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Introduction

Isogeometric Analysis (IGA) is a concept introduced for the first time
by Tom Hughes and co-workers (see [11]). It establishes a link between the
technologies of Computer Aided Design and numerical simulation via Finite
Element Analysis. The main advantage of the IGA framework consists in
the fact that the same function spaces can be used for both the geometric
representation of the computational domain and for the approximation of the
problem unknowns. Therefore, an exact representation of the computational
domain is available at all times during the simulation process. We refer the
reader to the monograph [7] for rather complete presentation of IGA.

Discontinuous Galerkin (DG) methods are becoming more and more pop-
ular for the approximation of PDEs. They are non-conforming methods,
which allow jumps across the boundaries of the elements. There is a wide
literature about this kind of methods with a Finite Element approach (e.g.
see [1] and the monograph [13] for a discussion of DG methods for solving
elliptic and parabolic equations and the paper [9] if interested in DG methods
with discontinuous coefficients).

The aim of this work is to link these two fields together to build a solid
theory about DG-IGA methods for elliptic problems with discontinuous co-
efficients and to give some hints about how to test the theoretical results
in a Matlab implementation. The only other reference in literature we have
found with DG methods in IGA setting consists in the paper [2] referred to
elastic problems.

In this thesis, we consider the scalar diffusion problem with Neumann
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and Dirichlet boundary conditions as model problem: Find v : Q — R such

that
—div(aVu) = f Q

u = gp Ip (P)
aVu-n = gN FN

where 0Q = I'p|JI'v, a € L®(Q) is a piecewise constant and uniformly
positive diffusion coefficient, and f, gp and gy are given functions with
assigned regularity.

In Chapter 1, we recall the basics of Isogeometric Analysis.

In Chapter 2, we first introduce a partition of the domain €2 into subdo-
mains and the definition of the broken Sobolev spaces. Then we introduce
the concept of jumps and averages of functions along the interfaces of these
subdomains. These definitions are used to derive a Discontinuous Galerkin
formulation of the model problem (P) that reads as follows: Find u € V such
that

apg(u,v) ={F,vy YveV,

where apg(-,-) is the so-called DG bilinear form, F' is a linear functional
and V is a suitable broken space. We then introduce a Multi-Patch NURBS
discretization and we define the DG-norm. Finally, we prove that the bilinear
form is coercive and bounded in the discrete DG-space V), < V. Therefore,
due to Lax-Milgram’s theorem, there exists a unique solution of the discrete
variational problem.

Chapter 3 is devoted to the derivation of a priori discretization error
estimates in the DG-norm and in L2-norm.

In Chapter 4 we first give some numerical results with a Continuous
Galerkin method, by testing it with a benchmark problem for a single-patch
and multi-patch domain. Then we give some suggestions and indications on
how to write a code of a DG method. For the implementation part of this
work, we use the library GeoPDEs of Matlab, which contains useful built-in
functions for multi-patch domains in an Isogeometric setting.

Finally, in Chapter 5, we summarize our results and suggest possible

future work.



Chapter 1
Isogeometric Analysis

[sogeometric Analysis (IGA) is a new method for the numerical solu-
tion of problems governed by partial differential equations (see [11]). The
method shares some common features with the finite element method and
with meshless methods, but it is more based on geometry and is inspired

from Computer Aided Design (CAD) techniques. Some important goals are:
e to be geometrically exact no matter how coarse the discretization;

e to simplify mesh refinement by eliminating the need for communication

with the CAD geometry once the initial mesh is constructed;

e to more tightly link the mesh generation process and CAD.

1.1 B-splines

Unlike in standard finite element analysis, the B-spline parameter space is
local to patches rather than elements. That is, the reference element in FEA
is mapped into a single element in the physical space and each element has
its own such mapping. Alternatively, the B-spline mapping takes a patch of
multiple elements in the parameter space into the physical space. This means
that each element in the physical space is the image of the corresponding

element in the parameter space, but the mapping itself is global to the whole
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patch, rather than to the elements themselves. In this sense, patches play the
role of subdomains within which element types are assumed to be uniform.
In what follows, we will refer to ‘patches’ as subdomains comprised of many

‘elements’.

1.1.1 Knot vectors and basis functions

Definition 1. Let p be a non-negative degree and let s = (s1,...,5,,) be a
knot vector a set of coordinates in the parametric space with s < sp,q for
all k. If knots are equally-spaced in the parametric space, they are said to be
uniform. An open knot vector is a knot vector s where the multiplicity
of a knot is at most p, except for the first and the last knots which have

multiplicity p + 1. We call knot span an interval [sy, sgi1].
Open knot vectors are the standard in CAD literature.

Definition 2. The n, = m — p — 1 univariate B-spline basis functions
By, (0,1) = R, k =1,...,n4 are defined recursively starting with piecewise

constants (p = 0) as follows:

. 1 for sp <& < Spy1
Bk,O(g) =
0 otherwise

§ — sk Sk+p+1 — 3
= By ()4 LS Bs (4. 1.1
Skip — Sk k,p 1( ) Skipil — Skt k+1,p 1( ) ( )

By ,(8) =

This is referred to as the Cox-de Boor recursion formula. When a zero
denominator appears in the definition above, the corresponding function By, ,

is zero and the whole term is considered to be zero.

The results of applying (1.1) to a uniform knot vector are presented in
Figure 1.1. For p = 0 and p = 1, the basis functions are the same as for
standard piecewise constant and linear finite element functions, respectively.
On the contrary, for p = 2, B-spline basis functions differ from their FEA

counterparts: they are identical but shifted relative to each other, whereas
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Figure 1.1: Basis functions of degree 0,1,2 for
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{0,1,2,3,4,...}. (See [11])

e

uniform knot vector s

the shape of a quadratic finite element function depends on whether it cor-

responds to an internal node or an end node. This fact holds also for higher

degree.

Some important properties of B-spline basis functions are the following.

e The basis constitutes a partition of unity, i.e., V¢

211 Bi,p(f) =L

e The support of each basis function Bj, , is compact and contained in the

interval [Sg, Sk1p+1] (that is, it is always p + 1 knot spans). Therefore,

higher-degree functions have support over much larger portions of the

domain than do classical FEA functions.

e Each basis function is non-negative, i.e., B} (§) = 0 for all §. There-

fore, all the coefficients of a mass matrix computed from a B-spline

basis are non-negative.

e Basis functions of degree p have p — 1 continuous derivatives across

the knots. This feature has some relevant consequences for the use of
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splines as a basis for analysis and is one of the most distinctive features

of isogeometric analysis.

In general, basis functions of degree p have p —m; continuous derivatives
across the knot s;, where m; is the multiplicity of the value of s; in the
knot vector. When the multiplicity of a knot value is exactly p, the basis is
interpolatory at that knot. When the multiplicity is p+ 1, the basis becomes
discontinuous and the patch boundary is formed.

A quadratic example of this aspect is presented in Figure 1.2 for the
open non-uniform knot vector {0,0,0,1,2,3,4,4,5,5,5}. Note that the basis
functions are interpolatory at the ends of the interval and also at & = 4, the
location of a repeated knot. At this repeated knot, the functions are only

C°-continuous, whereas elsewhere the functions are C'-continuous.

1

0 1 2 3 4.4 5

Figure 1.2: Quadratic basis functions for open, non-uniform knot vector
{0,0,0,1,2,3,4,4,5,5,5}. (See [11])

Definition 3. The derivatives of B-spline basis functions are represented in
terms of B-spline lower degree bases. For a given degree p and a knot vector

s, the derivative of the k" basis function is given by

d
d_éBz,p(g) = LBz,pfl(g) - P

Sit+p — Si Sitp+1 — Si+1

Blirl,pfl (5)

Again, if the denominator of these coefficients is zero, the term is defined to

be zero.
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1.1.2 B-spline curves

B-spline curves in R? are built by taking a linear combination of B-spline
basis functions, exactly as in the classical FEA.

