J Sci Comput
DOI 10.1007/s10915-014-9946-6

One-Sided Position-Dependent Smoothness-Increasing
Accuracy-Conserving (SIAC) Filtering Over Uniform
and Non-uniform Meshes

Jennifer K. Ryan - Xiaozhou Li -
Robert M. Kirby - Kees Vuik

Received: 14 January 2014 / Revised: 17 October 2014 / Accepted: 2 November 2014
© Springer Science+Business Media New York 2014

Abstract In this paper, we introduce a new position-dependent smoothness-increasing
accuracy-conserving (SIAC) filter that retains the benefits of position dependence as pro-
posed in van Slingerland et al. (SIAM J Sci Comput 33:802-825, 2011) while ameliorating
some of its shortcomings. As in the previous position-dependent filter, our new filter can
be applied near domain boundaries, near a discontinuity in the solution, or at the interface
of different mesh sizes; and as before, in general, it numerically enhances the accuracy and
increases the smoothness of approximations obtained using the discontinuous Galerkin (dG)
method. However, the previously proposed position-dependent one-sided filter had two sig-
nificant disadvantages: (1) increased computational cost (in terms of function evaluations),
brought about by the use of 4k + 1 central B-splines near a boundary (leading to increased
kernel support) and (2) increased numerical conditioning issues that necessitated the use of
quadruple precision for polynomial degrees of k > 3 for the reported accuracy benefits to be
realizable numerically. Our new filter addresses both of these issues—maintaining the same
support size and with similar function evaluation characteristics as the symmetric filter in
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a way that has better numerical conditioning—making it, unlike its predecessor, amenable
for GPU computing. Our new filter was conceived by revisiting the original error analysis
for superconvergence of SIAC filters and by examining the role of the B-splines and their
weights in the SIAC filtering kernel. We demonstrate, in the uniform mesh case, that our
new filter is globally superconvergent for k = 1 and superconvergent in the interior (e.g.,
region excluding the boundary) for k¢ > 2. Furthermore, we present the first theoretical
proof of superconvergence for postprocessing over smoothly varying meshes, and explain
the accuracy-order conserving nature of this new filter when applied to certain non-uniform
meshes cases. We provide numerical examples supporting our theoretical results and demon-
strating that our new filter, in general, enhances the smoothness and accuracy of the solution.
Numerical results are presented for solutions of both linear and nonlinear equations solved
on both uniform and non-uniform one- and two-dimensional meshes.

Keywords Discontinuous Galerkin method - Post-processing - SIAC filtering -
Superconvergence - Uniform meshes - Smoothly varying meshes - Non-uniform meshes

1 Introduction

Computational considerations are always a concern when dealing with the implementation
of numerical methods that claim to have practical (engineering) value. The focus of this
paper is the formerly introduced smoothness-increasing accuracy-conserving (SIAC) class of
filters, a class of filters that exhibit superconvergence behavior when applied to discontinuous
Galerkin (dG) solutions. Although the previously proposed position-dependent filter (which
we will, henceforth, call the SRV filter) introduced in van Slingerland et al. [20] met its stated
goals of demonstrating superconvergence, it contained two deficiencies which often made it
impractical for implementation and usage within engineering scenarios. The first deficiency
of the SRV filter was its reliance on 4k + 1 central B-splines, which increased both the width of
the stencil generated and increased the computational cost (in terms of functions evaluations)
a disproportionate amount compared to the symmetric SIAC filter. The second deficiency
is one of numerical conditioning: the SRV filter requires the use of quadruple precision to
obtain consistent and meaningful results, which makes it unsuitable for practical CPU-based
computations and for GPU computing. In this paper, we introduce a position-dependent STAC
filter that, like the SRV filter, allows for one-sided post-processing to be used near boundaries
and solution discontinuities and which exhibits superconvergent behavior; however, our new
filter addresses the two stated deficiencies: it has a smaller spatial support with a reduced
number of function evaluations, and it does not require extended precision for error reduction
to be realized.

To give context to what we will propose, let us review how we arrived at the currently
available and used one-sided filter given in van Slingerland et al. [20]. The SIAC filter has
its roots in the finite element superconvergence extraction technique for elliptic equations
proposed by Bramble and Schatz [1], Mock and Lax [12] and Thomée [19]. The linear
hyperbolic system counterpart for discontinuous Galerkin (dG) methods was introduced by
Cockburn et al. [5] and extended to more general applications in [9-11,13,14,18]. The post-
processing technique can enhance the accuracy order of dG approximations from k + 1 to
2k + 1 in the L2-norm. This symmetric post-processor uses 2k + 1 central B-splines of
order k + 1. However, a limitation of this symmetric post-processor was that it required a
symmetric amount of information around the location being post-processed. To overcome
this problem, Ryan and Shu [15] used the same ideas in Cockburn et al. [5] to develop a
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one-sided post-processor that could be applied near boundaries and discontinuities in the
exact solution. However, their results were not very satisfactory as the errors had a stair-
stepping-type structure, and the errors themselves were not reduced when the post-processor
was applied to some dG solutions over coarse meshes. Later, van Slingerland et al. [20] recast
this formulation as a position-dependent SIAC filter by introducing a smooth shift function
A(x) that aided in redefining the filter nodes and helped to ease the errors from the stair-
stepping-type structure. In an attempt to reduce the errors, the authors doubled to 4k + 1 the
number of central B-splines used in the filter when near a boundary. Further, they introduced
a convex function that allowed for a smooth transition between boundary and symmetric
regions.

The results obtained with this strategy were good for linear hyperbolic equations over
uniform meshes, but new challenges arose. Issues were manifest when the position-dependent
filter was applied to equations whose solution lacked the (high) degree of regularity required
for valid post-processing. In some cases, this filter applied to certain dG solutions gave worse
results than when the original one-sided filter which used only 2k + 1 central B-splines [15].
Furthermore, it was observed that in order for the superconvergence properties expressed in
van Slingerland et al. [20] to be fully realized, extended precision (beyond traditional double
precision) had to be used. Lastly, the addition of more B-splines did not come without cost.
Figure 1 shows the difference between the symmetric filter, which was introduced in [1,5]
and is applied in the domain interior, and the SRV filter when applied to the left boundary. The
solution being filtered is at x = 0, and the filter extends into the domain. Upon examination,
one sees that the position-dependent filter has a larger filter support and, by necessity, is not
symmetric near the boundary. The vast discrepancy in spatial extent is due to the number
of B-splines used: 2k + 1 in the symmetric case versus 4k + 1 in the one-sided case. The
practical implications of this discrepancy is two-fold: (1) filtering at the boundary with the
4k + 1 filter is noticeably more costly (in terms of function evaluations) than filtering in the
interior with the symmetric filter; and (2) the spatial extent of the one-sided filter forces one
to use the one-sided filter over a larger area/volume before being able to transition over to
the symmetric filter.
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Fig.1 Comparison of (a) the symmetric filter centered around x = 0 when the kernel is applied in the domain
interior and (b) the position-dependent filter at the boundary (represented by x = 0) before convolution with
a quadratic approximation. Notice that the boundary filter requires a larger spatial support, the amplitude is
significantly larger in magnitude and the filter does not emphasize the point x = 0, which is the point being
post-processed
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Recall that the SRV filter added two new features when attempting to improve the orig-
inal Ryan and Shu one-sided filter: the authors added position-dependence to the filter and
increased the number of B-splines used. In attempting to overcome the deficiencies of the
filter in van Slingerland et al. [20], we reverted to the 2k + 1 B-spline approach as in Ryan and
Shu [15] but added position-dependence. Although going back to 2k 4 1 B-splines does make
the filter less costly in the function evaluation sense, unfortunately, this approach did not lead
to a filter that reduced the errors in the way we had hoped (i.e., at least error-order conserving,
if not also superconvergent). We were forced to reconsider altogether how superconvergence
is obtained in the SIAC filter context; we outline a sketch of our thinking chronologically in
what follows.

