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Abstract

We deal with the numerical solution of time dependent problems with the aid of anisotropic hp-grids. We
present an algorithm which generates a sequence of anisotropic triangular grids and the corresponding
polynomial approximation degrees in such a way that the interpolation error measured in the discrete
L>=(0,T; L9(R))-norm (q € [1,00] and Q C R?) is under a given tolerance and the number of degrees of
freedom is as small as possible. The efficiency of the algorithm is demonstrated by numerical experiments.
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1 Introduction

An automatic mesh adaptation is an efficient tool for the numerical solution of partial differential
equations (PDEs). In this paper we deal with a method which combines two approaches:

e (isotropic) hp-adaptive methods, which allow the adaptation in the element size h as well as
in the polynomial degree of approximation p. Under some assumptions, they converges at
an exponential rate in the number of degrees of freedom, see, e.g., [1, 2, 3, 4, 5, 6] and the
references cited therein.

e anisotropic mesh adaptation techniques, generating anisotropic elements (i.e., long and thin
triangles), which are suitable in computation of problems with boundary or internal layers,
see, e.g., [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. These works dealt mostly with a first order
approximation, thus the Hessian matrix (=matrix of the second order derivatives) is natu-
rally employed for the definition of the Riemann metric generating the anisotropy of grids.
Furthermore, in [17, 18], the Riemann metrics (defining the optimal anisotropic mesh in the
Wk4-norm) were derived for the higher polynomial approximations degree (> 1).

In [19] we developed an adaptive technique for steady problems, which employs both these
aspects, i.e., it generates the so-called anisotropic hp-grids, where each element is characterized
by its size, the orientation, the aspect ratio, and the local polynomial approximation degree. The
orientation of the anisotropic element is the direction, along which its shape is extended, the size of
the element corresponds to its diameter and the aspect ratio of the element is (roughly speaking)
to the ratio between the size of the element and its “width”.

A hp-mesh can be described by two functions: M :  — Sym ( C R? is the computational
domain and Sym is the space of 2 X 2 symmetric, positively definite matrices) and P : Q — R*
(= the set of positive real numbers). The function M represents the Riemann metric and thus
defines a triangular grid. The function P defines the polynomial approximation degree on each
triangle of this grid.

The algorithm developed in [19] constructs, for a given function u :  — R? an anisotropic
hp-mesh such that
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i) the interpolation error of a projection of u on Sy, (= space of discontinuous piecewise poly-
nomial functions uniquely defined for each hp-grid) in the L?%-norm (g € [1,o0]) is under a
given tolerance,

it) the dimension of S,, (=number of degrees of freedom) is the smallest possible.

In this paper, we extend the technique from [19] to the numerical solution of time-dependent
PDEs. We develop an algorithm which generates a sequence of anisotropic hp-grids in such a
way that the interpolation error measured in the discrete L°°(0,T; L(£2))-norm is under a given
tolerance and the number of degrees of freedom is as small as possible. This algorithm involves
several re-meshing after each unsuccessful time step. The algorithm generating hp-meshes is
combined with the space-time discontinuous Galerkin method which simply deals with different
grids on different time levels. Moreover, a special modification is proposed to the numerical
solution of unsteady viscous compressible flows.

The content of the rest of the paper is the following. In Section 2, we introduce basic notations
and properties of anisotropic hp-meshes. In Section 3 we recall a theoretical background of the
presented hp-adaptation algorithm developed in [19]. Its application to steady problems is briefly
given in Section 4. The main novelty of this paper is presented in Section 5, where the algorithm for
the numerical solution of time dependent problems is developed. The efficiency of the algorithm
is demonstrated by experiments given in Section 6. The application of this technique to the
numerical solution of the compressible Navier-Stokes equations is given in Section 7. Finally, we
add several concluding remarks.

2 Anisotropic hp-meshes

In this section we introduce a basic notation for the anisotropic hp-meshes. Let Q C R? be a
bounded computational domain with a polygonal boundary 092. We denote by ., = {K} (h > 0)
a conforming triangulation of Q and by .%}, the set of edges of .7,. The edges e € %}, are considered
as vectors from R? given by its endpoints, the orientation of e € .%, is arbitrary.

2.1 Anisotropic triangle

In virtue of the papers cited above, the anisotropy of a triangle is described by a matrix M € Sym,
where Sym is the space of 2 x 2 symmetric positively definite matrices. Let the matrix M € Sym
be given, it can be decomposed in the form

M = Qj,, diag (A1, Anr,2) Qo (1)

where diag(a,b) denotes the diagonal matrix with the entries @ and b, 0 < Am,1 < Am,2 are the
eigenvalues of M, ¢n € [0,7) and Qg is the rotation through angle ¢ in the counter clockwise
direction. Moreover, the relation

Sy = {z € R? ™Mz < 1}, (2)

defines an ellipse whose semi-axes have lengths ry; = (M) ~'/2, i = 1,2 and its orientation is
oM (=angle between the major semi-axis and the axis 1 of the coordinate system), see Figure 1,
left.

Furthermore, let M € Sym and Xy be the ellipse given by (2). Let Ky be an acute-angle
isosceles triangle which is inscribed into the ellipse ¥y and which has the maximal possible area,
see Figure 1, left. We call Ky the anisotropic triangle corresponding to M. Hence, there is an
isomorphism between the matrix M, the corresponding ellipse ¥j; and the corresponding triangle
Ky

Similarly as in [17, 18], we describe the anisotropy of a triangle by three parameters: the size,
the aspect ratio and the orientation.
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Fig. 1: The ellipse ¥y with the length of semi-axes ry1, mm,2 and the orientation ¢, and the
corresponding triangle Ky with the anisotropy {rmi1,ms,1/7m,2, ¢dm} (left). The acute-
angle and the obtuse-angle anisotropic triangles (right).

