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A Robust Multigrid Method for Isogeometric Analysis
using Boundary Correction

Clemens Hofreither - Stefan Takacs -
Walter Zulehner

July 1, 2015

Abstract The fast solution of linear systems arising from an isogeometric dis-
cretization of a partial differential equation is of great importance for the practical
use of Isogeometric Analysis. For classical finite element discretizations, multigrid
methods are well known to be fast solvers showing optimal convergence behavior.
However, if a geometric multigrid solver is naively applied to a linear system arising
from an isogeometric discretization, the convergence rates deteriorate significantly
if the spline degree is increased. Recently, a robust approximation error estimate
and a corresponding inverse inequality for B-splines of maximum smoothness have
been shown, both with constants independent of the spline degree. In the present
paper, we use these results to construct a multigrid solver for discretizations based
on B-splines with maximum smoothness which exhibits robust convergence rates.

1 Introduction

Isogeometric Analysis (IGA), introduced by Hughes et al. [14], is an approach
to the discretization of boundary value problems for partial differential equations
(PDEs) which aims to bring geometrical modeling and numerical simulation closer
together. The fundamental idea is to use the spaces of B-splines or non-uniform
rational B-splines (NURBS) which are commonly used to describe geometries in
CAD systems also as discretization spaces for the numerical solution of PDEs. As
for classical finite element methods (FEM), this leads to large, sparse matrices with
condition number that grows as the discretization is refined. A good approximation
of the solution of the PDE requires sufficient refinement, which causes both the
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dimension and the condition number of the stiffness matrix to grow. At least
for problems on three-dimensional domains or the space-time cylinder, the use of
direct solvers does not seem feasible. The development of efficient linear solvers or
preconditioners for such linear systems is therefore essential.

For classical FEM, it is well-known that hierarchical methods, like multigrid
methods or multilevel methods, are very efficient and show optimal complexity,
that is, the required number of iterations for reaching a fixed accuracy goal is
independent of the grid size. In this case, the overall computational complexity of
the method grows only linearly with the number of unknowns.

It therefore seems natural to extend these methods to IGA, and several re-
sults in this direction can be found in the literature; cf. [OI2|ITLI3] for classical
geometric multigrid approaches, [768] for a symbol-based approach to multigrid
and [I] for multilevel methods. However, the question how exactly multigrid (or
multilevel) methods for IGA should be realized has not been fully answered yet.

While it has been shown early on that a standard approach to constructing
geometric multigrid solvers for IGA leads to methods which are robust in the
grid size [9], it has been equally observed that the resulting convergence rates
deteriorate significantly when the spline degree is increased. Even for moderate
choices like spline degree 4, the methods typically require too many iterations for
practical purposes.

In recent works [11I], some progress has been made by using a Richardson
method preconditioned with the mass matrix as a smoother (mass-Richardson
smoother). The idea behind this kind of smoothers is to carry over the concept of
operator preconditioning to multigrid smoothing: here the (inverse of) the mass
matrix can be understood as a Riesz isomorphism representing the standard L>2-
norm, the Hilbert space where the classical multigrid convergence analysis is de-
veloped. Local Fourier analysis (and similar concepts) indicate that a multigrid
method equipped with such a smoother should show convergence rates that are
independent of both the grid size and the spline degree. However, numerical results
indicate that the proposed method is not robust in the spline degree in practice.
This is due to boundary effects, which cannot be captured by local Fourier analysis.

In the present paper, we take a closer look at the origin of these boundary
effects and introduce a boundary correction that deals with these effects. We prove
that the multigrid method equipped with a properly corrected mass-Richardson
smoother converges robustly both in the grid size and the spline degree for one-
and two-dimensional problems. We give numerical results indicating the same.
For the proof, we make use of the results of the recent paper [I5], where robust
approximation error estimates and robust inverse estimates for splines of maximum
smoothness have been shown. Throughout we restrict ourselves to the case of
splines with maximum continuity, which is of particular interest in IGA.

The bulk of our analysis is first carried out in the one-dimensional setting.
While multigrid solvers are typically not interesting in this setting from a practical
point of view, the tensor product structure of the spline spaces commonly used
in IGA lends itself very well to first analyzing the one-dimensional case and then
extending the results into higher dimensions. In the present work, we extend the
ideas from the one-dimensional to the two-dimensional case and obtain a robust
and efficiently realizable smoother also in that case.

The paper is organized as follows. In Section [2] we introduce the spline spaces
used for the discretization and the Poisson model problem. A general multigrid
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framework and the concept of basis-independent Richardson smoothers are intro-
duced in Section [3] This concept of smoothers requires a proper choice of the
Hilbert space, which will be discussed in detail for one-dimensional domains in
Section [4l In Section [bl we will make use of the tensor product structure to ex-
tend these results to the case of two-dimensional domains. Some details on the
numerical realization of the proposed smoother as well as numerical experiments
illustrating the theory are given in Section [6] In Section [7, we close with some
concluding remarks.

2 Preliminaries
2.1 B-splines and tensor product B-splines

Let first £2 = (0, 1). We introduce for any ¢ € Ny a uniform subdivision (grid) M
by splitting £2 into ny = ne2* subintervals (elements) of length hy := 734 = nl _Z
by uniform dyadic refinement. On these grids we introduce spaces of spline func-

tions as follows. Note that we restrict ourselves to splines of maximum continuity.

Definition 1 S, ¢({2) is the space of all functions in C?~*(£2) which are polyno-
mials of degree p (spline degree) on each element of the subdivision M.

As usual, for m > 0, C"™(42) is the space of all continuous functions mapping
2 — R that are m times continuously differentiable. Note that, by construction,
the spaces are nested for fixed spline degree p, that is, S, ¢—1 C Sp,¢, and the num-
ber of degrees of freedom roughly doubles in each refinement step. The parameter
¢ will play the role of the grid level in the construction of our multigrid algorithm.

