 1.72E-02 (-0.66) 31 1.08E-02 (0.31) 32
823875 | 5.17E-01 (-1.01) 41 | 6.36E+01 (-3.01) 54 | 3.96E-02 (-1.21) 33 | 1.82E-02 (-0.75) 35

In the final example a preconditioned CG method will be applied to solve the singular elasticity
problem with data such that the compatibility conditions (2) are met. Based on whether or not the
components of the kernel are removed from the converged vector, we will see that the method yields
convergent/divergent numerical solutions. We will also see that the iteration counts are not bounded.

Example 2.3

We consider again the problem from Example 2.2. As the data satisfy (2), the discrete linear system
is solvable and amiable to solution by the preconditioned CG method. The mass matrix is added
to the singular system matrix in order to obtain a positive definite matrix in the construction of
the preconditioner based on AMG. We consider two cases where the converged vector is either
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ON THE SINGULAR NEUMANN PROBLEM IN LINEAR ELASTICITY 5

Figure 1. Computational domain (blue) deformed by exaggerated(4x) analytical displacement used in the
numerical examples. The deformed body is colored by the magnitude of the displacement.

postprocessed by removing from it the components of the nullspace or no postprocessing is applied.
We note that in this example the iterations are started from a zero initial vector and the relative
tolerance of 1071 is used as a convergence criterion.

The number of iterations together with error and convergence rates based on the H' norm are
reported in Table I1I. We observe that the method yields convergent solutions only if postprocessing
is applied. This is expected as the current preconditioner introduces components of the nullspace
into the solution even if the iterations are started from a right hand side and initial vector (here
zero) that are orthogonal to the kernel. We note that in exact arithmetic, the CG method without
preconditioner will maintain orthogonality. We further observe that the choice of preconditioner
leads to unbounded iteration counts.

Table III. Convergence of the preconditioned CG method with positive definite preconditioner for the
singular elasticity problem.

kernel removed kernel not removed
lu — uplly # [ u—unllx #
14739 1.14E-02 (1.09) 34 | 4.01E-02(-0.12) 22
107811 5.49E-03 (1.06) 22 | 5.02E-02(-0.32) 34
823875 2.71E-03 (1.02) 78 | 5.51E-02(-0.13) 53
6440067 | 1.35E-03 (1.00) 150 | 5.18E-02 (0.09) 150

size

Examples 2.1-2.3 have illustrated some of the issues that might be encountered when solving the
singular problem (1) with the finite element method. In particular, the following questions may be
posed: (i) What is the cause of the poor convergence properties of pinpointing? (ii) What should be
the optimal preconditioner for CG? (iii) What should be the optimal preconditioner for the Lagrange
multiplier formulation?

With questions (ii) and (iii) answered in detail in the remainder of the text let us briefly comment
on the first question. As will become apparent, the singular problem with a known kernel, such as
(1), possesses all the information necessary to formulate a well-posed problem and a convergent
numerical method. In this sense, coming up with a datum to be prescribed in the pinpointed nodes
is theoretically redundant, but usually required for implementation. Further, as pointed out in [10]
there are stability issues with prescribing point values of H' functions for d > 2. However, we

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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6 M. KUCHTA ET AL.

note that we have not explored settings of Hypre AMG that could potentially improve convergence
properties of the method in Example 2.2.

3. LAGRANGE MULTIPLIER FORMULATION

LetZCV = [H 1((2)} ® denote the space of rigid motions of 2, m = dim Z. For compatible data
a unique solution u of (1) is required to be linearly independent of functions in Z. To this end a
Lagrange multiplier p € ), @ = R™ is introduced which enforces orthogonality of « with respect
to Z. The constrained variational formulation of (1) seeks v € V,p € @ such that?

2u(e(u), e(v)) + MV -u, V- v) — pg(v, 21) = (f,v) + (h,v) vev,

6
—qr(u,qr) =0 q€Q, ©

for some basis vectors z, € V, Z = span{z; }}"_,. Equation (6) defines a saddle point problem for
(u,p) € W, W =V x Q satisfying

)= ) 6)=0) "

where b € V' such that (b, v) = (f,v) + (h,v) and operators A : V — V', B: Q — V' are defined
in terms of bilinear forms

a(u,v) =2u(e(u),e(v)) + AM(V -4, V-v) and bu,q) = qr(u, q) )

as (Au,v) = a(u,v) and (Bgq, u) = —b(u, q). We note that in (7) operator B’ is the adjoint of B.
Existence and uniqueness of the solution to (7) follows from the Brezzi theory [14], see also [15,
ch 3.4]. The proof shall utilize the inequalities given in Lemma 3.1.

Lemma 3.1
Let w € V and w(u) be the skew symmetric part of the displacement gradient Vu and u,,v, € V
the rigid rotations around vectors x,y € R3. Then

el < [[Vul| and [lw(w)|| < [[Vul, (%a)
IV - ul < V3| Vul], (9b)
(w(u),w(©)) = 3(V xu,V xv), (9c)
(Vug, Vuy) =2|Q|zy. (9d)

Proof

Inequalities (9a) follow from the orthogonal decomposition Vu = €(u) + w(u). Inequalities (9b)
and (9c) follow from the definitions of the terms and the Young’s inequality. Finally (9d) is a special
case of (9a) and (9c¢). I

Theorem 3.1
Let f, h such that b € V’. Then there exists a unique solution u € V', p € Q of (7).

Proof
We proceed by establishing the Brezzi constants. First, the bilinear form a is shown to be bounded
with respect to the ||-||;. Indeed, by Cauchy-Schwarz inequality and inequalities (9a), (9b)

a(u, v) = 2u(e(u), €(v)) + A(V - u, V- v) < 2plle(u)|[le(w) ]| + AV - ul[[V - o]

<
< 2p+3N[Vol[[Vul < aflulf1[vf]:-

*Note that (h, v) is to be understood as the L? inner product over &9
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ON THE SINGULAR NEUMANN PROBLEM IN LINEAR ELASTICITY 7

with a* = 2\ + 3. Ellipticity of a on Z+ = {v € V;(v,2) =0,z € Z} = {v € V;b(v,p),p € Q}
follows from Korn’s inequality (5). Since A > 0 by assumption

a(u,u) = 2plle(u)|[* + AV - ul® = 2ulle()]|* > o ulf,

with a, = 2uC and C = C(Q) the constant from (5). To verify boundedness of b let G € R™*™
be the Gram matrix of the basis of Z with entries G;; = (2;, z;). By assumption of complete basis
of Z, G is a positive definite matrix. Further G = G" and we let 0 < A, < A* be, respectively, the
smallest and largest eigenvalues of GG. Then

b(v,p) = (v, przr) < l[olllprzel < VA |lvll1lp|

and b is bounded with constant 5* = v/ A*. Finally, we show that the inf-sup property of b is satisfied.
By (9d)
(Pr2k, Pizi) p' Gp

