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Introduction

In this chapter we introduce the problem that will be the subject of this thesis. We outline the short-
comings of an existing numerical implementation and how we aim to improve upon it. We end this
chapter on introducing the notation that we shall adhere to in the remainder of this thesis.

1.1. Problem Description

Neural development has become a topic of growing interest in the past decades. On the one hand
healthy adult individuals exhibit qualitatively similar neural structures, on the other hand neural de-
velopment exhibits a substantial degree of randomness, which is largely confirmed by the observa-
tion that even monozygotic twins exhibit significant anatomical differences [8]. Among other factors,
this neural ‘fingerprint’ manifests itself mainly through the patterns formed in the neural folding and
buckling process occurring naturally after the twentieth week of fetal development (see figure 1.1).
This suggests that environmental factors can have a profound influence on the course of neural de-

Figure 1.1: Typical patterns formed at the surface of human brains.

velopment, which in turn suggests that the underlying biological process, mathematically, exhibits



a high degree of sensitivity toward perturbations in the initial condition. On the other hand, a pro-
ficient model for human brain development should be capable of producing qualitatively similar
outcomes for similar setups and explain neural pathologies like lissencephaly and polymicrogyria
(see figure 1.2) by quantitatively different starting conditions. The derivation of proficient models for
human brain development is greatly hindered by the unethicalness of experimentation on human
fetuses.

For this reason existing models postulate various driving forces behind pattern formation and assess

(@) (b)

Figure 1.2: Polymicrogyria (a) and Lissencephaly (b).

their validity by comparing the results of simulations to existent brains. Furthermore quality is as-
sessed through above criteria. Existing models for brain pattern formation can be split into two broad
categories: intrinsic and extrinsic. Intrinsic models postulate a chemical process, whereas extrinsic
models a physical process as the driving force behind neural buckling and folding. Researchers in
the field aim to identify the most-likely driving force by comparing various models in order to reduce
the amount of experimentation needed to a minimum.

The model proposed by Lefevre et al. [26] shall be the subject of this thesis. It adopts a modified
version of the Gray-Scott reaction-diffusion equations as a basic model for pattern formation. The
resulting system of equations shall be tackled numerically using the principles of Isogeometric Anal-
ysis (IgA) [18].

The concentration of one of the two chemical species considered in the model is postulated as growth-
activator, leading to deformations in the geometry that resemble typical folding patterns found in
human brains. The implicit assumption of the model is that neural growth can, to a good approxi-
mation, be considered as taking place only at the surface. The results from the numerical implemen-
tation presented in the article exhibit a high degree of qualitative similarities for similar setups as
well as quantitative differences resulting from perturbations in the initial condition. The outcomes
also show qualitative differences for different reaction rates and the authors were able to reproduce
certain characteristics from various brain anomalies by changing the numerical values of the param-
eters. Since these findings are well-established by a great amount of simulations in the paper, in this
thesis we will only present three simulations with different setups.

1.2. Motivation

The model proposed by the authors of the article results in a complex system of equations that can-
not be solved analytically. The main challenge is the fact that the chemical species affect the local
topological properties of the geometry which in turn affects the local expressions of the differential
operators acting on the concentrations of the chemical species, leading to a highly nonlinear system.
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Complexity is further aggravated by the existence of nonlinear reaction terms. The authors present
a numerical scheme that utilizes a finite-difference discretization in the temporal component, treat-
ing some terms implicitly and others explicitly, as well as a classical finite-element approach in the
spatial components. The initial geometry is given by a triangular tessellated spherical shell.

Growth is incorporated by extracting the value vx of the concentration of one of the chemical species
at triangle vertex x and shifting its position by an amount proportional to vx in the direction of the
normal vector at x. On a tessellated surface, due to the non-smooth transition between triangles, the
normal vector does not exist at the triangle vertices. It is not explicitly stated in the article how the
normal vector is computed but it is apparent that it has been computed by a weighed average of the
normal vectors of the surrounding (planar) triangles. Within an implementation that is mainly fo-
cused on minimizing computational costs (in order to allow for a large amount of simulations), such
an approach is reasonable. I does, however, lack overall mathematical rigor.

Thus, being able to construct smooth geometries would obviously constitute an improvement of
above shortcoming. Furthermore, smoothness in the geometry will most likely result in more ap-
pealing outcomes since non-smooth geometries are not realistic from a biological standpoint.

To achieve smoothness, the evident choice is to replace the classical finite-element approach by an
approach based on isgoeometric analysis. This approach, apart from some restrictions, allows for the
replacement of the piecewise-linear basis functions by smooth B-spline basis functions of arbitrary
polynomial order. It is customary to construct approximations of the geometry from a global map-
ping that uses the same set of (smooth) basis functions that is used to approximate the unknowns
on the geometry. The geometry will thus inherit the continuity properties of the basis. Another ad-
vantage of smoothness is that it allows for a (non-discrete) measure of curvature, which can subse-
quently serve as local refinement criterion.

The computational costs are expected to be higher than in the approach proposed in the article. This
is why this approach should be considered quality-oriented.

1.3. Notation

We represent vectors and vector-valued functions utilizing bold-faced letters. The n-th entry of
vector(-valued function) r is denoted by r, or (r),. Matrices are presented in square brackets. The
n-th entry in the m-th column of matrix [A] is denoted by [Al ;-

Let & = (q,...,¢ DT andx = (x1,..., %) 7. We define the vector-by-vector derivative of x with respect
to & as follows

o ox ox1

af 65 ces at

on 0% 0%,
ox |38, o v 0, LD

- , .

0% S :

Xy Oxm Xy

3 0L 0,

this is also referred to as the Jacobian matrix [J] of x.

In this thesis we will frequently work with finite-element bases. Usually the basis shall we denoted by
> ={wy,..., wn}. Whenever we refer to span X, we mean the set of all possible linear combinations of
the w; € X. Here we will also allow for weights form R” with n # 1. The value of n will always be clear
from context.

1.4. Thesis Overview

In chapter 2, we will present a brief introduction the principles of differential calculus on geometric
objects. Here, we will discuss the generalizations of frequently used identities to cases in which the
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Jacobian matrix (see equation (1.1)) of the mapping between domain and geometry is not square.
Furthermore, we will present several measures for the curvature of a parametric surface.

In chapter 3, we will briefly discuss the basics of finite-element analysis (FEA) and in chapter 4 we
will extend it with the principles from IgA.

Numerical integration and matrix assembly techniques will be treated in chapter 5 which constitutes
the last chapter treating the theoretical aspects of this report.

In chapter 6, we will present the model and corresponding equations as proposed by Lefévre et al.
and in chapter 7 we present a general IgA implementation of this model.

Concrete implementations based on the principles from chapter 7 will be the subject of chapters 8
and 9 which will be extended with refinement strategies in chapter 10. The results of both implemen-
tations will be presented in chapter 11.

We will present some numerical experiments testing the numerical scheme from chapter 7 in chap-
ter 12 and in chapter 13, we will present a possible alternative scheme for future implementations of
this model.



2

Calculus on Geometric Objects

In this thesis we shall make frequent use of parameterizations. The mappings: Q — .4, with Q c R”
and .4 < R™, that parameterizes the geometry .# with points from the parametric domain Q shall
be of major importance. ‘Local” functions living on Q shall generally be represented utilizing lower-
case letters, for example w : QO — R. Functions living in parameter space Q2 can be made ‘global’ by
utilizing the inverse s~ : .4 — Q of s and are generally represented by the corresponding upper-case
letter, here: W : .# — R. Their relationship is given by

W= wos_l, 2.1

see figure 2.1.

In practice, we will rarely need W (so we do not have to find s™!) since most calculations are carried
out in Q. Thus, W will only be important when explaining mathematical concepts. Sometimes, we
shall refer to W as 'the projection of w onto the geometry 4.

The mapping s is presented in bold-faced type since it is, in fact, a vector-valued function with its
vector-dimensionality matching that of the target space (here .# < R™, so the dimensionality is m).
In general, a vector-valued function whose domain is given by Q shall receive a bold-faced lower-case
letter, whereas a vector-valued function over .4 receives a bold-faced upper-case letter.

Remark. In this thesis it is more natural to adopt the relation
Wos=uw, (2.2)

as opposed to (2.1). This is especially true whenever s fails to be bijective, in which case we require
that w assumes the same value on segments of Q that overlap on ./, in order to avoid having to
work with open sets (see figure 2.2).

(5
Iol'\Q

w: Q—R W: M—R

Figure 2.2: The point P € .4 has two points {p1, p2} < Q that point to it via the mapping s, such that s can not be invertible.
Periodic boundary conditions have been imposed to ensure that w is single-valued when projected onto ..



by W: M—~R

s S
W(P) =w(s'(P)) w(p) = W(s(p))

(9 w: Q—-R

Figure 2.1: Schematic representation of the relation between local and global functions.

2.1. Preliminaries

Let s: Q — M be a mapping that parameterizes an n-dimensional geometry .# < R™, m > n. Thus,
Q cR" and we denote its free variables by ¢1,..., &, such that X1y X)) T =8, ER).
As a next step we will characterize the tangent plane Tp.# of ./ at point P € ./ by the vectors that
span it. The tangent plane has the property that every curve € < .# that passes through P is tangen-
tial to Tp.# at point P. Tp.# is spanned by
} ) (2.3)
P

0s

3
where p € Q is the point that satisfies s(p) = P. Note that above vectors are exactly the column vectors
of the Jacobian matrix []] of s at point p. Since x = s(£), we have

as
o

[]]—a—X 2.4)
=3 .

Remark. Note that []] is not square whenever n # m.
In the remainder of this chapter, p € Q and P € 4, will always be related by P = s(p).

The set {(PV): P € .4,V € Ty}, i.e. the set of all vectors that are tangent to ./ along with the
information to which point of .4 they are tangent, is referred to as the ‘tangent bundle’ [24, p. 65].
LetU: .4 — Tp.4 ,i.e. let U be a vector-valued function that assumes some V € Tp.#4 at each point



P e 4. As a general rule, the vector-valued function u : Q — R” is related to U in the following
way

Uos=[/]u. (2.5)

Thus, u(p) represents U(P) in the canonical basis of Tp.# and is referred to as the local counterpart
of U or U in local coordinates. Whenever the domain of a function is .# and its co-domain is Tp.#,
it will receive a bold-faced upper-case letter and its local counterpart will receive the corresponding
lower-case letter. Furthermore, we shall simply utilize U as opposed to Uos whenever it is clear from
the context that we are evaluating in & as opposed to x. This is equivalent to saying

U() =Uos. (2.6)
With (2.5) in mind, we define the surface metric [g] in the following way
[g1=1n"1n. 2.7)

The terminology ‘surface metric’ stems from the fact that it induces a canonical inner product for
vectors or vector-valued functions in local coordinates. Using (2.5) and (2.6), we have

A-BE=a"[1"Ub
= aT[g]b
=(a,b)g, (2.8)

where ‘ - ’ stands for the standard inner-product in R™,

2.2. Integration over Geometric Objects

Since direct integration over complex geometries like ./ is generally not possible, the idea is to re-
place the domain of integration .4 by the simpler parametric domain Q. Since geometries are usually
parametrized by relatively simple domains (for instance quadrilaterals in R?), the limits of integra-
tion follow very naturally from the shape of Q.

An integral of any function W : .4 — R over the geometry .4 can be related to an equivalent integral
in parameter space ( as follows [24, p. 654]

[ desz det[g]dé. 2.9
M Q

The function /det[g] acts as a scaling factor, relating infinitesimal (hyper-)surface elements on .4
to those from Q. It is referred to as the Riemannian volume form [24, p. 389]. For the sake of brevity,
we define /det[g] = /g and dQ = ,/gdé. In this context, dQ represents the infinitesimal surface
element on Q in the presence of scaling and d¢ in the absence of scaling. It is seen that the change
of domain is accompanied by a change of integrand. As a result of the scaling /g, the complexity of
the integrand usually increases which is why one might favor an approximation with an appropriate
quadrature-scheme over a symbolic approach (see chapter 5).

2.3. Differential Operators on Geometric Objects

Having defined the notion of tangent plane and the relation between local and global vector-valued
functions, we can proceed to defining the geometrical counterparts of the gradient, divergence and
Laplace operators.



Let W : R™ — R, we define the directional derivative of W in the direction of V (where |V| = 1),
denoted by dyW, as follows

oyW(P) = iW(P +tV) . (2.10)
dt =0

With the chain rule, it evaluates to
oyW=VW-V. (2.11)

The definition from (2.10) is equivalent to [31, p. 190]

d
oW (P) = —W@®)| (2.12)
dt =0
where the parameterization y(?), t € [a, b] of the curve € satisfies
d
v(0) =Pand —y(1) =V. (2.13)
dt =0

Equation (2.12) can be utilized for functions on .# by requiring € c .#, since then W (y(¢)) is defined
forall . Note that Ve Tp.# . Inlight of the ordinary gradient VW producing a vector that points in the
direction of the steepest ascent in R", it is obvious that its geometry-counterpart V_, W should point
into the direction of the steepest ascent on .# . Therefore, it obviously may not possess a component
in the direction orthogonal to the geometry. Thus, for each W : .# — R, we have V_,W(P) € Tp. 4.
Since VW satisfies

VW(P)-V=0yW(P), V¥V VeR", (2.14)
the natural definition of V_, W, for functions W : 4 — R, is as follows
VuyW(P)-V=0yW(P), VY VeTp. (2.15)
This definition can be translated to local coordinates
(Voaw(p),Vygp =0yW(P), V VeTpt, (2.16)

where [/(p)]lv = V. The function V_4,W that satisfies (2.15) is, in local coordinates, given by [19,
p-62]

Vw=I[gl "Vuw, (2.17)

where V denotes the ordinary nabla operator in local coordinates.
Its global counterpart thus satisfies

VW& =V yw. (2.18)

In the remainder, we shall replace V_, — V for convenience. In most textbooks, VW is referred to as
the surface gradient.

Remark. Just like the ordinary gradient, VW : 4 — Tp 4 points in the direction of steepest in-
crease of W on . This is easily seen from (2.15) by noting that oyW, with V|| = 1, is maximized
overV e Tp.# wheneverV points into the same direction as V.



We can utilize the above definition of the surface gradient to find an equivalent expression for the
geometric divergence. In R", for smooth compactly supported functions W and vector-valued func-
tions U, the divergence can be regarded as the negative adjoint operator of the gradient, i.e.

f WV.-Udx=-| VW.Udx (2.19)
n RVL

LetU: 4 — Tp# and W : 4 — R, analogous to the standard divergence, the geometric divergence
is defined as the negative adjoint of the surface gradient. This translates to local coordinates as fol-
lows

L(w,v-u)g@dvﬁ: —fﬂ(Vw,wg\/gd{, (2.20)

for all functions W that vanish on 6.4 . The function that satisfies (2.20) is, in local coordinates, given
by [35, p. 18]

0
V-u =T;5_(\/§ul) (2.21)
The global counterpart of V - u satisfies

V-U¢)=V-u (2.22)

The Laplace-Beltrami operator, being the counterpart of the ordinary Laplace-operator, consequently
satisfies Aw = V- Vw. After some rearrangement, we find [21]

G UZI e VEs' ]afj ) 22

where the gi'j are the entries of [g]_l. As before, its global counterpart satisfies

AW (&) = Aw. (2.24)

Remark. Above expressions for the standard differential operators on geometries can exclusively
be computed in Q, not on # directly. This appears like a shortcoming since mapping the ex-
pressions in local coordinates onto their corresponding global counterparts is a laborious task. In
practice, however, this mapping is never explicitly carried out: all computations are carried out in
Q, such that the global expressions only possess a conceptual relevance.

In (2.3), the definition of the surface gradient, we have related the local and global expression via the
Jacobian matrix [J]. As a general rule, a pair of local and global vector-valued functions carrying the
same letter are related by

U = Ulu, (2.25)

whenever U: .4 — Tp.#. If the target space of U is not Tp.# (but, for instance R"), we adopt the
same relation as defined for scalar functions

U¢)=u. (2.26)

Finally, we can state the following two lemmas.



Lemma 1. The divergence theorem holds on 4. Let U : .4 — Tp# be a sufficiently smooth
function, then we have

fv'de=f U-Npydl, 2.27)
M oM

where Ng_y : M — Tp A is the unit outward normal along 0.4 (see figure 2.3) and dl is the in-
finitesimal (hyper-) length element along 0./ .

Figure 2.3: The difference between N and Nj_, . In this case it is normal to the plane spanned by g—g and N.

Proof. See [24, p. 424]. O

Note that the right-hand side of equation (2.27) vanishes whenever .# has no boundary (for example
when ./ is a spherical shell in R3 ). With lemma 1 in mind, we can state the following

Lemma 2. On geometries without boundary, we have

f WAde=—f VW -VUdx, (2.28)
M M
or in local coordinates
f wAu,/gdé = —f (Vw,Vu)g\/gdé. (2.29)
Q Q
Proof. Seelemma A.1.2 in the appendix. O

2.4. Curvature of Parametric Surfaces

In this section, we will introduce several measures for the curvature of a parametric surface. To this
end, we first define the notions of first and second fundamental form’ and ‘shape operator’.
Lets:Q — 4, withQcR?, # cR®andx = s(&,n). With (2.7) in mind, we have
Js 0s 0Os Os
w58 £
on 0¢& 0n On

(2.30)

10



In some textbooks, the metric [g] is referred to as ‘the first fundamental form'. Analogously, the ‘sec-
ond fundamental form’is given by [27, p. 109]

d’s 9%s
_— n —_— n
=%~ %nm, (2.31)
—_— n _— n
dgan an?
where
1 (Os Os) 2.32)
o m— —_ X —
o  os|\a¢  on)’ :
g8 x e ¢ 0n
for positively oriented geometries. Finally, the ‘shape operator’ is defined as
[S]=1[g17"[L]. (2.33)

In light of (2.12), the directional derivative of the unit outward normal N: .# — R? of ./ in the direc-
tion T € Tp.#, with | T|| =1 at P is given by

d
OIN(P)= —N(y(9)| , (2.34)
dr =0
where y satisfies
d
Y(0)=Pand —y(¥) =T. (2.35)
dt =0
Note that 0tN is itself a vector-valued function.
Let us define dN: Tp.4 x M — R3, via
dN(T, P) = 0rN(P) (2.36)
It can be shown that [31, p. 193] AN(T, P) satisfies dN(T, P) € Tp.# . Thus, let
T=[J/(pt, (2.37)
dN is related to (2.33) as follows [44]
dN(T, P) = -[J(p)I[S(p)]t. (2.38)
Hence, the local counterpart dn(t, p) of dN(T, P) satisfies
dn(t, p) = —[S(P)t. (2.39)

It is seen that the shape operator [S] at p represents the operator dN(T, P) in the canonical ba-

sis
@ (2.40)
o0& p ’

of the tangent bundle at point P (i.e. in local coordinates).

%
p On
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2.4.1. Principal Curvature

The principal curvatures at point P, denoted by «;(P) and x2(P), are defined as the eigenvalues of
[S(p)] [31, p. 200]. For an example of the idea behind principal curvature, see figure 2.4.

Figure 2.4: Schematic explanation of the idea behind principal curvature. At P1, dN(T, P1) points in the opposite direction
of T and the surface bends toward the normal, which makes the principal curvature corresponding to T positive. At Py,
dN(T, P;) points in the direction of T and the surface bends away from the normal which makes the principal curvature
negative.

The principal directions, in local coordinates, are given by the corresponding eigenvectors of [S] and
can be made global by multiplication with [/]].

Loosely speaking, the principal curvatures at P are the reciprocals of the radii of the two circles that
pass through point P and are tangent to one of the principal directions (see figure 2.5). They corre-
spond to the minimum and maximum radii of all possible tangent circles trough P. The sign in front
of x; is positive whenever the surface curves toward the normal vector and negative else. For para-
metric surfaces, they can be utilized as a measure for curvature. The question is under which con-
ditions the shape operator is diagonalizable (and hence two principal curvatures with correspond-
ing linearly independent principal directions exist at P € .#). To this end, let us state the following
proposition

Proposition 1. Let [A] be symmetric and let [B] be symmetric positive definite (SPD). Then [B][A]
is diagonalizable.

Proof. See proposition A.1.1 in the appendix. O

From proposition (1), we may conclude that the shape operator is guaranteed to be diagonalizable
whenever [g]‘1 is SPD. Since [g] is SPD whenever /g # 0 ([g] being an inner-product matrix), we
may conclude the same for [g]~!. It follows that the shape operator is diagonalizable at points on the
geometry where [g] is non-singular.

2.4.2. Mean Curvature

In the previous subsection, we have introduced the principal curvatures x; and «x at point P € ./ as
the eigenvalues of the shape operator [S] at point p € Q. The mean curvature x ,, is simply given by
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Figure 2.5: The principal curvatures at point P are the reciprocals of the minimum and maximum radii of all possible
osculating circles through P.

the average of the two principal curvatures
1
Km(P) = 5(K1(P)+K2(P)). (2.41)
As the trace of a diagonalizable matrix is equal to the sum of its eigenvalues (including multiplicities),

we have

Km = %Tr[S]. (2.42)

Note that x,, can be zero even though the two principal curvatures are nonzero. This happens when-

ever k1 = —K, thus, saddle points can potentially constitute points with nonzero principal curvatures
but zero mean curvature.

2.4.3. Gaussian Curvature

The Gaussian curvature kg is defined as follows
Kg =K1K2. (2.43)

As the determinant of a matrix is equal to the product of its eigenvalues, assuming that [g] contains
no singularities, we may equivalently write

det[L]

Kg= det[S] = detig] .

Note that x4 is zero whenever one or both of the x; is zero in a point.