Definition 2.1. Let Ky be the triangle corresponding to Ml € Sym and Am,1, A2 and ¢m be
given by (1). Let ry; = (Mi)~V/2, i = 1,2 be the lengths of semi-azes of Y. We say that

o 7y, 1S the size of K,

TM, 1
T™,2

® oy = > 1 is the aspect ratio of Ky,

e ¢y is the orientation of Kyy.
The triple {rm,1, om, ¢m} s called the anisotropy of K.

Obviously, the matrix Ml € Sym defines a Riemann metric in R?, where the distance of z,y € R?

is given by ||z — yllm == ((z — y)"™M(z — y))l/z. For the purpose of the definition of an optimal
hp-mesh, we recall one result from [9, Section 3].

Lemma 2.2. Let M € Sym and Ky be the corresponding triangle. Let eiKM, i =1,2,3 denote the
edges of Ky, which are considered as vectors from R? given by their endpoints. Then

1/2
et o = ((ef™)™Mel) " = V3, i=1,23. (3)

Hence, Ky is equilateral in the metric defined by M.

Finally, let is note that it would be possible to consider also the obtuse-angle triangle, see
Figure 1, right. This triangle has the same area as the acute-angle one and its edges satisfy the
assertion of Lemma 2.2, see [9, Section 3]. The in-house code ANGENER [20] used in this paper
does not distinguish between the acute-angle and the obtuse-angle triangles, hence it generates
also obtuse-angle triangles.

2.2 Anisotropic meshes

Similarly as in, e.g., [9, 10, 11, 12, 13, 15], we define an anisotropic triangular grid }, as a mesh
consisting of equilateral triangles with respect to a given Riemann metric. Let M :  — Sym be
an integrable mapping, which we call the Riemann metric on Q. Let vg,v; € . We define the
distance between vy and v; by

1 1/2
||’l)1 — ’U()”M = / ((’01 - 'U())TM(’UO + t(’Ul — vo))(v1 - ’Uo)) dt. (4)
0
It is possible to prove that (4) defines a metric on . In virtue of (3), it would be natural to define
a mesh .7}, such that
el =3 Vee i, )
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Fig. 2: Example of an metric M represented by ellipses in selected nodes (left) and the corre-
sponding triangular grid (right).

where .%}, is the set of edges of .93,. However, for the given metric M, there does not exist (except
special cases) any triangulation satisfying this requirement. Therefore, we define the triangulation
generated by metric M such that the equalities (5) are satisfied approximately by the least square
technique, see [9, 10]. Hence:

Definition 2.3. Let M be the Riemann metric on Q. We say that the triangulation J}, is
generated by metric M if

2
7 = axgmin 3 (el = v3), (6)
ecs;
where the minimum is taken over all possible triangulations 7, of Q and F] is the set of edges

of F.

Let us note that there exist algorithms and codes, e.g., [20], [21], which construct mesh .7, for
the given metric M in the sense of Definition 2.3. Figure 2 shows an example of an metric M
represented by the ellipses in selected nodes and the corresponding triangular grid.

2.3 Anisotropic hp-mesh

Let 9}, = {K} be a triangulation of Q. To each K € .9, we assign a positive integer px
(=local polynomial approximation degree on K). Then we define the polynomial degree vector
p:={pr; K € F}. The pair %, := {J, p} is called the hp-mesh.

In Section 2.2, we showed that the mapping M : Q — Sym defines a triangular grid. On the
other hand, the polynomial degree vector p = {px; K € 7} can be defined in the following way.

Definition 2.4. Let P : Q — RT be a given integrable function, which we call the polynomial
degree distribution function. Let .}, be a triangulation of 2, using P, we define the polynomial
degree vector p = {pk; K € T} by

J—— [lKll/KP(x)dx], Ke 2, (7)

where int[a] := |a + 1/2] denotes the integer part of the number a +1/2, a > 0.

Therefore, for the given Riemann metric M :  — Sym and for the given polynomial degree
distribution function P : Q@ — R, we are able to construct the hp-mesh %, = {,, p} where 7,
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and p are given by Definitions 2.3 and 2.4, respectively. Let us note that in practice, it is sufficient
to evaluate M and P only in a finite number of nodes x € Q.

3 Optimal anisotropic hp-mesh for a given function v : Q) — R

This section exhibits a theoretical background of the presented hp-adaptation algorithm, which
was developed in [19]. We recall the construction of the optimal anisotropic hp-mesh for the given
function u : © — R. The optimality is based on the minimization of number of degrees of freedom
provided that the interpolation error is under a given tolerance. For simplicity, we deal with
functions from V := C'*°(9).

3.1 The main problem

For the given hp-mesh %, = {4, p}, we define the space of discontinuous piecewise polynomial
functions by
Sip i= {v € L*(Q); v|x € PPX(K) VK € %}, (8)

where PP (K) is the space of polynomials of degree < px on K € J;,. The dimension of S, is
equal to Nyp == > e 5 (Px + 1)(Px + 2)/2, which is called the number of degrees of freedom of
the hp-mesh Fp.

Let uw € V be a given function, z €  and p € N be an integer. We define the projection

operator gz, : V — PP()) such that

Oz pu(x)  OFu(z)
dxl oz~ B ok dah~!

