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Chapter 1

Introduction

The flexibility of the Discontinuous Galerkin (DG) method make it particularly suitable for ob-
taining higher-order approximatons of the solution to a hyperbolic system, such as the model of
the flow around an air foil. This flexibility is a consequence of two main properties. First of all,
unlike continuous Galerkin appoximations, DG approximations are allowed to be discontinuous
along element boundaries. This makes the DG method particularly useful for modeling disconti-
nuities such as shocks. Moreover, the DG convergence rate is not only determined by the element
size and the accuracy of the numerical flux, but also by the degree of the polynomial space in
which the solution is sought. Finite Volume methods and Finite Difference schemes do not share
this virtue.

The computation of a DG approximation is often followed by a visualisation step, such as
the computation of streamlines or isolines, to extract the features of the underlying physical
phenomena that are of interest. Unfortunately, the aforementioned lack of smoothness of the DG
method can hamper the accuracy of visualisation techniques. This literature study forms the start
of a research that seeks to overcome this difficulty through smoothness-increasing convergence-
conserving spline filtering. The main application is streamline visualisation, but other visualisation
techniques may benefit as well from this research.

This report is organised as follows. First, a brief introduction to the hyperbolic systems under
consideration, their Discontinuous Galerkin approximation and the visualisation of the results in
the form of streamlines is provided (Chapter 2). After that, the one-dimensional central spline
filter is defined and applied to a DG solution to enhance its smoothness (Chapter 3). For a certain
class of linear periodic problems, it can be shown that the central spline filters at least preserve
the order of convergence of the DG method (Chapter 4). Finally, a conclusion is given together
with a list of future research questions (Chapter 5).
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Chapter 2

Defining the problem

2.1 Introduction

This chapter briefly introduces the Discontinuous Galerkin (DG) method and the visualisation of
its outcome in the form of streamlines for hyperbolic systems.

First, the weak formulation of non-linear hyperbolic systems is discussed (Section 2.2). The
solution of these systems can be approximated by the DG method (Section 2.3). This method is
considered in detail for a one-dimensional linear periodic example that will be revised in subsequent
chapters. After that, the visualisation of DG approximations in the form of streamlines is discussed
(Section 2.4), and a conclusion is given (Section 2.5).

2.2 Hyperbolic systems

Many physical phenomena, such as the flow around an air foil, are modeled in terms of hyperbolic
systems, which are formulated in this section.

Any non-linear hyperbolic system (Definition 2.2) can also be formulated in a weak sense
(Definition 2.3). The original so-called strong solution is also a weak solution, but the reverse
implication is not valid in general (Proposition 2.5).

The next section formulates the DG method to approximate the weak solution.

Notation 2.1 (£? inner product)
First, introduce the following notation for the standard £2 innner product:

(v, w) x =/ v(z) - w(z)de, Vo, w € L2(X,RP), VX CR?
X

For the sake of notational brevity, if X is a single element of R?, the integral is interpreted as the
evaluation of the integrand in that element. 1

Definition 2.2 (Hyperbolic system - strong formulation)
Consider a time domain T = [t4,t], a compact connected spatial domain X C R¢, a source

function g € CO(RP”,RP), and flux functions iq € CY(RP,RY) (for all ¢ = 1,..., D). The strong

formulation of a hyperbolic system describes a strong solution u € C*(X x T, RP”) in terms of an
initial condition, ‘proper’ boundary conditions, and an equation in the form

Ve - (L (ulz, t)))
8%(9%57 ! N : +g(ulz, 1) =0, vz e X, vteT. (2.1)

Va - (iD(g(g, t)))
See also [CJST98, p. 161, 201-202]. J
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Definition 2.3 (Hyperbolic system - weak formulation)

Consider Notation 2.1. The weak formulation of a hyperbolic system (Definition 2.2) describes
a weak solution u € Cl(T, Wh2(X, RD)) that satisfies an initial condition, ‘proper’ boundary
conditions, and:

(o0 =ttt + [ ((wl. G0))
{1, (). Far() = (£, (wm) -mvtr))
— {94 (u(T))yv(T)>X> dr, (2.2)

q q

for all test functions v € C(T,C%°(X)), for all t € T, and for all ¢ = 1,...,D. Here, n is the
outward normal vector of the domain X. See also [CIST98, p. 161, 201-202]. a

Example 2.4 (Periodic linear hyperbolic equation)

Consider a one-dimensional hyperbolic system (Definition 2.2 with d, D = 1) for a domain X =
[Ta,xp]. Suppose that the boundary conditions are periodic, the flux function is linear, and the
source function is zero:

f(u) = cu, c>0, (2.3)
g(u) =0.
Hence, the strong solution satisfies:

@4_ @—0
ot ‘or

The corresponding weak solution (Definition 2.3) satisfies periodic boundary conditions and

(u(t),v()) x = (ulta), v(ta)) x + /t <u(7-)7 %(7) + Cag:-) >X a

-ﬁ[ﬁwﬁwﬁm%+kwﬁwﬁmﬁdﬂ (2.5)

a

for all test functions v € C*(T,C>°(X)) and for all t € T.. 4

Proposition 2.5 (A strong solution is also a weak solution)
A strong solution (Definition 2.2) is also a weak solution (Definition 2.3).

PROOF:

See also [CJST98, p. 161, 201-202]. Consider the inner product of the strong formulation (2.1) with
a smooth function v € C*(T,C%°(X)), integrate over the time interval [t,,¢], and use integration
by parts. This results in the weak formulation (2.2). ]

2.3 Discontinuous Galerkin method

The weak solution of a hyperbolic system, which was formulated in the previous section, can be
approximated by means of the Discontinuous Galerkin (DG) method, which forms the subject of
this section.

The DG method (Definition 2.7) can be seen as a combination of the finite volume method
and the finite element method: it seeks a solution approximation that is a polynomial of a certain
degree in each element of the mesh, and that is allowed to be discontinous along the element
boundaries. An illustration of a possible outcome can be found in Figure 2.1. This figure illustrates
the performance of the DG method for a one-dimensional periodic linear hyperbolic equation
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Figure 2.1: Absolute value of the error |u — uy| for a one-dimensional periodic linear hyperbolic
problem (Example 2.9) with velocity ¢ = 1 at the initial time (left) and after one period (right).
The initial condition is the sine function and the time step equals 0.1h. Notice that the convergence
rate increases with the degree k of the polynomial space. Furthermore, observe the oscillatory

nature of the error
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using the first-order upwind flux function and the monomials as a polynomial basis (Example 2.8,
(Example 2.9)).

Once the DG approximation has been obtained, a visualisation technique is usually required
to extract the features of interest. This is the topic of the next section.

Notation 2.6 (Mesh, polynomial test space, etc.)

Consider Notation 2.1. First of all, let Ny := N U {0} denote the natural numbers including zero
and Ny := N\ {0} the natural numbers excluding zero. For any compact connected domain X C R?
and corresponding mesh X}, = {X; C X };crcz that consists of a finite number of closed sets with
maximum diameter h > 0 that form a certain tesselation of X, introduce the following notation.
For any linear subspace V of £2(X), and for all v € £2(X), let Pyv denote the £L2-projection of v
onto V, ie. (Pyv—wv,w), =0, for all w € V. Furthermore, define the space of square-integrable
functions that are piecewise polynomial:

Ph(X) = {v € L2(X) : vi(x,) € P*(int(X;)), VX, € X}, Vk € Ny,

where int(X;) denotes the interior of element X;. The DG method makes use of test functions that
are elements of a space of the latter kind. Additionally, introduce the space of square-integrable
functions that are piecewise smooth:

CR (X)={veL*X): Vline(x,) € C™ (int(X;)), VX, € X}, VYm € No U {o0}.

Finally, for any piecwise continuous v € Cg(h (X), let v/ denote the unique continuous element
of C%(X;) such that these two functions coincide in the interior of element Xj, i.e. vj|im(Xj) =
Vling(x;,)- .

Definition 2.7 (Discontinuous Galerkin approximation)

Consider Notation 2.6. The Discontinuous Galerkin approximation of the weak solution (Defini-
tion 2.3) can be constructed in the following manner. Consider a mesh &, = {X; C X}, crcz and
let I; contain the indices of the neighbors of element X:

I ={meI\{j}: ejm:=0X,N0X,, # 0}, vj el

The Discontinuous Galerkin approzimation (un), € cH (T, Pffh (X)) to the exact solution ug satis-
fies the boundary conditions of the weak formulation and:

%<(ui)q(t),vj> :<iq(gﬂ(t)),vﬁvj>x - Z <ﬁ,(ui(t),g2“(t)),vj>

X T mel;

€j,m

~(gauh(0).¢7) . (26)

X

for all test functions v € ’Pf‘(h (X), for all t € T, for all j € I, and for all ¢ = 1,...,D. Here,

fq :RP x RP — R is a numerical flux function that is to be specified. The initial condition of the
numerical approximation is the projection of the initial condition of the exact solution:

(un)y (ta) = Ppy. (x)(uqlta)), Vg =1,..,D.
See also [CJST98, p. 161-163, 201-203]. |

Example 2.8 (Periodic linear hyperbolic equation)
Consider Example 2.4. Choose points z, = rr < ry < .o < Typlo=ap in the domain and
construct a mesh with these points:

Xn ={Xj = [z 1,z 1l jer=qu.. 0y
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with maximum diameter h > 0. Using the first-order upwind flux function,

flo,w) = cv,

the DG approximation (Definition 2.7) satisfies:

d . , . J , . y .
L.y ={e.22) 4[ajwv]  +la00] @)
dt ’ Xj . 81‘ X . xT i+l . . 1
J itz i—3
for all v € ’Pf‘(h (X), for all t € T, and for all j € I. Here,
P forj=2,...,J
T T4, forj=1,
in order to deal with the boundary conditions properly. 1

Example 2.9 (Computational aspects)
Consider Example 2.8. The solution to (2.7) can be computed with the help of a basis for the

polynomial space P¥(X;), such as the monomials:

J—

hol—

;11
v (z) = 2 , Vr € X, Ve=0,..,k, Vjel. (2.8)

.13j+ — T

W=

j—

N|=

By writing the DG approximation as a linear combination of monomials,
4 k
uj (t) = Co (', VteT, Vjel, (2.9)
£=0

for certain unknown differentiable coefficients C7*, the DG method (2.7) can be formulated as
follows:

d <& k vt
il 34 3,0 3. _ 3.0 3,0 '
dt;c (t)<v v >X_ Z(c (t)<v e >Xv

7 e=0
YNy Y
= O ()" ()0 (@0 1)

+ 0T ) T (g (xj_%)> :

forallt € T, for all #/ =0, ..., k, and for all j € I. This linear system of ODEs can also be written
in matrix vector notation:

A %Qj (t) = B (t) + B2 (1), Vjiel, (2.10)

where ¢/ (t) is a vector of dimension k + 1 that contains the coefficients used in the linear combi-
nation of polynomial basis functions (2.9):

o (t) = Co (1), Vi=1,..,J, Ve=0,...k
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and A7, B%! and B7? are square matrices of dimension (k + 1) x (k + 1) with coefficients:

1)+ +1 (1 1 e+e’)
Al = <vj7€ Uj,€’> = (2) + (=Y (i1 —x,_1)
41,041 = 5 X, - (40 +1 Jjt+3 =37

; 3.0
g e Y Y. i
By = <v ' v (@ )" (w5400)

1\ / 1\*
‘72 i — ) 47 ! —
Biia e =0 (o 0 (o) = <§) (_5) 7

for all £,¢/ =0, ...,k and for all j € I. Because the initial condition of uiL (tq) is the projection of
the initial condition of the exact solution u(t,) onto the polynomial space P*(X;) in the £2-norm,
the initial condition for the coefficients follows from:

AJQJ(t(L) = ij

where b’ is a vector of dimension k + 1 with coefficients

bi,ﬂ = / s u(a:,ta)vj’zl (z) dz, Vjel, vl =0,.., k.

