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Abstract

We deal with a numerical solution of nonlinear convection-diffusion problems with the aid of the discontinuous
Galerkin finite element method (DGFEM). We propose a new /p-adaptation technique, which is based on a com-
bination of a residuum-nonconformity estimator and a regularity indicator. The residuum-nonconformity estimator
consists of two building blocks and it marks mesh elements for a refinement. The regularity indicator decides if the
marked elements will be refined by 4- or p-technique. The residuum-nonconformity estimator as well as the regularity
indicator are easily computable quantities. Moreover, the same technique estimates an algebraic error arising from an
iterative solution of the corresponding nonlinear algebraic system. The performance of the proposed #p-DGFEM is
demonstrated by five numerical examples.

Keywords: hp-discontinuous Galerkin finite element method, residuum-nonconformity indicator, regularity
estimator, algebraic error
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1. Introduction

Our aim is to develop a sufficiently robust, efficient and accurate numerical scheme for the simulation of viscous
compressible flows. The discontinuous Galerkin (DG) methods have become very popular numerical techniques
for the solution of the compressible Navier-Stokes equations. DG space discretization uses (high order) piecewise
polynomial discontinuous approximation on arbitrary meshes. DG methods were employed in many papers for the
discretization of compressible fluid flow problems, see, e.g., [5, 6, 13, 15, 26-28, 30, 36] and the references cited
therein. Recent progress of the use of the DG method for compressible flow simulations can be found in [38].

In this paper, we solve a scalar nonlinear convection-diffusion equation (which represents a model problem for the
system of the compressible Navier-Stokes equations) with the aid of the DG method. We propose a new Ap-adaptive
method which allows the refinement in the element size /# as well as in the polynomial degree p. Similarly as the /
version of the finite element methods, a posteriori error estimates can be used to determine which elements should be
refined. However, a single error estimate cannot simultaneously determine whether it is better to do /4 or p refinement.
Several strategies for making this determination have been proposed over the years, see, e.g., [33] or [24] for a survey.
Based on many theoretical works, e.g., monographs [43, 44] or papers [4, 11, 45] we expect that an error converges at
an exponential rate in the number of degrees of freedom.

There exist many theoretical works deriving a posteriori error estimates based on various approaches for linear
or quasi-linear problems. On the other hand, the amount of papers dealing with a posteriori error estimates for
strongly non-linear problems is significantly smaller. Some overview of a posteriori error estimates can be found
in [46]. An prototypical example for a nonlinear problem is the p-Laplacian operator analysed in several papers.
However, with a few exceptions, e.g., [8], the error upper bounds involve unknown generic constants. In several
works, e.g., [1, 7, 9, 16], a residual flux-based dual norm was used as an error measure. This approach allows to
derive guaranteed bounds on the error, that is, error upper bounds without undetermined constants, and at the same
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time ensure robustness, that is, two-sided error bounds whose ratio is independent of the nonlinearity. A measurement
of the error in a dual norm is a base of our approach presented here.

The aim of this paper is not to derive any guaranteed and robust a posteriori error estimate, but to develop an
hp-algorithm which adaptively generates a “good” #p-mesh (mesh elements with the corresponding degrees of poly-
nomial approximation). On this mesh, we compute a sufficiently accurate approximation of the exact solution with
low computational costs. Although, we do not have a guaranteed error estimate, the presented numerical experiments
show that our estimate gives reasonable information about an error.

The proposed hp-adaptation strategy is based on a combination of a residuum-nonconformity estimator and a
regularity indicator. The residuum-nonconformity estimator gives a lower estimate of the error measure consisting
of the error measured in a dual norm and the quantity measuring a violation of the conformity of the solution. This
estimator is locally defined for each mesh element, it is easily computable and its implementation is very simple. The
regularity indicator is based on the integration of interelement jumps of the approximate solution over the element
boundary. Taking into account results from a priori error analysis (e.g., [14]), we define the regularity indicator. If this
value is smaller than a priori known value (without any undetermined constant) then we apply p-refinement otherwise
we use ~-refinement. Both refinements (% and p) are only isotropic, anisotropic adaptation will be a subject of further
research.

The content of the rest of the paper is the following. In Section 2, we present the convection-diffusion problem and
recall its discontinuous Galerkin finite element (DGFE) discretization which leads to a nonlinear algebraic system.
Its solution by an iterative method is described in Section 3. Furthermore, Section 4 introduces the approach of the
residual dual norm as an error measure. Moreover, global, element and algebraic residuum estimators are defined.
The resulting 2p-DGFEM is presented in Section 5. A computational verification of the presented method for a scalar
nonlinear convection-diffusion equation is given in Section 6. Finally, several concluding remarks are given in Section
7.

2. Problem description

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

Vo f) -V (K@)Va) = gx), (1a)
u|agD = Up, (1b)
K@ la, = v (16)

where # : Q — R is the unknown scalar function defined on Q € RY, d = 2,3, we assume that Q is polygonal for
simplicity. Moreover, f(u) = (fi(u), ..., fi(u)) : R — R? and K(u) = {K; j(u)}fj=1 : R — R% are nonlinear functions
of their arguments, » is the unit outer normal to dQ and 0 # 0Qp U 0Qy = 0Q are disjoint parts of the boundary of Q.
Symbols V and V- mean the gradient and divergence operators, respectively.

We assume that f; € C'(R), £;(0) =0, s = 1,...,d, K is bounded and positively definite, g € L*(Q), up is the
trace of some u* € H'(Q) N L*(Q) on 0Qp and gy € L*(0Qy). We use the standard notation for function spaces (see,
e.g., [40]): LP(Q) denote the Lebesgue spaces and WrP(Q), H¥(Q) = W*2(Q) are the Sobolev spaces.

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

Vi={v; ve H(Q), Vlpo, =0}, W :={v; ve H(Q), v—u" € V). )
Definition 2.1. We say that function u is the weak solution of (1), if the following conditions are satisfied
a) uewnL ), (3a)
b) L[V-f(u)v+(K(u)Vu)-Vv] dx:Lgvdx+LQ uvdS Yy e V. (3b)
v

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



2.2. Discretization of the problem

2.2.1. Triangulations

Let 7, (h > 0) be a partition of the closure Q of the domain Q into a finite number of closed d-dimensional
simplicies K with mutually disjoint interiors. We call .9}, = {K}kez, a triangulation of Q and do not require the
conforming properties from the finite element method.

By %, we denote the set of all open (d — 1)-dimensional faces (open edges when d = 2 or open faces when
d = 3) of all elements K € .7}, Further, the symbol .77/ stands for the set of all I" € .7 that are contained in Q (inner
faces). Moreover, we introduce notations .77 and .%," for the sets of all I' € ., such that I' C dQp and I’ C 9Qy,
respectively. In order to simplify the notation, we put # = .#/ U .ZP and ZFf = ZP U .Z) (superscript © as
boundary). Finally, for each " € .7}, we define a unit normal vector nr. We assume that for I' € .7, f the vector nr has
the same orientation as the outer normal of dQ. For nr, I' € .7, ,{ , the orientation is arbitrary but fixed for each face.

2.2.2. Functional spaces

Over the triangulation .7, we define the so-called broken Sobolev space H*(Q, 7;,) := {v;vix € H'(K) Y K € F,},
s > 0 with the seminorm Vg, ) := (Z Ked, Ivlip( K))l/z , where | - |75(x) 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 € 7} and the finite dimensional subspace of H'(Q,.7,) which consists of discontinuous piecewise
polynomial functions associated with the vector p;, by

Swp = {v; ve LA(Q), vig € P (K) VK € T}, @)

where P, (K) denotes the space of all polynomials on K of degree < pg, K € 7},

Furthermore, for each I" € f}{ there exist two elements K™, KO € 7, such that ' ¢ K™ n K. We use the
convention that K lies in the direction of nr and K™ in the opposite direction of nr. Then for v € S, we introduce
the notation: V|(r+) is the trace of v|gw» on T, vl(r_) is the trace of v|[go on I, {vir = (vl(r+) + V|(r_)) /2 denotes the mean
value of von I" and [v]r := v|(r+) - v|({) denotes the jump of v on I'. Finally, forI" € ﬁf , we denote by v|(r+) the trace
of v|g» on T, where K& € .7, such that ' ¢ K™ N dQ, and we put {v}r = [v]r := vl(r+).

In case that nr, [[-Ir and {-}}r are arguments of fr ... dS, T € .%,, we omit the subscript I" and write simply n, [[-]
and {-}, respectively.

2.2.3. DG discretization
We discretize equation (1a) with the aid of the interior penalty Galerkin (IPG) variant of the DGFE method in the
same way as in [18, 39]. For u,v € H*(Q, .7;,) we define the forms

ap(u,v) = Z j;( K(u)Vu - Vvdx — Z f({{K(u)Vu}} -n[v] - g{ K(u)Vv} - n|[u]])dS (52)

KeZ, rezp T

+ Z fr oTu] [V] dS + Z fr HlD, D, m)[v] dS - Z f(u) - Vvdx,

rezpP res, Keg, VK
O(u,v) = (g,v)+(gn,V)v + (gK(u)Vv - nup + ovup) dS, (5b)
aQp

where g = —1,0 and 1 for SIPG, IIPG and NIPG variants of DGFE method, respectively, the penalty parameter o
is chosen by ofr = sCWh;I, I € Zy, where hr = diam(T'), T € %, & denotes the amount of diffusivity (~ K(-))
and Cy > 0 is a suitable constant which guarantees the convergence of the method. The function A in (5a) is the
numerical flux, well-known from finite volume methods (see, e.g., [25], Section 3.2), which approximates convective
flux by f(u) - n~ H (ul(;), ul ™, n) on an element face. On dQp the value ul(r_) is taken from the boundary conditions
(1b) and on 9Qy the value u(r_) is extrapolated from the interior of Q. 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 [18] for details.
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Furthermore, we put
En(u,v) = ap(u, v) — Gu(u, v), u,v e H(Q, F), (6)

Now, we are ready to define the discrete problem.
Definition 2.2. We say that function uy, € S yp is an approximate solution of (3), if
Cp(up,vp) =0 vy € Sp. (7

Moreover, for the purpose of the error measure introduced in Section 4, we define the form Nj, : H Q,7)—-R
by

1/2
Nu(v) =2 VP dS + - (v —up)? dS] , ®)
[ r;%{‘fr ' Fg?:hf’fr '

where up is from (1b) and 4 = diam('), I" € .%;,. We put the scaling factor 2 in front of the first due to the favorable
property (38). Finally, we characterise the solution of (3).

Lemma 2.3. The following implications are valid:

i) Let u € H*(Q) be the solution of (3) then

Enu, viy) 0 Vv, € HX(Q,.9), (9a)
Nyu) = 0. (9b)

ii) Ifu € HX(Q, 9,) satisfies both conditions of (9) then u is the solution of (3).

Proof. The assertion 1) follows immediately from the the consistency of ¢, the continuity of traces of u on " € .%, }f
and the fact that w = up on I € .Z, hD . In order to prove ii) we observe that (9b) implies # € W. Furthermore, identity
(9a) for u € H*(Q, .7;) N W and v € H'(Q) together with (3a), (5), (6) and the consistency of the numerical flux reads
0 = &y(u, v) = ap(u,v) — £p(u,v) Yv € V which proves that u is the solution of (3). (|

3. Solution strategy

The discrete problem (7) represents a system of N, = dim S, nonlinear algebraic equations. We solve it with the
aid of a Newton-like iterative method. In our approach, we employ some ideas presented in [15, 19, 21], where the
semi-implicit time discretization method for the solution of compressible flow problems was presented.

