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Abstract

We present a new adaptive higher-order finite element method (hp-FEM) for the solution of
boundary value problems formulated in terms of partial differential equations (PDEs). The method
does not use any information about the solved problem which makes it robust and equation-
independent. It employs a higher-order reconstruction scheme over local element patches which
makes it faster and easier to parallelize compared to hp-adaptive methods that are based on the
solution of a reference problem on a globally Ap-refined mesh. The method can be used for the
solution of linear as well as nonlinear problems discretized by conforming or non-conforming finite
element methods, and it can be combined with arbitrary a posteriori error estimators.
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1. Introduction

Adaptive methods are an efficient tool for the numerical solution of PDEs. Automatic mesh
refinement or, more generally, an enhancement of the functional space where the approximate
solution is sought, can significantly reduce the computational cost. A prominent place among
adaptive methods has the hp-FEM which leads to unconditional exponential convergence [1-4].

Various approaches to automatic adaptivity include refining an element without increasing its
polynomial degree (h-refinement), increasing the polynomial degree of an element without spatial
subdivision (p-refinement), and performing refinements that combine spatial splitting of an element
with various distributions of the polynomial degrees in subelements (genuine hp-refinement [5, 6]).

To achieve exponential convergence, large higher-order elements must be used where the solu-
tion is smooth, and at the same time small low-order elements must be used where the solution
exhibits non-smooth features such as singularities or internal/boundary layers. Therefore it would
seem that looking at the smoothness of the solution is the best way to design a hp-adaptive
method. However, hp-adaptive strategies based on smoothness estimation usually can only de-
cide between h- and p-refinements because they do not have enough information to select optimal
genuine hp-refinements [7-9].

To take full advantage of genuine hp-refinements, one has to obtain a better information about
the error — not only as an error estimate in the form of a number per element, but about its shape
as a function that is defined inside an element. This can be done by solving a reference problem
on a globally hp-refined mesh [5, 6, 10]. It leads to superior convergence rates in terms of degrees
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of freedom, but the reference problem tends to be huge and therefore the convergence is rather
slow in terms of computing time.

In this paper we propose a novel method for automatic hp-adaptivity that is guided by the
approximation error, but it removes the tedious computation of the global reference solution.
Instead, it calculates a more accurate approximation on local element patches constructed for each
element separately. With the aid of weighted least square reconstruction, we construct piecewise
polynomial function which approximate the exact solution. The presented hp-adaptive strategy
is based on the comparing of the higher-order reconstruction with the approximate solution wuy
and its L2-projections to lower-degrees polynomial spaces. Then, for each candidate, we directly
estimate the number of degrees of freedom necessary to achieve a local tolerance for each element
and propose a new (better) polynomial approximation degree and a new (better) element size.
Consequently, a new triangular grid is constructed.

Although we originally developed this technique for the discontinuous Galerkin method, it can
be simply modified to other types of finite element approximations including conforming finite
elements, mixed finite elements, etc. Moreover, since this approach is based on the reconstruction
of the approximate solution, we can employ it for arbitrary (linear as well as non-linear) boundary
value problems. Finally, its extension to 3D problems is straightforward.

The outline of the paper is as follows: In Section 2, we introduce the governing equations
and their discretization by the discontinuous Galerkin method. In Section 3, we introduce the
higher-order reconstruction technique and formulate the saturation assumption. Its validity is
numerically demonstrated in Section 4. The main novelty of this paper is presented in Section
5, where we present the hp-adaptive strategy. In Section 6, we present three numerical examples
that demonstrate the performance and robustness of the proposed method.

2. Problem description

2.1. Governing equations
We consider the nonlinear convection-diffusion problem

V- f(u) = V- (K(u)Vu) = g(z), (1a)
uloq, = up, (1b)

ou
K(u)z - loay =9, (L)

where v :  — R is an unknown scalar function defined on ) € R%. We assume that 2 is polygonal
for simplicity. Moreover, f(u) = (f1(u), fa(u)) : R = R* and K (u) = {K;;(u)}7 ;= : R — R**?
are nonlinear functions of their arguments, n is the unit outer normal to 9Q and () # 9Qp UIQ N =
0f) are disjoint parts of the boundary of ). Symbols V and V- mean the gradient and divergence
operators, respectively.

We assume that f, € C1(R), f,(0) = 0, s = 1,2, K is bounded and positively definite,
g € L?(Q), up is the trace of some u* € H(Q) N L>®(Q) on 9Np and gy € L2(0Qx). We use
the standard notation for function spaces (see, e.g., [11]): LP(€2) denote the Lebesgue spaces,
WkP(Q), H*(Q) = W*2(Q) are the Sobolev spaces and P¥(M) denotes the space of polynomial
functions of degree < k defined on the domain M C R2. Let us note that any function from
P¥(M) can be interpreted as a polynomial function defined on R? restricted to M. By ¢|y we
denote the restriction of a function ¢ on M.

In order to introduce the weak solution, we define the spaces

V= {v; ve HY(Q), vlpa, =0}, W:={v; ve HY(Q), v—u* €V} (2)
We say that function w is the weak solution of (1), if the following conditions are satisfied
u € WNLXQ), (3a)
/ [V f(u)v+ (K(u)Vu) - Vo] dx:/gvdx—I—/ uvdS  YveW. (3b)
Q Q QN



The assumption u € L*(Q) in (3) guarantees the boundedness of functions f(u) and K (u) and
therefore the existence of the integrals in (3a). This assumption can be weakened if functions f(u)
and K (u) satisfy some growth conditions.