As a basis for Sy ¢(£2), we choose the normalized B-splines as described by,
e.g., de Boor [5]. To this end, we introduce an open knot vector

(0,...,0,he,2he,...,(ne—l)he, 1,...,1)
—— ——
p+1 times p+1 times

and define the B-spline basis over this knot vector in the standard way. We denote
the B-spline basis functions by

1
{90;;)27’”7901; 62)} (1)

where my = dim S, ¢(£2) = n¢ + p. Note that they satisfy the partition of unity
property » 7, @fyj%( )=1for all x € 2.

In higher dimensions, we will assume 2 = (0,1)? with d > 1 and introduce
tensor product B-spline basis functions of the form (z,y) — go(h)(x)ap(”)(y) The
space spanned by them will again be denoted by S, ¢(£2). The extension to the
case where £2 C R? is the tensor product of d arbitrary bounded and open intervals
is straightforward. Similarly, it is no problem to have different spline degrees, grid
sizes, and/or number of subintervals for each dimension, as long as the grid sizes
are approximately equal in all directions. However, for the sake of simplicity of
the notation, we will always assume that the discretization is identical in each
coordinate direction.
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2.2 Model problem

For the sake of simplicity, we restrict ourselves to the following model problem.
Let 2 = (0,1)% and assume f € L?*(£2) to be a given function. Find a function
u : {2 — R such that

—Au = f in 2, a—u:()ona(?.
on

In variational form, this problem reads: find u € H'(£2) such that
(Vu, Vo) 2oy = (fiv)12(0) Yo € H' (). (2)

To guarantee existence and uniqueness of the solution, we have to assume |, ofdz =
Joudz = 0. Here and in what follows, L?(2) is the standard Lebesgue space of
square integrable functions and H'(£2) denotes the standard Sobolev space of
weakly differentiable functions with derivatives in L?(2).

Applying a Galerkin discretization using spline spaces, we obtain the following
discrete problem: find u, € S, ¢(£2) such that

(Vug, Vo) 2oy = (f,ve)2(2)  Yue € Spe(£2).

Still, we have to guarantee that fQ ug dxr = 0, which can be handled as in classical
FEM, cf. Remark 21.1.5 in [I0].

Using the B-spline basis, the discretized problem can be rewritten in matrix-
vector notation,

Koy, = ?27 (3)

where K, is the B-spline stiffness matrix. Underlined quantities like u, will always
denote the coefficient vector representing the function u, with respect to the B-
spline basis. Overlined quantities, like ?e, denote the vector of L? scalar products
of the function f, and the basis functions of the chosen basis. With M, being the
B-spline mass matrix, the identity MgLZ = f, holds.

Remark 1 Our model problem may seem rather restrictive in the sense that we
only allow for tensor product domains. In practical IGA problems, one often uses
such domains as parameter domains and introduces a geometry mapping, usually
given in the same basis as used for the discretization, which maps the parameter
domain to the actual physical domain of interest. As long as the geometry mapping
is well-behaved, a good solver on the parameter domain can be used as a precon-
ditioner for the problem on the physical domain, and our model problem therefore
captures all essential difficulties that arise in the construction of multigrid meth-
ods in this more general setting. Alternatively, our construction can be directly
applied in a straightforward way to the discretization on the physical domain,
although we do not perform the analysis for this case. Geometry mappings with
singularities as well as multi-patch domains are beyond the scope of the present
paper.
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3 A multigrid solver framework
3.1 Description of the multigrid algorithm

The multigrid algorithm for solving the discretized equation on grid level ¢
reads as follows. Starting from an initial approximation QZO , one iteration of the
multigrid method to obtain the next iterate gél)
steps:

is given by the following two

— Smoothing procedure: For some fixed number v of smoothing steps, compute

ggo’m) = géo’mfl) + TIA([I (?e — Ky ggo’mfl)) form=1,...,v, (4)

where 220,0) = ggo)' The choice of the matrix K . ! and the damping parameter
7 > 0 will be discussed below.

— Coarse-grid correction:
— Compute the defect and restrict it to grid level £ — 1 using a restriction
matrix If_lz

(1 £— T 0,v
ngl =1 (fe—KZ @é )) :
— Compute the update 2321_) L by solving the coarse-grid problem

1 _(1
Keapt, =7, (5)
approximately.
— Prolongate Eéi)l to the grid level ¢ using a prolongation matrix Iy , and
add the result to the previous iterate:

ug = ™+ I pY

As we have assumed nested spaces, the intergrid transfer matrices Ij_; and If_l
can be chosen in a canonical way: If_; is the canonical embedding and the restric-
tion If_l is its transpose. In the IGA setting, the prolongation matrix I§_, can
be computed by means of knot insertion algorithms.

If the problem on the coarser grid is solved exactly (two-grid method), the
coarse-grid correction is given by

ul? =l KT (ﬂ — R EEOM) ' ©

In practice the problem is approximately solved by recursively applying one
step (V-cycle) or two steps (W-cycle) of the multigrid method. On the coarsest
grid level (¢ = 0) the problem is solved exactly by means of a direct method.

The only remaining step is the choice of the smoother, i.e., of the matrix IAQ. For
multigrid methods for elliptic problems with a FEM discretization, it is typically
sufficient to use a damped Jacobi iteration or a Gauss-Seidel iteration as the
smoother. This is also possible if an isogeometric discretization is used. However,
numerical results show that the convergence rates deteriorate significantly if p is
increased ([913]).
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It is therefore necessary to have a closer look at the convergence analysis and
possible smoothers. In Subsection [3.2] we will introduce the general framework for
the multigrid convergence analysis as introduced by Hackbusch. In Subsection 3.3}
we will discuss the concept of basis-independent Richardson smoothers. This kind
of smoothers requires a proper choice of the Hilbert space. We will discuss this
first in Section Ml for one-dimensional domains. In Section Bl we will see how this
can be extended to two-dimensional domains using the tensor product structure
of the discretization.