The vector-valued coefficients of the basis functions are called control
points and piecewise linear interpolation of these points gives the control
polygon. These are analogous to nodal coordinates in finite element analysis
in the fact that they are the coefficients of the basis functions, but the non-
interpolatory nature of the basis does not lead to a concrete interpretation

of the control point values.

Definition 4. Given n; basis functions, B , Vk =1,...,n,, and correspond-
ing control points Cj, € RY, Vk = 1, ..., n,, a piecewise-polynomial B-spline

curve is defined as

) = 3 B )0k

Piecewise linear interpolation of the control points gives the so-called control

polygon.

N

(a) Curve, control points (b) Curve and mesh de-

and control polygon. noted by knot locations.

Note in Figures 1.3a and 1.3b (see [11]) the difference between the control
points and the knot locations, which are the images of the knots in the
physical space and which partition the curve into elements.

Important properties of B-spline curves are the following.
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e B-spline curves of degree p have continuous derivatives of order p — 1

in case of non-repeated knots or control points;

e Locality: due to the compact support of the B-spline basis functions,
moving a single control point can affect the geometry of no more than

p + 1 elements of the curve;

e Convex hull property: a B-spline curve is completely contained within
the convex hull defined by its control points. For a curve of degree p,
we define the convex hull as the union of all of the convex hulls formed

by p + 1 successive control points.

e Repeating a knot or control point k£ times decreases the number of

continuous derivatives by k;

e Affine covariance: an affine transformation of a B-spline curve is ob-

tained by applying the transformation directly to the control points.

1.1.3 B-spline surfaces

Definition 5. Let {B} };>, and {B} };", be two families of univariate B-
spline basis functions defined by the degrees p and ¢ and the open knot

vectors

§ = (817 s 78ns+p+1)

t= (tla SR 7tnt+q+1)

respectively. Given a control net {Fy;}, a tensor product B-spline

surface is defined by

Ns Nt

S(&.6) = > Y B (&) B} (&) Py

k=11=1

Many of the properties of a B-spline surface are the result of its tensor

product nature.
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The basis is pointwise non-negative and forms a partition of unity as,

V(€1,&2) € [81, Snpr1] X [t tnyrgral,

S 3B (0BL 6 - (X Br@) (X Bl@) - L

e The number of continuous partial derivatives in a given parametric
direction may be determined from the associated one-dimensional knot

vector and degree.

e The surface again possesses the property of affine covariance and has a

strong convex hull property.

e The local support of the basis functions also follows directly from the
one-dimensional functions that form them. The support of a given bi-
variate function Bzf;m({i, §2) = By (1) By ,(&2) is exactly [sg, spqpa1] X
[tla tl+q+1:| .

Associated to the knot vectors there is a mesh Q, that is, a partition of the

parametric domain I = (0, 1)? into two-dimensional open knot elements:

Q = {Q = (Sk7sk+1)®(tlvtl+1)|Q 7 @71 < k SN +p71 < [ < nt+q}

Definition 6. The mesh is locally quasi-uniform if the ratio of the sizes

of two neighboring elements is uniformly bounded.

1.1.4 Knot insertion

The analogue of h-refinement of the finite element method is knot inser-
tion. The main point here is that knots can be inserted without changing a
curve geometrically or parametrically. Given a knot vector s = {s1,..., Sp,1p+1},
we want to insert a new knot 5 € [s;, $;41]. The new ng + 1 basis functions
are formed recursively, using the definitions in (1.1) with the new knot vector
{S1y.++, 51,5, 8121, - Snotpr1}- The new control points, {Cy,Cy, ..., Chn, 41}

are constructed from the original control points {C},Cs,...,C,.} by

Cr = o, Cy + (1 — ozk)Ck,l, (1.2>
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where
1 1<k<l-p
ap =14 s I—-p+1<k<l
0 l+1<k<ns+p+2.

Knot values already present in the knot vector may be repeated in this way,
thereby increasing their multiplicity, but the continuity of the basis will be
reduced. However, continuity of the curve is preserved by choosing the control
points as in (1.2). Insertion of new knot values has similarities with the
classical h-refinement strategy in finite element analysis as it splits existing
elements into new ones. It differs, however, in the number of new functions
that are created, as well as in the continuity of the basis across the newly

created element boundaries.

1.2 Non-Uniform Rational B-Splines

The step from B-splines to NURBS is a relevant one because we gain the
ability to exactly represent a wide range of objects that cannot be exactly
represented by polynomials.

Some useful geometric entities in R? can be obtained by projective trans-
formation of B-spline entities in R%*!. For instance, conic sections can be
exactly represented with projective transformations of piecewise quadratic

curves.

1.2.1 NURBS basis functions

We need to construct a basis for the NURBS space from knot vectors,
and to build curves and surfaces from linear combinations of basis functions

and control points. In this way, everything that we have said about B-splines
will also be true of NURBS.

Definition 7. Let wy, k€ {1...,n,} be positive weights. The univariate
NURBS basis functions are given by the piecewise rational functions
. Bz,p(€>wk

Ri(§) W)

(1.3)
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where .
wie) =Y By (&uy.
k=1

As the NURBS basis functions are constructed from the B-spline basis
functions, the derivatives of rational functions will depend on the derivatives

of their non-rational counterparts as well.

Definition 8. Simply applying the quotient rule to (1.3), the derivatives of

the univariate NURBS basis functions are

d W(E) B, (6) = W) By, (€)

ag M) = WP |

where

W'(€) = ), B} (&) w;.
k=1

1.2.2 NURBS curves

We obtain the control points for the NURBS curve by performing a pro-
jective transformation to the control points of the B-spline curve. In this
context, the B-spline, C (), is called the ‘projective curve’ with its asso-
ciated ‘projective control points’, P;”, while the term ‘curve’ and ‘control
points’ are reserved for the NURBS objects C'(£) and Py, respectively.

With a given projective B-spline curve and its associated projective con-
trol points in hand, the control points for the NURBS curve are obtained

by the following relations:

(B,
( k)] Wi ’ ) )
wi = (P)as, (1.4)

where (P); is the j™ component of the vector Py, and wy is referred to as
the k'™ weight.

Definition 9. Using the definition of NURBS basis functions and (1.4) leads

to an equation for a NURBS curve, as follows

C@=i&@& (1.5)
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1.2.3 NURBS surfaces

We denote the set of all double-indices (k,[) of NURBS basis functions
by
R={(k1):ke{l,....ns},le{l,...,n}}.

Definition 10. Let w ), (k,1) € R, be positive weights. We define the
bivariate NURBS basis functions as follows:

R (61, 62)
RP(§1,&)

where the numerator and the denominator are given by

R(k,l) (517 52) =

Rf\{c,n(fl, 52) = Biz,p(fl)Bf,q(&)w(kz,Z)
RD(fl,&) = 2 Rév’,l’)(£17£2)‘

(K'I)eR

The main advantage of the use of this kind of basis functions is that
the fields considered in the problem (in the following, the temperature) are

represented in terms of the same basis functions as the geometry.

Definition 11. Given a control net of control points Py € R2, the two
dimensional NURBS-surface G : I — G([) is defined by

G(,&) = Y. Rupl(&.&)Pry-

(k,D)ER

For brevity of notations, we collapse the double-indices (k, 1) to k. We define
also the functions
RkZRkOG_l, vk e R.

The coefficients of the basis functions are the degrees of freedom.