Ji—

[N

Finally, this linear system of ODEs can be solved by a numerical ODE solver, such as the third-
order TVD-Runge-Kutta method (Definition 2.12). This literature study leaves the motivation
for the particular choice for an ODE solver out of consideration. By substituting the resulting
coefficients into the linear combination of monomials (2.9), the final DG approximation is obtained.
For an illustration of the error of such an approximation, see Figure 2.1. J

2.4 Visualisation of the results as streamlines

The previous section discussed the DG method for hyperbolic problems. Such a computation can
be followed by a visualisation step to extract the features of the underlying physical phenomena
that are of interest. An example of such a technique is the visualisation of a vector field, such as
the flow around an airfoil, in the form of streamlines, which forms the subject of this section.

A streamline of a vector field is a line that is tangent to that field everywhere (Definition 2.10).
A streamline through a certain location can be computed by means of a one-dimensional ODE-
solver that uses that location as an initial condition. Examples of such solvers are the Euler
Forward scheme (Definition 2.11) and the third-order TVD-Runge-Kutta scheme (Definition 2.12).
An illustration of six vector field visualisation techniques, including two streamline visualisation
techniques, can be found in Figure 2.2.

The results of Laidlaw et al. [LKJT05] suggest that streamline visualisation techniques are
preferred over other vector field visualisation techniques for critical point type identification and
particle path prediction. Another advantage of streamlines is that they are applicable for both
two- and three-dimensional fields.

Unfortunately, many ODE solvers assume that the field that they are acting upon is smooth,
as such solvers are often based on Taylor series. At the same time, DG approximations are usually
discontinuous along element boundaries. This lack of smoothness does not benefit the accuracy of
the streamline visualisation. Which level of differentiability is required ezactly is unclear at this
point, and most likely depends on the ODE solver under consideration.

The next chapter seeks to enhance the smoothness of a DG approximation through central
spline filtering.
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Figure 2.2: Visualisation of a vector field using six different techniques as published in [LKJT05]:
unlike the other four techniques, OSTR and GSTR are streamline visualisation methods. The
results of Laidlaw et al. [LKJ'05] suggest that these two streamline visualisation techniques are
preferred for critical point type identification and particle path prediction.

Definition 2.10 (Streamline)
Consider a domain X C R?. A streamline of an integrable vector field u : X — RP through

Ty € X is a curve y € C([Aq, o], R?) that is tangent to the vector field, i.e. which satisfies:

A
y(A) =y(Aa) +A u(y(A)) dA, YA € [Aa, M), Y(Aa) = zy. (2.11)

See also [WRKHO09, Section 3. 4

Definition 2.11 (Euler forward)
The Euler forward scheme describes a numerical solution to (2.11) in the following manner:

y° = y(Aa) = z,
y M) Ry =y (O = Ao uy T,

forall j =1,...,J, and with Ay = A < A1 < ... < Ay = Np. J

Definition 2.12 (Third-order TVD-Runge-Kutta)
The third-oder TVD-Runge-Kutta scheme describes a numerical solution to (2.11) in the following



10 Defining the problem

manner:
¥’ =y(\a) = zy,
YO =y
Y =y (N = A u(y™),
03 1 .1 ,
v =gy 0+ Oy = A uly,
o1 2 2 ,
v =Sy oy 3Oy = N uy),
y(N) my =y,
forall j =1,...,J, and with Ay = Ao < A1 < ... < Ay = A See also [CJSTI8, p. 170,171]. J

2.5 Conclusion

The Discontinuous Galerkin (DG) method is a flexible method for approximating the solution of
a hyperbolic system. Its flexibility is mostly due to the fact that its outcome is allowed to be
discontinuous at the element boundaries. This can in turn become a disadvantage, since a lack
of smoothness can have a negative effect on streamline visualisation techniques. The main goal
of this research is to tackle this problem through spline filtering, which is discussed in the next
chapter.



Chapter 3

Increasing the smoothness

3.1 Introduction

The previous chapter mentioned why a lack of smoothness of a DG approximation can hamper
its visualisation in the form of streamlines. This problem can be tackled through spline filtering,
which is the subject of this chapter.

First, the definition and properties of B-splines are given, as these form the building blocks
of spline filters (Section 3.2). This report focusses on so-called central spline filters (Section
3.4), which convolve the function to be filtered against a certain linear combination of central
B-splines (Section 3.3). The smoothing effect of this filter on DG solutions is illustrated for a one-
dimensional linear periodic problem (Section 3.5). After discussing the consequences for streamline
visualisation (Section 3.6), a conclusion is given (Section 3.7).

3.2 B-splines

B-splines form the core elements of spline filters. For this reason, their definition and properties
are considered in this section.

Because the divided difference of a polynomial of sufficiently low degree is equal to zero (Propo-
sition 3.2), Peano’s theorem can be applied for divided differences (Theorem 3.3). This basically
implies that the divided difference of a function can be expressed in terms of the integral over the
product of a derivative of that function and what will be defined as a B-spline (Definition 3.4).
It can be shown that a B-spline is a spline with compact support (Proposition 3.6). A spline is a
piecewise polynomial of a certain smoothness (Definition 3.5).

This report considers spline filters that are based on so-called central B-splines, which are
discussed in the next section.

Notation 3.1 (Divided differences etc.)
First, define the following functions

77(3:75) = f -, vxv& eR (31)
x5 := (max{z,0})", Vz € R, Vs € Ny, 0°:= 0.

Furthermore, for all functions v : R — R, let

y o(z;)
v([xo’.”’xs]) :Z : ) VSGND
7=0 Inego,.. sy 5y (%5 = 2m)

denote the divided difference with respect to points zg, ..., xs € R, and let

v+ L) —v@-4)

H ) VfEER,

opv(x) =
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denote the central difference quotient with respect to a scale H > 0. J

Proposition 3.2 (Divided difference of a polynomial)
Consider Notation 3.1, let s € Ny, and let m € Ny. The divided difference with respect to points
g, ...,Ts € R of a polynomial of degree s — 1 or lower is equal to zero:

p([zo, ..y zs]) = 0, Vp € PSTH(R).

PROOF:
The mean value theorem for divided differences implies that there exists £ € R such that:

_1ldp
T osldas

p([xoy ey Ts)) (&). (3.2)

The latter term is zero, because the s** order derivative of a polynomial of degree s — 1 or lower
is equal to zero. [

Theorem 3.3 (Peano’s theorem (special case))
Consider Notation 3.1, let s € N; and suppose that 2y < ... < s € R. Furthermore, define:

s s—1
T;—x
Vi (x) = s (2, [0, ooy ]) = 8 (@ ~ 7). , Vo € R. (3.3)
=0 HmE{O,...,s}\{j}(xj — Tm)

Then,

Ts ds

/ U(x)ws(x)dx:s!v([xo,...,xs]), Yo € C*lzo, ]

zo  dx®
PROOF:
Because of Proposition 3.2, the claim follows from Peano’s theorem. For the proof of the latter,
see e.g. [Dav75, Theorem 3.7.1]. L]

Definition 3.4 (B-spline)
A B-spline of degree s € Ny with knots zp < ... < z, is a function ¢° : R — R of the form (3.3).
See also [Sch73, p. 2]. J

Definition 3.5 (Spline)
A (polynomial) spline of degree s € Ny with knots xg < ... < x5 is a function ¢ : R — R that is a
piecewise polynomial in the sense that, for each open interval between the knots, i.e. for each

Xe {(—oo,xl), (20, %1)5 -y (Ts—1,T5), (Ts, oo)},
there exists a polynomial p € P*~1(X) such that
o(z) = p(a), Vo € X,

and that is smooth in the sense that ¢ € C572(R), as long as s > 2. If s = 1, discontinuities at the
knots are allowed. See also [Sch73, p. 1], [Sch81, p.108], and [Niir89, p. 94, 96]. 4

Proposition 3.6 (B-splines are splines with compact support)

A B-spline 9°(z) of degree s € N; with knots g < ... < x5 (Definition 3.4) is a spline of degree s
with knots z¢ < ... < x5 (Definition 3.5) that is zero outside of [z, zs]. Moreover,

/wg(x) dz =1. (3.4)
R
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PROOF:
See also [Sch73, p. 2,3] and [CS66, p. 73-75]. Consider Notation 3.1. With the help of Proposi-
tion 3.2, substitution of

=T 4 (=) ()T
into (3.3) leads to the following alternative formulation of the B-spline:

s s—1

(@ — ;)]
V¥ (z) = s(—1)° .
= ;Hmewws}\{j}(xi — &)

(3.5)

Now, (3.3) and (3.5) imply that the B-spline is zero for > s and x < x( respectively. Rewriting
(3.3) gives that the B-spline is a polynomial of degree s — 1 inside each open interval between the
knots:

Vi(a) =5

Jj=q

(= 2)°"

HmE{O,...,s}\{j}(xj — Ty’

Ve € (g, Zqs1), Vg=0,..s—1.

Furthermore, note that the B-spline is continuous if s > 2. Finally, it is shown that 1* € C572(R),
for s > 3. To this end compute the derivatives inside the open intervals:

déws(x) S (xj _ x)s—l—é

= (=D —1)!
dx* j=q mE{O,...,s}\{j}(xj - ifm)

3

for all © € (z4,%q41), for all ¢ = 0,...,s — 1, for all £ = 1,...,s — 2. Observing the limits in the
knots,
i) d ()

lim L) gy AT Vi=0,..s
zlx; dx?t zlx; dxt J

shows that 1* € C572(R), for s > 3. Finally, the fact that

/Rws(x) dz = 1.

follows from Theorem 3.3 for v(z) = z* and (3.2). L]

3.3 Central B-splines

The previous section formulated B-splines and discussed some of their properties, which form
the buiding blocks of spline filters. This report considers central spline filters that are based on
so-called central B-splines, which are discussed in this section.

Central B-splines are B-splines whose knots are sampled in a symmetric and equidistant fashion
(Definition 3.7, Figure 3.1). They can be formulated in three equivalent ways (Proposition 3.8
and Proposition 3.9), which each help to reveal different properties. One of these is that their
derivatives can be expressed in terms of central difference quotients of lower order central B-splines
(Proposition 3.11, Proposition 3.12). This property plays an important role in the convergence
analysis in the next chapter.