3.2 Multigrid convergence theory

As the two-grid method is a linear iteration scheme, its action on the error is easily
described by the iteration matrix. Let u; denote the exact solution of , then the
initial error u; — gy) and the error after one two-grid cycle u; — gél) are related
by the equation
up — g =TS (up —u”),
where
Se=I—-7K; 'K,

is the iteration matrix of the smoother and
To=1—-Ti_ K, ' I, K,

is the iteration matrix of the coarse-grid correction.
For showing convergence in a certain norm || - ||z,, where the matrix L, is to
be specified, it is sufficient to show that

q:= ”TeSEHLz <1, (7)
which obviously implies the g-linear convergence property
* 1 0
lug = ugVllz, < alley — w1,

The discrete norms are defined as follows. For a symmetric and positive definite
matrix A and a vector z,, we define ||z,||} = (Az,, z,) = [|AY%z,||?, where
|| - |l and (-, -) are the Euclidean norm and scalar product, respectively. Applied to
matrices, the norms || - |4 and || - || are the corresponding operator norms.

To analyze ||T;S7||,, we use semi-multiplicity of norms and obtain

v /25 quy—1/2 1/2 —1,1/2 —-1/2 vy —1/2
ITeSE Nz, = 1Ly *TeSE L 2| < NILy P Tek Ly PN 1L P KeSy L M)
For showing @, it therefore suffices to prove the two conditions
||L;/2TgK[1Lé/2” < Cy, (approximation property) (8)
||L21/2KZSZL;1/2H < Csvt, (smoothing property) (9)

cf. equation (6.1.5) in [I0] for this splitting. With these, follows immediately
for v > CaCg, that is, if sufficiently many smoothing steps are applied. As we are
interested in robust convergence, the constants C'4 and Cs should be independent
of both the grid size and the spline degree.
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In classical proofs by Hackbusch [10], convergence is shown in the L?-norm (or
in a properly scaled L?-like norm). This suggests the choice of the mass matrix
for Ly, or more precisely, the properly scaled version L, := h;QMe of the mass
matrix.

Classical proofs for showing the convergence of multigrid solvers, equipped with
damped Jacobi iteration or Gauss-Seidel iteration as smoothers, use the assump-
tion that the mass matrix My, which is taken to define the matrix Ly, is spectrally
equivalent to its diagonal. This is true not only for the Courant element, but also
for B-splines. However, in the spline case, the equivalence deteriorates if the de-
gree p is increased. We point out that this issue is closely related to the so-called
condition number of the B-spline basis (see, e.g., [3]). The growth of the condition
number with p explains why standard Jacobi iteration and Gauss-Seidel iteration
do not work well for B-splines.

Having this in mind, the idea arises to develop a smoother that does not require
the spectral equivalence of the mass matrix M, and its diagonal. One possibility
to do so is to set up a basis-independent smoother, i.e., a smoother which is based
on the continuous setting.

3.3 Basis-independent Richardson smoother

The simplest choice of a smoother is the Richardson iteration (gradient method).
Here, we compute at each smoothing step the residual (gradient) Fgo’mfl) =
(0,m—1)
¢

?5 — Kgﬂéo’m_l) and use it to compute the update p used to construct the

next iterate ﬂf’m) = ng’m_l) +Q§O’m_1).

The idea of Richardson iteration is to use the residual as update. However,
having the continuous setting in mind, one observes that the residual ?Eo’m_l) is a
dual variable, while the update Béo’m_l) is a primal variable. So, by choosing these
two vectors to be equal, we would obtain a basis-dependent smoother. To avoid
this, we can require update and residual to be equal in a continuous setting. To

do so, we use the Riesz mapping to transform the residual Fﬁo’m_l) into a primal

variable, which is then used as the update Qéo’m_l).

In the Hilbert space (R™¢, (-,-)r,), the Riesz mapping is L;l, the inverse of the
matrix defining the inner product. The Richardson smoother based on this Hilbert
space is then given by with Ky := Ly. We now show that for this choice, the
smoothing property is always satisfied when 7 is chosen properly.

Lemma 1 Let K; and L, be symmetric and positive definite matrices. Assume
that Ky = Ly and that T is chosen such that

1
0<7< . (10)
— —1/2 —1/2
1Ly 2L

Then the smoothing property @ is satisfied for Cs = 7. Moreover, the smoother
satisfies the non-expansivity results ||Sellr, < 1 and ||Sel|x, < 1.

Proof The proof is based on Lemma 6.2.1 in [I0]. To keep the paper self-contained,
we give the full proof.
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Observe that
Ly PRI —7K7 K L Y? = KPR (T =KV K) R, P = Ko(I—7Ke)"

with K, := IA([UQK@IA{[UQ and that Ko(I — 7K,)" is symmetric. Furthermore,
the spectral radius bound p(7K;) < 1 holds by construction. Thus we obtain

1L, V2RI —mKy Ky LY

=p(Ki(I —7K)")= sup A1—7A)" <7 " sup p(l—p)
A€o (Ke) nelo,1]

v -1
:T71 v 1 <T ,
1+v 1+v = v

which finishes the proof of the smoothing property. The estimates ||Se||r, < 1 and
|Se]lx, <1 follow by similar arguments. O

In view of this lemma, it is required to choose a proper Hilbert space or, in
other words, a proper matrix Ly. Specifically, we should choose L, such that

— Ly can be inverted efficiently,

— 7 can be chosen independently of the grid size and the spline degree such
that holds, and

— the approximation property can be shown with a constant independent of
the grid size and the spline degree.

Remark 2 A robust convergence result could also be obtained if we could only
show that ¢ = CsCs = 771C4 can be bounded robustly from above. However, if
this is possible, we can always achieve that 7 and C'4 are independent of the grid
size and the spline degree by scaling the matrix L, properly. Allowing C'4 or 7 to
depend on the grid size or the spline degree does therefore not yield any additional
insight.

The next two sections are mainly dedicated to the construction of the matrix
Ly for one- and two-dimensional domains. In both sections, the construction of
the matrix L, is followed by convergence proofs.