3.1. Linearization
In order to employ this approach, we assume that the numerical flux can be written in the form

H(ui,ur, n) := Pt (uy, us, muy + P~ (uy, up, n)uy, (10)

where P* and P~ are suitable functions of their arguments. For example, the numerical fluxes based on the idea of
upwinding can be written in the form (10), see [25].
Moreover, we introduce functions A, : R - R, s = 1,...,d such that

fsw)y = As(wu, uekR, s=1,....d. an

In this paper, we put A,(v) := fi(u), u € R, s =1,...,d, which leads to the first order approximation of (11).
Finally, for u,v,w € H*(Q, .7,), we define the form

c(vyu,w) = Z jI;K(v)Vu -Vwdx — Z jl:({{K(v)Vu}} -nf[w] - gl K(v)Vw} - n[[u]]) ds + J (u,w) (12)

KeZ, rezP
d
ow
+ P+(v|(+), v|(7), n)u|(+) + P_(v|(+), v|(7), n)ul(f) [wldsS - f A;(v)u — dx.
Z ﬁ( r > Vr r r r ) Z K« ; 0x;

Te.%), Ke,
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The form ¢, is nonlinear with respect to its first argument but linear with respect its second and third arguments.
Moreover, due to (5a) — (5b), (10), (11) and (12), we have

cn(u, u,v) — Cp(u, v) = Cp(u,v) Yu,v e H(Q, F). (13)

3.2. Algebraic representation

Let {¢i(x), i = 1,...,N,} be a basis of S, which is constructed as a composition of local bases constructed
separately for each K € 7. See [21], where one possibility is described in details. Thus, each u;, € Sy, can be
expressed as

Ni
w(x)= > wp(x),  Uy:= ()l eRY, (14)
J=1
where w/ € R, j=1,..., N, are the basis coefficients. Obviously, (14) defines an isomorphism between u;, € S, and

U, € R, In order to rewrite the discrete problem (7), we define the vector-valued function
Fy :RY S R Fy(Uy) = (@nun @)}, (15)
Therefore, the discrete problem (7) reads

find U, € R such that F;,(U;) = 0. (16)

3.3. Iterative method

To determine solution U, of the system (16), we employ a damped Newton-like method which generates a se-
quence of approximations U7, n = 0, 1,... to the actual numerical solution U}, using the following algorithm. Given
an iterate U7, the update d” of Uj, to get to the next iterate

Uit = U+ " (17
is defined by: find d" € R such that
Cu(Upyd" = —Fy(Uy), (18)
where C), is the flux matrix given by

Ny

Cu(Up) = {Ch (Uh7‘;9_/'")0i)}

Obviously, due to the local character of basis functions, matrix C;, has a sparse block structure, see [21]. Moreover,
A" € (0, 1] is a damping parameter which ensures convergence of (17) — (18) in case when the initial guess l]2 is far
from the solution of (16).

ij=1"

Remark 3.1. Let us note that in virtue of (13), we have
Fu(Uy) ~ C(Up)U, - q,(Uy) VYU, € RM, (19)

where q,(U;) € RV corresponds to form €, by q,(Uy) = {é’h(uh,goi)}?i”l. The algorithm (17) — (18) is the standard
damped Newton method (see [12, Chapter 3]) with the approximation of the Jacobian by

DF,(Uy)

U, = CHUD. 20)

which follows from (19) if we omit derivatives of C;, and q,, with respect to their arguments.

Remark 3.2. In practice, it is not necessary to update the flux matrix C,(Uy}) at each Newton iterationn = 1,2, . ...
Hence, in many cases, we replace (18) by

CyUpd" = —F(U)). €2y
Concerning the choice of the damping parameter, we start from the value A" = 1 and evaluate a monitoring function
0" = HF;,(UZ”)H/HF;,(UZ)”. If 0" < 1 we proceed to the next Newton iteration. Otherwise, we put A" := A"/2 and

repeat the actual Newton iteration. Analysis of the convergence of this simplified Newton method and the monitoring
function can be found in [12].



The iterative process (17) — (18) is terminated if a suitable algebraic stopping criterion is achieved. In Section
4.3, we present an algebraic stopping criterion following from the framework of residuum estimators. Let U, := U,
denote the output of the iterative process (17) — (18), i.e., an approximation of U, satisfying the stopping criterion.
We denote by i, € Sy, the function corresponding to U, by isomorphism (14). In general, i, does not satisfy the
discrete problem (7) (Ex(itn, vi) # 0, vi € Sip), since it suffers from a (nonlinear) algebraic error.

Remark 3.3. The linear algebraic system (18) is solved iteratively with the aid of GMRES method with a block ILU(0)
preconditioning, see [21].

4. Residuum estimator

In this section we investigate the discretization error u — 1, and the algebraic error i, — 1, in a suitable (dual) norm
and define estimators giving some information about these errors. Based on them we define the stopping criterion for
the iterative process (17) — (18) and particularly, in Section 5, we propose the /p-adaptation strategy.

4.1. Error measure

Similarly as in [16], our proposed error measure consists of two building blocks, which are motivated by Lemma
2.3, namely relations (9a) and (9b). First, we proceed to a functional representation of the DG method. Let X be a
linear function space such that # € X and u;, € X. It is equipped with a norm ||]|y. (The space X does not need to be
complete with respect to ||-||.) In our case, X := H*(Q, 7,), the norm ||-||  Will be specified later. Let X" denote the
dual space to X. Moreover, let 4, : X — X’ be the nonlinear operator corresponding to &, by

(Apu,v) = Cp(u,v), u,v e X, (22)

where (-, -) denotes the duality between X’ and X. We define the dual norm by

(Apu,v)
[ Apully = sup ~-2t

(23)
oxvex  [IVIlx

In order to present the first building block we observe that if u € H*(Q) C X is the solution of (3) then due to (9a)
and (22), we have A,u = 0. Then, the value

{Apup, v) Ch(up, v
Ri(un) = Ay — Apilly = Il Apuplly, = sup o2l = ot V) (24)

orvex My orvex My
defines the residuum error in the dual norm of the approximate solution u;, € Sy, C X and it measures a violation
of (9a). The right-hand side of (24) depends only on u; and not on . However, its is impossible to evaluate Ry (u,),
since the supremum is taken over an infinite-dimensional space. Therefore, in our approach, we seek the maximum
over some sufficiently large but finite dimension subspace of X, which is presented in 4.2.

The second building block is based on (9b), which characterizes a violation of the conformity of the weak solution
and a violation of the Dirichlet boundary condition. It is represented by the value Ny (u;) > 0 given by (8) which we
call the nonconformity of the approximate solution. In contrast to Rj(u;) the quantity Nj(uy) is directly computable
from (8). Finally, our error measure is the sum of squares of the residuum error and nonconformity, i.e.,

Enlun) := Ru(un)* + Ny(u)®)'?. (25)
Corollary 1. Due to Lemma 2.3 we simply observe that E,(uy,) = 0 if and only if up, = u.

Remark 4.1. Corollary 1 is essential for the definition of the error measure in the adaptive algorithm. The same
property would be valid if the nonconformity is defined by

1/2
Ni(v) = [2 Z frh;f[[v]]ZdS+ Z J;h;f(v—uD)zdS] , 2 eR.

rez/ rezp

However, the choice of @ := —1 in (8) gives the order of convergence Ny(uy) = O(hP) if the exact solution is sufficiently
regular. The same order of convergence was obtained experimentally for ||lu — uplly and pp(uy) given by (29) (which
approximates Ry(uy,)), see Section 6.



4.2. Global and element residuum estimators

In the previous section, we introduced the error measure E,(u,) = VR (up)? + Ny (uy,)? of the approximate solution
up € Spp C X. Whereas Nj(uy) is easy to evaluate, the quantity Ry (u) has to be approximated in a suitable way, which
is presented in this section. For each K € .7, and each integer p > 0, we define the space

St = ¢y € X, ¢nlx € PP(K), dplavk = 0}. (26)
Obviously, S% ¢ S?l c S?Z c ..., K € . Moreover, we put
St =lgeXip= Z ckdi, cx ER, ¢x € ST K € F). (27)
Ke.F,

Finally, we observe that S, C § ;p.
Now, we define the element residuum estimator

Cnup, Yrn) N
ph,[((uh) = sup ﬁ = sup ch(uh,!//h), u, € X, (28)
owppestet Wnllx UneSTE =1
for each K € .7, and the global residuum estimator
Snun, i) N
pn(up) == sup ————— = sup  Cp(up,¥n), up€X, (29)
0#UsES], (sl UneSt =1

which are easily computable quantities if |||, is suitably chosen, see Section 4.4.
Obviously, if v € X is the exact solution of (3) then consistency (9a) implies 0 = p,(v) = ppx(u), K € .
Moreover, we have immediately a lower bound

on(un) < Ru(up) = |Auy, — Aully,, (30)

since pj, is the supremum over subspace S ;p C X. However, it is open if there exists an upper bound, i.e., R(u;) <
Con(uy), where C > 0. This will be the subject of further research.

Remark 4.2. [t would be possible to define space S ;'Ip in a different way, e.g., to enrich it be polynomials of even
higher degree or introduce some interelement splitting of elements K € 7,. However, any further enrichment of S ;p
requires additional computational time and the numerical experiments presented at the end of this paper shows that
the presented choice of S ;p is sufficient.

Remark 4.3. Obviously, it is possible to define estimators py x(uy) and py(uy) directly by (28) and (29) without the
definition of the residuum error in the dual norm by (24). However, the introducing of the dual norm by (24) gives link
to other works, e.g., [1, 7, 9, 16].

4.3. Algebraic residuum estimators

Similarly as in the previous section, we define the estimator corresponding to the algebraic error residuum. Let
ity € Syp be an approximation of u;, corresponding to Uy, := U, € R"" (= the output of the iterative process (17) —
(18)) by (14).

We define the algebraic residuum estimator

N Cp(ity, . . .
ol = sip 2 g G = s @G ) - B, G
ormesy  Wnllx  yesi vl =1 UnES Ul =1

which measures the algebraic error (the difference between i, and ;). The last inequality in (31) follows from (7).
Obviously, if process (17) — (18) converges then pﬁ(&h) — 0 for n - oo. Moreover, relations (29) and (31) give
p‘;(flh) < pn(@ip), since in (29) the supremum is taken over the larger space.
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Our interest is to find solution #;, such that p;(i1;) < w, where w > 0 is a given tolerance. It is clear (cf. [35]) that
it makes no sense to carry out too many Newton iterations in (17) — (18) in order to decrease p‘;(ﬁh) to, e.g., machine
precision. It is reasonable to stop the iterative process (17) — (18) if

5 (@tn) < Bon(iy), (32)

where g € (0, 1). Numerical experiments presented in Section 6 show that the choice 8 =~ 0.01 gives very satisfactory
results in the sense that the approximation i is not influenced by an algebraic error and the nonlinear problem (16) is
not oversolved.

4.4. Choice of the norm |||
In order to ensure a fast evaluation of estimators p;, and p;‘, we need to choose the norm ||-|| ; in a suitable way. Let
us present the following lemma.

Lemma 4.4. Let (-,-)y : X X X — R be a scalar product generating the norm ||-||y. Let (-,-)x satisfy the element-
orthogonality condition

Wn)y =0 Yy, eSE Yy, €Sk, K#K Vp>0. (33)
Then
o)’ = " prln)’, (34)
KeT,
Proof. See Appendix A. O

In order to fulfil the favorable property (34), it is not possible to put

(,V)y = Z vau.deer Z l;—rfr[[u]][[v]]ds, u,ve X,

KeZ, rezpP

which would be natural in virtue of numerical analysis presented, e.g., in [2, 14, 18]. Based on numerical experiments,
we employ the scalar product

(u,V)x == 0(u,v)r2q) + & Z (Vu, V)2 k), u,v € X, (35)
Ke7,

where § and ¢ are constants reflecting a size of “convection” and “diffusion”, for the case of the scalar equation (1a)
we put 6 ~ |f(-)] and & = |K(-)|. This scalar product satisfies (33) and the corresponding norm

1/2
- Il = (01 120y + 1 Brary) (36)

is very often used in numerical analysis of singularly perturbed problems with § = 1, see [42].

Therefore, it rests to evaluate the element residuum estimators p, x, K € 7. This is a standard task of seeking a
constrain extrema over Si’(ﬂ with the constraint |||l = 1. This can be done directly very fast since the dimension
of SiK”, K € .9}, is small, namely dim(Si"“) = (pr + 2)(px + 3)/2 for dimension d = 2. See Appendix B, where
the evaluations of pj, x, K € .7}, is described in details.