The next section defines central spline filters in terms of a linear combination of central B-
splines.

Definition 3.7 (Central B-spline)
A central B-spline of degree s € Ny is a B-spline (Definition 3.4) with knots {z; = =5 +j};j—0,....s-
In the remainder of this report, the following notation will be tacitly assumed:

N s
V(o) = (H) Vz € R, VH > 0.

See also [Sch73, p. 11]. J
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P! P? P°
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
w4 ¢5 ¢6
1 1 1
0.8 0.8 0.8|
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2]
0 0 0
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

Figure 3.1: Central B-splines (Definition 3.7): the core elements of the central spline filters are
formed by the central B-splines. Notice that, as the order increases, the smoothness and the
support increase and the maximum value of the B-spline decreases.

Proposition 3.8 (Divided difference of a product)

Consider Notation 3.1, let J € Ny and suppose that zg,...,z; € R. Furthermore, consider v, w :
R — R. Then, the divided difference of the product of these functions can be expressed as the
following sum:

J
(vw)[xg, ..., T Zv T, ey T W[T, o, ]
7=0

PROOF:
See e.g. [Sch81, Theorem 5.52]. "

Proposition 3.9 (Three equivalent formulations of central B-splines)
Consider Notation 3.1. Central B-splines (Definition 3.7) of degree s € N; can be formulated in
terms of

1. divided differences:
s _ s—1 _f f
@) = s (o [-503)) (3.6)
s s . s—1
L (i+io)

= ~ (3.7)
jz:% Hme{o,...,s}\{j}(J —m)

=gt )1_1.
_SEZ Ms =5 (3:8)

2. recursive convolutions of an indicator function with itself:
1 _
Vi (x) =11 1)(@),

W) = (L ) (@ / P E N @ — €) de, s= 2,3, (3.9)
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3. recursion relations:
PH(x) = ]1[7%,%)(33)7

¢5(x) _ (% +ﬂ?)ws—1($+ %i—l—i% _x)ws—l(x _ %)7

5=2,3,.... (3.10)

From the latter form it becomes clear that central B-splines are even functions.

PROOF:

See also [Sch73, p. 11,12] and [Sch81, Theorem 4.15]. Formulation (3.7) is a special case of (3.3).
To show that this formulation is equivalent to (3.9), first observe that the equivalence applies for
s =1. For s > 2, apply Peano’s theorem (Theorem 3.3) to obtain:

/ H dﬁf)w(x) dz = 9:0(0), Vo € C*(R).
For v(z) = €, this leads to

(i€)* /ﬁ e®8%(z) da = (2i sin <%5>)

2

Because the central B-spline is zero outside of the interval [—3, 5] (cf. Proposition 3.6), the Fourier
transform is obtained:
00 3 1 s
s k) s sin _f
FHE = [ vty de ( > )> 7
e 5

This can be worked out further to get:

= Z{ T HOF (¥ }(E)
= F{ % 91}(E)

Applying the inverse Fourier transform gives (3.9). The equivalence of (3.7) and (3.10) can be

shown as follows. First, observe that the equivalence applies for s = 1. For s > 2, rewrite (3.3) by

: s—1 s—2,
observing that x77" = zz%"":

v (x) = s(m ) (2, [zo, ... ).

Next, apply Proposition 3.8:

S

Vi (x) = sZr](x, [0y .-y xj])nj__z(a:, [}, ... zs]).

j=0
Because of Proposition 3.2, this sum can be truncated:
0 () = (n(@, [wo)y 2 (2, [0, oy )) + 0, [0, 21 )2, 1,0, 24)))

)niﬁQ(CE, [$17 "'7xS]) B ni72(x’ [fE(), “'7x871])
Ts — o

-

mx,xry) —nx,xo s—
+ ( ) ( )77+ 2(z, [21, ,xs])>
Tr1 — X0
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Next, use the fact that ; = —35 + 7 to obtain the following expressions for the lower order central
B-spline:

W) = (s — 12 (x {xo TE NP %D ,
v (243) = (6= 003 @ o, i),

" ( - %) = (5 = D (@ 1, 0 34])

Substitution of these expressions, the values of the knots z; = —3 + 4, and n(z,§) = { — z yields:

sx_l_ s (¢ 1 _s —x)—(—
ws(x)_ S <(_S_x)w( 2) w(+2)_’_( 2—*—1 ) (

[SI1
|
&
N~—
<
w
7N
8
I
N | =
N
N—

s—1 2 S 1
_ Gy’ (z4+3)+(E—2)y (z—1)
s—1 ’
which completes the proof. [

Example 3.10 (Three central B-splines)
Examples of central B-splines are:

x+1, x €[-1,0),
1/12(@ = —T+ 17 US [07 1)7
0, else,

1,2, 3 9 3 _1
2T°+ 3T+ 35, xe[ 2 2)7

'4/13(55): —x2+%, z < [%’%)’
1.2 _ 3 9 13
370 —32+g T€[53),
0, else.
For an illustration, see Figure 3.1. J

Proposition 3.11 (Derivatives of a central B-spline)
Let 1° denote the central B-spline (Definition 3.7) of degree s > 3. Then, for a € {1, ..., s—2}, the

o™ order derivative of the (scaled) central B-spline can be expressed in terms of central difference
quotients of lower order B-splines:

d*y%;
dx®

(x) = Oy “(z), Vo € R, VH > 0. (3.11)

PROOF:
See also [Sch73, p. 12]. First of all, note that the o' order derivative of the central B-spline *
exists, since 1° € C*~2(R) (cf. Proposition 3.6). For the non-scaled central B-spline, the first-order
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derivative can be computed as follows:

(3_9) d(ws—l*wl)
- Tz @

-2 (/ w“(x—@d&)

er%
-2 (/ $1(e) df)
ey

= 01p° Y (x), Vz € R.

dy*

%(ﬂf)

For the scaled central B-spline, this leads to:

= g ()

S (7 Gea) o (0)
~ 5 (47 (o4 7) - (7))

= Ogiy (x), Vo € R.

Repetitive application of this result completes the proof.

Proposition 3.12 (Derivatives of convolutions against a central B-spline)

Let 9 denote the central B-spline (Definition 3.7) of degree s > 1, and let 1" denote the dirac

distribution. Furthermore, let v € C§°(R) and let a € {0, ..., s}. Then,

d* (Y3 *u)

o (z) = (V31 @ % OFru) (x), Vo € R, VH > 0.

PROOF:

(3.12)

The case @ = 0 is trivial. Next, for the case a = 1, the claim is shown for s =1, s =2, and s > 3

subsequently. For s =1,

W(m) = (7?}{* %) ()

— [ ek @ -6
5 [0 (5) fa-oa
= [vt o Fa— e

2 du
= | - HOd

1
2

N

= [—%u(x - H&)}

= Ogu(x)

1
2

= (¢% * Onu) (2), Vz € R, VH > 0.
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For s = 2,

W(m) = (7?1%1* %) ()

[ v o
5 [ (5) fra -0

— [0 Pl HO
R X

0 d 1 d
=11(£+1)£(x—H5)d5+/) (—5+1)d—;‘(x—H5)dg, Vz eR, VH > 0.

Applying partial integration yields:

2 xu 0 0
%(wh [‘%(5‘*’1)U($—Hf)]_1+%/_1u(x—H§)d§
1 1
[—%(—Hl)u(rﬂ—H&)L—% | ulr— HOAG, Ve eR, VH >0,

The first and third term cancel. A change of variables yields for the other two terms:

d (V2 *u 1ot H 1 ety H
d (Vi *u) i )(x)z—ﬁ/m_%u<g—5)dg+ﬁé_%u<g+5>dg

1 [ot%
S APRZLCLE
= (Vg * Onru) (x), Vz eR, VH > 0.

For s > 3, the claim is shown by means of Proposition 3.11:

LU AP ( L u) (2)

@G1D (O ' *u) (2)
= (P57t % Opu) (), Vr € R, VH > 0.
H

Now that the claim has been shown for a = 1, the proof is completed by repetitive application of
the result for o = 1. n

3.4 Central spline filtering

Now that the central B-splines are defined, they can be used to construct central spline filters,
which form the subject of this section.

A central spline filter convolves the function to be filtered against a central spline kernel that is a
linear combination of central B-splines (Definition 3.13, Proposition 3.14). A well-known example
of such a kernel is the symmetric central spline kernel, which has symmetrically distributed integer
nodes (Example 3.15, Figure 3.2). Another example is the one-sided central spline kernel, which
differs from the symmetric central spline kernel in that its (integer) nodes and are chosen such
that the kernel support is located on one side of the origin (Example 3.16, Figure 3.3). A variant
of this kernel is the shifted one-sided kernel, whose support is shifted towards the origin as far as
possible (Remark 3.17, Figure 3.4).
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An important property of a central spline kernel is that it reproduces polynomials up to a
certain degree (2r — 1 for symmetric kernels and 2r — 2 in general, with r as in Definition 3.13),
i.e. the convolution of the kernel with such a polynomial is equal to that polynomial itself (Propo-
sition 3.18, Proposition 3.19). This property plays an important role in the convergence analysis
in the next chapter.

The application of a central spline filter to a DG approximation is useful for four reasons. One:
the filter works as a smoothing operator in the following manner. In general, the convolution of
two functions is differentiable at least as many times as the sum of the differentiability orders of the
individual functions. As a consequence, the order of differentiability of the unfiltered function is
increased by at least the order of differentiability of the applied central B-splines (i.e. s —2). This
smootness-increasing property can be used to tackle the problematic effect of the discontinuous
nature of DG approximations along element boundaries on streamline visualisation techniques (cf.
Section 2.4).

Two: the filter can be used to extract derivatives of the solution (cf. Theorem 4.17 in the
next chapter). One of the research questions is whether it is possible to use this information in an
(implicit) ODE scheme that is particularly useful for streamline visualisation.

Three: the computational costs of the filtering of a DG approximation are relatively low for
two reasons. First of all, the filter needs to be applied only once, at the final time. Moreover, a
central spline kernel has compact support, so the convolution can be computed with the help of
small matrix-vector multiplications.

Four: although a central spline filter is independent of the underlying physics and numerics, it
can be shown that, for a certain class of problems, the convergence rate of the DG approximation
is at least preserved by the filter. This convergence-conserving property is obtained in the next
chepter (cf. Theorem 4.17).

The next section confirms the smoothness-increasing convergence-conserving nature of central
spline filters by means of a one-dimensional periodic linear example.