4 Robust multigrid for one-dimensional domains
4.1 Motivation and construction of the Hilbert space setting

In this subsection, we will discuss the introduction of a proper Hilbert space set-
ting such that the above-mentioned conditions are satisfied. The standard con-
vergence analysis for the multigrid method, as introduced by Hackbusch [10],
gives convergence in a (properly scaled) L?-norm, which corresponds to the choice
L, = h;QMg. Following the idea of basis-independent Richardson smoothers,
this would suggest the choice I?g = L, = he_QMz for the smoother. This is the
aforementioned mass-Richardson smoother already studied in [I1]. Local Fourier
analysis indicates that such an approach should lead to robust convergence of the
overall multigrid solver. However, the numerical experiments given in [II] show
that this is not the case.
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With the choice I?e = Ly := he_2Me, condition reads

1
T <
— —1/2 —1/2
n2|M; 2 oM,

or equivalently

lwellr, |[uel () 172

w,ekme\ [0} By llwgllng,  wes, ((2\(0y by luellzao) T

In other words, it is required that the spline space satisfies an inverse inequality
with a constant that is independent of the grid size and the spline degree. However,
such a robust inverse inequality does not hold, cf. the counterexample given in [I5]:
for all p € N and all £ € Ny, there exists a function u, € Sy ¢(£2) with

|W|H1(Q) (11)

hy Ml ey —

The functions u, in this counterexample are non-periodic and have support which
is localized close to the boundary. Therefore, they and their effect on the spectrum
of the stiffness matrix cannot be captured by local Fourier analysis (and similar
tools) which considers only the periodic setting.

The estimate indicates that we have to choose 7 < Cp~2, and because of
v>CsCyh= T_loA, we have to increase the number of smoothing steps with the
order p? in order to guarantee ¢ < 1. This reduces the efficiency of the method.
The numerical experiments in [II] confirm that it is required to decrease 7 and
increase v for robust convergence if p is increased.

We remark that with a choice 7 > 2||L;1/2K5L21/2||1/2, the smoother is a
divergent iteration scheme. In this case it has to be expected that also the multigrid
method diverges, and indeed this can be observed experimentally.

In [I5] it was shown that a robust inverse estimate does hold for a large subspace
of Sp.¢(£2). This makes it clear that the above-mentioned counterexample only
describes the effect of a few outliers (cf. also [2] on the topic of spectral outliers in
IGA). Thus it seems that if we could eliminate these outliers, it should be possible
to choose 7 independently of p and obtain robust convergence. The mentioned
robust inverse estimate reads as follows.

Theorem 1 ([I5]) Let ¢ € Ng and p € N. Then
uelmr(0,1) < 2V3hy M uell L2 0,1y

is satisfied for all ug € Sy ¢(0,1), where S, ¢(0,1) is the space of all uy € Sp(0,1)
whose odd derivatives vanish at the boundary,

92l+1 2041
——uy(0) = Ww(l) =0 for alll € No with 2l +1 < p.

In [15] it was discussed that the space gp,g(()) is almost as large as the space
Sp,e(§2): their sizes differ by p (for p even) or p—1 (for p odd) dimensions. Using a
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standard B-spline basis, it is not easy to characterize the space §p’g((2) succinctly.
However, this is not necessary. It suffices to decompose
r I

Sp,e(2) = 85,1 () + 55)(9),
where S](OZ)((Z) is spanned by the first p basis functions <p2(01,;, .. .,@ifz and the
last p basis functions cp;t’z”7p+1), e ,90;7:22). The space S}E{e)(ﬁ) is spanned by all
the remaining basis functions. By construction, the space Sz(),ll? (£2) consists of all
functions that vanish on the boundary together with all derivatives up to order

p — 1. It is clear then that S;Q(Q) C §p,g((2). Based on this separation of the
degrees of freedom, we can prove the following generalized inverse inequality.
Lemma 2 For any ug € Sp ¢(2) with ug = upe+use, where urg € SI(,?(Q) and

Urye € S;Q(Q), the generalized inverse inequality
Juel (@) < V21 +4V8) (hy *lluelfz (o) + [Hreur.eli o)

holds. Here, Hr, : SI()?(Q) — Spe(92) is the discrete harmonic extension, i.e.,

Hroeure = urye + spe where spy € S;Ig (2) is chosen such that the energy
|'Hp7guF74 | H(02) 18 minimized.

As we need some preliminary results first, we postpone the proof of this lemma
to Subsection F3]

Based on the splitting S, » = Sz(a? +5Y) we can reorder the degrees of freedom

p,¢’
accordingly and write the matrix K, and the vector u, in block structure as follows:

Krre Kir, Upye
K@ = ’ ’ Uy = ’ . 12
(KIF,Z Krre )’ =t () (12)
Using this decomposition, the discrete harmonic extension and its energy norm
can be determined explicitly by the use of the Schur complement,

u
|Hreurelm (o) = H <—K‘ —Ie

zfl,eKIr,zum) HK2 = el —sepy it seir,e (19)

Using this equality, the statement of Lemma [2] in matrix-vector notation reads
luellze, < V2(1 +4V6) lugl 2,
with

(14)

~ _ K — KL K K, O
KZ = LZ = hg 2MZ + ( rne IIE),Z 1L¢ . 0 .

K=
Hence we obtain ||L;1/2KZLZI/2|| < 2(1 4 4v/6)? < 234, which guarantees that
the choice 7 = 1/234 satisfies for all grid levels and all choices of p. We note
that in practice, larger choices for 7 are admissible, as we will see in the numerical

experiments given in Subsection Having shown (10]), Lemma [1| implies the
following result.

Lemma 3 With [?e := Ly defined as in , there is a 7 > 0 which does not
depend on the grid size hy and the spline degree p such that the smoothing prop-
erty @[) is satisfied with Cs = 7.
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4.2 Proof of approximation property

The next step is to show the approximation property. To this end we first prove an
error estimate for the H'-orthogonal projection IT, : H' () — S, ¢(§2), which is
given as follows. For any function u € H'(§2), the H'-orthogonal projection ITyu
is the solution of the following problem: find u; € Sp ¢(f2) such that

(@, 30) iy = (W30 gy Ve € Spe(92), (15)

where

(1,0) s 2y = (Vi V0) £ + ﬁ (/Q u(ac)dm) (/Q v(x)dw) .