Vi=0,....,k Yk=0,....p. (9)

Therefore, mz pu is the polynomial function of degree p on {2 which has the same values of all
partial derivatives up to order p at T as the function u. The existence and uniqueness of mz ,u is
obvious. Using the operator 7z ,, we define the projection into the space Spp.

Definition 3.1. Let %, = (J,p) be a hp-mesh, vx, K € J}, be the barycentres of K € , and
Shp be the corresponding space of discontinuous piecewise polynomial functions given by (8). We
define the operator Il : V' — Sy by

thU|K = ﬂ-xK,pKU|K VK € %7 (10)

where 7, . is given by (9). The operator II;pis defined separately for each K € 9, and it is
unique for the given hp-mesh.
Now, we are ready to formulate the following problem.

Problem 3.2. Let u € V be a given function, q € [1,00] be a given degree of the Lebesgue norm
and w > 0 be a given tolerance. We seek a hp-mesh G, such that

P1) ||u —pptt|| 1 40y < w, where Iy 0 V. — Sy is defined by (10),
pUllLa(q) P p

P2) the number of degrees of freedom Ny, of Fhp is minimal.

( g p p

The Problem 3.2 is complex and we are not able to solve it. Therefore, in [19] we developed
an algorithm, which generates an anisotropic hp-grid such that condition (P1) of Problem 3.2 is
satisfied up to the higher order terms and the corresponding number N, is small. Therefore, we
expect that this resulting hp-mesh is close to the (hypothetical) solution of Problem 3.2. The
algorithm from [19] consists from the following steps:

1. Let T € Q be given.

2. For any polynomial degree p = 1,2, ..., we consider an auziliary local problem whose solution
results the ratio and the orientation of the anisotropic triangle with the barycentre at z.
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3. With the aid condition (P1) of Problem 3.2, we fix the size of this triangle with the barycen-
tre at x.

4. Using a heuristic consideration, among all possible p, we choose the optimal polynomial
approximation degree (and the corresponding triangle represented by a matrix from Sym).

Performing these steps (theoretically) for all Z € €2, we derive the Riemann metric M : Q@ — Sym
and the polynomial degree distribution function P : @ — RT, which define the hp-mesh %,. Let
us recall that in practice, it is sufficient to evaluate M and P only in a finite number of nodes
z e

In the rest of this section, we briefly describe these steps, all details can be found in [19].

3.2 Setting of the ratio and the orientation of a triangle for the given p

Let u € V, Z = (Z1,Z2) € Q and p € N be given. Let 7z pu be given by (9), then using the Taylor
expansion of degree p + 1 at T, we have

w(x) — mp pu(z) = ey (z) + O(|lz — z[P*+?), (11)
where
; 1 P p+1 oPTLu(z)
l,nt T - - l __ - erl,l 12
“pl®) (p+1)! leo ( l > ot gab 1! (@1 = 1) (w2 = 22) (12)

is the interpolation error function of degree p located at . Let us note that the right-hand side
of (12) is the (p + 1) -order scaled directional derivative of u at # along the direction = — z.
Obviously, el (z) = 0 and el (z) &~ u(x) — 7z pu(x) up to the higher order terms. Finally, (10)
and (11) give

(u—Thpu) | = e |k VK € T, (13)

TKPK

where x g is the barycentre of K € F},.
Based on (13), we introduce the following auziliary local problem.

Problem 3.3. Letu eV, z€Q,peN, g€ [l,00] and @ > 0 be given. We seek an anisotropic
triangle K (i.e., its anisotropy {hk,oK, oK }) having the barycentre at T such that

(r1) He-l?’r%HLq(K) S,
(p2) the area of K is the mazimal possible.

The condition (p2) follows from the consideration that in order to minimize the number N,
of the hp-mesh, we have to construct triangles with the maximal possible area (for the given
polynomial approximation degree). The tolerance & will be specified later.

We simply observe that the interpolation error function eiz‘.“fp depends in general on all partial
derivatives of order p + 1 of u. On the other hand, the anisotropy of a triangle is given by three
parameters. Therefore, in order to solve Problem 3.3, it is advantageous to estimate egf; by an
expression depending on three parameters only. Motivated by [17, 18], we derived in [19] the
following estimate of the interpolation error functions

p+1
2

e @) < 4, (= - 2)7Q,,D,, 0L (e - 7)) Vazeq, (14)

z,p Pp

where A, > 0, Q,, is the rotation through angle ¢, and D, is the matrix given by

Dp::<1 0 ) p>1. (15)

0 pfﬁ
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Fig. 3: The boundaries of domains F? and GP for function (16).

The values A4, > 0, p, > 1 and ¢, € [0,27) represent the size, the aspect ratio and the orientation
of the mterpolatlon error function e, which are defined in such a way that the estimate (14) is
as sharp as possible in the following sense:

Obviously, both sides of (14) are (p + 1)-homogeneous functions of (z — Z), i.e., f(x — ) =
|z — x|p+1f( = z‘) Moreover, both sides of (14) define bounded domains F? and GP in R?, namely

FP and GP are the interiors of the closed curves
{y e R y—|emt ’(a:—:i), |z — 2| =1}

and
p+1

{versy=1,(@-27Q,0, Q- ) 7 @-o). o-al=1}.
respectively.

