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Abstract We present a first step towards the spectral analysis of matrices arising from IgA
Galerkin methods based on hyperbolic and trigonometric GB-splines. Second order differ-
ential problems with constant coefficients are considered and discretized by means of se-
quences of both nested and non-nested spline spaces. We prove that there always exists an
asymptotic eigenvalue distribution which can be compactly described by a symbol, just like
in the polynomial case. There is a complete similarity between the symbol expressions in the
hyperbolic, trigonometric and polynomial cases. This results in similar spectral features of
the corresponding matrices. We also analyze the IgA discretization based on trigonometric
GB-splines for the eigenvalue problem related to the univariate Laplace operator. We prove
that, for non-nested spaces, the phase parameter can be exploited to improve the spectral ap-
proximation with respect to the polynomial case. As part of the analysis, we derive several
Fourier properties of cardinal GB-splines.

Mathematics Subject Classification (2010) 15A18 - 65N30 - 41A15 - 15B05 - 65L10

1 Introduction

Isogeometric Analysis (IgA) is a technology introduced nearly a decade ago in a seminal
paper by Hughes et al. [19] that unifies Computer Aided Design (CAD) and Finite Ele-
ment Analysis (FEA). CAD software, used in industry for geometric modeling, typically
describes physical domains by means of tensor-product B-splines or Non-Uniform Ratio-
nal B-Splines (NURBS). Such geometries are then further processed in the analysis phase.
One of the key concepts in IgA is to use the same discretization and representation tools
for the design as well as for the analysis (in an isoparametric environment), providing a
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true design-through-analysis methodology [7,19]. The isogeometric approach based on B-
splines/NURBS results in some important advantages with respect to classical finite element
approaches. The geometry of the physical domain is exactly described, so the interaction
with the CAD system during any further refinement process in the analysis phase is elimi-
nated. In addition, B-spline and NURBS spaces possess an inherent higher smoothness than
those in classical FEA, leading to a higher accuracy per degree-of-freedom [3]. The success
of IgA roots in the above properties, and this technology has been shown to be superior in
various engineering application fields.

Even though NURBS are the de facto standard in CAD systems, they suffer from a few
major drawbacks. For example, they lack an exact description of transcendental curves of
interest in applications, and their parameterization of conic sections does not correspond
to the arc length. In addition, NURBS behave poorly with respect to differentiation and
integration, which are crucial operators in analysis.

The so-called Generalized B-splines (GB-splines) are smooth functions belonging piece-
wisely to more general spaces than algebraic polynomial spaces. Suitable selections of such
section spaces — typically including polynomial and hyperbolic/trigonometric functions —
allow for an exact representation of polynomial curves, conic sections, helices and other pro-
files of salient interest in applications. In particular, conic sections are exactly parameterized
by hyperbolic/trigonometric generalized splines with respect to the arc length. GB-splines
possess all fundamental properties of classical (polynomial) B-splines; we highlight their
recurrence relation, minimum support and local linear independence. Moreover, contrarily
to NURBS, they behave completely similar to B-splines with respect to differentiation and
integration. For more details we refer to [6,22,23] and references therein.

Thanks to their structural similarity with (polynomial) B-splines, GB-splines are plug-
to-plug compatible with B-splines in IgA. Moreover, their section spaces can be selected
according to a problem-oriented strategy taking into account the geometrical and/or analyt-
ical peculiar issues of the specific addressed problem. The fine-tuning of the section spaces
generally results in a gain from the accuracy point of view. These two aspects make hy-
perbolic and trigonometric GB-splines a flexible and interesting tool in IgA approximation
methods [23,24,25]. Other main application areas of GB-splines are computer aided geo-
metric design [4,35] and signal processing [34].

The Galerkin formulation has been intensively employed in the IgA context. Like any
discretization technique, isogeometric Galerkin methods require to solve large linear sys-
tems. It turns out, however, that iterative solvers like classical multigrid methods are not
always effective in this context (as illustrated and explained in [9]).

The spectral behavior of matrices arising from IgA discretization methods with (poly-
nomial) B-splines has been deeply analyzed in a recent sequel of papers [11,14,15]. This
spectral analysis is based on the notion of a spectral symbol, and exploits the properties
of Generalized Locally Toeplitz (GLT) sequences [28,29] and of the B-spline basis. Such
a spectral information plays a fundamental role in the convergence analysis of (precondi-
tioned) Krylov methods (see, e.g., [2,21] and references therein) and is even more impor-
tant in the design and in the theoretical analysis of effective preconditioners [27,30] and
fast multigrid solvers [1]. In the IgA context with B-splines, the obtained spectral informa-
tion has been exploited in [9, 10] for devising optimal and totally robust multigrid solvers.
The spectral symbol also provides a theoretical tool to analyze the spectral results obtained
solving discrete generalized eigenvalue problems [13].

In this paper we present a first step towards the spectral analysis of matrices arising
from IgA Galerkin methods based on GB-splines by addressing mainly the one-dimensional
setting, with constant coefficients and no geometry map. Like in the (polynomial) B-spline
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case, these one-dimensional results are crucial building blocks in the treatment of the mul-
tivariate problem [14]. Indeed, thanks to the tensor-product structure of the approximation
spaces, the univariate results can be directly extended to the multivariate setting, see Sec-
tion 6. It is likely that the spectral distribution of GB-spline discretization matrices corre-
sponding to the general multivariate setting, with non-constant coefficients and geometry
maps, can be addressed with similar techniques as those used in the polynomial case [15].

Because of their interest in practical applications, we mainly focus on hyperbolic and
trigonometric GB-splines. We analyze the spectral behavior of the discretization matrices
corresponding to a sequence of both nested and non-nested spaces. In particular, we prove
that an asymptotic eigenvalue distribution always exists when the matrix-size tends to infin-
ity and is compactly described by a symbol. Although the precise expressions of the symbols
depend on the characteristics of the sequence of GB-spline spaces used in the discretization
process, there is a complete similarity between the polynomial, hyperbolic and trigonometric
cases. Therefore, the corresponding matrices possess similar spectral features: the presence
of canonical small eigenvalues associated with low frequencies, but also the presence of
small eigenvalues associated with high frequencies especially as the spline degree increases,
see [11,12]. We point out that in the case of nested GB-spline spaces the corresponding
symbols are exactly the same as in the case of (polynomial) B-spline spaces.

As a main consequence of the above results, we expect that the same techniques based on
the symbol for the design of robust and optimal multigrid solvers derived in the polynomial
spline case [9, 10] can also be applied in the generalized spline setting as well.

In addition, we analyze the Galerkin IgA discretization based on trigonometric splines
for the eigenvalue problem related to the univariate Laplace operator, a common problem
considered in the IgA literature (see, e.g., [7,8,13,20]). It turns out that polynomial and
trigonometric spline discretizations produce comparable approximations of the global spec-
trum, but the phase parameter of trigonometric splines is a flexible tool to locally improve
the obtained approximation. In particular, if non-nested spaces are used, the phase parameter
can be selected to minimize user specified measures of the relative spectral error.

All the results in this paper also hold for (polynomial) B-splines, as a limit configuration
of both hyperbolic and trigonometric GB-splines. Therefore, the paper provides an extension
of the spectral analysis recently presented in the B-spline literature [13, 14], framing the
polynomial case in a wider setting, and gives a further evidence of the structural similarities
between polynomial, hyperbolic and trigonometric GB-splines.

The analysis carried out in this paper deeply relies on certain Fourier properties of (car-
dinal) GB-splines, which are not yet known in the literature. They are combined with the
powerful theory of GLT sequences (also used in [13] and in a simplified form in [14]). This
theory can be applied to any local discretization technique for differential problems [16,29],
and turns out to be very effective in the IgA GB-spline setting.

The paper is organized as follows. Section 2 presents the univariate problem setting and
provides some preliminaries on GB-splines and on the corresponding Galerkin discretiza-
tions. Section 3 is devoted to the definition and main properties of cardinal GB-splines and
of some functions (which will play the role of symbols) based on them. These functions
are used in Section 4 to describe the spectral distribution of the stiffness and mass matrices
arising from Galerkin IgA discretizations based on hyperbolic and trigonometric splines,
considering both nested and non-nested spaces. The Galerkin approximation of the eigen-
values of the univariate Laplace operator by means of trigonometric splines is addressed
in Section 5, with a special focus on non-nested spaces and on the selection of their phase
parameter. In Section 6 we study the spectral distribution of the stiffness matrices in the
multivariate setting. Some concluding remarks are collected in Section 7.
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2 Problem setting and preliminaries

In this section we describe our univariate model differential problems and the Galerkin ap-
proximation based on generalized spline spaces. To make the paper as self-contained as
possible, we also briefly recall some definitions and theorems on spectral analysis which
will be used later on to derive our main results.

2.1 Model problems

In this paper two univariate model problems are considered: a second order linear elliptic
differential problem with constant coefficients and an eigenvalue problem for the Laplace
operator.

2.1.1 Linear elliptic differential problem

As our first model problem we consider the following second order linear elliptic differential
equation with constant coefficients and homogeneous Dirichlet boundary conditions:

(€]

—u”" +Bu +yu="f, O0<x<l,
w(0) =0, u(l)=0,

with f € L,((0,1)), 8 € R, ¥ > 0. The weak form of problem (1) reads as follows: find
u €V := Hj((0,1)) such that

a(u,v) =FW), VYveV, 2)

where
1 1
a(u,v) := f W' (x)v'(x) + Bu’ (x)v(x) + yu(x)v(x))dx, F®):= f f(x)v(x)dx.
0 0

Following the Galerkin approach, we choose a finite dimensional subspace ‘W c V and we
look for a function uqy € W such that

a(uy,v) =F(W), YveW. 3)

If we fix a basis {¢],...,¢on} for W where N := dim ‘W, then each element in ‘W can be
written as a linear combination of this basis. So, the Galerkin problem (3) is equivalent to
finding a vector u € R" such that
Au=f, “)
N
where A := [a(gaj,goi)]ijzl is the stiffness matrix and f := [F(gai)]?il. The matrix A is
positive definite in the sense that v Av > 0, ¥v € RV \{0}. In particular, A is non-singular
and so there exists a unique solution u of (4). Note that A is symmetric only when 8 = 0.
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The matrix A can be decomposed into a sum of three matrices related to the diffusion,
advection and reaction terms. More precisely, A = K + SH + yM, where

r Al

K = f go}(x)gog(x) dx , 5)
LJo lij=1
C N

H := f go}(x)goi(x) dx , (6)
LJo lij=1
o 1N

M := f @j(x)pi(x)dx . N
LJo lij=1

The matrices K and M are symmetric non-singular matrices and the matrix H is a skew-
symmetric matrix.