4.5. Residuum-nonconformity estimators

We have already mentioned that the second building block of the error measure is given by nonconformity Ny, (u,)
defined by (8). For the purpose of mesh adaptation, we define its local variant

1/2
Z f B VP dS + Z f B\ (v = up)? dS] . ve H(Q, ). (37)
r T

re.7/noK reZPnoK

Nng(v) = [



Obviously, from (8) and (37), we have
NP = D" Nk (), (38)

Ke 7,

Finally, we define the local and global residuum-nonconformity estimators of the approximate solution uj, € S, by

nx(up) = (ph,K(uh)2+Nh,1<(uh)2)l/2, K e 9, (39a)
1/2
and () = (ph<uh>2+Nh<uh>2)”2=(Z nh,K(uwz] : (39b)
KeZ,

respectively. In virtue of (25), (30) and (39), we expect that the global residuum-nonconformity estimator 7,(u)
approximates the error measure &,(u;). In the following we introduce an adaptation technique which produces a
hp-mesh and the corresponding approximate solution such that the estimator 7;,(u,) is under a given tolerance.

4.6. Computational costs of the residuum-nonconformity estimator

Before we proceed to the definition of the hp-adaptation process, we discuss the computational costs of the
residuum-nonconformity estimator. The evaluation of Nj(u;,) is quite direct and it is negligible in comparison with,
e.g., one Newton step in (17) — (18).

The evaluation of p,(u,) is described in Appendix B. Its most expensive part is the evaluation of &, (uy, ;) for
each basis function ¥; of § ;Z'p. Let us remind that the setting of one vector Fj,(Uy,) in the Newton-like process (17) —
(18) requires evaluation of &,(uy, ¥;) for each basis function i; of S jp.

Since we use hierarchical basis functions, we evaluate ¢, (uy, ;) only for y; € S ;p \ S jp in addition. For simplicity

let px = p VK € 7, then we obtain

. p+3 ..
dim(S ;) = mdlm(S hp)-

Therefore, evaluation of pj(uy) requires (p + 3)/(p + 1) — 1 relatively more computational costs than evaluating
F(Uy). In the worst case scenario (p = 1) this factor is equal to one, for increasing p it tends to zero. Furthermore, an
evaluation of F}(U,) is obviously significantly cheaper than an evaluation of the flux matrix C,(Uj) from (18). Thus
we estimate (based on our numerical experiences) that evaluation of the proposed residuum-nonconformity estimator
requires between 1% — 10% of additional computational time.

5. hp-adaptation process

In this section, we present a new /p-adaptive DG technique for the solution of (7). In Section 4, we defined the
element and global residuum-nonconformity estimators 7, x and 7y, respectively. We employ the norm |||, given
by (36) which guarantees that equality (34) is valid. Let .7}, be a given mesh and i, the corresponding approximate
solution of (7) outgoing from the iterative method (17) — (18) with (32). As already mentioned, our interest is to find
ity € S pp such that

Mn(ity) < w, (40)
where w > 0 is a given tolerance. Therefore, we employ the condition

w
N#Ty

where #.7, denotes the number of elements of .75,. Obviously, if (41) is satisfied then, due to (39b), condition (40) is
valid and the adaptation process stops. Otherwise, we mark for refinement all K € .7, violating (41).

Furthermore, all marked elements will be refined either by %- or by p-adaptation, namely, either we split a given
mother element K into four daughter elements or we increase the degree of polynomial approximation for a given
element. Thus a new mesh .7, and a new set {px, K € .7} are created. We interpolate the old solution on a new mesh
and perform the next adaptation step till (40) is valid.

ik (ity) < VK € 9, (41)



5.1. Regularity indicator

The estimation of the regularity of the solution is an essential key of any Ap-adaptation strategy. Our approach is
based on a measure of inter-element jumps which is the base of the jump indicator from [20] and the shock capturing
technique from [26]. See also [37] where the measure of the inter-element jumps is used for the shock detection and
limiting with DGM for hyperbolic problems. Numerical analysis [14] carried out for the scalar convection-diffusion

equation gives
> fd i~ ufds = >’ fa K[[uh]]z dS < C 3 e (42)

Ke 7, Ke7, Ke 7,

where u and uy, are the exact and the approximate solutions, respectively, C > 0 is a constant independent of / and
ux = min(pg + 1, sx). Moreover, py is the degree of the polynomial approximation and sk is the integer degree of
local regularity of u, i.e., ulx € H**(K), K € Z,. The a priori error estimates (42) imply that if the exact solution is
sufficiently regular then p-adaptation (increasing of the degree of approximation) yields to a higher decrease of the
error. Otherwise, #-adaptation (element splitting) is more efficient.

Furthermore, the numerical experiments indicate that

aK[[uh —ul?ds = fa K[[uh]]2 dS ~ CH e ) K € T (43)

Based on relation (43), we propose the regularity indicator

Joxoalunl’ dS
gr(up) = "KG:V?T K€, (44)
K
where |K| is the area of K € .7,. If sy > px + 1, then
2px+1
gr(up) = 0[#] = O(h). (45)
k"k
On the other hand, if sx < px + 1, then
23‘](*1
gx(up) = 0[}1222?] = O(h™), (46)
K"K
where 0x = sk — px < 1. Therefore, from (45) and (46) we have
gr(up) ~ O™ 20), (47)

We already mentioned that if the exact solution is sufficiently regular then p-adaptation is more efficient. However,
there is the following question: If the exact solution u € H**(K) for K € 9}, which degree of polynomial approximation
Pk Is the optimal one? By optimal value we mean that the degrease of the computational error is the highest possible
for the given increase of the number of the degrees of freedom.

From (42) and (43), we can expect that the optimal degree of polynomial approximation satisfies px + 1 ~ s
and therefore pg := sk — 1] + 1 where symbol |a] denotes the integer part of @ € R. However, it is not clear if this
value pg is the correct one and moreover, if any optimal value even exists. Nevertheless, based on our computational
experiences, we formulate the following:

Proposition 5.1. Let K € 9}, and the exact solution satisfies u € H*(K). Then the optimal value of the degree of
polynomial approximation on K is given by px = |sg + 1] + 1.

In Section 6, we present several numerical experiments which (at least weakly) support the choice of px from
Proposition 5.1.
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Remark 5.2. Let us note that Proposition 5.1 is in agreement with other results. E.g., in [11, Example 5], the exact
solution satisfies u € H'(Q) \ H*(Q) and has a singularity in the origin. There, the (adaptively chosen) degree of
polynomial approximation around the origin was equal to 3. On the other hand, similar example was treated in [24],
there degree of polynomial approximation around the singularity was equal to 4.

Now, we are ready to finish the proposal of our sp-adaptation strategy. Let the optimal value of polynomial
approximation pg is given by Proposition 5.1. Then for the optimal value 6x := (sx — px) we obtain the condition
261( = 2(SK _[;K) € (—4, —2]

Therefore, we use the following strategy. Let K € 7, px be the degree of polynomial approximation and let
gk (up) be given by (44). Then (in virtue of (47)), we use the following sp-refinement strategy.

gx(up) < hi? = pg is smaller than px = p-refinement,
h? < gr(up) < ht = pg corresponds to px = h-refinement, (48)
h1‘<4 < gx(up) = pg is larger than pxy = h-refinement & p-coarsening.

5.2. h- and p-adaptation operations
In this paper we introduce several adaptation operations which are supported by our 2D code.

e /-refinement: we split a given mother element K into four daughter elements by connecting centers of its edges.
Then hanging nodes could appear in the neighboring elements.

e p-refinement: we increase the degree of polynomial approximation for a given element K, i.e., we put pg :=
Pk + 1.

e /i-coarsening: we reconstruct a mother element K from four daughter elements, which have arisen in a previous
adaptation level.

e p-coarsening: we decrease the degree of polynomial approximation for a given element K, i.e., we put px :=
pk— L.

e /ip-substitution: if four daughter element are not marked for an additional refinement or coarsening and for each
of them g (i1;) < h]?ﬂ we reconstruct the mother element K and increase a degree of polynomial approximation
on K simultaneously.

The A- and p- coarsening are performed if the value of the corresponding element residuum estimator 7;,  is sig-
nificantly smaller than the tolerance, in practice, if 17, x (iiy) < 1072w (#.7;,)"/2. The hp-substitution leads to a decrease
of N, and thus it exhibits an efficient tool in situation when some singularity is localized after several adaptation steps.

5.3. hp-DGFE algorithm
The whole adaptation process can be schematically written in the following form.

let w > 0 be a given tolerance,
let .7, be a given mesh and S, the finite element space,
by the iterative method (17) — (18) with the aid of the stopping criterion (32), we obtain iy,
we evaluate 1, x (i), K € J}, using (39a), n,(i1,) using (39b) and gx(i1,), K € J, using (47),
if n,(@1) < w then we stop the computation
for each K € .7}, we put max := @(#7)""% and nmin 1= 10727 max
if 75,k (#5) > Mmax then
(a) if gx(ay) < hl}z then we apply the p-refinement on K,
(b) if h%z < gkl(iy) < h]’(4 then we apply the A-refinement on K,
(c) if h1_<4 < gk (i) then we apply the A-refinement and p-coarsening on K,
if ny.x (#1n) < Nmin for all daughter elements of the mother element K then
(a) we apply A-coarsening, i.e., we reconstruct the mother element K,
(b) if hl‘ff < gk (1) then we apply p-coarsening on the mother element K”,
if min < Mn.k(#1n) < Nmax for all daughter elements of the mother element K then
(a) if gx(ay) < h? then we apply /p-substitution
7. we construct new mesh .7, and the space S, go to step 3.

SNk v =
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6. Numerical experiments

In the previous sections, we introduced and developed the adaptive #p-DGFE method. Although its theoretical
justification is open, we demonstrate its performance in this section by several numerical examples. Let i1, be the
approximate solution resulting from iterative method (17) — (18), i.e., the solution influenced by the algebraic error.

Our goal is to document the following aspects of the 2p-DGFE method:

(A0) verification of Proposition 5.1,

(A1) the same order of convergence of the estimators 1,(#), pn(#i,) and Nj(#,) with respect to / and its relation with
the computational error ||u — it,||x, (note that 1,(iiy)> = pa(itn)* + Nu(iin)?),

(A2) the efficiency, accuracy and robustness with respect to the nonlinear convection and diffusion of the 2p-adaptive
algorithm from Section 5.3,

(A3) the performance of the stopping criterion (32) in the iterative process (17) — (18).

By the efficiency we mean that the sp-adaptation method gives the exponential order of convergence of the computa-
tional error with respect to the number of degrees of freedom. By the accuracy we mean that the computational error
converges with the same order as the residuum error estimates.

The aspects (A0) — (A3) are demonstrated by the following numerical examples:

(EO) Poisson problem with a corner singularity,

(E1) linear convection-diffusion equation with weak boundary layers from [10], [22],

(E2) nonlinear convection-diffusion equation with a corner singularity from [34],

(E3) quasi-linear elliptic problem with a regular analytical solution from [32], see also [31], [41],
(E4) quasi-linear elliptic problem with a corner singularity from [32], see also [47],

(ES) linear convection-diffusion equation with the strong exponential boundary layer.

For these cases, we know the exact solution and therefore we are able to evaluate the computational error. Let us
note that the computational error is evaluated with the aid of a numerical quadrature, namely the Dunavant rules for
triangles [23], which has the optimal order for the given number of integration nodes.

We carried out two types of computations for examples (E1) — (ES):

(C1) computations on uniform triangular grids with mesh step #; = ho/2!, | = 1,2,3, (ho is given) with P,, p =
1,...,5 polynomial approximation. We evaluate the computational error ||lu — i1||, given by (36), the noncon-
formity Nj,(i1;) given by (8) and the error residuum estimator p,(ii;) given by (29). Moreover, we present the
corresponding experimental orders of convergence (EOC) with respect to / defined by

log Ch — 1Og en

EOC = s
log hy.1 —log iy

1=0,1,2,..., (49)

where e;, denotes either ||u — iy or Nj(iip) or pp(ity).