13



2.4.4. Relating Principal Curvature to Gaussian and Mean Curvature

With the expressions of k¢ and x; in mind, we can relate them to the principal curvatures as fol-

lows
K1 =1<m+\/1<§n—7<g
ngKm—\/Kgn—Kg. (2.44)

These relations are a useful tool whenever x; and «x, are of relevance, since the computations of
matrix trace and determinant are relatively cheap operations. In chapter 10, we will make use of the
various measures for curvature as a basis for refinement.
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3

Finite-Element Analysis

In this chapter, we will briefly discuss the basics of finite element analysis (FEA).

3.1. General Idea

The finite element method (FEM) is a proficient tool to approximate solutions to partial differential
equations (PDEs). Given an equation of the form

findU: 4 —-R st L{U)=F on.#, subjecttoboundary conditions (BCs) 3.1

with some differential operator L and geometry .#, the first step is to multiply (3.1) by a test function
W and integrate over .# to derive the weak form

findUep s.t. fWL(U)dx:f WFdx, VYWeo (3.2)
M M

or more compactly
findUep st. (WU)L=W,F), VYWeo. (3.3)

Here p is called the trial space and o the fest space. They usually follow from the continuity properties
that (3.2) imposes on W and U and depend on the application.

Usually some sort of partial integration is performed on (3.2) to equalize (and minimize) the order of
the differential operators applied to W and U and to implement natural boundary conditions. The
discretization is carried out by introducing a finite basis X = {Wj,..., Wy} and replacing both p and o
by span X, whereby essential BCs are built into test and trial spaces.

The discretized counterpart of (3.3) is as follows

find U e spanX s.t. (W;,U)p=(W;,F), YW;eZ, (3.4)

assuming that (-, ) is still linear in its first argument after partial integration.
By substituting

U=) ciW; (3.5)

into (3.4), one can derive a system of equations for the c;. Let us define

R(W)=W,U)L—-(W,F). (3.6)
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It is seen that U satisfies
Vie{l,...,N}: R(W;)=0, 3.7
which is weaker than

R(W)=0, VWenp. (3.8

3.2. Elements and FEA Bases

So far, we have not talked about the choice of X. Before we proceed to this topic, we will talk about
elements and tesselation.

The geometry .# on which the differential equation takes place does not necessarily have to be pla-
nar but can be curved. In that case it is customary to build and approximation .#* of .# that is
comprised of a finite set of triangles, referred to as triangular tesselation (see figure [reference forth-
coming]). The triangle vertices {Py, ..., PNy} € .4 * that result from this tesselation are, in a typical FEM
setting, utilized to construct a piecewise polynomial basis Z = {W,..., Wy} that satisfies

W;(Pj) =85 . (3.9)

The most straight-forward tesselation technique is to select a set of points {Py, ..., Py} from . itself
and interpolate linearly between neighbouring points. The triangles o« = {€1,...,€,,} that emerge this
way are referred to as elements. Since their amount is finite, as well as the cardinality of Z, the ter-
minology finite element method follows. A typical feature of FEM bases, apart from (3.9), is their Co-
continuity across certain element boundaries, regardless of their polynomial order. This is a direct
consequence of the fact [41] that higher order FEM basis functions are usually constructed by com-
bining several Lagrangian polynomials into one function with compact support (to acquire a banded
system matrix). Integration of basis functions (or their derivatives) is then carried out element-wise.
For example, consider the geometrical mass matrix

[A]i,j=[ Wi W;dx. (3.10)
‘/ﬂ*
Leto;j={exe < | €< (supp W;nsupp W;)}, then

[Al;j= Y, | w;Wwdx. (3.11)

€x€0,j Y€k

Each triangle €. is parameterized by a reference triangle and a local mapping s; that induces a canon-
ical metric in each of the integrals of (3.11) (see chapter 2).

Remark. It is possible, though less common, to tesselate using curved triangles as long as they all
can be parametrized from a reference triangle.

3.3. Properties

Whenever L is an inner product operator, there exist some easy to derive properties of the approxi-
mate solution U over span X. As before, we define

(U,V)LEf UL(V)dx. (3.12)
M

16



Lemma 3. Let(-,-)1 be an inner product, i.e. let L satisfy

(U, V)L=W,U)L
(aU,V)=a(U,V)L
U+V,W)p=U, W)L+ (V,W)L
(U,U)L=0and (U,U)p=0 = U=0. (3.13)

Furthermore, let X = {W,..., Wy} be a (linearly independent) basis over # . Then the matrix

W, W) ... (Wi, Wn)L
[M] = : : (3.14)
Wn, W)L ... (Wn,WnN)L

is symmetric positive-definite (SPD), and thus non-singular.
Proof. Seelemma A.2.1 in the appendix.

Lemma 4. Let (-,-); be an inner product and let U* be the exact solution of L(U) = F on .
Furthermore let X = {W,..., Wn} be a (linearly independent) basis over 4 . If ¢ satisfies

[Mlc=F (3.15)
with [M] as in (3.14) and
F; =f W; Fdx, (3.16)
M
thenU =} ; c;jW; minimizes || U* - Ul| L, where
Ul =(U*-u,Uu*-U), (3.17)
over spanX.
Proof. See [11].

Whenever we approximate a known function F by some U € span X with a finite-element approach,
we are confronted with a problem of the form

find U € spanX s.t. (W;,U)=(W;,F), YW;eZ, (3.18)

thus L is the identity operator.

In this case, lemma 4 tells us that the solution U is the best approximation of F from span X w.r.t. the
L, () norm. We shall therefore refer to such an approximation as the L, -projection of F onto Z. For

projections, [M] is simply given by the mass-matrix [A] of =
[Al; =f W;W;dx. (3.19)
M

We will discuss L;-projection in more detail in section 4.4.
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3.4. Basic Example: Diffusion on a Monge Patch

In this section, we will give an explicit example of a typical FEM approach to finding an approximate
solution to a diffusion problem on a curved surface.
Consider the PDE

VU -Nj 4 =0 ondo4 , (3.20)

{ 0:U=dA 4U on .4
U(t=0)=U

where d is a positive constant.
M is parameterized by s: Q — .4, where Q =[0,1] x [0,1] and

¢
s(&,m) = [ n (3.21)
1-(&-1/2)
As a first step, we discretize in time utilizing an implicit backward Euler scheme
Tk+1 T+l
f OtUdt:f dA ,Udt
I %
= DA 4 U, (3.22)

where hy = ti1 — t; and U* = U(#). We can utilize the fundamental theorem of calculus on the
left-hand side to derive a system for U**! in terms of U*.

(I-hidA ) U = Uk, (3.23)
N————
L(Uk+1)

As a next step we multiply by a test function W and integrate, in order to derive the weak form

fWL(Uk”)dx:f wukdx.
M M

— (W, Uk+1) + hed (vﬂw, VMU"“)Z - (W, Uk), (3.24)

where we made use of lemma (2) in conjunction with the fact that VU k+l N, 4 =0.
Here,

(VMW,VMU’C“) :f V.4 W; V.4 Widx. (3.25)
2 Ju
As a next step, we build a triangularly tessellated approximation .4 * of .. This can, for example,
be achieved by evaluating s at a set of points {py,..., pn} < Q, such that one acquires a set of (equally
spaced) points {Py,..., Py} € 4. 4" is then built by linear interpolation between the P;. The trian-
gles {e1,...,em} = o, one acquires this way form the elements of the FEM approach and

€= M". (3.26)

s

i=1

As a next step, we build a piecewise linear FEM basis that satisfies

W;(P)) =85 ;. (3.27)
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In (3.24), we replace .4 — .4*, W — W; and Uk+l = Y clk“W,-. We derive the following system of
equations for the c¥*!

i
{[A] + hid (D]} ¥ = [Alck, (3.28)
where
[Al; =f W;W;dx
ﬂ*
[D];,; = / Vo Wi -V g« Widx. (3.29)
'/ﬂ*

Leto; j={exe < | e < (supp W;nsupp W;)}, then above expressions reduce to

[Alij= ) W;W;dx

€xET;jYEK

Dlij= Y | Vo Wi-VogWidx. (3.30)

€xET;jYEK

Given that element €} has area Ay and defining H; as the height (vector) of triangle €} from P;, as-
suming that W; and W; are have common support on €, the following identities hold [26]

& i)
fmwjdx: (3.31)
€k % l;é]
and
fvﬂ*wi-vﬂ*wjdx:i-ika. (3.32)
e IH; I IH;

We can now approximate the initial condition via polynomial interpolation

U° =3 Us(PYW;, (3.33)

choose a fixed or variable time-step ;. and commence the time-stepping procedure to solve for the
uk.

19



4

[sogeometric Analysis

Isogeometric analysis is a recent development that aims to combine the techniques of FEA with the
flexibility of spline basis functions. Splines constitute piecewise polynomial functions that can be
constructed so as to satisfy various continuity properties at the places where the polynomials con-
nect.

Splines are widely utilized within the field of computer-aided design (CAD). Their versatility is taken
advantage of when constructing parameterizations for complicated geometries. Within the realm of
industrial mathematics, they find applications in FEM approximations of PDEs that impose certain
continuity properties on the trial and test spaces (see chapter 3). Even though there exist various
types of spline functions, we will exclusively utilize B-splines (basis splines).

The B-spline basis functions Njy,..., N, live in parameter space, in one dimension usually the inter-
val Q = [0,1], i.e. N;:Q — R. This interval is utilized to parametrize a B-spline curve in R¥ (the
one-dimensional geometry .#) in the following way: s(¢) = X' | N;(£)B;, where ¢ € Q and the B; are
points in R¥ (referred to as the ‘control points’).

Bivariate B-splines, or B-splines with higher-order variable dependencies are straight-forwardly con-
structed from univariate B-splines through tensor-products and can be utilized to construct B-spline
surfaces, solids or higher-order geometric objects (see section 4.5). When s is a bivariate mapping,
quadrilaterals in the parametric domain are referred to as ‘patch’. In many application a single patch
suffices to parameterize .# but in more complicated settings several patches are needed. In this case
itis customary to either construct .# from several patch-specific mappings or craft a global mapping
from a parametric domain consisting of several patches.

Remark. For convenience, we will assume that 4 is always the result of one global mapping
operators:Q — M (so Q) can be comprised of several patches).

The basic idea of isogeometric analysis (IgA) is to utilize the same set of spline-functions as a basis
for the geometry .4 as well as the solution space. Thus, any function on .# is approximated by an
element from the linear span of the very same basis that is utilized to parameterize it via the operator
s:Q — /. In this context one might regard the global mapping s as a vector-valued function com-
prised of k + [, where [ is the amount of unknows on .#, functions from span Z with scalar weights,
such that all components of s and all relevant functions on .# jointly make up a collection of scalar
functions all from the linear span of the same basis . This is referred to as the isoparametric con-
cept.

Unlike in standard FEM, tessellation of .# is very uncommon. This is a result of the fact that a
cleverly-chosen spline basis is often capable of parametrizing .4 exactly. If ./ is too complicated for
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an exact parameterization, it is customary to build an approximation from X, utilizing L,-projection
(see section 4.4) or polynomial interpolation.

Remark. The main motivation to utilize B-splines in this work, is the resulting smoothness of the
geometry.

The most striking difference between IgA and FEM, apart from the basis functions used, is the utiliza-
tion of a global operator s to parameterize .# as opposed to the parameterization of each individual
element from a reference element. In IgA the individual patches of the parametric domain are thus
local to the geometry as opposed to individual elements.

We start off by introducing the concept of univariate B-spline basis functions and one-dimensional
refinement techniques. After that, we generalize these principles to bivariate B-spline functions and
present refinement techniques in two dimensions. We end this chapter with an example for a typical
IgA-approach to the problem from section 3.4.

4.1. Knot Vectors

B-splines come in various shapes and with various continuity properties. Their properties follow
from the way they are constructed using the so-called knot vector. A knot vector is a partition of the
parameter space (here: Q = [0, 1]) into segments. It is written in the following way:

E={{1,62,---,Cn+p+1}

where 7 is the amount of (desired) basis functions, p their polynomial order and ¢; € Q is the i™ knot.
The knot vector is an non-decreasing sequence of knots (i.e. {; = ¢; for j > i), that usually starts on
o =0and ends on ¢4 p+1 = 1. The knot vector also allows for the repetition of knots, the cardinality
of each repetition in conjunction with the knot-spacing leading to the great variety of different pos-
sible shapes.

The knot vector without the repeated knots forms the equivalent of a grid and each segment of the
the grid, fenced off by two unequal consecutive knots, is called an element (analogous to standard-
FEA).

4.2, Constructing B-Splines

Given a knot vector Z = {¢1,$2,...,$n+p+1}, the ith basis function Nj, (&) with polynomial order p is
constructed recursively starting from

1T i =8 <Civ,
Nijo = { 0  otherwise ’ @D
utilizing the recurrence relation (with % =0)
-¢&; Sivg+1—¢
Nig®= =" Ny @+ TS N, 4.2)
§i+q_§i 5i+q+l_€i+1

and iterating until g = p [13].

In general, the support of basis function N; ,(¢) is given by the interval [{;,{;+p+1] in parameter
space, thus higher order basis functions tend to have a larger support unless they are accompanied
by repeated knots.

Itis easily seen that for p = 0 and p = 1, the basis functions that are constructed this way coincide with
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Figure 4.1: B-spline basis functions with p = 1,2 and 3, all constructed from the knot vector = = {0,1/10,2/10,..., 1} utilizing
formulae (4.1) and (4.2). Individual functions are represented in various colors. Note that £; = 0 and {19 = 1 such that the
amount of basis functions is given by n(p) = 10 — (p + 1). Furthermore note that the maximum value that is attained by
each individual function decreases as p increases while their supports broaden. Each basis with p < 3 can be regarded
as the result of an intermediate iteration of the iterative process prescribed by (4.1) and (4.2) and each basis with p = g is
constructed from the basis with p = g —1.

the ordinary zeroth and first order basis functions from FEA. This changes for p = 2 (see figure 4.1).
From the way the basis functions are constructed utilizing the knot vector, it is seenthat in general
Nj, p(&) has p — m;j continuous derivatives across knot ¢ € {¢;,...,¢i+p+1}, where m; is the multiplic-
ity of the value of ¢; in {{;,...,{;+p+1}. This means that pth order basis functions constructed from
a knot vector without repeated knot values have at least p — 1 continuous derivatives everywhere,
unlike ordinary higher order basis functions that remain interpolatory across the boundaries of their
support irrespective of their polynomial order.

Additionally, we can state the following lemma about B-splines

Lemma 5. Let X be the pth-order B-spline basis constructed from = = {{y,...,$nip+1}, then the
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N; p € X form a partition of unity on the interval [§ p11,¢n—p-1], L.e.

Y Nip@ =1, VE€pi1,Ensl, (4.3)
i
Furthermore, B-spline functions are non-negative on the entire parametric domain.

Proof. See [13, p. 22]. O

Knot-vectors over the interval [0, 1] with the property

2={0,...,0 ,&prareniEny 1,1 b, (4.4)
~—— ~——

———
p+1times n-p-1terms P+1 times

with 0 < ¢; < 1, can be utilized to construct ‘clamped’ bases. For p > 1, B-spline functions do not,
in general, assume the value 1 at some element boundary which means that B-spline curves do not
necessarily cross their control points. The term clamped refers to the fact that the functions Ny p
and N, , resulting from a clamped knot vector do assume the value 1 at { = 0 and ¢ = 1, respectively.
This means that B-spline curves constructed from a clamped basis have the property that the control
points B; and B, constitute the starting and end points of the B-spline curve, irrespective of the
polynomial order p. Thus the terminology stems from the fact that the curve is ‘clamped’ between
B; and B;,.

In general we can state that if a knot value has multiplicity p, the basis will be interpolatory at that
knot (meaning C° continuous and some basis function will attain the value 1 there such that all others
assume the value 0). If it has multiplicity p + 1 the basis will acquire C~! continuity, which implies
the existence of discontinuity. For an example of an interpolatory knot see figure 4.2.

1.0
0.9t
0.8t
0.7
0.6¢
0.5¢
0.4;
0.3
0.2
0.1}

0.00 0.10 0.17 0.30 0.38 0.50 0.57 0.70 0.78 0.90 1.00

Figure 4.2: B-spline basis with p = 3, resulting from the knot vector = = {0,0.1,0.17,0.3,0.38,0.5,0.5,0.5,0.57,0.7,0.78,0.9, 1}.
It is seen that the knot value 0.5 has multiplicity 3 = p such that the basis is interpolatory at { = 0.5. Additionally, this
B-spline basis is non-uniform since it has unequally spaced knots. The basis forms a partition of unity on the interval
[0.3,0.7].

According to lemma 5, clamped B-spline bases form a partition of unity on the entire parametric
interval [0, 1], i.e.

n
Y Nip@)=1, VéeQ. (4.5)
i=1
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In the remainder of this thesis knot vectors of the form

- 1 2 n-p-1
==<0,...,0, ) oo , 1,..,1 (4.6)
p+1times - ~ - p+1 times

n—p-1terms

will be of major importance. We shall refer to them as ‘uniform, clamped knot vector of length n and
orderp’.

0.9
Ni.1

0.8 ’

0 1/8 2/8 3/8 4/8 5/8 6/8 7/8 1

Nio3 f
Ns3 Nojs

I V7 277 37 a7 5/7 6/7 1

Figure 4.3: The B-spline bases constructed from uniform knot vectors of length 10 and orders p = 1,2 and 3. Note that the
amount of basis functions that are ‘different’ from functions that are supported by internal elements is exactly equal to p at
each interval boundary. Since the multiplicity of knot values 0 and 1 is equal to p+1, the outermost basis functions at either
side attain the value 1, irrespective of the polynomial degree p. If the interval were to be slightly extended, a discontinuity
(C™! continuity) in the outermost functions would become visible.
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4
knot vector: {0, 0, 0, 0, 0.33, 0.67,,1, 1, 1, 1}

1.0,
0.9
0.8f
0.7}
0.6}
0.5}
0.4t
0.3¢
0.2}
0.1}

0.00 0.33 0.67 1.00

Figure 4.4: A B-spline curve resulting from the p = 3 basis with = = {0,0,0,0,0.33,0.67,1,1,1,1} and a set of control points.
Notice that the curve intersects only with control points B; and Bg, which is a result of the clamped basis property.

Examples of bases resulting from uniform, clamped knot vectors are depicted in figure 4.3. An exam-
ple of a one-dimensional B-spline curve in R? can be found in figure 4.4.

4.3. Refinement in One Dimension

In numerical simulations, especially in time-stepping methods, one is frequently confronted with
problems of the form

solve for ¢©*! from F(c**!) = G(c"), 4.7)

where the c* contains the weights of a functional from span X at time instance ¢* and F, G are (usually
linear) operators.

In certain settings it can make sense to replace an element from the linear span of the coarse basis X,
by an element from the finer basis £ and continue the iterative process utilizing the finer basis. This
can, for instance, become a necessity in problems that enforce local increase of the resolution like
shock waves or in settings with a time-dependent geometry. Thanks to the possibility to construct
a finer basis X that satisfies span X c spanZ, this replacement can be carried out without projection
errors. In light of (4.7), if refinement is carried out after the k' iteration, c* is replaced by its corre-
sponding vector with respect to £ and the iterative process is continued using Z. It is convenient to
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be able to carry out this basis transformation without projection errors as it may be hard to deter-
mine how they propagate in (4.7).

All refinement techniques can be divided into three broad categories: refinement based on order el-
evation, refinement based on knot-insertion and a third that has no classical FEM counterpart [13, p.
41]. The technique that closest resembles the traditional /-refinement from FEA is the technique of
knot-insertion and it will be the subject of the discussion that follows (in this thesis order elevation
will not be discussed as we shall exclusively utilize bases of uniform order).

Remark. Generally speaking, the density of (unequal) knots in a given segment of Q) is positively
correlated with the ‘resolution’ of the basis there.

This is a result of the fact that a higher density of knots implies the presence of a higher density of
basis functions, leading to a locally higher resolution.

Given a knot vector = = {¢1,$2,...,¢n+p+1}, we can refine the grid by adding m new knots such that
we acquire = B = {$1=¢1,62,.. -:€n+m+p+1 = §n+p+1}- .
We shall refer to = as an enriched knot-vector. As an example, consider = = {0,0.5,1}, then = =
{0,0.25,0.5,0.75, 1} is an enriched knot vector of =. We can state the following lemma

Lemma 6. Let T be a B-spline basis constructed from the knot-vector Z. If £ is a B-spline basis
constructed from an enriched knot-vector Z of Z, then spanX c spanZ.

Proof. See [14] O

According to lemma (6), any element from the coarse function space X is also contained in Z, we
will now present a method to find the new control points from the old control points. We can con-
struct a new set of control points B = {B1,B,...B;;} from the original set of control points B =
{B1,B5,...,B,}, utilizing a suitable linear transformation of the vectors contained in B. The matrix
[TP] associated with the transformation can be constructed recursively in the following way [13, p.
37]

1 E'E[f'r€'+l)
01, . — i S
(7701 { 0 else 48
and
[Tq+1]i,j — M[Tq]w. + M[Tq]i,ju for qg=0,1,2,...,p—1. (4.9)
€j+q_fj Ej+q+1_€tj+1
The new and old weights are related as follows
_ n
Vie{l,...n+m}: B;=) [T"];;B;. (4.10)
j=1
Above transformation ensures that the parametrization is not altered, i.e.
n+m _ _ n
Y. NipBi(©) =) NiyBi(), Vie€Q, (4.11)
i=1 i=1

where the Nj,, are the new basis functions constructed from Z. Note that above procedure is com-
patible with functions from span X with scalar weights.

Refinement is a proficient tool to increase the local resolution of the function space. With above
principles, we are capable of refining the basis locally, by only adding knots in a subregion of Q. The
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trade-off between precision and computational costs is the main motivation for local refinement as a
global refinement may increase the resolution (and by that the computational costs) in regions where
it is unnecessary.