In IgA the space ‘W is usually chosen as a spline space with high (often maximal)
continuity. In this paper we are going to construct the matrix A in the case where W is
the space spanned by GB-splines. After the construction of the matrix A, we will study its
spectral properties.

2.1.2 An eigenvalue problem

As our second model problem we consider the following eigenvalue problem for the uni-
variate Laplace operator:

®)

{—u"zwzu, 0<x<l,

u() =0, u(l)=0,
whose non-trivial exact solutions are
up(x) :=sin(wgx), wy :=kmr, k=1,2,...

The weak form of problem (8) reads as follow: find non-trivial u € <V and w? such that

1 1
f u' ()’ (x) dx — w? f u(x)v(x)dx =0, VYveV.
0 0

Following the Galerkin approach, we choose a subspace W of V spanned by the basis

{®1,...,¢n1}, and using the same notation as in (4)—(7), we find approximate values w?w to
w? by solving

Ku = ngMu.

This means that w?w is an eigenvalue of the matrix L := M~'K. Therefore, the N eigenval-

ues of the matrix L, denoted by
Wi qys k=1,...,N,
are an approximation of the first N eigenvalues of the problem (8), namely
wi = (kn)*, k=1,...,N. )

In this paper we will consider a Galerkin discretization based on GB-splines and we
will analyze the resulting approximate solution by means of the spectral properties of the
matrices K and M already considered in the Galerkin discretization of (2).
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2.2 GB-splines

For p,n > 1, we consider the uniform knot set

12 n—1
(e stwzpen) = {0002 2T (10)
~——n n n ——
p+l p+l
and the space
PYY = (lx,....xP2U(x),V(x), x€[0.1]. an

The functions U,V € CP~1[0,1] are such that {U®~D, V(P~D} is a Chebyshev system on
[t;,ti+1], i.e., any non-trivial element in the space (U®~D,V®P~D) has at most one zero in
[tistiv1],i = p+1,...,p + n. We denote by ﬁi,\z the unique elements in (UP-D yP-Dy
satisfying

Ui(ti) =1, Ui(tis1) =0, Vi(t;) =0, Vi(tiy) =1, i=p+1,....p+n.

Popular examples of such a space (11) are

P, := (L,x,...,xP72 xP71 xPy, (12)
Hyo :=(1,x,... ,xP72 cosh(ax),sinh(ax)), 0< e € R, (13)
Tpa =<(1x,... ,x”_z,cos(ax),sin(ax)), 0<a(tis; —t;) <m. (14)

We are interested in spaces of smooth functions belonging piecewisely to spaces of the
form (11). Therefore, the space (11) is referred to as section space. The generalized spline
space of degree p over the knot set (10) with sections in (11) is defined by

L
n’ n

S = {s €CPTHI0.1D) = slpz sy € PV, =0, 0= 1}. (15)
Generalized spline spaces consisting of the particular section spaces (12), (13) and (14) are
referred to as polynomial, hyperbolic (or exponential) and trigonometric spline spaces (with
phase a), respectively.

Hyperbolic and trigonometric splines allow for an exact representation of conic sec-
tions as well as some transcendental curves (helix, cycloid, ...). They are attractive from a
geometrical point of view. Indeed, they are able to provide parameterizations of conic sec-
tions with respect to the arc length so that equally spaced points in the parameter domain
correspond to equally spaced points on the described curve.

For fixed values of the involved parameters, the spaces (13) and (14) have the same
approximation power as the polynomial space P,,, see [6, Section 3].

Definition 1 The GB-splines of degree p over the knot set (10) with sections in (11) are

denoted by Ngl;v :[0,1] = R,i =1,...,n+ p, and are defined recursively as follows!. For
p=1
Vi(x),  if x € [t,ti01),
Ni,U{V(x) 1= U1 (%), if x € [tis1,tis2),
0, elsewhere,

! The functions N l.Ul’v may also depend on p because of the definition of U;, V;, but we omit the param-
eter p in order to avoid a heavier notation. Moreover, in the most interesting cases (polynomial, hyperbolic
and trigonometric GB-splines) the functions N iUl’V are independent of p.
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and for p > 2,

X X
UV, ._ UV u.v u.v u.v
Nip (1) =6.", o N poi(s)ds = 5i+1,p—1f0 Niiipo1(s)ds,

where |
-1
65’]1’)‘/ = (L Ngl;v(s) ds) .

Fractions with zero denominators are considered to be zero, and N lUpV (1) :=limy_- N lUpV (x).

n+p,p
generalized spline space S,l,{ ’[,V. The functions NiU[;V are non-negative and locally supported,
namely

It is well known (see, e.g., [23]) that the GB-splines NIUI’)V,. .. ,NU’V form a basis for the

supp(NgI;V) =[titisp+1l, i=1,...,n+p.

Moreover,
u,v _ aUuv _ P —
Ni’p (O)—Ni,p (H)=0, i=2,....n+p-1.

For p > 2 the GB-splines NI.U];V, i=1,...,n+ p, form a partition of unity on [0, 1].

Remark 1 Hyperbolic and trigonometric GB-splines (with sections in the spaces (13) and
(14), respectively) approach the classical (polynomial) B-splines of the same degree and
over the same knot set when the phase parameter « approaches 0.

Remark 2 GB-splines can be defined in a more general setting than Definition 1. In partic-
ular, completely general knot sets can be considered and the section space can be chosen
differently on each knot interval [#;,7;,1]; see, e.g., [23].

2.3 Galerkin GB-spline approximation

We approximate the weak solution u of our problems (1) and (8) by means of the Galerkin
method, and we choose the approximation space ‘W to be a space of smooth generalized
spline functions as in (15) vanishing at the two ends of the unit interval. More precisely, for
p=2,n2>1weset

WYY = {s e SYY :5(0) = 5(1) = 0}. (16)
We have dim (W,fj ;,V =n+ p — 2, and the space (W,fj ;,V is spanned by the set of GB-splines
NV, .N%Y )
p n+p-1,p

The stiffness matrix A in (4) identified by such a basis is the object of our interest and,
from now onwards, will be denoted by A%’I‘,/ in order to emphasize its dependence on n, p
and on the functions U, V:

Anp = A= [“(Nfi’fpv’vfi’l,vp)]z;fl_z- (17)

Due to the compact support of the GB-spline basis, the matrix AEL]]Y has a (2p + 1)-band
structure. Referring to (5)—(7), we consider the following decomposition of the matrix,

U\v _ U,v uv |, Yy Uuv
Al =nKy )y + BH, + ;Mn,P ’
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where
- Al , , n+p-2
KUY = fo (NI ) e (V) 0 dx]_ I (18)
o
HUY = fo (NI ) @) NEY (o) dx]ijl : (19)
Loy _[ [ wov uv e
;Mn”p = o N, (NG, (x) dx]i’j1 . (20)
In view of the eigenvalue problem (8), we need to determine the values wi’(w, k =
1,...,n+ p — 2, as the eigenvalues of the matrix
LYY = n* (MY KLY @21

The goal of this paper is to analyze the spectral properties of the matrices AEL]]Y and
LUV

n.p » mainly in the special case of hyperbolic and trigonometric splines.

2.4 Preliminaries on spectral analysis

For any matrix X € C™, o-(X) is the collection of its eigenvalues and p(X) is its spec-
tral radius. The 2-norm of X is given by [|X]|| := +/p(X*X) = s51(X), where s,(X) is
the maximum singular value of X. The trace norm (or Schatten 1-norm of X) is given by
X := Z}":l 57(X), i.e., the sum of the singular values of the matrix. Since the number
of non-zero singular values of X is precisely rank(X), it follows that, for all X € C™*™,
1X1l < rank(XONX|| < mlIX]|].

We now introduce some fundamental definitions and theorems for developing our spec-
tral analysis. We first define the concept of (asymptotic) spectral distribution of a sequence
of matrices. We denote by uy the Lebesgue measure in R4, and by C..(C,C) the space of
continuous functions F : C — C with compact support.

Definition 2 Let {X,,} be a sequence of matrices with strictly increasing dimension d,,,
and let f : D — C be a measurable function, with D C R4 measurable and such that
0 < puqa(D) < co. We say that {X,,} is distributed like f in the sense of the eigenvalues, and
we write {X,} ~, f,if

1 & 1
lim — > F(4;(Xy)) = mLF(f(xl,...,xd))dxl --dxg, YF € C.(C,C).

n—oo
dy &

The function f is referred to as the symbol of the sequence of matrices {X,,}.

Remark 3 The informal meaning behind the above definition is the following. If f is con-
tinuous and » is large enough then the spectrum of X,, behaves like a uniform sampling of
f over D. For instance, if d = 1, d, = n, and D = [a,b], then the eigenvalues of X,, are
approximately equal to f(a + j(b—a)/n), j = 1,...,n, for n large enough.

In the next definition we consider the concept of spectral clustering of a sequence of
matrices at a subset of C.
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Definition 3 Let {X,,} be a sequence of matrices with strictly increasing dimension, and let
S ¢ C be a non-empty closed subset of C. We say that {X,,} is strongly clustered at S if the
following condition is satisfied:

Ve >0, dCgcanddng: Vn2>ng, gqu(e)<Csg,

where g, (¢) is the number of eigenvalues of X,, lying outside the g-expansion S, of S, i.e.,

S, = U [Res —&,Res+&] x [Ims —&,Ims + &].

seS

The next theorem gives sufficient conditions for a sequence of matrices to have a given
spectral distribution and to be strongly clustered [17].

Theorem 1 Let f : D ¢ R? — R be a measurable function defined on the measurable set
D with 0 < pg(D) < co. Let {X,,} and {Y,} be two sequences of matrices with X,,Y, €
C*dn and d,, < dp41 for all n, such that

— Xy, is Hermitian for all n;
— {Xn} ~a f and {X,} is strongly clustered at the essential range of f;
— there exists a constant C so that || X, ||, |Y|li < C for all n.

Set Z, := Xn + Y,. Then, {Z,} ~, f, and {Z,} is strongly clustered at the essential
range of f.