(C2) hp-adaptive algorithm from Section 5.3 starting on mesh with step 4y and P; polynomial approximation. We
evaluate again ||u — iiylly , Nj(i1,) and py (i) with the corresponding experimental orders of convergence (EOC)
with respect to the number of degrees of freedom N}, defined by

logey,, —logey,

" log(1/ VNay) — log(1/ YNz’

EOC 1=1,2,..., (50)
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Figure 1: Example (E0): the grid with the corresponding degrees of polynomial approximation obtain by /p-refinement (53) after 8 adaptation
cycles with p, = 2, the whole domain (left) and its detail (right).

Moreover, for both computations (C1) — (C2) we evaluate the “effectivity indexes”

- - 1/2
on(iin) a . (i) (ph(”h)z + Nh(””)z) 51)
TYEEATEE off *= N N2 N A
oo =il (ot = ll® + Non)?) = (Il = ally® + No@n)?)

eff -

Let us note that indexes igff and izﬁ are not standard effectivity indexes since p (i) is the approximation of R, (i) and
not of ||u — #||. The computations (C1) and (C2) demonstrate aspects (A1) and (A2), respectively. The aspect (A3)
is demonstrated for the examples (E2), (E3) and (E4). Finally, for examples (E3) and (E4), we compare the presented
hp-method with the results from [32] and [31].

6.1. (E0): Poisson problem with a corner singularity

This example serves only for the demonstration of Proposition 5.1. We consider the simple Poisson problem
—Au = f with Dirichlet boundary conditions on unit square (0, 1)?, where the exact solution is

u(xy, x2) = (x7 +x3)%, aeR. (52)

It is possible to show (see [3]) that u € H*(Q), k € (0, 1 + @), where H*(Q) denotes the Sobolev-Slobodetskii space
of functions with “non-integer derivatives”. Therefore, the exact solution has the singularity at the origin ¥, := [0, 0]
and it is regular in the rest of the computational domain. We directly employ this a priori knowledge of the regularity
of the exact solution and test the following /p-adaptation procedure.

We start the computation on a very coarse grid (8 elements arising by the splitting the unit square on four uniform
squares and each of them is split on two triangles) with P; approximation on each triangle. Moreover, let p. > 1 be
given. Then in the algorithm from Section 5.3, we skip steps 4. and 5., and the step 6. is replaced by the following
hp-refinement:

if (Vo is a vertex of K) and (px > p.) then h-refinement on K,

else p-refinement on X, Ke . (33)

Figure 1 shows an example of the 2p-mesh arising from the sp-adaptation (53) for p. = 2. We carried out a set of
numerical experiments for a € {0.499, 0.999, 1.499, 1.999, 2.499, 2.999} in (52) with values p. € {1, 2, 3, 4, 5, 6}
in (53). Figure 2 shows the convergence of the error in the /'-seminorm with respect to the number of degrees of
freedom.

We observe that these results do not give a unique answer which degree of polynomial approximation is the best
one for the approximation of the solution with a known regularity. For each tested value a, there exist several values
- giving almost the identical decrease of the error, the differences are negligible. However, we can conclude that the
value pg from Proposition 5.1 belongs among the “good” values p, for each case.
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Figure 2: Example (E0), exact solution (52) with @ € {0.499, 0.999, 1.499, 1.999, 2.499, 2.999}: convergence of the error in the H !_seminorm
with respect to the number of degrees of freedom for different value of p, in hp-refinement (53), the whole figure and its detail for each case. For
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each a, the corresponding regularity of the exact solution (e > 0.001) and the corresponding value of px from Proposition 5.1 is marked.
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(C1) uniform grids

lev  #7, Ny || lu—dlly EOC [ Nu(@)  EOC [ puliin) EOC [ Z, i, [ CPU)
1 128 384 || 3.93E-01 - I.I2E+00 - L.O4E+00 - 2.65 129 0.4
1 512 1536 || 4.44E-01  -0.18 | 9.59E-01 0.3 | 851E-01 029 | 1.92 121 1.0
1 2048 6144 || 3.62E-01 029 | 621E-01 0.63 | 547E-01 0.64 | 1.51 115 3.0
1 8192 24576 || 2.24E-01  0.69 | 3.28E-01 092 | 3.01E-01 086 | 1.34 1.12 11.9
2 128 768 || 3.91E-01 - 8.44E-01 - 6.09E-01 - 156 1.12 0.5
2 512 3072 || 2.59E-01  0.60 | 5.49E-01  0.62 | 3.78E-01  0.69 | 146 1.10 1.1
2 2048 12288 || 1.24E-01  1.06 | 247E-01  1.15 | 1.66E-01 1.18 | 1.34 1.08 3.6
2 8192 49152 || 4.20E-02 156 | 821E-02 1.59 | 539E-02 1.63 | 1.28 1.07 18.8
3 128 1280 || 2.52E-01 - 5.66E-01 - 3.41E-01 - 135 107 0.7
3 512 5120 || 1.12B-01  1.17 | 249E-01  1.19 | 1.43B-01 125 | 128 1.05 1.7
3 2048 20480 || 3.10E-02  1.85 | 6.61E-02 191 | 3.77E-02 193 | 122 1.04 8.0
3 8192 81920 || 5.64E-03 246 | 1.14E-02 254 | 6.65E-03 250 | 1.18 1.04 31.2
4 128 1920 || 1.44E-01 - 3.30E-01 - 1.73E-01 - 120 1.03 0.8
4 512 7680 || 4.07E-02  1.82 | 9.26E-02  1.83 | 4.64E-02 190 | 1.14 1.02 2.3
4 2048 30720 || 6.86E-03 257 | 148E-02 2.65 | 7.31E-03 267 | 1.07 1.0l 11.1
4 8192 122880 || 6.97E-04 330 | 1.45E-03 335 | 7.15B-04 335 | 1.03 1.00 44.1
5 128 2688 || 7.30E-02 - 1.69E-01 - 7.83E-02 - 1.07 101 1.1
5 512 10752 || 1.40E-02 238 | 3.13E-02 243 | 1.39E-02 250 | 0.99 1.00 3.8
5 2048 43008 || 1.53E-03 320 | 3.18E-03 330 | 1.40E-03 3.30 | 0.92 0.99 19.2
5 8192 172032 || 8.63E-05  4.14 | 1.74E-04 420 | 7.73E-05  4.18 | 0.90 0.98 93.0
(C2) hp-adaptation
lev #7, Ny [ lu—aily, EOC Ni(ity) EOC on(ity) EOC | 7 i, [ CPU(s)
0 128 384 || 3.93E-01 - 1.12E+00 - 1.04E+00 - 2.65 1.29 0.3
1 128 768 || 3.91E-01  0.01 | 845E-01  0.82 | 6.09E-01 155 | 1.56 1.12 0.4
2 128 1248 || 2.52E-01  1.82 | 5.67E-01  1.65 | 3.41E-01 240 | 135 1.07 0.7
3158 1968 || 1.21E-01 323 | 2.82E-01  3.06 | 1.63E-01 325 | 135 1.06 1.1
4 236 3450 || 3.72E-02  4.18 | 8.55E-02 426 | 4.83E-02 432 | 1.30 1.05 1.8
5 380 6322 || 6.93E-03 555 | 1.50E-02 575 | 7.41E-03 619 | 1.07 101 3.6
6 554 10492 || 7.86E-04 860 | 1.66E-03  8.67 | 8.40E-04  8.60 | 1.07 1.01 6.9
7 776 17270 || 5.73E-05  10.51 | 1.14E-04  10.76 | 5.62E-05  10.85 | 0.98  1.00 12.6
8 938 22438 || 2.07E-05  7.79 | 4.28E-05 747 | 220E-05 7.5 | 1.07 1.01 20.2

Table 1: Example (E1) given by (54) — (55) with ¢ = 1072: error ||u — || v» nonconformity N (ii), residuum error estimate pj(i;) with the
corresponding EOC, indexes z"e’ - iZﬂ' and the computational time in seconds.

6.2. (El): Linear convection-diffusion equation with weak boundary layers

We consider the scalar linear convection-diffusion equation (similarly as in [10], [22])
—eAU— — —— =g inQ:=(0,1)?, (54)

where € > 0 is a constant diffusion coefficient. We prescribe a Dirichlet boundary condition on dQ and the source
term g such that the exact solution has the form

u(xy, xp) = (c1 +o(l—x))+e™ /8) (c1 +o(l —x) + e”‘Z/S) (55)

with ¢; = —e™/2, ¢, = —1 — ¢;. The solution contains two boundary layers along x; = 0 and x, = 0, whose width is
proportional to &. Here we consider £ = 1072 and & = 1073,

Tables 1 and 2 show the results of computations (C1) and (C2) for problem (54) — (55) withe = 1072 and € = 1073,
respectively, namely the values of the error |[u — ii|| y, nonconformity N, (i), residuum error estimate py(it;) with the
corresponding EOC, indexes 7, i and the computational times in seconds. We observe from the computations (C1)
that all quantities ||t — 2y, Npu(i1n) and py(@;,) converge at the similar order of convergence with respect to 4. This
order is far from the optimal ones (O(%#”)) due to a not sufficiently accurate capturing of the boundary layers on coarse
grids (relatively to the boundary layer thickness). The optimal values are seen for examples (E2) and (E3). These
results demonstrate the aspect (A1).
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(C1) uniform grids

lev  #7, Ny || lu—aully, EOC | Ny@)  EOC | pu(@)  EOC | #. il | CPU(s)
1 128 384 |[ 2.62E-02 - | 2.04E+00 - 6.47E-01 - | 2464 105 0.5
1 512 1536 || 5.14E-02  -0.97 | 2.65E+00 -0.38 | 8.78E-01  -0.44 | 17.07 1.05 0.8
1 2048 6144 || 1.72E-01  -1.74 | 327E+00 -0.30 | 1.03E+00 -023 | 6.00 1.5 2.4
1 8192 24576 || 347E-01  -1.01 | 3.66E+00 -0.16 | 1.09E+00 -0.07 | 3.13 1.04 9.1
2 128 768 || 5.15E-01 - [ 2.02E+00 - 5.28E-01 - 102 1.00 05
2 512 3072 || 6.03E-01  -023 | 2.58E+00 -0.35 | 6.66E-01 -034 | 110 101 1.2
22048 12288 || 5.39E-01  0.16 | 3.02E+00 -0.23 | 7.35E-01 -0.14 | 136  1.01 3.9
2 8192 49152 || 4.32E-01 032 | 297E+00  0.03 | 6.77E-01 0.2 | 157 1.01 14.7
3 128 1280 [[ 936E-02 - | 201E+00  — 4.41E-01 - 471 1.02 0.7
3 512 5120 || 2.91E-01  -1.64 | 2.50E+00 -0.32 | 538E-01 -029 | 185  1.02 1.9
32048 20480 || 3.89E-01 -042 | 2.71E+00 -0.12 | 549E-01 -0.03 | 141 101 6.5
3 8192 81920 || 3.04E-01 036 | 2.19E+00 031 | 419E-01 039 | 138 101 25.1
4 128 1920 || 5.60E-01 — | 198E+00 - 3.85E-01 - 0.69 098 0.9
4 512 7680 || 4.85E-01 021 | 239E+00 -0.27 | 448E-01 -022 | 0.92 1.00 25
4 2048 30720 || 3.69E-01 039 | 232E+00 0.04 | 410E-01 0.3 | 1.11  1.00 9.1
4 8192 122880 || 1.96E-01  0.91 | 1.44E+00  0.69 | 242E-01 076 | 123  1.00 35.1
5 128 2688 || 3.43E-01 — [ 1.95E+00 - 3.38E-01 - 0.99 100 1.2
5 512 10752 || 4.07E-01  -0.25 | 2.24E+00 -0.20 | 3.76E-01  -0.15 | 092  1.00 4.0
5 2048 43008 || 2.88E-01  0.50 | 1.88E+00  0.26 | 2.98E-01 034 | 1.03  1.00 153
5 8192 172032 || 1.12E-01 137 | 831E-01 118 | 1.26E-01 124 | 113 1.00 71.9
(C2) hp-adaptation
lev  #7 Ny [ llu—dsly EOC [ Nu@y)  EOC | pu(@y)  EOC | F. il | CPU(s)
0 128 384 || 2.62E-02 — | 204E+00 - | 6.47E-01 - | 2464 105 03
1 128 768 || 5.15E-01  -8.59 | 2.02E+00  0.02 | 528E-01 059 | 1.02  1.00 0.5
2 146 1076 || 527E-01  -0.13 | 246E+00 -1.15 | 6.20E-01 -0.95 | 1.18  1.01 0.7
3 206 1834 || 453E-01 057 | 2.83E+00 -0.53 | 6.62E-01 -025 | 146 101 1.0
4 368 4036 || 3.89E-01 039 | 2.72E+00  0.10 | 546E-01 049 | 140 101 2.0
5 914 10498 || 3.04E-01 051 | 221E+00 043 | 420E-01 055 | 138 101 3.8
6 1904 22054 || 1.55E-01  1.81 | 1.I3E+00  1.81 | 2.10E-01  1.87 | 135 1.01 9.3
7 3746 42724 || 4.94E-02 346 | 344E-01 360 | 636E-02 3.60 | 129 1.0l 22.8
8 6380 73298 || 1.00E-02 591 | 6.64E-02  6.09 | 126E-02 6.00 | 126 1.01 45.9
9 7826 103948 || 1.54E-03 10.74 | 1.05E-02  10.58 | 1.98E-03 10.61 | 129  1.01 78.4
10 9725 142471 || 5.93E-04  6.04 | 3.87E-03 631 | 7.28E-04 633 | 123 101 122.7