For an example of a locally refined basis, see figure 4.5.

1.0,
0.9}
0.8f
0.7} y B
0.6}
0.5;
0.4t
0.3
0.2} /
0.1f

0.0 02 0.4

1.0
0.9}
0.8}
0.7} 7\
0.6} :

0.5}
0.4}
0.3t /
0.2} \
0.1 /

/ .

0.0 02 03 04 05 06 0.8 1.0

Figure 4.5: The p = 2 bases resulting from = = {0,0,0,0.2,0.4,0.6,0.8,1,1,1} and the locally enriched knot vector = =
{0,0,0,0.2,0.3,0.4,0.5,0.6,0.8,1,1, 1}. The bases satisfy spanX c spanZ.

4.4. L,-Projection

In section 4.3, we introduced the concept of refinement via knot-insertion. We have introduced a
general method to construct the new control points (scalars) B; that preserve the geometry (function)
under refinement. In this section we will present an alternate way to determine the weights with
respect to the refined basis. This approach constitutes a Galerkin-based projection as opposed to a
collocation technique.

To determine the B;, we can simply project each component of the vector-valued function s(¢) onto
the refined basis X = {wy, ..., Wy}, utilizing L,-projection (see section 3.3). The objective is

findu=s,

s.t. u; € spanX. (4.12)

Since s(¢): Q — R¥ we are, in fact, confronted with a problem of the form

find  u;(&) =s; (&)

X 4.1
s.t. U; EspanX (4.13)

Vie{l,...,k}:{

Each individual system can now be solved utilizing an L,-projection. It is customary to carry out this
projection over the geometry (i.e. minimizing the L, (.#/)-error as opposed to the L, (Q)-error), since

27



usually the geometrical mass-matrix

[A]i,j=beT/ibT/j\/§d§, (4.14)

is needed for other computations as well (and thus has to be assembled only once).

Again, since spanZ c spanZ, this projection should in principle be possible without projection er-
rors.

L,-projection is applicable outside of refinement, as well. Going back to some IgA basis Z, in general,
if the local counterpart f of the right hand side function F: .4 — R¥ is not contained in spanZ, we
can nevertheless find a ‘good’ approximation from span X utilizing an L,-projection. Again, it is rec-
ommended to carry out this projection over .# as opposed to Q2 since the geometrical mass-matrix
has to be assembled either way and the Ly(.#)-norm is ‘canonical’ for functions U: .4 — RF. The
problem can then be formulated as follows

Vie{l,...,k}:find uigrslgglnzfg(ui - fi)? Vgd¢. (4.15)
The weights c{, e, cj'l of u; with respect to X = {wy, ..., wy}, are found by solving
[Alc’ =1, (4.16)
where
= fQ fiw;/gdé, (4.17)

and [A] is the mass-matrix corresponding to X.

For its ease of implementation and the availability of the geometrical mass-matrix, the Ly-projection
method is, in fact, more popular than the method presented at the end of section 4.3.

We end this section with the following proposition

Proposition 2. Let the B-spline basis £ satisfy 1 € spanZ, then the Ly-projection is mass conserv-
ing.

Proof. See proposition A.3.1 in the appendix. O

4.5. B-Spline Surfaces

We shall now generalize the principle of B-splines to two dimensions.

Two-dimensional parametric surfaces embedded in R¥ require two free variables instead of one in
order to be parameterized. We shall use ¢ and 7 as free variables in parameter space. We utilize two
knot vectors = = {¢1,62,...,$n+p+1} and A = {n1,M2,...,Mm+q+1} to construct the pth- and qth-order
bases {Ny p,..., Ny pt and {My g4, ..., My, 4}. B-spline surfaces are then parameterized in the following
way

n m
sEmM=).) Nip(©Mj,mB;;, EmnNeQ (4.18)
i=1j=1

where Q = [0,1] x [0, 1].
Here the Nj ,({)Mj 4(n) become the N = n x m new bivariate basis functions and the B; ; are the
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control points in R*. One may choose to replace the tensor-product numbering i, j by a single index
such that

N
s&mn =) winB;, (4.19)
i=1
where the global index usually follows from a lexicographical numbering. The bivariate B-spline
basis X is then simply given by X = {w;,..., wy}.
If the two individual, one-dimensional bases are a partition of unity, then so will be their tensor-
product basis, since

Y Y Nip@Mj,m) = (Z Ni,p(é)) (Z M,-,q(n)) =1. (4.20)
i=1j=1 i=1 j=1

For an example of a bivariate tensor-product basis with lexicographical global numbering, see figure
4.6.
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Figure 4.6: Bivariate tensor-product basis constructed from the knot vectors Z = & =
{0,0,0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1,1,1}, with p = g = 2. The indices of the w; follow from a lexicographical
ordering of the form (k, ) — k+ (I - 1)n, with n = 12.
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Remark. In the bivariate case, the two-dimensional elements follow from a tensor-product of the
elements belonging to each of the univariate bases. The techniques from section 4.4 are applicable
in the bivariate case in the exact same way.

4.6. Refinement in Two Dimensions

The knot-insertion technique from section 4.3 is also applicable in two dimensions. We can refine
in £ and n by adding knots to the corresponding knot vectors, Z and #, respectively. Thanks to the
tensor-product property of two-dimensional B-spline basis functions, the basis & constructed from
the enriched knot-vectors = and .7 satisfies span £ c span Z, too.
The drawback of refinement via enriched knot vectors in two dimensions, however, is its non-local
nature. Since we build a new basis from a global knot vector, refinement in one direction stretches
out over the entirety of the complementary direction (see figure 4.7). This leads to a possibly too
rich refinement, that demands heavier computations in regions where refinement might not even be
necessary.

A more advanced refinement technique is hierarchical refinement. To understand hierarchical re-

Figure 4.7: The non-local nature of refinement via knot-vectors. Even though only a single cell should be refined, the
refinement stretches out over the entire domain leading to a refinement in regions where it might not be necessary.

finement, let us assume that we start with a basis 98; that is constructed from two uniform knot
vectors =; and . We can construct the finer bases % recursively by taking the knot vectors Z4_;
and #_; and adding new knots. Let us assume that we enrich the knot vectors in a straight-forward
fashion by simply halving the spacing between all (unequal) knots. Carrying out a tensor-product,
we acquire the bases 981, %>, ... that live on the increasingly finer grids 93,95, ....

The basic idea of hierarchical refinement is to divide Q into a disjoint set of elements </ from the
hierarchical grids 97,97, ..., such that the elements from < jointly make up Q. Usually, & is ini-
tialized to « = 9. Grid refinement is then carried out by selecting elements from &« and replacing
them with several elements from the finer grid 9>, and so on. From the hierarchical knot-structure of
the J; elements from coarser grids can always be completely replaced by elements from finer grids,
such that the grids we acquire with this procedure always make up Q. Element replacement is ac-
companied by basis refinement, replacing coarse basis functions living on finer elements by their
finer counterparts. The following lemma will help us derive an efficient way to do so
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Lemma 7. Let wll‘ € By and let

I _ 0 1 k
0= {wj € %, supp w; < supp w; }.

l

k ; k ; PR I o1
If1 >k, then w; € spano; ., i.e. w; can be represented by a linear combination of the W;€0; ;-

Proof. See [43, p. 86]. O

In hierarchical refinement it is important to note that it is usually not recommended to refine single
cells. The reason being that these single cells might be too small to contain a full basis function of the
current basis and/or to harbor finer basis functions (thus making the refinement pointless). It might
therefore be necessary to choose the refinement region slightly larger than anticipated, which makes
the refinement technique not fully local but sufficiently local in practice.

Nevertheless, we present a refinement algorithm that refines «f utilizing no more than a set of ele-
ments € from «f as input. The basic idea is to refine the grid and replace a coarse function by its finer
counterparts whenever it is nonvanishing exclusively on elements from a higher level in the element
hierarchy after refinement. For simplicity we assume that «f > € c %, i.e. € only contains elements
from «f from one level in the element hierarchy. Efficient element selection depends on the appli-
cation and will be further discussed in chapter 10. Algorithm 1 gives the pseudocode to refining «/

Algorithm 1 Refine «/ () \* €  « should only contain elements from the same level 9} in the
element hierarchy

forallef eedo

replace e¥ by {e;?“ € Tk Ie;?“ cefyinot
end for
g — {Z 3 wlk € By wlk is nonvanishing exclusively on elements from 9. contained in }
if 0 # @ then

for all wf eodo
k+1 _
ik~

. k . © s

In each function from span X, replace w; by its projection from spano

Z«—Z\{wf}uale

end for
: end if

Project wlk onto o

k+1
{wj

€ Bie+1|sUpp wj?“ < supp wk}

k+1
ik

2o Y ® N oamew 2

— —

from a set of elements €. It is loosely based on the algorithm given in [43] but has been modified for
the purposes of this thesis. The if clause in line number (5) serves as to ensure that whenever a coarse

basis function wllf is replaced by finer ones, each function of the form
u:chw]A—ciwl{C 4.21)
Jj#i
is replaced by
u=y cjwj+c (caw§+1+...+c,,w§“), (4.22)

J#i

where ¢, wﬁ“ totoy w)’f“ is the projection of wf onto ale. Above procedure transforms each

function into an element from the linear span of the updated basis.
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Remark. Being able to carry out a global basis transformation by a sequential projection of all
components onto the relevant elements from the refined basis as in line number (8) of algorithm
(1), is a result of lemma 7. A sequential approach can be cheaper than a global projection when
only a few basis functions are nonvanishing exclusively on the refinement region. If the refine-
ment region supports many coarse basis functions, one might choose to update the basis first and
utilize the principles from section 4.4 to project each function onto the newly formed basis in a
global fashion. Algorithm (2) represents the pseudocode corresponding to refinement with global
projection.

Algorithm 2 Refine Globally «f () \* € < «f should only contain elements from the same level T
in the element hierarchy

1: for all ef eedo

2:  replace ef by {e;?“ € Tit1 Ie;?“ c ef} in o

3: end for

4: 0 — {23 w¥ € B |w¥ is nonvanishing exclusively on elements from J. contained in =/}
5: if o # ¢ then

6: Zod—2Z

7.  forall wl{‘ eo do

8: ole - {w}“rl € Biy1|supp w}““ < supp wk}

9: LI\ {whuok!

10:  end for
11:  Project each function u € span X4 onto X, using an L,-projection
12: end if

The if-clause also ensures that whenever the refinement of <« does not lead to the case in which
some %y, 3 wf € X is completely supported by elements from 9%, the basis is not changed (note,
however, that the elements in </ are nevertheless refined). In principle basis extension without re-
placement is a possibility, as long as the linear independence is not compromised (this would lead to
singular system matrices). Allowing for the possibility to add fine functions without removing coarse
functions is, in principle, possible. We will, however, not allow for it since it would require a compli-
cated mechanism in algorithm (1) to preserve the linear independence of . The refinement criteria
encountered in this thesis will be solely based on function replacement as opposed to extension.
With algorithm (1) in mind, note that coarse functions may actually be partially supported by finer
elements contained in «/. This does not pose a problem. Thanks to the piecewise-polynomial na-
ture of the basis functions, functions from %8 are C*°-continuous on elements from J; and thus, by
extension, on elements from 9, (the converse is not true and will lead to quadrature errors, see
chapter 5).

Remark. After refining hierarchically, the basis Z is likely to lose its partition of unity property.
This is easily seen by noting that if ¥.; w} =1 and wjl. is replaced by w3, ..., w5, then the updated
basis satisfies Y. i j W} + CqWj + ...+ ¢y w% =1, in which, generally, cq,...,cy # 1. Note that never-
theless, 1 € spanX.

For an example of a hierarchically refined univariate basis, see figure 4.8.

As aresult of the hierarchical refinement, the amount of nonzero basis functions per element usually
increases. This results in an increased bandwidth of the system matrix and by that in increased as-
sembly costs. This effect can be partially suppressed by the usage of truncated hierarchical B-splines
(THB-splines). For more information, see [16].

The key-features of algorithms (1) and (2) are schematically illustrated in figure 4.9
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Figure 4.8: The univariate p = 2 bases 98] and % resulting from the uniform. clamped knot vectors with spac-
ing 1/6 and 1/12, respectively and the hierarchically refined basis X resulting from the set of to be refined elements
€= {[%, %], [(2—5, %], [%, %], [%, %]}. The dotted functions in a) and the undotted ones in b) represent the functions from %,
and %8, that are completely supported by elements from 97 in «f after refinement. They are removed from and added
to the basis X initialized to X = 28;. The boundaries of the newly formed set of elements contained in </ which make up
Q =[0,1], are drawn on the x-axis of basis c), as well.

4.7. Example: IgA on a Monge Patch

In this section, we consider the same problem as in section 3.4, i.e.

0:U=dA 4U on.#
VU Ny gy =0 ono.4 (4.23)
U(t=0)=U.
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Figure 4.9: The key-features of refinement via replacement.

Again, ./ is parameterized by s* : Q — ./, with

s" (&)=

¢
n . (4.24)
1-(E—1/2)2

The first step, just like in section (3.4), is to derive the weak form of the implicit Euler-scheme, with
boundary condition handled by partial integration

(W, Uk“) + hkd(vﬂw,vﬂuk+1)2 - (W, Uk). (4.25)

As a next step, we introduce two uniform, clamped knot-vectors

{0,0,0, 15, {5+ 75 L1, 1}

1 2 19
{0,0,0, 55, 55,---» 33, 1, 1,1}, (4.26)

1

[11 [1]

2

to construct the univariate p = 2 bases o; and 7.
As a next step, we construct the bivariate tensor-product bases 98, and %, from 0, x 01 and 03 x 03,
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respectively. We initialize the basis X to £ = 98; and the elements to «f = 3. Since elements from the
centering region of Q = [0, 1] x [0, 1] are larger than boundary elements when projected onto ., we
refine the region [14—0, 1%] X [14—0, 1%] < Q and update X. Finally, we project Uy and s* onto X (refined) in
order to acquire the first iterand ¢’ and the mapping s. As the components of s* all have polynomial
order < 2, they are contained in spanZX [15]. We commence the time-stepping procedure where we

iterate according to

{141+ rkaiDr} e+t = a1k, (4.27)
where

[Al;j =wii wj\/gdé

[Dl;; = fg Vw;-Vw;/gdé. (4.28)

The key-steps of the IgA-approach after the weak form has been derived are outlined in algorithm
3).

Algorithm 3 IgA approach to the Monge Patch Problem
: Construct %8,,91 and %,,9> from 0, x g1 and 02 x 03, respectively.

o — T

2 —%
e—le} €T | €f <lip 1] % [15 15
: call Refine Globally(e)

¢ — projection of Uy w.r.t. T
: 8 — projection of s* onto

: Assemble [A] and [D], choose h* and commence the time-stepping procedure

NP QR
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D

Computational Aspects

5.1. Integration Techniques

In order to construct the matrices and vectors involved in the weak formulation, it is necessary to
evaluate an array of integrals. This can be done using the integration technique called 'Gaussian
quadrature’.

We start off by introducing the concept for one-dimensional integrals, which we shall generalize to
two-dimensional integrals in subsection 5.1.2.

5.1.1. Univariate Case

Let

b
Q) =f fx)dx, (5.1)

the main idea behind quadrature, in general, is to find {cy, ..., ¢} and {x1,..., x,} such that

n
QY =) cif(xy). (5.2)
i=1
Here n is called the order of the quadrature scheme. In a Gaussian quadrature scheme, the weights
¢; and abscissa x; are chosen such that (5.2) holds for polynomials up to order 2n — 1 exactly. For
a=-1,b=1and n =2, for instance, this means that we have to solve the system

f=1 = Q) = 2 c1t+c

f=x = Q) = 0 = cxi+ocx (5.3)
f=x* = Q) = 2 = axd+oxd’ '
f=x* = Q) = 0 = cle+czx§’

(5.3) is solved by
(c1,¢2) =(1,1)

(1, %) = (-5, ). (5.4)

Usually the system that belongs to a certain scheme is solved using a multidimensional nonlinear
solver. In general, it follows from the linearity of integrals that we can evaluate the integral of any
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< (2n - 1)-dimensional polynomial exactly, utilizing a total of n function evaluations. For a table of
coefficients for the interval [a, b] = [-1, 1] corresponding to values of n up to 64, see [1].
To go from the interval [-1, 1] to any interval [a, b], one can use substitution. Utilizing the coordinate

transformation x = % r+ %, any integral of the form
b
I= / fx)dx (5.5)
a
can be brought to the form
1 (b- b b -
1=[ f( Ty +a)( “)dr, (5.6)
. 2 2 2

and be tackled with a suitable quadrature scheme.

Since not all functions are polynomials, the question is how accurate the method is for non-polynomial
functions. It can be shown [20] that for a function that possesses 2n continuous derivatives, the error
is bounded by

(b_ a)n+1(n!)4

s M 2n)
S(2n+1)[(2n)!]3 fEm @], forsome¢ e (a,b), (5.7)

QN -2 cif (x)

which tends to decrease for increasing n.

Note that B-spline basis functions are no polynomials and may fail to possess 2n continuous deriva-
tives everywhere. However, they are piecewise polynomial and therefore Gaussian quadrature can be
applied piecewise and above error estimate holds on polynomial segments. In practice, the integrals
are carried out element-wise, i.e. the integral over Q is split into a sum of integrals that are then ap-
proximated utilizing the above principle. In the remainder, we will always ensure that quadrature of
piecewise-polynomial functions is performed over a set elements that coincides with the polynomial
segments of the integrand.

5.1.2. Bivariate Case

We shall now extend the principles from section 5.1.1 to two dimensions. Given

b pd
Q(f)=[ f f(x,y)dydx, (5.8)

we first utilize substitution to transform the integral into an integral over [-1,1] x[—1, 1] as follows

L el ‘b—a b+a d-c d+c\(b-a\(d-c
Q(f)‘f_lf_lf( 2 T T T ( 2 )( 2 )det

1 p1
:f f g (s, 1) dsdt. (5.9)
-1J-1

We utilize an n"-order Gauss-scheme with weights {cy,...,c,} and abscissa {xy, ..., x;} to approxi-
mate the inner integral

1 pl

Q(f)zflflg(s,t)dsdt
1 n

=f Y ciglx;, ndt

li=1
n 1
=), ciflg(xi,t)dt. (5.10)
i=1 -
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Since g(x;,t) = h;(t), each h;(t) can be approximated by an mM-order Gauss-scheme with weights
{dy,...,dy} and abscissa {y1,..., Ym}

n m
QN =) Y cidjg(xi,y). (5.11)

i=1j=1

It is customary to utilize the same scheme for both one-dimensional integrals. It is seen that the
two-dimensional scheme has the same form as (5.2) with weights c;d; and abscissa (x;, y;), where
(i,j)ell,...,n} x{1,..., mj}.

Remark. Suppose we are given some tensor-product Gauss-scheme over [—1,1]x [—1, 1] with weights
¢i,j = ¢idj and abscissa (x;,y;), where (i, j) € {1,...,n} x {1,..., m}, we can see from (5.9) that con-
verting any integral over [a, b] x [c, d] to an integral over [-1,1] x [-1, 1] is equivalent to replacing

Cidjﬁcidj(b_a)(d_c) (5.12)

2 2

and

b—a b+a d-—c d+c)
5 ) (5.13)

Xi, Vi) — X; + , +

(x; y ]) ( 2 i 2 2 Yj 2
and carrying the integral out over the original interval [a, b] x [c, d].
In the remainder of this chapter, whenever we present a scheme over an arbitrary quadrilateral
[a, b] x [c, d], we will assume that the weights and abscissa suit this interval through an appropri-
ate conversion utilizing (5.12) and (5.13).

5.2. Matrix Assembly and Choice of Linear Solver

The bivariate integration-techniques from subsection 5.1.2 can be utilized to assemble system ma-
trices of IgA-problems. Suppose, for example, we are dealing with the geometry .# parameterized by
s: Q — R3, and we would like to project the function U : .4 — R onto the basis X = {wy,..., wy}, uti-
lizing the principles from section 4.4. In order to do so, we first have to assemble the mass matrix [ A]
of Z. Thus, we first have to evaluate (or at least approximate) an array of integrals of the form

[Al;,j =/VVindX
VY

:fwiwj@df. (5.14)

Q

Of course, in any IgA-setting, the integrals have to be carried out element-wise. Thus, let o =
{€1,...,€m} be the set of elements that corresponds to the basis Z, naively, each entry of [A] could
be computed in the following way

V@i, j)efl,....N}x{1,...,N}: [Al;j= ) | wiwjygdé, (5.15)

EkEszfek

where each integral from the sum on the right-hand side can is approximated by repeated one-
dimensional Gaussian quadrature (since elements are rectangularly shaped on Q, the limits of inte-
gration follow naturally from their vertices). This approach, however, is highly inefficient for several
reasons:
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* The sum is carried out over all elements even though only the elements on which both w; and
w; are nonzero should be taken into account.

* nx n (where n is the order of the quadrature-scheme) function evaluations of /g can be ex-
pected whenever a quadrature over element ¢y, is carried out. Since €y is integrated over N?
times, this makes for a total of N?n? function evaluations of /& per element.

* [A]; j and [A]}; are computed separately even though they are equal.