To conceive of a new one-sided filter containing all the benefits mentioned above with
none of the deficiencies, we had to harken back to the fundamentals of SIAC filtering. We
not only examined the filter itself (e.g., its construction, etc.), but also the error analysis in
[5,8]. From the analysis in [5,8] we can conclude that the main source of the aforementioned
conditioning issue (expressed in terms of the necessity for increased precision) is the constant
term found in the expression for the error, which relies on the B-spline coefficients c,(,ZkH’e)
in the SIAC filtering kernel

(2k+1,6)
> Jeetl.
14

This quantity increases when the number of B-splines is increased. Further, the condition
number of the system used to calculate c}(,2k+1’£) becomes quite large, on the order of 10%*
for P*, increasing the possibility for round-off errors and thus requiring higher levels of
precision. As mentioned before, we attempted to still use 2k + 1 position-dependent central
B-splines, but this approach did not lead to error reduction. Indeed, the constant in the error
term remains quite large at the boundaries. To reduce the error term, we concluded that one
needed to add to the set of central B-splines the following: one non-central B-spline near
the boundary. This general B-spline allows the filter to maintain the same spatial support
throughout the domain, including boundary regions; it provides only a slight increase in
computational cost as there are now 2k + 2 B-splines to evaluate as part of the filter; and
possibly most importantly, it allows for error reduction. We note that our modifications to the
previous filter (e.g., going beyond central B-splines) do come with a compromise: we must
relax the assumption of obtaining superconvergence. Instead, we merely require a reduction
in error and a smoother solution. This new filter remains globally superconvergent for k = 1.
The new contributions of this paper are:

e A new one-sided position-dependent SIAC filter that allows filtering up to boundaries and
that ameliorates the two principle deficiencies identified in the previous 4k + 1 one-sided
position-dependent filter;

e Examination and documentation of the reasoning concerning the constant term in the error
analysis that led to the proposed work;

e Demonstration that for the linear polynomial case the filtered approximation is always
superconvergent for a uniform mesh; and

e Application of the scaled new filter to both smoothly varying and non-uniform (random)
meshes. In the smoothly varying case, we prove and demonstrate that we obtain supercon-
vergence. For the general non-unform case, we still observe significant improvement in
the smoothness and an error reduction over the original dG solution, although full super-
convergence is not always achieved. We show however that we remain accuracy-order
conserving.
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These important results are presented as follows: first, as we present the SIAC filter in the
context of discontinuous Galerkin approximations, we review the important properties of the
dG method and the position-dependent SIAC filter in Sect. 2. In Sect. 3, we introduce the
newly proposed filter and further establish some theoretical error estimates for the uniform
and non-uniform (smoothly varying) cases. We present the numerical results over uniform and
non-uniform one-dimensional mesh structures in Sect. 4 and two-dimensional quadrilateral
mesh structures in Sect. 5. Finally, conclusions are given in Sect. 6.

2 Background

In this section, we present the relevant background for understanding how to improve the
SIAC filter, which includes the important properties of the discontinuous Galerkin (dG)
method that make the application of SIAC filtering attractive as well as the building blocks
of SIAC filtering—B-splines and the symmetric filter.

2.1 Important Properties of Discontinuous Galerkin Methods

We frame the discussion of the properties of dG methods in the context of a one-dimensional
problem as the ideas easily extend to multiple dimensions. Further details about the discon-
tinuous Galerkin method can be found in [2-4].

Consider a one-dimensional hyperbolic equation such as

U +ajuy +apu =0, x € Q =[xz, xrl 2.1)
u(x,0) = up(x). 2.2)
To obtain a dG approximation, we first decompose 2 as = U?/:] I; where I; =

[rj_1.x;01] = [xj = 3%, 25 + 3Ax;]. Then Eq. (2.1) is multiplied by a test func-
tion and integrated by parts. The test function is chosen from the same function space as the
trial functions, a piecewise polynomial basis. The approximation can then be written as

k
up(x, 1) = Zu;fz)(t)q)j.z)(x), for x € 1.
=0

Herein, we choose the basis functions w;e) x) = POQx —x i)/ Axj), where P® is the
Legendre polynomial of degree ¢ over [—1, 1]. For simplicity, throughout this paper we
represent polynomials of degree less than or equal to £ by PX.

In order to investigate the superconvergence property of the dG solution, it is important
to look at the usual convergence rate of the dG method. By estimating the error of the dG
solution, we obtain u — uy ~ O(hk'H) in the L2-norm for sufficiently smooth initial data
uo [2]:

k+1
lu —unllo < C R gl grsa,

where h is the measure of the elements, 7 = Ax for a uniform mesh and 7 = max; Ax; for
non-uniform meshes. Another useful property is the superconvergence of the dG solution in
the negative-order norm [5], where we have
o 2k+1 o
Hah (”_”h)Hfz,Q <Ch HBhMOHIﬁLI,Q
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for linear hyperbolic equations. This expression represents why accuracy enhancement
through post-processing is possible. Unfortunately, this superconvergence property does not
hold for non-uniform meshes when & > 1, which makes extracting the superconvergence over
non-uniform meshes challenging. However, we prove that, for certain non-uniform meshes
containing smoothness in their construction (i.e., smoothly varying meshes), the accuracy
enhancement through the SIAC filtering is still possible.

2.2 A Review of B-splines

As the SIAC filter relies heavily on B-splines, here we review the definition of B-splines
given by de Boor in [7] as well as central B-splines. The reader is also directed to [17] for
more on Splines.

Definition 2.1 (B-spline) Let t := (¢;) be a nondecreasing sequence of real numbers that
create a so-called knot sequence. The jth B-spline of order ¢ for the knot sequence t is
denoted by Bj ¢ ¢ and is defined, for £ = 1, by the rule

1, t;<x<tiyy;
Bj1t(x) = ! T
0, otherwise.
In particular, t; = t;4 leads to B; 1 = 0. For £ > 1,
Bjot(x) =wjitBjo—1t+ (1 —wjr1,00)Bj+1,0-1t (2.3)
with
X — tj
wjet(x) = ————.
Ljite—1 —1j

This notation will be used to create a new kernel near the boundaries.

The original symmetric filter [5,16] relied on central B-splines of order £ whose knot

sequence was uniformly spaced and symmetrically distributed t = —£, -2, ... &2 L

Rl R EREE R il B
yielding the following recurrence relation for central B-splines:
v V@) = x-12,1/2(0),
v =@y N
1 () 1 £+1 () 1
+x X+ 5)+ —X X —
G e RN Tt LAt IR

14

For the purposes of this paper, it is convenient to relate the recurrence relation for central B-
splines to the definition of general B-splines given in Definition 2.1. Relating the recurrence
relation to the definition can be done by defining t = 1o, ..., f; to be a knot sequence, and
denoting 1//{0 (x) to be the Oth B-spline of order ¢ for the knot sequence t,

¥ (x) = Bo.r.g(x).

Note that the knot sequence t also represents the so-called breaks of the B-spline. The B-
spline in the region [#;, fi+1), i = 0,...,¢ — 1 is a polynomial of degree £ — 1, but in
the entire support [fo, #], the B-spline is a piecewise polynomial. When the knots (¢;) are
sampled in a symmetric and equidistant fashion, the B-spline is called a central B-spline.
Notice that Eq. (2.4) for a central B-spline is a subset of the general B-spline definition where
the knots are equally spaced. This new notation provides more flexibility than the previous
central B-spline notation.
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2.3 Position-Dependent SIAC Filtering

The original position-dependent SIAC filter is a convolution of the dG approximation with a
central B-spline kernel

w @) = (K7 w) ). 2.3)
The convolution kernel is given by
2k
K(2k+1'£)(x) — 2 CJ(/2k+1,Z)¢(Z)(X _ xy)7 (26)
y=0

where 2k + 1 represents the number of central B-splines, ¢ the order of the B-splines and
K, = %K (3)- The coefficients c)(,2k+1’z) are obtained from the property that the kernel
reproduces polynomials of degree < 2k. For the symmetric central B-spline filter [5,16],
€ =k+1andx, = —k + y, where k is the highest degree of the polynomial used in the dG
approximation. More explicitly, the symmetric kernel is given by

2k
KOHLO () = ZC)(/ZHI’Z)V/(D (x — (=k + ). 2.7)
y=0

Note that this kernel is by construction symmetric and uses an equal amount of information
from the neighborhood around the point being post-processed. While being symmetric is
suitable in the interior domain when the function is smooth, it is not suitable for application
near a boundary, or when the solution contains a discontinuity.

The one-sided position-dependent SRV filter defined in van Slingerland et al. [20] is called
“position-dependent” because of its change of support according to the location of the point
being post-processed. For example, near a boundary or discontinuity, a translation of the
filter is done so that the support of the kernel remains inside the domain. Furthermore, in
these regions, a greater number of central B-splines is required. Using more B-splines aids in
improving the magnitude of the errors near the boundary, while allowing superconvergence.
In addition, the authors in van Slingerland et al. [20] increased the number of B-splines
used in the construction of the kernel to be 4k + 1. The position-dependent (SRV) filter for
elements near the boundaries can then be written as'

4k
K@HLO () = ZCJ(/4I<+1,Z)¢(€)(X - X)), (2.8)
y=0

where x,, depends on the location of the evaluation point X used in Eq. (2.5) and at the
boundaries is given by

X, = —4k +y + A(X),

with

=1

€ [xy, S8,

€ [54% xg].

min {0, _4k2+5 + X—hXL } ,

A(x) = (2.9)

=1

max {0’ 4k2+/d + xfth} ,

Here x; and xp are the left and right boundaries, respectively.

! Note that the notation used in the current manuscript is slightly different from the notation used in van
Slingerland et al. [20]. Instead of using r; = 4k to denote the SRV filter we chose to use the number of
B-splines directly for the clarity of the discussion.
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The authors chose 4k + 1 central B-splines because, in their experience, using fewer
(central) B-splines was insufficient for enhancing the error. Furthermore, in order to provide
a smooth transition from the boundary kernel to the interior kernel, a convex combination of
the two kernels was used:

u(x) = 6(x) (K,gz"“’” N uh) ) + (1 —0(x)) (K;j”‘“’” N uh) ), (2.10)

where 0 (x) € C*~! such that & = 1 in the interior and # = 0 in the boundary regions. This
position-dependent filter demonstrated better behavior in terms of error than the original
one-sided filter given by Ryan and Shu in [15]. Throughout the article, we will refer to the
position-dependent filter using 4k + 1 central B-splines as the SRV filter.