Ipizill \/p"Gp +2/QJp" Dp’

with D € R™*™ a block diagonal matrix D = diag(I, R) and R € R**3 such that R;; = e; e, for
axes of rigid rotations e;. Denoting C' the largest eigenvalue of the symmetric positive definite
generalized eigenvalue problem for matrices D and G we have

sup 2 2 Ipl = B.Ipl-
vev [|vlly 1+2[Q[C 1+2[Q[C

Y

b(v,p)
sup
vev vl

O

We remark that Theorem 3.1 implies that the operator A : W — W’ from (7) is an isomorphism.
In particular, conditions (2) need not to hold for there to exist a unique solution of (6).

In order to find the solution of the well-posed (7) numerically, conditions from Theorem 3.1
must hold with discrete spaces V;, C V, Qp C @, see [16] or [15, ch 3.4]. Note that )}, = @ in the
case studied here. Typically, satisfying the discrete inf-sup condition presents an issue and requires
choice of compatible finite element discretization of the involved spaces, e.g. Taylor-Hood or MINI
elements [17] for the Stokes equations. For the conforming discretization V3, C V the following
result shows that the discrete inf-sup condition holds.

Theorem 3.2
Let V;, C V and b the bilinear form defined in (8). Then there is a constant 3, independent of h such

that sup ¢y, bvp) > g ).

vl

Proof

Since the continuous inf-sup condition holds the statement follows from Fortin’s criterion [16] and
we shall construct Fortin’s projector IT : V' — V}, such that ||TTu||; < C||ul|; with C independent of
h and b(u — u, q) = 0 for any ¢ € Q},. For given u € V' we consider u;, = ITu € V), the satisfies

2u(e(up), €(v)) + MV -up, V- v) + (up,v) = 2u(e(u),e(v)) + M(V-u, V-v) + (u,v) v € V.

Then, testing the equation with z, € V}, an interpolant of z € Z in V},, gives (u — up, z,) = 0 and
in turn b(u — Mu, ¢) = 0. Moreover by Korn’s inequality (4)

2p(€(un), €(un)) + AV - un, V- up) + (un, un) = 2p(e(un), €(un)) + (un, un)
> Cmin(2u, 1)lup || = cllun]?,
while the estimate
2p(e(u), €(un)) + MV - u, V-up) + (u,up) < max(2p + 3, 1) ||ully[lunlly = Cllull1]jus|ly
follows from (9a), (9b). Thus [[up |1 < €||ull; and the projector is bounded. O

- C
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8 M. KUCHTA ET AL.

Following Theorems 3.1, 3.2 and operator preconditioning [8, 18] the Riesz map B; : W/ — W
with respect to the W inner product (u, v); + p'q with (u,p), (v,q) € W

-1
B = (H I> s H:V—)V/, <Hu,’U>:(’U,,U)1 and IZQ%Q,IZ‘J‘Z(SZ‘J‘, (10)

defines a preconditioner for discretized (7) whose condition number is independent of h. This
follows from Brezzi constants in Theorems 3.1, 3.2 being free of the discretization parameter.
However the constants depend on the skewness of the basis of Z and material parameters. To remove
the former dependency, an orthonormal basis of the space of rigid motions shall be constructed.

3.1. Construction for orthonormal basis of rigid motions

Consider a unit cube 2 = [—1 1] centered at the origin. Denoting e;, ¢ = 1, 2, 3 the canonical unit

202
vectors the set
Zgp = {e1,ea,e3,x Nep,w Nea, v Aeg}

constitutes an orthonormal basis of the rigid motions of Q with respect to the L? inner product.
Clearly, the basis for an arbitrary body can be obtained from Zsp by a Gram-Schmidt process.
However, we shall advocate here a construction derived from physical considerations. The
construction was originally presented by the authors in [19].

Lemma 3.2
Let ¢ = || "' (z, 1) be the center of mass of €, I, the tensor of inertia [20, ch 4.] of € with respect
toc

IQ:/I(x—c)T(x—c)—F(a:—c)@(;v—c)dx
Q
and (\;,v;), @ = 1,2, 3 the eigenpairs of the tensor. Then the set

Za = {|Q] Fv1, | Fa, [ Fos, A (T — €) Avp, Ay (@ — €) A v, Ag' (z — ¢) Aws} (11)

is the L? orthonormal basis of rigid motions of ).

Proof

Note that by construction I, is a symmetric positive definite tensor. Thus A\; > 0 and there exists
a complete set of eigenvectors v; v; = 0;;. We proceed to show that the Gram matrix of the
proposed basis is an identity. First (v;,v;) = |2|d;; by orthonormality of the eigenvectors. Further,
for ((x — ¢) A v;,v;) = (v; Avj, (x — ¢)) and in the nontrivial case ¢ # j the product is zero since ¢
is the center of mass. Finally ((z — ¢) A v;, (z — ¢) Av;) = v;"Iqu; = Aidij. O

We remark that the rigid motions of the body are in the constructed basis given in terms of
translations along and rotations around the principal axes of the tensor that describes its rotational
kinetic energy.

Note also, that the construction can be generalized to yield an orthonormal basis with respect to
different inner products. In particular, let Z;, = span{z;};"; C V4 be functions approximating Z.
For uy, € V3, let u = m,u be a coefficient vector in the nodal basis of V;,. The {2 orthonormal basis
of Zj, can be created using Lemma 3.2 by replacing (u,v) with u'v. The differences between the
bases are shown in Figure 2 where the defining principal axes of the L? and [? orthonormal basis of
rigid motions are drawn. If 2 is uniformly triangulated the bases are practically identical. However,
the 12 basis changes in the presence of a non-uniform mesh refinement.

The assumption of orthonormal basis in (6) modifies the Brezzi constants in Theorem 3.1 (and
Theorem 3.2). More specifically the Gram matrix of Z becomes identity and 5* = 1 while £, newly
depends only on the domain size. In turn, if (6) is considered with the orthonormal basis of the space
of rigid motions, then B; (see (10)) is a suitable preconditioner for (7) with a condition number
dependent only on the geometry and material parameters.