The following error estimate for this projector is a slightly improved version of
Theorem 1 in [I5].

Theorem 2 Let £ € Ng and p € N. Then
llw — Houl| 20,1y < 2V2helul 0,1y
is satisfied for all u € H*(0,1).

Proof We let u € H'(0,1) be fixed and extend it to a periodic function w €
H'P¢"(—1,1) by setting w(zx) := u(|z|). Let S (—1,1) denote the subspace of
Sp,e(—1,1) whose members are in CP~1 when extended periodically to the real
line. Using Lemma 6 in [15], we obtain

||w—Hf”w||Lz(_171) SQ\/i hg|w|H1(_1,1), (16)

where IT)" is the H'-orthogonal projector to Sy (=1,1).
The function w, := IT)*"w is symmetric, i.e., we(z) = we(—x), as can be seen
by the following argument. Let @, (z) := we(—x). As w is symmetric, we have

flw— wﬁ”ﬁl(le) = [Jw— @e||ﬁ1(,1,1)~

Now we recall that the ﬁl—orthogonal projection minimizes the H'-norm of the
error w — wy or w — Wy, respectively. As the norm is equal for both of them and
the minimization problem has a unique solution, we obtain wy = wy. This shows
that we = II7°"w is symmetric.

By restricting w, to (0, 1), we obtain a function uy € Sp¢(0,1). Due to the
symmetry of w and wy, we have

w1 (—1,1) = \/§|U\H1(0,1), lw —wellp2(~1,1) = V2|ju — uellz2(0,1)-
Therefore, it follows from (|16) that u; satisfies the desired error estimate
||u — UK||L2(O,1) S 2\/§hg|u|H1(0’1)‘

It only remains to show that u, = ﬁgu, i.e., that uy is the fIl—orthogonal
projection of u to S ¢(0,1). By definition, this means that we have to show that

(u — ug, ae)ﬁl(o,l) =0 Yuy, € §p,g(0, 1). (17)
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Define w, € S;%(—1,1) by we(x) := we(|z]) and observe
2(u — Uy, ﬁe)ﬁl(o,l) = (w — Wy, 'LAU'g)ﬁl(il,l).

Because wy is the ﬁl—orthogonal projection of w into Sg;r(—l, 1), we know that

(w— wg,@g)ﬁl(o’l) = 0. This shows and therefore u, = ﬁgu. |
A similar result is satisfied for IT,, the H Lorthogonal projection from H*(2)
to Sp,e(£2).
Theorem 3 Let £ € Ng and p € N. Then
llu — Moull 20,1y < 4V 2he|ul (0,1
is satisfied for all u € H*(0,1).

Proof As §p,g(9) C Sp.¢(£2), the identity ﬁg = ﬁgﬂg holds. Using the triangle
inequality, this identity, Theorem [2| and the stability of the H'-orthogonal pro-
jection, we obtain
llu = Heull 2o,y < I = Heyull 2o, + I = o) Heul| 220,y
< 2v2he(|ulp0,1) + [HTeulmigo,1)) < 4V2helulL2(0,1)-
O

Using this result, we can now prove the approximation property for L, as

defined as in .
Lemma 4 With L, defined as in , the approrimation property is satisfied

with a constant C a4 which does not depend on the grid size hy and the spline degree
p.

Proof In matrix-vector notation, the application of Theorem [3[ to ug € Sy ¢(£2)
reads

(T = Tia Ko I Kl < 4V2he 1 [lugllic, = 8V2hellugll i, Vu, € R™,
(18)
which would be sufficient to show the approximation property for the choice Ly :=
hZQMg. However, we want to show it for the stronger norm L, := hZQMg + K.
Using and the definition of the discrete harmonic extension, we obtain for
all up = ure+ure € SPJ(Q) :

luellz, = inf  Jure+sielmio) < lulm @) = llul k.- (19)
s1,e€8, ;(£2)

Together with the stability of the Galerkin projection,
’ —1 -1 2 2
(I =T Ky 0y Ko)ugllk, < llupllx,
equation yields the statement

¢ -1 g1 2 2
(I = L1 Ky oy 0y Kougllz, < llulk,- (20)
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The combination of and and the definition of Ly, i.e., , yields
IO = T K2 T K2, < (1 +128) |l
which can be written in matrix notation as
| Xell = 12> (7 = A K I K K2 < V12,
and therefore || X, X[ || < 129. We have
X X7 = L2 (I — o KN I KK (I — KoIf K 1YLy
= L)1 - If KNI KK MLy,
and using the fact that the matrix (I — If_lK[_lllf_lKg) is a projector, we obtain
1L = A K T KK L) < 129,

i.e., the approximation property. This argument is variant of the Aubin-Nitsche
duality trick. m|

4.3 Proof of generalized inverse inequality

We will now prove Lemma [2] where Theorem [2| from the previous subsection will
again be used as a tool.

Proof (Proof of Lemma@ Assume uy € Sp, ¢(£2) to be given. This function can be
decomposed as u¢ = ur, +uy e with ur, € S](OZ)((Z) and uy ¢ € S]()’IZ)(Q).
Using the triangle inequality, we obtain

luelgioy < inf (Jure+Selmio) + lure — 3elar )

50€5p,e
Asuro+35p € gp,g(ﬁ), Theorem |1| and the triangle inequality yield

|Ug|H1(_Q) < inf (2\/§h;1”u1,g+§g”L2(Q) +‘upyg—§g|H1(_Q))
50€Sp,0(£2)

< 2V3hy Mwell L2 (o)

+ inf  (2v3hy Yure — Sellr2c) + [ure — Selm(a)-
50€5,.4(2)

Theorem [2| implies
(T = Meyurellzoa) = I = M) *urell 2oy < 2V2he|(I = Ie)urel m(q)-
With the choice 5, := ﬁgup,g, we obtain
el iy < 2VBhy Hluell L2 (@) + (AV6 + 1)(I — Ie)urel (o)

< (4V6 + 1) (hy Huel 2oy + (T — ﬁe)UF,AHl(n))
<V2(4V6 + 1) (hy 2 luell32 ) + [T — He)ure i)'
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As ﬁg is the ﬁl—orthogonal projection, we obtain

(I — Io)urelmoy = inf  |ure+3elmio)
S50ES,.e(£2)
< inf  Jure+srelmie) = Hreurd g o),

51,068 (92)

which finishes the proof. a

4.4 Two-grid convergence

Combining the approximation property and the smoothing property @7 we
obtain the convergence of the two-grid method in the Ly-norm.