It is thus recommendable to look for more efficient ways to assemble. Let an array of to-be-evaluated
integrals be given

Vi, j)efl,..., N} x{l,...,N}: [M]i,j=ffi,j(f,77) g(&,mdé, (5.16)
Q

with f; j = f; i (as for example in (5.14)).
Choosing some tensor-product Gauss-scheme with weights c’;,, and abscissa (x§ , yf) on element €y,
we can proceed as follows: for each element €. we first evaluate 1/ g(¢,n) in the abscissa (x’(;, yk) and

store the result 4/ g(xlc; ,¥¥)in memory. As a next step, we selectall f; jwith i > j thatare nonvanishing

k
q

ffi,j\/gdﬁ =Y ek fi ik v gk, v, (5.17)
q,r
€k

on ¢ and evaluate them in (x¥, y¥), in order to compute

and add it to the corresponding entry in [M]. After looping over all elements, the matrix [M] can then
be reflected in the diagonal in order to incorporate all entries with j > i, even though in a sparse-
matrix setting, it makes more sense to only store the upper or lower triangular entries of a symmetric
matrix. The corresponding pseudocode can be found in algorithm 4. Thus, \/g is evaluated only n?

Algorithm 4 Matrix Assembly
1: [M] 4_(2§N><N
2: foralley € o do
3:  allocate memory and store \/g(x’g,yl“), V(i j)efl,...,n} x{1,...,n}
A—A{fij | fi,jis nonvanishing on ey}
forall f; ;€ A do
(Mg, == (Ml + X ch i i (K, v\ g (x, vE)

7:  end for
8: end for

@ a9

times per element, only the f; ; that are nonzero on ¢y are looped over and [M]; ; is computed only for
i = j. Algorithm 4 still constitutes a rather crude implementation, efficiency can be improved further
using the tensor-product property of B-spline basis functions, for more information see [4].

Remark. Since most IgA matrices contain integrals over either W;W; or VW; - VW; in each entry,
determining A in line 4 of algorithm 4 is just a matter of book-keeping.

Due to the additional factor \/g when integrating over ./, it is advisable to utilize a somewhat
higher-order Gauss-scheme than the one one would normally utilize.

The sparsity of IgA matrices suggest the usage of an iterative solver. This is especially true in time-
stepping methods, where the solution of the previous time-step can be utilized as an initial guess
for the current time-step, to reduce the amount of iterations needed until convergence. Whenever
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it can be guaranteed that the differential equation that is tackled with an IgA-approach satisfies the
inner-product property, lemma 3 holds and the best choice is an CG-type algorithm [17]. Should
the opposite be the case, the usage of a solver based on GMRES [36] or BiICGSTAB [40] is an option.
Preconditioning is recommended to speed up the convergence.

5.3. Concluding Remarks

The assembly of right-hand side vectors can straight-forwardly be incorporated into the assembly
of system matrices. After refinement of the basis X (see section 4.6), it is usually necessary to carry
out Ly-projections onto the refined basis X in order to acquire representations of the functions in the
new basis. Thus given some right-hand side function F : .4 — R, we have to assemble the right-hand
side vector F with

F; Iflilif\/gdtf. (5.18)

Q

This assembly can be carried out over «f even though f may be nonvanishing on coarser elements
in of. This does not pose a problem since f is C*°-continuous on each element from <« and thus, by
extension, C*°-continuous on elements from /. In chapter 10, we present refinement strategies that
do not allow for coarsening, which is why we can carry out the assembly over < after refinement. In
section 12.4, however, we will encounter a refinement-strategy that does perform refinement along-
side coarsening. In this case it is of importance that a grid is selected that suits both the continuity-
properties of the w; as well as the right hand side function f in the assembly process. Details will be
given in aforementioned section.
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The Gray-Scott Reaction-Diffusion Model
for Human Brain Development

Now that the theoretical foundation for the mathematical aspects of this thesis has been laid, we can
proceed to introducing the actual model that will be the subject of the analysis that follows. The
model was proposed in 2010 by Lefévre et al. [26] and adopts a modified version of the Gray-Scott
reaction-diffusion equations as a basic model for human brain growth. It aims to reproduce brain
foldings and pattern formation occurring naturally after the 20! week of fetal development. The orig-
inal Gray-Scott equations are extended to include surface curvature and by a mechanism that leads
to surface deformation, leading to geometric pattern formation. In order to acquaint the reader with
all the key-features of this model, we shall start off by presenting the Gray-Scott reaction-diffusion
model and the corresponding system of equations. After the basic features have been established,
we shall modify the reaction-diffusion equations by the novel features proposed in the paper.

6.1. The Gray-Scott Reaction-Diffusion Equations

The Gray-Scott reaction-diffusion model features three chemical species #, v and p that undergo
mutual conversion. Species u and v are assumed to be fed and drained by an outside source so as
to keep their concentrations U and V at a reference level in the absence of mutual reaction. The
reference concentration of u is given by one and the reference concentration of v is given by zero.
The feeding / drainage process takes place at a constant rate F. Mathematically, the aforementioned
process takes the form

0,U=FQ1-U)
0;V=-FV. (6.1)

On top of the drainage through the external source, species v is assumed to be converted into species
p at a constant rate H

v 2 p. (6.2)

This essentially acts as an additional drainage of v since p exhibits additional reaction properties
with neither u# nor the external source. Apart from its draining effect on v, p can and shall henceforth
be disregarded in this model.

The species u and v undergo mutual transformation at a constant rate of one in the following way

u+2v—3v. (6.3)
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Here the numerical values of H and F should be regarded in relation to the reference reaction rate
at which (6.3) takes place. Assuming that the reaction takes place on a planar surface, the Gray-Scott
model for human brain growth reads [26]

— _ _ 2
{dtU = dAU+F1-U)-UV (6.4)

0,V = dAV-(F+H)V+UV?"’

subject to initial and boundary conditions.

Here d; and d, are the diffusion constants of U and V on the surface and A is the ordinary two-
dimensional Laplace operator. The additional terms —UV? and +UV? are a result of (6.3), while the
additional drainage term — HV in the governing equation for concentration V is a result of (6.2).
The function (U, V) = (1,0) constitutes a linearly stable steady-state solution of (6.4) [33].

The (non-equilibrium) solutions of (6.4) are characterized by a large number of patterns for different
values of F and H (alternating between low and high concentration). Pattern formation has been
verified both experimentally [25] and computationally [33] and the field has broadened, greatly facil-
itated by computational simulation. For an overview of the typical patterns that species V exhibits for
various compositions of (F, H), see figure 6.1. Patterns produced by the Gray-Scott reaction-diffusion
- and similar models - resemble many patterns seen in nature. Connections have been proposed, for
instance, in hair follicles [30], leaves [37], butterfly wings and mammalian coat markings [29].

6.2. Including Curvature

The reaction-diffusion process need not take place on a planar geometry. The geometry .# can, for
instance, be a curved surface parameterized by the mapping s : Q — .#, where Q c R?. As reaction-
diffusion type equations commonly follow from mass-conservation considerations, the local curva-
ture of the surface must have an effect on the system of PDEs. According to [34], in the presence of
curvature, one has to replace A — A_ in (6.4) (see chapter 2). Thus, in the global sense, the reaction-
diffusion equation reads

_ _ _ 2
{atU = diA4U+F1-U)-UV - 6.5)

0,V = dAyV-(F+HV+UV?"’

subject to initial and boundary conditions.
Above system of PDEs is easily translated to local coordinates by replacing U — uand V — v.

Remark. In the remainder, u and v will refer to the local counterparts of U and V, as opposed to
the chemical species from section 6.1. We adopt the standard relation between local and global
functions that we established in chapter 2.

6.3. Including Growth

The most distinguishing feature of the model proposed by Lefevre et al. is the inclusion of surface
deformation. Itis assumed that species V acts as a growth activator and U as inhibitor. To be specific,
itis suggested that the species affect the mapping operator s(¢, 7, £) in the following way

0:s(&,m, ) =1(u,n, 0, vEn 0)nEn, 1), (6.6)

where [(u, v) is some growth function and n the unit outward normal vector in local coordinates. The
most straight-forward choice for I(u, v) is

I(u,v) =Ky, 6.7)
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Figure 6.1: A color-coded plot of the typical kinds of patterns that V forms as a function of F and H (source: [2]). Dark
regions refer to low and bright to high concentrations of V. It is seen that there exists a narrow band in the H — F-plane in
which V exhibits a variety of different patterns. The numerical values of H and F at which this band is localed depend on
the diffusion constants dj, d> and the geometry on which the reaction takes place.

for some K > 0. Thus, with this choice of growth function, the geometry .# will deform at places
where V is nonzero, which is why V acts as a growth activator.

Remark. Since U is not directly involved in the surface deformation, one might regard it as a
passive growth inhibitor. Even though one could easily find a growth function l(u, v) in which u
does actively inhibit growth, in the remainder of this thesis, we will restrict out attention to the
choice from (6.7).

As s, in the presence of growth, becomes a time-dependent function, the geometry will receive a
time-subscript .4 — .#;, where .4 is parameterized by s(¢,n, f). Similarly, the surface metric re-
ceives a time-indicator [g] — [g,] as well as the Riemannian volume form /g — /g;.

Obviously, the inclusion of geometry deformation has an influence on mass-conservation consid-
erations over control surfaces. According to [34], in equation (6.5) the governing equations for the
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concentrations U and V have to be modified so as to contain an additional term. This term is, in
local coordinates, given by —ud(In/g;) and —vd(In/g;), respectively. With that in mind, the mod-
ified equations in local coordinates read

oru = -ud;(Iny/g)+diAu+F(1—u) —uv? ha 6.8)
dv = —v0;(Inyg)+deAv—(F+Hv+uv? > O '

where A; = A 4,.

These additional terms ensure that the average concentrations decrease upon surface expansion and
increase upon surface contraction. Since —9; (In,/g;) < 0 whenever the surface locally expands and
-0, (In/g;) > 0 whenever it (locally) contracts, the modification makes intuitive sense.

The basic idea behind the model is that patterns formed on the surface will manifest themselves in
surface deformations through the extension of the model via (6.6) and (6.7). With the right choice for
F and H, the patterns formed resemble the typical patterns found on the surface of human brains
(see figure 6.1).

Note that we did not explicitly impose any BCs on u and v. Whenever the geometry .#; has no
boundary for all ¢, there exist no explicit spatial BCs on U and V but only an initial condition. Under
all circumstances, however, BCs have to be imposed on © and v. Whenever there are spatial BCs on
the global concentrations, the local BCs follow straight-forwardly from an appropriate conversion
into local coordinates. Whenever there are no BCs on the global concentrations, the boundary con-
ditions of the local counterparts should be chosen so as to ensure that the function values of « and
v are equal on the segments of 6Q2 that overlap on .#;. On a domain comprised of a single patch,
for example, this usually reduces to periodic boundary conditions across pairs of boundaries. Thus,
local BCs follow from the way in which Q is mapped onto .#; but statements can not in general be
made. We will elaborate upon this topic in sections 7.4, 8.2.1 and 9.3.
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Isogeometric Implementation

In this section, we present a general numerical scheme with which the differential equation from
chapter 6 is tackled. We will not presume any specific form of Q but derive conditions that any IgA-
basis should satisfy in the most general way. Tangible applications of these principles for various
initial conditions shall be the subject of chapters 8 and 9.

In the remainder of this chapter we will assume that the Riemannian volume form ,/g; satisfies the
following condition: for all ¢, there exist strictly positive constants m;, M;, with M; > m;, such that

m[S\/ESMt.

7.1. Formulation as a System of Equations

We can formulate the system comprised of substrates U and V and geometry .#; parameterized by
s as a system of equations in local coordinates

—ud; (In\/gr) +diAru+FA-u)—u
0; —v0; (In/g7) + doArv — (F+ HYv + uv? |, (7.1
Kvn
with
n(s) = 1 (Os y Os) 7.2)
_—a _— - 1. .
|a§ o ¢ an
Defining
u
u=|v (7.3)
s
and

—ud; (In/g7) + diAju+F(1—u) -
fw) = | -v0; (In/g7) + doArv— (F+ Hv+ uv? |, (7.4)
Kvn
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the system of equations can be written as
0u=f(u). (7.5)

The individual components of f(u) shall be referred to as f;, f, and f;. Note that f; is itself a vector-
valued function.

7.2. Temporal Discretization

We integrate both sides of (7.5)

tk+1 tk+1

f oudt :[ f(wdr

tk tk
tk+1

— u(tk+1)—u(tk)=f f(u)dr. (7.6)
tk

Before proceeding to the discretization, we define u* as the approximation of u (tk), resulting from
the discretized scheme.
The right-hand-side integral of (7.6) is approximated by a mixed implicit / explicit quadrature. Defin-

ing hy. = t¥*1 - ¢k, we utilize
tk+1
fk f(u, v,8)dr = hy [g(ukﬂ,vk+1,sk,sk_l)+h(uk,vk, vl sk |, (7.7)
t
where
~u*1a" (Iny/gg) + dy Apu*H — Futt
0
and
2
—uk vk) +F
h(u®, vk, v+ sk) = uk(,,k)z , (7.9)
Knkyk+1

with n* =n(s%), Ax = A and /gx = Vg r.
The expression 8/ (In /g% ) represents the time-discretization of 8, (In ,/gx)

In\/gr—In/gi—
o7 (Iny/gk) = gkh L (7.10)
k-1

we utilize a backward-difference scheme to avoid having to include /gy+; which is unknown at time-
instance ¢ = t*. In this setting, it also becomes apparent why g is a function of s* and s*!: s¥~!
appears in \/gr_; and s¥ in v/ 8k as well as the operator A (see section 2.3).
We can cast the discretized system into the form

LY = uf + h*h (uF, ok, 0841, (7.11)
where

{hi[07 (Iny/gk) — diAg + F] + 1} uk+!
L(uk“) = [{h[0" (In/gk) — doA + F+ H] + 1} ¥+ ] (7.12)
k+1
s
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As before, the individual components of L, g and h are referred to utilizing u, v and s subscripts. Note
that L satisfies

L(aiju; + axuy) = a;L(ua;) + axL(uy) (7.13)

and that each component of L(u**!) only depends on the corresponding component in uf*!.

7.3. Spatial Discretization

System (7.11) can and should not be solved exactly. It cannot in general be solved exactly since the
operator Ay assumes too complicated expressions on most geometries to allow for a symbolic so-
lution method. Another reason is the fact that h(u*, v, v*+!,s¥) contains n* which is a function of
the derivatives of s*. A symbolic computation of the derivatives for arbitrary s* is usually unfeasi-
ble or even impossible, for this reason, u* and v* and s are approximated using an IgA-approach.
We first multiply by a test-function W and integrate over .#;. Here ./ refers to the geometry at
t = t* before the spatial discretization. Assuming that ./ constitutes a boundaryless geometry, for
each of the k, s parameterizes a geometry without boundary. For the sake of brevity, we utilize

dQy = /grdé

WL, (U Ydx= | w [Uk + hihy, (Uk, Vk)] dx
M M

hkdlf (ka,Vkuk+1>gdek+f w[(a? (ln\/g)+F) hk+1] 110,
- ? ; (7.14)

_ fQ w{uk + iy (¥, v¥) | de.

Similarly,
WL, (V¥ dx= | w[vF+ e, (UF,VF)| dx
./ﬂk -/ﬂlc
hkdzf <vkw,vkl,k+1>gkd9k+f W[(O’Z(ln\/ﬁ)+F+H) hkﬂ] Q)
- ’ ; (7.15)

=f w [vk+hkh,,(uk, vk)] dQy.
Q
Here, we have made use of lemma 2. As a next step, we introduce a local basis X = {w,..., wy}. In

(7.14) and (7.15), we successively replace w — w; and we approximate uk, v* and s* by elements
from spanZ,

uk = ZC;CLU]
J
k _ k
vt = Zdj w;
J
s¥=3 efw;, (7.16)
J

with

(7.17)

()
=

Il
—_—

Q
™o
N
=

I

xQ

W N



Note that through the introduction of (7.16) we have implicitly replaced the exact expression of .4
by its discretized counterpart, parameterized by the discrete s*. In the following, ./, u*, v* and s*
will always refer to the spatially discretized expressions. Introducing [A], [B], [D], f” and w with

[Ah-,j:fgwiw,-\@dz
[D]i,jZfQWkwi,kaj)gk\/ﬁdf
(B, = fQ w;w;9" (In y/gx) VERdE
2
(), = f win (%) y/grdg
Q
(W) = fQ wi/ERdE, (7.18)

. T T
we can construct a system of equations for ¢**1 = (cf*1,..., k)" and d**1 = (aF*1,. ., dkH1) " . They
satisfy

{IAJ(1 + h F) + dy hi [D] + hk[B]}ckJrl = hiFw— hif + [A]ck (7.19)
and
{IA](1 + hi(F + H)) + do hy [ D] + hk[B]}korl =hf + [A]dk. (7.20)

Note that, strictly speaking, the matrices and vectors from (7.18) should receive a time-superscript
k since they are not constant but have to be recomputed after each iteration (due to the non-static
nature of .#). For the sake of brevity, however, we shall omit this superscript and assume that the
reader is aware of the time-dependence involved.

After systems (7.19) and (7.20) have been solved, we are in the position to update the geometry. Equa-
tions (7.11) and (7.12) suggest that we should update according to the relation

$°1 =65+ nh (051, 6%) = 6+ ek v**Ink, (7.21)

For reasons mentioned at the beginning of this section, continuing the computations with this pa-
rameterization is not feasible which is why we project s**! onto . Assuming that s is in the form of
(7.16) this is accomplished by solving

Nk Ak .
Vie{l,2,3): [A] (e’) A (e’) + K1 (0F L sk, (7.22)
with
(li(uk“,sk)),:f wjy’c“(nk),\/gdf (7.23)
J Q i
and

)= () (o)) 720

After (7.22) has been solved, sk*1 is given by

s+l = Zef“ wj, (7.25)
j

with the e;?“ asin (7.17).
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7.4. Essential Boundary Conditions and Choice of Basis

Assuming that s* parameterizes a boundaryless geometry for all k, there exist no essential spatial
boundary conditions on the W; : 4} — R. There do, however, exist boundary conditions in Q and
some initial condition

u(r=0) =i (7.26)

Depending on the complexity of the individual components i,, i, and is, it might be necessary to
project the exact expressions onto X to acquire approximations from span X before the time-stepping
procedure commences. In particular, this might be necessary for iy when n (i) is not known or hard
to compute. These approximations then become the first iterands u°, v° and s°.

The boundary conditions in Q follow from the following observation: in order for the u* and v* to be
compatible with the weak forms from (7.14) and (7.15), their global counterparts U* and V¥ must at
time instance t* be elements from H'(.#}), the Sobolev space of order one. This is accomplished by
requiring that they are elements from C°(.#) everywhere and elements from C!(.#}) almost every-
where. In this case almost everywhere allows for violations on subsets of .4 that have measure zero.
These requirements can be translated to boundary conditions on Q, which in turn enforce certain
constraints on the w; € Z. Before we derive these constraints, note that s¥, is not bijective when .
has no boundary. This is easily seen by noting that each point from 0Q has to coincide with at least
one other point from 6Q2 when mapped onto the geometry .#, in order for it to possess no bound-
ary.

Thus, suppose that y c A is an overlapping set at some time-instance t¥, i.e. it satisfies

s“(p)=Pely, Vpiey=1ip1,....pn}, (7.27)

where y has a cardinality of at least two. A set {py, ..., pn} that satisfies (7.27) is referred to as a set of
‘equivalent points’. Let us define intQ = Q \ 6Q. Following [10], we call U : .4 — R a function on .4
if its local counterpart u satisfies:

ulintq is a function on intQ and u assumes equal function values on equivalent points.  (7.28)

In order for any function U : .4} — R to satisfy U € H'(.#}), we require that its local counterpart
satisfy

U is a function w.r.t. 4 and u € H'(Q). (7.29)

The two conditions from (7.29) ensure that there are no discontinuities on the geometry on equiva-
lent points (see figure 7.1). The easiest way to ensure that each s* parameterizes a geometry that does
not possess a boundary and that each u € span X satisfies (7.29) for all k, is to impose the following
condition on the w;

W; is a function w.r.t. #_ and w; € H' (Q), (7.30)

where ./_ is parameterized by ig (% already refers to its projection onto X).

That (7.30) indeed produces geometries without boundary is easily seen by noting that the condition
w; € H'(Q) prevents any ‘holes’ on .#, resulting from points from intQ). Furthermore, the condition
that U be a function on .#_ ensures that each y  6Q) that constitutes an overlapping set on the initial
geometry stays an overlapping set with respect to each of the s*. As the initial geometry is assumed
to possess no boundary, these two conditions ensure that it remains without boundary.

The definition from (7.30) will be applied in chapters 8 and 9 where they reduce to certain periodicity
requirements on the w; on segments of 0Q. In sections 8.2.1 and 9.3, we will construct bases that
satisfy (7.30) utilizing regular knot-vectors and some additional tweaking.
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Figure 7.1: One-dimensional example of (7.29). The function u is in H' () but this does not exclude discontinuities in its
global counterpart U.

7.5. Natural Boundary Conditions

In section 7.3 we established a spatial discretization of the numerical scheme and were able to reduce
the continuity requirements of the basis from second order to first (in the weak sense). This was
accomplished by replacing

WA Udx — —f VW -V Udx, (7.31)

./%k -/ﬂk

under the implicit assumption that the corresponding mapping s is sufficiently smooth and param-
eterizes a geometry without boundary (such that lemma 2 holds).

We replaced the smooth s by an element from span £, which could violate the smoothness criterion
(since the w; are only required to satisfy (7.30)).

Let us assume that Q is comprised of m patches

Cs

a=|)q; (7.32)

1

and that we choose a basis compliant with (7.30) and that violations of the second order smoothness
requirement only occur on 0Q2;. Thus, we can apply the intermediate result of lemma A.1.2

fWAMde:—f vMW~vﬂde+f WV _,U-Ny_ydl (7.33)
M M [ /A

to each patch individually. Let ]é = skIQi, we have

m
f WA Udx=) | WAUdx
M i=1JA,

m
-1
i=1

m

=- ViW- Vi Udx+ WV U-Ny ,idl. (7.34)
fﬂk ,:Zi o} 0.4ty

m
VW Vi Udx+ WV U-N, :dl
‘/%]é ; 0.} 04,

Thus, we implicitly required
m

> WVU-Np 4:dl =0, (7.35)
i=1J04,;
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which can be regarded as the weak imposition of the condition
VEU()-Ny 410 = VU0 N, (), forxe (0.4(n0]), i#] (7.36)

that holds for diffusive processes strongly. Note that this also holds for m = 1 and that above condi-
tion is strongly satisfied when the basis is sufficiently smooth everywhere.

