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Abstract

We derive a posteriori error estimates for the discontinuous Galerkin method applied to the Poisson
equation. We allow for a variable polynomial degree and simplicial meshes with hanging nodes and
propose an approach allowing for simple (nonconforming) flux reconstructions in such a setting. We
take into account the algebraic error stemming from the inexact solution of the associated linear systems
and propose local stopping criteria for iterative algebraic solvers. An algebraic error flux reconstruction
is introduced in this respect. Guaranteed reliability and local efficiency are proven. We next propose
an adaptive strategy combining both adaptive mesh refinement and adaptive stopping criteria. At last,
we detail a form of the estimates where that factual construction of the reconstructions is not required,
which simplifies greatly their evaluation. Numerical experiments illustrate a tight control of the overall
error, good prediction of the distribution of both the discretization and algebraic error components, and
efficiency of the adaptive strategy.
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1 Introduction

We consider the second-order pure diffusion problem

—Au=f inQ, (1.1a)
u=0 on 01, (1.1b)

where Q@ C R% d = 2 or 3, is a polygonal (polyhedral) domain and f a source term. The homogeneous
Dirichlet boundary condition (1.1b) is only considered for the sake of simplicity. Hereafter, u is termed the
potential and —Vu the fluz. We assume that f € L?(Q), so that the model problem (1.1) admits a unique
weak solution wu.

The total error in a computational approximation of (1.1) consists of two parts: the discretization error,
which arises due to the transition from the infinite-dimensional mathematical model to a finite-dimensional
numerical approximation, and the algebraic error, which arises due to inaccurate solution of the underlying
algebraic systems. Despite a large number of papers dedicated to error estimates, most of them do not take
into account the algebraic error. Among those that do, let us cite [7, 4, 6, 20, 15, 14]. As pointed out in
these references, see also [5] and [19, Chapter 5], knowledge of the algebraic error is of significant importance
for an efficient numerical solution of partial differential equations. The key idea is that of balancing of the
discretization and algebraic errors through a posteriori error estimates and stopping criteria for iterative
algebraic solvers.

Such an idea has already appeared in [7]. A posteriori error estimates involving both discretization
and algebraic error in H' and L? norms have been derived there for the Poisson equation considering a
piecewise linear finite element approximation together with a multigrid algebraic solver. A stopping criterion
for the solver has been proposed. The approach is based on a strong stability and the orthogonality property.
Numerical examples illustrate its reliability and efficiency. In [4], stopping criteria for the conjugate gradient
method with respect to the finite element discretization have been studied. The result is based on a lower
bound of the energy norm of the algebraic error of the conjugate gradient method. An extension for non-
self-adjoint problems has been carried out in [6]. Goal-oriented a posteriori error analysis for a linear elliptic
problem focusing on the multigrid method has been carried out in [20]. This concept has been later applied
to the linear elliptic eigenvalue problem in [24]. A linear diffusion problem discretized by a finite volume
method with a focus on the conjugate gradient solver is a subject of the study in [15]. Recently, a general
framework for adaptive numerical solution of nonlinear partial differential equations of diffusion type has
been given in [14]. A posteriori error estimates distinguishing the individual error components together with
stopping criteria for both iterative linear and nonlinear solvers have been developed therein.

It has been illustrated in [19] that even for simple model problems, the local distribution of the dis-
cretization and algebraic errors can differ significantly. It may happen that the overall discretization error
dominates the overall algebraic one, whereas locally, it is just the opposite. Congruently, the stopping
criteria proposed in [15, 14] are based on the local balancing of the discretization and algebraic errors. This
typically leads to local efficiency of the estimates even in presence of the algebraic error. Thus, the adaptive
computational process can be carried out safely including adaptive mesh refinement.

The presence of hanging nodes in the computational mesh is rather seldom allowed in a posteriori error
analysis. In the context of the so-called equilibrated fluxes, it has been done by prescription of the local
degrees of freedom of the flux for advection—diffusion-reaction problems on nonmatching simplicial meshes
in [12]. Pure diffusion problems with non-uniform polynomial degree of the approximate solution are treated
in [2, 3]. In [13], almost arbitrary polygonal/polyhedral meshes are considered and the flux is constructed



by solving local Neumann problems. All these approaches require existence of a matching submesh of the
given nonmatching mesh to obtain a H(div, Q)-conforming flux reconstruction, whereas an approach not
requiring a matching submesh is presented in [22, Section 6], following an idea from [29].

In this paper, we aim at extending existing equilibrated flux a posteriori error estimates for discontin-
uous Galerkin methods (DGMs) by including the algebraic error, permitting hanging nodes (without the
necessity to construct any submesh), and allowing the polynomial degree of the approximate solution to
vary locally. We also focus on facilitating the evaluation of the estimators; at least for low-order approx-
imations, the resulting formulas featuring different flux reconstructions can be rewritten in a simple form
where in particular the factual construction of flux reconstructions is not required. Our error estimates
are derived in the broken energy norm with the aid of a flux reconstruction that is constructed in broken
Raviart—Thomas-Nédélec (RTN) space; unlike the existing approaches in the literature, our proposed ap-
proach operates on the original nonmatching mesh only. Therefore, our flux reconstructions generally fail
to belong to H(div, ) and flux-nonconformity estimators appear.

The reconstructed flux consists of the discretization and algebraic components. Following the approach
introduced in [15, 14], the algebraic component is constructed directly from the discretization flux recon-
struction by performing some additional steps of the iterative algebraic solver. Such a construction is not
computationally expensive, as the forward iterations are used at the next step of the algebraic solver, but
it does not lead to the exact equilibration property of the flux reconstruction. A remainder term appears
which is treated as in [14].

This paper is organized as follows. We introduce the continuous and discrete settings in Section 2. A
guaranteed a posteriori error estimate taking into account nonmatching meshes, varying polynomial degrees,
and the algebraic error is derived in Section 3. Local adaptive stopping criteria are devised in Section 4.
Section 5 then proves local efficiency even in the considered complex setting. The discussion of simple
practical implementation of the derived a posteriori estimates is presented in Section 6. Finally, Section 7
with numerical experiments demonstrating the tight prediction of the distribution of both the discretization
and algebraic errors even on meshes with hanging nodes concludes the paper.

2 Continuous and discrete problems

We set up here our notation and introduce the continuous and discrete problems.