To address the dependence on material parameters, we shall at first assume that ;4 and A are
comparable in magnitude. The case A > p is postponed until §6.

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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ON THE SINGULAR NEUMANN PROBLEM IN LINEAR ELASTICITY 9

Figure 2. Computational domains considered in the numerical examples for linear elasticity are obtained by
uniformly refining the parent mesh. (Left) Parent is close to uniformly triangulated. (Right) The parent mesh
is refined near a single edge of the domain. The blue and red arrows indicate the principal axes of the tensor

Iq, cf. Lemma 3.2, defined using the L2 and (2 inner products. Axes are drawn from the center of mass

computed using the respected inner products. Only the L? basis is stable upon change of triangulation from
uniform (left) to nonuniform (right).

3.2. Robust preconditioning of the singular problem

Parameter robust preconditioners for the Lagrange multiplier formulation of the singular elasticity
problem (6) can be analyzed by the operator preconditioning framework of [8]. The preconditioners
are constructed by considering (7) in parameter dependent spaces, e.g. [21], which are equivalent
with V' as a set, but the topology of the spaces are given by different, parameter dependent, norms.
Two such norms leading to two different preconditioners are constructed next.

Let {25 }7, be the L? orthonormal basis of the space of rigid motions of . Bilinear forms (-, -) g,
(+,-)a over V are defined in terms of A from (7) and operators Y : V — V', M : V — V' as

<Yua U> = (u7 Zk)(vv Zk?)a (ua U)E = (Au,v) + <Yua ’U>, (12)
(Mu,v) = (u,v), (u,v)pr = (Au,v) + (Mu, v).
The forms (12) define functionals ||-|| z and ||-||as over V such that
lulleg = V(u,w)g and |ullp = v/ (u,w) . (13)

Lemma 3.3
Let |||z and ||-]| »s be the functionals (13). Then ||-||z and ||-||as define norms on V' equivalent with
the H' norm.

Proof

From an orthogonal decomposition of u €V, u=wu— (u,z;)zx + (u, 2x)z, N0 Uzl =u —
(u,21)2 € Z+ and uy = (u, zx)zx € Z it follows that ||ul|2, = |[ul|% + |luz.||?. Together with
Lemma 3.1 we thus establish

lullf < llulldy < 20+ 33+ D)ullf.
To complete the equivalence, let C = C(2) be the constant from Korn’s inequality (4). Then
lullr = 2ulle()ll* + flull® = cllullf,

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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10 M. KUCHTA ET AL.

with ¢ = C' for 2p > 1 and ¢ = 2uC otherwise. Finally, for equivalence of the F-norm, the Korn’s
inequality for u € Z=, see (5) also Theorem 3.1, yields

lulls = 2ulle()l* + AV - u]|* > 2uCull?
with C' = C(£2), while from (9d) in Lemma 3.1

1
2 _ 2 _ 2
ey = Nl = gy
foru € Z. Thus E and H'! norms are equivalent on Z+ and Z respectively. The proof is completed
by observing that uz and u . are orthogonal in the F inner product

lullf = 2plle(uz)I* + AV - ugze|I* + fuzl* = 2uClluz. | + luzl¥

_1
1+ 2]

> c(lluzs |7 + lluzll?),

¢ =min(2uC, (14 2/Q))~"), while for the H! inner product ||u||2 < 2(||uy.|? + ||luz||?) holds.
Thus [ul|% > §|lul|f, foru e V. O

Using equivalent norms of V' from Lemma 3.3 we readily establish equivalent norms for the
product space W =V x Q

lwlle = (w,p)lz = \/lulf +p7q¢ and |lwla = [I(u,p)llar = \/luli, +p7¢ (A4

and consider as preconditioners for (7) the operators Bg : W/ — W and By, : W/ — W

1

1 _
BE:<A+Y 1) and BM=<A+M 1) . (15)

Note that the mappings (15) are the Riesz maps with respect to the inner products which induce
norms (14). We proceed with analysis of the properties of Bg.

Theorem 3.3

Let {z}7, be the L? orthonormal basis of the space of rigid motions of 2, A: W — W’ from
(7) and W the space W considered with ||| g norm (14). Then A : Wg — W is an isomorphism.
Moreover the Riesz map Bg : W, — Wg in (15) defines the canonical preconditioner for (7).

Proof
We shall show that the first assertion holds by establishing the Brezzi constants. Recall the definition
of the bilinear form « given in (8). Then, by the Cauchy-Schwarz inequality and (9a) in Lemma 3.1,

the inequality a(u, v) < y/a(u,u)y/a(v,v) holds. In turn
a(u,v) < va(u,u)V/a(v,0) < va(u,u) + (u, 2) (u, z) VVa(v,0) + (v, 2) (v, 21) = |[ull gllvl| &

and a is bounded with respect to E norm with a constant o* = 1. Further (u, z,) = 0 for u € Z=+.
Hence a(u,u) = a(u,u) + (u, 2z )(u, 2;) = ||ul|% and the form is E elliptic on Z+ with constant
a® = 1. To compute the boundedness constant of the form b, the orthogonal decomposition u =
uz +uge is used together with equality (p;z;,p;2;) = |p|*> which is due to orthonormality of the
basis of the space of rigid motions. In turn

b(u, q) = ar(u, zt) = (uz, qezr) < lluzlllgezrll = vValu,w) + (u, zi)(u, z2)p| = [|ul| 2lp|
We have 5* = 1. Finally, 8, = 1 in the inf-sup property
. 2
sup b(“aQ) > (pkzkapzzl) > |p|
wev |[ullE \/a(pkzk,pizi) + (Pr2k, pizi) \/0 + |p|?

As all the constants are independent of material parameters, the second assertion follows from the
first one by operator preconditioning [8, ch 5.]. O

= |p|.
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Using Theorem 3.3 it is readily established that the condition number of the composed operator
BrpA: W — W is equal to one. We further note that discretizing operator By leads to discrete
nullspace preconditioners of [22, ch 6.].

While the spectral properties of B are appealing, the preconditioner is impractical. Consider
B as a matrix representation of the Galerkin approximation of Bg in W;, C W. Then Bg =
diag(A + YYT,I)_1 where Y = R"*"™  y, = col, Y = mp2; and z, € V}, is the basis function
of the space of rigid motions. Due to the second (nonlocal) term the matrix A + Y'Y is dense.
Further, as shall be discussed in §4, inverting the operator requires computing (the action of) the
pseudoinverse of the singular matrix A. The mapping By, on the other hand, leads to a more
practical preconditioner.