Obviously, if F'P C GP then estimate (14) is valid. Therefore, in order to guarantee a sharpness
of (14), we set parameters 4, > 0, p, > 1 and ¢, € [0,27) in such a way that F? C GP and
the area of GP is minimal. This triplet {A,, pp, ¢p} is called the anisotropy of the interpolation
error function e”’t Let us note that in many situations, A, is equal to the maximal value of the
(p+1)th-order scaled directional derivative of u at Z, ¢, is the angle of the direction of the maximal
derivative and p,, is the ratio between A, and the (p+1)*"-order scaled directional derivative along
the perpendicular direction. For the detailed determination of {A4,, p,, ©p}, see [19, Section 3.2].

Figure 3 shows the sets F? and GP for p =1,3,5, £ = (1,1) and u given by

u(zy, x2) = 0.01(627 + 428z — 32522 + 8xlad + 122323 + Salad + 128 — ). (16)

The estimate (14) is the base for the solution of Problem 3.3 formulated in the following
Lemma, for the proof see [19, Lemma 3.17].

Lemma 3.4. Letu e V,z2€Q, peN, g €[l,00] and @ > 0 be given. Let {A,, ¢p, pp} be the
anisotropy of the corresponding mterpolatwn error function e™ . We set Vzp by

z,p°
2q 2
1 aGrnTE
vy = (@07 /(Craly)) forq € [1,%0), viy = (@05 /4,) " forq=o0 (17)
—q(p+1) /q
where cpq = %) and m = 3.1415.... Then the triangle Kz, with the anisotropy

{hg,08, B} given by

1/2
he = (p; 1 ux,p/w) R T (18)
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is (almost) the solution of Problem 3.3, namely we have

int -3 a2
HeipHLQ(K@,p) Sepgdppp® (Vap) 77 =@, q< oo (19)
. 1 p+1 B
and Hegj;HLw(Km) < Appp? (vzp) 2 =w.

Finally, let us note vz, is equal to the area of element (up to a multiplicative constant) and
due to (17), it is related to the local tolerance w. It will be specified in the following section.

3.3 Setting of the size of a triangle

Here, we present only the more complicated case ¢ < co. We need to set the area vz, of a triangle,
i.e., its size since its ratio was already specified. The main Problem 3.2 requires the error bound
[|uw— thu||Lq(Q) < w, where w > 0 is the given (global) tolerance. In order to set @ in Problem
3.3, we use the implication

HU_th“HLq(Q) Sw — ||“_th“||Lq(K) SW(|K|/|QD1/(] VK € I (20)

Although the equidistribution condition on the right-hand side of (20) does not guarantee that the
resulting grid is the globally optimal grid, we employ it for the setting of the local tolerance @ in
(17), since we do know how to solve this complex problem in an effective way.

In virtue of (13) and the right-hand side of (20), we require that

int

fw”L«(Kw) < w(Vzp/l9)7 . (21)

le

Hence, in order to specify area vz, using (19) and (21), we set the condition

~1 a(pt1)+2 1
cpqAppp ® (Vzp) 21 =w(vzp/[Q)7, (22)
which implies
N 2
Vap = 10177 (wpy [(cpady)) (23)

3.4 Choice of the polynomial approximation degree

In previous sections, we have derived the anisotropy of the optimal triangle Kz ,, which minimizes
the norm of the interpolation error function egi‘; on K3z p, for any & € 2 and for the arbitrary given
polynomial approximation degree p. In this section, we set the optimal polynomial degree p.

We introduced the so-called density of the number of degrees of freedom by

(p+1)(p+2)
QVE’:D

Mp(T) = , PEN, T€Q (24)

representing the number of degree of freedom per unit area. Then, for each Z € {2, we choose the
polynomial degree p € N such that the corresponding value 7z, is minimal, i.e., we put

pz 1= arg gleignp(f)- (25)

Let us note that in practical implementation, the degree p is bounded from above by the maximal
implemented polynomial approximation degree, hence the minimum in (25) always exists.
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3.5 Anisotropic hp-adaptation algorithm

Now we are ready to define the Riemann metric M and the polynomial degree distribution function
P, which generate the hp-mesh %, by Definitions 2.3 and 2.4, such that %, is close to the solution
of the main Problem 3.2. We define the following algorithm.

Algorithm (A) (Generation of M(z) and P(z) for = € Q)

Let u € V, g € [1,00] and w > 0 be given. Then

1. Foreachp=1,2,...,

(a) We evaluate the anisotropy of the interpolation error function {4,, ¢,, pp} introduced
in Section 3.2.

(b
(c
(d
(e

2. We find p, € N minimizing n,(x), i.e. py := argminyeyn np(2).

Using (23), we set the area v,(z) of the triangle K, ,.
Using relation (18), we define the optimal anisotropy of K ,, by the triple {hg(z),0r(z), ¢(x)}.
Using Definition 2.1, we find matrix M, (z) defining triangle with the anisotropy {hg(z),or(z), ¢r(z)}.

)
)
)
) Using (24), we evaluate the quantity n,(x) := (p + 1)(p + 2)/(2vp(2)).

3. We set M(x) :=M,_(x) and P(x) := p,.

Theoretically, we can employ the previous algorithm for any « € €. In practical application,
we evaluate M and P only for the finite number of z € Q) and then we continuously interpolate

M and P on ).

4 Application of the anisotropic hp-adaptation to steady problems

In Section 3, we presented the algorithm, which generates, for a given function u, the anisotropic
hp-grid such that the interpolation error is under the given tolerance and the number of degrees
of freedom N, is small. We apply this algorithm for the numerical solution of a boundary value
problem (BVP).