2.1 Continuous problem

We use standard notation for the Lebesgue and Sobolev spaces. Specifically, for a given domain M C R?,
L?(M) denotes the space of square-integrable functions and Hg (M) the space of functions having square-
integrable weak derivatives up to the first order and traces vanishing on the boundary. Further, (-,-)s
denotes the inner product in L?(M) or [L?(M)]?, |-||as denotes the induced norm, and (-,-)aas denotes
(d — 1)-dimensional L?(OM) inner product on M. We will omit subscript M in case M = Q. By
H(div, M) := {v € [L?*(M)]%;V-v € L?(M)} we denote the space with square-integrable weak divergences,
see, e.g., [8] or [23]. Let us introduce the weak formulation of the problem (1.1): Find u € Hg () such that

(Vu, Vo) = (f,v) Yo e Hj(Q). (2.1)

2.2 Meshes with hanging nodes

We consider a family 73, (h > 0) of partitions of the closure of € into a finite number of closed triangles in
2D and tetrahedra in 3D. We suppose that the simplices have mutually disjoint interiors but we admit the
presence of the so-called hanging nodes. This means that the condition that any face of any element K in
the partition is either a subset of the boundary 02 or a face of another element K’ may be violated.

We assume that any mesh 7, was formed from some initial simplicial mesh without hanging nodes by
subdividing some of its elements (repeatedly) into (d + 1) + (d — 1)? congruent simplices. Thus, for each
K € Tp, with a face possessing a hanging node, there exists a simplex, called macro-simplex, sharing this
entire face. Note that macro-elements are not included in the mesh 7. Fig. 1, left gives an illustration of
an admissible mesh and an example of the macro-element.



Figure 1: Example of K having a face with hanging nodes and the macro-element (bold) sharing this face
(left). Notation of the symbols I and ~y: entire faces I'ic;, ¢ = 1,2, 3, of the element K with a hanging node
and the sub-faces v;, j =1,...,4; obviously I'x 1 =1 U2 (right).

Due to a possible presence of hanging nodes, we have to distinguish two types of faces. First, each
simplex K € Tp, has d + 1 faces I' defining its boundary 0K . Second, if a face I' of some K € T}, contains
(a) hanging node(s) then I' can be split into several sub-faces v C T where v = 0K N 9K for some K’ € Tp,.
Hence, the symbol I denotes an entire face of some K € 7Tj, whereas the symbol « its part which is a common
boundary between two neighboring elements. If I' C 0K does not contain a hanging node then there exists
~v C 0K such that v =T, see Fig. 1, right.

By Ex we denote the set of all faces I' C K, by £ those of them that contain at least one hanging
node, and by £k the faces of £k lying in the interior of . Additionally, we set

ERON =D e L\ MO T ¢ T e €M K e T}, (2.2)

which denotes the set of all faces of K € 7;, which are not a part of a face with a hanging node of the
neighboring element, see Figure 2. Obviously, if ' € EEG’N then there exists v = 0K N 0K’ for some
K’ € Ty, such that v =T.

Furthermore, we define the sets of interior and boundary faces v (edges for d = 2) of T}, as follows:

F = {y; 7y=0KnNoK' |y|>0,K K €T}, (2.3a)
]-',]? = {v; yisaface of K,y COK NI, K € Ty}, (2.3b)

where || stands for the (d—1)-dimensional Lebesgue measure of v, and set 7y, := F} UFP. For each vy € F},
we use the notation K f; and K 3 for the two elements, called neighbors hereafter, such that v = 0K 5 NoK 3
Hence, for the example pictured in Fig. 1, right, we have Kf;l = K", K};”l =K, Kf;z = K’ and K};; =K.
We define a unit normal vector n, to each v € ]-',Il so that it points out of Kf; We assume that n,, v € ]'—,]?,
coincides with the unit outward normal to 0f2. Note that a face of an element that is divided into several
parts due to the presence of (a) hanging node(s) has, in fact, several parallel normal vectors (possibly with
different orientation). Let h, := diam(vy) for v € Fj, hg = diam(K) for K € Ty, let |K| denote the
Lebesgue measure of an element K, K the boundary of K, and |0K| the (d — 1)-dimensional Lebesgue
measure of 0K.
The previous notations give the identity

Uox-U{(UDU( U U U )} (2.0

KeTh KeTn, ~ Tegle regg®™ YEERNFP

Obviously, all faces having a hanging node belong to the first union, all interior faces without hanging nodes
and not being a part of a face with a hanging node of the neighboring element appear in the second union
two times, and all boundary faces appear in the third union. Notice that boundary faces do not possess
hanging nodes, i.e. EE6NFP =0, K € T, and vy =T for v € F2.

We let Tx stand for the set of the element K itself and its neighbors, which includes all elements of
Tr that are contained in the macro-elements sharing a complete face with the element K in case that K



Figure 2: An example of the set of faces (bold lines) £H1S of an element with a hanging node (left), the set
of faces EEG’N of an element with a hanging node (center) and the set of faces EEG’N of an element whose
vertex gives rise to a hanging node of the neighboring element (right).

possesses (a) hanging node(s). Further, F denotes all the faces in this patch and Fx stands for the set of
faces that share at least a vertex with K.
We assume that the following conditions are satisfied:

h

shape regularity: 3Cs > 0; K <o, VKe Th, (2.5a)
PK

local quasi-uniformity: 3ICH > 0; hix < Cyhy: VK, K' € T, neighbors, (2.5b)

where py denotes the diameter of the largest d-dimensional ball inscribed into K.

2.3 Broken spaces

We define the so-called broken Sobolev space over the mesh Ty,
H(Q,Th) = {ve L*(Q);v|x € H(K) VK €T}, s> 1.

We equip it with the norm [[v|[}. o 7y = X e, 101 (g For v € H'(Q,Tz), we define the broken
gradient Vv of v by (V4v)|k := V(v|x) for all K € Tj, and use the following notation: v!' stands for the
trace of v[gL on 7, vl is the trace of | on 7y, (v)y = Sk + 0B, [v], =0l — ol v € Fl. Further, for
v € Fp, we define v} as the trace of v|K5 on 7, and (v), := [v]y := v}, If [], or (-), appear in an integral
of the form f_y ... dS, we will omit the subscript v and write, respectively, [] and (-) instead.