Theorem 3.4

Let 2 > 1, {zk}}cnzl be the L2 orthonormal basis of the space of rigid motions of 2, A: W —
W’ defined in (7) and W), defined analogically to Theorem 3.3. Then A: Wy — W}, is an
isomorphism. Moreover the Riesz map Bjs: W}, — Wi in (15) defines a parameter robust
preconditioner for (7).

Proof
As in the proof of Theorem 3.3 we establish that a(u, v) < ||u||a||v]| g and b(v, p) < ||v||llprzk]l <
lvllarlpl. Setting v = pyz), orthonormality of the basis yields inf . sup ¢y % > 1. For M

ellipticity of a on Z1, assume existence of C = C(Q) such that ||u||? < C|le(u)||? for u € Z+.
Then on Z+

[ull* < Clle(u)|* < Culle()|* < C@ulle(u)|* + AIV - ul®) = Cllull

and
lullir = llullf + lull? < (C + 1)ull

so that a(u,u) = |lul% > (1 + o)t ||u||3,. Finally we comment on the assumption of existence of
the constant C. Assume the contrary. Then there is u € Z+ such that ||e(u)|| = 1, ||w(u)|| = 0 and
the ||u|| unbounded. However, such u violates Korn’s inequality (5). O

We remark that Theorem 3.4 required an additional assumption 2p > 1. The assumption is not
restrictive as it can be always achieved by scaling the equations such that the inequality is satisfied.
Note also that the discrete preconditioner based on B}, is such that B v = diag(A + M, I), with
M the mass matrix. The system to be assembled is therefore sparse.

Following Theorem 3.4 the condition number of the preconditioned operator By, A: W — W
depends solely on the constant C' from Korn’s inequality (5). An approximation for the constant is

provided by the smallest positive eigenvalue /\n+1in of the problem

(6 )G (" ) 6)

In Table IX, Appendix A, the constant has been computed for two different domains; a cube from
Example 2.2 and a hollow cylinder. In both cases C' ~ 1 can be observed.

In order to demonstrate h robust properties of By, the problem from Example 2.2 is discretized on
Vi, C V and the resulting preconditioned linear system is solved by the minimal residual (MinRes)
method [23]. Here the approximation of the preconditioner is provided by an algebraic multigrid
(AMG), leading to the discrete operator

By, — <AMG(A + M) I> .

The saddle point system was assembled and inverted using cbc.block, the FEniCS library for block
matrices [24]. The results of the experiment are presented in Table V. Clearly, the number of
iterations required for convergence is independent of the discretization. Moreover, the method yields
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numerical solutions which converge in the H' norm with the optimal rate® on both the uniform and
nonuniform meshes, cf. Figure 2.

A drawback of the Lagrange multiplier formulation is the cost of solving the resulting indefinite
linear system. Let us denote « the condition number of an indefinite matrix A. Under simplifying
assumptions on the spectrum [25, ch 3.2] gives the following bound on the relative error in residual

T, at step n
_ Ln/2]
Iral g (=1 :
lro] = \k+1

The result should be contrasted with a similar one for the error e,, at the n-th step of CG method on
positive definite matrix A, e.g. [26, thm 38.5],

enTAen<2 VE—1 n.
T~ \WE+1
While the above estimates are known to give the worst case behaviour of the two methods, the

faster rate of convergence of CG motivates investigating formulations of (1) to which the conjugate
gradient method can be applied.

4. CONJUGATE GRADIENT METHOD FOR DISCRETE SINGULAR PROBLEMS

We consider a variational formulation of (1) foru € V = [H'(Q)] ® such that
2u(e(u), e(®)) + NV -0,V -0) = (£,0) + (hyv) v eV (16)

Denotinga : V x V — R, 1 : V' — R the bilinear and linear forms defined by (16), we note that the
problem is not well-posed in V. Indeed, the compatibility conditions (2) restrict the functionals for
which the solution can be found to I € Z° = {f € V';(f,2) = 0,z € Z}. Moreover, only the part
of in Z* is uniquely determined by (16). More precisely we have the following result.

Theorem 4.1
Let ! € Z°. Then there exists a unique solution of the problem

Find u € Z such that for any v € Z* it holds that a(u,v) = (I, v). 17)
Proof
The complete proof can be found as Theorem 11.2.30 in [27]. Note that boundedness and ellipticity
of a on Z* with ||-||; are proven as part of Theorem 3.1. O

We remark that if (2) holds then u € Z* solves (17) if and only if (u,0) solves the Lagrange
multiplier problem (7). Further, the well-posed variational problem (17) is not suitable for
discretization by the finite element method as the approximation leads to a dense linear system.
A sparse discrete problem to which the conjugate gradient method shall be applied is therefore
derived from (16).

Recall m = dim Z, n = dim V}, and let V}, = span {¢; }"_;. Discretizing the variational problem
(16) leads to a linear system

Au=b, (18)

where A € R™*™ such that A;; = a(¢;, ;) and vector b € R", b; = (I, ¢;). Note that we shall
consider (18) for a general right hand side, that is, not necessarily a discretization of [ € Z°. We
proceed by reviewing properties of the discrete system.

Due to symmetry and ellipticity of the bilinear form a on Z' there exists respectively m
vectors z; and n — m eigenpairs (v;,u;), v; > 0 such that Az, =0, z;'u; =0, Au; = v;u; and

§We recall that V, is constructed from continuous linear Lagrange elements
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Table IV. Preconditioned CG iterations on (18) obtained by discretization of (16) with problem parameters as

in Example 2.2 and two preconditioners. Both systems are solved with relative tolerance of 101, Uniform
mesh is used.

P.AMG(A + M) AMG(A|Z)
Tu—uplh # tme[s] | [Ju—upllt #  time [s]
14739 [.14E-02 (1.09) 22 0.491 1.14E-02 (1.09) 21 0.537
107811 5.49E-03 (1.06) 23 10.17 5.49E-03 (1.06) 23 10.96
823875 2.71E-03 (1.02) 24 1035 2.71E-03 (1.02) 25 86.51
6440067 | 1.35E-03 (1.00) 26 1580 1.35E-03 (1.00) 26 9119

size

u; 'u; = 4;;. From the decomposition of A it follows that the system (18) is solvable if and only if
zy'b = 0 for any % and the unique solution of the system is u € span {u;};~"". We note that the
last statement is the Fredholm alternative for (18). As a further consequence of the decomposition
it is readily verified that given compatible vector b, the solution of (18) is u = B 4b with B 4 such
that Byy =5, v~ (w;"y) u;. The matrix B 4 is the pseudoinverse [28] or natural inverse [29, ch
3.]of A.