Theorem 4 Using Ky =L as defined in , we obtain

CaCs | « ),
v l

1
g — ufV||, < llup — u

with constants C'4 and Cs which do not depend on the grid size hy and the spline
degree p. Thus, the two-grid method converges in the norm || - ||z, if v > CaCs
smoothing steps are applied.

Proof Follows directly from the combination of Lemma (3| and Lemma a

Lemma [I]| states that the proposed smoother is non-expansive, therefore also
the two-grid method with v pre- and v post-smoothing steps converges, i.e.,

CaCs
v

157 TeSY |z, <

holds. As S7T,Sy is self-adjoint in the scalar product (-,-)x,, this implies

R CaC
IS¢ TS e, < Z42. (21)

Thus we have shown the following corollary.

Corollary 1 Using f?g := Ly as defined in , the two-grid method with v pre-
and v post-smoothing steps converges in the energy norm || - ||k, if v > CaCls.

4.5 Multigrid W-cycle convergence

The analysis can be easily carried over to W-cycle multigrid methods, following
the classical path of the analysis, cf. [I0]. Note that there the analysis is shown
in the L?-norm. This would mean that in our case, the analysis shall be shown in
the norm || - ||z,. However, it is not obvious how to show the convergence of the
multigrid method for this case as the relation between the matrices L, and L,_; is
non-trivial, since the “boundary layer” affected by the boundary correction grows
with the grid size.

However, we can show convergence in the energy norm (which is, as always,
weaker than convergence in any other norm).
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Theorem 5 Using IAQ := Ly as defined in , the W-cycle multigrid method
with v pre- and v post-smoothing steps converges in the energy norm || - ||k, if
v >4CsCs.

Proof The iteration matrix of the multigrid method is given by
We=Sy(I—Ir_ (I -W7Z)K, 1,7 K,)SY,

for £ > 0 and Wy = 0 (because we solve the problem exactly on the coarsest grid
level). Using triangular inequality and semi-multiplicativity of norms, we obtain
the following bound for the convergence rate qy:

g0 = |Wellx, = ISE (I = If—y (I — W2 )KL I K SY |k,
< |\ISETeSY ||k, + ||1SE T A WE A K T KoSY | x,
< \ISETeSY s, + ISl N KT KPP W1l %, -

Observe that using the Galerkin principle, we obtain K, = IfflKngfl and thus

||K;/21571Ke_711/2||2 = p(]fflKngflKeill) =1 Lemmastates that ||S¢]|x, < 1.

Using these two statements, and q—1 = ||We—1]||k,_,, we obtain that

CaC
A S+Qt?71

qe <

holds. By choosing v > 4C 4Cs, we obtain g, < % +¢?_,. Using go = 0 we obtain
by induction that g, < %, which finishes the proof. a

Note that this proof is similar to the analysis presented in [10], however the
proof here is easier, as we only show the convergence in the energy norm.

5 Robust multigrid for two-dimensional domains

In this section, we extend the theory presented in the previous section to the (more
relevant) case of two-dimensional domains. As outlined in Remark [l we restrict
ourselves to problems without geometry mapping, i.e., problems on the unit square
only. However, these approaches can be used as preconditioners for problems on
general geometries if there is a regular geometry mapping. In the following, we are
interested in solving the problem with d = 2, which we now write as

Kew, = fo, (22)

where calligraphic letters will refer to matrices for the two-dimensional domain,
whereas standard letters refer to matrices for the one-dimensional domain. The
multigrid framework from Section [3| applies unchanged, only replacing standard
letters by calligraphic letters.

Using the tensor product structure of the problem and the discretization, the
mass matrix has the tensor product structure

MZ = M£®M27
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where ® denotes the Kronecker product. To keep the notation simple, we assume
that we have the same matrix M, for both directions of the two-dimensional do-
main. However, this is not needed for the analysis.

The stiffness matrix for two dimensions is the sum of two Kronecker products,

Ke=Ky @ My + M, ® K, (23)

which reflects (V-,V-)p2(0) = (02, 0z") 2(2) + (Oy-, Oy-) L2(0)-
Based on the structure Ky, the idea of setting up the smoother is as follows.
Choose R
g§0,m) _ EEO,m—l) + TK:Z_,irig(ie _ /nggo’m_l)),

where the matrix I/C\g,om-g is constructed by taking the matrix Ky and replacing K,
by K¢. Thus, we have

Ke,orig := K¢ @ My + My ® K.
The problem is, of course, that the inversion of I/C\g,o”g is as complicated as the
inversion of the stiffness matrix KCy itself.

However, we can make use of the particular structure of K, being the mass
matrix plus some correction term K, and obtain

l/C\l,om'g = (hy, > M, + K) ® Mg+ M; ® (hy® M, + Ky)
=2h; "My @ My + K¢ ® My + M, @ K.