To each K € Tj, we assign an integer px > 1 and set p := {px}xer,. Then, we define the space of
discontinuous piecewise polynomials

SP={ve L*(Q);v|x € PP¥(K) VK € Tp},

where PP% (K) is the space of polynomials on K of degree at most px. We let N := dim(S?) and N :=
dim(PPx (K)).

2.4 The discontinuous Galerkin method

We discretize the problem (1.1) with the aid of the interior penalty discontinuous Galerkin method, see, e.g.,
[10] and the references therein. Hence, for up, v, € ST, we define the forms

a(up,vp) = Z (Vup, Vo) g — Z ((Vup)ny, [vp])y (2.6a)
KeTy YEF
=0 > (Vo) ny, [un))y + > (ayhy  unl, [on)),
YEFh YEFn
U(vn) :=(f,vn), (2.6b)



where a, > 0, v € Fy, are (sufficiently large) penalty parameters, and the parameter § € {1, —1,0} corre-
sponds to the symmetric, nonsymmetric, and incomplete variants of the interior penalty DGM, respectively.
The discontinuous Galerkin method for problem (1.1) then reads:

Find uj, € S¥ such that a(up, vy) = (v,) Vo, € SP. (2.7)

2.5 Algebraic solution of the linear systems

Let {¢i}i=1..n be a basis of the space S¥ such that support of each ¢;, { =1,..., N, is just one simplex
K € Tp. Then, expressing the solution of (2.7) in this basis, up = Zf\il Un.1¢01, (2.7) can be rewritten in
the matrix form as follows:

Find U;, € RY such that AU, = F, (2.8)

where A = {Ap}ki=1..~5 = {aler, ox) trei=1.. ~8, Up == {Un }1=1.. v, and F = {Fy}p=1..5 = {€(pr) }k=1..N-
Using an iterative algebraic method, the linear algebraic system (2.8) is not solved exactly; at i-th

iteration step, we have . '
AU, =F - R, (2.9)

where R is the algebraic residual vector associated with the available approximation Uj. In other words,
the solution that we have at our disposal at step 7 solves the algebraic system with a perturbed right-hand
side.

Let us define the residual function 7, € S? by (r},¢x) = R}, for k = 1...N. Then the system (2.9)
represents the following perturbed discontinuous Galerkin problem:

Finduj, € ¥ such that a(uj,vn) = £(vy) — (r},,vn) Vo € SP. (2.10)

3 Guaranteed error upper bound

In this section, we derive a posteriori error estimate on the error between the approximation u} available
from (2.10) and the unknown weak solution u of (2.1).

3.1 Averaging interpolation operator

We first need to construct a H} (Q2)-conforming piecewise polynomial interpolation of a discontinuous piece-
wise polynomials on nonmatching meshes. We follow the approach based on averaging from [16], where the
construction has been done for uniform polynomial degree over a mesh possibly containing hanging nodes.
In [3], an extension for a varying polynomial degree considering a matching submesh has been carried out.
Our proposed approach operates on the original nonmatching mesh only and extends that of [16].

For vy, € SZ, we intend to define a function Za(vy) having a polynomial degree in the interior of each
element K € T, equal to maximum of polynomial degrees of v, in some neighborhood. For elements without
a face being a part of a face with a hanging node, the maximum is taken over neighboring elements. For
elements with such a face, the maximum is also taken over elements sharing the face with the hanging node.
We set Zay(vr,) to be a polynomial of possibly lower degree on a face I' € £k, K € Ty, given by the maximum
of polynomial degrees of elements sharing this face and in case this face is a part of a face with a hanging
node elements sharing the face with the hanging node. Such a construction prevents excessive refinement in
the vicinity of elements with a high polynomial degree. Figure 3 gives an example of a mesh with hanging
nodes and varying polynomial degree of the approximate solution (left) and the corresponding polynomial
degree of the interpolation operator Z, together with its degrees of freedom (right).

For T € EEG’N UERS U FP, K € T, we denote pr := max{p/; | NOK'| > 0}. For I' € X K € Ty,

let V, ,If 1(‘} N denote an index set of hanging nodes on I' that are not associated with a Lagrange basis of order
pr on that face. Set NhHG’N = U{N,??N, I'e &Y K € Tn}. Let N 1 and V)P be an index set of points

on I' associated with a Lagrange basis of order pr excluding indices from N, ,? SN for T € EEG’N u e,
KeTy, and T € .7-',]3’, respectively. Further, let NV, n.x De an index set of points associated with a Lagrange

basis of order py := max{pr;I' € {{EEG’N UERSH LTI C IV, € Ex}}} that lie in the interior of an
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Figure 3: Example of a mesh having variable polynomial degree of the approximate solution uj (left),
polynomial degree of Z,(u) in the interior of mesh elements (right), members of the set N, ,If &N (square
marks) and of the set (J{NV} n UNP T € ERGN U €HG | FBY (circle marks) (right).

element K. We will also use the notation Ty := {K € Tp;V € K} for any Lagrangian vertex V (i.e. any
point associated with a Lagrange basis in question).
The averaging interpolation operator Za, is defined as follows: For all K € T, and I € EEG’NUEEG UFP

1
S ol (Vy),  JENLUN g,
Tav(on)(V}) = Card(TvﬂK/eZm R ne (3.1)

0, jeNPr.

For elements with a face being a part of a face with a hanging node of the neighboring element, the value
from this neighboring element is taken to maintain H}(Q)-conformity.

We are left with specifying the degrees of freedom from the set N, ,? OGN Let K € Ty possessing a hanging
node Vi, k € N}?G’N, be given. Define Zf := N} U{U{Nér UN,?F;F € EEG’N U&HCGY. The value in Vj
is then given by extrapolating the value from the inside of K by

Tavlon) (Vi) = D <ﬁ(%) > Uh|K/(Vj)><Pj(Vk)v ke NIOT, (3.2)

JEZK K'eTy;

where Vj, j € Zg, are the Lagrangian vertices of the element K and the corresponding basis functions ¢;,
j € Zk, are ordered as the Lagrangian vertices. As above, in other elements possessing the node Vi, the
same value is used to maintain H}(Q)-conformity. Obviously, the polynomial interpolation as defined above
does not belong to SY.