Definition 3.13 (Central spline kernel)
A central spline kernel K5o1a01:a2r-1} where s, 0,7 € Ny and where ¢, ..., g2,—1 € R are distinct
real nodes, is a linear combination of central B-splines (Definition 3.7) of the form:

2r—1
K50 {an, - qer- 1} Z o o{ar,....q2r— 1}1/)5 (z —qj), Vr € R, (3.13)
j=1

where the coefficients 'y” {ar,q2r -1}

linear system:

are the unique solution (cf. Proposition 3.14 below) to the

1, form=0

2r—1
o, {q1,.--,q2r—1} z7 de = ) 3.14
Z% /w € +q)™de = {0, for allm=1,...,2r — 2. (3.14)

Note that the matrix coefficients can be easily obtained by applying (the binomial theorem and)
Peano’s theorem (Theorem 3.3). In the remainder of this report, the following notation will be
tacitly assumed:

Krtanseri () = HK@ ot} (2 Vz € R, VH > 0.

See also [BS77, p. 98-101] and [CLSS03, p. 583,584]. 4

Proposition 3.14 (Existence and uniqueness of the kernel coefficients)

The system (3.14) is a non-singular linear system. Hence, the existence and uniqueness of the
kernel coefficients is guaranteed.

PROOF:

See also [BS76, Lemma 8.1]. First, define

/¢ )€+ q)™dg, Ym=0,...,2r — 2,
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K1.1,{0} K22{-10,1} K33{-2,-1,0,1,2}

1 1 1]
08 08 08
0.6 0.6 06
0.4 0.4 0.4
0.2 0.2 02

0 0 0
02 -2 0 2 4 02 -2 0 2 4 0y -2 0 2 4

Figure 3.2: Symmetric central spline kernels (Example 3.15): notice that, as the order increases,
the support and the smoothness of the symmetric central spline kernels increase.

KLL{-1} K22.(-3.-2,-1} J3:3,{~6,-5,—4,-3,-2}

20 20 20
15 15 15
10 10 10
5 5 5

0 OH/¥ 0
-5 -5 -5
-10 -10 -10
-15 -15 -15
20 20 20

8 -6 -4 2 0 8 -6 -4 0 8 % -4 -2 0

Figure 3.3: One-sided central spline kernels (Example 3.16): unlike symmetric kernels, one-sided
kernels have a support that is located on one side of the origin.

KLL{-3 K22{-3-2-1} K334-%.-%-%-5.-3}
10 10 10|
5 5 5
0 | Oﬂ# 0
-5 -5 -5
~10 -10 -10)
-8 -6 -4 -2 0 -8 -6 -4 -2 0 -8 -6 -4 2 0

Figure 3.4: Shifted one-sided central spline kernels (Remark 3.17): unlike the ‘ordinary’ one-sided
kernel, the shifted one-sided kernel has a support that is shifted towards the origin as far as
possible.
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and observe that p,,(¢q) is a monic polynomial of degree m, as the integral over a B-spline is equal
to 1 (cf. (3.4)). In other words, pm,(q) is of the form:

m—1
pm(q) = ™ + Z /\m7gl‘e, Ym=0,...,2r — 2. (3.15)
£=0

As a consequence, the matrix corresponding to the system (3.14) can also be written as follows:

[P (Qj)]mzo,...,zr—z,j:l,...,zr—l € RGr=bxGr=h),

That this system has linearly independent row vectors can be shown by means of reductio ad
absurdum. Suppose the contrary, i.e. suppose there exists M € {0, ..., 2r — 2} such that row M is
a linear combination of the other rows. This implies that there exist constants {Cy, }m=o,... 2r—2,
with Cp; = 0, such that:

2r—2
pu(g5) = > Compim(q;), Vi=1,..,2r—1
m=0

this can be rewritten using (3.15):

M—1 2r—2 m—1
B S v = (4 T aed). e
=0 m=0 £=0

Reordering gives:

M—1 2r—2 2r—2
qj” + Z Ade qf = Z (Ce + Z Cm/\m,e> Qf7 Vi=1,..,2r—1
=0 =0 m=0+1

Bringing all terms to one side yields:

M-1 2r—2
Z <Ce + Z CrnAm,e — )\M,€> (J§

£=0 m=~+1
-0
2r—2
+ (CM + Z CinAm, M — 1) q;w
m=M-+1
-0
2r—2 2r—2
+ ) <Ce+ 3 CmAm,e> ¢ =0, Vj=1,..2r — 1.
=M+1 m—t+1

=0

Since the nodes ¢, ..., g2,—1 are distinct reals, this polynomial of degree 2r — 2 in the variable g;
has more roots than its degree. Hence, all of the coefficients must be equal to zero, as indicated
in the equation above. This implies that

0= 027‘—27
0= Cor_3+ Cor_2X2r—22r—3 = Cop_3,

2r—2
0=Cpy1 + Z Cm Am,v+1 = Crr4a,
m=M+2
2r—2

0=Cu+ Y. CwnAmm—1=-L
-0 m=M-+1 -0
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Since a contradiction has been found, the original assumption must be false. As a consequence,
the system (3.14) has independent rows and must be non-singular. [

Example 3.15 (Symmetric central spline kernel)

The central spline kernel (Definition 3.13) K*{%=-7+i}i=1...2r—1 ig also known as the symmetric
central spline kernel.For s,o,r = 1, the system (3.14) is trivial, and the symmeric central spline
kernel reads:

K0 @) = 0! (2).

For s,0,r = 2, the system reads:

1 1 1 24-1.0.1) 1 24-1.0.1) a1
1 0 -1 ;,{71,0,1} — 1o - 37{*1,0,1} _ 12
71 7 _ _ 1
Tl y2A-101} 0 y2A-101} —

Substitution of these coeffcients into (3.13) yields the following symmetric central kernel:

Ly2@-1).

Kz,z,{—w,l}(x) - _ 1 P2 (x+1) + g ¥? () — 12

12

For an illustration, see Figure 3.2. J

Example 3.16 (One-sided central spline kernel)

The central spline kernel (Definition 3.13) Fsoda=~@r=D=5 J+i}i=1. 21 i5 also known as the
one-sided central spline kernel.For s, o, = 1, the system (3.14) is trivial, and the one-sided central
spline kernel reads:

KV (@) =t (z+1).

For s,0,r = 2, the system reads:

L1 1 2(-3,-2-1) ] 2{-3-2-1} 1
3 9 1 ;,{—3,—2,—1} — 1o - 22,{—37—27—1} — _LGE
55 25 7 _3_9_ _3_9_ 3
% 2% T 2A=3-21) 0 2821 &

After solving for the coefficients, the following one-sided central spline kernel is obtained:
11 1
K232 () = o V? (z+3) — g V¥ (z+2) + % Y? (z+1).

For an illustration, see Figure 3.3. a

Remark 3.17 (Shifted one-sided central spline kernel)

Note that the support of the one-sided central spline kernel (Example 3.16) is not as close to the
origin as possible, for odd values of r. Alternatively, one could use the following nodes, to ensure
that support of the kernel is shifted to the origin as far as possible:

qj=—(27”—1)—§+j, Vi=1,..,2r—1.

See Figure 3.4 for an illustration. J

Proposition 3.18 (Reproduction of polynomials)

The central spline kernel K *#141,-42r-1} (Definition 3.13) reproduces polynomials of degree 2r — 2
and lower in the sense that the convolution of the kernel with such a polynomial is equal to that
polynomial itself:

Ks,s,{q‘1,...,qzr_1} *p =p, Vp c 'PQT_Q(R).
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PROOF:
In favour of notational brevity, omit the nodes in the notation in the kernel (coefficients) from
here on. Using the functions {2™},,—0,. 2,—2 as basis for P?"~2(R), it suffices to show that

2r—1

/K” (x—&mdE = Z’yj/w E—qg)z=MdE=2", ¥Ym=0,...,2r—2. (3.16)

For m =0, (3.16) follows immediately from (3.14) for m = 0:

2r—1

Zvj/w € q)de=1.

For m =1,...,2r — 2, the claim is shown with the help of induction. Suppose that (3.16) is satisfied
up to m — 1. As a consequence,

2r—1

frr@u-arae=3 o [t ae-omas
2r—1
= Z’Yg/d’ R CE I
2r—1 -

—Zvj/w )@ — O™ e de.

Use (3.16) for m — 1:

2r—1

/K“ (z — &)™ dg =z Zv]/w € g)(@— & lede.

Define ¢’ = —¢:

2r—1

/}RKS’S(f)(x—E)mdﬁ =™ Z%/w (=€ = gj)(@ + )" ie de.

Using the binomial theorem:

2r—1

/Kss {E— df —™m Zﬂ _1_€ mlﬁz,yj/d} /€+1d£

Define {” = & +¢; and use the fact that a central B-spline is an even function (cf. Proposition 3.9):

2r—1

/]RKs,s(g)( f df —pm Z €| _1_8 me 1-¢ nyj/w // §/l+q)€+1d€l/

Applying (3.14) ends the proof. [

Proposition 3.19 (Reproduction of polynomials in the symmetric case)

The symmetric central spline kernel K5 145=="+i}i=1,.2r—1 (Example 3.15) reproduces polynomi-
als of degree 2r — 1 or lower in the sense that the convolution of the kernel with such a polynomial
is equal to that polynomial itself:

Kssla=—r+iti=1. 2r1 *xp=Dp, Vp € PTL(R).
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PROOF:
With the help of the binomial theorem and the symmetry of the nodes it can be shown that

2r—1

Z ,.y;!{‘b':77"+]}j=l,.,.,27"71 / ¢S(€H)(§N _|_qj)2r—1 df” -0.
j=1 R
Using this result, the claim is obtained by following the proof of Proposition 3.18. [

3.5 Central spline filtering of the DG approximation for a
one-dimensional linear periodic problem

The previous section introduced central spline kernels to enhance the smoothness while conserving
the convergence. This section discusses some computational aspects and the performance for a
one-dimensional periodic linear problem.

To compute the filtered DG approximation for such a problem, the convolution with the central
spline kernel is rewritten as a linear combination of convolutions with central B-splines (Exam-
ple 3.20). An illustration of the performance of the symmetric and the one-sided central spline
filter for this problem at the initial time can be found in Figure 3.5 and Figure 3.6. The large
improvement in the convergence rate is due to the fact that the underlying mesh is equidistant
[CLSS03, p. 585, 590]. Furthermore, Figure 3.6 emphasizes that improvement/conservation of
the convergence rate does not necessarily lead to improvement/conservation of the absolute error.
Nevertheless, both figures confirm the theory that the smoothness is enhanced, regardless of the
filtering type or the underlying DG approximation (cf. Section 3.4).

Figure 3.7 illustrates the performance of the symmetric central spline filter for the same problem
at time ¢t = 2w. The effect of time-stepping errors on the convergence rate of the filtered DG
approximation becomes clear by comparing this figure to Figure 3.5. It should be noted that the
convergence analysis in present literature relies on exact time integration. Thus, current theory
on the convergence rate is no longer valid once a discrete time-stepping scheme is used in the DG
approximation. However, as before, this should and indeed does not effect the smoothness of the
filtered DG approximation.

Altogether, the test cases in this section confirm the smoothness-increasing convergence-conserving
properties of central spline filters. The next section considers the consequences of the smoothing
effect of central spline filtering for streamline visualisation.