Table 2: Example (E1) given by (54) — (55) with £ = 1073 error ||u — ity|| y» nonconformity Nj(iiy), residuum error estimate pj(it;) with the

corresponding EOC, indexes f‘e’ R iZﬁ and the computational time in seconds.
hp

Figure 3: Example (E1) given by (54) — (55) with & = 1072: the final grid with the corresponding degrees of polynomial approximation, the whole
domain (left) and its detail (0, 1/20) x (0, 1/20) (right).
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Figure 4: Example (E1) given by (54) — (55) with & = 1073: the final grid with the corresponding degrees of polynomial approximation, the whole
domain (left) and its detail (0, 1/20) x (0, 1/20) (right).

Moreover, the computations (C2) show that the presented Ap-method gives an exponential convergence of error
|l — @]l with respect to the number of degrees of freedom. The indexes zg . izﬁ are close to one which supports the
accuracy of the method. Furthermore, Figures 3 and 4 show the final Zp-grid obtained with the aid of the #p-DGFE
algorithm for & = 1072 and & = 1073, respectively. We observe that the 4-adaptation was carried out in regions with
the boundary layers whereas the p-adaptation appears elsewhere. Finally, let us note that the presented strategy is not
too efficient for problems with boundary layers since our /-adaptation is only isotropic. More efficient is the use of an
anisotropic mesh adaptation, e.g., [29].

6.3. (E2): Nonlinear convection-diffusion equation with a corner singularity

We consider the scalar nonlinear convection-diffusion equation

2 2
VK - 2L o= 000 (56)
8x1 (9)62

where K(u) is the nonsymmetric matrix given by

_ 2 + arctan(u) (2 — arctan(u))/4
K@) = 8( 0 (4 + arctan(u))/2 |° (57)
The parameter & > 0 plays a role of an amount of diffusivity and we put &€ = 1073, We prescribe a Dirichlet boundary
condition on dQ and set the source term g such that the exact solution is

u(x1, x2) = (x + 33)2x10(1 = x))(1 = x2), @ €R. (58)

We present two choices: @ = 4 and @ = —3/2. It is possible to show (see [3]) that u € H*(Q), « € (0, 3 + ). Whereas
the choice @ = 4 gives sufficiently regular solution, the choice @ = —3/2 leads to the solution with a singularity at
x1 = xp = 0. Numerical examples presented in [17], carried out for a little different problem, show that this singularity
avoids to achieve an order of convergence better than O(4%/?) in the L?-norm and O(h'/?) in the H'-seminorm for any
degree of polynomial approximation. Nevertheless, the exact solution is regular outside of the singularity.

Tables 3 and 4 show the results of computations (C1) and (C2) for problem (56) — (58) with @ = 4 and a = -3/2,
respectively, namely the values of the error || — 7|y, nonconformity Nj(@,), residuum error estimate pp(#,) with
the corresponding EOC, indexes z‘g , isz and the computational times in seconds. From the computations (C1), we
observe that all quantities |lu — ii]|y, Nu(ii;) and py(ii,) converge at the expected orders O(h”) for @ = 4 and O(h'/?)
for @ = —3/2. These results demonstrate the aspect (Al).
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(C1) uniform grids

8192 122880 5.61E-10  4.08 | 3.94E-09 4.02 | 7.42E-10 399 | 1.32 1.01 373.5

128 2688 1.10E-07 - 7.04E-07 - 1.13E-07 - 1.02  1.00 4.4
512 10752 2.81E-09 529 | 2.11E-08 5.06 | 3.46E-09 5.03 | 1.23  1.00 22.6
2048 43008 8.14E-11 5.11 | 6.48E-10 5.02 | 1.07E-10 5.01 132 1.01 115.6
8192 172032 1.60E-10  -0.98 | 1.44E-10  2.17 | 6.80E-11  0.66 | 042 0.74 708.3

(C2) hp-adaptation

lev  #7, Ny |[ lu—dislly EOC | NyG@) EOC | puG)  BOC | Zp i [ CPU(s)
1 128 384 || 645E-03 - | 1.99E-02  — | 5.58E-03 - | 0.86 0.9 0.7
1 512 1536 || 1.68E-03 194 | 829E-03 126 | 2.81E-03 099 | 1.68 1.03 1.7
1 2048 6144 || 7.15E-04 123 | 3.81E-03 1.12 | 143E-03 098 | 2.00 1.05 7.8
1 8192 24576 || 3.45E-04 1.05 | 1.82E-03 1.06 | 7.17E-04 099 | 2.08 1.06 524
2 128 768 || 442E-04 - | 3.01E-03 - | 635804 — | 144 101 0.9
2 512 3072 || 1.06E-04  2.06 | 7.61E-04 198 | 1.67E-04 192 | 1.58 1.0l 32
2 2048 12288 || 2.56E-05 2.05 | 1.91E-04 199 | 426E-05 197 | 1.67 1.02 18.1
2 8192 49152 || 623E-06 2.04 | 479B-05 2.00 | 1.07E-05 1.99 | 1.72 1.02 | 1083
3 128 1280 || 3.87E-05 - | 2.75E-04  — | 522E05 - | 135 101 15
3 512 5120 || 4.45E-06  3.12 | 3.32E-05 3.05 | 6.71E-06 296 | 1.51 1.0l 6.4
32048 20480 || 5.41E-07  3.04 | 4.06E-06 3.03 | 847B-07 299 | 1.56 1.01 354
3 8192 81920 || 6.76E-08  3.00 | 4.99E-07 3.02 | 1.06E-07 3.00 | 1.57 1.01 | 219.1
! 128 1020 || 2.75E-06  — | L.73E-05 - | 3.0568-06 - | LIl  1.00 23
4 512 7680 || 1.57E-07  4.12 | 1.04E-06 4.05 | 1.89E-07 4.01 | 120 1.01 11.8
4 2048 30720 || 9.50E-09  4.05 | 638E-08 4.03 | 1.IS8E-08 4.00 | 124 1.01 62.7
4
5
5
5
5

lev #7, Ny || llu—disll,  EOC Ni(ity) EOC onity) EOC | 7, i, | CPU(s)
0 128 384 || 6.45E-03 - 1.99E-02 - 5.58E-03 - 0.86  0.99 0.5
1 128 768 || 4.43E-04  7.73 | 3.01E-03 545 | 6.35E-04 627 | 143 1.01 0.9
2 128 1280 || 3.87E-05  9.54 | 2.75E-04 936 | 522E-05 9.78 | 135 1.0l 1.2
3 128 1920 || 2.75E-06  13.05 | 1.73E-05  13.65 | 3.05E-06 14.02 | 1.11  1.00 1.8
4 128 2688 || 1.10E-07 19.12 | 7.04E-07 19.02 | 1.13E-07 19.59 | 1.02 1.00 2.9
5 128 3584 || 2.49E-09 2635 | 1.62E-08 2624 | 2.42E-09 26.72 | 0.97 1.00 45
6 128 4608 || 2.98E-11 3522 | 223E-10 34.08 | 3.00E-11 3492 | 1.01 1.00 6.8
7 128 5760 || 3.17E-15  82.03 | 2.02E-14 83.51 | 1.56E-14 67.83 | 491 125 10.9

Table 3: Example (E2) given by (56) — (58) with @ = 4: error ||u — iip||y, nonconformity Nj(ii), residuum error estimate pj (i) with the corre-
sponding EOC, indexes f‘c’ s igﬁ and the computational time in seconds.
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(C1) uniform grids
47, Ni || lu—asll, EOC | NyG@m)  EOC | pu(@s)  EOC | 7 /T CPU(s)

@
2

1 128 384 || 1.32E-02 - 1.41E-01 - 4.52E-02 - 3.ef3 1.635 0.9
1 512 1536 || 8.98E-03  0.55 | 821E-02 0.78 | 2.25E-02 1.00 | 2.51 1.03 2.0
1 2048 6144 || 6.36E-03  0.50 | 5.02E-02 0.71 | 1.31E-02 0.79 | 2.06 1.03 6.7
1 8192 24576 || 4.50E-03  0.50 | 3.36E-02  0.58 | 8.55E-03 0.61 | 1.90 1.02 39.7
2 128 768 || 5.98E-03 - 6.70E-02 - 1.26E-02 - 211 1.01 12
2 512 3072 || 4.19E-03  0.51 | 4.89E-02 045 | 8.08E-03 0.64 | 1.93 1.01 3.3
2 2048 12288 || 2.97B-03  0.50 | 3.41E-02 052 | 5.34E-03 0.60 | 1.80 1.0l 12.7
2 8192 49152 || 2.10E-03  0.50 | 2.38E-02  0.52 | 3.62E-03 0.56 | 1.72 1.0l 53.7
3 128 1280 || 5.50E-03 - 6.36E-02 - 6.25E-03 - .14 1.00 1.8
3 512 5120 || 3.84E-03 052 | 4.78E-02 041 | 431E-03 054 | 1.12  1.00 52
3 2048 20480 || 2.70E-03  0.51 | 3.37E-02  0.51 | 2.91E-03 0.57 | 1.08 1.00 21.6
38192 81920 || 1.91E-03  0.50 | 2.37E-02  0.51 | 1.99E-03  0.55 | 1.04 1.00 101.5
4 128 1920 || 4.29E-03 - 5.52E-02 - 432E-03 - 1.01  1.00 27
4 512 7680 || 2.97E-03  0.53 | 3.95E-02 0.48 | 3.06E-03 0.50 | 1.03  1.00 7.2
4 2048 30720 || 2.09E-03  0.51 | 2.74B-02 0.3 | 2.02E-03 0.59 | 0.97 1.00 32.1
4 8192 122880 || 1.48E-03  0.50 | 1.92E-02 0.51 | 1.39E-03 055 | 0.94 1.00 1442
5 128 2688 || 4.10E-03 - 4.98E-02 - 3.22E-03 - 0.78  1.00 45
5 512 10752 || 2.82E-03  0.54 | 3.51E-02  0.51 | 2.19E-03  0.55 | 0.78  1.00 13.1
5 2048 43008 || 1.98E-03  0.51 | 244E-02 052 | 1.45E-03 0.60 | 0.73 1.00 54.2
5 8192 172032 || 1.41E-03  0.50 | 1.72E-02  0.51 | 1.00E-03  0.54 | 0.71  1.00 320.5
C2) hp-adaptation
lev #5, Ny || llu—disll, EOC | Nu(@i,)  EOC pn(ity) EOC | 7, i, | CPU(s)
0 128 384 || 1.32E-02 - 1.41E-01 - 4.52E-02 - 343 1.05 0.6
1 128 759 || 5.98E-03 232 | 6.70E-02 218 | 126E-02 375 | 211 101 1.0
2 128 919 || 5.50E-03  0.87 | 6.36E-02 0.55 | 626E-03 731 | 1.14 1.00 15
3 128 969 || 4.30E-03 931 | 552E-02 535 | 434E-03 13.81 | 1.0l 1.00 1.8
4 134 1089 || 2.98E-03 629 | 3.96E-02 569 | 3.09E-03 586 | 1.04 1.00 22
5 140 1191 || 2.10E-03  7.81 | 275E-02  8.14 | 2.07E-03 891 | 0.99 1.00 2.6
6 152 1371 || 1.49E-03  4.82 | 1.93E-02 499 | 1.45E-03 5.03 | 097 1.00 29
7 158 1456 || 1.25E-03 592 | 1.62E-02  6.02 | 1.33E-03 295 | 1.06 1.00 33
8 161 1483 || 9.81E-04 2521 | 1.20E-02 30.83 | 1.06E-03 23.46 | 1.08 1.00 3.8
9 164 1514 || 7.11E-04 31.61 | 8.60E-03 32.64 | 8.06E-04 26.80 | 1.13  1.00 43
10 170 1584 || 5.25E-04 1336 | 6.24E-03 14.15 | 6.45E-04 9.85 | 123 1.00 4.8
11 176 1654 || 4.01E-04 1242 | 4.63E-03 13.80 | 547E-04 7.57 | 136 1.00 5.4

Table 4: Example (E2) given by (56) — (58) with @ = —3/2: error ||u — iis||y, nonconformity Nj(iip,), residuum error estimate pp(ii,) with the

corresponding EOC, indexes tf; . ifo and the computational time in seconds.
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Figure 5: Example (E2) given by (56) — (58) with @ = —3/2: the final grid with the corresponding degrees of polynomial approximation, the whole
domain (left) and its detail (0, 1/200) x (0, 1/200) (right).