The main reason for such a construction is that we wanted to exploit the advantage of DGMs allowing
for easy treatment of nonmatching meshes. In [2, 3] H}(Q)-conforming interpolation operator is constructed
on a sufficiently refined submesh of the original mesh. More precisely, every element K € 7T; possessing
(a) hanging node(s) is uniformly refined to ensure that every hanging node is a vertex of some triangle of
the resulting refinement of K. This leads to very fine submeshes in regions where more hanging nodes per
edge are present and as such it goes opposite to the intention of using nonmatching meshes. Therefore, no
matching submesh of the original mesh is required in our construction.

3.2 Discretization flux reconstruction

Our a posteriori error estimates will be based on equilibrated flux reconstructions (cf. [18, 1, 11]). Let
l={lx}ker,,l=porl=p—1,where p—1={pg — 1} ke7,. Let RTN,, (K) := [P'x(K)]? 4+ xP'* (K)
for K € Tj. Our reconstructions will be constructed in the broken Raviart—Thomas—Nédélec space

RTN(T;,) := {vi € [L*(Q)]%, vi|x € RTN,, (K) VK € Tp}. (3.3)



We thus use for the reconstruction on each mesh element the same or lower-by-one order as for the ap-
proximate solution u}. Recall that for v, € RTN(73), we have V-vy|x € P& (K) and v;,n|r € P'x(T),
I' € £k, see [8] or [23].

In our construction, H(div, Q)-conformity of the discretization flux reconstruction may be violated, i.e.,
[vipnr]r # 0 can occur. This violating gives rise to the presence of additional estimators measuring the
discontinuity of the normal components of the reconstructed fluxes in our estimates. It happens in two
cases:

1. The polynomial degree of the approximate solution in two neighboring elements is different. We could
maintain H(div, Q)-conformity in this case by increasing the polynomial degree I. However, we prefer
to exploit the advantage of DGMs, namely the possibility of varying polynomial degrees, without any
extra work for flux reconstructions.

2. The mesh T}, contains hanging nodes. We could maintain H(div, Q)-conformity in this case by intro-
ducing a matching simplicial submesh as in [12, 13, 2, 3]. We, however, want to exploit the advantage
of DGMs, namely the simple treatment of hanging nodes, without any extra work for flux reconstruc-
tions.

We will construct separately a discretization flur reconstruction dj, and an algebraic error fluz recon-
struction aj,. The first one is prescibed as follows:

Definition 3.1 (Discretization flux reconstruction). Let uj solve (2.10). The discretization flux recon-
struction di, € RTNi(7y,) is defined as follows: For all K € Ty, all T € Ex, and all q, € P'%(T), we
set

(d§L~np, qn)r = (7<VU2'HF> + ahil[u};], qn)r, (3.4a)
and for all qp, € [P~ (K)]¢, we set

(dh,an)k = (=Vup,an)k +0 Z wr(qp-nr, [u}])r, (3.4b)
ek
where wrp : % for interior faces and wr := 1 for boundary faces, the function o : F, — R is defined

piecewise by aly = o for vy CT € Ex, K € Ty, and the function h : F, — R is defined by h|, := hy for
v CT €&k, K €Th. The values ay and hy, v € Fy,, were introduced in (2.6a).

The reconstruction d}ll has the following property:

Lemma 3.2. Let K € Tj, be arbitrary and d, be given by (3.4). Then
Vedj |k = W (flx — 73 1K):

where I1;,. is the L2-orthogonal projection onto polynomials of degree lx .

Proof. Let vy, € St, with support on K only, be arbitrary. Using the Green theorem, Definition 3.1, (2.6),
and (2.10), we obtain the sequence of equalities

(v'dZavh)K = _(d;'w V’Uh)K + Z (dﬁlL'nKaUh)F = a(uéwvh) = (fa 'Uh)K - (TZ’/U}L)K-
ek

3.3 Algebraic error flux reconstruction

The algebraic error will be measured using the algebraic error flux reconstruction. We follow the recent
work [14].

Definition 3.3 (Algebraic error flux reconstruction). Consider the i-th step of the iterative algebraic solver,
leading to (2.9) and (2.10). Perform additional v steps of the algebraic solver. This gives (2.9) and (2.10)
with i replaced by i +v. Let d}, and dﬁj‘” be the discretization flux reconstructions given by Definition 3.1,
with © replaced by © + v in the second case. Then, we define the algebraic error flux reconstruction by

aj =d/"" —dj. (3.5)



Due to Definition 3.3, we have immediately for all K € T,

. V'dZ+V|K*V'dZ|K:HpKf|KiTZ+V|K*prf|K+7’Z|K
V-a}L|K: . :T;L|K7TZ+V|K fOI"l:p7
HlK(THK*Tﬁ”K) forl=p—1.
Let us finally define the total flux reconstruction as the sum of the discretization and the algebraic error
flux reconstruction, ' ' '
5 =dj, + aj,. (3.6)
Then we have _ .
Vil = (fle — 77 k) VK € Tp,l € {p—1,p}. (3.7)

Remark 3.4. In [15, Section 7.3], another method for construction of the algebraic error fluz reconstruction
has been proposed. It is more precise, leading to the exact equilibration V-ti | = 1L, f|k instead of (3.7),
but is more costly. On the contrary, in the present approach, the algebraic error flux reconstruction is
constructed simply by (3.5), while the information gained by performing some additional steps of the algebraic
solver is used in the next algebraic solver iteration.

3.4 Guaranteed and fully computable a posteriori error estimate

In the sequel we will use the following inequalities: The Poincaré inequality reads

h
VK €T llo—pxlk < K| Velk Ve H'(K), (38)
where ¢ denotes the mean value of ¢ in K. The Friedrichs inequality reads
el < CrallVel Ve e Hy(9). (3.9)

The constant Cp o can be estimated in the following way, see [25]:

1

1 1 1) 2
CRQ < ; (— +...+ —) , (3.10)

ay aqd

where a;,7 = 1...d, are the lengths of the edges of a cuboid in which the domain € is contained. We will
also use the trace inequality

1
VK € Tr, T €&k, |o—erlr <Crhil|Vellk Ve e HY(K), (3.11)

where ¢r denotes the mean value of the trace of ¢ on I'. The constant Cp x has been estimated in [21,

Lemma 3.5] as follows:
1
[T[A%
Crx <|C. ,
K < ( s,cl|K|hF
where Cs 4 = 0, 77708 for a triangle and C 4 ~ 3, 34055 for a tetrahedron.
Now, we are ready to state the main theorem concerning the error upper bound. First, we define different
error estimators. Consider an i-th iteration step of the algebraic solver. For an arbitrary K € Tj, we define

H; (92)-nonconformity estimator: n%NC’K = ||V (ul, — Zay(ui)| &, (3.12a)
. h , _
residual estimator: Nh kg = “E\f =Vt — e (3.12b)
: 7r
. 1 .
H(div, Q)-nonconformity estimator: NENC. K *= Z Cr,khi||[t},nr]|lr (3.12¢)
regllc
1 .
+ Y wrCrihi|[t,nr]|r,
regpcN
flux estimator: Nk = IVuj, + t | x, (3.12d)
algebraic remainder estimator: nﬁem,K = Orollri™ | x, (3.12¢)

where, we recall, wr = % for interior faces and wr = 1 for boundary faces.