7.6. Properties of the Numerical Scheme

In this section we will present an order-error for the temporal discretization, as well as a condition
under which lemma 4 holds for the spatial discretization.

7.6.1. Temporal

In equation (7.7), we introduced the temporal discretization of the right-hand side term f(u, v,s)
with

tk+1

2
fk f,dt = hy —uk+16?(ln\/g_k)+d1Akuk+l—Fuk+1—uk(vk) +F
13
tk+1 2
fk f,dt = hy —vk“@?(ln@)+d1Akvk+1—(F+H)vk+l+uk(vk)
t
[k+1
f ) fods ~ b Kn*o**1, (7.37)
L

The scheme can be regard as a mixed implicit / explicit IMEX [5]) scheme with the additional feature
that s*~1 is present in 0" (In/g). In appendix A.4, we derive the local truncation errors 7y, for the
individual components of the temporal discretization. They are given by

T1(£) =0 (hy) + O (hg-1)
() = O (hy) + O (hg—1)
Tr(fs)i = O (hy) (7.38)

The global error is of the same order [38].

7.6.2. Spatial

In section (7.3), we have derived the weak forms for u**! and v¥*!. We have done so by multiplying

by a test-function and integrating over .#. Choosing .# instead of .4 is a necessity since .1
is unknown at time-instance t* (s**! has not yet been solved for). Assuming that L, and L, are
inner-product operators, according to lemma 4, the approximate solutions #**! and v¥*! constitute
the best approximation from span X to the exact solutions with respect to the L, (.#})- and L, (})-
norm, respectively. Since L is obviously an operator whose components satisfy the linearity as well
as the symmetry requirement, the inner-product property rests on positive-definiteness. We now
derive a (not necessarily sharp) condition for positive definiteness of the individual components of
L.
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We have

UL, (U)dx = (hF + 1)[ udek+hkd1f(Vku,vku)gkd9k+hkf " (In /g) u?dQy
M Q Q Q

> (hiF + 1)[ u?dQy + hkf " (In y/gr) udQy
Q Q

=(hF+1) f w?dQy + hy f " (In y/gr) utdQy. (7.39)
supp u supp u

Thus, if supp u # @, we need to require

f (10l (n &K) + heF + 1) u? /g€ > 0. (7.40)

supp u

Since u?,/ gk > 0 on supp yu, a sufficient condition for (7.40) to hold is

1
" (In/gx) > 5 F (7.41)

pointwise.
A similar analysis leads to the v-counterpart of (7.41)

1
" (In/gr) > ~ " F-H, (7.42)

pointwise.

Exact statements, concerning the conditions under which (7.42) is satisfied are difficult to make in
general. However, assuming that K in (7.9) satisfies K < F + H, in conjunction with the fact that
the outward orientation of n is likely to lead to local growth of \/gx(¢,n) (and thus of In/gg), it is
reasonable to assume that (7.41) and (7.42) is not violated.

This suggests the usage of a CG-type algorithm to tackle (7.19) and (7.20), as well as each of the
projections from (7.22). Of course it is advisable to utilize the solution vector of the previous time-
step as initial guess in order to speed up the convergence.

Remark. Should (7.42) or (7.42) be violated at some time-instance t = t*, this does not necessarily
imply that (7.40) is violated over the finite IgA basis .

7.7. Time-Step Selection

So far we have not discussed how to choose the time-step hj. Since the system-matrices have to be
rebuilt after each iteration, the time-step selection should be based on the following principles:

* as large as possible with respect to numerical stability

* small enough with respect to the characteristic time-scale of the equation to warrant numerical
accuracy

* time-step selection should be a cheap operation.

With above principles in mind, time-step selection based on the PID-controller proposed by Valli
et al. [39] constitutes a proficient choice. The basic ingredient of this PID-controller is a recursive
time-step selection based on the following scheme

kp ki o2 kp
Cr_ 1 ey _
hk+1=(ﬁ) (—) LT (7.43)
ex ex) |\ exek—z
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where

e =max(ey, ey, ey, e, e3), (7.44)
and
ey = e_z; e* = M
" ol o uk,
ey = e_z e* = M
" tol S [ S
* k+1 _ k
ei = % e = Isi” =il Hs’ ”2. (7.45)
Isi

Whenever K < 1, it is reasonable to remove the e;,i € {1,2,3} from (7.44) and base the time-step
selection purely on e, and e,. Here tol constitutes a tolerance to which the relative change in norm
(of uk or v*) between two iterations is tuned. kp, k; and kp are positive constants. The recursive
selection scheme (7.43) is mostly heuristical and serves the purpose to ensure that e, gets as close
as possible to but does not exceed tol. Choosing the value of tol sufficiently small ensures that
the time-step is appropriate for the characteristic time-scale of the problem and that no numerical
instabilities occur (in which case the relative change would exceed tol as well). Finally, time-step
selection is cheap since we can utilize

e Y B (G Y
M
= (ck - ck_l) ' [A] (ck - ck_l) , (7.46)

and similar expressions for the other norms involved. The overall time-stepping scheme is then com-
prised of four parts [22, p. 275]

The PID-controller by Valli et al.

1. Carry out the k™ time-step and compute the relative changes of the chosen indicator variable
€.
2. If ey > tol, reject u* and recompute it using

tol
he — 2o,
€k

3. Adjust the time-step for the next iteration smoothly using

kp ki o2 kp
k-1 1 k-1
e = | —=—— — —— | hy.
ko ( €k ) (ek) (ekek—z ¢

4. Limit the growth and reduction of the time-step so that

h

hy

Adjusting the time-step smoothly as in (7.43) also aims to ensure that the rejection of u* is a sel-
dom occurrence. The default values of the PID parameters are given by Kp = 0.075, k; = 0.175 and
kp = 0.01, which we shall utilize throughout the remaining chapters.
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Implementation on a Torus

Now that we have presented a general isogeometric implementation and established the require-
ments that the basis functions have to satisfy, we can commence with an explicit implementation.
Within the framework of human brain development, a sphere-like shaped initial geometry is the ob-
vious choice. As a sphere constitutes a challenging geometry in any discrete setting, it is advisable
to start with a simpler geometry. The torus constitutes a good starting point since it can be param-
eterized from a single patch and its parameterization does not contain any singularities (unlike the
sphere from a single patch).

8.1. Constructing a Torus

As parametric domain, we choose Q = [0, 1] x [0, 1] and parameterize the torus via

(Ry + Ry cos (2mn — ) cos (27¢ — 1)
is= | (R1 + Rycos2nn—m))sin(2né—m) | . 8.1)

Rysin (2nn — )

Here R; constitutes the inner radius of the torus and R, the outer. It is advisable to initialize the radii
to values that satisfy Ry > CRy, for some C > 1. In fact, it is recommended to choose C > 2 since that
reduces the chances of the geometry clashing with itself at later stages of the growth process.

As a next step, we will characterize the overlapping sets of is. The parameterization of the torus can
be regarded as a two-step process, step one glues together the western and eastern boundaries of Q
to form an open cylinder and step two fuses the two open ends together to form the torus .#_. Thus,
the western and eastern boundaries overlap on .#_, as well as the northern and southern. Hence,
the collection I'r of all overlapping sets is given by the collection of pairs of points that satisfy

Tr={pL,pdcQ | (m=09"Ap=, ") v(p1=(50"Apa=(s D), selo,1]}. 8.2

Thus, on the torus we are essential dealing with periodic boundary conditions across the western
and eastern, and southern and northern boundaries.

As stated in chapter 7, it is advisable to project the initial geometry onto a suitable IgA basis. Con-
structing bases that are compliant with (7.30) will be the subject of the next section.
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8.2. Constructing a Basis

Now that we have introduced the parameterization of the torus and the collection of all overlapping
sets with respect to that parameterization, we are in the position to construct a basis that satisfies
(7.30). The basic ingredient of this basis shall be a set of bivariate tensor-product B-spline functions
(see chapter 4), that we shall slightly modify in order to satisfy (7.30).

8.2.1. Utilizing Clamped Knot Vectors

The most obvious choice is a basis based on clamped knot vectors. Given some order p = 1 and
n = p+ 1, we introduce the uniform, clamped knot vector

— 1 n-p-1
Enp=40,...,0, e , 1,000,113, (8.3)
“~—~— n-—-p n—-p ——
p+1times - ~~ -~ p+1 times
n—p-1terms
to construct the univariate basis
Onp=1{N1p,..., Nup}. (8.4)

The univariate basis resulting from Z;3 3 is depicted in figure 8.1. By y!, y?, y3 and y*, we denote the

0 1/10  2/10 310 410 510 6/10 710 &lo 910 1

Figure 8.1: An univariate basis resulting from Z13 3

southern, eastern, northern and western boundaries of Q. In the previous section we discovered that
we are essentially dealing with periodic boundary conditions across y!' and y3, as well as y? and y*.
Thus, in order to construct a basis compliant with (7.30), we have to construct basis functions that
are periodic across these segments, as well. As a result of the relatively simple topology of the torus,
this can be done on a univariate level. To be specific, the only thing we have to require is that Ny
and Nj, , be combined into one function, i.e.

Nl,p_’Nl,p"'Nn,p- (8.5)

The univariate basis U,*w ={N1,p,...,Np-1,p}, with N ,, as in (8.5) (see figure 8.2) can then be utilized
to construct the bivariate tensor-product basis %, from o3, , x 73, ,,.
Remark. Being able to couple in the univariate basis as opposed to the bivariate basis is a result
of the relatively simple topology of the torus. We will see in chapter 9 that coupling is usually a
more laborious task on more complicated domains in which case it might not be possible on a
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univariate level.
The idea behind coupling on a univariate level is schematically depicted in figure 8.3.

No< N Nis N§,3 N:/,3 N§,3 N?,3 N193 N
2,3 1N3,3 , R , . . 11,3 IN12,3
/ N ’ \ ’ N \ 4 v \
’ \ / A ’ [ A/ A/ \
v \ / \ ’ A v W \
A \ / \ / I I \ \ (
\ \ ‘ \ ’ /o /oy 7y N I
\ \ / A / s L L A /
\ \ ’ \ / 7 \ 7 \ / \ \ i
\ \ / \ ’ / \ / \ / \ v
\ \ / \ I i \ ’ \ / \ vt
N v o / o N \ Vi
7y A7 N / A A \ "N
N A " ’ A \ \ N
\ sN N 4 [N [N \ ’ \
, N , N ’ s N . N . s .
., Mo ~ , N - . ~ . N N .
b 2o ~ e ~ - - - S R
1/10  2/10  3/10  4/10 5/10 6/10 7/10 8/10 9/10

Nis

B

Figure 8.2: The coupled counterpart oy, p of the univariate basis o,,p constructed from Z13 3. The dotted functions are left
unaffected by the coupling process but it is seen that N 3 and N3 3 have been combined to form one function supported
by elements €7 = [0, 1—10] and e€g = [%, 1].

The basis %8, containing the coupled functions then constitutes the basis to which X is initialized.
Similarly, the set of elements & is initialized to 97 whose elements are simply given by the tensor-
product elements resulting from =, , x =, , (without knot repetitions). Acquiring hierarchically finer
bases %5, %3, ... and grids 97,95, ... is accomplished by repeating above steps with n — 2n—-p, n —
4n-3p, etc.

i, Wi

Wi

Figure 8.3: One-dimensional, schematic representation of the idea behind function coupling. It is seen that the coupling
in w; prevents any discontinuities of Wj at the spot where the two boundaries of Q = [0, 1] connect on the circle. In the
absence of coupling there would have been a discontinuity there which we avoided by having w; satisfy (7.30). Note that
this one-dimensional example on the circle can be regarded as a cross-sectional representation of the parametric coupling
in one direction on the torus.
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8.2.2. Higher Order Continuity

The basis presented in section 8.2.1 satisfies the condition from (7.30) but is only C°-continuous at
the places where the boundaries of Q2 connect on .#_. Achieving higher order continuity is generally
a challenging task, however, in the case of the torus it can be done with relative ease. We have learned
in section 8.2.1 that coupling on a univariate level is equivalent to coupling on a bivariate level. We
shall take advantage of this observation and present a method to construct bases that exhibit CP~!
continuity everywhere. Again, we shall choose some fixed n and p > 1 and introduce the uniform
knot-vector

(8.6)

An example of the basis 0, that /), , produces is depicted in figure (8.4). Note that each function
has at least p — 1 continuous derivatives at each point. As usual, we are aiming at expressing the

1.0
0.9¢
0.8;
0.7¢
0.6
0.5¢
0.4;
0.3t
0.2;
0.1;

0 177 2/7 __3/7 47 57 _6/7 777 817 97 10/7

Figure 8.4: The univariate basis resulting from #% 3

6/7

217 3/7 5/7

1/7

Figure 8.5: The duplicated counterpart of the basis depicted in figure (8.4). The functions are given in various colors
without repetitions. It is seen that there are three (= p) functions that are cut off at one interval boundary and continue at
the other boundary in a periodic fashion.

basis 0, on the interval [0, 1]. However, it is seen that .7, , does not end on one. The idea is to cut
off the part that protrudes ¢, +; = 1 and have it continue at ¢ = 0. In fact, it is not even necessary to
cut, the only thing we have to doin o, = {N1,p,..., Ny,p} is to require

VNip€0np: NipE) — Nip@+NipE+1). 8.7)
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. Wi

Wi

Figure 8.6: One-dimensional, schematic representation of the effect that the shifted duplication has on a global level.

Restricting our attention to ¢ € [0, 1], this shifted duplication results in a basis that satisfies periodic
boundary conditions on the parametric interval [0, 1]. It is seen that the N; , € 0, inherit the cr-1.
continuity they possess on [0, 1] whenever the interval is mapped onto a smooth and closed curve (a
circle, for instance). For an example of the duplicated counterpart of the basis depicted in figure 8.4,
see figure 8.5. The higher-order continuity counterpart of figure 8.3 is depicted in figure 8.6.

As before, the basis to which Z is initialized is given by 9%, = 0, X 0p,p and & is initialized to J7.
Finer bases and grids can be acquired by repeating above steps with n — 2n, 2n — 4n and so on.
The torus from (8.1), after projection onto a basis with p = 3 and n = 50, is depicted in figure 8.7.
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Hs

Figure 8.7: The torus resulting from a projection onto a smooth IgA-basis. The grid has been turned on in order to demon-
strate the smoothness of the projection. There are no fringing effects by the segments where patch boundaries meet. The
grid lines form smooth curves which would not have been the case when using the basis from section 8.2.1.

59



9

Implementation on a Sphere-Like Shaped
Initial Geometry

The implementation on a torus is relatively simple but within the context of brain pattern formation,
unrealistic. We would like a sphere-like shaped initial geometry on which pattern-formation and
growth will lead to a final geometry that more closely resembles a real brain and its folds. The usual
way to achieve a sphere-like shaped initial geometry .#_ from a parametric domain given by Q =
[0,1] x [0, 1] is to utilize the parameterization i : Q — .#_

Rsin(nn) cos(27¢)
i; = | Rsin(mn) sin(2n¢) 9.1)

Rcos(nn)

and map the quadrilateral Q onto a sphere of radius R.
This parametrization, however, poses numerous problems, for instance

* the segments of 6Q2, given by )/1 ={(,0): ¢ €[0,1]} and y3 ={(,1): & € [0,1]} are contracted
into the points (0,0, R) € .4, and (0,0, —R) € .4, respectively. This leads to a singularity in the
metric at these points. In chapter 7 we required that ,/g; contain no singularities.

* The cells corresponding to a uniform grid on Q become increasingly small near the poles
(0,0, R) and (0,0, —R) on 4. This effect intensifies on finer grids.

* The singularities will lead to issues in the quadrature of certain functions.

Overall, it is seen that the drawbacks of this approach outweigh the advantages, which is why we shall
choose for a different approach.

9.1. Multipatch Approach

Instead of utilizing a parametric domain comprised of a single patch of the form Q = [0,1] x [0, 1], we
shall now utilize six patches. To be specific, we shall choose

6
Q= Q. 9.2)
i=1
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Defining

q' =007 =007
¢=0a,-nt =1’
Q=207 =307, (9.3)
patch Q; is given by
Qi =1ql,q! +11x (g%, g5 +11]. (9.4)

The parametric domain Q resulting from 9.2 is depicted in figure 9.1.
It is easily seen that Q can be ‘folded’ into a (hollow) cube Q* with faces at —1 and 1 in either di-

3 8
e s
Q ——
=
3 4 6 8 3 M4 I ro
|
|
I 3
Q4 Q, Qs Qs S 5! 0
= R
_-I's rz
1 2 5 1 7
93 r3 ra
1 7

Figure 9.1: The parametric domain and the cube onto which it is mapped via linear interpolation.

rection by performing a set of elementary translation and rotation operations on the patches Q;,i €
{1,...,6}. We shall, however, utilize a linear isogeometric basis, constructed from the knot-vector
20 =1{0,0,1,1} in order to construct the cube Q* from Q. To be specific, we construct the linear
basis {NlD ©), NzD (&)} utilizing formulae (4.1) and (4.2) with Z = Z5 and p = 1 and construct the two-

dimensional tensor-product basis = = {w{, w5, wf, w} with

{wr', wy, wg, wey = NP N (), Ny (QNT (), NT (N5 (), N3 (€) Ny ()} 9.5)
As a next step, we assign a number to each of the eight vertices of the cube Q*: r;,i € {1,...,8} and

characterize each patch Q; by a patch-vector p’ that contains the indices of the patch vertices that
become its corner-points on Q*. We define the p' as follows:

pt=01,2,4,37 p’=2,56,47
p’=01,7,527" p*=4,68,3"
p°=(5,7,8,6)" p°=7,1,3,87". (9.6)
The cube vertices are given by
r =(1,-1,-17 ro=(1,-1,1)7
r3=(-1,-1,-17 rs=(-1,-1,1)7
rs=(1,1,1)7 re=(-1,1,1)7
r;=@1,1,-1)7 rg=(-1,1,-1)7. 9.7)
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The patch vector pi = (ay, ap, as, a4)T serves as to indicate that the vertices of patch Q; (in counter-
clockwise direction) correspond to the points {r,,,rs,, e, rq,} 00 Q*.

The mapping s; : Q@ — Q* that maps points from the parametric domain Q onto the cube Q* is con-
structed via linear interpolation, utilizing the basis ", the q!,...,q°, the patch vectors p!,...,p% and
the vertices ry, ..., rg. It is given by

6 4 , )
31(5»77) = Z Z wﬂf‘ﬂiﬂ‘ﬂé)rl,; (98)
i=1j=1
The free variables of Q* are given by (x, y,2)”.
It is easily seen that (9.8) is orientation-preserving. Therefore, the normal vector on the cube satis-
fies
11* 1 (681 081 ) (9 9)
= — X —|. .
o omf \og " on

Remark. One may choose not to build a global topology as in (9.2) but regard the six patches
as separate spaces with their interactions established through the ‘domain manifold. Whenever
an integral over M is carried out, the integral over Q with the Riemannian volume form /g is

replaced by a sum over the Q; with the local volume form \/; of each individual patch. For
details, see [10].

We will continue with the single domain as it fits well into the framework of the previous chapters,
where we exclusively discussed settings with one parametric domain.

9.2. Constructing a Sphere

The cube that the mapping from (9.8) produces can be ’'inflated’ into a sphere .#_ of radius R, utiliz-
ing the mapping s : Q* — .#4_, where

R X

— |
2212
Vxe+y +zo |,

(see figure 9.2). Regarding each P* € Q* as a vector P* pointing from the origin to P*, the mapping
from (9.10) takes P* and maps it onto the point P € .#4_ with P the vector of length R in the direction
of P*. Since no two points P; and P, on Q* are such that P; = AP, for some A € R, the mapping
s’ : Q* — /(_ is bijective. It remains to mention that s, produces a sphere since [|s,(X)|| = R, Vx€ Q*.
We can combine s; and s, to form the operator i, : Q — .#_ (the initial geometry) as follows

sy = 9.10)

i;=sy0s. (9.11)

The sphere that (9.11) produces is depicted in figure 9.2. Henceforth, we shall refer to the sphere that
(9.11) produces as the ‘ordinary sphere’.
An alternate way to map Q* to a sphere, is to use the following mapping

y_z_z_z 1222

x\/l—2 5+ 3

% _ 2 2 22
si=R y\/l—%—%+% . (9.12)

_x2_ . xy

Z\/l 5 7+ 3



|

Figure 9.2: The result of (9.11) with various patches highlighted in different colors. The cells become smaller toward the
patch boundaries but it is seen that there are no singularities in the parametrization. Note that the transition between the
patch boundaries is non-smooth !

This parameterization is based on the observation that the function
S$* (X, 1,2) =X+ Y2+ 22 = x*y? — y?*2? - 22 X% + x%yP 2P (9.13)
satisfies
§%la- = 1. 9.14)
Equation (9.13) is manipulated as follows

R*S™(x,,2) =R2(x2+y2+z —x*y* - y*2t - 2 +x2y222)

=R2x2(1 y__z_ yz)+
2 273
RzyZ(l zZ_x E)Jr
2 2773
2 2 2.2
X X
RZZZ(I 7—% T) 9.15)

from which (9.12) follows.
(9.14) and (9.15) imply that (9.12) indeed maps points from Q* to a sphere. The operator

i;=s8508 (9.16)

produces a sphere that is depicted in figure 9.3. Henceforth, we shall refer to the sphere that (9.16)
produces as the ‘gaming sphere’. The sphere .#_ that (9.11) or (9.16) produces can then be projected
onto an IgA basis X in order to form .#j,. Constructing a suitable IgA basis shall be the topic of the
next section.
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Figure 9.3: The result of (9.16) with various patches highlighted in different colors. The cells become smaller toward the
patch boundaries but the effect is somewhat smaller than in figure 9.2. Note also that the angle that the cells make with
one another at the boundaries is reduced.