3 Proposed One-Sided Position-Dependent SIAC Filter

In this section, we propose a new one-sided position-dependent filter for application near
boundaries. We first discuss the deficiencies in the current position-dependent SIAC filter.
We then propose a new position dependent filter that ameliorates the deficiencies of the SRV
filter; however, our new filter must make some compromises with regards to superconvergence
(which will be discussed). Lastly, we prove that our new filter is globally superconvergent
for k = 1 and superconvergent in the interior of the domain for k > 2.

3.1 Deficiencies of the Previous Position-Dependent SIAC Filter

The SRV filter was reported to reduce the errors when filtering near a boundary. However,
applying this filter to higher-order dG solutions (e.g., P*-or even P3-polynomials in some
cases) required using a multi-precision package (or at least quadruple precision) to reduce
round-off error, leading to significantly increased computational time. Figure 2 shows the sig-
nificant round-off error near the boundaries when using double precision for post-processing
the initial condition. The multi-precision requirement also makes the position-dependent
kernel [20] near the boundaries, unsuitable for GPU computing.

To discover why this challenge arises requires revisiting the foundations of the filter—in
particular, the existing error estimates. The L?-error estimate given in Cockburn et al. [5],

Iogl 0(|error|)
logw(\errorl)

3 =
9 0 -0
10 ’& -10

W
10 ; L
11 il .y ! 11
12 S i 12
220 ¢
10
-13 sil-13
2 4

00 ? )

y X

(b)

Fig.2 Comparison of the pointwise errors in 10% scale of the (a) original L? projection solution, (b) the SRV
filter in van Slingerland et al. [20] for the 2D L~ projection using basis polynomials of degree k = 4, mesh
80 x 80. Double precision was used in these computations
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Ju—upllgq = CR*H, G.1)

provides us insight into the cause of the issue by examining the constant C in more detail.
The constant C depends on:

r
(LD z ‘C)(/H-l,/i) ’ (3.2)

y=0

where ¢, denotes the kernel coefficients and the value of » depends on the number of B-
splines used to construct the kernel. The kernel coefficients are obtained by ensuring that the
kernel reproduces polynomials of degree r by the convolution:

KOy« ) =xP, p=0,1,...,r. (3.3)

We note that for the error estimates to hold, it is enough to ensure that the kernel reproduces
polynomials up to degree 2k (for r > 2k), although near the boundaries it was required that
the kernel reproduces polynomials of degree 4k (r = 4k) in [8,20]. For filtering near the
boundary, the value « defined in Eq. (3.2) is on the order of 10° for k = 3 and 107 for k = 4,
as can be seen in Fig. 4. This indicates one possible avenue (i.e., lowering «) by which we
might generate an improved filter. A second avenue is by investigating the round-off error
stemming from the large condition number of the linear system generated to satisfy Eq. (3.3)
and solved to find the kernel coefficients. The condition number of the generated matrix is on
the order of 10%* for k = 4. This leads to significant round-off error (e.g., the rule of thumb
in this particular case being that 24 digits of accuracy are lost due to the conditioning of
this system), hence requiring the use of high-precision/extended precision libraries for SIAC
filtering to remain accurate (in both its construction and usage).

The requirement of using extended precision in our computations increases the computa-
tional cost. In addition, the aforementioned discrepancy in the spatial extent of the filters due
to the number of B-splines used—2k + 1 in the symmetric case versus 4k 4 1 in the one-sided
case—leads to the boundary filter costing even more due to extra function evaluations. These
extra function evaluations have led us to reconsider the position-dependent filter and propose
a better conditioned and less computationally intensive alternative.

In order to apply SIAC filters near boundaries, we first no longer restrict ourselves to
using only central B-splines. Secondly, we seek to maintain a constant support size for both
the interior of the domain and the boundaries. The idea we propose is to add one general
B-spline for boundary regions, which is located within the already defined support size.
Using general B-splines provides greater flexibility and improves the numerical evaluation
(eliminating the explicit need for precision beyond double precision). To introduce our new
position-dependent one-sided SIAC filter, we discuss the one-dimensional case and how to
modify the current definition of the SIAC filter. Multi-dimensional SIAC filters are a tensor
product of the one-dimensional case.

3.2 The New Position-Dependent One-Sided Kernel

Before we provide the definition of the new position-dependent one-sided kernel, we first
introduce a new concept, that of a knot matrix. The definition of a knot matrix helps us to
introduce the new position-dependent one-sided kernel in a concise and compact form. It
also aids in demonstrating the differences between the new position-dependent kernel, the
symmetric kernel and the SRV filter. Informally, the idea behind introducing a knot matrix is to
exploit the definition of B-splines in terms of their corresponding knot sequence t := (¢;), in
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the definition of the SIAC filter. In order to introduce a knot matrix, we will use the following
notation: 1//56) (x) = By,¢,t(x) for the zeroth B-Spline of order £ with knot sequence t.

Definition 3.1 (Knot matrix) A knot matrix, T, is an n x m matrix such that the yth row,
T(y), of the matrix T is a knot sequence with £ + 1 elements (i.e., m = € + 1) that are used
to create the B-spline lﬂ? )(x). The number of rows 7 is specified based on the number of
B-splines used to construct the kernel.

To provide some context for the necessity of the definition of a knot matrix, we first
redefine some of the previous SIAC kernels discussed in terms of their knot matrices. Recall
that the general definition of the SIAC kernel relies on r + 1 central B-splines of order .
Therefore, we can use Definition 3.1 to rewrite the symmetric kernel given in Eq. (2.7) in
terms of a knot matrix as follows

2k
2k+1,¢ . ¢
Ky 0 = 2O (0, G
y=0

where Tjy,, in this relation is a (2k + 1) x (£ + 1) matrix. Each row in Ty, corresponds to the
knot sequence of one of the constituent B-splines in the symmetric kernel. More specifically,
the elements of Tjy,, are defined as

¢
Tom(i. j)= =5 +j+i=k i=0....2k and j=0....¢

For instance, for the first order symmetric SIAC kernel we have: £ = 2 and k = 1. Therefore,
the corresponding knot matrix can be defined as

0
1. (3.5)
2

The definition of a SIAC kernel in terms of a knot matrix can also be used to rewrite the
original boundary filter [15], which uses only 2k + 1 central B-splines at the left boundary.
The knot matrix T, for this case is given by

—4 -3 -2
Tone = | =3 =2 —1|. (3.6)
2 -1 0

Now we can define our new position-dependent one-sided kernel by generating a knot
matrix. The new position-dependent one-sided kernel consists of » + 1 = 2k + 1 central
B-splines and one general B-spline, and hence the knot matrix is of size (2k 4+ 2) x (€ + 1).
At a high-level, using the scaling of the kernel, the new position-dependent one-sided kernel

can be written as
r+1

1,¢ (4
K000 = D"t Oy (), 3.7)
y=0

where T(y) represents the yth row of the knot matrix T, which is the knot sequence
T(y,0),...,T(y, ). For the central B-spline, y =0, ..., 2k and

1 X
© Lo
wwnyﬂx)—'ngw>(;)-
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The added B-spline is a monomial defined as

() X
Uity ) = xT(r+l) N

where

e+ =

P x=Tr+1,0)", Ter+1,00<x<T@+1,0);
0, otherwise.

Therefore near the left boundary, the kernel in Eq. (3.7) can be rewritten as

.
(r+1,0) _ +1,£),.(£) (r+1 &), (€)
Kyp () = Z C;(/r )th(y)(x) St Ve @) -

General B-spline

Position-dependent kernel with r+1=2k+1 central B-splines
(3.8)
The kernel coefficients, ¢y , v =0,...,r 4+ 1 are obtained through reproducing poly-
nomials of degree up to r + 1. We have imposed further restrictions on the knot matrix for the
definition of the new position-dependent one-sided kernel. First, for convenience we require

(r+1,¢)

Ty,0)<T(y,1)<---<T(y, ), for y=0,...,r,+1
and
Ty +1,0 <T(y,t), for y=0,...,r
Second, the knot matrix, T, should satisfy

XL

7(0.0) >~ and T(r,msx_h ,

where £ is the element size in a uniform mesh. This requirement is derived from the support
of the B-spline as well as the support needing to remain inside the domain. Recall that
the support of the B-spline w](q[) (y) is [T (y,0), T(y, £)], and the support of the kernel is
[T(0,0), T(r, ¢)]. For any x € [xr, xg], the post-processed solution at point x can then be
written as

W@ = (Kyp " wun) () = / KGO 5 — £yup(6)ds
x—hT(0,0) L0 =
:/ Ky 7 (x = §)up(§)ds, (3.9)
F—hT(r0)

where hT represents the scaled knot matrix. For the boundary regions, we force the interval
[x —hT(r,£),x —hT(0,0)] to be inside the domain Q2 = [x,, xg]. This implies that

xp <x—hT(r,0), x—hT(0,0) <xg,

and hence the requirement of 7 (0, 0) > i SEand T'(r, €) < X 5. Finally, we require that
the kernel remain as symmetric as possible. This means the knots should be chosen as

P F 3+ 1
Left: T « T — (T(r, -2 ”), for =~ th < TJ“ (3.10)
7 —F 3k+1
Right:T<—T—(T(0,0)—x XR), for ¥< 2+ , 3.11)
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This shifting will increase the error and it is therefore still necessary to increase the number
of B-splines used in the kernel.