We note that any vector from R"™ can be orthogonalized with respect to the kernel of A by a
projector Pz = I — ZZ", where Z € R™*™ is the matrix consisting of /2 orthonormal basis vectors
of the kernel.

With b such that Z™b = 0 the solution u of linear system (18) can be computed by the conjugate
gradient method, e.g. [30]. Let u® be the starting vector for the iterations. Then, assuming exact
arithmetic and no preconditioner, the method preserves the component of u’ in Z, i.e. Z'u® = Z"u.
In particular, Z'u® = 0 is required to obtain a solution orthogonal to the kernel. On the other
hand, let B be the CG preconditioner. Then the iterations introduce components of the kernel to
the solution even if Z™u® = 0, unless the range of B is orthogonal to Z.

4.1. Preconditioned CG for singular elasticity problem

A suitable preconditioner for (18) is obtained by a composition with the P, projector and we
shall consider By = Pz (A + M)_1 where M is the mass matrix. That the preconditioner leads
to bounded iteration count (and converging numerical solutions) is demonstrated in Table IV,
cf. left pane. The preconditioner is also compared with a different preconditioner based on the
approximation of the pseudoinverse B 4. The approximation can be constructed by passing a kernel
of the operator to the multigrid preconditioner, in the form of the [? orthonormal basis vectors, see
[13]. Note that the preconditioners perform similarly in terms of iteration count, however, for large
systems the pseudoinverse is cheaper.

We remark that in terms of operator preconditioning, the preconditioner based on the
pseudoinverse can be interpreted as a Riesz map Z° — Z* defined with respect to the inner product
induced by the bilinear form a. Recall that @ is symmetric and elliptic on Z+. On the other hand
B approximates a mapping Z° — V — Z+.

Having established preconditioners for the indefinite system stemming from the Lagrange
multiplier formulation (7) and the positive semi-definite problem stemming from (16), we shall
finally discuss approximation properties of the computed solutions. To this end the problem from
Example 2.2 is considered with f perturbed by rigid motions. Note that with the new functional [ the
problem (7) is well-posed while in (18) a compatible right hand side b will be obtained by projector
P.

Results of the experiment are listed in Table V. The Lagrange multiplier method converges with
an optimal rate on both the uniformly and non-uniformly discretized mesh, cf. Figure 2. On the
other hand, solutions to (18) converge to the true solution only on the uniform mesh while there
is no convergence with nonuniform discretization. Note that this is not signaled by growth of the
iterations - for both methods the iteration counts are bounded. Note also that MinRes takes about
twice as many iterations as CG.

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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Table V. (top) Convergence properties of the Lagrange multiplier formulation (7) and (bottom) the singular

formulation (16) utilizing I? orthogonal basis of the nullspace to invert the system (18). Only the multiplier

formulation yields solutions converging on uniform and nonuniform meshes. Relative tolerances of 1011
and 10710 are used for MinRes and CG respectively.

uniform refined
size [lu —up |1 #  maxyz [(up, 2)| size [lu —up |1 #  maxz |[(up, 2)|
14745 1.03E-02 (1.14) 44 3.54E-07 13080 3.11E-02 (0.99) 50 1.68E-07
107817 4.84E-03 (1.09) 45 2.77E-06 98052 1.41E-02 (1.14) 53 6.73E-08
823881 2.36E-03 (1.03) 45 1.38E-06 759546 6.53E-03 (1.11) 54 8.11E-07
6440073 | 1.18E-03 (1.00) 44 1.75E-05 5978835 | 3.20E-03 (1.03) 55 2.94E-06
14739 [.14E-02 (1.09) 21 1.30E-03 13074 5.51E-02 (0.45) 26 6.06E-03
107811 5.49E-03 (1.06) 23 6.66E-04 98046 5.05E-02 (0.12) 27 6.32E-03
823875 2.71E-03 (1.02) 25 3.36E-04 759540 5.00E-02 (0.02) 29 6.43E-03
6440067 | 1.35E-03 (1.00) 26 1.69E-04 5978829 | 4.98E-02 (0.01) 31 6.49E-03

From the experiment we conclude that the conjugate gradient method for (18), as applied so far, in
general does not yield converging numerical solutions of (16). It is next shown that the issue is due
projector P, =1 — ZZ" which the method uses and which is derived from the discrete problem.
In particular, we show that P is not a correct discretization of a projector used in the continuous
problem (17) (and (7)). Following the continuous problem, a modification to CG is proposed, which
leads to a converging method.

4.2. Conjugate gradient method with Z°, Z+ projectors

Consider the variational problem (17) which was proven well-posed in Theorem 4.1 under the
assumptions [ € Z° C V' and u € Z+ C V. In this respect, there are two subspaces associated with
(17) and we shall define two projectors P : V — Z+, P’ : V' — Z° such that forv € V'

(Pu,v) = (u,v) — (u, z1) (v, z1),
<P/f,’U> = <.f7 v> - <f7 Zk>(vv Zk)a

where Z = span {2, }7*, is the L? orthonormal basis of the space of rigid motions (e.g. constructed
by Lemma 3.2). Similar projectors were discussed in [ 10] for the singular Poisson problem. We note
that (f, Pu) = (P’ f,u) and thus P’ is the adjoint of P. Note also that the two projectors are present
in the multiplier formulation (7).

(19)

Lemma 4.1
Let f € V' and P, P’ be the projectors (19). Then (u,p) € V' x @ solves (7) with the right hand side
(v,q) = (f,v) + (0,q) if and only if u € Z+ and u solves (17) with the right hand side P’(f).

Proof

It suffices to establish the relation between the right hand sides. Using orthogonality of the basis it
follows from testing (7) with (zx, 0) that py, = (f, zx). Substituting the obtained Lagrange multiplier,
the new right hand side of (7) is (v, q) — (f,v) — (f, zi) (v, z) + (0,¢) = (P'(f),v) + (0,¢). O

To derive a matrix representation of the projectors with respect to nodal basis V}, = span {¢; }1;,
the mappings 7, : V, — R™ (the nodal interpolant) and py, : V;, — R™ from (3) are used. We
recall that (u,v) = v'Mu for u = mpu, v =mpv and M, M;; = (¢;, ¢;) the mass matrix while
(f,vy =f'v with £ = pp, f. Finally, matrix Y = R"*™ is such that y; = col,Y = 7,2, where
21, € Vj, belongs to the L? orthogonal basis of the space of rigid motions. Then

v MPu = (Pu,v) = (u,v) — (u, zk)(v,2,) = VM(I-YY M)u,

; (20)
PV = (f, Pv) = (f,0) — (f,20) (0, 2) = £ (1— YY M) v

and P = (I - YY M) is the representation of P while P’ is represented by P'. We remark that
in addition to Y, the rigid motions Z;, = span {z;}}*; can be represented in R™ by an additional

Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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Table VI. Convergence of conjugate gradient solutions for (18) with different combinations of right hand

(horizontal) side and left hand side (vertical) projectors. The problem from Example 2.2 is considered.