Example 3.20 (Computational aspects)

Consider Example 2.8 for an equidistant mesh with constant element width h. Let u;, € ’Pfch (X)
denote the DG approximation at a certain time. Its (weak) derivative of order @ € Ny can
be filtered with the help of the central spline kernel KZ’S“X’{Q“'”’Q”*} (Definition 3.13, and
Theorem 4.17 in the next chapter). Here, it will be assumed that the nodes ¢1 < ... < go,—1 take
subsequent integer values. For z € X, with ¢ € I, the filtered derivative (D%uy)” is obtained as
follows (in favour of notational brevity, the nodes {qi, ..., g2r—1} are omitted in the notation of the
kernel (coefficients) from here on):

(D%up)* (x) = (K;° " % Ofup) (v) = (O Ky < up) (2)

Expand the central difference quotient:

«

1 ol

(D*w)* (@) =3 32V o=

J=0
/RKZ’SJ”“ (x n (% - J) h— g) up (€) de.

Next, exploit the fact that the support of the integrand is contained in a finite number of elements
(whenever information outside the domain is required, the periodic boundary conditions should
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actually be taken into account, which is not included in the notation here for the sake of simplicity):

a @, =a+[$—-T]-|n—%] ol
(Dup)" (@) =) > e YV G

I=0j=qa,:=q+| -] —[a2r-1+%]

/K“m +(5-7)h—g)uh (€ de.

Switch to the unscaled kernel:

« b 5

a!
(D® Z Z ho“r1 a— JH)J!

J=0j=qa,

/X (ﬂfﬂ%j)h—f)m

Write the DG solution as a linear combination of monomials (cf. (2.9)) and the kernel as a linear
combination of B-splines (cf. (3.13)):

@ k al
Dru =2, 2 2. 2 Y 0

4
+m.+é
2

for(aonn-g ) (et
/Xw< - qm> - ;

—x—(2—J)hn
Define &' = gza—(3-I)h ~+ @m, apply a change of variables, and use the symmetry of the B-splines:

h
o qb 5 k 2r—1 1 al
e * _ = (_ j, 4 s+a
J=0j=4qa; ¢=0 m=1
L
F, 1 —e—(§=T)h)+am r4+ (2 —J)Vh— Ti-3 e
[ v () ¢ - g+ DI T ) e
%(m]ié—x—(%—(])h)+qm

The integral in this last expression can be computed exactly, e.g. with the help of Gaussian
quadrature. J

3.6 Consequences for streamline visualisation

The previous section illustrated the smoothness-increasing convergence-conserving nature of cen-
tral spline filters. Now, it is time to consider the consequences for streamline visualisation.

Steffen et al. [SCKRO0S8, Section 6] have applied a two-dimensional symmetric central spline
filter to a DG approximation of a vector field, prior to the ODE solver that computes the corre-
sponding streamlines. They observed both a reduction in the costs of the streamline visualisation
and an error improvement (Figure 3.8). However, there are also two drawbacks of their approach.
The first is that the current multi-dimensional central spline filters are only applicable for quadri-
lateral meshes. It is one of the main goals of this research to make the filters suitable for triangular
meshes. The second is that the symmetric filter cannot be applied near the boundary of the spatial
domain.

The one-sided kernel provides options to tackle both these issues. First of all, unlike the sym-
metric filter, the one-sided filter can enhance the accuracy of streamline visualisation techniques
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Figure 3.8: Enhancement of streamline accuracy through two-dimensional symmetric central spline
filtering as published in [SCKRO08]: The arrows display the directional field of the underlying
vector field. The plot shows exact streamlines of the original vector field (black lines under red
lines), streamlines of the L£2-projected field (blue lines under red lines), and streamlines of the
L2-projected field after filtering (red lines). The seeding points of the streamlines are indicated
by circles. All streamlines were calculated using RK-4/5 with an error tolerance of 1075, Observe
that the main differences in the computations occur near critical points. For more details, see
[SCKROS].

in a backward one-dimensional manner along the streamline, as was proposed by Walfish et al.
[WRKHO09]. Note that the symmetric central spline kernel would be practically unsuitable for this
approach: it would require points on the streamline that are yet to be computed with the ODE
solver. This issue is illustrated in Figure 3.9. Nevertheless, this alternative approach introduces
new difficulties. First of all, in order to filter along the streamline, the known discrete data on
the streamline need to be interpolated in order to compute the convolution. The effect of the
corresponding error on the filtering is currently unknown. Furthermore, it is not certain that the
error estimations for a one-dimensional central spline filter remain valid along an arbitrary curve
in a two-dimensional domain.

Second of all, unlike the symmetric filter, the one-sided filter can be applied near boundaries.
Unfortunately, this leads to new difficulty: the one-sided filter is inconsistent with Dirichlet bound-
ary conditions in the sense that the filtered boundary value is generally not equal to the unfiltered
boundary value. To illustrate the seriousness of this issue, consider the velocity profile around an
airfoil. At the surface of the airfoil, the velocity perpendicular to the surface must be equal to
zero. If the filter does not respect this boundary condition, a streamline that is computed from
the filtered DG approximation might go through the boundary, which is physically impossible.
The question is whether it is possible to construct a spline filtering strategy that is consistent with
the boundary conditions. Most likely, this will require the use of different kernels throughout the
domain that converge to a Dirac distribution towards the boundary of the domain. A non-smooth
variation in the kernels could introduce non-smoothness in the filtered solution (cf. [RSA05, Figure
4.2)).

Altogether, this research will mainly focus on a spline filtering stratey that is consistent with
the boundary conditions, and that can be applied for triangular meshes.

3.7 Conclusion
The lack of smoothness of a DG approximation can hamper its visualisation in the form of stream-

lines. This problem can be tackled through central spline filtering. A central spline filter convolves
the function to be filtered against a central spline kernel, which is a linear combination of central
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Figure 3.9: The one-sided central spline filter can enhance the accuracy of streamline visualisation
techniques with a one-dimensional approach. The symmetric filter would require unknown data.

B-splines. The filter enhances the smoothness in the sense that the filtered solution is at least
differentiable up to the order of the central B-splines minus two. This benefits the accuracy of
streamline visualisation. Additionally, a reduction of oscillations in the error is observed. Unfor-
tunately, present spline filters can only be applied for quadrilateral meshes, and are either not
applicable near the boundary or inconsistent with the boundary conditions. This research seeks
to overcome these difficulties.



Chapter 4

Conserving the convergence

4.1 Introduction

The previous chapter introduced smoothness-increasing convergence-conserving central spline fil-
ters to improve the accuracy of streamline visualisations of DG approximations. This chapter
proves the fact that these filters are indeed convergence-conserving for a certain class of prob-
lems. It provides a (derivative) error estimation for DG approximations based on the first-order
upwind flux and exact time integration on one-dimensional non-equidistant meshes for periodic
linear hyperbolic equations with a sufficiently smooth exact solution. A more general result that
also applies for multi-dimensional quadrilateral meshes has been shown by Cockburn et al. in
[CLSS03].

The derivation of the error estimate makes use of (negative-order) Sobolev norms and the
Brambe-Hilbert Lemma (Section 4.2). After an intermediate (derivative) error estimation for an
arbitrary filtered £2-function has been given (Section 4.3), the estimation can be refined by making
use of the characteristics of the DG scheme under consideration (Section 4.4). Finally, a conclusion
is given (Section 4.5).

4.2 Auxiliary theory

Both the intermediate error estimation for arbitrary filtered £2-functions and the final error es-
timation for filtered DG approximations, which are discussed in the next two sections, make use
of properties of (negative-order) Sobolev norms and the Bramble-Hilbert Lemma. Therefore, this
auxiliary theory is discussed first in this section.

The derivation often makes use of the possibilty to switch between different types of (negative-
order) Sobolev norms (Proposition 4.2). Moreover, it applies an estimation of the £2-norm
of a smooth function in terms of sums of negative-order norms of derivatives of that function
(Lemma 4.3).

The derivation also uses the Bramble-Hilbert Lemma (Lemma 4.4), which implies a convenient
estimation for a certain class of bounded linear functionals that are zero when evaluated in a
polynomial of sufficiently low degree (Proposition 4.5). This implication can be used to estimate
the error in (piecewise) polynomial projections (Proposition 4.6, Corollary 4.7). Furthermore,
it will be used in the next section to exploit the fact that a central spline kernel reproduces
polynomials up to a certain degree.

Now that certain properties of Sobolev norms and the Bramble-Hilbert Lemma and its conse-
quences have been discussed, these elements can be applied to obtain the error estimations in the
next two sections.
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Notation 4.1 ((Negative-order) Sobolev norms)
Consider Notation 2.1. For any domain X C R, consider the Sobolev norm:

1
2

q
lull, x = <Z/ | DIu(z)|® dx) : Yu € WT2(X), Vg € No.
j=0"X

Here, Dv denotes the weak derivative of v. Moreover, for any open domain X C R, define the
negative-order Sobolev norm:

U, v
full -, x = sup < >X, Yu € £2(X), Vg € Np.

’ vECS (X) HUHq,X
Additionally, for all H > 0, and let dy denote the central difference quotient (Notation 3.1).
Finally, the symbol &€ should be interpreted to mean “is a subset of a compact subset of the
interior of”. a

Proposition 4.2 (Switching between different types of Sobolev norms)
Consider Notation 4.1 and let Xg C X; C R. Then, for all ¢ € Ny

lullg,x, < llullgyr x, - Yu e WHH2(X), (4.1)
Nl o1 x, < lull g x, Vu € L2(X,), Xo, X1 open, (4.2)
lullg,x, < llullgx, Yu € W(X1), (4.3)
|‘U|Lq,xo < ||u|\7q}X1 , Vu € L2(X), Xo, X1 open. (4.4)

PROOF:
The first and third equation follow from the definition of the Sobolev norm. The second equation
can be shown using the first:

U,V u,v
ull,_1x = sup Q< sup @zﬂuﬂﬂzx, Vu e £L2(X), VqeN.

vECE (X) ||qu+1,X vECE (X) ||U||q,x
The fourth equation is obtained as follows:
(u,v) x, (u,v) x,
—=2 = sup

axo  veer(xy), 1vllgx,
supp(v) €Xo

lull _yx, = sup
2%Xo vee (Xo) Y]

U, v
< sup g = [lull_, x, » Yu € L2(X1), Vq € No,

veCH® (X1) H’UH(LXl
which completes the proof. [

Lemma 4.3 (Switching from the £2-norm to negative-order norm)
Consider Notation 4.1. Let Xg € X; C R with X; open and bounded. Furthermore, let u €
W22(X1). Then, for all ¢ € Ny, there exists a constant C' > 0 (independent of u) such that:

q
||uHo,X0 < CZ HDJ“H—q,Xl :

J=0

ProOF:
See [BS77, Lemma 4.2]. n

Lemma 4.4 (Bramble-Hilbert Lemma (special case))
Let X C R be an interval of length 1 and let ¢ € Ny. Then,

inf w4 plly4x < Cl|DTH Yu € W2 (X),

pePi(X) “HO,X’

for some constant C' > 0 (independent of u).
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PROOF:
A far more general result is shown in [BH70, Theorem 1] and [BH71, Theorem 1]. L]

Proposition 4.5 (A consequence of the Bramble-Hilbert Lemma)
Let ¢ € Ny. Furthermore, for all € Xy C R and for all bounded intervals X C R, consider a
bounded linear functional F, x : W9T12(X) — R such that

F, x(p) =0, Vp € PY(X), Vr € X, (4.5)
and
sup |Fp x(u)| < oo, Yu € Wq“’Q(X). (4.6)
xeXo
Then,

|Fy x ()] < C[X]7F7 || D7+ Vu € WIH2(X), Vo € Xo.