Because the symmetric filter yields superconvergence results, we wish to retain the original
form of the kernel as much as possible. Near the boundary, where the symmetric filter cannot
be applied, we keep the 2k + 1 shifted central B-splines and add only one general B-spline.
To avoid increasing the spatial support of the filter, we will choose the knots of this general
B-spline dependent upon the knots of the 2k + 1 central B-splines in the following way:
near the left boundary, we let the first 2k + 1 B-splines be central B-splines whereas the last
B-spline will be a general spline. The elements of the knot matrix are then given by

—l—r+jti+ T, 0<i<r0<j<
TG, j)=1 5% 1, i=r+1,j=0; (3.12)
a i=r+1,j=1,...¢

Similarly, we can design the new kernel near the right boundary, where the general B-spline
is given by

© e | @O.O=0" TO.0) <x<TC+1,0;
V) (¥) = Xp) = .
0 otherwise.

’

The elements of the knot matrix for the right boundary kernel are defined as

7R, i=0,j=0,....0—1;
TG, j)=1{ %% +1, i=0,j=4¢ (3.13)

jHi—1+32 1<i<r+1,0<j<¢,

and the form of the kernel is then

r+1
+1,¢ +1,¢ 4 4
K00 = ey @) + D0 U0y (). (3.14)
y=1

We note that this “extra” B-spline is only used when *5*£ < % or 2= < % otherwise

the symmetric central B-spline kernel is used.
We present a concrete example for the P! case with ¢ = 2. In this case, the knot matrices
for our newly proposed filter at the left and right boundaries are

—4 -3 =2 0 0 1
-3 -2 -1 012

Trep = > 1 0 | TRrignt = 1 2 3 (3.15)
-1 0 0 2 3 4

These new knot matrices are 4 x 3 matrices where, in the case of the filter for the left boundary,
the first three rows express the knots of the three central B-splines and the last row expresses
the knots of the general B-spline. For the filter applied to the right boundary, the first row
expresses the knots of the general B-spline and the last three rows express the knots of the
central B-splines.
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=50} -2l

~100 -4

s RS T - p— 0 R T p— 0

X X
(a) (b)

Fig.3 Comparison of the two boundary filters before convolution. (a) The SRV kernel and (b) the new kernel
at the boundary with k£ = 2. The boundary is represented by x = 0. The new filter has reduced support and
magnitude

If we use the same form of the knot matrix to express the SRV kernel introduced in van
Slingerland et al. [20] at the left boundary for k = 1, we would have

-6 —5 —4
-5 —4 -3

Tsgy = -4 -3 -2 ]. (3.16)
-3 =2 -1
-2 -1 0

Comparing the new knot matrix with the one used to obtain the SRV filter, we can see that
they have the same number of columns, which indicates that they use the same order of
B-splines. There are fewer rows in the new matrix (2k 4 2) than the number of rows from
the original position-dependent filter (4k + 1). This indicates that the new filter uses fewer
B-splines than the SRV filter.

To compare the new filter and the SRV filter, we plot the kernels used at the left boundary for
k = 2. Figure 3 illustrates that the new position-dependent SIAC kernel places more weight
on the evaluation point than the SRV kernel, and the SRV kernel has a significantly larger
magnitude and support which we observed to cause problems, especially for higher-order
polynomials (such as P3 or P*). For this example, using the filter for quadratic approximations,
the scaling of the original position-dependent SIAC filter has a range from —150 to 150 versus
—6 to 6 for the newly proposed filter.

3.3 Theoretical Results in the Uniform Case

The previous section introduced a new filter to reduce the errors of dG approximations
while attempting to ameliorate the issues concerning the old filter. In this section, we discuss
the theoretical results for the newly defined boundary kernel. Specifically, for k = 1 it is
globally superconvergent of order three. For higher degree polynomials, it is possible to
obtain superconvergence only in the interior of the domain.

Recall from Eq. (3.7) that the new one-sided scaled kernel has the form

r+1
=0
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In the interior of the domain the symmetric SIAC kernel is used which consists of 2k + 1
central B-splines

2k
2k+1,¢ (4
Kig T =7 Oy ), (3.18)
y=0

and, near the left boundary the new one-sided kernel can be written as

r
(r+1,0) _ +1,0) ., () r+1,0) , (£) _
Kyy () = ch )th(y)(x) +oin T Yy ), =2k
y=0

where 2k + 1 central B-splines are used together with one general B-spline. The scaled kernel
K }(lfr'H * has the property that the convolution K IEVT'H O e » only uses information inside the
domain 2.

Theorem 3.1 Let u be the exact solution to the linear hyperbolic equation

d
w4 Y Aty + Agu =0, x€Qx (0, 7],
i=1
u(x,0) = up(x), x €, (3.19)

where the initial condition ug(x) is a sufficiently smooth function. Here, 2 C RY. Let uy, be
the numerical solution to Eq. (3.19), obtained using a discontinuous Galerkin scheme with
an upwind flux over a uniform mesh with mesh spacing h. Let uj} (X) = (K,(erH’[) * up)(X)
be the solution obtained by applying our newly proposed filter which uses r + 1 = 2k + 1
central B-splines of order £ = k + 1 and one general B-spline in boundary regions. Then the

SIAC-filtered dG solution has the following properties:

(i) lu—up)Xloa =<C h3f0rk = 1. That is, uj (X) is globally superconvergent of order
three for linear approximations.

(ii) |I(u = uz)(X)lo,2\supp(ks) < C W+t whenr 41 < 2k + 1 central B-splines are used in
the kernel. Here supp{K} represents the support of the symmetric kernel. Thus, uj (X)
is superconvergent in the interior of the domain.

(iii) | — u})®llo,@ < C h*H1 globally.

Proof We neglect the proof of properties (i) and (ii) as they are similar to the proofs in
Cockburn et al. [5] and Ji et al. [8]. Instead we concentrate on ||(z — u})(X)|| < ChF+1,
which is rather straight-forward.

Consider the one-dimensional case (d = 1). Then the error can be written as

+1,0
Hu — K,gfr )*uhHOQ <Op1+ 02,

where

+1,¢ +1.¢
Oni1 = llu—Kix " xullog and ©42 = |Kix " * (u — up)llo,g-

The proof of higher order convergence for the first term, ®y 1, is the same as in Cockburn
et al. [5] as the requirement on KT does not change (reproduction polynomials up to degree
r + 1). This means that

hr+l

Op1 < mcl|u|r+l,9-
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Now consider the second term, ®, ». Without loss of generality, we consider the filter for
the left boundary in order to estimate ® ». The proofs for the filter in the interior and right
boundary are similar. We use the form of the kernel given in Eq. (3.8), which decomposes
the new filter into two parts: 2k + 1 central B-splines and one general B-spline. That is, we
write

.

(r+1,0) _ +1,0) , (£) (r+1,0) , (£)

Kyy (%) = ZC;(/r )‘/’hT(y)(x) et Ve () -
y=0

general B-spline

central B-splines

Setting e(x) = u(x) — up(x), then

(r+1,0)
+1,£ +1.£ lc Cok+1 |
On2= ki we] = K] teto < sup ZW“ O+ =2 Jelo.
Hence
Ic (r+1, Z)|
Opr < Csup Z|C(r+1 O] 4 L2kt | Cok+1 R+
xeQ L

y=0
O

Remark 3.1 Note that in this analysis we steered away from the negative-order norm argu-
ment. Technically, the terms involving the central B-splines have a convergence rate of
r+1 < 2k + 1 as given in [5,8]. It is the new addition, the term involving the general
B-spline that presents the limitation and reduces the convergence rate to that of the dG
approximation itself (i.e., it is accuracy-order conserving).

To extend this to the multidimensional case (d > 1), given an arbitrary x = (xq, ..., x4) €
Rd, we set

d
Vi, ® = [ v, o).

i=1
The filter for the multidimensional space considered is of the form

r+1
+1,£ 1,¢ 4
K000 = 2 e ),
y=0

where the coefficients c( ) are tensor products of the one-dimensional coefficients. To empha-

size the general B- sphne used near the boundary, we assume, without loss of generality, that
in the xg,, ..., Xk o directions we need the general B-spline, where 0 < dy < d. Then

do
0 _ )
Virek+1) = H k1) Ck)-
i=1
By applying the same idea we used for the one-dimensional case, the theorem is also true for
multi-dimensional case.