A Toeplitz matrix is a square matrix whose entries are constant along each diagonal.
Given a univariate function f : [, 7] — R belonging to L;([-m,7]), we can associate to
f afamily (sequence) of Hermitian Toeplitz matrices {7, (f)} parameterized by the integer
index m and defined for all m > 1 in the following way:

fo g ooe e £ m-1)
fi
Tu(f)=| 1 o 1 |ecmm
R
foy oo e £ f

where

1 (7 ,
fr = — f F(Oe %0, kez,
21 J_»

are the Fourier coefficients of f. The function f is called the generating function of 7,,, (f).
The next theorem is one of the most important results concerning sequences of Toeplitz
matrices. The second statement was originally proved by Szeg6 [18] and generalized in [32],
by using linear algebra tools.

Theorem 2 Let f € Li([-n,x]) be a real-valued function, and let my := essinf f, My :=
esssup f, and suppose my < My. Then,

= o(Tu(f)) € (mg, My), Ym 2= 1;

= T (D)) ~a f-
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Finally, we recall the following result about the 2-norm and the trace norm of Toeplitz
matrices. This is a simplified version of [31, Corollary 4.2] where general Schatten g-norms
of Toeplitz matrices are addressed.

Theorem 3 If f € Lo ([—m,7]) then

1T (ON < I L (t-mem)) -

If f € Li([-n,n]) then
ITn (O < mllfllL, (-7 -

3 Cardinal GB-splines and symbols
In this section we focus on the space
(L. P2 U@,V (@), 1e[01], (22)

where U,V € CP~'[0,p + 1] are such that {UP~1, VP~D} is a Chebyshev system on [0, 1].
We denote by U,V the unique elements in the space (U®~D V-1 satisfying

U©0)=1,0(1)=0, V(©0)=0,V(l)=1. (23)
Definition 4 The (normalized) cardinal GB-spline of degree p > 1 over the uniform knot

set {0,1,...,p + 1} with sections in (22) is denoted by ¢]l)]’v and is defined recursively as
follows. For p = 1,

V(t), if t e [0,1),
oV () =6V UG- 1), iftell,2), (24)
0, elsewhere,

where 511]’\/ is a normalization factor given by

1 _ 2 -1
sV = (f V(s)ds+f Os=1)ds) .
0 1

Forp > 2,

ACE RUACE AN ©5)

The cardinal GB-splines of degree p are the set of integer translates of ¢g’v, namely
{¢p" (- — k), k € Z}.

If the space (22) is the space of algebraic polynomials of degree less than or equal to
p,ie U(t) = tP~1and V(¢) = t?, then the function defined in Definition 4 is the classical
(polynomial) cardinal B-spline of degree p, denoted by ¢,,. The properties of the cardinal
GB-spline listed in the next subsection generalize those of ¢, ; see, e.g., [14, Section 3.1].
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3.1 Properties of cardinal GB-splines

The cardinal GB-spline ¢]l)]’v is globally of class CP~!, and possesses some fundamental
properties. Many of them are well established in the literature (see, e.g., [23]), so we prove
only the less known ones:

Positivity:
TV (1) >0, t€Op+1).

— Minimal support:
o7V (1) =0, 1¢O.p+1). (26)

— Partition of unity:

P
PR AR W AORE @D
k=1

keZ

— Recurrence relation for derivatives:
@)D= @) O - @) T e-, 1<r<p-1. @8
Proof Differentiating once the recurrence formula gives
UVND oy _ LUV u.v
@) V() = %Y ()= U (s 1).
The formula (28) simply follows by differentiating r times. |

L. . prl.
— Conditional symmetry with respect to —5-:

p+1 p+1 .
P (=) =i (B -r) i PV aen=eVa-n. @)
Proof For p = 1 there is nothing to prove. We proceed by induction on p. By using the
recurrence formula in (25), we get

1 1
U,V(P+ +t)— U,V(p+ —t):

P 2 P 2
p+l p+l
T oy U 2 v A%
j; ¢, () =9, (s = 1)ds—j(; ¢, () =9, (s—1ds =
2l

) =8, (5= ds =0.
-t

The last equality follows from the induction hypothesis that ¢U;\f is symmetric with
p
respect to p/2. |

— Convolution relation:

1
5 (1) = (8, % 60) (1) := fR ¢y (1= 5)go(s)ds = fo g (t=s9)ds, p=2,
(30)
where ¢ (1) := x[o,1)(t). Moreover,
gV (1) = (67 x g+ x po) (1), ¢p(t) = (gox---xd0) (1), p=1. (3
| — e ——

p-1 p+l
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Proof By comparing the recurrence formula (25) with the relation (30), it is equivalent
to prove that

1 t
fo 90 (1= s)ds = fo (¢, )= ¢, (s = 1) ds.

Moreover, for every f integrable, it holds

| t 0
fo f(r—s)ds—fo (f(S)—f(s—l))ds=£1 F(s)ds.

The GB-spline has its support contained in the positive semi-axis (see (26)), so we have
f_ol ¢;’;Vl (s)ds = 0, which completes the proof of (30). Since ¢ (1) = ¢o(t) * ¢o(t) and
applying recursively (30), we immediately get the relations in (31). |

— Inner products:

f gorVi ) g5Vt + kyde = (67w 92w go k- x o) (2 + 1K), (32)
R S———

p1+p2-2

if p2V2(1 +1) = ¢V>"2(1 - 1). In particular,

fR ¢SV (1) ¢p, (t + k) dt = (¢§” o x e ¢0)(p2 +1-k) = ¢g;fm+l(p2 +1-k),

pPi1tp2
f Gp, (1) Pp, (t + k)dt = (¢0 woee ok ¢0)(I72 +1-k)=¢ppr1(p2+1-k).
R — ———

pi1+p2+2

Proof These results follow immediately from the symmetry property (29) and the con-
volution relation (31) of cardinal GB-splines. More precisely,

fR ¢y V(1) g2V (1 + k) dr = fR UV (1) ¢V (pr+ 11— k) dt
= (0" <) 2+ 1K)
= (¢lljlsvl % ¢)0 PEEEE S ¢)0>k¢1112s\/2 % ¢0 % ook ¢)0)(p2 +1- k)’
pi-1 pa2—1
which implies (32). O
Unity of integral:
p+1
f ¢V (1) de = 1. 33)
0

Proof For p = 1 it is true by construction. We proceed by induction on p. For p > 2 we

set »
RS (L¢g’v(1)dt) :

and we need to prove that 65,]"/ = 1, which is equivalent to (33) due to the local support
property (26). Using the convolution relation (30) we can write

!
(6g,v)71:f¢g,v([)dt:ff ¢g’_‘]’(1—s)dsdt.
R R JO
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Thanks to the local support of the cardinal GB-spline, we can swap the order of the
integrals and we get

1 ]
N Ty o

From the definition of 65"/ and the inductive hypothesis, it follows that

1
9V :j; () ds = 1.
O

In the following, we will focus in particular on hyperbolic and trigonometric cardinal
GB-splines with real phase parameters «. The hyperbolic cardinal GB-spline is denoted by
qb[g" and is defined by taking U(¢) := cosh(at) and V (¢) := sinh(a?). In this case, we have

sinh(a(l —t)) = sinh(at)

v = sinh(@) v = sinh(a) ’

(34

satisfying (23). The trigonometric cardinal GB-spline is denoted by qﬁg" and is defined by

taking U(¢) := cos(at) and V (¢) := sin(et). In this case, we have

sin((?z(l - t)), V(t) _ sin(at)
sin(a)

U = (35

sin(e) ’

satisfying (23). To simplify the notation, we will also use the notation ¢g“ if a statement
holds for both qﬁﬂpﬁ" and ¢g" , but not necessarily for an arbitrary ¢>§,]’V.

Remark 4 Referring to Remark 1, hyperbolic and trigonometric cardinal GB-splines ap-
proach the (polynomial) cardinal B-spline of the same degree as the phase parameter «
approaches 0, i.e.,

lim $o (1) = ¢p(1), Q=H,T.
Remark 5 The symmetry requirement qﬁﬁ]’v (1+1)= qﬁﬁ]’v (1 —1¢) in (29) is equivalent to
Viy=U(-1), tel0,1].

This requirement is satisfied for hyperbolic and trigonometric cardinal GB-splines, see (34)—
(35), as well as for (polynomial) cardinal B-splines.

Remark 6 Taking into account the local support (26) and the unity of integral (33), we see
that Definition 4 is in agreement with Definition 1 for p > 2. In particular, let

{Nl%:i:l,...,mp}, Q=HT,

be a set of either hyperbolic or trigonometric GB-splines of degree p defined over the knot
set (10) with sections in either (13) or (14), respectively. Then we have

Nl%’(x):qﬁg‘”"(nx—i+p+l), i=p+1,...,n, p>2.

This equality does not hold for p = 1 because of the integral normalization factor 511]’\/ in
(24). However, this normalization factor ensures that the convolution relation (30) holds for
all cardinal GB-splines.
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3.2 Fourier transform of cardinal GB-splines

The Fourier transform of ¢o(t) := x[o,1)(?) is given by
1—eif

$0(6) = o

and by using the convolution relation (31), we can write the Fourier transform of the cardinal
GB-spline ¢5,]’V as

TV g 07 g (L=
¢p (0)=¢" (0)( 5 ) . (36)
Moreover, for the hyperbolic case, it can be checked that
— 2
T, B a cosh(a) —cos(8)\ _io
and for the trigonometric case,
— 2
N % cos(a) —cos(8)\ _:
¢, (6) = (1 _COS(Q))( = )e Y ae@m, (38)
in which, if @ = a, we take the limit & — «. Note that
— 1 —ei0)? l-cos(\ iy .. ~q.
¢1(0>—( - ) —2( = )e = lim ¢ (0), (39)

which is in agreement with Remark 4.
We now provide some lower bounds on the modulus of the Fourier transforms of the
hyperbolic and trigonometric cardinal GB-splines, which will be useful later on.