2.2. Discretization of the problem

Let %, (b > 0) be a partition of the closure Q of the domain 2 into a finite number of triangles
K with mutually disjoint interiors. We call 9}, = {K} ke g, a triangulation of £ and for simplicity,
we assume that .7}, satisfies the conforming properties from the finite element method, see, e.g,
[12]. The diameter of K € .7}, is denoted by h.

By .7, we denote the set of all open edges of all elements K € ,. Further, the symbol 7}
stands for the set of all I' € %, that are contained in €2 (inner edges). Moreover, we introduce
notations .Z,” and .Z}¥ for the sets of all ' € .}, such that I' C 9Qp and T' C Qy, respectively.
In order to simplify the notation, we put /P = Z/ U.ZP and ZP = FP U F} (superscript ?
as boundary). Finally, for each T' € .%;,, we define a unit normal vector nr. We assume that for
I' € ZF the vector nr has the same orientation as the outer normal of Q. For nr, I € ./, the
orientation is arbitrary but fixed for each edge.

Over the triangulation .7, we define the so-called broken Sobolev space H*(2, Z,) = {v;v|k €

1/2
H*(K)VK € 3}, s > 0 with the seminorm |v|gs(q, 7,) := (ZKG% |v|iIS(K)) , where |- | s (k)
denotes the seminorm of the Sobolev space H*(K), K € .
Moreover, to each K € 7},, we assign a positive integer px (=local polynomial degree). Then

we define the set p := {px, K € Z,} and the finite-dimensional subspace of H?({2,.Z},) which
consists of discontinuous piecewise polynomial functions associated with the vector p by

Sp={v; ve L*(Q), v|x € Py (K) VK € T}, (4)

where P, (K) denotes the space of all polynomials on K of degree < pg, K € J},. The dimension
of S} is called the number of degrees of freedom (DOF) which satisfies

DOF :=dim S} = Y (px +1)(px +2)/2. (5)
Keo,

The pair {Z, p} is called the hp-mesh and we use the notation 7, := {7, p}. The hp-mesh
Z,P uniquely corresponds to the space S}, and vice-versa.
For the purpose of the presented hp-adaptation method, we also define the space

SPTL = {uy, € L*(Q); wp|k € PPEYYK) VK € ). (6)

Obviously, S? ¢ SP™' ¢ H2(Q, ).

Furthermore, let T' € #}, v € H*(Q, %,), by v|§+) and v|£:) we denote the trace of v on T’
from the direction and from the opposite direction of nr, respectively. Moreover, by (v)p and
[v]r we denote the mean value and the jump of v on I' | respectively. Finally, for T' € .Z, we put
(v)p = [v]r = U|(F+). In case that np, [Jr and (-) are arguments of [i.... dS, ' € %, we omit
the subscript I' and write simply n, [] and (-), respectively.

We discretize equation (la) with the aid of the interior penalty Galerkin (IPG) variant of the
discontinuous Galerkin (DG) method in the same way as in [13, 14]. For u,v € H*(Q, Z,) we
define the form ay, : H*(Q, 73,) x H?(Q, %,) — R by

ap(u,v) = Z /11H(u|§+),u|§_),n) [v] dS — Z /Kf(u)~Vvd3: (7)

ez, KeIy,

+ Z /K K(u)Vu-Vovdz + Z /F(— (K (u)Vu) - nfv] + g (K (u)Vv) - nu] + ofu] [[vﬂ) ds

Ke, rez}
+ Z /(—K(U)Vu ‘nv+gK(u)Vuv-n(u—up)+o(u—up) v) dsS — (g,v) — (gn, V)N,
r
regp



where g = —1,0 and 1 for SIPG, IIPG and NIPG variants of discontinuous Galerkin method,
respectively, the penalty parameter o is chosen by o|r = eCwhp 1'T € %, where hp =
diam(T"), T' € %}, € denotes the amount of diffusion (=~ K(-)) and Cy > 0 is a suitable con-
stant which guarantees the convergence of the method. The function H in (7) is the numerical
fluz, well-known from finite volume methods (see, e.g., [15], Section 3.2), which approximates

convective flux by f(u) -n ~ H (u\§+),u|§:)7n> on an element edge. On 0Qp the value u|£:)

is taken from the boundary conditions (1b) and on 9Qy the value u'7) is extrapolated from
the interior of 2. We shall assume that the numerical flux is conservative and consistent, i.e.,
H(u,v,n) = —H(v,u,—n) and H(u,u,n) = f(u) - n, respectively, see [13] for details.

We say that function u;, € S} is an approzimate solution of (3), if

ah(uh,vh) =0 Yoy, € Sz (8)

The problem (8) represents a system of nonlinear algebraic equations, which we solve by a damped
Newton-like method, where the Jacobi matrix is replaced by the flux matriz that arises by a partial
linearization of the form aj. More details, including the used stopping criteria, can be found in
[16].

The time-dependent variant of (1) was analysed in [17], see also [18], where quasilinear elliptic
boundary value problems were considered. Hence, the approximate solution satisfies the following
a priori error estimate

|u—unllpe <C Z —e—g NullErex (s (9)
Ke, K

where u and wuy are the exact and the approximate solution, respectively, C' > 0 is a constant
independent of h and pg, K € 9}, pk is the polynomial approximation degree on K, s; denotes
the local Sobolev regularity of the exact solution on K (i.e., u|lx € H*¥(K), K € 9},), px =
min(px + 1, sx) and the DG-norm is defined by

) 1/2
lvllpg = (‘UlHl(Q,ﬂh) + ||v||§) , where  |lv||? := Z F0[[1)]]2 ds + Z FJ’U2 ds.

resfl rezp
(10)

In the following we going to estimate the error in the broken H!-seminorm, i.e., |u — uh'Hl(Q -
It will be more rigorous to estimate the error in the DG-norm but since [u, — u]|r = [ur]|r, T €
Fl and u|r = up, T € FP, we have

2 2
[ —unlbe = |u - uh|H1(Q,9‘h) + [lu = un| = Ju - Uh|H1(sz,9h) + Z /FU(“D — up)? dS.
resp

The last term can be evaluated directly.