Important properties of NURBS are the following.
e NURBS basis functions form a partition of unity.

e The continuity and support of NURBS basis functions are the same as

for B-splines.
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e NURBS have the property of affine covariance.
o [f weights are equal, NURBS become B-splines.

e NURBS surfaces are the projective transformations of tensor product

piecewise polynomial entities.

1.3 Multiple patches

In almost all practical circumstances, it will be necessary to describe do-
mains with multiple NURBS patches. For instance, if different material or
physical models are used in different parts of the domain, it might simplify
things to describe these subdomains by different patches. Moreover, if dif-
ferent subdomains are to be assembled in parallel on a multiple processor
machine, it is convenient from the point of view of data structures not to

have a single patch split between different processors.

1.4 NURBS as an analysis framework

In the framework of NURBS, the basis functions are usually not inter-
polatory. There are two kinds of mesh: the control mesh and the physical

mesh.

e The control mesh consists of multilinear elements and it is like a
scaffold that controls the geometry. Namely, it interpolates the control

points.

e The physical mesh is a decomposition of the actual geometry. There
are two notions of elements in the physical mesh: the patch and the

knot span.

1. The patch may be thought of as a macro-element or subdomain.
Each patch has two representations, one in parent domain and one

in physical domain.
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2. Each patch can be decomposed into knot spans. These define
element domains where basis functions are smooth. They may be
thought of as micro-elements because they are the smallest entities

we deal with.

One other very important notion is the index space, which uniquely iden-
tifies each knot and discriminates among knots having multiplicity greater
than one. A schematic illustration of the ideas is presented in Figure 1.3 for

a NURBS surface in R?3.
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Figure 1.3: Schematic illustration of ideas of NURBS surfaces. (See [11])



Chapter 2

A Discontinuous Galerkin

formulation for multi-patch
NURBS discretization

Let Q © R? be a bounded Lipschitz domain. Let f € L*(Q), gp € H2(I'p)
and gy € L?(I'y) be given functions. The classical boundary value problem
for the scalar diffusion problem reads as follows.

Find v :  — R such that

—div(aVu) = f Q

u = (gp FD (21)
aVu-n = gN FN

where 0Q = I'p U 'y, a € L®(Q) is a piecewise constant and uniformly
positive diffusion coefficient, and n is the unit outward normal vector in 0S2.

The usual variational formulation reads:
Find ue H5H(Q) := {we H' (Q),w = gp on T'p} :

J aVu-Vv = f fuo+ J gNv (2.2)
Q Q I'n
Vv e Hyp(Q) :={we H'(Q) : w = 0on Ip}.

It can be shown that there exists a unique solution u € H},(€2) of the prob-
lem (2.2) by using Lax-Milgram’s theorem (see |14, Lemma A.34]), which, in

general, states what follows.
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Lemma 1 (Lax-Milgram). Let a(-,-) be a symmetric, continuous and co-
ercive bilinear form defined on a Hilbert space H and let F' be a linear
functional in the dual space H'. Consider the following problem: find v e H
such that

a(u,v) =(F,v), VYve H. (2.3)

Then (2.3) has a unique solution, satisfying
e < 51F
UlgH X 5 H,
g

where [ is the constant of coercivity.

2.1 A Discontinuous Galerkin formulation

2.1.1 Motivations

The ‘usual’ methods choose an approximation space V, < V := Hj.
Methods with this property are called conforming. Non-conforming means
that V, ¢ V. DG is non-conforming.

In the framework of DG methods, we are not confined by continuity
or differentiability requirements at element interfaces. Numerical fluxes will
help us enforce the regularity requirements we are choosing. This will happen
by means of penalty methods. These advantages come at a price, however.
A calculation using DG methods typically has about twice the number of

degrees of freedom of a conforming one.

2.1.2 The derivation of a DG formulation

Definition 12. Let Tz = {Q®}"_| be a partition of € into patches Q) such
that Q = [JI_, Q0 and Q® A Q0) = & for i # j. We assume in the following
that ogw = a; = const Vi = 1,...,n. We define the broken Sobolev

space as follows:

V= H*(Ty) = {ve L*(Q) : v, € H*(QY) Vi=1,...,n}.
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In what follows we will require s > % The goal is to obtain a variational
formulation of the problem (2.1) over 2 in the space V. Since the continuity
along the interfaces between patches is not required, first of all we multiply

(2.1) by an arbitrary test function v € V and integrate on each patch Q)

separately, i.e., for i =1,...,n,
—J div(e; Vu)v = fo.
Q) 0
By applying Green’s theorem,
f oziVu-Vv—f (a;Vu-n)v = fo Vi=1,...,n YveV. (24)
Q) o0 Q@)

By summing (2.4) over all patches, we obtain

; L(O o;Vu-Vu— ;L

We now want to rewrite the summation in (2.5), by taking into account the

(a;Vu-n)v = L fu. (2.5)

Q)

fact that, along the interfaces, the functions and the derivatives may present

jumps. To do this, we introduce the following definitions.

Definition 13. Let I'7) = 9Q® ~ 9QU) be the interface between the two
subdomains Q@ and QU , 'GP = 00O AT and TN = 90® AT . Then,
for v e T(T) := [ ]I, L*(0Q®), we define respectively the average and the
jump {v},[v] € L*(T's), where I's = | J, 020 by

(0} = Vi) + Vi
2 on () > 7

o] = Vi)~ Vi
and for b e {D, N}:
fop = V(i) } on ),
[v] := Vi

Definition 14. For simplicity of notation, we also define the following sets.

The set of coupling edges is

Ec = (L) 10> jmeas, (IY) > 0}.
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The set of Dirichlet edges is

Ep ={rWP) =1 ... n}
The set of Neumann edges is

Ev = {T0M i =1 ... n}

With this notation, we have that Ec WEp U EN = U’Ll 00@ . Note that these

7

edges are not necessarily straight lines.

Definition 15. We define the diffusion coefficients on ') and T':P) ag

follows:

Q(;,D) = Q4
. o; + %
Aig) = T

Thanks to these definitions, we can now rewrite the summation in (2.5)

as
n
ZJ (a;Vu-n;)v = Z f (oziVu ‘1)U + f gNv
i=17090 ri.Degy, VI riNegy VTN
+ Z J ((oszu —o;Vu) - ni)v.
rdeso INCE)

The normal vector n is defined on | JI_, 0Q® such that n = n; on T for

1 > 7. Thus, we have the following:

[aVu-n] = o;Vu,; -n; —o;Vu; - n;

1
{aVu . l’l} = 5 (OZZVUZ -1, + ajVuj . l’li) .
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We note that on I') the following holds:
[(aVu - n)v] = o;Vu; - njv; — ;Vu, - nv;

1 1 1
= —ozZ-Vui - N;U; + é@jVuj -1V — 504qu1 . Ilﬂ}j — §ijvu]' . Ilﬂ}j

2
1 1 1
+ §O{ZVUZ - Nn;v; + §O[ZVUZ - N — §O{jvuj' s 1;U; — §ajVuj - ;U5
1 1
= §ozZVuz . Ili('Ui — ’Uj) + §ozjVuj . ni(vi — Uj)

1 1
+ 504qu1 . l’li(Ui + Uj) — §ajVuj . ni(vi + Uj)
= {aVu - n}[v] + [Vu - n]{v}.

By the regularity of the solution u € V, since s > 2 and hence Vu €

2
Hz (!, 099, we have that
[aVu-n] =0,

and therefore

[(aVu-n)v] = {aVu-n}[v].