Remark 3.5. Let us point out that the constant Cg o in (3.12e) can be quite large, scaling like hq for
reqularly-shaped domains Q, see (3.10). It, however, only appears in the algebraic remainder estimator,
which will be made small enough (see Section 4).

Theorem 3.6 (Guaranteed and fully computable a posteriori error estimate). Let u € HJ () be the weak
solution given by (2.1). Let an i-th algebraic solver step be given and let u} € SP be the DGM output given
by (2.10). Consider v > 0 additional algebraic solver steps and let t}, be the total flux reconstruction given
by (3.6). Then

IV (u = w3,

IN

1 1
2 2
Z (H%NC,K)Q + { Z (77%1,1( +77%,K +77%NC,K)2} JF{ Z (niem,K)Q}

KeTy, KeTn
=: 7' (3.13)
In order to prove Theorem 3.6, we recall the abstract energy error estimate (see [17, Lemma 4.4]):

Lemma 3.7 (Abstract energy norm estimate). Let u be the solution of (2.1) and let up, € HY(Q,Ts) be
arbitrary. Then

IVi(u—up)|> < inf |[Vi(un - s)|* + sup (Vi(u —un), V). (3.14)
s€H; () PEH(9),[|Ve|=1

Proof of Theorem 3.6. Using up, := u}, s := Tay(u}) in (3.14) together with (2.1) gives
2
IV (= wp)II? < 1V (uj, = Zav (up) 1 + sup { Y A9k — (Vg V@)K}} - (3.15)
per (@), 1vel=1 | £,

Add and subtract {(t}, V) x + (r;t", )k} in (3.15) and employ the Green theorem on each K € Tj to
obtain

IVa(u—up)|[* < (I Va(uf — Zav (up))|? + sup { Y AU =V, =)k (3.16)
peHY (), IVel=1 | K75,

2
+(th k. 0ok + (1™, 0)x — (Vuj, + t},, V@)K}} :

Let us estimate the terms in (3.16) separately.

Using (3.7), the Cauchy—Schwarz inequality, the Poincaré inequality (3.8), (3.12b), and (3.12d) gives
(f = Vet = .7 0k — (Vul, + . Vo) r| < I = Voth, = ikl — erllic + [V, + ¢l x| Vel

i vy K i i i i
< f = Vet = e Vel + [ Vui, + il Vel x = Ok + 0k ) IV i (3.17)
Applying the Cauchy—Schwarz inequality, the Friedrichs inequality (3.9), and (3.12e) yields

3
> ek < Irtillell < e I Cral Vel = { > (Wiem,x)2} IVell. (3.18)
KeTy, KeTy

Finally, using (2.4), the fact that » € H}(Q), that ([t; nr],¢or)r = 0 for T € X6 U EEG’N, K € Th,
see (3.4a) and (3.6), and that ([t} -nr], p)r =0 for ' € Ex N FP, we can write,

> (gl = 3 (X (onelor + X wrlitinel. o)

KeT, KeTn “Tegllc reggeN
=y ( > (thnrle—err+ Y wr([tﬁ'nr],so—wr)r)-
KeTn “regllc N

10



Further, using the Cauchy—Schwarz inequality, the trace inequality (3.11), and (3.12c), we obtain

. 1 . 1 .
> (thnk,ox < > Y Crhillithnrln|Vellk + > weCr xhf |[thnr]ll| Vel x

KeTh KeTn | Deghic Pegfen
= Z e,k IVl k- (3.19)
KeTh

Now, by using (3.17), (3.18), and (3.19) in (3.16) together with the Cauchy—Schwarz inequality, we con-
clude (3.13). O
Let us now distinguish the discretization and algebraic error components:

discretization estimator: néiscyK = U%’NC,K + Uﬁ,K + U%D,K + mi:NCDﬁK, (3.20a)
algebraic estimator: n;lgyK = U%A,K + U%NCA,K’ (3.20b)
where
Nep k= ||V, + dj |, Nea i = llag ]
i = 3 CrchZ|[dj Croch |[d)- 3.21
Menon,x = Y, Crxhillldynr]le+ Y wrCrkhf [y nr]|r, (3.21)
reelle reght N

. 1 . 1 .
Menoax = Y, Crxhillfanrlle+ Y wrCr xhil|aj,nrl|r.

reglic FEg}I?G,N

Corollary 3.8 (A posteriori error estimate distinguishing contributions of the discretization and algebraic
error). Let the assumptions of Theorem 3.6 be satisfied. Then

[Vh(u—up)| < {2 Z (Uéisc,K)2} +{ Z (n;lg,K)Q} +{ Z (niem,K)2} . (3.22)

KeTy, KeTy KeTy

Proof. Using the inequalities [V, + th]lx < [[Vuj, + dilx + [laj 1 and ||t} nrlle < [[dne)fr +

|[ai nr]|r following from (3.6), the Cauchy-Schwarz inequality, (3.20) and (3.21), we obtain from (3.13)
the assertion (3.22). O

4 Stopping criteria and the adaptive algorithm

We propose in this section our stopping criteria and the corresponding adaptive solution algorithm. As
discussed in [15, 14], on a given mesh, there is no need to continue iterations of the algebraic solver when
the algebraic error falls below the discretization error. The total error cannot be reduced anyway. Combining
this concept with that of adaptive mesh refinement, we propose the following adaptive solution algorithm:
Let parameters Yyem > 0, 7Valg > 0, and an integer v* > 0 be given. Let 77 be an initial mesh, Uf € RN an
initial guess for the iterative algebraic solver, and TOL a user-given tolerance (the subscript h from previous
sections is in this section replaced by j).