3. Error estimates based on a higher-order reconstruction

In [19-21], authors compute a reference solution u**' € 5’2721 on a globally refined mesh with an

increased polynomial degree of elements, to guide automatic Ap-adaptivity. The reference solution
is defined by

an(u, o) =0 Yy, € 52721, (11)

h
2

where a n is defined by (7) on the triangular mesh .7, /5, which arises by the refinement of 7,
where each K € 7}, is split onto 4 sub-triangles by connecting the middles of its edges, and

Siiy = {vn € L*(Q); walxr € PPYY(K') VK € F 0} (12)



Then the error indicator is defined by
MK = ||7.Lh — uref”K VK € 9,. (13)

However, the computation of the reference solution by the solution of (11) is time consuming.

Our idea is to obtain an analogue to the reference solution without the necessity to solve the
large global problem (11). We employ a high-order piecewise polynomial reconstruction for local
element patches.

3.1. Higher-order reconstruction

Let uy, € S}, be the approximate solution given by (8). Our aim is to construct for each K € .7,
a function @i € PP H1(K) such that it approximate the exact solution on K better than uy, i.e.,

ik —ulk| < |up|lk —ulx|, K€ . (14)

In order to construct 4y, we use a weighted least square approximation from the elements
sharing at least a vertex with K. Let K € .7}, we denote by Zk the patch

Pk = KU{K' € 9},; K’ share at least a vertex with K} (15)

and wg: > 0, K’ € Pk be the weights. Then we define a function Uy € PPETY( Q) by

Uy = ar min wg ||Up — up||? e 16
K gU’LEPPK‘Fl(@K)K/EZ@K /N = un iz aery (16)

The existence and uniqueness of U i follows from the fact that P”KH(@K) is a complete finite-
dimensional space. Examples of patches Z corresponding to interior and boundary elements are
shown in Fig. 1.

Figure 1: Examples of patches P corresponding to interior and boundary elements.

3.2. Higher-order reconstruction

Let ¢;, i = 1,...,dg be basis function of PPX+1(K) which can be extended as polynomials
to PPEt1(Z). Obviously, di := dim PPX1(Zk) = (pk + 2)(px + 3)/2. Then problem (16) is
equivalent to the linear algebraic system

Az =b, A={A}5 ., A= > wil(eneiik, ij=1,...,dk, (17)
K'€e9k
b:{bz};ji(la bl: Z wK’(“h»SOi)l,K’a Z.ajzla"'adKa
K'e9k



where (-,-)1,x/ denotes the scalar product generating the H'-norm on K’ € 2k defined by
(v,w)1,x" = / (vw+ Vv - Vw)de.

Let = (x1,...,24,)" be the solution of (17) then Ugx = Z?fl 2;;. Finally, we put
’l~LK = 0K|K7 (18)

where U is given by (16). Concerning the weights wg, K’ € Pk, we use the values

(19)

1 if K=K or K and K’ are neighbours,
WK = .
€ otherwise,

where € > 0 is a small parameter. In the computations presented here, we use the value ¢ = 0.05.
Let us note that if pgr = p VK’ € Pk, then the numerical experiments shows that it is possible to
use € = 0. However, when polynomial degrees are varying on Zj it is better to add the influence
from the triangles sharing only a vertex. Otherwise, the reconstruction is not stable. However,
numerical experiments show that the results are not too sensitive to the choice of ¢, e.g., the values
€ = 0.02 or € = 0.1 give similar results.

Finally, we define the higher order reconstruction of u, € S}, by an element-wise compositions
of the restrictions of @iy on K € 9, i.e.,

up, € SZJrl : ah|K =g VK € %, (20)
where U is given by (18).

3.8. Saturation assumption

By (20), we defined higher-order polynomial reconstruction @, which should better approxi-
mate the exact solution than the approximate one uy. This property is formulated as the saturation
assumption, which will be verified numerically in Section 4 by two examples.

Assumption 1. Let u € V' be the exact solution of (3) and uy € S}, be the approzimate solution

given by (8). Let uy, € SZH be the higher-order reconstruction defined by (20). Then we assume
that

ep = u—up Uy —up =: & in 9, (21)

where e, denotes the discretization error and &, its approzimation by the higher-order reconstruc-
tion.

The quantity &%, is used for the definition of the presented hp-adaptation strategy. Moreover,
in this paper, we employ (21) also for the estimation of the error. Therefore, we define the global
and element error indicators by

n:=|Enlpa,z)  and  nkx =6kl VK € T (22)

Obviously, n? = > Ked, n%. However, generally, n and ng can be replaced by another error
estimators or indicators appearing in the literature.

4. Verification of assumption (21)

In this section we numerically verify the saturation assumption (21) by two (linear and nonlin-
ear) convection-diffusion equations: The first one gives a regular solution with two weak boundary
layers and the second one contains a corner singularity. For both problems, we carried out compu-
tations using PP, p =1,...,6 polynomial approximation on uniform triangular meshes with mesh
spacing h = 1/8, h =1/16, h =1/32 and h = 1/64.