Lemma 1 We have

“H, 0 2 a? 2 cosh(a) + 1 2(4\P!
|¢‘" (0)| = (cosh(a) -1 ) ( 72 + a? ) (F) ’ &9
and 2 2 1
T2 a? cos(a) + 1 4 p=
‘d)p (0)| = (1 —cos(a/)) ( n? - a? ) (7(2) ’ “h

Proof We just prove the hyperbolic case, because the trigonometric case can be addressed
with similar arguments. From (37) we obtain

a? )2 (cosh(a) +1 )2

cosh(a) — 1 2+ a?

ool =

Moreover, since
— 2 —2cos(6) 4
2
¢ (0)]" = — 2
we deduce the lower bound (40) from (36). a

Taking into account (39), for @ — 0 the lower bounds (40)—(41) reduce to the lower
bound for the polynomial case considered in [14, Eq. (24)].
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3.3 Symbols

In this subsection we study the properties of the generating functions of some Toeplitz ma-
trices which will play an important role in later sections.
We define the following functions in terms of cardinal GB-splines:

p
Vilmal o R, V@) = ) (jﬂ; STV (1) TV (- k) dt) N C5)
k=-p
p
WY -mal >R, hYY(6) = Z (j]; oV ()¢S (1 k) dt) ek (43)
k=-p

where ¢f,jv (#) denotes the derivative of ¢f,]’v (¢) with respect to ¢. Note that both functions

fll,] V' and hﬁ,]’v are even real trigonometric polynomials. They can also be expressed in the
following form

,‘,]’V(G)— ( f UV (1) 65 k)dt)cos(k@),

hyY (0) = Z ( jﬂ; oV (1) oTV (k) dt) cos(k).
k=-p

The corresponding functions in terms of (polynomial) cardinal B-splines are denoted by f,,
and h,, (see also [14]), that is

P
fp(8) = (f ép (1) ¢p(t—k)dt) Z (jl;cﬁp(t)tﬁp(t—k) dt) cos(k0),

k=— k=—p

P
hp(0) = (f Op () dp(t—k) dt) (f Op (1) dp(t —k) dt) cos(k@).

We also recall the following result from [5, Theorem 2.28].

Theorem 4 Let y € Ly(R) and its Fourier transform l; satisfy

() =0(t™), a>1, aslt]— oo, (44)
and !
v =0(61™"), b> 5 as 18] — oo. (45)
Then,
(f (3I0) dt) = > W0 +2km)P, VO € [-n,7]. (46)
keZ keZ

In the following, we will assume that U and V are chosen such that (44) and (45) are
satisfied for both y = ¢]l)]’v and Y = ¢gv The hyperbolic case (34) and the trigonometric
case (35) satisfy these conditions.

The next two lemmas provide some properties of the functions defined in (42) and (43).

Lemma?2 Let p > 2 and let h)"" be defined as in (43). Then the following properties hold.
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1. YO € [-n, 7],
— 2
Y™V (0) = Z|¢§j"’(a + 2km)| . (A47)
keZ
2. ForQ=H,T,
Q o (4
: @ > (e - 4
aer[rllz?,n] hp(0) = € (71'2) ’ “8)
where
CHo .o a? 2 (cosh(a) + 1)°
" \cosh(a) - 1 72+ a? ’
CTe o a? 2 (cos(a) + 1\2
1 = cos(a) a2—a? |’
3.
max hYV(9) = KUV (0) = 1. (49)
oel-nn] P p

Proof The first statement immediately follows from (43) and (46) with ¢ = ¢[lf’v. To obtain
the second statement, we simply observe that from (47) we have

—_— 2
S @) = |y @) .
Then the lower bound in (48) is obtained by means of (40)—(41). Finally, we prove the third

statement. Combining (46), the partition of unity (27) and the unity of integral (33) gives

p

Y@< ) ( fR ¢,‘j’v<r)¢5’v<r—k>dr) Ciad

k=—p

p p+1
> f oY (1) U (1 — k) dr
0

k=—p

P+l uU,v S U,v P+l U,V
fo ¢p (t)k;pfb,,’ (t—k)dtzj; ¢y (1)dr = 1.

Moreover, with the same line of arguments, it is easy to check that hﬁ,]’v ) =1. O

Remark 7 The properties stated in Lemma 2 extend to h?", Q =H,T as follows:

— the relation (47) holds for h;Q“;
— the lower bound (48) holds for h?" because (40) and (41) are still valid;
— the partition of unity (27) does not hold for p = 1 in general, but maxge[— ] h?" ) =
h?” (0), and by direct computation we get the bounds
a

1<hH~(0)<1+—4 1<hT"(O)<1+a—4 ”—2—1
! =0 ! R AW :

Figure 1 (left) shows some examples of /,,, h]}pﬂ" and hg“. In the following, we will also
use the notation
— 1 Qn —
mh%n = 96?117:;1”] hp (0)9 Q - H?’E
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T, T
Fig. 1 From Top to Bottom. Left: plots of &, hg“’, hp”/z. Right: normalized plots of f,, ff,ﬂ“’, fp"/z.
Black: p = 2, blue: p = 3, red: p = 4, magenta: p = 5.

Lemma 3 Let p > 3 and let fll,] "V be defined as in (42). Then the following properties hold.
1. YO € [-n, 7],

19Y(0) = (2~ 2cos(8)) k%@\ﬁ 6+ 2kn)\2 = (2-2cos(@) kY (0).  (50)
2. ForQ = H,T,
4\P7?
I (6) 2 (2= 2cos(6)) C (P) , (51)
f3(6) < min (2 —2cos(6), (2 -2cos(6))”! (021]77 -+ 67{21?)) . (52

where CQ js specified in (48).
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3. minge[—z, 7] fg” ) = fg" (0) =0, and 6 = 0 is the unique zero off over [—m,m].
4. maxee[,,r,,,] fg" (0) g 0 as p — oo.

Proof The first equality in (50) can be proved as follows. From (36) we obtain for p > 2,

-\ Ty
¢p Y(0) = ( 9 ) ¢, (0),
and by using the derivative rule of the Fourier transform, we get

¢,, V(9) =i0 ¢ (9)—(1—e*‘9>¢ " (0).

By taking squared moduli and summing, this yields

Z@’\V(e + 2k7r)|2 = (2=2cos(6)) Z@f(a + 2k7r)|2. (53)

keZ keZ

Then the first equality in (50) follows from (53) and (46) with ¢ = qﬂg’v. The second
equality can be immediately seen from (47).

Let us now consider the second statement. The lower bound in (51) follows from (50)
and (48). Similarly, the upper bound 2 — 2 cos(6) in (52) follows from (50) and (49). For the
other upper bound, we use the first expression of fll,] v in (50) together with (36)—(37) for
the hyperbolic case. More precisely, we have

2 —2cos(6) )pz ( ? )2 (cosh(a/) —cos(6) )2
(60 + 2km)? cosh(a) — 1 (0 + 2km)? + a?

- (2 —2cos(6) )p_2

“\ (@ +2km)? ’

T 2
¢f§1(9 + 21m)\ = (

resulting in

1
fr(a)_z(z 2cos())7 _(2—2005(9))”_1( ! +;).

(60 + 2km)2p—4 g2r=4  6x2p=6

The trigonometric case can be addressed with a similar computation.
The third statement follows from the inequalities in (51)—(52). Finally, from the upper
bound in (52) we also obtain the fourth statement. a

Remark 8 The properties stated in Lemma 3 extend to f2 @, Q = H,T as follows:

— the relation (50) holds for f,*;

— lower and upper bounds for f,° can be obtained by considering the relation £, (6) =
(2 - 2cos(6)) h2* () together with the bounds for 2% given in Remark 7;

— the third statement holds for f;@".
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Taking into account (36) together with the explicit expressions in (37)—(39), formula
(50) gives in the polynomial, hyperbolic and trigonometric case:

(2 = 2cos(6))P*!

Tp (@)= SO+ 2km o)
B, O (2-2cos@)P ( @® )\ [cosh(a) — cos(8) )’

Fp ®) = P ACAS 2km)2p—4 (cosh(a) -1 0 +2km)? +a2 ] ° (55)
o 2-2cos()P (P )2 (cos(a) — cos(6) )2

fpt(0) = (60 + 2km)2p—+ ( 1 —cos(a) (0 + 2km)? — a2 (56)

keZ
Figure 1 (right) shows some examples of f), /pr, fEI “ /M fHa and f;r" /M o s where
o fp
M = 0), M, = “(6), Q=HT.
I ol T O Mg = i SO

Referring to Remark 4, the results provided in Lemmas 2 and 3 also hold in the poly-
nomial case taking @ — 0. Indeed, they generalize the results provided in [14, Lemmas 7
and 6]. From [14, Lemma 7] we recall that

p+1
(F) < hy(0) < hy(0) =1,

and from [14, Eq. (28)] that

4 p
fp(0) = (2—2cos(9))(p) , (57)

fp(0) < min (2 —2cos(0), (2 - 2005(9))erl (0% + Wll’*z)) . (58)

Lemma 4 The ratio fl?" (ﬂ)/Mf@n, Q = H, T converges exponentially to zero as p — oo.
Jp
In particular, for p > 3 it holds

f}aﬂa(ﬂ) < f,[aHI"(ﬂ) - (cosh(a) + 1)2 ((”/2)2+az)2n_2 —
M.El" - fEI”(ﬂﬂ) "\ n2+a? cosh(a) 4 ’
fp (1) < fp° (1) - (COS((Z)+1)2((71'/2)2—Q/2)27(_2

< = < 2P
M. 1 (n/2) cos(a) 4

22— a2

Proof We just prove the hyperbolic case, because the trigonometric case can be addressed
with similar arguments. From (55) we get

B (E) 2 ( o )ZZ 1 ( cosh(a) )2
P \2) " z2-4\cosh(a) -1 & 4k + 124\ (12 + 2kn)? + o2

. 23p-5 ( o? )2( cosh(a) )2
= a4 \cosh(a) - 1) \(n/2)2+a?)]
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and

e () 2202 a? 2 5 1 cosh(a) +1 \?
{3 7r =
p x2p=4 \ cosh(a) — 1 &= 2k + 1)2p~4 \ (mr + 2kn)? + a2
L2 a? % (cosh(a) + 1\? 5 1
= x2p=4 \ cosh(a) — 1 72+ a? = 2k + 1)2p—4"

Since Y ez (2k+1)72PH < Y L (2k+1)72 = % for p > 3, we obtain the stated bound. O

The exponential convergence to zero of f),(7r) was already observed in [12]. In particu-
lar, an exact relation was provided for the polynomial case:

fp(m) =27P f,(n/2), p=1. (59)
Lemma S For p > 2 and sufficiently large n, it holds
Qa//n _ -2 —
177" = Foll,. ey <€ Q=HT, (60)

where C is a constant independent of n.