9.3. Constructing a Basis

In section 7.4, we have deduced the general properties that any basis Z should satisfy in order to be
compatible with the temporal and the spatial discretization schemes. We will now present a concrete
procedure to construct a basis compliant of the principles from section 7.4, utilizing clamped knot
vectors (see section 4.2) and some additional tweaking. Given some order p = 1, some n= p + 1 and
the uniform, clamped knot vector

— 1 n-p-1
Enp=40,...,0, oo , Lo, 1 3, (9.17)
N~~—~—~—~ Nn—p n—p ~——
p+1times ~ -~ p+1times
n—p-1terms
we construct the univariate basis (see figure 8.1)
O-n,p:{Nl,p,---»Nn,p} (9.18)
to construct the bivariate tensor-product basis
=wy,.,whh, 9.19)

from 0, x 0. The w! € X! are only supported on Q. We can ‘copy’ the basis X! to form X7,
containing functions supported on Q; as follows

2= {w - ql,n—ad),... w. € —ql,n— gk 9.20)

The corresponding elements are acquired from the elements corresponding to X! by the same shifted
duplication. Some functions from

6 .
T=y= (9.21)
i=1
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do not satisfy (7.30). These are exactly the functions containing the clamped functions N p, Ny, or
a shifted copy in their tensor-product structure. Their global counterparts will exhibit a discontinuity
when projected from Q onto .#_. As a result of the clamped basis property, the set

{wllC ey | Wl.k does not satisfy (7.30)}
is identical to the set
_ k - < k
Za={w; €Z | w;lsq, #0}. (9.22)

Like in chapter 8, a remedy is the coupling of degrees of freedom (DOFs). We combine some func-
tions wf € X4 in £ to form a single function such that the resulting basis X satisfies (7.30). The termi-
nology stems from the fact that the merging of a set of functions is equivalent to requiring that their
weights be equal in each function from span . Thanks to the 2 being shifted copies of one another,
functions on either side of the patch boundaries are ‘compatible’ with one another in the sense that
they can be coupled so as to form a basis compliant with (7.30).

Let us assume that each index i of wlk € =¥ is the result of a lexicographical numbering, i.e.

w(kj—l)n+i = Nip(& = a1 = a5)Nj p (& = qY,n - 45). (9.23)

Furthermore, let us refer to the southern, eastern, northern and western boundary of patch Q by yi,
yi, yz and )f‘}c, respectively. With the numbering from (9.23) in mind, the sets

h={wfex | wfl, #o}, (9.24)

are given by

Z’f:{wf,wk,...,w’,i}

k k ok k
2y ={wy, Wy, W}

k_ ¢k k k
23 = Wi ynr1 Win-tyns2r -+ Wy}

k ko k k
2y ={wl,w1+n,...,w(n_1)n+1}. (9.25)
A pair of functions wlj ex! , wg € X1, j # r should be coupled whenever their global counterparts are
each other’s reflection across some patch boundary on the sphere (or cube, see figure 9.4)

Remark. In (9.24) some of the sets will, strictly speaking, be empty. This is a result of the fact that
according to (4.1), Ny, (1) = 0 (since the C~! discontinuity has been chosen to occur at& =1~ as
opposed to & = 17*). Here we may assume that Ny, , (1) = 1. In the remainder we will disregard such
mathematical subtleties for the sake of convenience and assume that the reader is aware of the
subtleties involved.

Table (9.1) lists the boundary sets that ought to be coupled. The functions wl’.c should be coupled via
their index i in ascending order. Whenever a column in (9.1) is marked by an 7, the coupling should
be carried out in reverse, as for example in column 4:

1_ 1 1 1
23= 1 Wenmr Weennez o0 Wy b
0 0 0 (9.26)
4_ 4 4 4
2= U Woymry Wopper o0 W1 b

Note that there will be eight functions that are each comprised of three functions from X. These
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Figure 9.4: Functions wl! and w‘; should be coupled because their global counterparts meet on the crossing between the
projections of Q; and Q4 on ./_.

Boundary set = zi; zi zi z; 2 z;} z% z% z% 2| = z§
Tobe coupledwith | =3 | =5 | 23,7 | 22 | 23 | 23 | 2 | Zg,r | 25,7 | 22 | 23,7 | 25

Table 9.1: All pairs of patch boundaries whose functions have to be coupled. The 7’ indicates that functions have to be
coupled in reverse.

functions are comprised result from the coupling of three functions of the form

w,lc:Nr,p(g_qf:n_Q§)Ns,p(5_qf’n_q§)’ (9.27)

with {r, s} € {0, n} x {0, n}.

After the coupling has been completed, we form the basis 98, comprised of all coupled ‘boundary
functions and uncoupled ‘internal’ functions. Finer bases 98,... can be constructed by repeating
above steps with n — 2n— p, n — 4n—3p, etc. The basis X can be initialized to £ = 98, after which
the time-stepping procedure can commence.

’

9.4. Improving Smoothness

The basis from section 9.3 is a mathematically valid basis but it only possesses C°-continuity by the
patch boundaries. As the mappings s* are elements from spanZ, this lack of higher order smooth-
ness will most likely manifest itself through small ‘kinks’in .4} located at the patch boundaries. It
would hence be convenient to be able to construct bases with higher order smoothness across patch
boundaries. On first glance, constructing a basis similar to the one from section 8.2.2 on each patch
individually and coupling ‘compatible’ basis functions across patch boundaries might seem like an
option. This coupling, however, will lead to compatibility problems at the ‘riple points’, the spots
where three patches meet (in Q and .#_). The vertex at which three patches meet is also referred to
as extraordinary vertex of valence three [12]. Higher-order smoothness is generally hard to achieve in
the vicinity of extraordinary vertices. This is also seen in the tensor-product structure of the CP~!-
continuous basis from section 8.2.2 that can be extended to acquire smoothness between pairs of
patches but not in the vicinity of extraordinary vertices (see figure 9.5). Thus, improving the smooth-
ness of the geometry (and the functions on it) proves to be a more challenging task than in the case of
the torus. Following [10], we will nevertheless present a method to improve the smoothness between
pairs of patches at segments of patch boundaries located sufficiently far from the patch vertices.
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Figure 9.5: As an example of the incompatibility of basis functions near the triple points, we consider the tensor-product
function resulting from the two univariate functions plotted in green. The function is supported by segment a) and to
achieve smoothness in the vertical direction, we have to couple with the function supported by b). Finally, to achieve
smoothness in the horizontal direction we have no choice but to couple b) with c) but then c) is not compatible with a).

As indicated in figure 9.5, there is no non-trivial way to couple functions in the vicinity of triple points
in order to achieve higher-order continuity. Further away from the triple points, coupling can take
place in a way similar to section 8.2.2. The idea is to introduce the knot-vector

+1 1 2 -p+1
%n,p:{_ P —p 0 ln P n }

................

n-p n-p "n-p'n-p n-p n-pl’

(9.28)

and restrict the functions to the interval [0, 1] by disregarding all the parts that are not supported by
this interval (see figure 9.6). As before, the restricted basis 65, , = {N1,y,..., Ny} is utilized to con-
struct the tensor-product basis £' = G,,,, x 6y, p.

5! is copied and shifted as in (9.20) to form the bases £/, i € {1,..., 6} with ¥ € £* satisfying supp w¥ <
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1.0
0.9¢f
0.8t
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Figure 9.6: Example of a basis resulting from the knot-vector .7 3. (a) shows the basis in the absence of restriction and (b)
in the presence.

Q. Here,
sk={wf,.., ok}, 9.29)

Again, we shall assume that each global index i of a function wf € £¥ is the result of a lexicograph-
ical numbering. As a next step the DOFs are coupled. The coupling is carried out in a way that is
compliant with table (9.1) with the difference that this time several layers are coupled. It is seen from
figure 9.6 that exactly p layers have to be coupled (per pair of patch boundaries). Let us define the
sets

-k -k -k
Witg-yn Warg-nnr -+ wn+(q—1)n}

k _J~k ~k ~k
zz,q = {wn_(q_l), Wop_(g-1y++ wnz_(q_l)}
{ k
(

kK _ [~ ~k -k
23 4 TV Win-gyn1 Win—gyn+2r -+ w(n—q+1)n}
k _ [~k ok ~k
Z:4,q - w1+q' w1+q+n""’ w1+q+(n—1)n}’ (9.30)

with g€ {1,..., p}.
These sets are coupled in a fashion similar to that of section 9.3, with the difference that whenever
table (9.1) suggests that Z;. and Z;‘ should be coupled, we couple Z;. q with Z;‘p_ 41 instead (for all
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g €{1,..., p} and coupling in reverse whenever the corresponding column contains an 7’). The basis
98} containing all the coupled basis functions as well as all internal functions from the Sk exhibits
improved smoothness across patch boundaries but will suffer from the problem depicted in figure 9.5
that occurs nearby the triple points. The idea is to remove all functions that suffer from this issue and
replace them by functions that are C°-continuous across patch boundaries but smooth everywhere
else (and do not suffer from the same issue).

To this end, let us assume that we are in possession of the bases 98 and 28, where 28, is constructed
using the same parameters 7, p (see section 9.3), we initialize 98] to = = 98] . As a next step we define
the security layers. Defining the intervals

5]
v =|i- 351, 9.31)
the security layers §; are given by

Br = (xo+ x xo+) U (x1+ x x-1+) U (Xa- x x0+)
B2 = (Xl- X X0+) U (X1+ ><Xo+)U (X1+ X Xo- )
Bs = (xo+ x x1-) U (x1+ * x2-) U (xa- x 11-)
Ba=(x1- x x1-) U (x1+ x x1-) U (x1+ x x1+)
Bs = (x2- x x0+) U (X2~ x xo-) U (X2 * x0+)
Bs = (x2- x x1-) U (x2- x x1+) U (x2* x 11-)
B7 = (x3- x x0+) U X3+ x xo+) U (x2- x x-1+)
Bs = (x3- x x1-) U (x3+ x x1-) U (Xo- x x2-)- (9.32)

Here, the index i matches the index of r; that forms the center of the i triple point on the cube Q*.
around which the §; are located. The security layers for a setting with p =3 and n = 18 are depicted
in figure 9.7.

The next step is to remove all functions w; € 98] with supp w; c f;, for some j € {1,...,8}. The re-
duced basis is enriched with all functions w; € 9, with supp w; < §;, for some j € {1,...,8}. Upon
completion of these steps, the basis 28, forms a nonzero partition of unity on Q with improved
smoothness [10]. Cp_l-continuity is achieved everywhere apart from the 8; c Q. Furthermore, the
relative size of the security layers decreases for finer initial grids. Given some n, p and initial basis
987, hierarchically finer bases are constructed by repeating above steps with halved spacing but us-
ing the same set of security layers f; that correspond to 98,". Decreasing the size of the §; with the
spacing is not recommended since finer bases do not satisfy span%;r cspanZ7 in that case.
Constructing finer bases while adjusting the size of the security layers according to the new spacing
will lead to projection errors upon refinement but increases the relative size of the segments of 2 on
which CP~-continuity is achieved.
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Figure 9.7: The basis resulting from a combination of %8 and 98; exhibits improved smoothness on the parametric domain
Q which is inherited by the geometry. On the segments in blue CP~! continuity is achieved, whereas inside the security
layers (in red) the continuity properties equal those of the basis from section 9.3. Note that this basis possesses the partition
of unity property. This is easily seen from the fact that at each point the basis is locally a tensor-product of two univariate
bases that possess the partition of unity property.
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10

Refinement Strategies

In section 4.6, we have introduced the concept of hierarchical refinement. We presented algorithms
(1) and (2) as a basic tool for refinement. Both algorithms take a set of elements € as input, so far, we
have not discussed possible strategies for element selection.

There are two main strategies that come to mind: refinement based on cell size and refinement based
on curvature. In this chapter, we will discuss possible strategies for element selection based on these
two properties and possible refinement criteria.

10.1. Refinement Based on Cell Size

Let u* be the u-component of the exact solution u* of (7.1). One can measure the quality of the
approximate solution at time-instance ¢* utilizing, for example, the L (.#)- norm

) 1/2
r’lj:(fg(u*’[:tk—uk) @d{) , (10.1)

or any other norm with measure ,/gx. Even though »* will in most cases not be known, we can see
from (10.1) that deviations of u from u* on segments of Q2 where ,/gj is large have to be considered
more critical in the assessment of numerical quality. It therefore makes sense to refine elements on
which /g is large with respect to some reference value pcej.

A possibility is to base this reference value on the initial condition. Assuming that the initial grid res-
olution has been appropriately chosen with respect to the initial geometry, the reference value can
be based on the average value of /gy on each element. For reasons mentioned in section 4.6, how-
ever, it is not recommended to refine single cells. It is more favorable to craft a refinement criterion
based on function support, this way it is ensured that at least one coarse function is replaced by finer
ones upon refinement. Thus, let £ = {wy,..., wy} be the isogeometric basis at time instance t*, we
define

J  V8od¢

i - TP Vw;ex (10.2)
Ho 1d { ’ i . .
supp w;
As a next step, we define the reference value as follows
J A

=— 0. 10.3
Hcell N 1:21 Ho ( )
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After the time-stepping procedure commences, the geometry will deform and the average value of
v/8k will most likely increase on each element which is why it should be compared to the reference
value after each iteration. To this purpose, we introduce

S V8kdé
/f _suppwi (10.4)
¢ J 1d¢ '

supp w;

as the average value of /g over supp w;. Here, we will assume that each cell is refined only once, i.e.
Ve;eof . €;€ T ore; € T,. With these considerations in mind, in words, a criterion to add an ele-
ment e; € o to the set of to-be-refined elements e during the k™ iteration, could be as follows:

For all ,ufc, if p;'c > kcell Mcell, @dd all elements that support w;

and are elements from 97 to €. (10.5)

For some ke > 1.

The collection of to-be-refined elements € can then be extended by elements that should be refined
due to curvature (see section 10.2), after which either algorithm (1) or (2) is called with argument €.
A further improvement of above principles is to compute (10.2) and (10.4) with an additional w;-
measure, i.e.

J wiygdé

ph = Supp“}—wd{ (10.6)
1

supp w;
and

S wiygrds

supp w;

L __
Hie= S widé

supp w;

(10.7)

The idea behind this change is that, in deciding whether a function should be refined or not, one
might argue that deviations from the reference value pé inside the ‘bulk’ of the function (where the
function value is large) should be considered more critical than deviations on points outside of the
bulk. This extension of the measure is valid since w; > 0 on supp w;. Since we only refine functions
from %,, in order to save computational resources, it makes sense to only compute ,ufc forZ> w; € %
during each iteration.

10.2. Refinement Based on Curvature
At all time-instances t¥, sk is an element from span . Thus, it is important that the resolution of the
basis suffices to capture all important geometrical details. In section 10.1 we introduced to concept
of refinement via cell size. Another refinement criterion that comes to mind is the refinement based
on curvature. Intuitively, segments of .4 that are strongly curved, are the surface-equivalent to large
gradients in functions.

In section 2.4.1, we introduced the concept of principal curvature and in subsection 2.4.4, we pre-
sented a cheap way to compute the two principal curvatures. We will now deduce a feasible refine-
ment strategy based on curvature. As in section 10.1, it makes sense to introduce a reference value
of the curvature ycurve based on the initial condition, keeping in mind that the sign of the curvature
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should not matter for the refinement. With (10.6) in mind, this suggests a function-support based
average of the form

S (xi (@1 +1x2(&)) wiy/godé
supp w;

- , 10.8
%o T wiveedt (108)

supp w;

where x; and x, are the two principal curvatures, extracted from the shape-operator [S] through
equation (2.44). The problem with (10.8), however, is that it is not compatible with quadrature
schemes whenever either of the k; (or both) change sign inside one function-support (since the in-
tegrand is not a C*°-continuous functions anymore in that case). A workaround for this issue is to
introduce the initial support-based averages via

[ &E@)+x58)wiy/godé

supp w;

i_ , 10.9
Ko NG ( )
supp w;
and define the reference-value by
_ Ll (10.10)
Hcurve = N i:lKO. .
Analogous to (10.7), we introduce
sup{;w_ (K$ (&) +x5(E) w;\/grdé
i ’ , 10.11
K} NG ( )
supp w;

as a measure for curvature within one function-support after the k" iteration. A criterion to add an
element ¢; € &/ to the set of to-be-refined elements ¢, could be

For all K;'c, if K;.C > Kcurvellcurve, add all elements that support w;

and are elements from J7 to €. (10.12)

For some kcyrve > 1.
After (10.5) and (10.12) have been carried out, if € is not empty, algorithm (1) or (2) is called with € as
argument. The corresponding pseudocode can be found in algorithm (5).

Remark. Both the average value of \/g\ and the average curvature do not change after refinement.
This is why finer functions might be refined again after the next iteration. We circumvented this
issue by requiring that cells from 9, are not eligible for refinement (refining only once is sufficient
in this problem). In settings where it makes sense to refine twice or more, this issue could be solved
by introducing reference values that are multiples of ey and curve for functions from 98, and
their finer counterparts.
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Algorithm 5 Refinement Based on Cell Size and Curvature

l:e—¢@

2: forall X > w; € %; do

if [J;C > Keell Hcell then
A—{e;esuppw; | €; €T}
€—euUul

end if

if . > kcurve Heurve then
A —{e;esuppw; | €; € T1}
€—e€eul

10:  endif

11: end for

12: call Refine «f (€)

w

L NSO
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11

Results

In this chapter we will present the results of both an implementation on a torus, as well as a (gaming)
sphere. The implementation generally follows the principles from chapter 7, with IgA bases and
domains from chapter 8 and 9, respectively. The PID-parameters (see section 7.7) have been set to
tol = 0.01, hpin = 0.1 and hpax = 15. We did not limit the growth and reduction of the time-step
(i.e. m=0and M = oc0). The matrix and vector assemblies are carried out with Gauss-schemes (see
chapter 5) of order six and the linear systems are solved with an iterative CG-solver. The refinement
strategies from chapter 10 are present in the implementation with the parameters kg = 2.1 and
kcurve = 120 for the torus and k¢yrve = 160 for the sphere. The implementation has been realized in
the Python-package Nutils [3].

As in [26], the algorithm was manually terminated in order to avoid geometric intersection at later
stages.

11.1. Implementation on the Torus

We have implemented the numerical scheme on the torus utilizing the basis from section 8.2.2 with
the initial basis 98; constructed using the parameters p = 3 and n = 50 (making for an initial basis of
cardinality 2500). The outer and inner radii have been set to R, = 40 and R; = 20, respectively. The
function ‘nitial’ is given by four three-dimensional Gauss-functions Gy,

0\2
e (11.1)
20 ' '

3

Gy, (X) = exp (— Z

i=1

The Gy, are centered at
X =1s(Ci,71), (11.2)

with i as in (8.1). The (¢;,n;) are given by ({1,71) = (1/2,1/2), ({2,7172) = (0.6,0.55), (¢3,13) = (0.75,0.7)
and (£4,7M4) = (0.85,0.9). The initial conditions satisfy

U(t=0)=1-0.75 x initial

V(¢ =0)=0.5 x initial, (11.3)
and are projected onto X before the first iteration, as well as the initial geometry-parameterization
is (see figure 11.1, in the plots ‘usol’ corresponds to U* and ‘wvsol’ to V¥ at t = t¥). We used the pa-

rameters F = 0.04, H = 0.06, K = 0.001, d; = 0.2 and d» = 0.1. Since K <« 1, the geometry has been
disregarded in the time-step selection.
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Figure 11.1: Initial condition of U (a) and V (b) plotted on .#j. The local counterparts of the functions shown form the first
iterands of the time-stepping scheme.

(a) (b)

Figure 11.2: Substrate V depicted on the geometry at (a) t400 = 2000 and (b) £3%0 = 6800.

Figures 11.2 and 11.3 show the state in which V¥ and the geometry .# find themselves for various
t*. In figure 11.2 (a) we see first signs of pattern formation that intensify in (b). In figure 11.3 (a) the
patterns have spread out further and we see the first clear signs of geometric deformation. In figure
11.3 (b), the patterns have spread over the entire geometry and deformation has intensified. The grid
has been enabled in order to indicate the segments of .4 that have been refined. In 11.3 (b), we
can see that the solver has refined a large portion of the inner side of the torus, most likely due to
curvature. Figures 11.4 to 11.6 show the geometry after the last iteration from various angles.
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Figure 11.3: Substrate V depicted on the geometry at 1200 = 13000 (a) and #!6%° = 19000 (b). The grid has been enabled in
order to indicate where the solver refined.
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Figure 11.4: The final geometry at £1740 = 2.2 x 10%.

Figure 11.5: The geometry after the last iteration.
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Figure 11.6: The geometry after the last iteration.

11.2. Implementation on the Gaming Sphere

In this section, we will present results corresponding to an implementation of the numerical scheme
on the gaming sphere (see section 9.2), using the basis from section 9.3 with parameters n = 28 and
p = 3. The radius of the initial sphere is given by R = 40. We present two simulations, one simulation
with the same parameters as in section 11.1 and another simulation with F changed to F = 0.0285.
This time, the function ‘initial’ is given by four three-dimensional Gauss-functions

0\2 0)\2 0)2
xi—xl. xi—xi xi—xi
o= - (22 - (222)).

x0(¢4,mi) = R [sin(&;) cos(n;),sin(€;) sin(n;), cos(&y)], (11.5)

centered at

with (¢1,71) = (0,0), ($2,m2) = (0.37,0.47), (3,13) = (0.47,0.77) and ({4,7m4) = (0.657, 7). As before,
the initial concentrations satisfy

U(t=0)=1-0.75 x initial
V(t=0) =0.5 x initial, (11.6)

see figure 11.7.
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Figure 11.7: Initial condition of U (a) and V (b) plotted on .#j. The local counterparts of the functions shown form the first
iterants of the time-stepping scheme.