4.1 Definition of the adaptation process

Let u : © — R be the exact solution of the given BVP. The goal is to find a hp-mesh (and the
corresponding space S, given by (8)) such that the approximate solution w,, € S, satisfies

|t — thﬁthLq(Q) Sw, (26)

where 7, is a higher order reconstruction of the approximate solution w,,, namely Uyl €
PPETHK), K € 9, (see Section 4.2 for the definition of this reconstruction). The final (op-
timal) hp-grid is obtained iteratively after several adaptations with the aid of Algorithm (A) from
Section 3.5. Particularly, if u,p is an approximate solution of BVP obtained on the given hp-mesh
Fhp then we generate a new (better) mesh fhﬁ[ where the more accurate approximate solution can
be obtained. In the following we describe the implementation of Algorithm (A) with the aid of
the software package ANGENER [20]. If a triangular grid .7, is given together with the metric
M evaluated at the barycentres xx of all K € %, then ANGENER creates a new anisotropic
triangular grid in the sense of Definition 2.3. Therefore, for our purposes, it is sufficient to perform
Algorithm (A) only for zx, K € .

4.2 Implementation of Algorithm (A)

Since the optimal mesh is sought iteratively, it makes no sense to test all possible polynomial
approximation degrees in the step (1) of Algorithm (A). Therefore, if K is an element from the
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initial mesh J, and pg the corresponding polynomial approximation degree then we perform the
step (1) of Algorithm (A) ounly for p:=px — 1, p:=px and p := pg + 1.

Moreover, in the step (a) of Algorithm (A), we approximate the p + 1 directional derivative of
Uupp for p = pr — 1,px, px + 1 in the following way. For each K € .7}, we define the patch D(K)
which consists of all K’ € .7}, sharing a face with K. Then we define the polynomial function
Uk, € PPTH(D(K)) by

('ELK,pv(b)LD(K) = (uhpv¢)17D(K) Vo € PP'H(D(K)), (27)

where PPTL(D(K)) is the space of polynomial functions of degree p+1 on D(K) and (-, ~)17D(K) is
the H'-scalar product on D(K). Then the partial derivative of degree p + 1 of @ K,p are constant
on K and in step (a) of Algorithm (A), where we evaluate A4,, ¢, and py,, we replace u by g p.
Hence, the output of the implemented algorithm are M(xx) € Sym, P(zx) € N VK € .
The matrices M(zx), K € Z, are passed to ANGENER which generates a new mesh ZV.
Finally, for each vertex xp of the old mesh .7,, we set P(zp) € RT as the average of P(zx) for
all K having zp as a vertex. Then, we obtain a continuous piecewise linear function P : Q — RT
on 7, and using (7) we compute the polynomial approximation degrees on the new mesh 7.

Remark 4.1. Let us note that it is difficult to achieve the condition (26) in a reasonable small
number of adaptation levels by the applying Algorithm (A) since the algorithm tries to achieve
relation (26) with the equality. Moreover, not all operations in ANGENER are allowed in order
to ensure, e.g., the shape-regularity of the meshes. Therefore, in practice, for given w we employ
Algorithm (A) with w := zw where z = 0.1 or z =0.2.

5 Application of the anisotropic hp-adaptation to time-dependent problems

In previous sections, we described the construction of an anisotropic hp-mesh for the numerical
solution of steady (boundary values) problems. In this section, we extend this approach to the
numerical solution of time-dependent problems given generally by

0

a—?+,;zfu:o in Qr == Q x (0,7), (28)
where u : Q x (0,T) — R is the sought solution, Q@ C R? is the computational domain, T' > 0 is
the final time and &/ is a (non-linear) differential operator. This equation has to be accompanied

by suitable initial and boundary conditions.

5.1 Space-time discretization

It is advantageous to discretize problem (28) by a method, which simply employ different meshes
on different time levels. Therefore, we employ the space-time discontinuous Galerkin (STDGQG)
method, e.g., [22, 23, 24, 25, 26].

Let 0 =ty < --- < t, = T be a partition of (0,7), r > 0 is integer and I, = (t;—1,tm),
m=1,...,r. By {v},, we denote the jump of v:|J _, I, — R at t,, given by

m=1

(O} =0t —v7, v =0v(tmt) = tiigniv(t) (29)

m

provided the one-sided limits lim wv(¢) exist.
t—t,t

For each time instant t,,, m = 0,...,7, and interval I,,, m = 1,...,r, we consider a con-
(m)
b -

fhi)m), m=0,...,r given by (8), we define the space of discontinuous piecewise-polynomial func-
tion on {ﬁhgm), m=1,...,r} by

forming hp-mesh 7, Let S}f;n ) be the space of (space) piecewise polynomial functions on

k
S}fpk = {v € L*(Qr); U(JJ,L‘)|I = Zti Ui (@) with vy, ; € S,f;n), 1=0,....k, m= 1,...,7’},
i=0

(30)
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where the integer k£ > 0 denotes the polynomial approximation degree with respect to the time
coordinate.
Then, the STDG discretization of (28) reads: wee seek up, € S{p’“ such that

/ ((amh)+a§ﬁ><uh,,vh>) At + ({undm1s Wn)r) =0 ¥on € ST, m=1,....7, (31)
Im

where (-,-) denotes the L2-scalar product over Q and a{™ : S}E;" ) % Sh(;n ) 5 R represents the
(space) discontinuous Galerkin discretization of the differential operator 7. The function (up)y
is given by the initial condition. For more details see, e.g., [27, 28].