Proof We just prove the hyperbolic case, because the trigonometric case can be addressed
with similar arguments. From (54)—(55) we obtain

Ha/m gy B 2-2cos()\" 7| g @
£ 0) - £,(0)] < @ 2cos(9))k§ (—(9 i ) ‘r (n,e + 2k7r)‘,
where
. . &2 % (cosh(e) — cos(m)\? _(2=2cos(n) 2
re) = cosh(g) — 1 n? + &2 n? '

We consider the Taylor expansion of 7™ with respect to & up to the second degree at the
point 0, i.e.,
22 2cos())(57% + (% + 12) cos(y) — 12)
30
It can be verified that |7 ()| < 8 min(1,7™*). As a consequence, we have for sufficiently
small &,

= &2 ().

Ir(e.m)| < e*Cmin(1,n7),
for some positive constant Cc independent of € and 1. Moreover, we have
2 —2cos(6) < 2 —2cos(#) <
(0 + 2km)? 62

Using the previous bounds, we obtain for sufficiently large n,

2—-2cos(9) <4, 1.

£ ) = £,(0)] < 4( 5]+ ;0 (o 2"”)‘)
2 __
< 4(%) C(l + ;7(%;,(”)4)

a\2~ 2 1 ~
g4(—)c1+— — | <Cn,
n ( n4,;(2k—1)4) "

which implies (60). m|
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4 Spectral analysis in case of our linear differential problem

In this section we determine the (asymptotic) spectral distribution of the sequence of nor-
malized matrices

1l uv

PR
as the mesh size 1/n tends to zero. We only consider hyperbolic and trigonometric GB-
spline discretizations because of their practical relevance. For the classical (polynomial)
B-spline case we refer the reader to the spectral analysis in [14]. To simplify the notation, in
agreement with the previous section, we denote by

Hy .. _ Te . _
{Ni’p ti=1,...,n+p} and {Ni,p ti=1,...,n+p}
the hyperbolic and trigonometric GB-splines of degree p defined over the knot set (10) with
sections in (13) and (14), respectively. A completely similar notation will be used for the
corresponding space (16) and the matrices in (17)—(20).
As already described in Remark 6, for Q = H, T the central basis functions N;@[‘;,i =

p+1,...,ncan be expressed in terms of cardinal GB-splines, i.e.,

N2 ()= " (nx =i+ p+1), i=p+l....n p=2 61)
and as a Consequence,
(N2 () = ndp" (nx =i+ p+1), i=p+l....n, p=2 (62)

In view of (61) two choices for the parameter u are of interest when considering a

sequence of spaces ”WP ps N — 00,

— u = a where « is a given real value. This is the most natural choice for Galerkin IgA
discretizations, because it generates a sequence of nested spaces ”W,% given a sequence
of nested knot sets. The basis functions in (61) are a scaled shifted version of a sequence
of cardinal hyperbolic/trigonometric GB-splines identified by a sequence of parameters
approaching O as n increases.

— u = na where « is a given real value. In this case, the basis functions in (61) are a scaled
shifted version of the same cardinal hyperbolic/trigonometric GB-spline for all n. The
corresponding spaces ‘W,%;" are not nested. Nevertheless, this discretization presents
some advantages for the treatment of eigenvalue problems, see Section 5. Moreover,
the analysis of the spectral properties of the sequence of matrices in (17) gives some
interesting insights into the spectrum of the corresponding matrices in the above (nested)
case for finite n, see Section 4.4.

In the following, we will address these two choices and will refer to them as the nested
and non-nested case, respectively. We recall that the parameter y is constrained by the
Chebyshev structure of the section spaces (see (13) and (14)).

4.1 Galerkin matrices based on hyperbolic and trigonometric GB-splines

In view of the spectral analysis we intend to develop, we start by collecting some properties
of the stiffness matrix (17) in case of hyperbolic and trigonometric GB-splines.
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The central part of the matrix Ag’;, is only determined by the cardinal GB-splines in-
volved in (61). More precisely, foreach k = 0,1,...,pandi = 2p,...,n—p—1, the non-zero
element in Ag’;, at row i and column i + k can be expressed by

(A )ik = AN OOLN (1))
= a(gp” (nx — i+ p))

Q Y Q
= ”(an;: pick T BHRp) i jur + ;(MH,Z)i,i;tk’ (63)

(nx —i+pFk), ¢Q“/"

where, from (18)—(20) and (61)—(62), we obtain for k = 0,1,...,pandi =2p,...,n—p—1,

+1
(KSZ)i,iik = f ’ G (1 F K)o (1) dt, (64)
0
+1
(H%))i,iik = f” ¢Q”/n (f+k)¢Q”/" () dt, (65)
0
+1
(M%))i,iik = f ’ ¢@“/" (r+k)¢@“/" (t) dr. (66)
0

The central rows of Ag‘;, are defined as the rows with index ranging from 2p ton — p — 1.

These are the rows considered in (63). Since Agiﬁ, isofsize(n+p—-2)x(n+p-2),we
have to require n > 3p + 1 if we want to ensure there is at least one central row.
Following the same line of arguments as in [14, Section 4.4], for every n > 3p + 1, we

decompose the matrix K, 9‘]‘) into
K = B+ RYY, (67)

where BQ“ is the symmetric (2p + 1)-band Toeplitz matrix whose generic central row is

given by (64). The matrix RQ“ =K, Q“ Bi?*;, is a low-rank correction term. Indeed, Rg“;
has at most 2(2p — 1) non-zero rows and )

rank (Ry%) < 2(2p - 1). (68)
In the next lemma we analyze the spectral properties of BQ“
Lemma 6 Forp >2andn > 3p + 1, it holds

B,?i‘;; = Tn+[7*2( S”/") with G'(B,?i‘;)) c (O’Mle‘/n )’ Q = H’T
Jp

Proof From the definitions of B;?i and fQ“/" it follows that Bi?;, =Thip- z(fQ“/" ) for any
n > 3p + 1. Hence, the statements are consequences of Theorem 2 and Lemma 3. O

We also recall that the matrix K ?‘]‘) is symmetric, the matrix H, 9‘;, is skew-symmetric and

the matrix M,?; is symmetric. The next lemma gives a bound for the infinity norm of these
matrices. It extends the results in [14, Lemma 8] to the case of hyperbolic and trigonometric
GB-splines.
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Lemma 7 For p > 2, it holds

<p+l

Bk 2| <2 [nk

<Cpon, Q=HT, u=a,na,

where Cp, o is a constant independent of n.

p+l
=5

Proof The knot set (10) implies that the maximum length of the support of any NLQ‘;’ is
By the positivity property and the partition of unity property of GB-splines, we obtain

1 Q n+p-2 o 9
H;MH,;”‘X’ i=1 n+p-2 Z L Nj+”1p('x) Nl:{p(x)dx

I
ig
o
>

n+p-2 0 0
u u
i:]”r%p_zf ( Z N (o] N () dx

+1
max f NQ‘; (x)dx < d
i=l,...,n+p=-2 Jo i+ n

IA

Since H;?i '» is skew-symmetric, its infinity norm is equal to the infinity norm of its transpose.
Therefore, from Definition 1 we obtain

0 n+p-2 0 0
u — M u
”H - i=]’nn'1’2:3§_p_2 — L NJ+] p(x) (Nl+] p) (x) dx
j=
n+p-2 0 0 0
= rl,.r.r.],an)irp—2 j; Nj+”] p(x)(éH”I p- 1N+1 .- l(x) - 6t+”2p 1N+2p ](x))dx
Q Q Q Q
= i=1 m?f:_p 2 f N]+”] p 6l+”] ,P— 1N1+‘; p- l(x) + 6z+2p ]Nt+‘£p l(x))dx

Q Q
Z L N]+”] p(x)61+l p- ]Nl+‘; P l(x) dx

1 n+p=2
— E Q Q Q
_j(; ( Nj+”1p(x))5l+”1p 1N+1p l(x)dX< j(; 5l+”1p 1N+1p l(x)dx_ L.

J=1

Moreover, by repeating the argument for the other term, we get || H, ? " lleo < 2. Finally,

n+p-2
sl = om0 | O 0 (5,
n.+p—2 1 0
:l-:]"ltr'l’i)ip_z \fo‘ (6j+u],p 1 j+]p 1( )_ j+2p 1 j+2p l(x))

J=1

Q Q
(61+H1p 1 z+1p ](x) 6l+”2p 1 z+2p ](x))
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Since the GB-splines of degree 1 are bounded as
if u/n € (0,7/2],
1/ sin(u/n), if u/n € (n/2,n),

and using again the partition of unity property of GB-splines (for degree > 2), we deduce
that

Hl‘
N <1, N1@ <

n+p-2

1
Q Q
Z L 6jf1,p 1 j+1p 1( )6t+1p INH:I[: l(x)dx
Jj=1
1 jn+p-2 0 o o o
:j; (Z 61:1;7 1N+Hlp ](x))61+”]p 1N+lfp ](x)dx
J=1

= Q Q Q pd
<C max or 6“ N.H x)dx =C max 6“
= P,dj Loontp=2 Jj+lp-1 0 i+L,p—1""i+1,p— ]( ) p"’j 1,..ndtp=2 Jj+lp-1°

where C »,a 18 @ constant independent of n. We can use a similar reasoning for the other three

terms in the expression of IInK % llco. It Temains to prove that

Qu
j:],.r.n.,an)i—p 2(S +Lp-1 = C
for some constant 51,,(, independent of n. We first observe that fori = p,...,n,
1 1
o f NQ“ _(s)ds = f ¢Q”/" (ns—i+p)ds = f ¢Q”/" (z)dz =

6i,p—1
Foriel:={2,....p—1,n+1,...,n+ p— 1}, we address the nested and non-nested cases
separately.

— Case u = a: 6Q“ = k“ " n, where k“p” | is dependent on 7 but can be bounded above
by a constant 1ndependent of n. Indeed, because of its convergence to the polynomial
setting and the explicit B-spline integral formula (see, e.g., [14]) we have

= fim —&

—— < p.
n—o n(tiyp —1;) P

lim k

n—oo

1

This implies the existence of an integer ng for which k;’;)"_] < 2p for every n > ny.

— Case u = na: 6(@"" = ki'p” |1, where k" ”_ is independent of n for n > p — 1. This

holds because the integrals fo N;Q’“’ (s) ds are proportional to the support of N Ql;“’l (s),
and so to 1/n. More precisely, ﬁxmg 1 < i < p, it can be proved by induction that

the GB-spline NQ"‘:’ defined over the knot set (10) with n; intervals and the GB-spline

N, Q"z“ defined over the knot set (10) with n; intervals are related by
Qn @ Q’l a
Ni,p]—] (npx) = Ni,pil (n1x)

By taking into account their local supports, we get

n T Quya T2 Qe n
Q—lznlf lQp'l(s)ds—nzf NQi(s)ds: 2
some 0 0 ’

i,p—1
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We are now ready to determine the spectral distribution of the sequence of (normalized)

matrices %Ag’;, Q = H,T, both for the nested and non-nested case. We will first address

the nested case in Section 4.2 and then the non-nested case in Section 4.3.