Preprocessing the right hand side and postprocessing the solution by projectors (P, P) yields solutions
converging with optimal rate.

size Pz P
Tu —unlla #  maxz [(up, 2)] Tu — uplls #  maxz [(up, )]

13074 5.51E-02 (0.45) 26 6.06E-03 5.53E-02 (0.44) 27 6.05E-03

N | 98046 5.05E-02 (0.12) 27 6.32E-03 5.11E-02 (0.12) 28 6.31E-03

A | 759540 5.00E-02 (0.02) 29 6.43E-03 5.06E-02 (0.01) 29 6.42E-03
5978829 | 4.98E-02 (0.01) 31 6.49E-03 5.05E-02 (0.00) 31 6.48E-03
13074 3.13E-02 (0.98) 27 6.84E-16 3.11E-02 (0.99) 25 6.15E-16

o, 98046 1.45E-02 (1.11) 28 2.94E-14 1.41E-02 (1.14) 27 2.92E-14
759540 6.92E-03 (1.07) 29 6.39E-14 6.53E-03 (1.11) 29 6.40E-14
5978829 | 3.63E-03(0.93) 31 2.89E-13 3.20E-03 (1.03) 31 2.86E-13

matrix W = MY, which is uy, applied to functionals v — (zx,v). Following [8] the matrices Y,
W are termed respectively the primal and dual representation of Z;,. Observe that in (20) matrix P
uses the primal representation for u while the vector is expanded in the dual representation by P’.
Moreover, L? orthogonality of Z, yields y;"w; = &;;. Finally note that the projectors P, P are
implicitly present in the linear system which is the discretization of the multiplier problem (7) with
the orthogonal basis of rigid motions

A W) (u b
v ")6)-6) e
Indeed, p = Y'b from premultiplying the first equation by Y . Upon substitution the equation
reads Au =b — WY b = P'b. Further the solution is such that Pu = 0.

The situation where the continuous problems (7), (17) and the discrete problem (21) use different
projectors for the left and right hand sides contrasts with (18) which utilizes Pz to obtain consistent
right hand side and the solution is such that P zu = 0 as well. This observation together with the
lack of convergence of the CG method, cf. Table V, motivate that the CG method on (18) is used
with the following two modifications: (i) the iterations are started from vector P'b, (ii) P is applied
to the final solution.

The effect of the proposed modifications is shown in Table VI. The problem from Example
2.2 is considered on a non-uniform mesh and CG on (18) is applied with different combinations
of projectors used to obtain the right hand side from incompatible vector b and to orthogonalize
the converged solution. We observe that only the case (P',P)! yields optimal convergence. With
(P2, P) the rate is slightly smaller than one. In the remaining two cases the solution do not converge
suggesting that for convergence P must be applied to the solution.

The results shown in Table VI are satisfactory in a sense that preprocessing the right hand
side with P and postprocessing the solution with P improved the convergence properties of the
CG method for (18). However, the modifications alter the original discrete problem and thus the
properties of the new problem should be discussed. We note that in the discussion Z, Y are
respectively I and M orthogonal basis of the nullspace of A. Further, the transformation matrix
between the basis is ¢ € R™*™ such that Z = Y ¢ and we have Y'MZ = c.

First, admissibility of the modified right hand side P"b is considered. Using the transformation
matrix it holds that Z"P"b = 0 and thus P"b is compatible and the solution can be obtained by
a pseudoinverse (or equivalently by CG). The computed solution of the new linear system then
satisfies Z"u = 0. However, the continuous problem requires orthogonality Y ™Mu = Ch. As the
two conditions are related through |[Y " Mu|? = u"MZ(c'¢)”'Z"Mu = u"MZ(Z"™MZ) ' Z Mu,
and Z'Z = I, orthogonality in the L? inner product depends on similarity of the mass matrix with

9 Elements of the tuple denote respectively the projector for the right hand side and the left hand side.
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identity. This is essentially a condition on the mesh and |Y'MZ| > C' is possible (as observed in
Table VI).

To enforce orthogonality constraint Y ' Mu = 0 without postprocessing we shall finally consider
linear system Au = P'b and require Pu = 0 for uniqueness. In this case the solution is not
provided by pseudoinverse B 4. However, a similar construction based on the generalized eigenvalue
problem can be used instead.

Lemma 4.2
Let u be a unique solution of Au = P"b, satisfying Pu =0 and I € R*»*", U € R"*"~™ such
that AU = MUT, U'MU = I. Then u = BP"b where B = UT'"'U".

Proof

First, note that the existence of matrices U, I" follows from positive semi-definiteness of A. Further,
by M orthogonality of the eigenvectors MUx = P"b holds with x = U'b. As Y'MU = 0 any
vector Bb is M orthogonal with Y and thus PBb = 0. It remains to show that the composition AB
is the identity on the subspace spanned by columns of MU

ABMU = AUI'"'U'™MU = AUT'! = MUTT! = MU.

5. NATURAL NORM FORMULATION

An attractive feature of the variational problem (16) is the fact that the resulting linear system
is amiable to solution by the CG method, which when modified following §4 yields converging
solutions. However, the projectors P’, P are only applied as pre and postprocessor and the CG loop
(Lanczos process) is in this respect detached from the continuous problem. Moreover the method
requires a special preconditioner that handles the nullspace of matrix A. A formulation which leads
to a positive definite linear system requiring only a regular (not nullspace aware) preconditioner
shall be studied next.

Theorem 5.1
Let a:V xV =R, a(u,v)=2u(e(u),e(v)) + M(V-u,V-v) and Z =span{z}7, the L?
orthogonal basis of the space of rigid motions. Futher let [ € Z°. There exists a unique v € V such

a(u,v) + (u, z5) (v, 2) = (l,v) veV. (22)
Moreover u € Z+.