The coupling between two time levels is performed by the second term in (31)

({untm—1s (n)fh 1) = ((wn)b 1, 0n)ih 1) = ((un) 1y (Wn) 1) 5
(un)foers ()t € S5 (un)mey € S ™Y,

)

where the last term is the integral of the product of a function from %E}mfl with a function from

Ztgm) . Obviously,

((un)crs 0n) ) = (BS (un)ns o)) o (0n)ioy € 557

where Ph(;n)(uh);kl € S,E;n) is the L%-projection of (up),,_; € S,Eg%l) on the mesh yhfjm). There-
fore, (31) can be replaced by

/Im ((agth,uh) +a§f”)(uh,vh)> dt + ((uh);,l — p}f:@)(uh);%l, (vh);,l) 0 (32)

VvheS{p’“, m=1,...,r

5.2 Implementation comments

The STDG formulation (31) represents a system on nonlinear algebraic equations, which are
solve by a Newton-like method. The Jacobian matrix is replaced by the so-called flux matrix
(see [29]) which can be derived analytically. The Newton-like iterative process is performed until
the algebraic error does not significantly influence the space discretization error. Moreover, the
time step is chosen adaptively is such a way that the discretization error arising from the time
discretization does not significantly influence the space discretization error. A detailed description
of these error estimates for the STDG method is the subject of the forthcoming paper [30].

Let us note that the discontinuous Galerkin discretization with respect to the time is rather
expensive since the size of the corresponding nonlinear algebraic system is proportional to k + 1
(in contrary to, e.g., the Runge-Kutta methods, the BDF schemes). On the other hand, it is very
accurate therefore significantly smaller number of time steps is sufficient, see Table 1 bellow.

5.3 Mesh adaptation

An efficient numerical solution of time-dependent problems requires several re-meshing of grids
during the computational process. However, each re-meshing requires some additional computa-
tional time. Taking into account the mesh adaptation method introduced in the previous sections,
we develop the anisotropic hp-adaptation technique, which control the interpolation error in the
“discrete L*°(0,T'; L1(£2))-norm”, namely

2

I <w Vm=0,...,7, with El(m) =u,, — (m),,~ (33)

La(Q) — P

where u : QX (0,7) — R be the exact solution of (28) and H}(L;n) is the projection into S,E;n) defined
by (10).
Thus, we formulate the following problem.
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m—n

and (up);, at a

Fig. 4: The ellipses £ " and £{7" corresponding to functions Ph(;") (up)
given node (left) and the corresponding intersection ¥y (right).

Problem 5.1. Let u: Q x (0,T) — R be the exact solution of (28), q € [1,00] be a given degree

of the Lebesque norm and w > 0 be a given tolerance. We seek a sequence of hp-grids ‘ZLE)m)f
m=20,...,r such that

(P1%)
- (m), — _
Hum—th um‘Lq(Q) <w, m=0,...,7, (34)
where H,(L?) is the projection into Sh(;") defined by (10),
(P2*) the number of degrees of freedom Nh(;n) of %E)m)’ m=0,...,r is as small as possible.

The resulting algorithm for the solution of problem (28) is based on the following steps:

(S1) let the inequality from condition (P1*) be satisfied for some m — 1 for a hp-mesh ﬂhi)m_l),

(S2) we put ,Zlf)m) = %E)mfl) and perform the computation between time levels ¢,,_1 and t,, on

(S3) if (P1*) is valid for m then we put m := m + 1 proceed to the new step,

S4) otherwise, we construct new (better) hp-mesh 7 (M) and repeat the computation from ¢,,_1
hp
to &y,

The most important aspect is the construction of the hp-mesh %I(Dm) in step (S4) since we need
to approximate the solution between time levels ¢,,_1 and t,, sufficiently accurately. Therefore,
in virtue of (32), we construct %i,m) using the functions Ph(:l)(uh);b_l and (up),,. We employ
the technique of an intersection of metrics developed in [31]. At each node of consideration, we
construct two ellipses representing the metric generated by both functions. Then the resulting
metric corresponds to an ellipse having the maximal possible area and which is contained in the
intersection of both original ellipses, see Figure 4. This construction implies that the conditions

| B8 )y = 1 (B n) )| and  ||ug, — T

<w
Li(Q)

<w
La(Q)

are satisfied for given m.

Figure 5 shows a typical situation in mesh adaptation for time-dependent problems. This
figure shows the value of the interpolation error with respect to the physical time ¢t € (0,T).
In several steps, the interpolation error is over the tolerance w and therefore a re-meshing (step
(S4)) is performed (typically accompanied by the decrease of the size of the time step). The node
corresponding to the accepted grids are highlighted.

In the following we present several numerical experiments demonstrating the efficiency of the
proposed algorithm. In all numerical experiments we measure the interpolation error in the L2-
norm (i.e., ¢ = 2 in Problem 5.1).
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all grids ——
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tolerance -~ -- - -

0.001

interpolation error

0.0001
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

physical time t

Fig. 5: Typical dependence of the interpolation error with respect to the physical time ¢ € (0,7T)
during the adaptation process, the accepted grids are highlighted.