4.2 Spectral distribution: sequences of nested spaces

In this subsection we focus on the spectral distribution of the sequence of matrices

B

1 Y
;A%}, =Ko+ ;H%) + ;Mﬁ?ﬁ;, Q=H,T, (69)

where « is a real positive parameter not depending on n. We first show that both sequences
{K %},} and {Bg‘[’, }, see (67), share the same spectral distribution.
Lemma 8 Let a be a real parameter independent of n. For p > 2, it holds

(Bio) ~a fpo {Kip)}~a fp, Q=HT.

Moreover, both sequences are strongly clustered at [0, My, ].

Proof We first prove the spectral distribution of {Bg‘]’, }. By Lemma 6 we have

Bg(;? = n+P—2( g"/") =Thip2(fp) + Tn+p—2(f‘90/" _ fp),

and we apply Theorem 1, with

Zy = B;?i(;aa X = n+p—2(fp)a Y, = n+p—2( g"/" _fp)-

From Theorem 3 it follows

Tt p2(fp) Il < N fpllLet-r71) s (70)

and
[Tsp2(5" = o)l < 0+ =21 = Folly ey

The matrix X, is Hermitian by construction, and so Theorem 2 implies that {X,,} ~, f,
and {X,} is strongly clustered at [0, Mg, 1, which is the essential range of f,. From (70)
and (58) we obtain that || X, || can be bounded by a constant independent of n. Moreover, by
combining the result in Lemma 5 with (71) we see that ||, ||; can be bounded by a constant
independent of n. Therefore, all the hypotheses of Theorem 1 are satisfied, and we have that
{B%’,} ~a fp and {B%’,} is strongly clustered at [0, Mg, 1.

To prove the spectral distribution of {K 9;, }, we consider again Theorem 1, but now with

(71

Zn =K%, X, =B, Y,:=RY,.

Recalling that K 9‘]', is symmetric and using Lemma 6 and Theorem 3, we have

K2 | < 1K (72)

. e 1B < |15

P Leo([-m,7])’

which can be both bounded independently of 7, thanks to the upper bounds in Lemma 7 and
Lemma 3, respectively. Moreover, from (67) and (68) we obtain

IR < 22p = DIRE L IR = 1K = By | < 1B + 1K .

n,p P n,p n,p n,p P
which can also be bounded independently of n, thanks to (72). Therefore, both || X, || and

1Y, 1l can be bounded by a constant independent of n, and all the hypotheses of Theorem 1
are satisfied. This completes the proof. |
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Finally, the next theorem states the spectral distribution result for {%Ag‘}, ).

Theorem 5 Let a be a real parameter independent of n. For p > 2 and Q = H,T, the
sequence of matrices {%Ag‘},} is distributed like the function f, given in (54) in the sense
of the eigenvalues and it is strongly clustered at [0, My, ].

Proof According to the matrix decomposition in (69), we consider Theorem 1 with

1 B Y
Zyi= =Alo Xu= Kl Yyi= —Hup+ pMﬁ?j;;.
From Lemma 8 and its proof we know that {Kﬁ?" ~a fpid n‘,’, is strongly clustered

at [0, My, ] and IIK%’)H can be bounded independently of n. Moreover, H%;, and M?; are
normal matrices, so

|8l
Wl < g, + Zim
n+p—2 n+p-2
< 1B ||H£?p|| y— o IM|
n+p 2 o n+p 2 N
< 1Bl——IHZ oo + Y —— 1M 25 |

which can be bounded independently of n, thanks to the upper bounds in Lemma 7. So all
the hypotheses of Theorem 1 are satisfied and the result follows. |

Remark 9 From (57)-(58) it follows that the symbol f,(6) of the sequence {%A%},} has a
unique zero at # = 0. Moreover, from (59) we see that f, () converges exponentially to
zero with respect to p, so f, (rr) is very small for large p and will behave numerically like a
Zero.

Remark 10 As pointed out in [9, 10] for the (polynomial) B-spline case, the ‘numerical zero’
of f, at 8 = m (for larger values of p) negatively affects the convergence rate of standard
multigrid methods. This leads to an unsatisfactory behavior of standard multigrid methods,
even for moderate values of p and not only for unrealistically large values of p. For instance,
looking at [9, Table 4], we see that in the Galerkin formulation with B-splines of degree p,
the convergence rate of standard multigrid methods (using Richardson smoothing) is already
very slow for p > 6, and a similar — even worse — phenomenon is observed in higher
dimensionality d > 1. We expect that the same unsatisfactory multigrid behavior also occurs
in the hyperbolic/trigonometric GB-spline case.

Remark 11 The intrinsic difficulty for larger values of p, described in Remark 10, can be
addressed by following the multi-iterative idea from [26]. Indeed, in [9] and [10], a standard
multigrid method was successfully combined with a smoother of preconditioned Krylov
type (namely PCG and PGMRES, respectively), where the preconditioner was suggested by
the symbol. This results in a robust and optimal multi-iterative multigrid solver. We expect
that a similar technique can also be used in the hyperbolic/trigonometric GB-spline case.
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4.3 Spectral distribution: sequences of non-nested spaces

In this subsection we focus on the spectral distribution of the sequence of matrices

B

n

1

na na y na
;AS{,, = K2 + pM,?jp , Q=HT, (73)

H +
where « is a real positive parameter not depending on n. The next lemma provides the
spectral distribution of the sequences {K g';;’ } and {Bg'[’;’ ).

Lemma 9 Let « be a real parameter independent of n, For p > 2, it holds

{Bﬁ?ﬁ'};'}m 9", {Kg'}:"}m ;9", Q=H,T.

Moreover, both sequences are strongly clustered at [0, M 9a 1.
Jp

Proof From Lemma 6 we know
Bg';)" = Tn+p72(f;90)~

Therefore, Theorem 2 implies that {Bﬁ?i”p"} ~a1 fp® and {Bg'[';’} is strongly clustered at

[0,M % ]. The spectral distribution of {K ﬁ?ﬁ’,’;’} can be shown by following the same line of
Jp

arguments as in the proof of Lemma 8. m|

The spectral distribution of the sequence of matrices (73) can be obtained with the same
arguments as for Theorem 5. The results are stated in the next theorem.

Theorem 6 Let « be a real parameter independent of n. For p > 2 and Q = H,T, the
sequence of matrices {%Ag’};’ } is distributed like the function f given in (55)—(56) in the
sense of the eigenvalues and it is strongly clustered at [0, M 90 ]

r

Remark 12 From Lemma 3 we know that the symbol f];Q“ (0) of the sequence {%Ag’;’ } has
a (theoretical) zero at § = 0, and from Lemma 4 it follows that this symbol has a ‘numerical
zero’ at 8 = n for large p, see also Remark 9. We expect that the same unsatisfactory
multigrid behavior described in Remark 10 also occurs in this hyperbolic/trigonometric GB-
spline case, with a possible multi-iterative remedy as suggested in Remark 11.

4.4 Spectral approximation for finite dimensional matrices

The spectral analysis in Section 4.2 shows that the stiffness matrices corresponding to a
Galerkin discretization based on a sequence of nested generalized hyperbolic/trigonometric
spaces of degree p (with fixed phase parameter @) have the same (asymptotic) spectral distri-
bution as the matrices resulting from a Galerkin discretization based on classical polynomial
spline spaces of the same degree. This distribution is described by the function f},. As men-
tioned in Remark 3, this means that the spectrum of these matrices behaves like a uniform

sampling of f,, when their size increases.

Qn/n
P

accurate description of the spectrum of K Qo and so of %Ag" (see Theorem 5), for finite

Due to (61), however, it is reasonable to expect that the function provides a more

n.p> p
(small) values of n. This is actually the case as illustrated in the following examples.
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Fig. 2 Sorted eigenvalues of K Ei, with @ = 4n, p = 2 (red *) compared with sorted uniform samples of

T,
fp"/" (blue line) and f}, (black line). Left: n = 10. Right: n = 20.

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 08 1

Fig. 3 Left: sorted eigenvalues of KE{‘;, with @ = 100, p = 3 and n = 10 (red *) compared with sorted

H
uniform samples of f}, @/" (blue line) and fp (black line). Right: a magnified version.

Figures 2—4 illustrate the eigenvalues of the matrix K %’, for different values of the pa-
rameters p and n, for hyperbolic and trigonometric spline spaces with various choices of the
phase parameter «. The values of the parameters in Figure 3 are inspired by those in [24, Ex-
ample 3], whereas the parameters considered in Figure 4 are taken from [25, Section 4.2.2].

We compared the eigenvalues of K?" with the functions f, and fg”/ " over (0,7). More

P
precisely, we considered equispaced samples of f}, and f];Q“/ " at the points
k
{ T k= lm} m = 1000.
m+ 1

To make a fair comparison we sorted the three sets of values. Except for possibly few out-

liers, we see an extremely good match between the function fg”/ " and the spectrum. Note

that the presence of two outliers for p = 3,4 (clearly depicted in Figures 3—4 (left)) is in a
complete agreement with the fact that the sequence of matrices {K, %},} is strongly clustered
at [0, My, ], see Definition 3 and Theorem 5.

We may conclude that the analysis of the symbols ]9"/ " presented in Section 3.3 is of

interest not only to describe the spectral distribution of the matrices arising from Galerkin
discretizations based on non-nested spaces, but also because they provide a precise descrip-
tion of the spectrum of the matrices obtained in the case of nested spaces for finite (small)
values of n.
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Fig. 4 Left: sorted eigenvalues of K, E $ with @ = 1000, p = 4 (red ) compared with sorted uniform samples

of flﬂjI @/ (blue line) and fp (black line). Right: a magnified version. Top: n = 10. Bottom: n = 50.

5 Spectral analysis in case of our eigenvalue problem

In this section we address the eigenvalue problem (8). Due to the structure of the problem,
it is natural to consider an approximation based on trigonometric GB-splines. So, we are
interested in the eigenvalues of the matrices in (21) where the Galerkin discretization is
based on trigonometric GB-splines, i.e.,
T 2 Ty =14 T

Ly, =n"(M,}) " K,},. (74)
As mentioned in Section 2.1.2, the N := n + p — 2 eigenvalues of the matrix (74) are used to
approximate the first N eigenvalues wy in (9) associated with the eigenfunctions

ur (x) = sin(wgx), k=1,...,N.