For each computation, we evaluate the error e;, = u — uy, and its estimate &}, = Uy — up, in the
broken H'-seminorm, and the effectivity index given by

-eff — |£h|H1(Q”9h) (23)
lenl i (o,2:,)

We also plot the local distribution of the error |en |1 (), K € J5 and its estimator |6, [ g (), K €

T, for selected cases. Moreover, we evaluate the experimental order of convergence (EOC) with
respect to h according to the formulae |ey,| ~ ¢ hFOC.

4.1. Regular problem

We consider the scalar linear convection-diffusion equation (similarly as in [22], [23])

ou ou
—e ANy — — — =— = in Q=(0,1)2, 24
=g .1 24)
where € = 0.1 is a constant diffusion coefficient. We prescribe a Dirichlet boundary condition on
0f) and the source term g such that the exact solution has the form

u(zy, x2) = <01 +co(l —my) + 67“/6) (01 +e2(l —22) + 67"1;2/5) (25)
with ¢; = —e~1/¢, ¢y = —1 — ¢;. The solution contains two weak boundary layers along z; = 0
and zo = 0, whose width is proportional to .

Table 1 shows the achieved results. We observe that except the Ps-approximation (caused
probably by the limits of the finite precision arithmetic), the index ¥ is not far from 1. Moreover,
we detect something like asymptotic exactness. Furthermore, Fig. 2 shows the distribution of the
computational error in the broken H'-seminorm and its estimate in the computational domain

for selected computations. We observe that |en | () and [6h] g1 () have similar distribution for

K € 9. Therefore, &}, approximate e well also locally.

h pllenlui.z,) EOC]|Iénlmi.z,) EOC[[ih] p]lenlni,z,) EOC]Iélmi (o g, EOC]| ¥
1/8 1 5.04E-01 - 3.58E-01 —||07A8| 4 2.29E-03 - 4.99E-03 - 218
1/16 1 2.69E-01 0.91 2.25E-01 0.67 ||01§46 4 1.64E-04 3.81 3.75E-04 3.73 | 2.29
1/32 1 1.37E-01 0.97 1.27E-01 0.82 ||01932 4 1.05E-05 3.95 2.02E-05 4.22 | 191
1/64 1 6.89E-02 0.99 6.78E-02 0.91 ||01984 4 6.62E-07 3.99 9.58E-07 4.40 | 1.45
1/8 2 9.46E-02 - 8.14E-02 - ||0B&B| 5 2.78E-04 - 1.22E-03 -1 4.40
1/16 2 2.62E-02 1.85 2.44E-02 1.74 | (01936 5 9.97E-06 4.80 4.95E-05 4.63 | 4.97
1/32 2 6.76E-03 1.96 6.56E-03 1.90 ||01932 5 3.21E-07 4.96 1.31E-06 5.24 | 4.08
1/64 2 1.71E-03 1.99 1.69E-03 1.96 [|01964 5 1.01E-08 5.00 2.78E-08 5.56 | 2.76
1/8 3 1.56E-02 - 1.89E-02 —[[12A8] 6 2.83E-05 - 2.86E-04 - 10.09
1/16 3 2.21E-03 2.82 2.67E-03 2.83 ||11216 6 5.09E-07 5.80 6.20E-06 5.53 | 12.17
1/32 3 2.85E-04 2.95 3.19E-04 3.06 ||11¥32 6 8.20E-09 5.96 8.30E-08 6.22 | 10.13
1/64 3 3.58E-05 2.99 3.75E-05 3.09 | (11084 6 1.28E-10 6.00 8.59E-10 6.59 | 6.69

Table 1: Regular problem (24) — (25): the computational errors in the broken H!-seminorm with their estimates

and the effectivity indexes.

4.2. Singular problem

We consider the scalar nonlinear convection-diffusion equation

ou?  Ou? )
-V (K (u)Vu) — oo Ong g in  w:=(0,1)2 (26)
u=up on Of),




P h=1/8 Ps, h=1/32 Ps, h=1/64

lenl o) lenlm k)
1.20E-01 9.06E-05

I 6.71E-02 I 1.17E-05
3.76E-02 1.50E-06
2.11E-02 1.93E-07

1.19E-02 2.49E-08

6.65E-03 3.21E-09

3.73E-03 4.13E-10

0.0E+00 5.0E-01 5.0E-01 1.OE+00

|€h|H1(K)
2.53E-11
I 2.36E-12
= 2.19E-13
2.04E-14

. 1.90E-15

1.77E-16

— 1.65E-17
0.0E+00 5.0E-01 1.OE+00

|éah|H1(K) |éah|H1(K)
8.64E-02 8.04E-05

I 4.80E-02 I 1.08E-05
2.66E-02 1.44E-06

1.93E-07

. 2.58E-08

1.48E-02

l 8.20E-03

4.55E-03 3.46E-09

2.53E-03 4.63E-10

0.0E+00 5.0E-01 K 0 ___ 0.0E+00 5.0E-01 1L.OE+00
EARTS
1.59E-10
I 1.49E-11
1.40E-12
1.32E-13

1.24E-14

1.17E-15

1.10E-16
0.0E+00 5.0E-01 1.OE+00

Figure 2: Regular problem (24) — (25): local distribution of the computational error ”eh”Hl(K)’ K € 9, (top)
and its estimate |64 | g1k, K € Jp (bottom) for the selected computations.

where K (u) is the nonsymmetric matrix given by

2 +arctan(u) (2 — arctan(u))/4 ) _ (27)

K(u)=¢ ( 0 (4 4 arctan(u))/2

The parameter € > 0 plays a role of an amount of diffusion and we put € = 1073, We prescribe a
Dirichlet boundary condition up on 02 and set the source term g such that the exact solution is

u(xy, o) = (a:f + x%)a/2$1$2(1 —xz1)(l —xz2), a€R (28)

We put o« = —3/2. It is possible to show (see [24]) that u € H"(w), k € (0, 3/2). where H"(w)
denotes the Sobolev-Slobodetskii space of functions with ”non-integer derivatives”.