‘We note that the constant in the final estimation is a product of two other constants, one of
+1,0)
Pl

them is determined by the filter (Z;:O IC}(,H]’Z)I —l— ’* ) and the other one is determined
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Fig. 4 Plots demonstrating the effect of the coefficients on the error estimate for (a) P3- and (b) P4

polynomials. Shown is Z;/=0 RS e)l using 2k + 1 central B-splines (blue dashed), using 4k + 1 central
(r+1,0)
B-splines (green dash dot-dor) and 37, |cf/ R M for the new filter (red line)

by the dG approximation. To further illustrate the necessity of examining the constant in the

error term which contributed by the filter, we provide Fig. 4. This figure demonstrates the

difference between Z;:o |c)(,r'H ’e)| for the previously introduced filters and our new filter in
+1,¢

which the constant gets modified to Z;ZO IC(r+1 9 —|— ’*' ! . In Fig. 4, one can clearly see

that by adding a general spline to the r 4 1 central B- sphnes, we are able, in the boundary

regions, to reduce the constant in the error term significantly.
3.4 Theoretical Results in the Non-uniform (Smoothly Varying) Case

In this section, we give a theoretical interpretation to the computational results presented in
Curtis et al. [6]. This is done by using the newly proposed filter for non-uniform meshes and
showing that the new position-dependent filter maintains the superconvergence property in
the interior of the domain for smoothly varying meshes and is accuracy order conserving near
the boundaries for non-uniform meshes. We begin by defining what we mean by a smoothly
varying mesh.

Definition 3.2 (Smoothly varying mesh) Let & be a variable defined over a uniform mesh on
domain 2 C R, then a smoothly varying mesh defined over €2 is a non-uniform mesh whose
variable x satisfies

x =&+ f(&), (3:20)

where f is a sufficiently smooth function and satisfies
flE) >—1, £§€ciQe=E+ f(§) €oQ.
For example, we can choose f(§) = 0.5sin(€) over [0, 2 ]. The multi-dimensional defini-
tion can be defined in the same way.
Lemma 3.2 Let u be the exact solution of a linear hyperbolic equation

d
ur+ Y Anttg, + Agu =0, x € Qx (0, T], (3.21)

n=1
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with a smooth enough initial function and Q@ C RY. Let £ be the variable for the uniform
mesh defined on 2 with size h, and x be the variable of a smoothly varying mesh defined in
(3.20). Let up (&) be the numerical solution to Eq. (3.21) over uniform mesh &, and up(x)
be the approximation over smoothly varying mesh x, both of them obtained by using the
discontinuous Galerkin scheme. Then the post-processed solution obtained by applying SIAC
filter Kp, (&) for up, (&) and K g (x) for uy (x) with a proper scaling H, are related by

lu(x) — Ky *up(llo,e < Cllu§) — Kp > un(§)llo,e-

Here, the filter K can be any filter we mentioned in the previous section (symmetric filter,
the SRV filter, and newly proposed position-dependent filter). Note that this means that we
obtain the full 2k + 1 superconvergence rate behavior for both the SRV and symmetric filters.

Proof The proof is straightforward. If the scaling H is properly chosen, a simple mapping
can be done from the smoothly varying mesh to the corresponding uniform mesh. The result
holds if the Jacobian is bounded (from the definition of smoothly varying mesh).

lu(x) — K % upn(0)[§.q = /Q (u(x) — Ky % up(x))* dx

x:)é

= /Q (&) = u;®)° (1 + /) < [u(®) — Ky > un@®2 o - max |1 + f/©).
According to the definition of smoothly varying mesh, Q = €, we have

lu(x) — Kp xup()llo,e = Cllu§) — Ki *un(§llo,e,
whereC:(malel—i—f’l)%. ]

Remark 3.2 The proof seems obvious, but it is important to choose a proper scaling for H
in the computations. Due to the smoothness and computational cost requirements, we need
to keep H constant when treating points within the same element. Under this condition, the
natural choice is H = Ax; when post-processing the element /;. It is now easy to see that
there exists a position ¢ in the element /;, such that

H=Ax; =h(l+ f'(c)).

Remark 3.3 Note that Theorem 3.1 (iii) still holds for generalized non-uniform meshes. This
is due to the proof not relying on the properties (i.e., structure) of the mesh.

We have now shown that superconvergence can be achieved for interior solutions over
smoothly varying meshes. In the subsequent sections, we present numerical results that
confirm our results on uniform and non-uniform (smoothly varying) meshes.

4 Numerical Results for One Dimension

The previous section introduced a new SIAC kernel by adding a general B-spline to a modified
central B-spline kernel. The addition of a general B-spline helps to maintain a consistent
support size for the kernel throughout the domain and eliminates the need for a multi-precision
package. This section illustrates the performance of the new position-dependent SIAC filter
on one-dimensional uniform and non-uniform (smoothly varying and random) meshes. We
compare our results to the SRV filter [20]. In order to provide a fair comparison between
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the SRV and new filters, we mainly show the results using quadruple precision for a few
one-dimensional cases. Furthermore, in order to reduce the computational cost of the filter
that uses 4k + 1 central B-splines, we neglect to implement the convex combination described
in Eq. (2.10). This is not necessary for the new filter, and was implemented in the SRV filter
to ensure the transition from the one-sided filter to the symmetric filter was smooth.

This is the first time that the position-dependent filters have been tested on non-uniform
meshes. Although tests were performed using scalings of H = Ax; and H = max Ax;,
we only present the results using a scaling of H = Ax;. This scaling provides better results
in boundary regions, which is one of the motivations of this paper. We note that the errors
produced using a scaling of H = max Ax; are quite similar and often produce smoother
errors in the interior of the domain for smoothly varying meshes.

Remark 4.1 The SRV filter requires using quadruple precision in the computations to elim-
inate round-off error, which typically involves more computational effort than natively sup-
ported double precision. The new filter only requires double precision. In order to give a fair
comparison between the SRV filter and the new filter, for the one-dimensional examples we
have used quadruple precision to maintain a consistent computational environment.

4.1 Linear Transport Equation Over a Uniform Mesh

The first equation that we consider is a linear hyperbolic equation with periodic boundary
conditions,

ur+uy =0, (x,t)el0,1] x (0, T] 4.1)
u(x,0) =sin2rx), x €[0,1]. 4.2)

The exact solution is a periodic translation of the sine function,
u(x,t) =sin(2r(x —1)).

For T = 0, this is simply the L2-projection of the initial condition. Here, we consider a final
time of 7 = 1 and note that we expect similar results at later times.

The discontinuous Galerkin approximation error and the position-dependent SIAC fil-
tered error results are shown in Tables 1 and 2 for both quadruple precision and double
precision. Using quadruple precision, both filters reduce the errors in the post-processed
solution, although the new filter has only a minor reduction in the quality of the error. How-
ever, using double precision only the new filter can maintain this error reduction for P3-
and P*-polynomials. We note that we concentrate on the results for P3- and P*-polynomials
as there is no noticeable difference between double and quadruple precision for P'- and
P2-polynomials.

The pointwise error plots are given in Figs. 5 and 6. When using quadruple precision as
in Fig. 5, the SRV filter can reduce the error of the dG solution better than the new filter
for fine meshes. However, it uses 2k — 1 more B-splines than the newly generated filter.
This difference is noticeable when using double precision, which is almost ten times faster
than using quadruple precision for P3 and P*. For such examples the new filter performs
better both computationally and numerically (in terms of error). Tables 1 and 2 show that the
SRV filter can only reduce the error for fine meshes when using P* piecewise polynomials.
The new filter performs as good as when using quadruple precision and reduces the error
magnitude at a reduced computational cost.
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Additionally, we point out that the accuracy of the SRV filter depends on (1) having higher
regularity of C**1, (2) a well-resolved dG solution, and (3) a wide enough support (at least
5k 4 1 elements). The same phenomenon will also be observed in the following tests such
as for a nonlinear equation. For the new filter, the support size remains the same throughout
the domain — 3k + 1 elements—and a higher degree of regularity is not necessary.

4.2 Non-uniform Meshes

We begin by defining three non-uniform meshes that are used in the numerical examples.
The meshes tested are:

Mesh 4.1 Smoothly varying mesh with periodicity The first mesh is a simple smoothly
varying mesh. It is defined by x = & + bsin(§), where & is a uniform mesh variable and
b = 0.5 as in Curtis et al. [6]. We note that the tests were also performed for different values
of b; similar results were attained in all cases. This mesh has the nice feature that it is a
periodic mesh and that the elements near the boundaries have a larger element size.

Mesh 4.2 Smooth polynomial mesh The second mesh is also a smoothly varying mesh but
does not have a periodic structure. It is defined by x = & — 0.05(§ — 2m)&. For this mesh,
the size of elements gradually decrease from left to right.

Mesh 4.3 Randomly varying mesh The third mesh is a mesh with randomly distributed
elements. The element size varies between [0.8 h, 1.2h], where h is the uniform mesh size.

We will now present numerical results demonstrating the usefulness of the position-
dependent SIAC filter in van Slingerland et al. [20] and our new one-sided SIAC filter for
the aforementioned meshes.

4.3 Linear Transport Equation

The first example that we consider is a linear transport equation,

u;+uy =0, (x,1)€[0,27] x (0, T]
u(x,0) = sin(x), 4.3)

with periodic boundary conditions and the errors calculated at 7 = 2. We calculate the
discontinuous Galerkin approximations for this equation over the three different non-uniform
meshes (Meshes 4.1, 4.2, 4.3). The approximation is then post-processed at the final time
in order to analyze the numerical errors. We note that although the boundary conditions for
the equation are periodic, in the boundary regions we implement the one-sided filter in van
Slingerland et al. [20] as the SRV filter and compare them with the new filter presented above.