This means that higher frequencies are addressed as the dimension of the discretization

space “W,E %> increases. As a consequence, it is natural to consider trigonometric spline spaces
whose phase increases linearly with respect to their dimension. This motivates the interest
in Galerkin discretizations based on the space ”W,El: "' where « is a fixed real parameter
belonging to (0,7). Equivalently, this means that we will consider generalized spline spaces

over the knot set (10) with sections in

(1,x,...,xP72 cos(nax),sin(nax)).

Note that the assumption na(t;+1 —t;) < & is satisfied because ;41 — t; < %
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5.1 Spectral distribution of {n‘zLEjl[,” }

We now investigate the spectral distribution of the sequence { n’zLEf']g’ }. To this end, we first
look at the spectral distribution of the sequence {ME}: "> 1, for which we can follow the same
strategy as for the sequence {K 9;’;’ } considered in Sections 4.1 and 4.3. We decompose the
matrix ME}: > into

Myne = Cyne + Syne, (75)
where C,q{';;’ is the symmetric (2p + 1)-band Toeplitz matrix whose generic central row is
given by (66). The matrix SE{’;;’ = M,q,l:’;," - CE,’;’ is a low-rank correction term analogous to
RE:’I‘,’ and so

rank (S, ) < 2(2p - 1). (76)

The following spectral properties of {C,q{’;;’ } and {M,q,l:’;," } can be obtained by using the same

line of arguments as for Lemmas 6 and 9. We omit the proofs for the sake of brevity.

Lemma 10 Let a be a real parameter in (0,7) independent of n. Forp > 1 and n > 3p +1,
it holds
Crna = Tyypa(h3e)  with o (Cane) C (mhqu 1).

Lemma 11 Let a be a real parameter in (0,7) independent of n. For p > 1, it holds
(Calp Y ~a s M} ~a Iy
Moreover, both sequences are strongly clustered at [m, 1, ,1].
P

The spectral distribution of the sequence {n_zLEjlp"} can be derived by exploiting the
powerful theory of GLT sequences [16,29]. A GLT sequence {X,} is a specific sequence
of matrices with size(X,,) — oo, equipped with a function « (the symbol of the sequence),
see [29, Definition 1.5]. GLT sequences form an algebra and possess several remarkable
properties [16,29]:

- If {X,} is a GLT sequence of Hermitian matrices with symbol «, then {X,,} ~ «.
— Forevery f € L' ([-n,n]), the Toeplitz sequence {T,,(f)} is a GLT sequence with sym-
bol f.

— If{X,}is a GLT sequence with symbol x and lim,, . || E, || = lim, o rank(R,,)/size(X,,) =

0, then {X,, + E,, + R, } is a GLT sequence with symbol «.
- If {X,(,i)} are GLT sequences with symbols «;, fori = 1,...,r, then {X,(,l) ---X,(f)} is a
GLT sequence with symbol «; - - - k.
- If {X,} is a GLT sequence of invertible matrices with symbol « and « # 0 a.e., then
{X;!} is a GLT sequence with symbol x~!.
— If {X,,} is a GLT sequence of Hermitian matrices with symbol «, then {g(X},)} is a GLT
sequence with symbol g(«) for all continuous functions g : R — R.
From (67), (75) and from Lemmas 6, 10 it follows that K,q{';;’ and M,q,l:';," are Hermitian
perturbations of the Hermitian Toeplitz matrices T4 p—2( f;r") and Tn+p_2(hg"), respec-
tively. Moreover, from (68) and (76) we see that the rank of the perturbation matrices RE:’,;’
and SE{';;’ is bounded by a constant independent of n. Therefore, {K,q{';;’} and {M,TE’;,"} are
simple instances of GLT sequences with symbols given by fg “ and hg“, respectively. Fi-
nally, by (48) we have h;[)r" > 0, and (ME > _IK,TE "5 is similar to the Hermitian matrix

(M;E’;," )‘1/21(3:';? (M;E’;," )~1/2_This leads to the following important result, see also [13].
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Theorem 7 Let a be a given real parameter in (0,7). Then the sequence of matrices
{n’zLEf'[‘,’} = {(M,q,l:';," ’IK,T,F,’};’} is distributed like the function

(hpe) ™ fpe (77)
in the sense of the eigenvalues.

Thanks to this theorem, for large n, the eigenvalues of the matrix n_zLEj';; can be approxi-
mately seen as a uniform sampling of the even function in (77).

Remark 13 For the sake of simplicity, we just formulated and proved the above results in
case of a sequence of trigonometric spline spaces ‘W,El: 5, but similar results hold in a more
general setting. In particular, using the same notation as in Section 4, we have for Q = H, T,

(1% - [ i = e,
P hp, fu=a,

and

mp (hp) " fps if u=a.

This can be proved with similar arguments as used in this and the previous section.

(2L} ~a {(hg")-‘f@“, if = na,

5.2 Approximating eigenvalues by means of non-nested spaces

Let us denote by
") k=1l...n+p-2

the eigenvalues of the matrix LEj’,‘,’ , i.e., the computed approximations of the first N :=
n + p — 2 eigenvalues of (8). We assume they are sorted according to their modulus. A
popular way to measure the accuracy of these approximations is given by the following

relative error (see, e.g., [7,13,20]):

(@™ ) = (@) jw |2
k i :( k )—1, k=1.....N. (78)

(wi)?

From Theorem 7 we know that (wg"“ )2 can be approximately seen, for large n, as a uniform
sampling of the function nz(hg" )’lf;,r“. Let 6y := kn/n, we get

et S S
kn hbe (6y) k22 nhe(Or) 0 Y

Hence, the relative spectral error in (78) can be approximated by a uniform sampling over
(0, ) of the function
T
[e3 9 ]
o (o) = 12 )E -
hp (6)

T (79)

This function has the following properties.
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Lemma 12 Let eﬁ“ be defined as in (79). Then

e (0)>0, 0€0.m), p>2 (80)

and
lim e, (0) =0, p >3, 81
Jim ey7(6) =0, p=2. (82)

Proof Since h;[)r" (8) > 0, the inequality (80) is equivalent to
fpe(0) > hye(0)6°, € 0,m), p>2.

Using (36) and (38) we obtain

|;§ﬁ-:(9 N 2k7r)|2 B (2 —2cos(f) )Pl ( a? )2 (cos(a/) — cos(6) )2
P = .

(0 + 2km)? 1 - cos(a) (6 +2km)? — a? (83)

Then, from (50) and (47) we deduce

[ (0) = (2~ 2cos(6)) Z|@Z(0 + 2| = Do+ 2k7r)2||<;,i;:(0 + 2|
keZ keZ

> > 92\@:(9 2k = 1l (0)62.
keZ

To prove (81), we recall that hg" is continuous and hg" (0) = 1 for p > 2. Hence, we get

Te
. f;r" @1 _ h20) (2= 2c0s(6))
lim T - = lim T > =
) hy" (6) [ 6—0 ) 0

1, p=3.

Finally, to prove (82), we first note from (83) that

\;}T?(a + 2k7r)|2 =0, k#0.

Then, by taking into account the uniform convergence of the series in (47), we obtain

o 2 T 2
L@ Sz (O +2km)2| ¢ (0 + 2ken)|| e 6*||¢, )| »

li = — —
Y O Skezjop @ + 2k o2|op (@)

0—-a
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Fig. 5 From left to right: IIeE" Il oo (10, 7y and ||€£“ Il 10,71y as a function of the parameter @ over [0, 7).
Black: p = 2, blue: p = 3, red: p = 4, magenta: p = 5.

5.3 Numerical results

‘We now illustrate the performance of the Galerkin approximation using trigonometric spline
spaces ”W,El: "5t for the eigenvalue problem (8).

The selection of the parameter « is crucial in this approximation strategy. Two reason-
able selection criteria are minimizing the L-norm or the L;-norm of the function egf’ in
(79) which approximates the relative error given in (78). The graphs of these norms, as a
function of the parameter a € (0,7), are depicted in Figure 5 for different degrees.

In Figure 6 we plot the relative spectral error values

The

(E,(“’k )2_1), k=1...n (84)

n km

together with the graph of the function eg“ in (79). For comparison, we also plot the relative
spectral error values and the graph of the corresponding function ¢, in case of polynomial
B-splines, i.e.,

O 1
h,(0) 62
Both the functions are rescaled over the interval [0, 1]. The values of « are selected to (nu-
merically) minimize ||eg" Iz cf0,x]) - Figure 7 shows the analogous results in case the values

ep(0) := (85)

of @ are selected to (numerically) minimize IIeE" Iz, r0,7) - Finally, in Figure 8 we depict the
results obtained by selecting @ according to the heuristic suggestion? in [25, Eq. (18)].
We note that

— there is a very good match between the function eg" in (79) obtained by our theoreti-
cal spectral analysis (blue line) and the computed relative error in (84) of the Galerkin
approximation of the spectrum based on non-nested trigonometric spline spaces ”W,El: o
(red =);

— from Lemma 12 we know that eg" (0) is non-negative and attains the value zero at § = 0
and 6 = «; in addition, we observe in the figures that eg“ () is very close to zero;

— as explained in [13], the relative error of the Galerkin approximation of the spectrum
based on polynomial spline spaces (black o) is accurately described by the function e,
in (85) which can be derived by a similar theoretical spectral analysis (black line);

2 For polynomial B-splines, a degree p in Galerkin approximation corresponds to a degree 2p + 1 in
collocation, see [11, Remark 3.2]. We have followed the same rule here.
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Fig. 6 Plot of the relative spectral error values in the trigonometric case (red *) and the polynomial case
(black o) for n = 80, together with the scaled graphs of eg" (blue line) and e, (black line). The values of &
are taken to (numerically) minimize ||e£" lLo(r0,77)- Left: p =3, @ = 2.80. Right: p =4, @ =2.92.

0 0.2 0.4

Fig. 7 Plot of the relative spectral error values in the trigonometric case (red *) and the polynomial case
(black o) for n = 80, together with the scaled graphs of eg" (blue line) and e, (black line). The values of &
are taken to (numerically) minimize IIe;ﬂ;" I, (0.~1)- Left: p = 3, @ = 2.48. Right: p = 4, a = 2.69.
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Fig. 8 Plot of the relative spectral error values in the trigonometric case (red *) and the polynomial case
(black o) for n = 80, together with the scaled graphs of eg" (blue line) and e, (black line). Left: p = 3,
a = %n. Right: p =4, @ = %7{.