Table 2 shows the achieved results. We observe reasonable values of the indexes iy2 and ig1,
they indicate h-independence and a weak p-dependence. Moreover, Fig. 3 shows the distribution
of the computational error in the H'-seminorm and its estimate in the computational domain for
selected computations. Again, the distributions of |ep| H(K) and | &3] (k) are similar for K € },.



Some exception is the case Ps and h = 1/64, when the error is many time underestimate in regions
far from the singularity. However, the errors arising in these regions contribute negligibly to the
total error.

h pllenluie,z,) EOC]|[énlmia.z,) EOC[[ih] pllenlni,z,) EOC]Ilui (g g, EOC] T
1/8 1 3.93E-01 - 2.93E-01 — [0/ 4 1.29E-01 — 2.40E-01 —11.85
1/16 1 2.82E-01 0.48 2.20E-01 0.42 ||01786¢ 4 9.24E-02 0.49 1.73E-01 0.47 | 1.87
1/32 1 2.00E-01 0.49 1.60E-01 0.46 ||01882 4 6.58E-02 0.49 1.24E-01 0.48 | 1.89
1/64 1 1.42E-01 0.50 1.14E-01 0.48 ||01§64 4 4.67E-02 0.49 8.84E-02 0.49 | 1.89
1/8 2 1.86E-01 - 2.37E-01 - |12l 5 1.23E-01 - 2.30E-01 - | 1.87
1/16 2 1.32E-01 0.50 1.72E-01 0.47 ||11306 5 8.77E-02 0.49 1.66E-01 0.47 | 1.89
1/32 2 9.38E-02 0.49 1.23E-01 0.48 ||11382 5 6.25E-02 0.49 1.19E-01 0.48 | 1.90
1/64 2 6.65E-02 0.50 8.78E-02 0.49 ||11384 5 4.44E-02 0.49 8.47E-02 0.49 | 1.91
1/8 3 1.68E-01 - 2.50E-01 —||1u,| 6 1.27E-01 — 2.30E-01 - 1.81
1/16 3 1.20E-01 0.49 1.82E-01 0.46 ||11526 6 9.10E-02 0.48 1.66E-01 0.47 | 1.82
1/32 3 8.50E-02 0.49 1.30E-01 0.48 ||11532 6 6.49E-02 0.49 1.19E-01 0.48 | 1.83
1/64 3 6.04E-02 0.49 9.31E-02 0.49 ||11564 6 4.62E-02 0.49 8.46E-02 0.49 | 1.83

Table 2: Singular problem (26) — (28): the computational errors in the broken H!-seminorm with their estimates
and the effectivity indexes.

5. hp-adaptive strategy

5.1. Isotropic mesh adaptation

The ultimate goal of the computation is to achieve the prescribed error tolerance with the
smallest possible number of degrees of freedom (DOF), cf. (5). More precisely, we need to minimize
DOF of the hp-mesh 7" such that

n<w, (29)

where 7 is a posteriori error estimate given by (22) (or any other estimator) and w > 0 is the given
tolerance. In order to fulfill (29), we require

Nk < wk :=w\/1/#7, VK € T, (30)

where 7 is given by (22) and #.9}, denotes the number of elements of .7,. Obviously, due to
(22),

Nk <wg VK € 9, = 7 < w,

hence, the local condition (30) is stronger than the global one (29). However, the great advantage
of (30) is the possibility to adapt the whole mesh at once (and not only the elements with the
highest error estimates) which saves the computational time. Let us note that in order to achieve
the faster convergence in practical computations, we set wg = Cpw+/1/#.9}, where Cp = 1/2 is
the security factor.

Based on the higher-order reconstruction u; € SE'H introduced in Section 3, we define the
adaptive process which modifies the given hp-mesh and creates a new (better) one. Particularly,
let hx be the diameter of K € 7}, and pg be the corresponding polynomial approximation degree.
Then we set the better degree pi™ € {px — 1,pr,prx + 1} and the better diameter h}™ > 0 in
such a way that a local tolerance condition (30) will be satisfied with the smallest possible number
of degrees of freedom.

Finally, when p%" and hyeY are set for each K € 9, we employ the framework of the
isotropic mesh adaptation, which is a simplification of technique developed in [25, 26]. We define
an isotropic Riemann metric (= Euclidean metric scaled by 1/h%"Y). Then, with the aid of in-
house code ANGENER [27], we create new triangulation .7,"*" which is not nested in the relation
with Z3,. Moreover, from p¥"™, K € 5, we define piecewise constant function on .7, which is
interpolated into the space of integer-valued piece-wise constant functions on Z;"%.
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5.2. Main idea of the hp-adaptation
In agreement with (20),

QNI,K = (ﬂh)|K; K e % (31)

denotes the restriction of the higher order reconstruction to the mesh elements. We define the
value

19;(,0 = |1~LK - uh|H1(K), Ke9,. (32)

Let us note that due to (22), we have Vi o = nx. However, we use this duplicity in the notation
since ng represents the estimation of the error (which can be replaced by any other indicator)
whereas U o is employed for a decision about p-adaptation.