The pointwise error plots for the periodically smoothly varying mesh are given in Fig. 7
with the corresponding errors presented in Table 3. In the boundary regions, the SRV filter
behaves slightly better for coarse meshes than the new filter. However, we recall that this
filter essentially doubles the support in the boundary regions. Additionally, we see that the
new filter has a higher convergence rate than k 4+ 1 which is better than the theoretically
predicted convergence rate.

For the smooth polynomial Mesh 4.2 (without a periodic property), the results of using
the scaling of H = Ax; are presented in Fig. 8 and Table 3. Unlike the previous example,
without the periodic property, the SRV filter leads to significantly worse performance. The
SRV filter no longer enhances the accuracy order and has larger errors near the boundaries.
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On the other hand, the new filter still improves accuracy when the mesh is sufficiently refined
(N = 40). Numerically the new filter obtains higher accuracy order than k 4 1. For higher
order polynomials, P? and P4, we see that it achieves accuracy order of 2k + 1, but this is
not theoretically guaranteed.

Lastly, the filters were applied to dG solutions over a randomly distributed mesh. For
this randomly varying mesh, the new filter again reduces the errors except for a very coarse
mesh (see Table 3). The accuracy order is decreased compared to the smoothly varying mesh
example, but it is still higher than k£ + 1. Unlike the smoothly varying mesh, there are more
oscillations in the errors (Fig. 9). However, the oscillations are still reduced compared to the
dG solutions. We note that the results suggest that the SRV filter may be only suitable for
uniform meshes.

4.4 Variable Coefficient Equation

In this example, we consider the variable coefficient equation:

ur + (au)y = f, x €[0,27] x (0, T]
a(x,t) =2+ sin(x + 1),
u(x, 0) = sin(x), 4.4)

at T = 2. Similar to the previous constant coefficient Eq. (4.3), we also test this variable
coefficient Eq. (4.4) over three different non-uniform meshes (Meshes 4.1, 4.2, 4.3). Since
the results are similar to the previous linear transport Eq. (4.3), here we do not re-describe the
details of the results. We only note that the results of variable coefficient equation have more
wiggles than the constant coefficient equation. This may be an important issue in extending
these ideas to nonlinear equations. To save space, we only show the P? and P* results, P!
and P? are similar to the previous examples.

Figure 10 shows the pointwise error plots for the dG and post-processed approximations
over a smoothly varying mesh. The corresponding errors are given in Table 4. The results are
similar to the linear transport equation. The two filters perform similarly, with the new filter
using fewer function evaluations.

For the smooth polynomial mesh 4.2, we show the pointwise error plots in Fig. 11. The
corresponding errors are given in Table 4. In this example we see that the new filter behaves
better at the boundaries than the SRV filter. This may be due to the more compact kernel
support size.

Finally, we test the variable coefficient Eq. (4.4) over randomly varying mesh 4.3. Similar
to the linear transport example, the pointwise errors plots (Fig. 12) show more oscillations
than the smoothly varying mesh examples. We again see the new filter has better errors at
the boundaries than the SRV filter.

5 Numerical Results for Two Dimensions

5.1 Linear Transport Equation Over a Uniform Mesh

To demonstrate the performance of the new filter in two-dimensions, we consider the solution
to a linear transport equation,

ur+uy +uy =0, (x,y)€[0,27] x [0, 27], 5.1)

@ Springer



J Sci Comput

suonendwod oy ut pasn seam uoistoald sydnipenb pue {xy = g Surfess [puIey oYL ‘¢4 YSOIN Surkrea A[wopuel 1040 (¢'4) ‘b 1odsuen
Ieaul] oy} 10§ (utun]od jySi4) 1Y Mmau Y} pue (uwnjod ajppiut) 1Y AYS Y ‘(uwnjos 3f27) uonnjos Hp [eUISLIO ay) Jo aeds Fof ur sioxd asimjurod ayy jo uostedwo) ¢ Sy

X X X
IR . - I S - TR S -
Si-
& et & 8
2 e g vd
W W. RERRTATA W
.
; Hs- Hs-
08=N 08=N 08=N
Or=N - ---- Jo Or=N - - - - - Jo Or=N - - - - - Jo
oN = z ||||||||| °N = z ||||||||| QN = z |||||||||
X X X
R S - S - -
R ELS LS 1S4
8 & 8
m va/ 3......._1 Yo 0k m M M&H
L S g L]
.\ G-
4
08=N 08=N 08=N
Ov=N - - - - Jo Ov=N - - - - - Jo Ov=N - - - - - Jo
QN = z ||||||||| QN = z ||||||||| °N = z |||||||||
(moN) possaoord-1s0g (AMS) pessaooid-1s0g 10115 HP

pringer

As



l1ou18|° Boy

Ty oM
Nal'e s - vl
‘s by (1

A Py

ns i K
N \,\.—.L.(\ Ay r,//
LW A~
Af R
s .
i v
)A\A \
08=N
Ob=N - - - - -
0Z2=N - ————

(moN) possao1d-1s0g

J Sci Comput

08=N
OV=N - - - - - 1,
0Z=N - ———~—
X
9 S8 v €& e 1 0
|mF|

o
l10113]°*6o)

s
]
=
g
08=N
Or=N - - - -~ 1o
0Z=N ————~—
X
S ¢ v & ¢ L Ops.
|mF|

(AYS) Posseo01d-3s0g

l1o118|°* 60|

X
9 s v & =z L 0

461-
3
ok- @
=
g
dg-
08=N
=N - - - -~ 1y
02=N - ————

[10113|°*Bo)

IOIIH HP

suonendwod oy ut pasn seam uoistoaid sydnipenb pue {xy = g7 Surfess [putey oy (14 YSOIN) Ysow Surkrea A[qroows 1040 (4'4) *b ua10yJ90
J[qeLIeA ) JOF (Uwn]od 1y S1r) I[Y MU AY) pue (Uwnjod ajppiut) I AYS Y ‘(uwnjos 1fa7) uonnjos HP [eUISLIO ay) Jo 9[eds Fof ut s1o11d asimjutod ay) Jo uostredwo) (O *Siq

[N

[t

pringer

Qs



J Sci Comput

- S0—H06C - 90—HdE9'S - ¥0—Hd86'8 - YO—HIT'L - 90—dI19'6 - 90—d6v'C 0¢

edl

ysawt Suriva Kuiopuvy] : € ysap
08°01 [1—HSS°1 eIl cI—d6S°1 £€e'8 80—HOSE €88 60—dISI 00°¢ 01—408C 00°¢ [T—d819 08
09°6 80—HILC 8001 60—dCly ort1 SO—delI'l Ire LO—Hd¥8'9 861 60—dv6'8 10°¢ 60—Hd86'l (Vig
- SO—HEI'C - 90—dSY'v - SO—der'C - 90—HdS6'C - LO—HT8C - 80—dO0¥9 0¢

pdl
T8 01—d¥8'L SI'6 |t (2" 09°¢ LO—HLTT ey 60—dIS’L Wy 80—H86'% 00t 80—HCT'l 08
8C'8 LO—H8EC SL'8 80—HSSE oL 90—dpyS1 69°L LO—HIEL 86'¢ L0—H90'8 10'% LO—H96'1 (Vi%
- SO—H9¢'L - SO—HES'] - Y0—dS0°€ - SO0—HOLC - SO—HLT'] - 90—dSI'e 0¢

edl

ysaw pruouljod yioows 17 ysap
6501 11—99C°L Tt 1T=391°1 LEB 01—499L1 £8'8 11=39C°1 s 01—d8¥'¢ 10°¢ 01—HdeS'T 08
16'8 LO0—HCI'] 6£°6 80—H9¢C 8C11 80—HT8'S 8911 60—dvL'S 00°¢ 80—HLL'T €0°¢ 60—dS6'v (V1%
- SO—dIv'S - SO—deL'l - YO—dvy'1 - SO0—H68'l - L0—H69°S - LO—HTY'l 0¢

pdl
€68 60—dS0C LT6 0I—d8LC 18°01 60—dI8’1 80°TT Ol—dsy'1 10y 80—HOS'L 0v 80—HCI'C 08
S0'8 LO—HI9L €68 LO—HCL'T 6v'¢ 90—dsTe I8¢ L0—dvlE 00 90—dIC1 wv LO—dI¥'E (Vig
- Y0—H20C - S0—H9¢9 - S0—d99°¢ - 90—d0v'v - SO0—HE6'] - 90—4dys'S 0¢

M&H

ysaw Suriva Kyroows ;| ysap

19p1I0 10119 o] 19pI0 oo 7 19p10 10119 7] 19pI0 oo 7 19p10 10119 o] 19pI0 oo 7
199G MIN 1Y AIS op UsSN