11.2.1. F=0.04

For a simulation with F = 0.04, figures 11.8, 11.9 and 11.10 show the state in which V¥ and the geom-
etry 4 find themselves for various ¢. In figure 11.8 (a), we see that the four Gaussians have formed
several narrow bands of nonzero concentration and in (b) we see strong pattern formation as well as
the first signs of geometrical deformations. These deformations intensify in figure 11.9 and we can
see that the solver has performed the first local refinements, most likely due to curvature. In figure
11.10, the deformation intensify further and we can see that the solver has refined a large portion of
the grid. Figures 11.11 to 11.13 show the geometry after the last iteration from various angles. The
simulation has been terminated after 1650 iterations.

0.1 0.1

0.00207 0 000185 O

(@) (b)

Figure 11.8: Substrate V and the geometry for F = 0.04 at (a) #*00 = 1650 and (b) :3°° = 6980.
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0.04 at 11690 = 1.9 x 10%.

Figure 11.10: Substrate V and the geometry for F




Figure 11.11: The final geometry for F = 0.04 at 11650 = 2 x 104,
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Figure 11.12: The geometry after the last iteration for hte simulation with F = 0.04.
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Figure 11.13: The geometry after the last iteration for the simulation with F = 0.04.

11.2.2. F =0.0285

For a simulation with F = 0.0285, figures 11.14, 11.15 and 11.16 show the state in which VK and the
geometry ./ find themselves for various t¥. As opposed to figure 11.8 (a), figure 11.14 (a) does not
show a connected band of high concentration but only a number small dots. In (b) the amount of
dots increases. The amount of dots increases futher in 11.15 and we also see one little narrow strip.
We see the first signs of geometric deformation. In figure 11.16 the deformations intensify and we
see that the solver has refined many of the dots, due to curvature or cell size. Figures 11.17 to 11.19
show the geometry after the last iteration from various angles. The simulation has been terminated
after 1930 iterations.
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Figure 11.14: Substrate V and the geometry for F = 0.0285 at (a) 400 = 224 and (b) 1890 = 2050.
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Figure 11.17: The final geometry for F = 0.0285 at 1930

89



Figure 11.18: The geometry after the last iteration for the simulation with F = 0.0285.
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Figure 11.19: The geometry after the last iteration for the simulation with F = 0.0285.
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11.3. Discussion

The numerical scheme from chapter 7 has been succesfully implemented on both the torus and the
sphere and the results meet the expectations. Pattern formation of the cencentrations is present on
both geometries and the patterns manifest themselves in surface deformations. The deformations
show a high degree of resemblence to typical brain patterns found in healthy adult individuals for
F =0.04 on both the torus and the (gaming) sphere (see figures 11.20 and 11.4).

(@) (b)

Figure 11.20: Typical neural patterns in a healthy brain (a) and the results from the simulation with F = 0.04 on the gaming
sphere (b).

The implementation with F = 0.0285 shows mild resemblence with the neuropathology polymicro-
gyria (see figure 11.21), which suggests that within the framework of this model, neuropathologies
can be explained by deviations of the reaction rate F due to genetical anomalies or other extrinsic
influences.

(@) (b)

Figure 11.21: Polymicrogyria (a) and the results from the simulation with F = 0.0285 on the gaming sphere (b).
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With above simulations we were largely able to confirm the findings presented in [26]. Note that we
have used a growth factor K = 0.001 as opposed to K = 0.0005 in [26]. Overall the results from the IgA-
scheme, not surprisingly, exhibit improved smoothness when compared to their FEM-counterpart
from [26] (see figure 11.22) and the smoothness greatly contributes to the overall visual appeal of the
results. It is noteworthy that the time-scale necessary to achieve similarly-sized folds as in [26] is
about a factor five larger even though the growth factor is doubled. A possible explanation is that we
used a different initial condition.

(@) (b)

Figure 11.22: The resulting geometry of a simulation with the classical FEM-approach from [26] (a) and the geometry
resulting from the IgA-scheme introduced in chapter 7 (b).

The effect of the patch boundaries is visible in figures 11.11 to 11.13 and manifests itself in ‘kinks’
at the transition between pairs of patches due to the locally reduced smoothness of the IgA basis
from 9.3. This kink can lead to oppositely directed normal vectors which facilitates unphysical self-
intersections of the geometry and other defects whenever the simulation is not terminated in time.
Figure 11.23 shows the geometry resulting from a simulation using F = 0.04 and a different initial
condition that was terminated after 1800 instead of 1650 iterations. Figure 11.23 shows stronger
folding but a large amount of geometrical intersections and strong kinks occuring predominantly by
the patch boundaries.

This suggest that the results can be further improved by a range of cosmetic interventions like local
smoothing of either the geometry or the normal vector by the patch boundaries. The effect of the
patch boundaries can be further reduced by the utilization of the basis from section 9.4, possibly in
conjunction with smoothing by the security layers. That the absense of patch boundaries is likely
to reduce the amount of defects is further substantiated by the fact that they are not visible in the
results from the torus. The improved smoothness will most likely lead to greater visual appeal of
the results but also to stronger folds as it may be possible to perform a larger amount of iterations
without geometric clashing. Of course, the possibility of self-intersection may also be regarded as a
shortcoming of the model. The effect of the patch boundaries on the concentrations will be studied
in detail in chapter 12.
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Figure 11.23: Typical defects that arise whenever the simulation is not terminated in time. The red circles show the spots at
which the geometry intersects with itself and the blue circles show places with noticable kinks. The circles in red and blue
show places geometric clashing that occurs by the patch boundaries.
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12

Numerical Experiments

In this chapter, we present numerical experiments with which we aim to test the resolution offered
by the time-stepping scheme from section 7.2 with corresponding spatial discretization from section
7.3 on an initial geometry given by a sphere. Again, we use the basis introduced in section 9.3 and
the PID-controller from section 7.7. Apart from that, the main motivation for these experiments is to
examine the effects of the patch boundaries and compare results of an implementation on the ordi-
nary sphere and the gaming sphere. Unfortunately, the differential equation (7.1) is too complicated
to derive an exact solution that could serve as a meaningful benchmark for the numerical scheme.
This is why we will present qualitative results based on the following observation: since the differ-
ential equation, in the global sense, does not treat any direction with favoritism, in the presence of
a spherically symmetric initial condition, the solution is expected to stay spherically symmetric (see

figure 12.1).

V

<
\%

¢> ®

Figure 12.1: Given a spherically symmetrical initial condition (in both U and V), the solution should stay spherically sym-
metrical. Assuming there is a coordinate system with the z-axis intersecting the radial center of the initial condition, for
fixed ¢, we can expect the exact solution to be a function of the azimuthal angle ¢ only
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We adopt the same parameters as in section 11.2 with F = 0.04.

We will present numerical experiments for p =2 and p =3 withn=12, n =22, n =32 and n = 42 (see
section 9.3). Plots will be shown of the initial condition V° (k = 0), V190, V290 and V3%, 7 and V are
initialized to the Gaussians (in a global sense)

. _ 402
U(t=0):1—o.75exp(—z(x’zox’) )

i=1

i=1

2
X;— X,
V(t=0)=0.5exp(—2(%) ) (12.1)
where
0 LT m\T
X :R(O,sm—,cos—) . (12.2)
4 4

The center of the Gaussian(s) from (12.1) is through (12.2) located exactly on the border where two
patches meet (see figure 12.2).

0.5

0.4
0.3
02

0.1

5.636-08

(a) Initial condition in V (b) Various patches highlighted in different colors

Figure 12.2: Position of the initial condition

Before the time-stepping procedure commences, the first iterands u°, v° and s° are constructed from
a projection of (12.1) onto Z and by a projection of either s; os; (ordinary sphere) or s; os; (gaming
sphere, see section 9.2) onto the same basis Z, initialized to £ — 93,. Since substrate V is the driving
force behind surface deformation, we will focus our attention on V and all figures will depict the state
in which V finds itself.

Remark. Since the PID-controller from section 7.7 selects step-sizes based on the behavior of u*
and v* an equal amount of iterations does not necessarily correspond to an equal amount of
elapsed time between different simulations. We will bluntly ignore this issue for the sake of conve-
nience. Heuristically, the time frames after 300 iterations fall within 20% deviation of one another.

A color-coded legend is depicted on the right of each picture. It shows the minimum and the maxi-
mum value (over all evaluation points) that V¥ assumes on ..

12.1. Numerical Experiments for p =2

In this section, we present numerical experiments for bases of order two (in either direction). We start
off by presenting results for n = 12, n = 22, n = 32 and n = 42 on the ordinary sphere and continue
with results from the same parameters on the gaming sphere.
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12.1.1. Ordinary Sphere
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Figure 12.3: vEforn=12, p =2 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the ordinary sphere.

In figure 12.3, we see strong blurring at the wavefront of V%, it is also seen that spherical symme-
try already starts to suffer. The presence of individual basis functions is clearly noticeable. In V2%,
symmetry is clearly broken as the wavefront separates into two pieces which intensifies after 300 it-
erations. Apart from the low resolution, figure 12.3 shows a noticeable fringing-effect along the patch
boundary of the first iterand. That the separation of V¥ aligns with this patch boundary might be an
after-effect of this fringing.

In figure 12.4, as a result of the higher resolution, we see less fringing of the first iterant. V%0 shows
effects similar to 12.3 (b) but significantly reduced. In (c), spherical symmetry starts to break as the
wavefront starts to form a shape that more closely resembles an ellipse with its major axis aligned
with the patch boundary. This effect intensifies in V3%,

Figure 12.5 (a) exhibits no fringing effects. Spherical symmetry is still present after 100 and 200 itera-
tions along with relatively sharp wavefronts. Symmetry, however, breaks after 300 iterations in a way
similar to figure 12.4 (d).

Just as figure 12.5, figure 12.6 shows unnoticeable initial fringing. Strong symmetry is present in (b)
as well as (c), along with evident sharpness of the wavefront. Even (d) still clearly shows spherical
symmetry along with sharpness at both the inner and outer radius of the wavefront.
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Figure 12.4: Results for n =22, p = 2 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the ordinary sphere.
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Figure 12.5: Results for n =32, p = 2 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the ordinary sphere.
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Figure 12.6: Results for n =42, p = 2 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the ordinary sphere.

12.1.2. Gaming Sphere
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Figure 12.7: Results for n =12, p =2 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the gaming sphere.
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In figure 12.7, the fringing effects are somewhat reduced when compared to figure 12.3 (a). In V100
blurring at the wavefront is comparable to figure 12.3 (b), spherical symmetry, however, seems to be
slightly improved. In V2%, symmetry is clearly broken as the wavefront forms a rounded sphere and
the effect intensifies in (c). Note, however, that unlike in figure 12.3, separation does not occur. This
might support the hypothesis that after-effects of the initial fringing are suppressed on the gaming
sphere.

Figure 12.8 shows little fringing in the first iterand. Spherical symmetry as well as a reasonably sharp
wavefront are still present in (b). Figure 12.8 (c) still exhibits decent symmetry and sharpness, in (d)
however, symmetry is broken in a fashion similar to figure 12.4 (d). Note however, that the effect is
significantly reduced when compared to its counterpart from the ordinary sphere.

Figure 12.9 (a) (b) and (c) show strong symmetry as well as sharpness. In (d), however, symmetry
is slightly broken at the inner circle of the wavefront at the places where the patches meet. Overall,
figure 12.9 shows better results than figure 12.5.

Figure 12.10 shows symmetry as well as sharpness in all of its subplots. Even the inner part of the
wavefront in (d) is still noticeably symmetrical. Overall the results are comparable to figure 12.6.

5.63¢-08 456-09 =0

@k=0 (b) k=100

-000125 0 -0.000816 0

(c) k=200 (d) k=300

Figure 12.8: Results for n =22, p = 2 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the gaming sphere.
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Figure 12.9: Results for n = 32, p =2 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the gaming sphere.
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Figure 12.10: Results for n = 42, p = 2 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the gaming sphere.
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12.2. Numerical Experiments for p = 3

In this section, analogous to section 12.1, we present numerical experiments for bases of order three
(in either direction) for n = 12, n =22, n = 32 and n = 42 on the ordinary sphere as well as the gaming
sphere.

12.2.1. Ordinary Sphere

(el
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0.3
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0.1
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@k=0 (b) k=100

00109 0

(c) k=200 (d) k=300

Figure 12.11: Results for n =12, p = 3 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the ordinary sphere.

Asbefore, figure 12.11 (a) shows strong fringing effects. The wavefront in (b) is unsharp but symmetry
is still decent. After k = 200 the wavefront seems to separate, in (d), however, the separation has been
reversed. Overall, the results are slightly better than in figure 12.3, even though symmetry is clearly
compromised in (d).

Figure 12.12 shows results that are comparable to figure 12.8. (b) and (c) both show decent symmetry
and sharpness which is compromised in (d).

Figure 12.13 b ) and (c) show strong symmetry as well as sharpness but (d) shows slight symmetry
breaking, especially at the inner circle of the wavefront. Overall the results are better than those from
figure 12.5 but slightly worse than figure 12.9.

Finally, figure 12.14 shows sharpness as well as symmetry in (a) through (d). Overall the results are
comparable to figures 12.6 and 12.10.
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Figure 12.12: Results for n =22, p = 3 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the ordinary sphere.
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Figure 12.13: Results for n = 32, p = 3 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the ordinary sphere.
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Figure 12.14: Results for n =42, p = 3 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the ordinary sphere.
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12.2.2. Gaming Sphere
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Figure 12.15: Results for n = 12, p = 3 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the gaming sphere.

Figure 12.15 shows strong blurring at the wavefront in (b) and (c). Symmetry is broken as well, which
is clearly seen in (d). Overall we see slightly less blurring than in figure 12.7 but similar results when
it comes to symmetry.

Figure 12.16 shows strong symmetry as well as sharpness in (a), (b) and (c) which is, however, broken
in (d). Again, the major axis of the elliptical shape in (d) aligns with the patch boundary. Overall the
results are comparable, yet slightly worse than those from figure 12.5. In direct comparison to figure
12.12, the results from figure 12.5 are clearly better.

Figure 12.17 shows strong radial symmetry as well as sharpness in (a) through (c). In (d) symmetry is
still decent but some minor fringing appears at the patch boundaries. Overall, the results are signifi-
cantly better than in figure 12.13 and slightly better than in figure 12.9.

Finally, figure 12.18 shows strong symmetry in (a) through (d), as well as sharpness. The results are
comparable to figures 12.6, 12.10 and 12.14.
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Figure 12.16: Results for n = 22, p = 3 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the gaming sphere.
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Figure 12.17: Results for n = 32, p = 3 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the gaming sphere.
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Figure 12.18: Results for n = 42, p = 3 after (a) 0, (b) 100, (c) 200 and (d) 300 iterations on the gaming sphere.

12.3. Discussion

In sections 12.1 and 12.2, we presented numerical experiments, testing the overall performance of
the numerical scheme introduced in chapter 7 for various basis resolutions on both the ordinary
and the gaming sphere. In a direct comparison, the gaming sphere emerges as clear winner over
the ordinary sphere. This might be a result of the reduced angle that cells make with one another at
the patch boundaries and the reduced fringing effects that result. Another reason might be the fact
that the ratio between the largest cells (in the center of patches) and the smallest cells (by the patch
boundaries) is significantly larger on the ordinary sphere. This manifests itself in a reduced resolu-
tion nearby the center of patches which results in increased blurring of the wavefront which can, for
example, be seen by comparing figures 12.13 and 12.17. On the other hand, the increased resolution
by the patch boundaries is largely compromised by the fringing effects resulting from the steep angle
that cells make with one another there.

Symmetry is usually broken in a way that reveals the location of the patch boundary as for example
in figures 12.4, 12.7 and 12.8. The alignment of wavefronts with the patch boundary after symmetry
breaking is likely a result of the different (lower) continuity properties of nearby basis functions. An-
other reason could be the coupling of DOFs by the boundaries that locally decreases the resolution.
A possible conclusion is the need to refine by the boundaries before the time-stepping procedure
commences.

Overall, it is seen that a resolution of n = 42 is necessary to warrant symmetry over a time-frame that
corresponds to 300 iterations, as can be seen in figures 12.6, 12.10, 12.14 and 12.18. The only simula-
tion with 7 # 42 that performs decently for all k, is the one shown in figure 12.17.

In all of the simulations, it is seen that bases with p = 3 slightly outperform their counterparts with
p = 2. One might be tempted to conclude that higher-order bases should be favored over lower-order
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ones, this conclusion, however, might be premature. Since the basis introduced in section (9.3) has
exactly (p + 1)? nonzero basis functions on each element, the bandwidth of the system matrix will
grow with p. This will manifest itself mainly through increased assembly costs since more nonzero
entries have to be computed. Another drawback of higher-order bases is their increased support,
which makes the refinement strategies from chapter 10 less efficient, due to the reduced locality. It
is thus important to make trade-offs between computational costs and performance. Quantitative
numerical experiments are needed to determine how the computational costs scale with increasing
p and how this compares to the increased costs resulting from the increase in n needed to achieve
quantitatively similar results for lower-order bases.

Finally it should be mentioned that in almost all figures from sections 12.1 and 12.2, we can see un-
physical negative concentrations. These negative concentrations are most likely a result of wiggle
formation in the vicinity of steep gradients. A possible remedy is the inclusion of a flux-limiter in the
spatial discretization of the numerical scheme of chapter 7. Note, however, that this would consti-
tute a ‘cosmetic’ intervention rather than a substantial mathematical improvement of the scheme (in
fact, the L, (.#})-error is expected to increase). For this reason, we have chosen to ignore unphysical
oscillations and it is seen that wiggle-formation is negligible for bases with n = 32 or higher (greatly
facilitated by the smoothness of the basis functions).

12.4. Existing Shortcomings and Possible Remedies

As a result of the necessity to reassemble the system matrix after each iteration, it is of utmost im-
portance to find proficient refinement criteria. In chapter 10, we have introduced two strategies that
are based on the local properties of the geometry. Possibly the biggest shortcoming of the current
implementation is the absence of refinement based on the behavior of the iterands u* and v* on
M. The benchmark problem from sections 12.1 and 12.2 is characterized by three stages:

1. rapid radially outward diffusion and formation of a wavefront with high concentration and
inner layer with moderate concentration (transition from (a) to (b) in the figures),

2. depletion of the inner layer and formation of a narrow ring with steep gradients (transition
from (b) to (c)),

3. sluggish radially outward as well as inward diffusion (transition from (c) to (d)).

It is seen that even moderate resolutions (those with n = 22) perform decently in the first two of these
stages since symmetry tends to be still present in (c) but absent in (d). A possible reason for this
behavior is the formation of the narrow ring in (c), which might be too narrow or contain too steep
gradients to be accurately represented by an element from the linear span of a low-resolution basis.
This suggests the introduction of an adaptive shockwave-refinement in conjunction with coarsening,
based on average function value and / or gradient that continuously refines and coarsens based on
the position of the wavefront.

The results from an experimental implementation based on these principles is shown in figure 12.19.
The solver operates as follows: after the k™" iteration, the set of function supports of %, = {w, ..., Wy}
that violate either of the criteria

[ vFVErdg
supp w;
W < 0.95l,tva1 (12.3)
supp w;
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or
S AVerh Vo), VErdE
supp w;
S VEkds

supp w;

< 2.5grad, (12.4)

is determined and the set € of all elements contained in this subset of Q is stored in memory. Here
(12.3) considers the average function value of vk and (12.4) the average norm of the gradient of vk
as a criterion for refinement.

Analogous to chapter 10, the values of iy, and pigraq given by

v J vvEdE

Zsuppwi
Pval == ) —F =1z
WON& [ Jgodé

supp w;

o S VonVovg vErdé
- Ly owpw (12.5)
Hgrad N& f JBodé ) .

supp w;

where v is the local counterpart of the V-component of the exact initial condition from (12.1) (note
that the exact initial geometry has already been projected onto X). Before each iteration the set of
functions that violate (12.3) or (12.4) is determined and the set elements € of the corresponding basis
functions is stored in memory.

At the beginning of each iteration, X is reset to default: ¥ — 28 and the integrals from (12.3) and (12.4)
are computed utilizing the current set of elements. As a next step the set of elements is set to default
as well o — 97 and € is passed to algorithm (2) in order to acquire a basis refined on the segments
of Q that violate (12.3) or (12.4). Given =¥ as the basis during the k' iteration that results from this
procedure, algorithm (2) ensures that each component of the solution vector at ¢ is projected onto
the newly formed basis Z**1.

Remark. Note that this projection might not be possible without projection errors since £* ¢ ¥+1
whenever the set of to be refined elements during the k™ iteration is unequal to that from the
k+1™ iteration.

There are more subtleties involved here when it comes to projection and matrix assembly. The mass
matrix as well as the right hand side vector F can not be built by looping over the set of elements
*1 during the k+1" iteration. This is a result of the fact that for the assembly of both functions
containing \/gx have to be integrated. /g might contain functions from 9, that are supported
by elements from I in £ **! (leading to quadrature errors, see chapter 5). Each component of the
right-hand side vector F of the projection is of the form

Fi= [ wifvEds, (12.6)
and the mass matrix
[A]i,j=f9wiwj\/§df, (12.7)

thus, the assembly should be carried out over a grid €**! that contains all elements from I in
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A and o4 * (or simply over T itself, which is, however, more expensive).