Obviously, the quantity ¥ o approximate the discretization error achieved on K having the
diameter hx and the polynomial approximation degree px. Now we are interested in the following
question:

(Q1) What happens if we locally decrease the polynomial approximation degree px to px —¥¢, £ =
1,27

It is natural to expect that the decrease of the polynomial approximation degree leads to an
increase of the computational error as well as its estimate ¥ ¢. (Obviously, the number of degrees
of freedom on K decreases.) Therefore, in order to keep the local error estimate ¥ o, it is necessary
to refine the element K into several sub-elements, see Fig. 4.

Hence, we replace question (Q1) by a new one which is more quantitative:

(Q2) Let Yo be the estimate of the the discretization error achieved on K with the polynomial
approximation degree py. If we replace px by px — ¥, £ = 1,2, onto how many sub-elements
we need to split K such that the corresponding error will be again ¥ o7

In order to find the answer to question (Q2), we define, similarly as in (6), the space of
piecewise-polynomial functions

SP = fup, € L2(); wn|x € PPYK) VK € 93}, £=1,2, (33)

where PPx~¢(K) denotes the space of polynomials of degree < pgx — ¢ on K (for simplicity we
assume that pr — ¢ > 0). Obviously, SZ_Z C S} for £ = 1,2. Moreover, we denote by HZ_K,
¢ = 1,2 the L*-projection from S} to SZ_Z, ie.,

Py, € SP7° (Hg’jeuh,vh)m = (un,vn)gq Yon €Sy, (=12 (34)

)

Let us note that if we consider a hierarchical basis of S}, then the projection (34) is straightforward,
we simply remove the basis coefficients corresponding to the basis functions of degree greater than
pr — £ for each K € 9,

Now, for K € .9},, we define two additional quantities

Vg = g — 1wy, . (=12, K€ 9, (35)

which approximate the local discretization errors in the H'-seminorm for the used polynomial
approximation degrees px — £ on K. Their evaluation is very simple since iy is already available
due to (20) and (31).

Usually, the quantities ¥k ¢, £ =0, 1,2 satisfy the inequalities

U0 <Vk1 <Ok, K€D, (36)
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which corresponds to the fact that a higher degree polynomial approximation gives at most the
same error as a lower degree one.

Let us assume that the exact solution is sufficiently regular, the non-regular case is discussed
later. In agreement with (9), we have

Ok~ ChEE™" 1=0,1,2, (37)

where C is a unknown constant independent of hx. In order to find the answer to question (Q2),
we seek the diameter of sub-elements of K, denoted by hf ¢, such that the resulting error will by
equal to ¥x o, i.e.,

Oro = Clhi)’* ", €=0,1,2. (38)
The above together with (37) gives the ratios
hk (19K ¢ > PR
= (UKL . 0=0,1,2. 39
= s = o (39)

Obviously, go = 1. Therefore, (theoretically), if we split K onto ¢7 sub-triangles then the error
estimate ¥ ¢ reduces to i o, see Fig. 4 for an illustration. Generally, the ratios ¢; and ¢ are
non-integer but it does not exhibit any obstacle in the framework of the isotropic mesh adaptation.

Figure 4: Illustration of the element splitting for ¢, = 3 in (39).

If the element K is split onto ql? sub-elements and on each of them the polynomial approxima-
tion degree px — £ is used, then corresponding number of degrees of freedom is equal to

dice = qi(pr — L+ V) (px — £+2)/2, £=0,1,2. (40)

Therefore, we have three candidates, £ = 0,1,2, which achieve theoretically the level Jk o with
dg ¢ degrees of freedom. Hence, we choose this one which has minimal value dg g, i.e., let £ =
arg minge o, 1, 2} dx ¢, then

[=0 = P =px+1,
=1 = pg¥v¥:=pk, (41)
(=2 = p¥V:=pg—1

Finally, we consider the case when the exact solution is not regular, particularly when the local
polynomial approximation degree is greater than the local Sobolev regularity. Let u|K € H* (K)
such that sk < pg. In this case, instead of (36), the quantities 9k ¢, ¢ = 0,1,2 satisfy the
relations

U~ VK1~ VK2, (42)
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which is in agreement with (9) and it corresponds to the observation than an increase of the
polynomial approximation degree does not bring any essential increase of the accuracy when the
solution is not regular. Therefore, relations (39) and (42) imply ¢; =~ 1 and g2 ~ 1. Consequently,
relation (40) gives di 2 < di1 < dg o and according (41), the algorithm automatically decreases

PK-

5.3. hp-adaptive algorithm
Based on the consideration formulated in Section 5.2, we formulate the hp-adaptive algorithm.

Let w > 0 be the prescribed tolerance and wg be the local error tolerance defined by (30). The
presented algorithm is based on the following two steps:

(S1) according (41), we set the better polynomial degree,

(S2) we propose new (more optimal) size of K according
g™ = hi/p, where p := (nx Jwi)/P< . (43)

The formulas (43) follow from relations nx ~ Ch}YX and wx ~ C(R}EV)PX, cf. (37). In order
to avoid a strong refinement in one level of mesh adaptation, we restrict p < 5. Furthermore,
the algorithm contains two branches depending if the local tolerance condition (30) is satisfied or
not. If (30) is violated and if we increase px according (41) then we do not change element size
according to (43) since then we avoid a needless h-refinement at the beginning of mesh adaptations.
Hence, we define the following algorithm:

Algorithm 1 setting of %™ and p%™ for K € 9},

let up € S}, be given
for all K € .9, do
let hx = diam(K) and px be the corresponding polynomial approximation degree,
compute the higher-order reconstruction @y by (16) and (18),
set Nk by (22) (or by another error estimate),
set wi by (30),
set Vi 0, £ =0,1,2 by (35),
set dx¢, £ =0,1,2 by (40),
set £ for which dk ¢ is the minimal
if nx > wg then
if /=0 then
anew pr‘F]-a p:1
else if (=1 then

PN =pr,  p:=(nk/wg)/PE
else if /=2 then
Py =pr — 1, pi= (i fw) /P
end if
else
if /=0 then
PEY =pr+1,  pi= (g jwi)/ D

elseif /=1 then

PR =k, pi= (nxfwi) PR

else if /=2 then
PRV =pr— 1, pi= (i Jwr) Y

end if
end if
new .__ h
hK - min(I:J,5)
end for
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This algorithm works locally for each K € .7}, hence it can be simply parallelized. However,
even for one computer core, the total computational time of the mesh adaptation including the
higher-order reconstruction and the creation of the new hp-grid is shorter than the computational
time necessary for the assembling ans solving the nonlinear algebraic system (8). Moreover, the
presented algorithm does not contain any empirical constant.

The use of Algorithm 1 is obvious: We start with an initial hp-mesh, solve the approximate
problem (8) and by Algorithm 1 we generate a new hp-mesh where we solve problem (8) again,
The combination of the problem solution and mesh adaptation is repeated until the condition (29)
is achieved.

6. Numerical examples

In this section we demonstrate the computational performance of the proposed hp-adaptive
algorithm. We present three examples which are (except the first one) modifications of problems
from [28] where a collection of 2D elliptic problems for testing adaptive grid refinement algorithms
was published. Our aim is to demonstrate the exponential rate of the convergence of the error with
respect to DOF and also to show a reasonable ability of the error estimator (22) to approximate
the error. Moreover, the selection of the examples (Laplace problem, linear convection-diffusion
equations, quasilinear elliptic equation) indicate the robustness of this approach.

For each case, we present the convergence of the adaptive process, namely the values of triangles
# T, of the generated grids, the corresponding DOF given by (5), the computational errors in the
broken H!-seminorm, their estimates 1€l f1 (0, 7, and the effectivity index i given by (23).

Moreover, we investigate the experimental order of convergence (EOC) with respect to DOF
according to the formulae e, ~ ¢ DOF~F9C_ In some situation, the EOC may be negative, namely
when the algorithm decreases DOF as well es the error and its estimates. This is in fact the
advantage of our approach.

6.1. Case 1: re-entrant corner singularity

We consider the Poisson problem

~Au=0 in Q:=(=1,1)%\{(z1,22); —22; < 22 < 0}, (44)

u=up on O,
where up is chosen such that the exact solution is
u(r, ) = r2/3 sin(2¢/3). (45)

Here (r, ) are the polar coordinates. This problems has a corner singularity at the origin.

We applied Algorithm 1 with w = 10~%. Table 3 shows the convergence of the adaptive process.
We observe that Algorithm 1 gives exponential order of convergence, which that the decrease of
the error is faster than any linear decrease in logarithmic scale, see the corresponding figure of
data from Table 3. Moreover, the effectivity index % is very close to 1 which means that the
used “naive” error estimator n defined by (22) approximate error very well.

Furthermore, Fig. 5 shows the hp-grids with several details for selected levels of adaptations.
We observed a strong h-refinement in a small neighbourhood of the corner, which is necessary for

a decrease of the error under the given tolerance.

6.2. Case 2: Wave front

We consider the convection diffusion equation

*u € d%u ou ou
—de— — —— — _ _— = i Q:: —112 46
Eax% 2 Ox3 2 0z + o Oxo g u (=117 (46)
u=up on 0N, (47)
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lev. #7, DOF [lenlgia,o,) EOC[énlmi(a,s, FEOC[

0 135  810| 7.26E-02 —| 1.01E-01 —[1.39

1 144 1424| 5.26E-02 0.57| 7.67E-02 0.48|1.46| 1 p——rrr——rrrr———rrrm
2 158 2300| 2.32E-02 L71|  4.14E-02 1.291.79 estimate 1
3 218 3821| 1.82E-02 0.47| 2.29E-02 1.17[1.25

4 272 5406| 9.59E-03 1.85| 1.79E-02 0.71|1.86 | 01 X

5 335  6920| 7.37E-03 1.07| 9.85E-03 2.41(1.34 \\\\

6 341 7250| 4.13E-03  12.40| 7.18E-03 6.78 | 1.74

7 415 8436| 3.03E-03 2.05| 3.70E-03 4.37|1.22 P01 ¥

8§ 452  9336| 1.93E-03 4.44| 2.72E-03 3.06 | 1.41 X

9 498 10247| 1.61E-03 1.98| 1.68E-03 5.19(1.04 %

10 503 10666| 7.95E-04  17.55| 1.53E-03 2.32 | 1.94%001 :

11 516 10870| 6.59E-04 9.88| 8.31E-04 32.13|1.26 ¥

12 543 11483| 3.27E-04  12.77| 6.61E-04 4.16 | 2.02 X

13 562 11691 3.15E-04  2.16| 3.75E-04  31.65 | 1.1%¢%"" $

14 579 12098| 1.50E-04  21.68| 2.48E-04 12.09 | 1.65

15 578 12072| 1.29E-04 -68.55| 1.73E-04 -166.98|1.34| [ . 0 0o
16 608 12679 7.83E-05 10.24 1.45E-04 3.55(1.86 [ 100 1000 10000 100000
17 602 12588| 8.24E-05 71| 1.14E-04  -34.13(1.38

18 602 12678| 5.61E-05  53.79| 9.51E-05 25.04 | 1.69

Table 3: Case 1, hp-adaptive computation: the errors in the broken H!-seminorm, their estimates and corresponding
EOC and | numerical values (left) and the corresponding plot (right).