6 Numerical verification

We consider the nonlinear convection-diffusion (viscous Burgers) equation

ou ou ou

— — — —eAu=0 in Q x (0,7 35

8t+u8x1+u(‘3x2 eAu in Qx(0,7) (35)
with Q = (-=1,1) x (=1,1), T = 1, ¢ = 1072, The initial and boundary condition are chosen in
such a way that the exact solution has the form

w(zy, xo,t) = (14 exp (@1 +xo +1—1)/2)) . (36)

This function contains an interior layer propagating in the direction (1,1) and its width is propor-
tional to €. We carried out numerical experiments for piecewise linear and quadratic approximation
with respect to the time (k = 1 and k& = 2 in (30)) and with the tolerances w = 1073, w = 1074
and w = 107°.

The results are shown in Table 1, which contains the number of time steps #7,,, the number
of different hp-meshes #ﬂhf)m), the maximal used polynomial degree p**, the average size of

the time step 7,,, the minimal, average and maximal number of degree of freedom Nh(:)n ) for all

Zbgm), m=0,...,r, the average and the maximal value of the interpolation error HEI(m) |20 for
m =0,...,r, the computational errors measured in the L>°(0,T; L*(Q))- , L*(0,T; L*(Q2))-norms
and the L2(0,T; H(Q))-seminorm and the total computational time (CPU) in seconds. Let us
note that Nh(;n) = ZKeﬂh(’”)(k + 1) (px + 1)(px +2)/2.

We observe that all computations fulfil condition (P1*) from Problem 5.1 and the ratios

MaXy,—0,...r ||E1(m)HL2(Q) MaXm=0,...r ||E1(m)||L2(Q) MaXym=0,...r HEI(m)||L2(Q)

.....

)

||€hHL°°(0,T;L2(Q)) Heh||L2(O,T;L2(Q)) ||€h||L2(0,T;H1(Q))

are practically independent of w and k. Moreover, comparing results for £k = 1 and k = 2 we find
that both give approximately the same computational errors (for the same w) but the higher order
method (k = 2) is faster although it employs the higher number of DOF. It is caused by the fact
that the due to its high accuracy, the time steps can be chosen longer.

Furthermore, Figure 6 shows the development of the computational error in the L?(Q)- and
L>(0,tm; L*(Q))-norms and the value of the interpolation error El(m) during the computation.
We observe that the computational as well as interpolation errors decrease after each re-meshing
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N,f;n) HEI(m) ”LQ(Q) [[u — wp || comput.
k w H#Tm #Zlgn) e Tm min aver max aver max L (L?) L%(L?) L%(H') time(s)
1 10~ 316 22 4 3.16E-03 786 1214 1706 5.04E-04 9.96E-04 2.98E-03 1.75E-03 1.35E-01 157.9
1 107* 882 28 5 1.13E-03 1696 2615 6058 5.10E-05 9.98E-05 3.39E-04 1.92E-04 1.57E-02 1004.8
(EOQ) (5.67) (5.76) ( 5.60)
1 107° 3222 37 7 3.10E-04 2458 4420 37026 5.87E-06 1.00E-05 3.73E-05 1.61E-05 1.39E-03 7843.6
(EOC) ( 8.41) (9.46) (9.23)
2 1073 152 21 4 6.57E-03 1377 1793 2544 | 3.67E-04 9.90E-04 2.24E-03 1.07E-03 9.19E-02 133.5
2 10~ 239 25 6 4.17E-03 2313 3880 12822 4.15E-05 9.99E-05 2.94E-04 1.41E-04 1.15E-02 621.5
(EOC) (5.26) (5.26) (5.38)
2 107° 429 36 7 2.33E-03 3333 5800 44772 6.21E-06 9.99E-06 2.70E-05 1.29E-05 1.15E-03 2620.6
(EOC) (11.86) (11.87) ( 11.45)

Tab. 1: Example (35) — (36), characteristics of the mesh adaptation processes and the correspond-
ing computational errors.

and each mesh can be employed for several time steps which save the total computational time.
This effect is a consequence of the choice of tolerance mentioned in Remark 4.1.

Finally, Figure 7 shows the anisotropic hp-grids generated by the algorithm for & = 2 with
the tolerances w = 1073 and w = 1075 at time levels t = 0, t = 0.5 and t = 1. Each triangle
is highlighted by the colour corresponding to the polynomial approximation degree. A strong
anisotropic refinement along the moving front is obvious.

7 Application to the numerical solution of the compressible Navier-Stokes
equations

7.1 Modification of the algorithm

Our aim is to extend the technique introduced in Section 5 to more challenging problems, namely to
simulation of viscous compressible flows described by the Navier-Stokes equations. For their form,
see, e.g., [32] and for their DG discretization, e.g., [33, 29]. These problems are more complicated
since they can involve several physical features. A typical example is the shock-vortex interaction
presented in Section 7.2. The problem contains the shock wave and an isotropic vortex. The
shock wave is (almost) discontinuous and thus a numerical approximation of the corresponding
directional derivatives gives very large values. On the other hand, the directional derivatives
corresponding to the vortex are significantly smaller. Therefore, a direct application of Algorithm
(A) causes (based on the prescribed tolerance) either adaptation only along the shock wave or
enormous large number of triangles. Hence, we develop the following limitation.