€'p PUB T ‘T SOUSIIA] 1Y) ) I9A0 4 ‘¢ = ¥ 2213ap

Terwou£jod jo uonewrxoxdde Hp v 3uisn (1'f) "by 1e104J200 S[quLIEA U1 10J SIANY MOU AU PUE AYS U Y 10y1250] uonewrxordde Op oy 10 SIOLL- .7 PUE -7 § JQEL

pringer

as



J Sci Comput

suoneindwos oy ur pasn sem uoisoaxd oidnipend) *{xy = g Sureos Sursn are s19[Y oY,

ge9 I1—361C 89 cl—dv9'c £e'8 80—dI6'l 8v'8 60—d9C’1 Y6’y 01—deL't 96'Y =4Iy 08
60°Cl 60—d6L'1 1€°¢CI 01—H86'C 66't 90—d81'9 LL'S LO—H8YV'Y L8V 60—dI¢S 68 60—dLE] oy
- 90—HS8'L - 90—HdcS'l - Y0—Hd96°1 - SO—HSY'C - LO—H9S°T - 80—HLOY 0C
pd
0s'y 60—dI6'1 99t 01—dsl'e 6SY 90—4d90°1 LT'S 80—dI6°S €6'¢ 80—HCLY £€6'¢ 80—dcO'l 08
6£°6 80—dIcYy LY'6 60—d96'L 1489 S0—dsse ILs 90—dcI'c YL'E LO—H8I'L 00y L0—H9S°1 oy
19p10 10119 o7 19p1I0 o1 7 19p10 10119 o7 19p1I0 o .7 19p1I0 10119 7 19p1I0 ol 7
19y MmN Y ALS op UsSIN
ponunuod  § Iqey,

pringer

Qs



J Sci Comput

suonendwood oy ur pasn sem uorsoaxd spdnipenb pue {xy = g Sureos [ouray oy, (7 YsON) ysow erwoukod yioowss 1940 (4°1) ‘bg juaroyzeoo
J[qeLIBA ) JOF (Uwn]od 1y S1r) IN[Y MU AY) pue (Uwn]jod ajppiut) NG AYS ) ‘(Uwn]od 1fa7) uonnjos HP [eUISLIO ay) Jo 9[eds Fof ul s1o11d asimjutod ay) Jo uostredwo) [y S

X

10z

ol-

9 S 4 € z L %0z

(moN) Posse001d-480 ]

l10113|°*Bo)

l10113|**Bo)

X
€

0c-

(AMS) Posse001d-1804

l1o118|° 6oy

[10113|°*Boj

X
9 S 4 € 4 | 0
! f T T T T 0c-
- mFI
ok B
\ -
_/\,1\..,“,\4:(:ry:\(;_: :):):) & m
vz A b v
A N R VA A P W
- ml
08=N
OV=N - - - - - 1o
0Z=N ———-
X
9 S 14 € 2 L 0
T T T T T T 0z-
= mrl
3
ok- &
3
X%
4 M.sﬂ_ﬂs ! ::.,,_::.:_::.:_,=:_, =
et EVNAS
' Rl . ml
08=N
Ob=N - - - - - 1o
02=N - ————

IOIIH HP

<
=5

ed

pringer

As



J Sci Comput

pringer

suoneindwos oy ur pasn sem uoisioaid apdnipenb pue /¥y = g7 Suress [puIy AU (€' YSIIA) Yysow Suikrea A[wopuel 19A0 (4'4) ‘b 1wa1013900
J[qeLIeA ) JOF (Uwin]od 1y S1r) I[Y MU AY) pue (Uwnjod ajppiut) I AYS Y ‘(uwinjoo 1fa7) uonnjos HP [eUISLIO ay) Jo 9[eds Fof ut s1o11d asimjutod ay) Jo uostredwo) 7y *Siq

wv
X X X Sl
CHRE S S S S CHNE N S S S CHRE S S S
Si- S+
Al ! . ! < <) <]
T:___:P:.: 7\__ ‘_:J.rr_(fr.,::! 7.,:‘ m..m mnm N.m
/ VinqoL © o @ w&H
" 1 3 3 3
. A g C) s
LA =
1
08=N 08=N 08=N
Ov=N - - - -~ Jo Ov=N - - - - - Jo Ov=N - ---- “o
°N = z ||||||||| QN = z ||||||||| oN = z |||||||||
X X X
2 S a5 ¢ L O S ¢ ¢ £ ¢ 1 O
S+ S+ S+
& & &
3 3 5
o3 ® ® ed
= - =
g g g
HG-
08=N 08=N 08=N
Ov=N - ---- Jo Op=N - ---- Jo Oy=N - - - - - Jo
0Z=N —==== 0Z=N - === 0Z=N —= ===
(MON) posse001d-1s0g (AYS) possaooid-1soq I0II DHP



J Sci Comput

suoneindwod ay) ur pasn sem uorstoard sjqno

6001 CI—del'e 1€°01 €1—H00°¢ LY 1- 90—H98'L 01'0— 80—HEL'T 86'% OT—HeY'T 0'S 11=dvvv 08 X 08
11°01 60—H0¥'€ wol 0I—HE8°E LOT— 90—Hd¥8'C cro 80—HSST L6'v 60—H0Sv 10°S 60—H9%'1 0r X 0t
- 90—dLLE - LO—HSTS - 90—HSE'1 - 80—HLLT - LO—HIT'] - 80—dILY 0T X 0C
pdl
S9°¢ 60—H20'1 99 I1—4L6°L 80" 60—H0S'S SLY TI=9vL1 00¥ 80—HILY 00'Y 80—H6T'I 08 X 08
9’8 80—HIIT'S 178 60—HIOL LTS 60—HITE 116 01—4369t 66'¢ 90—H09°L 00 L0—H90°C 0F X 0t
- S0—H08'I - 90—H6¢'C - YO—HCI'1 - L0—H09C - SO—HIT'1 - 90—H0¢’€ 0T X 0T
M&H
19pI0 ol o7 19pI0 oo 7 19pI0 10119 o7 19pI0 om0 7 I9pI0 10119 o7 19pI0 oo 17
1Y MON Y AYS op USON

¥ ‘¢ = ¥ 92139p JO
s[erwou£[od Sursn ysaur WLOJIUN € 10A0 PAA[OS UONENDS J10dsuen Jeaul] (Ig © 10§ SI9NY MU PUE AYS oY) Yim 1oy1a50) uonewrxordde Hp oy) 10§ SIOLR- 4,7 PUE -7 & IQEL

pringer

as



J Sci Comput

(moN) posseoord-1sod ()

X 0 0
s T~ £
+ s . //
- v
S
Sy

9
o
sT-pl8
Ay | |
K
LT

o1~

(jroxsa])° oy

suoneindwod ay) ur pasn sem uoIsIoaxd 9[qNO(T “YSAW ()8 X ()§ WLIOJIUN € pue = ¥ 9313ap jo srerwoukjod Sursn
uonenba yrodsuen reaur] qg oyl 10J (JyS11) DN MU oY) pue (2jppius) 1Y AYS Y ‘(2/2]) uonnjos Hp [euIsLIo ay) Jo 9[eds 0] ur siowd asimiutod oy jo uosuedwo) ¢y S

(AYS) posseooxd-1sod (q)

X 0

o
2}

([Jone[)o Iﬁol

1011 HP (®)

X (U] <
A
N

o i

1 ?
o

(|101xa|)01301

pringer

Qs



J Sci Comput

- S0—HER'E - 90—Hd06'¢ - YO—dEY'9 - SO—d9v'E - SO0—H91'C - 90—dLY'E 0 x0¢

edl

ysaw Surliva quopuvy : € ysapy
L0l [1—dev'c 901 cl—dece 9%°0- 90—488'9 Se0 80—HISTC 9%t 01—4d8¢°S 00°¢ [T—HI¢8 08 X 08
Y1I'6 80—H6L'S 0g01 60—dS9v LS'T 90—4d66't (A8 80—HITE wv 80—dvL'l 00°¢ 60—HdS9C 0r X< 0v
- SO—HLTE - 90—dc6’S - SO—d8¥'l - 90—d8¢1 - LO—HLTE - 80—d8Y'8 0 x0¢

pdl
089 60—dI9v 6L 0I—dere §T's 80—dI08 0TS 60—dSEE 00y LO0—HOT'T 00y 80—H8L'I 08 < 08
L98 LO—dvYI'S '8 80—dLOY ¥8°9 90—4d¥0°¢ 869 LO—HETT 86'¢ 90—HdcC6'1 00t LO—HS8'C or < 0¥
- P0—Hd8E'1 - SO0—H6S'1 - Y0—d6¥'€ - SO—HSS'l - S0—de0't - 90—H9¢V 0T < 0¢

M&H

ysaw [pruoudjod yijoows 17 yYsap
6v°01 0I—dI19'1 901 11—d06°1 el'l- 90—dEl'6 L0 80—HLOC 00°¢ 60—dv0°l 00°¢ 0I—d881 08 < 08
w8 LO—HIET S0l 80—HdL9T 0'1 90—dLT'v LL'Y 80—H8E'E 861 80—HcEE 10°¢ 60—4d009 0r < 0v
- PO—dCI'1 - S0—d9T’e - 90—H9¢'8 - LO—HST6 - 90—HdS0°1 - LO0—HE6T 0T X 0¢

pal
68 60—Hd9L°L 918 0l—dee’L 6v'6 60—dI10°6 oL’ 11 0I—H0S1 €0y L0—Hd90°C 00y 80—dHOv'E 08 < 08
€6'L 90—4d99°'1 £e'8 L0—Hd60°C 801 90—d6¥'9 vy LO—H89'¢ 00y 90—do6tL'e 00y LO—HSY'S 0r X< 0v
- Y0—d¥0v - SO—HIL9 - Y0—d0T'1 - 90—d¥6'9 - S0—d6¢'s - 90—dvyL'8 0 < 0¢

edl

ysaw Suriva Kyroows ;1 ysap

19p10 IO 77 19pI0 o110 -7 19p10 J0119 7 I9pI0 10119 17 19pI0 J0119 19p10 10119 7
191 MIN I AIS op YsaN