So, we can now express (2.5) as

Z L(Z a;Vu- Vv — L( . {aVu - n}|v]

e )chug

war > Lm (2.6)

r@Negy
where with T'o7) € - U Ep we mean ') € & or TGP e &,
Now we introduce the following consistent penalty terms in the left-hand
side of (2.6) to guarantee symmetry:

- f (@vu nifu] + Y %5@@] o).

gy ITED idety TG.)

Then we impose weakly the Dirichlet boundary condition on I'p. For this

purpose, we add to the left-hand side of (2.6) the following expression

e > J (Vo -n)(u—gp)+ ). ai5(i’D)J (u—gp)v,
T(,D)

i,D .
rG.Dyegp, Y TP rG.D)egp
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where the expression of §(>P) will be specified later. These terms are consis-
tent as they vanish for the solution u of (2.2). We choose € = —1 to guarantee
the symmetry of the bilinear form of the resulting variational formulation (see

[13]). Summarizing, we obtain:

Bf oxus ¥ [ s

@ rGé-)efouép

B Z L(i‘){avv -nflu] + Z Cv(z',f)5(i’7) L(LD) [u]]v]

ré—-)efcuép ré-eEcuép

= v+ v+ ( —a;Vv-n+ aié(i’D)v) .
J v B e BOf o

F(ivN)ESN F(ivD)Egp
(2.7)
Therefore, the final variational formulation is:
Find u € V such that
apg(u,v) ={F,vy YveV, (2.8)

where:

e apc(u,v) =D ai(u,v) + b(u,v) + c(u,v) is a bilinear form, where
a;(u,v) = f a;Vu - Vv,
Q)

b(u,v) = — Z L(i,—) ({OzVu -n}[v] +{aVuv- n}[u]),

ré-leEcuép

c(u,v) := Z ag, 00 L(i,—) [u][v].

ré-leEcuép

e [ is a linear functional defined as

Fvy= v+ f v+ J (—oz,;Vv-n+ai5(i’D)v) .
(F,v) Lf Z ) 9N Z o) gp

rEN)egy r@Degp

Note that the solution u of (2.2) solves (2.8). Furthermore, it can be
shown that the solution of (2.8) is unique (see [6]).
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2.2  Multi-patch NURBS discretization

To define precisely the discrete problem associated to (2.8), we use the
definitions from Isogeometric Analysis that we introduced in Chapter 1.

In our specific case the physical domain Q < R? is represented by n
single patch NURBS mappings G, i = 1,...,n, each of which maps the
parameter domain I to the patch Q) = G@(I). We use the superscript (4)
to indicate that knot vectors, degrees, NURBS basis functions, index sets,
etc. are associated with a mapping G®). We assume that the mesh Q@
underlying to the NURBS mapping G® is quasi-uniform for alli = 1...,n.
We denote by h; the element size of Q0.

We also define the following space:
Vw={ve L2(Q) Vi=1,...,n Vo) € Xhi(Q(i))}7

where
X"(Q) = span{ R} ere

denotes the space of NURBS functions on Q®. We see that V, < V.

We introduce the family of meshes {Qg?}hi, such that there exists a coars-
est mesh Qg?o of which all the other meshes are refinement and such that the
description of the geometry is fixed at the level of Qg?o Associated to this
family, we introduce the nested family of spaces {V}(LZ)}h and the family of
meshes on the physical domain {ICEL?} n;- When the mesh and the spaces are
refined, the weights w, ) are selected such that R (£, &) stays fixed and
the control points are adjusted such that G® remains unchanged. Thus the
geometry and its parametrization are held fixed in the refinement process
(see [3]).

The discrete problem associated to (2.8) reads as follows:

Find uy, € V), such that

aDg(uh,vh) = <F, Uh> Vvh € Vh. (29)
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2.3 Properties of the bilinear form apg(-,-)

We now want to prove that the bilinear form is coercive and bounded
on Vj, in order to apply the Lax-Milgram theorem and state existence and
uniqueness of the solution of the discrete problem (2.9).

For this purpose, we state some results from previous literature in order

to prove a useful inverse trace inequality.

Lemma 2. Let m be a non-negative integer, @ € Qp, and w = G(Q). For all
functions v € H™(w), it holds that

—1y11/2 i
[0 0 Glarm@) < Conapelldet VG2 D IVGI [0l
Jj=0

1/2 —m &
ol < Conape At VG2 ) TG ) D0 0 G,

J=0

where Cgpape is a uniform constant which depends only on the shape of w.
Proof. See [3, Lemma 3.5]. O

Lemma 3. (See [3, Theorem 4.1]) It holds that
V] 20y < Csnapehe, |V iy  Yw € Kp, Vv € Wy, (2.10)
where h,, is the size of the physical element w.
Proof. Lemma 2 yields, for m = 2,
[Vl < Conapeldet VG2 ) [VG 2 g l0 © Gl (2.11)

where w = G(Q). Moreover

)||RD(U ° G)|r2(q)-

1
Gl < C| 5]
oo Gl < ¢ 75

Since RP (v o G) is polynomial, for a usual inverse inequality we have

1
lve Glm g < CWH@H (Q)HRD(U © G)|m () (2.12)

W2,
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We now have, using again Lemma 2,

|RP (v 0 G)|mi(q) < C|R” [wrrgyllv o Gluig)
1
_11/2 j
< C(shapeHRDHWL”J(Q)”detvc} 1||L/"£(w) Z ||VG||J ‘I(Q)|U|Hj(w)'
§=0

(2.13)

Joining the above bounds (2.11), (2.12) and (2.13), we finally obtain

1
|U|H2(w) < C(Shapehg?1 Z HVG||JL_TQ(Q)|,U|H](UJ) (214)

5=0
Let now v,, represent the constant function equal to the average of v on w;
note that v, € V. Therefore, applying (2.14), classical polynomial interpo-
lation results and recalling that ||VG||Z£(Q)hw = hg, it easily follows that

|2y = [V — Vol 2w

1
< Cshapehgzl Z HVGHZOIG(Q)W - Uw|Hj(w)
=0

< Oshapeh;1|U|H1(w)‘
]

Now, we are ready to state and prove the following significant result,

which will be essential for the proofs of the properties of the bilinear form.

Lemma 4 (Inverse trace inequality). There exists a uniform constant C; > 0
such that, for all w € V;,, i = 1,...,n and for all edges F € Ec U Ep U En

with E < Q.
G

h;

where u; = U0 and h; is the element size within the patch Q).

VUil 7 < - IVl 72 o (2.15)

Proof. Let e — E be the image of an edge of @ € Q@ under the NURBS
map G, and observe that, due to our quasi-uniformity assumption, there

exist uniform constants C;, Cy only depending on Q® such that

Cih; < h, := diam(e) < Coh,;.
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Let w, = G(Q) be the physical element attached to e. Since w, is a Lipschitz
domain, the usual trace inequality implies that (see |14, (3.16) page 67]) there
exists C' > 0 Yw € H'(w,) such that

~( 1
ol < € (5ol + helulin,)

Since e and w, can be transformed to their reference counterparts in Q®, it
can be argued that C is indeed a uniform constant.

Since ul,, € H*(w,), this implies
~ (1
HVUZH%Q(e) < C’(h—||Vul||%2(we) + he|Vui|§{1(we)) . (216)

Moreover, we use the inverse inequality proved in Lemma 3, which is related
to we,
|Vui|H1(we) < Oshapehi_leuiHL2(we), (217)

where Cgpape 15 a uniform constant depending only on the shapes of Q.