— since trigonometric GB-splines approach classical (polynomial) B-splines when the
phase parameter approaches 0 (see Remark 1) and since the sequences {K, %’, }, {M%;,}
are distributed like f},, h, respectively in the sense of eigenvalues, the relative error of
the Galerkin approximation of the spectrum based on nested trigonometric spline spaces

"M/E ¢ is accurately described by the function e;, in (85). The corresponding plots are



Spectral analysis of matrices in Galerkin methods based on GB-splines 35

omitted because they are indistinguishable from the polynomial case for the considered
values of n; we also refer to [25] for analogous results in case of collocation methods.

As a consequence, the use of non-nested trigonometric spline spaces “W,El::}," results in
a more flexible approximation tool for the eigenvalue problem than the classical (polyno-
mial) B-spline discretization and the discretization by means of nested trigonometric spline
spaces ”W,E %. The minimization of the Le-norm or the L;-norm can be valid criteria for the
selection of the parameter «. Nevertheless, other alternative criteria can be more appropriate
according to the demands of the user.

6 The multivariate setting

In this section we outline the extension of the spectral results given in Section 4 to the

multi-dimensional version of the linear elliptic differential problem (1), i.e.,
—Au+ BVu +yu =1, in Q, 86)
u=0, on 0Q.

where Q = (0,9, B := (B1,...,84) € R4, y > 0, f € Ly(Q). The weak form of (86)
consists in finding u € Hj(Q) such that

f(Vu)TVv + (V)T By + yuv = f fv, Vv e Hy(Q).
Q Q

Following the Galerkin approach, we look for an approximation uqy = Z;V: L ujp; of u

belonging to a finite dimensional approximation space ‘W C H(; () spanned by the basis
{e1,...,¢n}. This is equivalent to solving the linear system Au = f, where

N
A= [ fg (Vo) Ve + (Vo) Bo; +7‘Pj90i] . (87)

i,j=1

We are interested in the spectral distribution of the matrices in (87) in the case of hyperbolic
and trigonometric tensor-product GB-splines.

For a compact and clean description of the results, throughout this section, we use the
multi-index notation, see [33, Section 6] (or [13, Section 2.1]). A multi-index m € Z¢ is a
(row) vector in Z¢ and its components are denoted by my,...,my. We indicate by 0, 1, 2
the vectors consisting of all zeros, all ones, all twos, respectively. We set N (m) := I—[le m;
and jk := (jiki,...,jaka). The inequality j < k means that j; < k; fori = 1,...,d, and
the multi-index range j,. ..,k is the set {i € 74 . Jj < i < k}. We assume for this set the
standard lexicographic ordering:

[ o [T i) T ]id,,:jd,l _____ AREE ]i1=j1,...,k1 (88)
We writei = j,. ..,k to denote that the multi-index i varies in the multi-index range j,. ..,k
taking all the values from j to k following the ordering in (88). For example, if m € N¢
and x := [x;]1;, then x is a vector of length N (m) whose components x;, i = 1,...,m, are

ordered according to (88): the first component is x1 = x(1,.._1,1), the second component is
X(1,...,1,2), and so on.
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6.1 Multi-dimensional GB-spline basis functions and IgA Galerkin matrices

Let p := (p1,...,pq) and n := (ny,...,ng) be multi-indices such that p; > 2, n; > 1,
i=1,...,d. LetU := (Uy,...,Uy) and V := (V4,...,V;) be vectors of functions such that
fori = 1,...,d the pair of functions {Ui(pfl),\/i(pfl)} is a Chebyshev system on [#; ;,t; j+1].
j=pi+1,...,pi +n;, where

1 2 n; —1
{ti,]a-~-7ti,n[+2p[+]}:: {09~-~a0a_a_9~-~9 - 91a-~-91}~
N . n- . .

pi+l pi+l

The tensor-product GB-splines Nl.UI;V :[0,11¢ = R are defined by

UV _ yULVi o . Ua,Va P _
Ni’p = Nl.]’p1 ® - ® Nidspd , i=2,....n+p-1 (89)
In the framework of IgA based on (uniform) GB-splines, the functions ¢;,i = 1,...,N, in

(87) are chosen as the tensor-product GB-splines in (89), so that N = N(n+p —2). We adopt
for the tensor-product GB-splines (89) the lexicographic ordering? in (88), and we follow
this ordering when assembling the matrix in (87), which from now on will be denoted by
Af,]”;/. In multi-index notation it is expressed by

Uuyv _ LUV U,V
Anp =Knp +Rup . (90)
where
T n+p-2
Uy ._ LAY U,v
Kup = [f ,(VNjH,p) VNi+1,p]
[0,1]¢ i,j=1

is the matrix resulting from the discretization of the diffusive term in (86), and

Uyv ._ uv\T o UV Uy UV
Rup = Lfm ”d((VNj+l,p) 'BNi+1,p+7Nj+1,pNi+1,p)

is the matrix resulting from the discretization of the terms in (86) with lower order deriva-
tives. Moreover, it follows from (18)—(20) that

d ,i-l d
1 1
UV _ UV, Ui Vi UV,
Knp = E (® . M) ) ®n K,y ® (® n Mo, )’ ©D

i=1\r=1 r=i+l

n+p-2

i,j=1

where for every X € C™>™ and Y € C™2*™2, the tensor product X ® Y is the matrix in

Crmim2Xmim2 given by
x11Y x12Y xlm]Y
x21Y  x22Y -+ xom Y
XQY:= . . .
Xm1Y Xmp2Y <o Xmym, Y

Like in the one-dimensional setting, we denote by Ag‘l‘, the stiffness matrix in (90) when
hyperbolic or trigonometric GB-splines with parameters g := (ui,...,uq) are considered
in (89). Note that different section spaces can be used in different directions.

3 A different ordering has been used in [14] in the bivariate setting.
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6.2 Multi-dimensional symbol of the normalized IgA Galerkin matrices

From now on, we assume that n; = v;n € N foreachi = 1,...,d, ie., n = vn for a
fixed vector v := (vy,...,vq). The next two theorems provide the spectral distribution of the
normalized stiffness matrices in the multi-dimensional setting, in the nested and in the non-
nested case, respectively. These results are a consequence of the one-dimensional results in
Lemma 5 and Theorems 5-6. They can be proved by using the same line of arguments as
in [14, Theorem 18] and by taking into account (90)—(91). In both cases, we assume that
@ :=(ay,...,aq) is a suitable sequence of real, fixed parameters not depending on n.

Theorem 8 The sequence of normalized matrices {nd’zAgj;, }n is distributed, in the sense
of the eigenvalues, like the function fp y : [-m,7]¢ - R,

d
1 2
fp,V(o) = N(V) ;Vi (hpl ®"'®h17i—1 ®f17i ®h[’m ®"'®h17d)(0)'

Theorem 9 The sequence of normalized matrices {nd-2 A%}," }n is distributed, in the sense

of the eigenvalues, like the function fg‘; [-mal? 5 R,

d
» 1 Qo Qa;_ Qa; o 1 Qu;, Qa,
fgv(g) = NO) Z Viz(hpl '@ ®hy O @M T ® - ® hl’di)(o)'
i=1

Remark 14 Like in the univariate case, for nested GB-spline spaces (Theorem 8) the symbol
is the same as for polynomial B-spline spaces, see [15, Eq. (4.18)].

Remark 15 From Theorems 8-9 and from Lemmas 2-3 we know that the symbols of the
sequences {nd’zAg‘;, | {nd’zAg';," }» have a (theoretical) zero at & = 0. Moreover, from
(59) and Lemma 4 it follows that these symbols have also ‘numerical zeros’ for large p at
the points 6 := (04,...,0,) with ; =  for some i, see also Remarks 9 and 12. This peculiar
behavior has already been pointed out for the (polynomial) B-spline case in [9,10, 15]. We
expect that the same unsatisfactory multigrid behavior described in Remark 10 also occurs in
the multivariate hyperbolic/trigonometric GB-spline setting, with a possible multi-iterative
remedy as suggested in Remark 11.

7 Conclusions

We have presented a spectral analysis of matrices arising from IgA Galerkin methods based
on GB-splines, focusing on hyperbolic and trigonometric GB-splines because of their rel-
evance in applications. A deep understanding of the spectral properties is a fundamental
ingredient in the design of robust and optimal multigrid solvers for the corresponding linear
systems.

The univariate setting has been investigated in detail. We have shown that the stiffness
and mass matrices possess an asymptotic eigenvalue distribution when the matrix-size tends
to infinity or, equivalently, the fineness parameter of the discretization tends to zero. This
distribution is compactly described by a function (the symbol). The symbols in the hyper-
bolic, trigonometric and polynomial case are very similar, and they are exactly the same
when considering sequences of nested spaces. Therefore, the corresponding sequences of
GB-spline matrices present similar spectral features (in the nested and non-nested cases)
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as the polynomial B-spline matrices. In particular, the symbols have a unique (theoretical)
zero at 0 = 0. However, there is also an exponential decay to 0 at 6 = & for large degrees,
and this reveals the existence of a subspace of high frequencies where these matrices are
ill-conditioned. This surprising fact has already been observed, analyzed, and exploited for
designing robust and optimal multigrid solvers in the polynomial spline case, see [9, 10].
Thanks to the tensor-product structure of the approximation spaces, the univariate results
extend directly to the multivariate setting.

The results on the spectral distribution of the stiffness and mass matrices have been used
to analyze the performance of the spectral Galerkin approximation based on trigonometric
B-splines for the univariate Laplace operator. It turns out that non-nested spaces are of par-
ticular interest in this context because their phase parameters can be fine-tuned to improve
the relative spectral error according to user predefined criteria.

As a first step, we have only addressed problems with constant coefficients and no ge-
ometry map. Nevertheless, due to the similarity with the polynomial case, it is reasonable
to expect that the general setting, with non-constant coefficients and geometry maps, can
be treated with similar techniques as those used in the polynomial case starting from the
univariate results [15].

The presented spectral analysis strengthens the similarity between classical (polyno-
mial) B-splines and hyperbolic/trigonometric GB-splines, and confirms that B-splines and
GB-splines are plug-to-plug compatible also from the linear algebra point of view.
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