Moreover, the computations (C2) show that the error [[u — ]|, converges exponentially for @ = 4 and significantly
faster than O(h'/?) for @ = —3/2. Furthermore, the indexes i, i are close to one. An increase of t’; ; and i’ in Table
3 for the last adaptation level is caused by the fact that we are close to the machine accuracy.

Furthermore, Figure 5 shows the final 4p-grid obtained with the aid of the #p-DGFE algorithm for @ = —=3/2. (The
case @ = 4 is not interesting since only p-refinement is carried out due to the regularity of the exact solution.) We
observe that the #-adaptation was carried out in a small region near the singularity. On the other hand, the p-adaptation
appears in regions where the solution is regular.

6.4. (E3): Quasi-linear elliptic problem with a regular solution
We consider the quasi-linear elliptic problem from [32] (see also [31], [41]),

~V - u(Vu)Vu) = £ inQ:=(0,1), (59)

where
p(Vul) = 2+

1
. 60
1+ |Vu| (60)
We consider a homogeneous Dirichlet boundary condition on dQ and select g such that the analytical solution (59) —
(60) is given by
u(xy, x2) = x1(1 = xpxa(l = x2)(1 = 2xy)e 2017, (61)

Table 5 shows the results of computations (C1) and (C2) for problem (59) — (61), namely the values of the error
|2 — @iyl v, nonconformity Ny (i), residuum error estimate py (i) with the corresponding EOC, indexes z‘: s ifo and
the computational times in seconds. From the computations (C1), we observe that all quantities ||u — iy ||y, N (i) and
pn(ity) converge at the expected order O(/4”) since u given by (61) is regular. These results demonstrate the aspect (A1).
Similarly as in the previous examples, the computations (C2) show that the computational error |[u — 7|, converges
exponentially and the indexes zf:’ s isz are between | and 3 and they approach to one for increasing N;, which supports
the aspect (A2).

Furthermore, Figure 6, left shows the final 4p-grid obtained with the aid of the 2p-DGFE algorithm. We observe
that the p-adaptation dominates since the exact solution is regular. Our results differ from the results from [32,
Example 1], where #2p-DGFE computations on quadrilateral grids are performed. Our approach yields to more p-
refinements and we achieve the same level of error with a smaller number of degrees of freedom (Table 5), compare
with [32, Fig. 1 ¢,d], where the error 107 in the ||-||;-norm was achieved with almost 2E+4 degrees of freedoms.

20



(C1) uniform grids

lev  #7, Ny, [ Il =iy EOC [ Nu@) — EOC | pu@,) — EOC [ & il | CPU(s)
1 128 384 || 2.96E-02 - 9.31E-03 - 1.02E-01 - 346 331 0.5
1 512 1536 || 1.83E-02  0.70 | 5.84E-03 0.67 | 6.83E-02 058 | 3.74 3.57 1.0
1 2048 6144 || 936E-03 097 | 2.85E-03 1.04 | 3.57E-02 093 | 3.82 3.66 4.0
1 8192 24576 || 4.71E-03 099 | 1.41E-03 1.02 | 1.81E-02 098 | 3.84 3.69 18.3
2 128 768 || 1.19E-02 - 3.84E-03 - 3.85E-02 - 323 3.09 0.6
2 512 3072 || 2.77E-03  2.10 | 1.20E-03  1.68 | 9.10E-03 2.08 | 328 3.04 1.7
2 2048 12288 || 7.11E-04  1.96 | 3.33E-04 1.85 | 2.35E-03 1.95 | 3.31 3.03 7.8
2 8192 49152 || 1.79E-04 199 | 857E-05 196 | 5.94E-04 198 | 332 3.02 429
3 128 1280 || 2.00E-03 - 8.07E-04 - 5.33E-03 - 267 2.50 0.9
3 512 5120 || 3.56E-04 2.49 | 1.50E-04 2.43 | 1.04E-03 236 | 2.92 272 32
3 2048 20480 || 4.57E-05 296 | 1.72E-05 3.12 | 1.35E-04 295 | 296 2.79 15.0
3 8192 81920 || 5.74E-06  2.99 | 2.07E-06 3.06 | 1.70E-05 2.99 | 2.97 281 82.0
4 128 1920 || 6.62E-04 - 2.13E-04 - 1.78E-03 - 269 2.8 13
4 512 7680 || 4.00E-05  4.05 | 1.72E-05 3.63 | 1.07E-04 4.06 | 2.67 2.49 52
4 2048 30720 || 2.56E-06 3.96 | 124E-06 3.79 | 6.83E-06 397 | 2.67 2.44 24.9
4 8192 122880 || 1.61E-07 3.99 | 8.07E-08 3.94 | 431E-07 399 | 267 243 161.1
5 128 2688 || 1.00E-04 - 4.50E-05 - 2.35E-04 - 235 218 22
5 512 10752 || 3.98E-06 4.65 | 1.79E-06 4.65 | 9.73E-06  4.60 | 2.44 227 9.9
5 2048 43008 || 1.28E-07 4.96 | 5.00E-08 5.16 | 3.18E-07 4.93 | 248 234 58.1
5 8192 172032 || 4.03E-09 499 | 147E-09 509 | 1.01E-08 498 | 2.50 237 423.6
C2) hp-adaptation
lev #7, Ny || lu—aill, EOC | Nu(@)  EOC on(ii) EOC [ &, 7. [ CPU(s)
0 128 384 || 2.96E-02 - 9.31E-03 - 1.02E-01 - 346 331 0.4
1 128 768 || 1.19E-02  2.63 | 3.84E-03 255 | 3.85E-02 2.82 | 323 3.09 0.7
2 128 1280 || 2.00E-03 699 | 8.07E-04 6.11 | 533E-03 774 | 2.67 250 1.1
3 128 1920 || 6.62E-04 545 | 2.13E-04 656 | 1.78E-03 540 | 2.69 2.58 1.6
4 128 2688 || 1.00E-04 11.22 | 4.50E-05 925 | 2.35E-04 12.04 | 235 2.18 2.6
5 128 3584 || 2.26E-05 10.36 | 8.01E-06 12.01 | 5.10E-05 10.63 | 2.26 2.16 4.1
6 128 4480 || 3.42E-06 1692 | 1.52E-06 14.89 | 7.26E-06 17.48 | 2.12 1.98 6.0
7 128 5416 || 5.73E-07  18.81 | 2.24E-07 20.19 | 1.14E-06 19.46 | 2.00 1.90 8.3
8 128 6216 || 1.74E-07 17.34 | 6.08E-08 18.92 | 3.36E-07 17.82 | 1.93 1.85 11.3
9 275 14301 || 3.73E-08  3.69 | 7.75E-09 494 | 418E-08 500 | 1.12 1.12 21.4

Table 5: Example (E3) given by (59) — (61): error |ju — ii|| -, nonconformity Ny, (i), residuum error estimate pj (i) with the corresponding EOC,
indexes lzﬂr, iZﬁ" and the computational time in seconds.
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Figure 7: Example (E4) given by (59), (62) — (63): conver-
Figure 6: Example (E3) given by (59) — (61): the final grid with the corre- gence of the error |[u — i||y and the residuum error estimate
sponding degrees of polynomial approximation. pn(iiy) with respect to the number of degrees of freedom.

6.5. (E4): Quasi-linear elliptic problem with a corner singularity

Similarly as in [32] (see also [31], [41]), we consider again the quasi-linear elliptic problem (59) in the L-shaped
domain (=1, 1)?\ [0, 1) x (=1, 0) with )
u(Val) = 1+ eV, (62)

with the Dirichlet boundary condition on dQ and g such that the analytical solution (59), (62) is given by (in polar
coordinates)
u(r, ) = r*7 sin(2¢/3). (63)

We note the u ¢ H*(Q) but it is regular outside of x; = x, = 0.

Table 6 shows the results of computations (C1) and (C2) for problem (59), (62) — (63), namely the values of the
error |lu — iyl y, nonconformity N (ii,), residuum error estimate p, (i) with the corresponding EOC, indexes t’e’ T isz
and the computational times in seconds. From the computations (C1), we observe that all quantities |lu — @l ., Ny (ity)
and py(ii,) converge at the order O(h*?) (we suppose that u € HP(Q), < 1 +2/3). These results demonstrate the
aspect (Al).

Similarly as in the previous examples, the computations (C2) show that the computational error |z — ;|| con-
verges exponentially and the indexes z’; , izﬁ approach to a constant value (not far from one) for increasing N, which
supports the aspect (A2). In some cases, EOC are negative, since the error as well as the estimate is decreasing even
for the decreasing number of degrees of freedom, see Figure 7. It is an advantage our algorithm that it can reduce the
number of degrees of freedom as well as the computational error. Finally, Figure 8 shows the final 2p-grid obtained
with the aid of the #p-DGFE algorithm. The 4-adaptation was carried out only in a small region near the singularity.

Table 6 shows that the error level 2 - 107* in the ||-|| y-norm was achieved with about 6800 degrees of freedom. In
[31, Figure 3] the same error was achieved with less than 6000 degrees of freedom and in [32, Fig. 2 c¢,d], with slightly
more than 4000 degrees of freedom. From this point of view our approach is a little less efficient than techniques from
[31, 32] for problem (59), (62) — (63). However, let us note that techniques from [31, 32] use quadrilateral grids.
The number of degrees of freedom for one quadrilateral element is equal to (px + 1)>, where py is the degree of
polynomial approximation in each coordinate direction of a quadrilateral element. On the other hand, the number of
degrees of freedom for two triangles (forming one quadrilateral) is equal to (px + 1)(px + 2). Therefore, triangular
elements requires a little more degrees of freedom for the same asymptotic order of convergence. From this point of
view the comparison of the efficiency of our approach with results from [31, 32] is not bad.