Combining the above estimates, we are able to prove the following:

||VU1'H%2(E) = Z ||VU1'H%2(8)

eckE

(2.16) ~ 1
< O Z (h—||Vqu%2(we) + he|Vui|?{1(we)>

ecE €

(2.17) - 1 _
< C Y (Il + Cliapeheh |Vl )
ecE €
h5§h¢ Ct
< h/_iHVUiH%z(Q(i))’
which completes the proof. O]

Thanks to the result of Lemma 4, in the following, we will prove the

properties related to the bilinear form, by choosing
60 = — (2.18)

where § € R* is a global parameter which has to be chosen sufficiently large

(see Lemma 5). This means that, when changing the discretization space Vj,,
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we have to adapt 6(»7) and, therefore, the bilinear form ape and the linear
functional F' will change.

We also introduce the following definition (see [12]).

Definition 16. For (i, j) such that T/ s 5 we collect the indices of those

basis functions in Q®) whose support intersects the interface I'(»9):

We say that two subdomains Q) and Q) are fully matching if the following

two conditions are fulfilled:

1. The interface ') is the image of an entire edge of the respective

parameter domains;

2. For each index k € B(i,j), there must be a unique index 1 € B(j,1),
such that

R = )

.35) -

In what follows, we assume for simplicity the case of fully matching sub-

domains. This implies that on I'™7) it holds h; ~ h;.

Definition 17. We define the energy norm for the Discontinuous Galerkin

method as follows: for all v eV,

" Qg —
ol = Yol Vultao, + X M| P

i=1 Ir-)eEcuEp

2.3.1 Coercivity

Lemma 5 (Coercivity of apg(+,-)). There exist dp > 0 and D > 0 such that
for 6 > dg and u € V),

apc(u; u) = Dlulpe, (2.19)

where D is independent of h;, n and «;.
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Proof. Using (2.18) and the Definition 17, we easily obtain the identity

1
apc(u,u) = HUH%G + b(u, u) + c(u,u) — gc(u, u)
5 —
= |lullhe + blu,u) + c(u, u).

J

Note that the last term scales linearly with (§ —1) (see the definition of ¢(, -)
and (2.18)). The proof reduces to show that

— b(u,u) < Zn: a;(u,u) + %c(u,u), (2.20)
i=1 0

because, if (2.20) holds, then we have

=1
Therefore
1 & 0—1—-94
ap(u,u) = |upe — 5;%(%“) + TOC(U,U)- (2.21)

We know that § > dg; this is equivalent to 6 — 1 — 9y = —1 + D, for some
D€ (0,1]. So, (2.21) becomes

1 D -1
apa(u,u) = [ulfe — 5 3 ai(uu) + —

i=1

c(u, u)

1 1<
a;(u,u) + gc(u,u) —5 ;ai(u, u) +

D -1
)

c(u, u)

RgE

.
Il

D
CLZ'(U, U) + XC(U, U)

DN | —

="

1

.
Il

Ve
N =

Dlulpe-
Now, let us prove (2.20). We recall that we have by definition

blu,u) = —2 Z JF(L){OzVu -n}|u).

F(i’_)egcugp
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We observe that, if %) e £, then

1

|, Ve mful] < G Vaslagn, + 051Vl = wlieqen)

If T:P) e £, instead, we have
| taVue )] < @i Vsl ulueqen,
I

Therefore, using Lemma 4,

1
[b(u, u)| <2 Z [§(aivui||L2(r(i,j)) + ;| Vg p2reay) lu; — ujLQ(F(iJ))]

F(i,j)efc

+2 >0 il V] oy uill 2o

F(i,D)EED
TNV Y (STl + =Vl Ileal ey +
X t il L2(0Q0) e j L2(Q(j))) L2(T(9))
F(ij)esc \/7 hj
+4/Cr D] 2" V| 2o [t | ey (2.22)
T, D)EED \/7
By using Young’s inequality, i.e.
b2
ab < ea®+ — Ve >0, (2.23)
4e
with
a= ||VU¢HL2(Q(1'>)
1
b= \/_hfiH[u]”L?(F(iv*))
we obtain

(2.23) ) 1 )
yilullczeeny < Oéi[EHVUiHm(Qm) + EH[U]||L2(F@—>)],

a;
\/_h7||vuiHL2(Q(i
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and analogously for u;. Therefore, using that h; ~ h;, we have the following,

1
VG Y |euel Vuilage, + el agen)

réiegq

1
+axﬂVwﬁmw»+1%wwm;mmp]

1
/0 3 aulel Vulfaoy + g lullzagon)
T, D)egD 2
= Z [5’\/ Ot(Oészqu%Q(Q(L)) + OCJHVUJH%Q(Q(]>))
F(i’j)egc

VG (a & 2
2 (G + s,

\/CtOé,L
+ Z (e Ct@iHVUiH%Z(m))

T, D)egD

\/ C O, —
<4/ Z [ Vulfrgoy + 2t D el

e, _)Egcugp

7 L ulllZareon)

e=— 1 n
s 1 g
=S il Vuliagey +2C 3, = oy,
i=1 F(iv—)eé’cu&‘D *
which is (2.20) with & = 2C,. O

2.3.2 Boundedness

Lemma 6 (Boundedness of apg(-,-)). There exists M > 0 such that Vu,v €
Vi
lapc (u, v)| < Mjulpelv]pa, (2.24)

where M is independent of h;, n and «.

Proof. Since apg(u,v) = Y a;(u,v) + b(u,v) + c(u,v) we estimate each

term separately. Let u,v € V), be arbitrary but fixed.

e With Cauchy-Schwarz in R™ where m = | U Ep|, we can easily
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conclude that

n n
1=

ai(u, v)| < D aul Vil ey

1 i=1

n 1 n 1
2 2
< (Y ailVuiltaoo) " - (X ail Vel
=1 j

Vi 200y
< [ulpelvlpe-
e For the third term we use again the Cauchy-Schwarz inequality in R™:

)
le(u, v)| < Z O‘(i,f)E” [u]| 2y [ [0)] L2 ooy

F(i’f)egc uép

A, — % Qi — %
<o X TPMEeen) (X )

TG, —)eEguép TG, —)eEguép

< dllul pe|vllpe-

e Now we proceed with the estimate of the second term of the bilinear

form:

o) =] Y L . (ta%u  n[e] + (V0 -n}u]) |

r(i.—)eEcvép

We know, following the same steps as in the proof of coercivity, that

1
b(u,v)) < [g(O@HVWHm(r(m)) + | Vg | 2 ey [vi — vl ey

F(i,j)efc

1
+ é(aival’HB(F(iJ)) + ;| V|l 2 i) |ui — Uj||L2(r(m)]

+ Y [ulVul oo ol e

F(i,D)EED

+ il Vo e el oo |
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Therefore,

Lemma 4 \/a
b(u,v)| >, [( Vil oy + =V 2o ) ol 2y
ré.iec \/7 h’]
(07 QL
+ (\/—ﬁvviﬂm(m)) + #||V01L2(Q<j>)> ||[u]||L2(F('iJ))]
3 J

+/Cy Z [ HVUzHL?Q(z))

T(,D)EED

0]l z2rioy

[l 2o |

Now, using the Cauchy-Schwarz inequality, we apply on each sum above

+ ai VUZ' i
\/E“ ||L2(Q( ))

an argument similar to the following:

Oé (i,—)
> VS Vuil o) - ||[ Wz2 e
F(i’_)echSD
1 1
i Qi) o 2
S ( 2 O‘(iv—)vui|i2(g(i))> : ( Z h7- ||[U]||L2(r(i,—))>
F(i’_)echSD F(i’_)egcugD t

< [u]pellvlpe-
Hence,

V)| < 4/ Cillul pelvl -

So the continuity of the bilinear form follows with M =1+ ¢ + 4v/C,. O

2.3.3 Existence and uniqueness of the DG solution

Thanks to the results of the two previous subsections we are able to state
existence and uniqueness of the solution of (2.9) applying the Lax-Milgram

theorem (see Lemma 1).