After the projection is completed, a time-step is carried out with basis Z¥*1.

Remark. Since[B] (see section 7.3) contains /gy, as well as \/gi_1, its assembly should be carried
out by looping over 9.

We use the exact expression of v in (12.5) to compute the reference values in order to ensure that
the first iterand v° is already an element from the span of a basis compliant with (12.4) and (12.5).
In chapter 10, we were not confronted with the problem of incompatible grids since spanz* c
spanZ**! for all k. Not allowing for coarsening when refining based on the properties of the ge-
ometry is reasonable since manifestations of surface deformation through the v* are largely irre-
versible.

Figure 12.19 shows very strong radial symmetry as well as sharpness at the wavefronts. Overall, the
results are comparable to those that result from a high resolution scheme as in figure 12.10, while the
computational costs are only slightly larger than in the simulation from 12.8.

Combining the refinement technique presented in this chapter with the ones from chapter 10 is a
nontrivial task since the techniques presented there do not allow for coarsening. Furthermore, coars-
ening can have a negative effect on the quality of the geometry since shockwave refinement does not
take into account the geometrical properties like curvature and cell size. A possible remedy is to only
coarsen when the corresponding projection error is sufficiently small.

Here we have chosen an initial basis 98; whose basis functions are supported by large segments of
Q (and .#;) with respect to the characteristic dimensions of the wavefront. When finer bases are
utilized it is recommended to not only refine the function supports that violate(12.4) or (12.5) but
also the supports of the n nearest neighbours (where the value of n depends on the resolution of the
basis).
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Figure 12.19: Results with shockwave-refinement for n = 22, p = 2 after (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 250 and (g)

300 iterations on the gaming sphere. The grid has been turned on in order to see where the solver refines. The refinement
regions are characterized by the increased density of grid points.
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13

Space-Time Galerkin

In chapter 7, we introduced a general discretized scheme to tackle (7.1) utilizing a finite-difference
discretization in time. In this chapter, we will conceptually present a possible way to discretize based
on the principles from FEA in both the spatial as well as the temporal component. None of the fol-
lowing has been practically realized and we only present a starting point that may serve as inspiration
for the interested reader.

The advantage of a FEM-discretization in the temporal component is the possibility to locally refine
and coarsen in time. This might save computational resources on segments of Q2 where the chemical
species u and v are relatively static.

A disadvantage, however, is the fact that a complete FEM-discretization will lead to a non-linear sys-
tem which demands an iterative approach utilizing Picard- or Newton-iteration. Since in the scheme
from chapter 7 the matrices have to be rebuilt after each iteration, the difference in computational
costs may be less severe and the possibility to locally refine in time (and space) may save computa-
tional ressources. This chapter provides possible inspiration for improvements of the current imple-
mentation.

We start off by presenting the discretization after which we will introduce a Newton-scheme to tackle
it. We end this chapter on possible temporal refinement strategies.

13.1. Discretization

Introducing the operator

u diAju+F(1—u) - ud,In\/g; — uv?—o,u
Llv|=|doArv—(F+k)v—-vo;In,/g;+ uv’-0,v |, (13.1)
s Kvn(s)—0;s

we can write (7.1) in the form
L(u*)=0, V(& 0eQx[ek Fh (13.2)

where u* is the exact solution of (7.1) over the spatial domain Q and temporal interval [£¥, t¥+1] with
some initial condition

ut|,_ e =f. (13.3)

The s-component of u* then parameterizes .#; over the temporal interval [¢¥, t5+1].

Itis convenient to have a domain of the form Q x [0, 1] with Q as in the previous chapters and Q x [0, 1]

112



representing its extension in the temporal direction. This is accomplished by replacing [¢¥, t5*1] —
[0,1],dt — hidr and 0; — 0; = hikaf, where as before hy = t5*1 — ¢k and

5 0

=—. 13.4
e (13.4)

Henceforth u will refer to the (approximate) solution over Q x [0, 1].
As a first step, we determine the weak form of (13.2) by multiplying by a test function w(¢, t) and
integrating over Q x [0, 1] with measure /g7 hj

1
fwa(u)\/EhkdEdrzo, (13.5)
0o Ja

thus

d(Vrw,Vru)g, + wF(1—u) — wud.In\/gr — wuv? — wo,u

1
f f dr (Ve w, Vi v)g, —w(F +k)v—wvd;In/g; + wuv? - wo,v V8¢ hidédr =0, (13.6)
0 Ja wKvn—- wo;s

where V; refers to the Laplace-Beltrami operator of .4, with ¢ = k1.

As a next step we construct a basis X = {w;,..., wy} that is compliant with (7.30). Restricting our
attention to a spherically shaped initial geometry, we can simply use the basis from 9.3. As a next
step we extend it in the temporal direction in a tensor-product way. Hence, let

—_ 1 m—-p-1
Emp=y %0, v Lol 8, (13.7)
’ m-p m-p ——
p+1times - ~ ~ p+1 times
m—p-1terms
be the clamped knot vector utilized to construct
0pp = {NLp(@),.., N p (D)} (13.8)

Given a collection {wq,..., wy} of bivariate basis functions from section 9.3, the trivariate basis can
be constructed via

w;,j(§,n,1) = w;i(,MN; p(1). (13.9)

The tensor-productindex i, j is then replaced by a single global index such that we acquire the trivari-
ate basis £ = {wy, ..., wul.

An additional constraint we have to impose on the w; is w;(¢,n,0) = 0. This is easiest achieved by
disregarding N; (1) in the tensor product from (13.9) . Thus, let us introduce the bases

T={wieX | wil,=9=0} (13.10)
and
S ={w;eX | wil;—o#0}. (13.11)

With the tensor-product structure of the basis functions in mind, we see that X has cardinality N(m—
1) and X! has cardinality N. In order to be conform with the previous chapters, we replace N(m—1) —
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N and N — N/(m - 1) for the global function indices.
We can approximate u, v and s as follows
u= Z CJL-‘ wj + U
J

_ v
U—chw]JrvO
J

L NI
S—chw]+80, (13.12)
J
where
k
Uolr=0 = f
k
Volr=0 = f,
Solr=o = f¥. (13.13)
Here f¥, f¥ and ¥ refer to the individual components of the temporal boundary condition f~.
The cj. are vectors in R® and their components are
1
i
ci=|¢| (13.14)
c3
As a next step, we assign some global ordering to the c¥%, c]’.’, cjl., C?, cjf and define the vector ¢ contain-
ing these weights in the corresponding order. One possible choice is
T
c= (ci’,cly,c%,cf,cf,...,cl’(,, Cr C}V, 012\,, C}Q’V) ) (13.15)

Note that with the definition from (13.12): u = u(c), v = v(c),s = s(c).
In (13.2), we successively replace w by each of the w; € . By that, we receive a system of 5N equa-
tions for 5N unknowns. Let us define

, 1
F;(c)zf f [d1 (Vo w;, Vot g, + w; (FO - w) — ud; Iny/g — uv? — 0, u)] grhpdédr
0 Ja
‘ 1
Fll,(c)zf f [d2 (V7 w;, Vo 0) g, — wi (F+K)v - v Iny/g + uv® — 0, v)] /g hdédr
0o Ja

_ 1
Fsll(c)zf f wi [Kvn; — (0-8);] v/gr hxdédr. (13.16)
0 Ja

Note that /g7 is a function of ¢, as well.
As a next step, we define the vector-valued function F(c) by choosing some global ordering of the
Fl (o), F}(c), Fsl, (c), for example the ordering corresponding to ¢

T
F(c) = (F,F},F}  Fy,FL,....FY,FN,FN,FY, FY)", (13.17)

We have to solve the system F(c) = 0, this however cannot be done directly since F(c) is non-linear.
We choose for an iterative scheme based on the Newton-Raphson-method [7]. To this end, we define
the Jacobian matrix of F with respect to ¢ by

oF  OR OF,
dc dc dacs
P L oFy
0 0 0
—=| e Nl (13.18)
dc : : :
anN 6F5N anN
aCl 6(,‘2 (“)051\[



the iteration is carried out as follows: we start with an initial guess ¢’ and update the I-th iterand c’
after each iteration via ¢/*! = ¢! + Ac, where

&(c )JAc=-F(c"). (13.19)

The iteration is terminated once some termination criterion has been reached.
For a collection of derivatives that can be utilized to construct (13.19), see appendix A.5.

Remark. One might choose to replace the scheme from (13.19) by quasi-Newton approaches nearly
quadratic convergence without the need to assemble the Jacobian matrix analytically. Schemes
based on the secant method may be more suitable, further information can be found in [9] and
[23].

13.2. Time-Slabbing

The scheme from (13.19) together with the initial condition from (13.13) forms the basis of the algo-
rithm. Assuming that the initial temporal interval corresponds to [0, £!] with some initial time-step
t!, the functions uy, vg,so can be constructed, for example, by a tensor-product of the exact initial
condition(s) iy, iy,is with the temporal function N1 ,,(#). In an IgA-setting, however, it is customary to
project the initial condition onto the function space before the iteration commences. Thus, let

2o ={wil=o | w;ex'}, (13.20)

the initial condition can (approximately) be incorporated by selecting i, vy, g as the L -projections
ofi,,i,,is onto Z(l) after which the Newton-scheme commences.

Let u**! denote the solution resulting form the iterative scheme (13.19) over the temporal interval
[tk t¥*1]. The basic idea is to utilize uk| ;=1 @S initial condition of the scheme over the temporal
interval [£F, t**1]. Assuming that iterations k — 1 and k utilize the same bivariate spatial basis in
their tensor-product structure, this is accomplished by selecting the weights of ui?,i € [u, v,s] that
correspond to the functions of the form

w; = fi(, M N, p(T) (13.21)
during the k™ iteration and assigning them to the functions
23w = fiEmN(T), (13.22)

during the k+ 1t jteration to construct ug, vg, and s.
A reasonable choice for the initial guess of (13.19) is the vector c® that corresponds to the func-
tion

up(¢,1,0)
B with B n1) = v n0], (13.23)
so(¢,7,0)

i.e. the function that equals the initial condition over the entire temporal interval [0, 1]. Again, this is
easily accomplished by assigning the weight of

3w = fil&,mN, (1) (13.24)
in each of the ug, vy, so to the entries in ¢ that correspond to the weights of functions

E} wi+(j—1)% =fil&,MN;p(), jei2,...,m} (13.25)
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of the individual components of ﬁk, ﬁﬁ, ﬁ],f and ﬁf . If the Newton-scheme should fail to converge, a
possible remedy is to decrease the value of t*! and repeat above steps. More sophisticated ways of
choosing the initial guess can be found in [32]. Above scheme forms the basic algorithm.

As mentioned in the beginning of this chapter, discretizing in space and time utilizing an IgA ap-
proach yields the advantage of the possibility to refine locally in all parametric coordinates. Since the
solution of (7.1) exhibits many different characteristics, like shockwaves (see section 12.4) and geo-
metric deformations but also relative idleness (after pattern formation has completed), approaching
refinement with more sophisticated measures may be a reasonable alternative to the method pre-
sented in this thesis. We shall not present concrete refinement strategies but refer to the publications
by Meitner et al. [28] and Rannacher et al. [6], for possible inspiration.
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14

Conclusions

We have successfully extended an existing numerical implementation of the Gray-Scott Reaction-
Diffusion Model for Human Brain Developmen with the principles of Isogeometric Analysis. This im-
plementation holds in the most general way and has been successfully applied to both a single-patch
domain (torus) and to a multi-patch domain (sphere). Bases for both cases have been constructed by
utilizing tensor-product B-splines and periodicity requirements derived in the general implementa-
tion have been met by the coupling of degrees of freedom. We have presented two different mappings
to map the multipatch domain onto a sphere which subsequently served as the initial geometry pa-
rameterization.

On the torus, we achieved smoothness on the entire parametric domain and on the sphere smooth-
ness has been achieved in the interior of individual patches. A measure to drastically improve the
smoothness on the sphere between pairs of patches has been proposed but has yet to be imple-
mented.

We proposed two broad local refinement strategies: refinement based on the geometrical properties
of average cell size and average local curvature, as well as shockwave refinement. Both strategies
function as intended individually but have yet to be implemented simultaneously.

We have presented the results of an implementation on the torus utilizing C2-continuous B-spline
functions and the results of two simulations on a sphere with two different sets of parameters. The re-
sults from the implementation on the torus clearly demonstrate the appeal of smooth B-spline func-
tions to model parametric surfaces as the results show excellent smoothness as well as little defects
like self-intersection and fringing effects. With the results from the implementation on the sphere
using the a basis that is C*°-continuous by the patch boundaries and C?-continuous in the interior
of patches, we successfully reproduced many characteristics of healthy adult individual brains and
from the neuropathology polymicrogyria. We concluded that the absence of higher-order smooth-
ness by the patch boundaries visibly manifests itself in small kinks that may contribute to the devel-
opment of geometrical defects. We concluded that improving the smoothness of the basis as well as
anumber of other cosmetic interventions may be a helpful measure. In all three simulations we used
refinement based on the geometrical properties of cell size and curvature.

We have presented various numerical experiments in order to qualitatively test the numerical scheme
on both the ordinary as well as the gaming sphere. In a direct comparison the gaming sphere emerged
as the clear winner as it tends to preserve radial symmetry better than the ordinary sphere and nu-
merical artifacts by the transition between patch boundaries are less prominent. In a direct compar-
ison of two bases with polynomial orders of two and three, we concluded that the third order basis
slightly outperforms the second order basis but leads to higher assembly costs. We compared the
results from a simulation with a low-resolution basis and shockwave refinement enabled to the sim-
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ulations without shockwave refinement and concluded that the results are comparable to the results
from the highest resolutions in the absence of refinement.
We presented a basic space-time Galerkin scheme as a possible starting point for further research.
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Appendix

A.1. Appendix Calculus on Geometric Objects
Lemma A.1.1. Given some sufficiently smooth U : 4 — Tp.#, the operator V- that satisfies
f WV.-Udx = —f VW .- Udx, (A.1)
M M

for all functions W that vanish on 0.4, is, in local coordinates, given by

1 & 9
- v 9 ). A2
@i;agiw@u) (A.2)

Proof. From (A.1), we can deduce an expression in local coordinates.

wiV-u\/gdf = —f(Vle)g\/Edf
- f Z 661 Y iv/gdE
wlan 0
Z g, (VEui)dé. (A3)
Comparing the left and right hand sides, we have
1 & 0
=—Y — u;). (A.4)
O

LemmaA.1.2. On geometries without boundary, we have

fWAde=—f VW -VUdx, (A.5)
M M

119



or in local coordinates

f wAu,/gdé = —f (Vw,Vu)g/gdé. (A.6)
Q Q

Proof. Let W : 4 — R and U : 4 — Tp4, utilizing equation (2.21), in local coordinates, we can
deduce

V~(wu):—gi;aéi (Vgwu;)
1 0 ow
VB & g (VB G VR
1 & 0 "9
=— = i)+ i
77 & Wag, (VEu)+ g
=wV-u+(Vw,u)g. (A7)

Translating above identity to global coordinates and rearranging yields
wv-U=vV-(WU)-VW.U. (A.8)

Replacing U — VU, integrating over .# and utilizing lemma 1, we find

fWAde: WVU-NaMdl—f VW -vVUdx. (A.9)
M M

N/A

For geometries without boundary, the integral over 6.4 vanishes and the lemma follows. O

Proposition A.1.1. Let [A] be symmetric and let [B] be symmetric positive definite (SPD). Then
[B1[A] is diagonalizable.

Proof. As|[B]is SPD, it possesses an SPD (and thus invertible) matrix root [B] 12 with [B] = [B]Y/2[B]Y/2.
Now we have

[BI"V2[BAl[B]'/? = [B]"/2[A][B]"2, (A.10)

where the matrix on the right-hand side is symmetric.
Hence, [B][A] is similar to a symmetric matrix and thus diagonalizable. O

A.2. Appendix Finite-Element Analysis

LemmaA.2.1. Let(-,-); be an inner product, i.e. let L satisfy

(U, V)L=WV,U)r
(aU, V) =a(U, V)L
U+V, W) =U, W)L+ (V,IW)L
(U, U),=0and (U,U)L =0 = U=0. (A.11)
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Furthermore, let X = {W,..., Wy} be a (linearly independent) basis over # . Then the matrix

W, W) ... (W,Wn)L
[M] = :
Wn, W)L ... (Wn, W)L

is SPD (and thus non-singular).

(A.12)

Proof. From the linear independence of X, we have 0 = Zj cijWjifandonlyifc; =0,Vj€{l,..., N}.

Now take any 0 # }_; ¢c;W; € spanX. We have (U,U)[ >0,VU # 0, so, in particular

L 1
=c’[M]c>o0.

(Zcin,chWj) =33 cicj(W;, W)y,
j J j

Since the choice of the ¢; was arbitrary, it follows that [M] is SPD.

A.3. Appendix Isogeometric Analysis

(A.13)

Proposition A.3.1. Let the B-spline basis % satisfy 1 € span X, then the L, -projection is mass con-

serving.

Proof. Suppose the function F : .4 — R is projected onto the basis X via an Ly-projection. We call

the projection mass conserving whenever the projection U satisfies

fde=[ Fdx.
M M

Now let c}, ...c} be the weights that satisfy Y"; c} w;=1.
In an L,-projection, we craft U in such a way that it satisfies

Viefl,...,m}: [VV,'(U—F)dXIO.
M
Performing a weighed sum over all 7, we find
ch}Wl-(U—F)dFo
M

= f (U-F)dx=0
M

- fde=f Fdx.
M M

A.4. Appendix Isogeometric Implementation

We start this section with the following lemma
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Lemma A.4.1. Given a differentiable function f(t) on [a,b], let h = b— a and

I, = f(a)h.
Then
b 1 >
[ f®dt-1y| < =Mh~,
a 2
where
M = max f'(1).

tela,b]

Proof. See [42, p. 49].

Consider the differential equation in integral form

tF+1
ukl = yk +f fwdt.
[k

Let

tk+l

I = f(nds,
k

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

and let I ,}C’ denote the approximation of (A.21) utilized in the time-stepping scheme. We define the

local truncation error as follows

L—1I0
ST

With (7.1) in mind, for fixed ¢, 7, we have from lemma (A.4.1)

tk+1 2
fk £, (1) = | ~uk9, (Iny/ge) + i Agu — Fuk — uk (k) 4 F| nF + o (hD).
¢
Expanding uk = yk+1 +@(hk), we have
tk+1 2
fk £,(0dr = —uk“at(ln\/g)+d1Akuk+1—Fu"“—u’“(u’“) +F| hE+o(h2).
¢

and replacing

In\/gr—In/gk-
0, (1n ) — VBB

yields an additional @ (h_1)-error. Therefore, we have
Tr(fy) =0 (hy) + O (hy-1).
Similarly, we find

Tr(fy) =0 (hy) + O (hy-1),
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(A.24)

(A.25)
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and
T (fs) = O (hy), (A.28)

where 7 (f,), 71 (f,) and 74 (fs) constitute the local truncation errors of the time-discretization

tk+1 2
fk f,dt = h* | -uf10" (In\/gr) + dy At — Fuk*! — u* (vk) +F
t
tk+1 2
fk f,de = n¥ | ~vF10) (Iny/ge) + di Agv ! = (F+ Hyok*t o uk (vF)
t
tk+1
f o fdr= h*Knk vkt (A.29)
t

introduced in section 7.2.

A.5. Appendix Space-Time Galerkin
Here we list a collection of derivatives that can be used in chapter 13.

OF!
= = [di(Vrwi, Vew))e, — wiw;(1+v%) — w0, w;] /& — wiw;0; (&) hidédr
aci  JoJa

oF. 1
Py =f0 L[—Zuvwiwj]@hkdfdr
J

OF! 1 a ol
’l‘:f fwi[F(l—u)—u—uvz—Oru]L?+widl—l((eri,vru)gﬂ/ﬁ)hkd{dr
60]. 0 Ja oc’, Ocj
oF
= Wi hdéde
k= Jy Jo Ve
oF, !
= [do(Vw;i, Vew)) g, —wiwjRuv—F — k) — w0 w;| /g — wiw;o: (/&) hidédr
06}’ 0 Ja
OF} 1 0
—V:f f w,~[—v(1+F+k)+uv2—61v]ﬁ+w,~dzi((VTwi,VTu)gT\/g)hkdédT
065. 0 Ja 00} 60}
OF!
60?‘1:0
j
6Fsil 1 K 0 déd
et = Jy oKy =) Vgagas
OF! 1 on; 0 Vg
acsr.l :fo wii Kva—cf—ﬁ(ars)l]@+ w; [Kvn; — (0.9);] (;/;hkdzdr, (A.30)
j j j j
where
1 0 |ds os]|?
v = ——— | Z B
e Z@m“@fx@n
L Lo 0
Vg \a¢ “an) o \ae an
—n [(OZS x§)+( O x@)] (A31)
~M\5ear “an) " \anar ™ a¢ '

123



and

2

0y/g& 1 0 |0s y 0s
" 9 a1 aF " An
60]. 2,/8: Ocj 0¢ 0n
L (2, 05) 5 (01

V8 \0¢  0On 60]’.
ow; ( 0s
_ er X —
0¢ on

=n-

(as
+

where e; is the i-th canonical unit vector in R3.
Furthermore, we use
0 08
_l ((VT wi, VT u>g, Vv gT) = _<VT wi, VT u>gr —rT
6cj 60].

R ( ) 7
-
Ve \[oc]
where
= a i
=% &)
and
0 - ow; ow;
[ﬁ] (a—n’er a_gjer
J

0_€X

0s

_X—
oc  on

3

|

aw]'
on |’

vM}UﬂVM+Uﬂerﬂ§%f

(A.32)

(A.33)

(A.34)

(A.35)
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