Here, the formula can be simplified further if the factor 2 is dropped. Doing so,
we obtain a spectrally equivalent matrix, i.e., a(lC[lng,orig) C [1,2], where o is
the spectrum and

//C\z =Ly = he_QMe ®Mg+l~(g ® My + M, ®[~(g = h%[?g ®I?e — h?]?g ®[~(g.
Using the grouping of the degrees of freedom used in , we obtain further
Ke=Ly=hiK,® K¢~ hi[P] ® Pl 1[Qe ® Qel[Pr ® P, (24)
where

I _
Py := (0) and  Qui=Krre— KireK; Kire. (25)

We point out that K, ® K, can be efficiently inverted by exploiting its tensor
product structure using the ideas from [4]. The second summand, h3 [P @ P ][Q¢®
Q][Pr ® Py], is a low-rank correction that lives only on the four corners of the
domain. We can thus invert the smoother using the Sherman-Morrison-Woodbury
formula and obtain

Ke'=h2(1+ (K, Pl @ K, ' POR (P @ PO) K 9 K,
where Py and @ are defined as in ,
Re=Q ' @Q =W, lew, ", (26)
We = Q¢+ hy *(Mrrye — Mir My Miry), (27)

and Myr e, Mir,e and Mrr, are the blocks of the matrix M, if the degrees of
freedom are grouped as in ([12)). For this choice, we can carry over the results from
the previous section to the case of two-dimensional domains.
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Lemma 5 For i@ = Ly defined as in there is a T > 0, which does not depend
on the grid size hy and the spline degree p, such that the smoothing property

172 K(T — R )£ ) < 8

v
is satisfied with Cs = 1
Proof Lemma [2] states that the matrices in the one-dimensional setting satisfy

lwellze, < V2(1 +4V6)|lw,l ,

for all w, € R™¢. Using the tensor product structure of both K, and IEg’O”'g, this
implies that we have

luellic, < V2(1+4v6)lluglle,
for all u, € R™?. As l%g’om‘g < 2/6@, we obtain
llullxc, < 2(1+4v6)lluglle, = 2(1 +4V6) |l 2,
for all u, € R™ and finally
ey 2oy 2| < 41+ 4V6)%.
The smoothing property then immediately follows from Lemma O

The next step is to show the approximation property. The proof again relies
on results from the previous section.

Lemma 6 With L, defined as in , the approzimation property
L2 (1 = Z6 k2 KoKy L) < Ca

where Ty, :=If_, ® If_, and If_l = If_l ® If_l, is satisfied with a constant
C'a which does not depend on the grid size hy and the spline degree p.

Proof Equation in the proof of Lemma 4| states
I(Z = Pe)ugliar, < 8vV2helluglx, (28)

with P, := If_lK[_lllf_lKg for all u, € R™¢. Moreover, as the coarse-grid cor-
rection is Ky-orthogonal (Galerkin principle), we have stability, i.e.,

(I = Pougllx, < llulx, (29)
holds for all u, € R™¢. Combining (28) and (29), we obtain

I(I — Pe® Pouglinex, < 128h% |ullk, oK.,

(I = Pe @ Poyugllkcoenr, < 1280 |||, o,

and therefore also

(I = Pe @ Po)ugllk, < 2560 |ull, o x,
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for all u, € R™:. As
KoMy Ko = KoMy Ko @ My + 2K @ Ko+ My ® KMy 'Ky > 2K, ® Ko,

we obtain
2 2 2
(I = Pe® Pr)ugllic, <128hellwgllic, pa-1xc,

for all u, € R™. Using the Galerkin principle, we obtain

¢ —1 -1 2 2 2
I = Ze 1 Ko Ty Keo)ugllie, < 128hellwellic, a1,

and further
(7 = o1 Ky Ty~ Ke)uglly 2 0, < 1281wl (30)

for all u, € R™ . Moreover, we know that the Galerkin projection is stable. Thus,
Y —1 7—1 2 2
(I =Ze 1 Ky 0 T Ke)wllie, < lluellic, (31)
for all u, € R™. The combination of and yields
Y —1 -1 2 2
I = Tea g i Ty Kol =2 g, < 1290wellicy
and further

0 =1 b
(T = Ze A K T Ko, < 129”@[H2}C((h;2_/\/[/é+lcz)—1](:[ (32)

for all u, € R™. Using the definition of I/C\e’om»g and , we obtain

2 2 2
ellic, ny2 moricer -1, < 2luellic, e, ke, < 2lelli, ik,

for all u, € Rmf, which implies in combination with the estimate
K21 = TE K T KK 2y < V258,

By squaring, the desired result follows using the Aubin-Nitsche duality trick anal-
ogously to the proof of Lemma [d] O

Combining these results, we obtain the following theorem.
Theorem 6 Using I%z = L; as defined in , we obtain

CaCs o,
v Y4

1
luy —ufMle, < lluy —uy

with constants C'a and C's which do not depend on the grid size hy and the spline
degree p. Thus, the two-grid method for converges if v > C4Cg smoothing
steps are applied.

Proof Follows directly from the combination of Lemma [5] and Lemma [6] O

The convergence of the two-grid method in the energy norm and of the multi-
grid W-cycle can be shown as in the one-dimensional case.
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Corollary 2 Using Ke = Lo as defined in , the two-grid method for
with v pre- and v post-smoothing steps converges in the energy norm | - ||, if
v>CaCg.

Theorem 7 Using ’/C\g = Ly as defined in , the W-cycle multigrid method for
(22) with v pre- and v post-smoothing steps converges in the energy norm || - ||xc,
if v >4CaCg.

We omit the proofs for these two statements as they are completely analogous
to the corresponding proofs in Subsections [£:4] and

6 Numerical realization and results
6.1 Numerical realization

As the smoothing procedure seems to be rather complex, we give a pseudocode
describing how the two-dimensional smoother based on the matrix K¢ as defined
in can be implemented efficiently such that the overall multigrid method
achieves optimal complexity.

function smoother()

— given matrices: one-dimensional mass matrix M, € R™* ™  one-
dimensional stiffness matrix K, € R™¢*™¢

— input: function value g(o’n) € R™ corresponding residual FOm ¢ rmi

¢ ) [

— Preparatory steps, only done at first call:

Compute the Cholesky factorization of Kry g.

Determine Q; € R?P*?P a5 defined in .

Compute the Cholesky factorization of My .

Determine W, € R?P*?P ag defined in .

Determine Ry € RAP*X4P” 45 defined in .

Compute the Cholesky factorization of Ry.

Determine the sparse matrix K, € R"**"™¢ as defined in .