Theorem 1. Let f € L2(Q), gy € L*Ty) and gp € Hz(I'p) be given

functions. Then there exists a unique solution u € V), such that
apg(u,v) ={(F,v)y YveV,

and there is a continuous dependence of the solution from the data.



Chapter 3
Discretization error analysis

Definition 18. Let II,,u € th(i)
denote the interpolant on €2 such that II,u = II;,u on Q. Note that II,u

be an interpolant of u on Q® and II,u

may be discontinuous across the interfaces I'> ).

In order to provide error estimates in the DG norm and in the L? norm,

we need the following lemmas.

Lemma 7. Let k£ and s be integer indices with 0 < k < s < p+ 1. We have,
Vv e H*(QW),

2(s—k : 2(t—s
|U - Hh”ﬁ{k(g(i)) < C(shape Z hz( );) HVGZ”L(f (G)Zfl(w))|v|12qt(w)

wEIChi
2(s—k - 2(t—s
< Canapehs ™ Y IVGS 0o (3.1)
t=0

where we recall that I = (0,1)? is the parameter domain.
Proof. See [3, Theorem 3.2]. O

Remark 1. Note that the NURBS space V, on the physical domain Q®
delivers the optimal rate of convergence, as for the classical finite element
spaces of degree p. Note, moreover, that a bound on the k"-order seminorm
of the error v — II,v requires a control on the full s®-order norm of v, unlike

for finite elements, where only the s™-order seminorm of v is involved in the
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right-hand side of the estimate. This is due to the role played by the weighting

function W and the geometrical map G;.

Lemma 8. Let u be the solution of (2.8) and II,u be the interpolant of u
as in the definition 18. Then, for s > %, the following bound holds:

n
Ju—Tulbg < Conape . il
=1

%S(Q(i)y (32)

where Cgpape is independent of h;, n and the jumps of ;.

Proof. By definition, we have

e = i = 35 0 ¥ 0 = Tyt 0

=1

(0] i,—
oY - Ml 63)
F(i’i)echgD t

Since u € H® < C° for s > % and d = 2,3, if we choose an interpolant II,u
such that [II,u] = 0, we have that the second sum in (3.3) is zero.
Therefore, we can state the following:

n

=Tl = Y ol = Tl oo,
=1

n
Lemma 7
2(s—1) 2
< Cshapez Oéihi HUHHS(Q(I))
=1

3.1 Error estimate in the DG-norm

Theorem 2. Let u and uy, be the solutions of (2.8) and (2.9), respectively.
For s = 2, the following bound holds:

n

lu — unlbe < Danape Y, 020V
=1

?{S(Q(i))a (34)

where Dgpape is independent of h;, n and the jumps of .
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Proof. By the triangle inequality we have
lu = unllpe < llu—1lpulpe + [Mhu — up| pe- (3.5)

Since ITu — uy, € Vy,, we can use the coercivity of the bilinear form apg(-, )

on V, X Vy:
||Hh’LL — uh||%G < DilaDg(Hhu — Up, Hhu — uh).
Moreover, we observe that the following holds:

aDg(Hhu — Up, Hhu — Uh) = a4paG Hhu Hhu — Uh) — aDg(uh, Hhu — Uh)

(
apg(l_[hu, Hhu — uh) — <F, Hhu — uh>
(
(

apag Hhu, Hhu - uh) - CLD(;(U, Hhu - uh)

= apqg Hhu —Uu, Hhu — uh),

and
ape(TTpu — u, Iu — uy) Z f V(ITpu —u) - V(ITpu — up)
Q)
- | tavane - i - w)
TG, )GECUE L)
- J {aV (I u — up) - n}[ITu — ul
rG. )ESCUS re-)
+ a(i,7>i[HhU—U][Hhu—uh] —A+B+_ C +_ D .
h —— S——

r-)efcuép ! =0 =0
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35

It remains to estimate A and B. We have the following;:

1A] = ‘ZJ@ V(I — u) - V(I — )

Z ;| V(Hpu — w)| L2y [V (aw — up) | 20

[NIE

< <Z a; |V (ITpu — u)%%Q@))) (Z a; |V (Hpu — Uh)?:?(ﬂ(i)))

i=1 i=1

< Mpu — u| pe|Mau — un| pa

Lemma 8 " _
< Cshape (Z aih?(s 1)||Ui| ?{s(g(ﬂ)) | Hpu — un|pe-
=1

N|=

B=| ¥ L( @V~ o) nfTye ]

Té-)efcuEp

N[

(3.6)

hi \z (o,
) ||{av(nhu_u)}||L2(w,_>)[Hhu—uh]lhz(m—»(a(, ))( h;

TG, -)eEguép

hi \°
< ( Z I{aV (Iyu — U)}”i%r(u—))a , >
rG,—)eEcuép (i,—)

Qg —
- < P [ ](>>

TG, —)eEguép g

1

2

<o Y KV = @} yhi) e = unlpe.

T, —-)e€cvép

(3.7)
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Now we have to estimate the last sum in (3.7).

zp:=Ilpu—u
D hilfaV(Ihu —w) e, T D hidl| Vel

L2(T(0.D))
rGi-)eEcuép I'(i,D)eEp

+ Z h; (m IVzh00 + Voo Iaren

réiNeEq
< Z hia Hvzh”L?(Q(z)) + Iy |vzh|H1 Q) ))
ra D)EED
( =
'l
+ Z m HVZ}LHLQ(Q() + ||Vzh||L2(Q(J))
e, J)Egc

+ Iy |Vzh|H1(Q(i)) + hﬂvzhﬁ{l(g(a‘)))
<O 2 IVanlFaromn + 13V zm5 00
= 3 h L2(Q(z)) i h Hl(Q(z))

i=1

Lemma 7 v
2(s—1
< Oshape Z 0512 (hz (=) HU‘

i=1

s—2
o) T hih? )HU‘HS(Q(Z ))

< 5hape Z a2h2(8 K ||U| ;

Hs(Q))"

So, we have
27 2(s—1) 2 %
aDG(HhU —u, lu — Uh shape(z e% h ||uiHHS(Q(i))) ||Hhu - UhHDG

and we obtain that

Ch ° 2 %
-1
Iy u — up|pe < %(Za?hi(s )Hui\ ?{s(m))) .
=1

Because of this last inequality and of Lemma 7, (3.5) becomes

1
Ju— unlpe < shape(Zth“S Dl )

which is what we wanted to prove. O

3.2 Error estimate in the L? norm

We consider the problem (2.8) in the particular case of a(z) =1 Vze Q
and 'y = .
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Theorem 3. Let u and wj, be the solutions of (2.8) and (2.9) respectively.
For s > 2, the following bound holds:

. 2(s—1) s 1
u =l < Baape (maxi ) (X llleoe) s (38)
i=1
where Egape is independent of h; and n.

Proof. In the following, we will apply the Aubin-Nitsche lift technique, which
works well if the scheme is symmetric (see [13]).

We assume that the solution of the dual problem

—div(Ve) = uv—w, Q
3.9
{ ¢ = gp I'p (3.9)
belongs to H?() with continuous dependence on u — uy,:
|Pll 20y < Cllu — un r2(q). (3.10)

Thus, we have

3.9

o= gy = [ =) = | (@) ),

Denoting e, = u — uj, and integrating by parts on each element yields

H(fh”%z ZJ Veh V¢ - Z f {V(ﬁ Il} eh] (311)

rGegguep YT

We now subtract the orthogonality equation
apg(u — up,vp) =0 Yu, €V
from the equation (3.11):

lenlZ2i) = lenliz() — apc(en, va)

=Zf Ven V(6 — i) —
Q@ G, >esc

+ L Venlful- Y hi renllon

LG >egc Ep ré-)eEcuEp P

o (70 it
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We choose v, = 1I,¢, a continuous interpolant of ¢. We assume that such
an interpolant exists. So we have that [v,] = 0 and the last two terms on

the right-hand side of the equation above vanish. Thus, we obtain

lenl7zg) = Z; L(i) Ven V(g —Tho)— ) J V(¢ — 1) - n}len].