Algorithm 4.1 (Adaptive solution algorithm).
1. Setj:=1.
2. (a) Seti:=v*.

(b) Perform v* steps of the algebraic solver starting with U]Q to get a new approrimation U; solv-
ing (2.9).

(c) i Setv:=v*.
1. Perform v* additional steps of the algebraic solver starting with U]“'”_”*, save U;"'”. Con-

struc;—new aé following (3.5) and evaluate the estimators nfhsc,K, nglgx, and nfem’K for all
K e je

11



1i1. Check whether

niem,K < %em(nciiisc,K + nzilg,K) VK €7;. (4.1a)
If not satisfied, set v :=v 4+ v* and go back to step 2(c)ii.
(d) Check whether
nzilg,K S ’yalgnéisc,K VK € 7; (41b)
If not satisfied, i := i + v and go to step 2(c)i.

3. Check whether n' < TOL. If satisfied, stop. Else refine T; adaptively to T;+1, interpolate the currently
available U; from T; to Tj41 to get new UJQJrl, set j:= 7+ 1, and go to step Za.

Remark 4.2 (Global stopping criteria). One can also define the following global version of the criteria (4.1):

niem < Yrem (nciiisc + n;lg)’ (4.2&)
n;lg < ’yalgncziiscv (42b)

) ) 1 ) ) 3 ) )
where n;em = {ZKETh (niem,K)Q}Q ’ n;lg = {ZKETh (nglg,K)Q} ’ 77(11isc = {ZKETh (nczlisc,K)2}

=

5 Local efficiency of the a posteriori error estimate

In this section, we will show that the estimators 1., x» Mg g a0d 7Ny, g also provide local lower bound
for the error. This gives a theoretical justification of these estimators and of their usage in Algorithm 4.1.
Recall that Tx denotes the set of the element K itself with its neighbors (including all elements that are
contained in the macro-element sharing a complete face with the element K in case K possesses a hanging
node), Fr denotes the faces I' in this patch, and Fg the set of faces v that share at least a vertex with K.

Theorem 5.1 (Local efficiency of the estimate). Let u € H(Q2) be the weak solution given by (2.1). Let
an i-th algebraic solver step be given and let u}, € SP be given by (2.10). Let f be a piecewise polynomial of
degree p. Let finally the algebraic solver be stopped as soon as the local stopping criteria (4.1) hold. Then
there exists a generic constant C' depending only on the shape-regularity constant Cs of (2.5a), the local
quasi-uniformity constant Cy of (2.5b), the given weights Yrem and Yaig, the space dimension d, the DGM
penalty parameter Qmax = Max, ez, Ay, and the polynomial degree p of the function ui such that, for all
K e 7717

Miise,ic T Matg, ¢ + Meem,ix < C > IV(u—up)lie o +Cq > WEIEY - (5.1)
K'e€Tn; TeNTr #0 ’YE]'-KU]?K

Proof. Let K € Tj, be arbitrary but fixed. Due to the imposed local stopping criteria (4.1), we have
nziisc,K + n;lg,K + niem,K S aniisc,K‘ (52)

First, analogously to [16], it can be shown that the operator Z, defined in Section 3.1 has the following
approximation property:

IV (vn = Zav ()% <C Y b M[wall2,  Von € S
VGfK

Thus, we have

W=

nbnox <CJ Y B ¢ (5.3)

’YEj':K

12



Further, observe that if the flux reconstruction tj, has the order I = p, nj; ;- = b || =Vl =ik =0
due to (3.7) and the assumption made on f. In the case of I = p — 1 we proceed as follows. By adding and
subtracting Auj, in ng g, using the triangle inequality and the inverse inequality

IVonll < Chitllonllx Vo € PPR(K),
we have
M < N7+ A+ O+ thlls+ 2 o
Further, (3.6) and the triangle inequality give

i hk i i i i hi ' i
MR,k < 7Hf+ Aup |l + Cl|Vuy, +dj, | x + Cllag || x + 7”7"; [l x- (5.4)

Due to (3.20b) and (3.12e¢), the last two terms are bounded by nélgx + nﬁem’K. The first term is a standard
residual estimator known to satisfy (see [28])

hic|lf + Aupllx < OV (u —uj)| - (5.5)

Next, we will estimate ||Vu} + d}||x. According to [9, Lemma 3.5], we can write

. ) 2
; : . . v 1 + dl,
IV + ik < C b S (Vul  digmel+ [ sup Y Edmanic) Lo
reex an€lPr, 1 (K)] llanl &

For q;, € [P'*~1(K)]¢, taking into account definition (3.4b), we have

(Vuj, +dj,, qn)x =0 Z wr(annr, [up])r.

ek
Now, by using the Cauchy—Schwarz inequality and the inverse inequality ||qp||r < Chl}l/ 2||qhH K, we obtain
. . _1/2 .
(Vah + d, an) i < ClOJhllanllc D wrlfuf]lIr- (5.7)
ek

By putting (5.7) into (5.6) and using definition (3.4a), we get

IVuj, + dj % < O hae Y I [Vujnr]lf+ hacodipe Y b [ w7
reel refx

PR Y w%uu;;u%}.

ek

Let I' € £L. With the aid of the edge bubble functions technique introduced by Verfiirth, see [28], it
can be shown that

C Z IV (u — ) || ko for y=T¢e&L\ENC,
L . K" e{KL KR}
hi||[Vuj,nr]fr < _ _
ClIV@—up)lle+ D IV(u—up)lx for T'eé&R”,
K/CKNE!

where KNF denotes the macro-element sharing the complete face I' with the element K. Therefore, by
taking into account the estimate

L [V nr]e < [[[Vugnr]llr, T € &, (5.8)

13



we obtain

hie Y W [Vahnrllf < hie Y ([Vujne][f < C Y0 11V (u—uf)ll-
re&y re&y KeTk

Finally, using
L fu e < [z ] e
yields
IV, + dj % < C{ D IV —uh)[F + (ax +1) Y hFlHUZ]I%} - (5.9)
KeTk efx

Now, it remains to estimate the last term of (3.20a). According to the estimate in [29, Theorem 3.3,
(3.21)] and [22, Theorem 4.3], for a vector only piecewise in H(div, -), we can write

C > |l + Vullgr  for y=T €™,
_ K/ e{KY, KI}
hi [y, nr]llr <
C|Idy+ Vullx + > lld}, + Vullx for T e &S
K'CKNE!