We prescribe the minimal edge of the element ¢,;, and require that all edges of all triangles
are longer then {,;,. Namely, after the step (d) of Algorithm (A) we perform the following steps:

ht := max(bpin, hp(x)/op(x)), he(z):=htop(z), r €. (37)

It means that the aspect ratio og is unchanged in the limitation. Concerning the choice of £,y
we use the following heuristic consideration. We expect that the numerical capturing of the shock
wave should have the width ~ Re™!, where Re is the Reynolds number. Moreover, taking into
account that the DG discretization has p 4+ 1 degrees of freedom in one direction, then we put
lmin = (pr + 1)/Re, where pg is the tested polynomial degree in Algorithm (A). Numerical
experiments shows that this limitations avoids the drawback mentioned above. Finally, let us
not that in order to ensure the convergence of the adaptation algorithm for the time dependent
problems, the condition (33) is weaken, namely we replace Q by Q\ ', where Q@' C Q and
contains elements where the limitation (37) was non-trivially performed.
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Fig. 6: Example (35) — (36), k = 2 and w = 1073, development of the computational error in the
L2(Q)- and L®°(0,t,,; L?(2))-norms (top) and the value of the interpolation error El(m)
with respect to the physical time ¢ € (0,1) (bottom). The highlighted nodes denote re-
meshings.
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Fig. 7: Example (35) — (36), k = 2, w = 102 (top) and w = 10~ (bottom), the hp-grids at t = 0
(left), t = 0.5 (centre) and ¢t = 1 (bottom).
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N}f:ﬂ ||E1(m) [FRI) comput.

w H#Tm #<7h5)m) PR Tm min aver max aver max time(s)
8-107% 16 6 5 4.12E-02 | 29076 47093 69528 | 5.48E-04 7.89E-04 1387.2
4.1074 31 7 5 2.23E-02 | 42816 84916 101160 | 2.21E-04 3.86E-04 3783.1
2-1074 30 9 6 2.32E-02 | 51024 88407 105948 | 1.33E-04 1.98E-04 4900.1
1-1074 37 12 7 1.88E-02 | 70536 100744 122436 | 5.58E-05 9.86E-05 8051.1

Tab. 2: Viscous shock-vortex interaction, characteristics of the mesh adaptation processes and the
corresponding computational errors.

7.2 Numerical simulation of viscous shock-vortex interaction

Similarly as in [34, 35, 36, 29], we consider the viscous interaction of a plane weak shock wave
with a single isentropic vortex. During the interaction, acoustic waves are produced, and we
investigate the ability of the numerical scheme to capture these waves. The computational domain
is © = (0,2) x (0,2) with the periodic extension in the xo-direction. A stationary plane shock
wave is located at x1 = 1. The prescribed pressure jump through the shock is pgr — pyp = 0.4,
where py, and pr are the pressure values from the left and right of the shock wave, respectively,
corresponding to the inlet (left) Mach number My, = 1.1588. The reference density and velocity are
those of the free uniform flow at infinity. In particular, we define the initial density, x1-component
of velocity and pressure by

pr =1, ur = My, pr =1, pr=prKi, ur =urK', pr = pi1Ka,

where

L 2

1 M? 2 -1
K= K2:1< Mi -2 )

L+ 5" Mj v+
Here, the subscripts ;, and r denote the quantities at < 1 and = > 1, respectively, v = 1.4 is the
Poisson constant. The Reynolds number is 2000. An isolated isentropic vortex centered at (0.5, 1)
is added to the basic flow. The angular velocity in the vortex is given by

vg = crrexp(—car?), ¢ = UeTey, Co2 = 7"0_2/2, r=((x1 —0.5)* — (x5 — 1)2)1/27

where we set r. = 0.075 and u. = 0.5. The computations are stopped at the dimensionless time
T=0.7.

We solved this problem with the aid of Algorithm (A) with the modification presented in
Section 7.1. The density p is used as the quantity u in (33) and in condition (P1*) of Problem 5.1
We carried out the computations with quadratic approximation with respect to the time (k = 2
in (30)) and with the tolerances w =8-107%, w=4-10"%, w=2-10"% and w = 107

The results are shown in Table 2, which contains the number of time steps #7,,, the number

of different hp-meshes #Zlém), the maximal used polynomial degree p®*, the average size of

the time step 7,,, the minimal, average and maximal number of degree of freedom Nh(;n) for all
fhi)m), m = 0,...,r, the average and the maximal value of the interpolation error ||EI(m)HL2(Q)

for m = 0,...,r and the total computational time (CPU) in seconds. Let us note that Nh(;n) =
Y kegm 4k +1)(px + 1)(px + 2)/2. We observe that all computations fulfil condition (P1*)
hp

from Problem 5.1.

Furthermore, Figure 8 shows the anisotropic hp-grids generated by the algorithm for at the
final time level t = 0.7. Each triangle is highlighted by the colour corresponding to the polynomial
approximation degree. A strong anisotropic refinement along the shock wave is obvious. Finally,
Figure 9 shows the pressure isolines at several time levels simulating the interaction of the vortex
with the stationary shock wave.
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Fig. 8: Viscous shock-vortex interaction: hp-grids, total view (left) and a zoom (right).
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Fig. 9: Viscous shock-vortex interaction: w = 1074, pressure isolines at t = 0.2, t = 0.3, t = 0.4,
t=0.5,t=0.6 and t = 0.7.

Conclusion and outlook

We developed the technique for the numerical solution of time dependent partial differential equa-
tions, which generates anisotropic hp-grids based on the interpolation error estimates in the dis-
crete L>°(0,T; L1(Q))-norm, ¢ € [1,00]. These grids can be employed for the numerical solution
with the aid of the space-time discontinuous Galerkin method. Although the presented numerical
examples show the efficiency of this approach, we have no information about the computational
error. We suppose that it will be possible to combine this approach with some a posteriori error
estimation technique. Particularly, we expect that a posteriori error estimate gives us the informa-
tion about the size of the error and the presented technique about the anisotropy of the elements.
This is the subject of the future research.
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