€% PUB T'f ‘T ' SOUSQIA] :SoYsoul 21}

Y} 19A0 1 ‘¢ = ¥ 92139p Jo sperwouk[od Sursn (1°G) *by wodsuen 1eaur] (g sy 10J SIS Mau pue AYS Y1 PIM 1919501 uonewrxoidde Hp ay) 10J SI0LIL- 4,7 Pue -.7T 99IqeL

pringer

as



J Sci Comput

suonendwos oy ur pasn sem uorsidaId siqno uondap-4 ur /'y = g pue vonosnp-x ur Lxy = ¥z jo Suress oy asn SIAY YL

€e0l CI—ds8’L 0ol €1—H099 ev'l- 90—d60°L $8°0 80—l 06’ 0I—d8¥'c L6y [1—4d909 08 < 08
8L'6 80—HIO0’l 701 01—d08°L 0y 90—d¥9°C 989 80—HY9'C LLY 80—dv0'l Yo'y 60—406'1 0r < 0v
- S0—HL8'8 - 90—4d90°1 - co—de61°s - 90—4d90°¢ - LO—HdY¥8C - 80—HER'S 0T X< 0¢
pl
10°¢ 60—Hd88°¢ ev's 0l—dL6C EL'E 90—dILT 9Ty 80—Hv6'6 86'¢ 80—HS9'6 86'¢ 80—dIv'l 08 X< 08
9’8 LO—HST'] §T8 80—H8C'L 9l'v S0—de6S'E 6l'v 90—d06'1 €8¢ 90—dcs| 96'¢ LO—HETT 0r X 0v
I9pI0 10110 7 19pI0 ouo .77 10pI0 10110 T I9pI0Q ouo 7 19pI0 10110 4, I9pI0 Iomo 7
1[I MON T AIS op USIN

panunuod 9 Jqe],

pringer

Qs



J Sci Comput

suoneindwod ay) ur pasn sem uorstald apqnog

‘uonoanp-£ ut /'y = <z pue uonoanp-x ur /xy = ¥z jo Sureoss oy asn s1Y YL (24 YSIIN) YsW (g X (8 SUIkIea A[1oows B 1940 4 ‘¢ = ¥ 92139p Jo serwoukjod Sursn
(1°6) ‘b 1odsuen yeaur| (g oy J0J (JyS1r) 1Y Mau dy) pue (2]ppiut) 1Y AYS 2U) ‘(1/2]) uonnjos Hp [euISLIO Ay} Jo d[eds S0 ur s1o11d asimiutod o) jo uosuedwo) 1 81
(4% (4

ST o11-

117 11

-WM SOT-} b,mn. S0T-| 'm.m. Ow — Z
- =] - - =]
[ = or m:ﬂ or (PN w%
S6-| “OH. $67) m. S6F - HM».
67| 6] 67
=0 -0
S8 S8} S8}
8- 8- 8-
zl- - xq z .0 . £ i
9 v
11 11- s 1
0l o 01-8 i ot o1-§
£ | £ F08=N
6 = 5 . \»H 6 N
| " g ] o
& [N : [ =
2] H ~0 4 ~0 n ~0
9 9 9
(ma)N]) possaoord-1s0g (AYS) possoooid-1sog Iouy Hp

pringer

as



J Sci Comput

suoneindwod Jy) ur pasn
sem uoIs1daId 9[qno(J "9ZIS JUSWI[S [80] Ay} uodn paseq sem JuI[eds I)[I] 'Pasn sem ¢O'0) = g PIM 3(ug — 3)g — 3 = £ ‘3(u7 — 3)g — 3 = x Aq pauyep ysauw JurkIea-yjoows
V ¥ ‘¢ = ¥ 9a130p jJo sferwoukjod Sursn uonenba yodsuen reaul] (g 2yl 10J SIA[Y MU PUB AYS Y] UaaMIdq J[eds 30[ B uo siowd asimjutod ay Jo uositredwo) Sy “Sif

sorf R
Glccpa O T

o1+

& & & 08=N
o1- s o 2 o £
2 rot 2 o1 g w&H
6" g s g 56 g
S Z g
N 6 p
‘0 o 3
S8 <8 I
& 8 o
2l o
11 "
N 01+
K £ 3
! 5 2 K: _
m g F o £ 08=N
= 3 m4
S =3
& S & g ] ¢ d
=

(moN]) possedord-1s0q (AYS) possaooxd-1s0g 1011 HP

pringer

Qs



J Sci Comput

suoneindwod ay) ur pasn sem
uors1aid apqno( ‘uonoamp-4 ur {y = <z pue uonosanp-x ur /xy = X7 jo Surgess oy 9sn SIN[Y AL, YSIW g X (8 SuIKIeA A[WOpPURI € 1940 4 ‘¢ = ¥ 22139p Jo sjerwoukjod
Sursn (1°¢) "by 1odsuen resur] (7 oy 10J () ISP Mau oy} pue (q) INY AYS oy} ‘(8) uonnjos Hp [eurSo ay) Jo 9[eds Sof ur sioxre asimjutod oy jo uostredwo) 9y “Si

SOT-F -

£ 3 & 08=N
o = o ER 5
| o1 m ) m m wp.m
S6 - /m\r <6 m. M.
6 p

-0

133 .
8- 8-
(43 z1
1 n
ol ol _

&£ 8 F 08=N
m, g : %

=3 = =
&1 = 8 = g
L 0 B Lo ) fo
ks 9 ks

(moN) possavord-jsog (AMS) posseoord-1s0q I0115] HP

pringer

as



J Sci Comput

u(x,y,0) =sin(x + y) 5.2)

at T = 2. Due to the computational cost to obtain the post-processed solution, we only
present the 2D results using double precision. Table 5 shows that the accuracy is affected
by the round-off error, especially for the previous one-sided position-dependent filter. Such
significant round-off error appears to destroy the accuracy. Although the error magnitude
near the boundaries is larger than the regions where a symmetric filter is used, the new filter
reduces the error and improves smoothness of the dG solution (Fig. 13).

5.2 Linear Transport Equation Over a Non-uniform Mesh

For the 2D example, we consider the same linear transport equation as above, now over non-
uniform meshes. The non-uniform meshes we consider are rectangular grids, in which the
tessellations in the x- and y-directions are generated similar to Meshes 4.1, 4.2 and 4.3. Dou-
ble precision was used for all two-dimensional computations. Unlike the one-dimensional
example, the results of the SRV filter are significantly affected by the round-off error, espe-
cially near the four corners of the grids. This round-off error completely destroys the accuracy
and smoothness near the boundaries. Compared to the SRV filter, the new filter performs much
better. In the following examples, we can clearly see the improvement in the accuracy and
smoothness compared to the original dG approximations. From all the tests we performed, it
is easy to see that the new filter is more suitable than the SRV filter over non-uniform meshes,
and the practical performance of the new filter is better than the theoretical prediction.

For the P? case, because of the periodicity, the SRV filter seems slightly better in L?
norm than the new filter. However, if we look at the L° norm, we can see the new filter still
behaves better than the SRV filter (see Table 6). For the P* case, we can see that even the
ideal periodic property can not hide the fact that the SRV filter is not suitable for non-uniform
meshes—the SRV filter is worse than the new filter and even the original dG solution. In
Fig. 14, the round-off error of the SRV filter is noticeably demonstrated. The new filter has
better errors in L? and L> norm when the mesh is sufficiently refined.

Unlike the smoothly varying mesh we used in the previous example, the smooth-
polynomial mesh and the randomly varying mesh do not have the nice periodic property
which is exactly where a one-sided filter is needed. The deficiencies of the SRV filter become
significant. The results near the boundaries are worse than the original dG solution (Figs. 15,
16). The previous filters work well when all of their preconditions are met; however, if any
one of its assumptions are violated, we may not obtain the full benefit of the filter. The new
filter appears to still perform well in such circumstances.

6 Conclusion

In this paper, we have proposed a new position-dependent SIAC filter applied to discontinuous
Galerkin approximations over uniform and non-uniform meshes. The new filter was devised
as a consequence of analyzing the constant in the previous error estimates. This filter was
created by introducing an extra general B-spline to a filter consisting of 2k + 1 central B-
splines. This strategy allows us to overcome two shortcomings of the SRV filter: we can
now reliably use double-precision to both produce and use our filter, and our new filter has a
smaller geometric footprint and hence costs less (in terms of operations) to evaluate. We have,
for the first time, proved the accuracy-order conserving nature of the SIAC filter globally
and shown that this boundary filter does not affect the interior superconvergence properties.
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Additionally, we are able, for the first time, to extend our proofs of superconvergence for our
symmetric and SVR SIAC filters used over smoothly varying meshes. We demonstrated the
applicability of the position-dependent filter for non-uniform meshes by choosing a proper
scaling, H, which is obtained by analyzing smoothly varying meshes. Numerical results
indicate that this scaling idea works, even in the random mesh case (although no proof exists
to assert this). Future work will concentrate on extending these concepts to derivative filtering.
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