Compute the Cholesky factorization of K.

or each smoothing step do: R

Determine géo) =h (K@ KM

Determine gﬁl) = (Pl ® PZT)ggO).

Determine qff) = Rzlgél) using the Cholesky factorization of Ry.

Determine gf’) = ([I? TP ® [I? 7 ng])qf) using the Cholesky factoriza-

tion of K. 0.

5. Set P, = ggo) +g§3).

6. Update the function u gﬁo’n) + 7P,

7. Update the residual Féo’nJrl) = Fgo’") — T’Ce}g[

— output: function value gl(zo’"Jrl), corresponding residual r

W o = Ao N v s W e

(0n+1) | _
£ T

(0,n+1)
Y
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The overall costs of the preparatory steps are (’)(mgp2 + p6) floating point
operations, where my > p is the number of degrees of freedom in one dimension
and m? is the overall number of degrees of freedom.

Here, for the preparatory steps 1 and 3, O(mgpQ) operations are required,
as the dimension of the matrices Krr ¢ and M1 is m¢ — 2p = O(my) and the
bandwidth is O(p). For the preparatory steps 2 and 4, it is required to solve
O(p) linear systems involving this factorization, which requires again O(mgp?)
operations. The preparatory steps 5 and 6 just live on the vertices and require
O(p®) operations. The preparatory step 7 costs O(mgp) operations just for adding
Ky and K. ¢. The Cholesky factorization to be performed in the preparatory step 8
has — as in the steps 1 and 3 — a computational complexity of O(mp?) operations.

The steps 1 and 4 of the smoother itself require O(mjp) operations each if the
tensor product structure (I?[l ® I?[l) =I® ]A([l)(f{[l ® I) is used (see [4]
for the algorithmic idea). Step 2 of the smoother requires O (m,p*) operations. In
step 3, only O(p*) operations are required as Ry is a dense 4p* x 4p*-matrix. The
steps 5 and 6, which are only adding up, can be completed with O(m?) operations.
Step 7 can be computed using the decomposition

Ke={TQM)(Ke®I)+ (M, ®I)(I® Kp) (33)

with O(m?p) operations, while a naive approach would require O(m3p?) opera-
tions, i.e., the order of complexity would be as large as the number of non-zero
entries of the matrix.

In summary, the preparatory steps require (Q(mzp2 + p6) operations and the
smoother itself requires O(m2p) operations. The overall costs are therefore O(m3p-+
p%) or, assuming p° < mjZ, O(mjp) operations. Note that the overall costs are
therefore on the same order as the costs for multiplication with the matrix ICy.
Note that also the coarse-grid correction can be completed with O(mZp) opera-
tions if the tensor product structure of the intergrid transfer matrices If_l and
If_l is used. The method can be called asymptotically optimal since the overall
multigrid solver requires O(m3p) operations, which is the same effort as for the
matrix-vector product with ICy.

6.2 Experimental results

As a numerical example, we solve the Poisson equation
—Au=f in §2, u=g¢g on 0f2

on the domain 2 = (0, 1)d7 d = 1,2, where the right-hand side and boundary
conditions are chosen in accordance with the exact solution

d
u(x) = H sin(mz;).

We perform a (tensor product) B-spline discretization using uniformly sized knot
spans and maximum-continuity splines for varying spline degrees p. We start from
a coarse discretization with only a single interval and perform ¢ uniform, dyadic
refinement steps to obtain a finer discretization.
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We then set up a two-grid method according to the framework established in
Section (3| and using the proposed smoother for the one-dimensional domain
and for the two dimensional domain. We always use one pre- and one post-
smoothing step. The damping parameter 7 was chosen experimentally and has
the value 7 = 0.14 for the one-dimensional domain and 7 = 0.11 for the two-
dimensional domain, independently of p. For the two-dimensional domain, 7 had
to be slightly decreased to 0.10 for the cases p < 3.

We perform two-grid iteration until the Euclidean norm of the initial residual
is reduced by a factor of 10~%. The iteration numbers using different spline degrees
p as well as different refinement levels ¢ for the one-dimensional domain are given
in Table [I] and those for the two-dimensional domain in Table [2} As predicted by
the theory, the iteration numbers remain uniformly bounded with respect to the
spline degree p as well as the refinement level.

p ‘ 1 2 3 4 5 6 7 8 9 10 12 14 16 18 20
¢=10 {22 20 20 21 21 20 20 20 20 20 20 18 18 17 17
f=11 1|23 20 20 21 20 20 20 20 20 19 19 18 19 18 17
(=12 |23 20 20 20 20 20 20 20 20 20 19 18 18 18 18

Table 1 Two-grid iteration numbers in 1D.

p \ 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
{=5 |8 8 75 76 76 73 72 72 70 71 70 68 69 69 66
(=6 |8 8 76 T4 75 73 72 72 70 70 69 68 68 67 65

Table 2 Two-grid iteration numbers in 2D.

7 Conclusions and outlook

We have analyzed in detail the convergence properties of a geometric multigrid
method for a simple isogeometric model problem using B-splines. In a first step, we
discussed a one-dimensional domain. Based on the obtained insights, in particular
on the importance of boundary effects on the convergence rate, we have proposed
a boundary-corrected mass-Richardson smoother. We then proved that this new
smoother yields convergence rates which are robust with respect to the spline
degree, a result which was not obtainable with the use of classical [13] or purely
mass-based smoothers [I1].

By exploiting the tensor product structure of spline spaces commonly used
in IGA, we extended the construction of the smoother to the two-dimensional
setting and again proved robust convergence for this case. We have shown how
the proposed smoother can be efficiently realized such that the overall multigrid
method has quasi-optimal complexity. Although we have restricted ourselves to
simple tensor product domains, our technique is easily extended to problems with
non-singular geometry mappings as discussed in Remark
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The extension of this approach to three or more dimensions remains open. In

particular, the representation of the smoother as the Kronecker product of one-
dimensional smoothers plus some low-rank correction as in encounters some
difficulties in this case. Therefore, the construction of robust smoothers for the
three- and higher-dimensional cases is left as future work.
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