U’HO,X’

for some constant C' > 0 (independent of u, x, and X). Here, | X| denotes the length of the interval
X.

PROOF:

First, consider the case X = [0, 1]. Because of (4.5),

|Fa:,[0,1] (u)| = ;D€7i3r‘§{0 " |FI7[0’1] (u +p)| , Vu € WITH2(0, 1], Vo € Xo.

By (4.6) and because F}, [o,1] is a bounded linear functional for all x € X, the principle of uniform
boundedness [Con85, p. 98] implies that there exists a constant C' > 0 (independent of x and u)
such that

|Fe0.1)(w)| < Cllullyiy o Vu € WItHL2(0, 1], Vo € Xo.
Substitution yields:

‘Fm,[o,l] (U)‘ < Cpe},{}fo?l] [+ pllg41, 10,1

Application of the Bramble-Hilbert Lemma (Lemma 4.4) now completes the proof for X = [0, 1].
Next, consider arbitrary X. Let x, denote the left endpoint of X. Moreover, for all u € Wit1:2(X),
define v, € W3t1:2[0, 1] such that

T — g
u(x) = vy <—) , Vr e X.
| X|

Next, observe that

2
[Fo x (u)[* = | Fazza fo.1)(00)

< |prin?,

0,1]

1
—c? | |prtiu, (o)) d
/0| va6)] de
1 Za+|X| f—x
:CQ_ Dq+1 u 2
|X|/ma ( “)( |X] )

= %X 2“1/ ’D‘I“ (vu ( “) )
X x|

2 v 201 TatlX| a+1 2
=C7|X]| | DT (€)]” dg

Za

2
dg

2

d¢g

= C2 X[ [ DT |y Yu e WIHLA(X), Ve X.

Taking the square root completes the proof. [
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Proposition 4.6 (Polynomial projection)
Consider Notation 2.6 and let X, = [z4,2, + h] C R be a bounded interval of length h > 0.
Furthermore, let £ > 0. Then,

lu=Pprcxull, x, < CH D Ve WHI(X,)

uHo,Xh ’

for some constant C' > 0 (independent of i and u).

PROOF:

For all z € X}, and for all h > 0, define functionals F, x, : W**1.2(X},) — R such that
Fo x, (u) = (u—Ppr(x,u) (z), Yu e WHL2(X,), Vo € Xp.

Note that |Fy x, (u)| is a continuous function of = on a bounded interval since any weakly differ-
entiable function on a bounded domain can be identified with its continuous version [Eva98, p.
269]. Next, apply Proposition 4.5 to obtain a constant C' > 0 (independent of u, x, and h) such
that

|Fy i, (w)]* < C2RPY|[ DM Yu € WEHL2(X),), Yz € Xp. (4.7)
Hence,
|lu — Ppr uH2 = |y x, (w)]? da
P (Xh) O,Xh X% I,Xh
h
_ 27 2k+1 || Hk+1, ||2
< [ D, o
Xn
— C2p2k+2 HDk+1u||§ - Yu € WHHL2 (X)),
Taking the square root completes the proof. [

Corollary 4.7 (Piecewise polynomial projection)
Consider Notation 2.6. Consider a domain X C R and amesh &, = {X; C X },crcz with elements
with maximum diameter A > 0. Furthermore, let £ > 0. Then,

k+1 k+1,2
Hu - PPQ}L(X)UHO’X < CR* U Jull, Yu € WEHL2(X),

for some constant C' > 0 (independent of h and w).

PROOF:
Observe that the projection on the space of piecewise polynomials is equivalent to the elementwise
projection on regular polynomial spaces:

HU - prfh (X)u = Z ||U|X.7‘ - PP’“(XJ)U|X.7‘ ||(2),Xj ’ Vu € WHTA(X).
Jjel

0,X

Note that the spatial domain should not be subdivided into subdomains other than the mesh
elements. Apply Proposition 4.6 for each element to complete the proof. [

4.3 Error estimation for filtered functions in general

Now that sufficient auxiliary theory has been discussed, this section derives a (derivative) error
estimation for a general class of functions to which a central spline filter has been applied.

The main result is an estimation for the £2-norm of the difference of (the weak derivative
of) a Sobolev function and its filtered counterpart in terms of (negative-order) Sobolev norms
(Theorem 4.8). The proof is based on the fact that a central spline kernel reproduces polynomials
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up to a certain degree (Lemma 4.9 ), and the fact that derivatives of central B-splines can be
expressed in terms of central difference quotients of lower order B-splines (Lemma 4.10).

In this section, the error estimation is still indepenent of the underlying physics and numerics.
The next section discusses a refinement of this result for DG approximations for a one-dimensional
periodic linear problem.

Theorem 4.8 (Error estimation for filtered functions in general)

Consider Notation 4.1 and a domain X C R. Let K$sto{a,a2r—1} he a central spline kernel
(Definition 3.13), where o € Ny and s, € Ny. Furthermore, suppose that u, € £2(X) is an
approximation to an exact solution u € W? ~1+%2(X). Moreover, choose Hy > 0, and let Xy C
X1 C X and Xg € X5 € X3 C Xy C X such that Xy and X; are bounded intervals, and X5 and
X3 are open, and, for all H € (0, Hp] and for all m =1, ...,2r — 1,

Xy — supp (K;I,s-l—a,{(h,...,qm—l}) C X, (4.8)
X, — supp (K;{+Q,S+a,{q1;~~~;q2'r—1}) C X (4.9)
H H
X4 —supp (V) — qm + [—a?, aE} C X, (4.10)
Xop € Xo, (4.11)
X2—Supp( ;;j) C X, Vji=0,..,s—1 (4.12)
H H

Then, there exists a constant C' > 0 (independent of w, uj, and H) such that

Doz _ Ks,8+a,{q1,m,q27~f1} 8(){ H <

H u H * Ogup 0.0 =

C(Hzr—l [/ r— +ZH3§Q(U—%)H . ) VH € (0, Ho).
=0 —S5,43

PROOF:

See also [BS77, Theorem 1], [CLSS03, Theorem 3.1, Section 4.1], and [Tho77, Theorem 1]. In
favour of notational brevity, the nodes {qi, ..., g2r—1} are omitted in the notation. First, apply the
triangle inequality and (4.8):

1D%u = K3 x 0funllg x, < 1D = K3 x 0fyully x, + ([ K57 % 05 (u = un),

Because the kernel is a linear combination of central B-splines, Proposition 3.12 in combination
with (4.9) implies:

de Ks-l—oz,s—i—a
(Kzs+a *8?[714) (x) — ( H dma *U)(x) _ (K;{+a,8+a *Dau) (IE), vx c XO'

Substitution into the first term on the right hand side above gives:
D% B ], < D% K5 Do+ 5 w0 ),

The second term in the right hand side can be estimated as follows. First, write out the kernel
explicitly, exploit the fact that the kernel is a linear combination of B-splines once more, and apply
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a coordinate transformation:

2r—1

(4.10)
AR TURTS| N DL 31 (E = qm) 5 (u — un) (& — €) d€ da
m=1 Xo /supp(¥®)+qm

2r—1

= hfn*“l/ / B ()05 (u— un)(@ — g — £) dE da
m—1 Xo Jsupp(y*)
2r—1

< S Pt 1 o™l
m=1

where, for all m = 1,...,2r — 1, the function v™ € £2(X,) is defined such that v™(z) := 9% (u —
up)(z — ¢m) for all z € X4. Next, apply Lemma 4.10, using (4.11), (4.12), and (4.13), to complete
the estimation of the second term. The first term can be estimated by applying Lemma 4.9,
using (4.9), to the function D% € W?"~12(R), since the kernel Kstaste{a,azr-1} yeproduces
polynomials of degree 2r — 2 according to Proposition 3.18. Observing that [[D%ull,, ; y, <
1llgy—1 40 x, completes the proof. ]

Lemma 4.9 (Estimating the first term)
Consider Notation 4.1. Let X C R be a domain and let v € W?t12(X). Furthermore, let
K € CY(R) be a function that reproduces polynomials of degree g in the sense that
Kxp=p, Vp € PY(R).
Additionally, for all H > 0, define Ky € C§(R) such that
1 z
Ki(w) = K (ﬁ) Vz € R.
Moreover, choose Hy > 0, and let Xy, X7 € X be bounded intervals such that

Xo —supp (Kpy) C Xy, VH € (0, Hy). (4.14)
Then, there exists a constant C > 0 (independent of u and H) such that:

lu — Kt ullg x, < Cllul HIHL, VH € (0, Hy).

q+1,X1

PROOF:
For all z € X and for all H > 0, define X, i := o — supp (Ky) and define linear functionals
Fux, n : WTTH2(X, ) — R such that

Fo x, y(v) =v(z) — / Kg(&v(z — &) d¢, vz € X, Yo € WITE2 (X, 7).
supp(Km)

Note that ‘Fw Xooar (v)| is a continuous function of x on the bounded interval Xy, since any weakly
differentiable function on a bounded domain can be identified with its continuous version [Eva9s,
p. 269]. Next, apply Proposition 4.5 to obtain a constant C; > 0 (independent of v, z, and H)
such that

Fexew@ <O X u DI 0]0 0 VaeXo, Yo e WX, p).

s

Hence,

2 2
||u—KH*u||O7X0=/X | Fo 5, (u)] d
0

< cf/x X [P [ DT d
0

< Cf [supp (KH)IQ"“/ / |Du(6)]? d¢dw, VH € (0, Ho.
Xo Jz—supp(Kp)
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Apply a coordinate transformation, Fubini’s Theorem, and another coordinate transformation:
2 2 2
lu — K *ullg , < CF supp (Ku)| q“/ / | DT (e + 2)|” d¢' da
i Xo J —supp(Kn)

< OF |supp (Ka) 2" /

/ | DI (e + a)|* dwde’
supp(Kn) J Xo

< Cf |supp (KH)|2q+1/

—supp(Kn)

/ |Dq+1u(a:')|2 da’ d¢’
§'+Xo

Taking the supreme over all £, this becomes:

||u—_K'H*u||§_XO < C? |supp (KH)|2(I+2 sup / }D‘”lu(x’)}Q da’
’ &' e—supp(Ku) J&+Xo
< C2 supp (1) 1+ | D7) dr', VH € (0,Hyl
—supp(Ku)+Xo
Observing that |supp (Kg)| = |supp (K)| H and using (4.14) gives:
HU' — Ky« UHS . < 012 |supp (K)|2q+2 H2q+2 / |D(I+1U,(x')|2 dz’
’ 7.02 Xl
< C?|ull2, x, H?H2, VH € (0, Ho).