\\\\\\\\\\ emﬁgﬁ
lev #yh DOF |eh|H1(Q,9h) EOC |£h‘H1(Q,§h) EOC ieﬂ 1
0 276 1656| 6.21E+00 —| 4.23E+00 —l0.68
1 418 3760| 2.93E4+00 0.91| 3.89E+00  0.10|1.33
2 811 8404| 1.11E4+00 1.21| 1.88E+00  0.91|1.69| °!
3 1265 16002| 1.91E-01 2.74| 5.18E-01 2.00 | 2.71
4 2836 38551| 1.61E-02 2.81| 5.78E-02 2.49(3.60|
5 3263 58093 1.11E-03 6.52| 9.95E-03 4.29|8.98 | %° \ E
0.001

1000 10000 100000

Table 4: Case 2, hp-adaptive computation: the errors in the broken H!-seminorm, their estimates and corresponding
EOC and i°T, numerical values (left) and the corresponding plot (right).

where the right-hand side g and the boundary condition up are prescribed such that the exact
solution is

u(z1, 29) = tan™(m(r — o)), (48)

where r = (22 4+ 23)Y/2, m = 50 and o = 0.25. Moreover, we put The solution that has a steep
wave front in the interior of the domain. Due to tan~! function, there is a also mild singularity
at the center of the circle.

We applied Algorithm (1) with w = 1072, Table 4 shows the exponential convergence of the
adaptive process, the EOC is increasing with respect to levels of adaptation. On the other hand,
the effectivity index i*ff is increasing for decreasing error. This is caused by the fact that patches
Pk, K € ), are much larger in comparison with the width of the interior layer and then the
higher-order reconstruction is smeared. Moreover, Fig. 6 shows the hp-grids with several details
for selected levels of adaptations. We observe a strong h-refinement along the steep wave front
and also around the singularity at the center of the circle. On the other hand, the effectivity index
ty1 1S increasing.
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Figure 5: Case 1: hp-grids with details around origin for selected levels of adaptations.

6.3. Case 3: Interior line singularity

We consider the scalar nonlinear diffusion equation

-V - (K(u)Vu) =g in Q:=(-1,1)% (49)
uw=up on Jf2,

where K (u) is given by (27) with e = 1. We prescribe a Dirichlet boundary condition up on 02
and set the source term g such that the exact solution is

| cos(mx2/2) for 1 < fB(zg — 1),
u(z1, 22) = { COS(?T.’E;/2) + (1 — B(ae — 1))*  for wi > B(:vz -1, (50)

where we put & = 2 and 8 = 0.6. The solution satisfies v € H*t'/27¢(Q) and posses a weak
singularity along the line 1 — 8(z2 — 1) = 0. This line singularity is difficult to capture since it is
very weak. However, without a sufficient refinement along this line, it is not possible to decrease
the computational error under the given tolerance.

16



level = 1 level = 3 level = 5
hp
l)7
> E L L
3 |
£ b
-+~ _
P3
1 | . P2
—1.0E+00 0.0E+00 1.0E+00 —1.0E+00 0.0E+00 1.0E+00 -1.0E+00 0.0E+00 1.0E+00
v
f ‘§> KA
LR
AV S avy
VAV SVAVAVSN A5 A%\ Py
Y DO/ N/NDORRER )
= SAVAVAVS AL P,
N IR SIS b
g N AN SRRES T 5
< SR 5 2
EE R0 hg&; P,
\WAVA VAN P,

~1.0E-01

Figure 6: Case 2: hp-grids with details containing the origin singularity and the part of the wave front for selected

1.0E-01

levels of adaptations.

3.0E-01 —1.0E-01

0.01 T
.error+
estimate
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0 586 3516 7.06E-03 —|8.30E-03 —137 | 001 ,
1 589 5890| 2.99E-03 1.67| 5.15E-03 0.92|1.72
2 764 10480| 1.28E-03 1.48| 2.05E-03 1.60 | 1.61
3 792 10992 5.05E-04 19.43| 8.54E-04  18.391.69
4 1344 17021| 1.82E-04 2.33| 3.26E-04 2.20 | 1.79 ¢.0001
5 2051 25172 7.93E-05 2.12| 1.41E-04 2.14(1.78 \
6 2774 32959 | 4.31E-05 2.26| 7.57E-05 2.31|1.75
1e-05

1000 10000 100000

Table 5: Case 3, hp-adaptive computation: the errors in the broken H!-seminorm, their estimates and corresponding
EOC and i°T| numerical values (left) and the corresponding plot (right).

We applied Algorithm (1) with w = 10~%. Table 5 shows the convergence of the adaptive
process, however, it is not exponential but the given tolerance is achieved within few adaptive
levels. On the other hand, the effectivity index i°% indicates an accurate estimation of the error.
Moreover, Fig. 7 shows the hp-grids with several details for selected levels of adaptations. We
observe a h-refinement along the line singularity, which is spread only to few elements in the
direction perpendicular to this line.

7. Conclusion

We presented a new hp-adaptive technique for the numerical solution of boundary value prob-
lems. The method is based on higher-order reconstruction over local element patches which makes
it faster and easy to parallelize. The presented algorithm is free of user-defined parameters, it can
be generalized for any numerical method using polynomial approximation, and combined with any
a posteriori error estimator. Several numerical experiments were performed to demonstrate the
outstanding performance and robustness of the presented method.
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