6.6. (ES5): Linear convection-diffusion equation with the strong exponential layer

The exact solution from Section 6.2 contains the boundary layer, however, the diffusive term was relatively large.
Therefore, we consider the problem
0 .
—erut 2L 21 inQi=(0,1)2 (64)
Bx1
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(C1) uniform grids

lev  #7, Ny [ lu—ally EOC | NaGw) EOC | pu(@) EOC | 7y i | CPU(s)
1 150 450 || 1.29E-01  — | 2.53E02  — | 2.01B01  — | 1.55 1.54 0.7
1 600 1800 || 8.31E-02  0.64 | 1.69E-02 058 | 1.31E-01 0.62 | 1.58 156 2.1
1 2400 7200 || 5.28E-02  0.65 | 1.I2E-02  0.59 | 8.57E-02 0.61 | 1.62 1.60 8.0
1 9600 28800 || 3.35E-02  0.66 | 7.28E-03  0.63 | 5.56E-02 0.62 | 1.66 1.64 36.0
2 150 900 || 4.79E-02  — | 1.46B-02 | 6.58E02  — | 137 135 1.0
2 600 3600 || 3.01E-02  0.67 | 946E-03 0.62 | 421E-02 0.65 | 1.40 1.37 3.6
2 2400 14400 || 1.89B-02  0.67 | 6.07E-03 0.64 | 2.67E-02 0.65 | 142 138 12.7
2 9600 57600 || 1.19E-02  0.67 | 3.86E-03 0.65 | 1.69E-02 0.66 | 1.42 139 583
3 150 1500 || 333602 — | 9.73B-03 - | 321E02 - | 096 097 1.7
3600 6000 || 2.09E-02  0.67 | 620E-03 0.65 | 2.02E-02 0.67 | 096 0.97 53
32400 24000 || 1.32B-02  0.67 | 3.94E-03 0.65 | 1.27E-02 0.66 | 0.97 0.97 214
39600 96000 || 8.31E-03  0.67 | 2.49E-03 0.66 | 8.04E-03 0.66 | 097 097 | 1134
7 150 2250 || 245602 — | 68203 _ — | 179802 __— | 073 0.5 28
4 600 9000 || 1.54E-02  0.67 | 432E-03 0.66 | 1.12E-02  0.69 | 0.72 0.75 9.2
4 2400 36000 || 9.73E-03  0.67 | 2.74E-03  0.66 | 7.04E-03 0.66 | 072  0.75 343
4 9600 144000 || 6.13E-03  0.67 | 1.73E-03  0.66 | 445E-03 0.66 | 073 0.75 | 1643
5 150 3150 || 2.00E-02 - | 499E-03  — | 1.09E-02 - | 054 058 43
5 600 12600 || 1.26E-02  0.67 | 3.15E-03 0.66 | 6.74E-03 0.69 | 0.54 0.57 15.3
5 2400 50400 || 7.93E-03  0.67 | 2.00E-03 0.66 | 425E-03 0.67 | 0.54 057 58.1
59600 201600 || 5.00E-03  0.67 | 1.26E-03 0.66 | 2.69E-03 0.66 | 0.54 058 | 326.1

C2) hp-adaptation

lev #5, Ny [ lu—aylly, EOC N (i) EOC on(iy) EOC s il. | CPU(s)
0 96 288 || 1.49E-01 - 2.89E-02 - 2.32E-01 - 156 1.54 0.5
1 96 576 || 5.56E-02  2.84 | 1.67E-02 158 | 7.59E-02 322 | 137 134 1.0
2 96 960 || 3.86E-02 142 | 1.I3E-02 154 | 373E-02 278 | 097 0.97 2.0
3 96 1435 || 2.85E-02 1.51 | 7.92E-03 175 | 2.10E-02 287 | 0.74 0.76 33
4 96 1639 || 2.32E-02  3.09 | 5.79E-03  4.71 127E-02 748 | 055 0.59 49
5 96 1821 || 1.98E-02  3.05 | 438E-03 531 | 82IE-03 836 | 042 0.46 6.8
6 96 2027 || 1.66E-02 330 | 3.41E-03  4.68 | 556E-03 728 | 034 0.39 9.0
7 96 2225 || 1.41E-02 346 | 2.71E-03 490 | 3.90E-03  7.60 | 028 0.33 11.5
8 108 2885 || 8.59E-03  3.82 | 1.82E-03  3.09 | 2.58E-03 320 | 030 036 15.0
9 138 4191 || 6.29E-03 1.67 | 1.39E-03 142 | 2.16E-03 094 | 034 0.40 20.0
10 183 5840 || 4.79E-03 1.64 | 1.13E-03 128 | 2.02E-03 041 | 042 047 25.7
11 201 6252 || 3.59E-03 848 | 934E-04 550 | 1.97E-03  0.77 | 0.55 0.59 31.1
12 216 6337 || 2.77E-03  41.10 | 7.96E-04 2555 | 2.02E-03  -4.07 | 0.73 0.75 35.8
13 219 6375 || 1.86E-03  369.09 | 5.35E-04 368.53 | 1.38E-03 349.61 | 0.74 0.77 412
14 228 6297 || 1.32E-03  -78.54 | 3.76E-04 -80.13 | 1.03E-03 -66.89 | 0.78 0.80 45.7
15 252 6550 || 8.30E-04  23.70 | 237E-04 2370 | 6.49E-04 2367 | 0.78 0.80 51.7
16 252 6208 || 5.23E-04 -16.90 | 1.49E-04 -1691 | 4.10E-04 -16.84 | 0.78 0.80 57.1
17 282 6700 || 3.30E-04  12.09 | 9.43E-05 12.11 | 2.60E-04  12.02 | 0.79 0.80 64.0
18 288 6778 || 2.10E-04  96.63 | 597E-05 96.51 | 1.66E-04 9498 | 0.79 0.81 70.9

Table 6: Example (E4) given by (59), (62) — (63): error ||u — 4|y, nonconformity Ny (i), residuum error estimate pj(ii,) with the corresponding

EOC, indexes £, i’ and the computational time in seconds.
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Figure 8: Example (E4) given by (59), (62) — (63): the final grid with the corresponding degrees of polynomial approximation, the whole domain
(top left) and its details with magnification 20 (top right), 200 (bottom left) and 2000 (bottom right).
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where 0 < & < 1 is a constant diffusion coefficient. We employ the values & € {10™#, 107>, 107°}. We prescribe the
Dirichlet boundary condition on d€ such that the exact solution has the form

oi=D/e _ p1/e

u(xy,x3) = x1 — (65)

1—ele
The solution possesses a strong exponential boundary layer at x; = 1, its width is proportional to €. Therefore, the
computations were carried out on a priori refined mesh along the boundary layer, see Figure 10, top left.

Table 7 show the results of computations (C2) for problem (64) — (65), namely the values of the error ||u — il y,
nonconformity N,(#;), residuum error estimate pj(#;,) with the corresponding EOC, indexes zg . ifo and the computa-
tional times in seconds. Let us recall that |[z — @] is evaluated with the aid of the Dunavant quadrature [23] applied
to each K € .7}, and that the Dunavant integration nodes are in the interior of the triangle.

We observe that the computational error |lu — i,y is small on the initial grid for all & considered. In the first
levels of adaptation, the error increases and after (approximately) 6 — 12 adaptation cycles, the error starts to decrease.
However, only for the case & = 107, the adaptation process ends with the smaller error than it has started. For
g = 107° and & = 1075, the error at the end of the adaptation process is several orders higher than the error on the
initial grid. From this point of view, it may seem that the solution on the initial grid is much better than the solution
on the adapted grids and hence the mesh adaptation does not makes sense for this case. This effect is explained in the
following.

Figure 9 shows the cuts of the approximate solutions along x, = 0.5 in comparison with the exact solution on
the initial mesh (lev = 0) and on the selected meshes obtained by several levels of mesh adaptation (lev = 7 and
lev =12 fore = 107, lev = 10 and lev = 14 for ¢ = 107 and lev = 12 and lev = 17 for ¢ = 107%). We found
that on the initial mesh (lev = 0), the approximate solution u;, ~ x;, see the first and the second columns in Figure
9. Therefore, the boundary layer is “completely ignored” by the numerical scheme. This is a characteristic property
of the discontinuous Galerkin discretization (in contrary to the standard finite element method) since the Dirichlet
boundary condition is prescribed by the boundary penalty term

Z f oc(u—-up)vdS, ol =eCyhi!,  hr = diam() (66)
rezp r

in (5). The penalty parameter o in (66) is small for ¢ < 1 (and for not too small Ar). This is a typical example
when some physical feature (e.g., the boundary layer) is not captured by the numerical scheme since the characteristic
length of the physical feature is many times smaller than the mesh size 4.

Hence, if a mesh is not sufficiently refined along x; = 1 then u;, ~ x| and thus

(x1—-1)/e _ ,—1/¢

u—uy= —% =: éh. (67)
Obviously, &,(x) = 1 for all x = (x1,x2) € {1} X (0, 1) and &,(x) < 1 for x = (x,x2) € (0,1 — €) X (0, 1) where € <« 1
and € ~ &. When we evaluate ||&;||, with the aid of the Dunavant quadrature applied to each element of a coarse grid,
we obtain a small number, i.e., ||é,]|y < 1. This follows from the fact that the integration nodes on the coarse grid are
inside of the set (0, 1 — €) X (0, 1) (they are far from the boundary layer) and therefore &,(-) < 1 in these integration
nodes. Nevertheless, when the mesh is refined near the boundary layer, the new integration nodes arise closer and
closer to x; = 1, &(-) in these nodes is bigger and hence the value |||, (computed with the aid of the numerical
quadrature mentioned above) increases. This argumentation implies that the values of |[u — i1l in Table 7 for the
lower levels of mesh adaptation are not correct because the quadrature errors are too large. In order to evaluate correct
values, it is necessary to employ a better (adaptive) numerical quadrature.

Moreover, whereas the computational error || — 7|l as well as the global residuum estimator pj(#,) on the initial
mesh are small, the nonconformity N, (u,) is large due to the second term in (8). Then the proposed adaptive process
refines the elements near the wall with x; = 1. On the refined grids, the penalty parameter o ~ h} in (66) is higher
and thus the boundary penalty is stronger. Therefore, after several levels of mesh adaptations, the boundary layer is
captured with an increasing accuracy, see the third and fourth columns of Figure 9. Obviously, in order to achieve the
smaller computational error in Table 7 for € = 10~ and € = 107, additional mesh refinement is necessary. However,
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(C2) hp-adaptation, £ = 10~