Taking the square root completes the proof. [

Lemma 4.10 (Estimating the second term)
Consider Notation 4.1, let X, C R, choose Hy > 0 and domains Xg C Xy C X3 C X4 such that
X2 and X3 are open, as before, and, for all VH € (0, Hy|:

Xo € XQ, (415)
X5 — supp (w;;j) C X, Vi=0,..5—1 (4.16)
H H

Furthermore, let u € £2(X4) and let ©° be a central B-spline (Definition 3.7). Then, there exists
a constant C' > 0 (independent of u and H) such that

) VH € (O,H()]
7S,X3

S
g * g, < C D |
j=0

PROOF:

See also [BS77, Theorem 1] and [CLSS03, p. 591, 592]. Start by considering the case X, = R.
First, the claim is shown for functions u € C§°(R). Subsequent application of Lemma 4.3 and
Proposition 3.12 gives:

(4.15) s )
[0 *ullx, < CY D7 Wi*w)|_, «

=0

— O3 |[w i
§=0

2

: VH > 0. (4.18)
7S,X2
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Next, use the definition of the negative-order norm, Fubini’s theorem, and a coordinate transfor-
mation subsequently:

s o]
Jxa Jowpp(usrs) Vu H(©Hu(x — &) d v(x) da
= sup
vEC (X2) ||U||s,X2
J—— 7O [y, Oulz — Ov(z) dw dé
= sup
vEC (X2) ||U||9 , X
fsupp(ws fXg 8%[“’ (.23 + f) dz dg§
= sup , VH>0, Vj=0,..,s—1.
veCs (Xs) ol x,

Now, take the supremum inside the integral, change the space of test functions, and use the
definition of the negative order norm:

v < oan] s,

. O u(z)v(z +¢&)dx
</ i) sp LA
supp(wg 7) veCE (X2) ||U||S7X2

o Jx,— &u(z)v(z) de
=[O sw el a
supp(wifj) vECH® (X2—¢) HUHS,XQ—E

- /mppw KAl |24

Estimate the negative order norm and use the fact that the integral over a B-spline is equal to 1
(cf. Proposition 3.6):

(4.16),(4.4) o ,
< / (&) H@%u‘
Xz supp(¥3;7)

_Ha;,uH . VH € (0,Ho], Vj=0,..s—1.
e

de, VH >0, VYj=0,..s—1.
78,X27€

d¢

s—J J
Y3 7 x O u‘
H H H 7S,X3

Substitution of this result into (4.18) gives, for all u € C§°(R):

[ ullpr <CY H%u” o VH e (0, Ho). (4.19)
=0 e

For general functions u € £?(R), the claim can be shown as follows. As the space C$°(R) lies dense
in £?(R) with respect to the norm ||.||q p, for any v € C3°(R), the following estimate is obtained
using the triangle inequality:

[ *ullg x, = Vi * (uw—v+v)ly x,

< [P (w = 0)llo x, + 195 % vllo, x,

(4.3)
< o+ (u=v)llor + 195 * vl x, » VH € (0, Ho.
Applying Young’s inequality for convolutions to the first term and (4.19) to the second implies:

—5,X3

i v ullg < [ V) de = vloq + € o]

=1

= lon + €30 0wt u)

=0

’ VH € (OaHO]
7S,X3
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Applying the triangle inequality and estimating the negative-order norm yields:

—S,X3

50 > wllog < lu = vl + O [0h -+ [k
=0 e =0

(4.4) s )
< Ju=vloz+C> [0 (0=
§=0

—s,

[P H Hyl.
NCJZOHC?H“H_S,XS’ VH € (0, Ho)

The divided difference can be rewritten as follows:

p Je (@@t = ) wi)de

[0ru|| 5 =
R wC® (R) H”st,R
2 [ou (z)w(x) dz
o 2@
wC® (R) H Hst,R
2
= Il om VH >0, Yo' e L3(R). (4.20)

This implies:

. s 2 7 s )
165 % ully g < llu—vllgg +CS <ﬁ) lo=ull_or+C|0hu| . vHe@©H).
=0 =0 o
Apply (4.2) to estimate the negative-order norms in terms of £2-norms:
s 2 7 s )
il < hu=olln+ €3 (2) o= ulla+ €3 o4 v € 0.0
=0 §=0 o

The first two terms become arbitrarily small, as the space C§°(R) lies dense in £2(R) with respect
to the norm |||, which completes the proof for X4 = R. Next, consider general X4 C R and
let u € £2(X,). Define v € L2(R) such that v|x, = u. Applying the result for functions in £2(R)
gives:

Ity % llx, 2 /X 0 / o Vi (©ule — ) de da = gy + vl x,

T (417) o= || g
SN L IO LT H & (0, ),
< Z v v, C’Z Oyu e, VH € (0, Hy]
j=0 j=0
which completes the proof. [

4.4 FError estimation for filtered DG approximations

The previous section derived a (derivative) error estimation for a general class of functions to
which a central spline filter has been applied. This section uses the characteristics of the DG
method to refine this error estimation for DG approximations.

The main challenge of this section is to find an estimate for the negative-order norm of the
central difference quotient of the difference between the filtered and the unfiltered function (cf.
Theorem 4.8). To obtain this result, first, an auxiliary estimation is derived using the linearity
and the periodicity of the hyperbolic problem under consideration (Lemma 4.12). This estimation
contains the sum of three terms, which are estimated by three lemmas (Lemma 4.13, Lemma 4.14,
and Lemma 4.15). These lemmas make use of the characteristics of the DG scheme and the fact
that the £2-projection of a function on a polynomial space is close to its unprojected counterpart.
After that, the required estimation for the negative-order norm of the central difference quotient
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is obtained (Theorem 4.16). By combining this result with Theorem 4.8, the final (derivative)
error estimation for DG approximations is obtained (Theorem 4.17). This result holds for DG
approximations based on the first-order upwind flux and exact time integration on one-dimensional
non-equidistant meshes for periodic linear hyperbolic equations with a sufficiently smooth exact
solution.

From this error estimation four conclusions can be drawn. One: for any B-spline order, i.e. for
any required order of differentiability of the filtered DG approximation, there exists a number of
nodes for which the corresponding central spline filter at least conserves the convergence rate of the
DG approximation, i.e. k+ 1. Two: as the number of nodes tends to infinity, the convergence rate
of the filtered DG approximation approaches 2k + 1, which is the same order as for equidistant
meshes with 2k + 1 nodes [CJST98, p. 585]. Three: for larger numbers of k, fewer nodes are
required then are traditionally being used (Remark 4.18). Four: these three conclusions also
apply for the extraction of an approximation of the derivatives of the exact solution from its DG
approximation through central spline filtering. The question is whether it is possible to use such
derivative information in an ODE solver that is particularly suitable for streamline visualisation.

Notation 4.11 (Linear hyperbolic problem)
Consider Notation 2.6, Notation 4.1 and Example 2.8 for u € C*(T, W*™2(X)) and rewrite the
DG scheme (2.7) as follows:

<%(t)7v>X + B(un(t),v) =0, Yo € PY (X)), (4.21)

where B : Cy, (X) x Ck, (X) — X is the following bilinear form:

B(w,v) :Z <<—cwj,%>x + [cwj vj]mHl + -—cwj/_lvj}

jel i LR i-%

. . avj . . r .,71 .
—Z<<w1,—c%>x +[cwjvj]w_ + _—cwj UJ]

1
. ity
J 2

owl , y 1
— J J I =1y 7
<<c el > j + [c(w w THw I ) (4.24)

The third equation can de derived using integration by parts. Moreover, for all w € C3°(int(X)),
let v, € Ct (T7 C>(X )) satisfy periodic boundary conditions and:

vy Oy (1)
= T 4.2
5 (t)+c o 0, vVteT, (4.25)
vy (ty) = w, (4.26)
which is also referred to as the dual problem. J

Lemma 4.12 (Auxiliary estimate with three terms)
Consider Notation 4.11. Then,

(u(ty) —un(ts), w) x = (ulta) — un(ta), vuw(ta)) x

_ /: <<%(t),vw(t) - v(t)>X + B(un(t), v, (t) — v(t))) dat
- (w2 0) - Bty )

for all v : T — P% (X) and for all w € C§°(int(X)).
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PROOF:
See also [CLSS03, p. 588]. First, apply (4.26):

(u(t) — un(ts), w) x = (u(ts), vuw(ts)) x — (un(ts), vw(ts)) x

Apply (2.5) together with (4.25) and the periodic boundary conditions to the first term, and the
Fundamental Theorem of Calculus to the second:

G, <uh’ vw>X

<u(tb) - uh(tb)a w>x = <u(ta)vvuf(ta)>X - <uh(ta)vvuf(ta)>x _/t T(t) dt

t a <U'h7 Uw>X

= <u(ta) - uh(ta)a Vw (ta)>X - / T(t) dt.

= (u(ty) — un(ta), Uw(ta)>X a

[ (e} + (. 220) Ya

Use (4.21) to obtain, for all v: T — P% (X):
8uh

/tt <%(t),vw(t)>x dt :/tt S (1), vu(1) — v(t)>X at

(
(421 /tth <%(t>,vw(t)—v(t)>x dt—/tthB(uh(t),v(t)) dt
(

+
T

Substitution of this result completes the proof. [

Lemma 4.13 (Estimating the first term: projection )
Consider Notation 4.11. Then, there exists a constant C > 0 (independent of u, up, w, and h)
such that:

[(u(ta) — un(ta), vu(ta)) x| < Clluta)llpy x lwllypy x 22, VR >0, Vw e C°(int(X)).
PROOF:

See also [CLSS03, p. 589, 592, 593]. Because up(tq) = Ppe (x) (u(ta)),
h

<u(ta) — uh(ta)aPPLzh (X) (U“’(t“))>x =0

Use this result together with the Cauchy-Schwartz inequality:
(u(ta) — un(ta), vuw(ta)) x| = ‘<u(ta) — up(ta), vw(ta) — ]PPfY'h(X) (UU)(ta)) >X‘

Vw (ta) - Pp;c{h(x) (Uu)(ta)) H . (427)

< lu(te) — un(ta)llo x 0,X

Because up(t,) = Ppr (x) (u(ta)), it follows from Corollary 4.7 that there exists a constant C; > 0
h
such that

luta) = un(ta)lo.x <CLh* ™ luta)llys x -

Similarly, there exists a constant C such that

UU,(ta) - pr’)c{h (X) ('Uw(ta)) HO x SCQhk-i—l HUU)(t(l)HkJrl,X :
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As vy (t,) is a periodic translation of vy, (), their Sobolev norms are equal:

(4.26)
||Uw(ta)||k+1,X = ”Uw(tb)HlH-l,X = ||wHk+1,X'

Substitution of these results into (4.27) ends the proof. ]

Lemma 4.14 (Estimating the second term: residual )
Consider Notation 4.11, and suppose that u € W*T12(X). Then, there exists a constant C' > 0
(independent of u, up, w, and h) and a function v : T — ’Pf@h (X) such that:

X 1,X k+1

PROOF:
See also [CLSS03, p. 589, 592, 593]. Note that:

<%(t),vw(t) - v(t)>X + B(un(t), vu(t) — v(t)) (4.24)
Z <<8gj; (t) + c%wi@) _ vj(t)>

+ [e(uh(®) =l 7 B) (vl (1) = ' (1) ]

X
T .