Now, adding and subtracting Vu} in the norm to the above right-hand sides together with the triangle
inequality yields

¢ (I + Ve + [V —up)lkr)  for y=T € RN,
K"e{KL KR}

ha|ldine)r < 4 C| Ik + Vui i+ 1V (u =)l (5.10)

+ > (||d;;+vu;;|K/+||V(uu;;)|K/)> for T e &R,
K'CKNP

Now combining (5.2) with definition (3.20a) and (5.3), (5.4), (5.5), (5.9), and (5.10) gives

o=

1
2

ncilisc,K +n;lg,K +77§em,K < C Z ||V(’LL*U2)H%(/ +C Z h—f”[uz]”i
K'eTn; TeNT 1 #0 'YG}—KU]’:—K

+ C(n;lg,K + niem,K)‘

Choosing Yrem and 7aig in (4.1) small enough allows to discard the contribution of nzilg, x and nﬁem’ x from
the above right-hand side and to arrive at (5.1). O

6 Simple evaluation of the a posteriori estimates

The estimators of Theorem 3.6 and Corollary 3.8 may seem rather difficult to evaluate at a first sight.
In particular the flux reconstructions in RTN spaces may be a little involved to code and work with. In
this section, we show that, at least for low-order approximations (most frequently used in practice), our
estimates lead to simple formulas not featuring the flux reconstructions which are easy to implement and
evaluate.

14



6.1 First-order discretization

We start with the simplest case considering u}, € S} and ti, € RTNg(7). Let us first provide an explicit
definition of RTNg(7},)-basis.

Definition 6.1. (Definition of RTNq(7;)-basis functions) Let a simplex K € Ty be given. Let T';,j =
1...d+1, be its faces/edges and Vr,,j = 1...d + 1, the opposite vertices, respectively. Let njpx denote
the unit outward normal to K along T'j. The RTNg(Ty,)-basis functions are defined by

1,bp].(x) nr; N oK 57> VF].) forj=1...d+1, x€ K.

1
(x
d|K]|
Notice that the volume |K| can be computed by the formula:

Vo, ... Vi,
|K| = det( . i .

For any tj € RTNy(7y), we can write tj|x = Y e, (t],)rtpr, where (tj)r are the degrees of freedom
associated with the basis of Definition 6.1. Recall that we distinguish the discretization and algebraic
components, i.e., ti =dj +a}. Let K € T, be fixed. Then, for I € £k, the coefficients (d} )r are given by,
see (3.4a),

(di)r := (di,np, )p = (—(Vui nr) + ah ™ ui], Dr, (6.1a)

whereas coefficients (ai )r are given by, see Definition 3.3,
(ah)r = ((d};" = dj,)nr, r = (~(V(u;,"™ = up,)nr) + ah™ u™ =], r. (6.1D)

Let {¢;}jes, be a basis of S|k and {¢;}jen, a basis of S} on K and all its neighbors. Expressing u}, in
these bases yields

upl = > (Wh)iei  UhlkreTioxnoxso = Y (uh)ig;. (6.2)
JESK JENK

Using (6.2) in (6.1a) and (6.1b) gives

(d)r = (e, e = (= Y (uh); (Veymr) +ah™ 3 (uh);lel 1) (6.32)
JENK JENK

(al)r = (@lnr, Dr = (= D (™ —uh); (Voymr) +ah™ 37 (@™ —ui)ifeil) . (6:3b)
JENK JENK

Now, we are ready to provide explicit formulas for evaluation of a posteriori error estimators in Corollary 3.8
avoiding the physical construction of the potential reconstruction IAV(uh) and of the flux reconstructions
d! and al.

Let us start with the estimator ||Vu! + di |/ k. First, (Vu +di)|x € [P(K)]? holds. Thus, we will
need a quadrature rule that is exact for quadratic polynomials such as

K
| | Z w(xr), for d = 2,
/ w(x)dx ~ |K| Fefx | (6.4)
K Z w(Vr,) + w(xy), for d = 3,

where xr are the mid-points of the sides of the triangle K whereas x, is the barycentre and Vr,, k = 1,2, 3,4,
are the vertices of the tetrahedron K. Recall that £x denotes the set of the faces of the element K. With
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the aid of (6.4) and (6.3a), we have

2
K .
12 Z D (uh);Vei(xe) + Y (d))rpr (xr)| for d = 2,
Tefk |jESK I
2
IV, + |3 = "§j§juhv%wh> Y e ()
k=1|jESK T/elx
4K i
T () Vei(xg) + Y (di)rabr(xg)] for d = 3.
JESK I"e€k

Analogously, as ai |k € [P1(K)]4, we get

2

K
B TS @) for d =2,
P2 _ FeEK I"efk
lay % = |K| 2 4K 2
Z > @) (V)| +——| D (@) (xy)] for d = 3.
k=1 |I"e€k I"eEk

Another estimator that needs to be evaluated is ||V (u}, — Zay (ul))| 5. As V(ul —Tay(u))|x € [PO(K)]¢
holds, the following quadrature rule of the algebraic order 1 is sufficient:

| wlxax~ Kfut,),

where x, is the barycentre of the simplex K. With the aid of (6.2) and (3.1), we can write

d+1 2
IV (uf, = Zav ()5 = K[| Y (uh)5 Ve (xg) = V D (Zav(h))kor(xq) |
JESK k=1
HG,N
E: 2: QMLJ@AKV‘@k) 1brk§ZA& B
card( TVFk K'€Tvy., jESks

(Zav(up))k == .
Z (card Tv,) Z Z uh e e (V )) ©;(Vr,)s for k e,/\/'h -

JEZK K’ETv 1E€S

where Zg is defined below (3.1), Vr,, k = 1...d + 1, are the vertices of the element K and the basis
functions ¢y, of S’,ll| i are ordered as the vertices.
Now, the estimators

Y Crxhilldinrllc and ) wrCrxhi|[dj,nr]|r

reglic FGSECN

are to be evaluated. Due to the fact that [d} nr]|r € P°(T), it is quite easy. There are two cases to consider:

1. If both the face I" has no hanging node and the polynomial degrees of the approximate solution u} on
the adjacent triangles agree, then

[dz&nﬁr =0.