lev #T, Ny || llu—ayll, — EOC N(ii) EOC on(iin) EOC £y i, | CPU(s)
0 20 60 || 6.01E-04 - 1.41E+00 - 4.00E-02 - 66.59  1.00 0.2
1 26 84 || 1.I8E-03  -4.01 | 1.98E+00 -2.04 | 6.49B-02 -2.88 | 55.05 1.00 0.3
2 38 146 || 2.64E-03  -2.92 | 2.78B+00 -1.23 | 9.16E-02 -1.24 | 34.64 1.00 0.5
3 38 228 || 5.54E-01  -23.98 | 2.78E+00  0.00 | 7.00E-02 120 | 0.13  0.98 1.0
4 68 572 || 7.55E-01  -0.67 | 3.87E+00 -0.72 | 5.79E-02  0.41 | 0.08  0.98 2.2
5 128 1265 || 7.55B-01  -0.00 | 529E+00 -0.79 | 4.16E-02  0.83 | 0.06 0.9 3.6
6 260 2745 || 6.88E-01  0.24 | 6.93E+00 -0.69 | 8.55E-02 -1.86 | 0.12  1.00 6.7
7 665 7370 || 5.85E-01 033 | 8.07E+00 -0.31 | 1.44E-01 -1.06 | 025  1.00 15.3
8 1601 17040 || 3.78B-01  1.04 | 7.03E+00 033 | 1.59E-01 -0.23 | 042 100 37.6
9 3254 33597 || 1.52E-01  2.68 | 3.65E+00 1.93 | 9.22E-02 1.61 | 0.61  1.00 734
10 6155 71014 || 6.10E-02 244 | 1.39E+00  2.57 | 1.65B-02 459 | 027  1.00 142.7
11 12491 142978 || 1.05B-02  5.02 | 2.66B-01 473 | 2.78E-03  5.10 | 026  1.00 | 310.8
12 28631 341645 || 1.93E-03  3.89 | 506E-02  3.81 | 3.80E-04 4.57 | 020 1.00 | 1066.6
13 62303 751569 || 8.67E-05  7.88 | 243E-03  7.71 | 4.67E-05 532 | 054 1.00 | 25119
14 62795 891916 || 1.62E-05  19.58 | 5.17E-04  18.04 | 1.55E-05 12.85 | 0.96 1.00 | 3837.7
(C2) hp-adaptation, £ = 107>
lev #, Ny || lu—asl, EBOC | NuG@n)  EOC | pu(@i,)  EOC By . | CPU(s)
0 20 60 || 5.11E-05 - 141E+00 - | 6.47E-03 - 126.67 100 0.3
1 26 84 || 7.68B-05 -2.42 | 2.00E+00 -2.06 | 1.48E-02 -4.90 | 192.05 1.00 0.3
2 38 134 || 1.31E-04 -230 | 2.82E+00 -1.48 | 2.71E-02 -2.60 | 205.82  1.00 0.4
3 38 188 || 1.58E-04 -1.10 | 2.82E+00  0.00 | 2.30E-02  0.96 | 14526 1.00 0.5
4 68 496 || 6.40E-03  -7.63 | 3.99E+00 -0.71 | 3.46E-02 -0.84 | 540  1.00 0.8
5 128 1111 || 1.22E-01  -7.32 | 5.62E+00 -0.85 | 4.30E-02 -0.54 | 035  1.00 4.1
6 248 2305 || 447E-01  -3.55 | 7.90E+00 -0.93 | 3.68E-02 0.43 | 0.08  1.00 8.1
7 509 5063 || 7.16E-01  -1.20 | 1.10E+01 -0.85 | 6.40E-02 -1.40 | 0.09  1.00 12.8
8 1199 12122 || 7.64E-01  -0.15 | 1.51E+01 -0.73 | 1.06E-01 -1.17 | 0.14  1.00 23.3
9 2381 22369 || 6.97E-01 030 | 2.01E+01 -0.92 | L.59E-01 -1.31 | 023  1.00 4.7
10 5288 46699 || 5.96E-01  0.43 | 243E+01 -0.52 | 2.07E-01 -0.71 | 035  1.00 86.8
11 12962 116971 || 4.12E-01  0.80 | 2.32E+01  0.11 | 2.10E-01 -0.03 | 051  1.00 | 203.9
12 30545 278553 || 1.87E-01  1.83 | 1.38E+01  1.19 | 1.30B-01  1.I11 | 0.69  1.00 | 470.1
13 51005 513038 || 5.42E-02  4.05 | 416E+00 3.93 | 3.01E-02 478 | 056  1.00 | 10135
14 122522 1223768 || 7.66E-03  4.50 | 7.16E-01  4.05 | 522B-03 4.03 | 0.68  1.00 | 2619.2
(C2) hp-adaptation, & = 107°
lev #.) Nu [[ lu—idimlly  EOC | Nu@n)  EOC [ pu(@in)  EOC [ # i, [ CPU(s)
0 20 60 || 5.01E-06 - 1.41E+00 - [ 7.08E-04 - 14123 1.00 0.5
1 26 78 || 7.13B-06  -2.69 | 2.00E+00 -2.64 | 1.94E-03 -7.69 | 271.87 1.00 0.6
2 38 114 || 1.04E-05  -1.97 | 2.83E+00 -1.83 | 492E-03 -4.91 | 47506 1.00 0.7
3 38 138 || 9.29E-06  1.14 | 2.83B+00 0.00 | 5.02E-03 -0.20 | 540.11  1.00 0.9
4 68 300 || 1.70E-05  -1.56 | 4.00E+00 -0.89 | 9.39E-03  -1.61 | 550.77  1.00 1.2
5 128 701 || 3.90E-05  -1.95 | 5.65E+00 -0.82 | 1.50E-02 -1.10 | 384.28 1.00 1.8
6 248 1560 || 1.02B-04  -2.41 | 7.99E+00 -0.86 | 2.21E-02 -0.97 | 216.16  1.00 42
7 488 3680 || 1.34E-03  -6.00 | L.I3E+01 -0.80 | 2.66E-02 -043 | 19.79  1.00 3L5
8 968 7736 || 6.02E-02  -10.23 | 1.59E+01 -0.93 | 3.63E-02 -0.84 | 0.60  1.00 49.8
9 2309 18366 || 3.31E-01  -3.94 | 224E+01 -0.79 | 5.62E-02 -1.01 | 0.17  1.00 86.5
10 4424 35328 || 6.52E-01  -2.07 | 3.13E+01 -1.03 | 836E-02 -1.21 | 0.13  1.00 156.9
11 9032 71963 || 7.68E-01  -0.46 | 434E+01 -0.91 | L.I9E-01 -1.00 | 0.16  1.00 306.8
12 21320 171956 || 7.20E-01  0.15 | 5.84E+01  -0.68 | 1.63E-01 -0.72 | 023  1.00 700.6
13 48776 403909 || 631E-01 031 | 7.36E+01  -0.54 | 2.08E-01 -0.57 | 033  1.00 | 1673.4
14 121928 1037468 || 4.76E-01  0.59 | 7.72E+01  -0.10 | 2.25E-01 -0.16 | 047  1.00 | 4582.0
15 275957 2429960 || 2.50E-01  1.51 | 544E+01  0.82 | 1.64E-01  0.75 | 0.65  1.00 | 11417.9
16 614204 5445709 || 8.26E-02 275 | 225E+01  2.19 | 6.67E-02 223 | 081  1.00 | 30659.3
17 1032713 9964991 || 1.33E-02  6.04 | 3.84E+00 585 | 9.60E-03 642 | 0.72  1.00 | 67721.9

Table 7: Example (E5) given by (64) — (65) with £ = 1074, & = 1075 and £ = 107%: the approximation of the error ||u — iiy|| x> nonconformity

N (i), residuum error estimate pj(i1,) with the corresponding EOC, indexes z’e7 - isz and the computational time in seconds.
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a further increase of the number of degrees of freedom is behind of our technical limits. It would be also more efficient
to apply an anisotropic mesh adaptation which significantly reduces the number of degrees of freedom for such type
of problems. Finally, Figure 10 shows the details of the final 4#p-grids around the boundary layers for each case, a
very strong A-refinement around the boundary layer is observed.

6.7. Demonstration of aspect (43) — stopping criterion for the iterative process

Finally, we demonstrate the efficiency of the stopping criterion (32) in the iterative Newton-like method (17)
— (18) with 8 = 1072, We denote by i), n = 0,1,... the functions corresponding to the Newton iterations Uy,
by the isomorphism (14). Figure 11 shows the convergence of the Newton approximations &, for each adaptation
cycle, particularly the residuum estimator pj (i) and algebraic residuum estimator p;,“(itZ) for examples (E2) (with
a = -3/2), (E3) and (E4), respectively.

We observe that the iterative processes are stopped at each adaptation cycle when py (i) changes only negligibly.
We deduce that any additional iteration would decrease pﬁ(i{h) but not p;(#). For (E2) and (E3) only few Newton
iterations are performed at each adaptation cycle, for (E4) these numbers are higher due the singularity. Finally, this
Figure contains also the £2-norm of the residuum Fj(U}) for completeness.

7. Conclusion and outlook

In this article, we presented a new Ap-adaptive method for the solution of convection-diffusion problems. This
approach is based on a combination of the residuum nonconformity estimator and the regularity indicator. Numerical
experiments show that the presented method gives an exponential order of convergence of the computational error
with respect to the number of degrees of freedom and that the residuum nonconformity estimator converges with the
same order as the computational error. These properties were observed for problems with a regular solution, a corner
singularity and boundary layer, for problems with linear as well as non-linear convection and diffusion. The subject
of further research is the numerical analysis of the presented method, an extension to evolution problems and the
development of an anisotropic mesh adaptation.

Appendix A. Proof of Lemma 4.4

+
hp?®
functional. Moreover, let ¢x € Si’(”, K € ., denote functions attaining the corresponding local maxima (28), i.e.,
llgpxlly = 1 and n x(uz) = F(¢k), K € . In order to prove the Lemma, we need to verify that

Proof. Letuy, € Sy be the approximate solution. Within this proof, we put F(¢,) := &4(up, ¢n), ¢n € S, F is a linear

B 20\1/2
s, PO = (Fle) . (A.1)
Let
Ke T,

where ¢¢ € R, K € .9}, are unknown coefficients. We seek &k, K € .7, such that |y, = | and F(y) is maximal.
Obviously, due to (33), 1 = [¥1§ = ke, & Moreover,

1/2 1/2 1/2
F@)= D &F(gx) < [Z 5%(] [Z F<¢K>2] = > F(¢K>2] . (A3)
KeT, KeT, Ke T, KeT,
On the other hand, if we put
F
&k = W __ ke (A4)
(Zkez F(6x)?)
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Figure 9: Example (ES) given by (64) — (65): the cut of the approximate solution along x, = 0.5 in comparison with the exact solution after several
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Figure 10: Example (E5) given by (64) — (65): the initial grid and the details of the final grids with the corresponding degrees of polynomial
approximation for e = 107, & = 107 and & = 107°.
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Figure 11: Convergence of the Newton approximations i for each adaptation cycle / = 0, ..., 15, residuum estimator pj(#7)), algebraic residuum
h h
estimator pﬁ (@1y) and the £%-norm of the algebraic residuum Fy,(Uj,).
then together with (A.2) we have
ke F@x) ”
Ke., K 2
Fy) = = (Z F(¢x) ) : (A5)
(Zkes F(6x)?) KeZ,

Hence, the choice (A.4) maximize F(y) if  is given by (A.2).

Finally, by a contradiction, we prove that ¢ := Y xc g éx¢x, With £x, K € .7}, are given by (A.4), attains the
maximum of (29). Let ¢ := Y xcg, £ @), Where ¢, € S}Z"” and &, € R for all K € 7, such that 1 = [/|]3 =
ZKEL%(‘;’;‘}()Z (due to (33)) and

FW') > F(¥). (A.6)

Obviously,

FW)= ), &F) < ) &F@r) < Y &F(gx) = F(w)

KeZ, KeT, KeT,
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which is in contradiction with (A.6). The first inequality follows from the fact that F(¢g) > F(¢}), K € 7} and the
second inequality (A.3) — (A.5). O

Appendix B. Evaluation of local residuum estimators

We describe how to evaluate

) = sup YR e g (B.1)
O;t«//;,ESf(KH ”wh”X

given by (28). Let K € .7, be an arbitrary but fixed element and ¢;, i = 1,..., N be basis functions of the correspond-

ing space S ’,’(KH given by (26). Let (-, )y denote the scalar product which generates the norm || - ||y. We define the

“stiff matrix” S by

S={Sy} e, Siy= W)y bHi=1,...,N. (B.2)
Moreover, we put
d:={d} , d:=¢&@w,yv), i=1,...,N. (B.3)

=1’

Let ¢ € Sﬁ"”, then ¢ = Zﬁlfﬂﬁz‘, where & € R, i = 1,...,N are the basis coefficients. Obviously, ||y|x
SN, &&;S ;. Therefore, the task to find the maximum of (B.1) is equivalent to seek the real coefficients & € R, i
1,..., N such that the functional

N N
W0 En) = G, ) = ) Eln(un ) = ) &dy (B4)

i=1 i=1

achieves a maximum provided that Zfi 1 &ié;S; = 1. This is a standard task of seeking of a constrain extrema which
can be solved by the technique of the Lagrange multipliers. Let

N N N
V£, 6n) = PE, L EN A ) EESy = Y Edi+ 1) EES. (B.5)
i=1 i=1 i=1
The coeflicients &;, i = 1,..., N maximizing (B.4) satisfies the relations
o = .
0 = 3 =d+ 20685+ A ) £Sy, i=1,..,N, (B.6)

J=1
j#i

N
I = Z &i&iS .
=

Leta = (&, ...,&y)". We define a matrix S by

S = {§ij}N Sij =8 + S, (B.7)

ij=1°

where ¢;; is the Kronecker symbol. Then (B.6) can be written in the equivalent form

0 = d+ASe, (B.8)
= a'Sea. (B.9)
In virtue of (B.8), we have a = —%g" d and putting into (B.9) we obtain 2 := @"Sa, where @ := —S~!d. Finally, we

put @ := a/A and nyx(up) = SN &idy.

The presented approach is very fast, since it is carried out separately for each K € 9. Therefore, we have
N = (px +2)(px + 3)/2 for d = 2, which is a relatively small number and thus the inversion S™' can be computed
directly.
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