Proof

Recall that the bilinear form above is the inner product (u,v)g from (12) which induces an
equivalent norm on V, cf. Lemma 3.3. The existence and uniqueness of the solution now follow
from the Lax-Milgram lemma. Testing the equation with v = z; yields (u,2;) =0 and in turn
we Z+t. O

We remark that the solution of (22) and (17) are equivalent because [ € Z°. Note also that
Theorem 3.4 gives equivalence bounds (1 + C) ™' ||u||2, < |[ul|} < |[ul%,, C = C(€) and in turn
the Riesz map with respect to the inner product (u, v)y; = a(u,v) + (u,v) defines a suitable A robust
preconditioner for (22). Finally, observe that the L? orthogonality of decomposition v = uz + uy.1,
uyz = (u, 2k )z is respected by the inner product (-, -)g, see (12). The norm ||u|| g, see (13), thus
considers Z and Z+ with L? and a induced norms which are the natural norms for the subspaces.

Using (20) the natural norm formulation (22) leads to a positive definite linear system

[A+MY(MY) Ju=Pb.

where we recognize a dense matrix from the discretization of Bz preconditioner of the Lagrange
multiplier formulation, cf. Theorem 3.3. Therein the inverse of the matrix was of interest. However,
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Table VII. Convergence study of the natural norm formulation (22) for the singular elasticity problem from
Example 2.2. The system is solved with relative tolerance 10~ 1. The CG iterations use a preconditioner
AMG(A + M). The iteration count remains bounded and the solutions converge with the optimal rate.

uniform refined
size Tu —upll #  maxyz |(up, 2)] size lu —uplh #  maxyz |[(up, 2)]
14739 1.03E-02 (1.14) 33 2.57E-08 13074 3.11E-02 (0.99) 39 3.70E-08
107811 4.84E-03 (1.09) 29 1.80E-05 98046 1.41E-02 (1.14) 41 3.46E-08
823875 2.36E-03 (1.03) 37 9.23E-09 759540 6.53E-03 (1.11) 43 8.90E-08
6440067 1.18E-03 (1.00) 33 2.38E-05 5978829 | 3.20E-03 (1.03) 46 3.53E-08

relevant for the CG method here is only the matrix vector product, which can be computed efficiently
by storing separately A and MY, the dual representation of rigid motions in V},.

With (22) we finally revisit the test problem from Example 2.2. Results of the method
are summarized in Table VII. Optimal convergence rate is observed with both uniform and
nonuniform meshes. Moreover, the CG iteration count with the proposed Riesz map preconditioner
approximated by AMG(A + M) remains bounded. An interesting observation is the fact that the
error in the orthogonality constraint is smaller in comparison to the Lagrange multiplier formulation,
cf. Table V.

6. NEARLY INCOMPRESSIBLE MATERIALS

So far we have assumed that ¢ and A are comparable in magnitude. In this section we handle
the case where A >> p and the material is nearly incompressible. The variational problems (6),
(16), (22) studied thus far were based on the pure displacement formulation of linear elasticity
(1) and H* conforming finite element spaces were used for their discretization. Due to the locking
phenomenon the approximation properties of their respected solutions are known to degrade for
nearly incompressible materials with A > p, (equivalently Poisson ratio close to 1/2), see e.g. [15,
ch 6.3]. Moreover, the incompressible limit presents a difficulty for convergence of iterative methods
in the standard form.

Methods robust with respect to increasing A can be formulated using a discretization with
nonconforming elements, [27, ch 11.4]. However, this method fails to satisfy the Korn’s inequality.
To the authors’ knowledge the only finite element method that is both robust in A and satisfies Korn’s
inequality is [31, 32]. In addition to problems with the discretization, standard multigrid algorithms
do not work well for large A and special purpose algorithms must be used [33]. For this reason we
resort to a more straightforward solution of the mixed formulation where an additional variable,
the solid pressure p, is introduced. Let the solid pressure be defined as p = AV - u so that (6) is
reformulated as

V- (2ue(u)) =Vp=f  ing,
AV-u—p=0 in Q, (23)
o(u)-n=nh on 0f).

Note that the problem is singular, since any pair © € Z, p = 0 can be added to the solution. In fact
such pairs constitute the kernel of (23). To obtain a unique solution we shall as in §3, require that u
is orthogonal to the rigid motions Z. We assume that the basis of Z is orthonormal.

Setting Q = L?(2), Y = R® we shall consider a variational problem for triplet u € V, p € Q,
x € Y such that

ZM(G(U)v E(U)) + (pa V- U) + l‘k(U, Zk) = (fv U) + (h’a 1}) (NS Va

(¢, V- u) = A" (p,q) = 0 7€ Q, 24)
yr(u, zx) =0 yey.
Copyright © 2010 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (2010)
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Equation (24) is a double saddle point problem

u A B D u b
Alp| =B -Xx1'C p| = ,
x D’ x

with operators A: V =V, B: Q - V',C:Q — Q" and D : X — V'’ defined as
<Au,v> = 2M(€(u)’ E(U))7 <Bp71)> = (p, V- v),
(Cp,q) = (p,q), (Dz,v) = (v, 21).-

To show well-posedness of the constrained mixed formulation (24) the abstract theory for saddle
points problems with small (note that that A > 1) penalty terms [15, ch 3.4] is applied. To this end
we introduce the bilinear forms a(u,v) = (Au,v),

b(v, (p,x)) = (Bp,v) + (Dz,v), (25)
c((p,y), (¢, x)) = (Cp, q) so that (24) is recast as

a(u,v) + b(v, (p, ) = (f,v) + (h,v) vev,

~1 (26)
b(u, (¢, y)) =A™ (p,q) =0 () €Q x Y.

The space @ x Y will be considered with the norm ||(p, z)|| = +/||pl|? + |z|?, while V is considered
with the H! norm. Following [15, thm 4.11] the problem (26) is well-posed provided that the
assumptions of Brezzi theory hold and in addition c is continuous and ¢ and « are positive

a(u,u) >0, uweV and c((p,z),(p,x)) >0, (p,z)e@xY.

We review that continuity and V-ellipticity of @ on Z* was shown in Theorem 3.1 and as
a(z,z) =0, z € Z, the form is positive on V. Moreover, by Lemma 3.1, Cauchy-Schwarz inequality
and orthonormality of basis

b(v, (p,2)) = (p, V- v) + zi(v, 21) < V3PVl + [[vllle] < V3Vl + [Voll2y/lpl? + |22
< Bl (p, ).