PG Jescugp )

~/
h ~"

=A =B

The first term is bounded using Cauchy-Schwarz’s inequality and Lemma 7:

A <) IVenll 2oy [V (¢ = TTh) | 2o
i=1

< (Z ||V€h%2(m>)> (Z V(o — Hh¢)||i2(n<i>)>
=1

i=1

n 2
2(s—1
< lenlpe <Z Cshapehi( )”gbi?{?(Q(i)))
i=1

(3.10) ~ " 1
< Cunapelenlle (maxiz, (i} ™ ) lenlzzqe).

The second term is bounded by using the property of boundedness of the

bilinear form:
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1
n 2

2(s—1

< M(Z C'shapehz‘( )”(ﬁi?{?(g(i))) lenllpe

i=1
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Chapter 4
Numerical results

In this chapter, we want to describe briefly the structure and the ad-
vantages of the built-in Matlab library GeoPDEs, in order to show some
numerical results for the solution of the Poisson problem in the Continuous
Galerkin case for single-patch and multi-patch domains. Then, we will out-
line the techniques for a Discontinuous Galerkin implementation, which, for

reasons of time, we leave as a future work.

4.1 GeoPDEs

GeoPDEs is a software tool for research on Isogeometric Analysis of PDEs.
It consists of a set of interrelated packages and it provides a flexible frame-
work for implementing and testing new isogeometric methods in various ap-
plication areas.

The main package, called geopdes_base, defines the basic data-structures
and methods. Other packages deal with applications in linear elasticity, fluid
mechanics and electromagnetism. There is also a specific package for multi-
patch NURBS geometries and it is very useful for our purposes.

In this library, the computations for the geometry, the discrete basis func-
tions and the matrices for the analysis are done separately. Moreover, all data

needed for these computations is stored in independent structures, in such a
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way that each part of the code can be modified without affecting the others.
For more information about the library GeoPDEs we suggest to read
the paper [8], which explains in detail the main structures and the built-in

functions to operate on them.

4.1.1 Main steps to write a code with GeoPDEs

In this paragraph we want to describe the main steps to write a code with
the built-in functions and the structures within the library GeoPDEs.
There are three main structures that have to be built before starting to

assemble the matrices and the vectors.

1. The geometry structure. The first step is to define the geometry of
the physical domain. This is done by invoking the function geo_load,
which takes as input the name of a file in Matlab binary format and
gives as output a structure which contains the information to compute

the geometry parametrization and its derivatives.

2. The mesh structure. The second step consists in defining the do-
main partition and to set the quadrature rule in each element, in order
to compute the matrices and the right-hand side vector of the problem
by numerical integration. The most simple possibility is to define a
tensor product partition where the quadrature elements coincide with
the knot spans in the geometry. For this purpose, we can use the func-
tion msh_gauss_nodes to compute the quadrature nodes and weights

for a standard Gaussian quadrature rule.

3. The space structure. The most important structure of the imple-
mentation is the one which contains the information regarding the basis
functions of the discrete space V;, and their evaluation at the quadrature
nodes, in order to numerically compute the integrals of the problem.
Since the basis functions in IGA are locally supported, the integrals on

each element of the partition are only computed for a reduced number
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of basis functions. Similarly, only the values of some basis functions are
stored on each element. A global numbering of the basis functions is
introduced. Then, for each element of the quadrature partition, we give
its connectivity, that is, the number associated to the basis functions

whose support intersects the element.

Once the three basic data structures have been initialized , the next step is
to assemble the stiffness matrix and the right-hand side of the linear system.
GeoPDEs provides several functions that allow to compute these terms for
different PDE problems. These functions all have a similar structure, which
may be adapted with very little changes to handle different differential prob-
lems. There are also some built-in functions which allow the imposition of

the boundary conditions.

4.2 Continuous Galerkin (CG) methods

We used the library GeoPDEs to solve the Poisson problem with a Con-
tinuous Galerkin method for some benchmark problems on two-dimensional

and three-dimensional domains.

4.2.1 CG methods for a single-patch domain in 2D

First of all, we introduce a very simple benchmark problem with a single-
patch domain.

We consider the Poisson problem (2.1) with o = 1 and I'y = . The
domain © = QW is one quarter of a ring, with inner radius equal to 1
and outer radius equal to 2. We calculate the analytical expression of the

functions f and gp such that the exact solution in 2 of the problem is

u(z,y) = —(2° +y° = 1)(2* + y* — D)y’

We look for a numerical solution of the benchmark problem in the space

of NURBS functions of degree 3 with an increasing number of subdivisions
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and four quadrature nodes in each element of the patch. We represent the

subdivision of the domain with different values of the element size h in Figure

4.1.

Figure 4.1: Grid on the ring domain, with different values of the element
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In Figure 4.2 we represent the exact solution and the numerical solution

we found with a Matlab code in GeoPDEs.

Moreover, we study the convergence of the method in L?norm and in

H'-norm, using different values of h. The numerical values are in Table 4.1.

For clarity’s sake, in Figure 4.3 we represent the trend of the errors in both

norms we are considering.

We can easily recognize from Figure 4.3 that the theoretical estimates for
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Numerical solution Exact solution

107 107 10°

Figure 4.3: Trends of the errors in L?-norm and in H'-norm for the bench-

mark problem on a ring domain.
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h Error in L?-norm Error in H'-norm

1/9 2.4274e-004 0.0092
1/18 1.4089e-005 0.0012
1/36 8.7255e-007 1.4849e-004
1/72 5.4632e-008 1.8746e-005

Table 4.1: Errors in L?>-norm and in H'-norm for the benchmark problem

on a ring domain.

the errors are verified, since

L? — O(h"Y)
H' — O(h%).

4.2.2 CG methods for a single-patch domain in 3D

In this section, we show that it is also easily possible to solve Poisson
problems with boundary conditions on a three-dimensional domain with the
library GeoPDEs.

Namely, we consider a domain as in Figure 4.4, which reproduces a quarter
of a thick ring.

We assume that the exact solution of the benchmark problem is:
u(z,y, z) = e*sin(ry)cos(z)

and we look for a numerical solution in the NURBS space of degree 2. As
we have done in the preceding section, we let the element size h vary and we
calculate the errors in H'- and in L2-norm. Then, we analyse the convergence
of the numerical solution to the exact one in the two norms in Figure 4.5.

We note the estimated following trends:

L* — O(h?)
H' — O(h?).
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MR

Figure 4.4: Three-dimensional domain of a thick ring.

h Error in L?>-norm Error in H'-norm

1/4 0.1008 0.7770
1/8 0.0077 0.1422
1/16  7.2055e-004 0.0300
1/32  8.2405e-005 0.0072

Table 4.2: Errors in L?>-norm and in H'-norm for the benchmark problem

on a thick ring domain.
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107 10" 10°

Figure 4.5: Trends of the errors in L>-norm and in H'-norm for the bench-

mark problem on a thick ring domain.

4.2.3 CG methods for a multi-patch domain in 2D

We consider now a benchmark problem with a multi-patch domain. Namely,
we assume that the domain consists of three patches as in Figure 4.6, where
I'p={1,2} and I'y = {3,4,5,6}.