Next, choose v(t) := Ppr vy(t), for all t € T'. Because un(t) € P% (X) for all t € T, the inner
8 ,
product above is then equal to zero:

<%(t),vw(t) - v(t)>X + B(un(t), v, (t) — v(t))
=3 [elwho — " 0) (b0~ )]

jel i3

Integrate over time and apply the Cauchy-Schwarz inequality:
t, o
/ (<%(t), Uy (t) — v(t)> + B(un(t), v (t) — v(t))) dt‘ <
ta X

</f Z —u?fl(t)) "H ) </t > [l (1) — it }2,7_%>é- (4.28)

a jel jel

The second term can be estimated as follows. First, apply (4.7) to obtain a constant Cy > 0
(independent of v, and h) such that

[, () =7 (t)]

J—

< Coh*+z [[vw Hk+1,Xj

=

Take the square and sum over all of the elements:

3 [vh (1) — (1)

jer 7

<GP vl gy x -

Nf=



4.4 Error estimation for filtered DG approximations 43

To estimate the first term in (4.28), proceed as follows. First, use the triangle inequality:

<le uh(t)—IP)p;;(huj(t)L 1+C{Pp§hu3 1(t)—u;*1(t)} 1
i=3 ) Ti-d
+|e [Py, wi(t) — (1)) |+ e [ 71 (t) — Ppg w1 (1) 1
] mj*é ) ’I'J7§
+e [uﬂ'(t) —uf’—l(t)} , vjel
l'j7%

The second and third terms can be estimated with the help of Proposition 4.5. The last term
vanishes, because the exact solution is continuous.:

¢ [ul () — uf 7 (1)]

T .
i1

¢ [ui (t) ~ Ppy (t)} )

< —cluf Tt By w0

i-% i=

k+ 1 k+1 .
+ C1hF T2 ||qu+1,Xj + C1hF T2 ||uH/,€_|_17le717 Vijel.

[N

for some constant C7 > 0 (independent of u, and h. Take the square, sum over the elements, and
use the equivalence of the ¢!-norm and ¢2-norm for finite dimensions:

Seluw - )]

T .
jer i3

<C: ),
jel

2
+2C1Coh*  lulleyy

- 0], el 0]
i—-3 =

[N

for some constant Cy > 0 (independent of u, and h). Making use of [CJST98, inequality at the
bottom of p. 196] yields the estimate for the first term:

, g 2
Y e [u;(t) —u O] < GOl + 201G [l
jeI Ti-

Nf=

for some constant C's > 0 (independent of u, and h. Substitution of these two estimates into (4.28)
completes the proof. [

Lemma 4.15 (Estimating the third term: consistency)
Consider Notation 4.11. Then,

/:<<“h“>’8§f’<’f)>x‘B(“h“)’”w(”))dt'=07 Vh>0, Ve C(mt(X)).
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PROOF:
See also [CLSS03, p. 589, 592, 593]. First, rewrite the integrand:

(100, 2220 B, vat) 2"

@%@m—q82§”>X_BQMaLMAw)%§>

-> ( [cluh t)]

JeI

+ [—clu{‘l(t)vg, (t)} ) YVt € [ta, ty).

., 1
J+3

Because of the periodic boundary conditions and the fact that v, (¢) is continuous (for all ¢ €
[ta,ts]), the integrand is zero:

<uh(t), 8;:’ (t)>X — B(un(t),v,(t)) =
L [ederiw], | +3[don], <o Vt € [t tr).

jEI Tty el Tt
As the integrand is equal to zero, so is the integral. [

Theorem 4.16 (Estimating the negative-order norm of the divided difference)
Consider Notation 4.11, let 7 € Ny and let s > k£ + 1. Furthermore, choose Hy > 0 and open
X3 C X such that

H H
&+}@nﬂgmux VH € (0, Hol (4.20)

Then, there exists a constant C' > 0 (independent of w, u; and h) such that:

Haﬂ (ty) — uh(tb))‘

e Julta)llypy x R*TPHT, VH € (0,Hol,  Vh>0.  (4.30)

—S5,A3

PROOF:

See also [Tho77, p. 589, 590]. By applying Lemma 4.12, Lemma 4.13, Lemma 4.14, and
Lemma 4.15 for w € C§°(int(X)) it follows that there exists a constant C' > 0 (independent
of w and uy,) such that:

(4.2),(4.4)
ulte) —un(to)ll s x, < luls) = un(to)ll_(ei1),mex)

< Culta)llpsy x P, VH € (0,Hy), VYh>0.

This completes the proof for j = 0. For general j € Ny, proceed as follows:

Haﬂ (ty) — un (tb))’

—S,X3

cf. (4.20),(4.29) J
S H Hu(tb) - uh(tb)”f‘s ,int(X) » VH € (O, H()], Yh > 0.

Due to the result for j = 0 above, there exists a constant C; > 0 (independent of u and uy,) such
that:

Haﬂ (1) — uh(tb))‘

< O |lulta)llyy x P*TTHTI, VH € (0,Ho),  Yh >0,
=:C

7S,X3

which completes the proof. [
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Theorem 4.17 (Conservation of convergence rate)
Consider Notation 4.1 and Notation 4.11 and the notation of Theorem 4.8. Additionally, assume

that s > k + 1 and that u € wwax{k+1.2r=1+a}.2(x) * Then, there exists a constant C' > 0
(independent of u, up, H, and h) such that:

s <20

C max { [EICS] —— ||u(ta)||k+17X} prAEE ey i e (0, Hy).

In particular, for

. (k—l—l)(s—i—a)—i—k’
- 2k

the convergence rate of the filtered DG approximation is at least k+ 1, which implies conservation
of convergence. Furthermore, for r — oo, the convergence rate approaches 2k + 1.

PROOF:
See also [CLSS03, Corollary 3.2, Theorem 3.4]. It follows from Theorem 4.8 and Theorem 4.16
that there exists a constant C' > 0 such that

HDau _ K;I,s+a7{(117~~7!12r—1} *8?[7“1,” <
0,Xo

C (It a1y, B+ ulta) s x RPHHT7), Vh> 0, VH € (0, Hol.

Application of (4.3) to the first term on he right hand side and substitution of H := hT=THa
completes the proof. [

Remark 4.18 (Requiring fewer nodes)

Presently, often the choice s = r = k 4+ 1 is made (cf. [RS03, Section 2], [RSA05, Section 1.2]).
This choice originates from the error estimations for equidistant meshes, which imply convergence
of order 2r+1 [CJST98, p. 585], However, if merely conservation of the convergence rate is sought,
for larger numbers of k, fewer nodes than 2r + 1 are required. For example, if k¥ = 4 and if the
B-spline order equals k 4+ 1 = 5, then r = k is sufficient, which corresponds to 2k — 1 nodes. This
can help to reduce computational costs. a

4.5 Conclusion

This chapter has derived a derivative error estimation for central spline filtered DG approximations
based on the first-order upwind flux and exact time integration on one-dimensional non-equidistant
meshes for periodic linear hyperbolic equations with a sufficiently smooth exact solution. Among
other things, it can be concluded from this error estimation that, for any B-spline order, i.e. for
any required order of differentiability of the filtered DG approximation, there exists a number of
nodes for which the corresponding central spline filter at least conserves the convergence rate of
the DG approximation, i.e. k+ 1.
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Chapter 5

Conclusion

The Discontinuous Galerkin (DG) method is a flexible method for approximating the solution
of a hyperbolic system. Its flexibility is mainly due to the fact that its outcome is allowed to
be discontinuous at the element boundaries. This can in turn become a disadvantage, because
a lack of smoothness can have a negative effect on the accuracy of the visualisation of the DG
approximation, e.g. in the form of streamlines. The main goal of this research is to tackle this
problem through spline filtering.

A central spline filter convolves the function to be filtered against a central spline kernel, which
is a linear combination of central B-splines. The filter enhances the smoothness in the sense that
the filtered solution is at least differentiable up to the order of the central B-splines minus two.
This can benefit the accuracy of streamline visualisation. Additionally, a reduction of oscillations
in the error is observed. At the same time, it can be shown that a central spline filter at least
conserves the convergence rate for a certain class of problems.

Based on this literature study, the following research questions arise:

e Defining the problem:

— What order of differentiability is required precisely for proper streamline visualisation?
Are there ODE solvers that are capable of dealing with discontinuities? What are their
disadvantages?

e Increasing the smoothness:

— Most likely, the use of different kernels throughout the domain is inevitable in order
enhance the practical applicability discussed below. Unfortunately, a non-smooth vari-
ation in the kernels can introduce non-smoothness in the filtered solution (cf. [RS03]).
Is it possible to construct smooth transitions to circumvent this issue?

e Conserving the convergence:

— The current theoretical error estimations for spline filtered DG approximations do not
apply for
* non-linear problems,
* problems with non-periodic boundary conditions,
* problems with an insufficiently smooth exact solution (e.g. shocks),
* inexact time integration,
* a numerical flux function other than the first-order upwind flux function,

* a certain region that is adjacent to the boundary of the spatial domain and that
typically spans multiple elements,

* triangular meshes in the multi-dimensional case.
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In other words, the current error estimations do not apply for most real-life applica-
tions. Is it possible to improve on the existing spline filters to increase their practical
applicability for some of the classes above?

— With respect to one-dimensional filtering along the streamline in a two-dimensional
domain, two questions arise:

x Do the error estimations for one-dimensional spline filters remain valid if they are
applied along a curve in a two-dimensional domain?

* The computation of the next point on a streamline, using the one-dimensional
approach with the one-sided filter, requires a continuous ‘previous solution’ instead
of a discrete one. Previously, this problem was dealt with by using piecewise
linear approximations of the streamline. How large is the error resulting from this
approximation? What alternatives provide more accurate results?

e Other questions:

— Can derivative spline filtering be used to devise an (implicit) ODE scheme that is
particularly useful for streamline visualisation?

— Unlike the symmetric filter, the one-sided filter can be applied near boundaries. Un-
fortunately, at the boundary, the one-sided filter is inconsistent with the boundary
condition in the sense that the filtered boundary is not equal to the boundary condi-
tion. What type of filtering can deal with this problem? Could the solution to this
problem make use of a kernel that looks more like a Dirac distribution as it is applied
closer to the boundary?

The main focus of this research will be on the construction of a spline filter that is consistent with
the boundary conditions and that can handle triangular meshes that may contain abrubt changes
in mesh size.
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