It is easy to observe that continuity and positivity of the bilinear form ¢ hold and thus (26) is well-
posed provided that the inf-sup condition is satisfied. We note that the proof requires extra regularity
of the boundary.

Lemma 6.1
Let 2 with a smooth boundary and b be the bilinear form over V' x (@ x Y') defined in (25). There
exists B« = B.(§2) such that

b(v, (p,x
sup 8B 5 5, ).
vev vl
Proof
Letp € Q and z € Y given. Following [27, thm 11.2.3] there exists for every p, v* € V such that
p=V-v" (27a)
[0*[lx < C(Q)llpl- (27b)

The element v* is constructed from the unique solution of the Poisson problem

—Aw=p in Q,

28
w=20 on 012, (28)
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taking v* = —Vw. Observe that the computed v* € Z+

—(z,v*):/sz:/ wz-n—/wV-zzO z€ 7. (29)
Q o0 Q

Orthogonality of v* and (27a) yields that b(v* + g2k, (p,2)) = (p,V - v*) + (zr2k, x121) =
|lp||? + |=|?. Further, by Cauchy-Schwarz and Young’s inequalities

0" 4+ zrzilli = [v° + zpzil]® + V0" + zeze) |2
= [v*I* + llzkzll” + Vo ||* 4+ 2(Vo*, Varz) + | Vagz||®
< 20wt 7 + 2(][0*1* + [ Vaeze?)-

Using (27b) and Lemma 3.1 gives ||v* + zx2x]|3 < 2C(Q)[|p2|| + (1 + 2|Q])|z]2 < e(Q)|(p, z) |2
Combining the observations

b(v, (p,x b(v* + xp 2k, (p,x pl|% + |z|? 1 1
sup 20 Po0)) M 02) _ WA L i 1o = i)

vev vl lv* + przlly lo* +przllt — ¢

O

We remark that none of the constants of the problem (26) depends on A despite the norm of ) x Y
being free of the parameter, cf. also [34, 35]. Observe also that with H 1 norm on V the boundedness
constant of a depends on p, cf. Theorem 3.1, and thus the parameter shall be included in the norm
to get a ;1 independent preconditioner. Finally, note that tighter bounds (e.g. in the proof of Lemma
6.1) can be obtained if the space V' is considered with the norm w — +/p||e(w)||? + |lul/?.

Motivated by the above, we shall consider as the preconditioner for the well-posed problem (26) a
Rieszmap B: (V x Q@ xY) — (V x Q x Y) with respect to the inner product inducing the norm

(w,p,2) = /plle()]? + [[ull? + [Pl + |z

—1

A+ M
B= C , (30)
I

where M was defined in (12). Similar preconditioners for the Dirichlet problem has been discussed
in [35].

Remark 6.1 (Lemma 6.1 in the discrete case)

The continuous inf-sup condition can be extended to Taylor-Hood discretizations in the following
way. We consider V;, C V, @), C @ approximated with the lowest order Taylor-Hood element.
Given p;, € @y, both the element v; € V, and wy, € Qp, from Lemma 6.1 are found as the solution
to the mixed Poisson problem

(vr,v) + (Vpwp,v) =0 v € Vp,
(Vhg,vy) = —(pr,q) q € Qn.

The problem is well-posed due to the weak inf-sup condition

Vhs Viah
sup VR S e

vevi,  |vnll

Since z € V}, a direct calculation shows that the orthogonality condition (29) is satisfied.

Both in the above and in the construction of the proof of Lemma 6.1 we relied on a well-posed
mixed Poisson problem to obtain orthogonality with respect to the kernel. We note that stable Stokes
element P, — Py does not allow for such a construction and does not give & uniform bounds.
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To show that the preconditioner (30) is robust with respect to A, the problem from Example 2.2
is considered with =1 and X € [1, 108]. The spaces V' and () are approximated by lowest order
Taylor-Hood elements for which the discrete inf-sup condition from Lemma 6.1 holds following
Remark 6.1. The non-trivial blocks of the preconditioner are inverted using algebraic multigrid and
the system is solved using the MinRes method requiring reduction of the preconditioned residual
norm by a factor of 10° for convergence.

From the results of the experiment, summarized in Table VIII, it is evident that the iteration count
is bounded in A as well as in the discretization parameter.

Table VIII. Iteration counts of the preconditioned MinRes method for mixed linear elasticity problem (24)
and different values of Lamé constant \. The iteration counts remain bounded for the considered values of
the parameter.

) . )
dim(V)  dim(Q) 5057107 105 10
14739 729 109 113 100 70 36

107811 4913 107 109 103 69 36
823875 35937 109 109 107 72 36
6440067 274625 | 109 108 113 75 37

7. CONCLUSIONS

We have studied the singular Neumann problem of linear elasticity. Four different formulations
of the problem have been analyzed and mesh independent preconditioners established for the
resulting linear systems within the framework of operator preconditioning. We have proposed a
preconditioner for the (singular) mixed formulation of linear elasticity, that is robust with respect
to the material parameters. Using an orthonormal basis of the space of rigid motions, discrete
projection operators have been derived and employed in a modification to the conjugate gradients
method to ensure optimal error convergence of the solution.

A. EIGENVALUE BOUNDS FOR LAGRANGE MULTIPLIER PRECONDITIONERS

Bounds for the eigenvalues of operators Bg.A and By A from (7) and (15) are approximated by
considering the eigenvalue problems

@ )

with the left hand side the discretization of (7) and By, i € {E/, M } discretizations of preconditioners
B; from (15). The spectrum of the symmetric, indefinite problem (31) is a union of negative and
positive intervals [A_. AL ], [AF AF ] Following the analysis in Theorems 3.3 and 3.4 negative
bounds equal to -1 are expected for both preconditioners. Further, the positive eigenvalues are
bounded from above by 1. Finally, \T. = —1 for B while the constant C = C(2) from the Korn’s
inequality determines the bound for B,,.

In the experiment, €2 as a cube from Example 2.2 and a hollow cylinder with inner and outer radii
%, 1 and height 2 are considered. Lamé constants ;1 = 384, A = 577 are used. For both bodies C' ~ 1

is observed, cf. Table IX. The remaining bounds agree well with the analysis.
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Table IX. Spectral bounds for eigenvalue problems (31). (Top) The body is cube. (Bottom) The body is a

[c BN

11.

12.
13.

14.

15.
16.

17.
18.

19.
20.
21.

22.
23.

24.

25.
26.

cylinder.
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