The exact solution of the benchmark problem is given by

u(z,y) = e"sin(xy)

and we look for a solution in the NURBS space of degree 3.

We study the convergence of the method applied to this specific bench-
mark problem with the calculation of the errors in H'-norm and in L?-norm
with different values of h (see Table 4.3). We represent the numerical errors
of the Table 4.3 in Figure 4.7.
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3

Figure 4.6: L-shaped multi-patch domain.

107 107 10°

Figure 4.7: Trends of the errors in L?-norm and in H'-norm for the bench-

mark problem on a L-shaped domain.
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h Error in L?-norm Error in H'-norm

1/9 3.0064e-007 1.7752e-005
1/18 1.9452e-008 2.2797e-006
1/36 1.2372e-009 2.8919e-007
1/72 7.8004e-011 3.6428e-008

Table 4.3: Errors in L?-norm and in H'-norm for the benchmark problem

on a L-shaped domain.

Therefore, we obtain the expected rates of convergence:

L? — O(h"Y)
H' — O(h%).

4.3 Ideas for a DG implementation

Because of time constraints, we could not work extensively on the numeri-
cal results of the theory we developed in the previous chapters. Nevertheless,
we would like to give some indications for a possible future work in this direc-
tion. In our opinion, the built-in library GeoPDEs is a useful tool that can
be used as a starting point for the implementation of Discontinuous Galerkin
methods. Therefore, we suggest to modify some built-in functions of this
library in order to adapt them to the specific case of DG methods and to add
new functions related to the jump and average terms using the geometry and

data structures already available in GeoPDEs.

4.3.1 The linear system

First of all, it is useful to identify all the entries of the matrices and

vectors involved in the discrete problem. We insert the following expressions
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for uj, and vy, in the variational formulation of the discrete problem (2.9):
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Vke RO vt=1,....n

The bilinear form and the linear functional can be rewritten as follows:
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Note that on I'7) we assume the following:

A

(s 1 S (s
(VA n) = S (VR o 1+ 0y (VR o0 - 1))

(R = (B 00 — (R 00

Therefore, we can say that, for each patch Q. we have to solve the

following linear system:

>+ Y B+ Y B+ Y o Y aP|ul? -t
1ER() ridesn r.D)ep, riidese  TG:Degp
for all ke R® and for all t = 1,...,n.

The implementation of this system is quite complex and a particular
care with the jump and average terms is needed. Two tricky steps are the
choice of the numbering of the shape functions that are non-zero along the
interfaces and the implementation of the gradients of the shape functions on

the boundaries of the patches.

4.3.2 Pseudocode for DG methods

In the following, we write the pseudocode for the resolution of the Poisson
problem on a single-patch domain. In this case, all the terms related to
jumps or averages are zero. Note that some built-in functions can be easily
used for the terms which appear also in CG methods. The remaining terms,
specific of DG variational formulation, can be evaluated with some built-in
functions with the proper entries or with some functions that still have to
be implemented (as op_gradv_n and op_gradu_n_v). Therefore, a first step
of the implementation of DG methods on single-patch domains consists of
building this missing functions.

With the two lines

stiff_mat = op_gradu_gradv_tp (sp,sp,msh,c_diff_fun)
rhs = op_f_v_tp (sp, msh, f)
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we can evaluate, respectively, the stiffness matrix and the right-hand-side of

the classical variational formulation:

J Vu - Vv and J fo.
Q Q

With the loop over the Neumann boundary sides,

for iref = nmnn_sides

msh_side, sp_side, g_n_val
rhs_nmnn = op_f_v (sp_side, msh_side, g_n_val);
rhs(sp_side.dofs) = rhs(sp_side.dofs) + rhs_nmnn;

end

it is possible to evaluate the boundary integrals

J gnNv.
TG,N)

With the loop over the Dirichlet boundary side, all the remaining bound-

F(ivN)GgN

ary integrals, except the ones over £¢, can be evaluated and assembled in

the stiffness matrix and in the right-hand-side.

for iref = drchlt_sides
msh_side, sp_side, g_d_val
rhs_drchlt_1 = c_diffxdelta/h.*op_f_v ( sp_side,
msh_side, g_d_val );
rhs_drchlt_2 = -c_diff.*op_gradv_n ( sp_side,
msh_side, g_d_val );
lhs_drchlt_1 = -c_diff.*op_gradu_n_v ( sp_side,
sp_side, msh_side );
lhs_drchlt_2 = delta/h.*op_u_v (sp_side, sp_side,
msh_side, c_diff_fun( x, y ));

global_dofs = gnum{iptc}(sp_side.dofs);
stiff_mat(global_dofs,global_dofs) = stiff_mat
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(global_dofs,global_dofs)+ lhs_drchlt_1 + ...
(lhs_drchlt_1)’ + lhs_drchlt_2 ;

rhs(global_dofs) = rhs(global_dofs)

+ rhs_drchlt_1 + rhs_drchlt_2;

end

u = stiff_mat \ rhs;

The implementation of DG methods on multi-patch domains requires also
the evaluation of the terms related to jumps and averages of functions. This
is the trickiest step, since it is necessary to pay attention to the numbering
of the shape functions in order to match correctly the corresponding values
of the functions along the interfaces. For this purpose, it will be particularly

useful the assumption of fully matching subdomains we made in Chapter 2.



Chapter 5
Conclusions

This Thesis consists in two parts: a theoretical and a numerical one.

In the first part we introduced the main ideas and concepts of Isogeometric
Analysis and we used this new method of representing complex geometries in
order to solve partial differential equations, namely the Poisson problem with
Dirichlet and Neumann boundary conditions. We deduced the variational
formulation of this problem and we verified the hypothesis of Lax Milgram’s
Lemma (the main steps are the proofs of the boundedness and the coercivity
of the bilinear form). Therefore, we could state existence and uniqueness
of the solution of the problem and continuous dependence from the data.
Finally, we obtained the error estimates in the L?-norm and in the DG-norm,

which we summarize in the following theorem.

Theorem 4 (Error estimates in L and in DG-norm). Let u and uj, be the
solutions of (2.8) and (2.9), respectively. For s > 2, the following two bounds
hold:

lu— unlpe < shapeZOéQh sl oy

o V(Y '
= sl < o (maxty (i) (D el
=1

where Dgpape is independent of h;, n and the jumps of o; and Egpape is inde-

pendent of h; and n.
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In the second part, some numerical tests with CG methods have been
discussed with a benchmark problem for a single-patch domain in 2D (a
quarter of a ring) and in 3D (a quarter of a thick ring) and for a multi-patch
domain (a L-shaped domain with three patches). We verified the theoretical
estimates of the CG methods in IGA with a study of the convergence for
all the benchmark problems. Moreover, we gave some suggestions and ideas
about how to implement a DG code with the help of the built-in Matlab
library GeoPDEs, which is, in our opinion, a very useful tool to approach
this kind of issues. For this purpose, we wrote a pseudocode for a DG-method
on a single-patch domain.

As a future work, an implementation of the DG method in Isogeometric
Analysis could be interesting and useful for many industrial application, since
it is more flexible and it seems more efficient than CG methods in Finite
Element analysis. Once a complete implementation of this code has been
reached, all the error estimates, that we have formulated as a theoretical
result, can be tested and verified. Moreover, it could be particularly useful
the development of specific DG solvers to reduce cost and running time of
the implementation of these methods.

With DG methods, models of heat diffusion on domains with different
materials can be described more in detail and, in general, all the problems
with solutions with steep gradients along the interfaces can be implemented
with some programming work. Finally, we hope that this Thesis can be a
useful starting point for those who are interested in implementing a code
with DG methods.
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