2. The face I' possesses a hanging node or polynomial degrees of the approximate solution uj on the
adjacent triangles disagree. For simplicity, let us assume that only one hanging node is present. Let
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~v1 and 2 be those parts which have the hanging node in common and which comprise the face I'. Let
K, and K3 be the elements sharing their faces with K (see Fig. 4). Then

7 7 — i1\ 2
I[dj, nr]llf = ([~ (Vg 14,)] + oy, b3 (To sy — Horly ) [ug])” [
i — i1\ 2
+ ([(Vuh )] + @bl (Mo, — orly,)[up]) ™ e,

where Ior,, j = 1,2, and Il are the L?-orthogonal projections onto P°(T;), j = 1,2, and P%(T),
respectively.

Kl Y1

K2 Y2

Figure 4: Components of a face I'

Finally, the second and third terms of (3.20b) remain to be evaluated. But this can be done in the same
way as just above.

6.2 Second-order discretization

We continue by considering v, € S? and ti, € RTN1 (7). Let us state the explicit definition of RTN1(7y)-
basis.

Definition 6.2. (Definition of RTNq(7},)-basis functions) Let a simplex K € Ty, be given. Let T';,j =
1...d+1, be its faces/edges and Vr,,j = 1...d + 1, the opposite vertices, respectively. Let n;px denote
the unit outward normal to OK along I';. Let e;, j = 1...d+ 1, stand for the canonical basis of R? and
S, for the average value of S on I';. Let finally A\;, j =1...d+1, be the barycentric coordinates, ¢y be the
basis functions of P?(K) of the type 4\iX\;, 1 <i<j<d+1, and ¢, | =1...8, be defined by:

x% 0 —T1T2 —T1T3 z% 0 Tols3 0
2 2
—xr1r2| , —T2X3 | , xry ) 0 ) 0 ) 1'3 ) —Iri1x3| , T1T3
0 2 0 x? —r173 —Tox3 0 —T1X9
2 1

The RTN1 (Ty)-basis functions corresponding to the following degrees of freedom
q»—)/qnpde forg=1...d+1,
Ly
q»—)/ qn;or (S —Sr;)dS forj=1...d+1,
Ly

q»—)/qejdx forg=1...d+1
K
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are defined as follows

1
Yr, (x) ::nFj~nj76Km(X7VFj) forj=1...d+1, x€ K,
curly; forl=1...3 ifd=2,
¢Z(X) = o . o
curlg; forl=1...8 ifd=3,
L A

¥;(x) ::4;Aiax;(vpﬁx) forj=1...d.

Enumerate the basis functions from Definition 6.2 as ¢, [ =1...8, ford=2and [ =1...15 for d = 3.
For any ti; € RTN1(73), we can write t}|x = >_,(t} )19, with (t}); the associated degrees of freedom.
Recall that t} = d} +aj,. Let K € T, be fixed. Then the coefficients (d}); are given by (3.4a) and (3.4b).
The coefficients of ai, are defined analogously following Definition 3.3.

The evaluation of a posteriori error estimators in Corollary 3.8 can be done again without factual
construction of reconstructions as in Section 6.1. In particular, one needs a quadrature rule that is exact
for quartic polynomials. Let

3 1
Vigs,w) — ZVDJFZVF], 1<i4,j<d+1,i#j,
1 1
A R Ee 7 1<i<j<d+]1,
1] 2 @ 2 J
1 1 1
‘/7;_(]‘%171) = §VFi+ZVFJ'+ZVF’€ 1§’L,],k§d+1,l7é]<k

Then such a formula is, see [27],

4| K| 31,0, K] (2,2,0)
5 Z w(V; )—4—5 Z w(V;7)

1<4,j<3,i#] 1<i<j<3

8| K
—l—u Z w(V(2’1’1)), for d = 2,

ijk
1<4,5,k<3,i#£j<k

4
dx ~ { —SIK]| 16| K| (3,1,0)
o= v 5w

4200 1= 1<i,j<4,ij
12| K| 2.2,0), , 16|K] 2.1,1)
~ 120 Z w(V;; ) + 120 N Z . +w(Vi )
1<i<j<4 1<i,5,k<4,i#j<k
128| K
+ 42|0 |’LU(Xg), for d = 3,

where x, is the barycentre of the simplex K.

7 Numerical experiments

In this section we will illustrate the behavior of the error estimates introduced in Section 3 and of the
adaptive solution algorithm introduced in Section 4.

Algorithm 4.1 is applied with parameters v* = 15 and Yrem = Valg = 107!, We use the GMRES method
[26] with ILU(0) preconditioning in order to solve the system (2.8). Our computations were carried out
imposing three types of stopping criteria. Namely, local stopping criteria (4.1), global stopping criteria (4.2),
and classical stopping criteria, where the last means that GMRES method was let to converge to a certain
tolerance for the relative preconditioned algebraic residuum measured in the ¢2-norm. This tolerance has
been chosen as big as possible such that the precision of the results is comparable with those when the local
stopping criteria are applied. In the example below such a tolerance is 1075, Note that using a still smaller
tolerance, as often done in practice, would favor even more our approach.
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Figure 5: Development of the estimators on the individual meshes for local (left), global (middle), and
classical stopping criteria (right)

7.1 Example with a smooth solution

We consider © € (0,1) x (0,1) and prescribe the source term in such a way that the exact solution has the
following form:
u(xy, x2) = sin(27(x1 + x2)).

We employ the incomplete interior penalty DGM, i.e., (2.7) with 6 = 0, with the penalty parameter
o, = 20 for all v € Fj on triangular meshes possibly containing hanging nodes. The approximate solution
is sought in the space S?, 2 := {2k } ke7;,, and the flux reconstructions in the RTN space RTN2(7;). The
discretization flux reconstruction is defined by (3.4a) and (3.4b) whereas the algebraic error flux reconstruc-
tion by (3.5).

The computation is started with zero initial approximation for GMRES solver on a triangular conform-
ing grid with 288 elements. Meshes are generated adaptively according to the elementwise discretization
estimator (3.20a). Since we aim at fulfilling the condition n?;,. < w for some tolerance w, we require

w

card(Ty)? 71

7
ndisc,K <

to hold for all K € Ty, where card(7;) denotes the number of triangles in the current mesh. Therefore,
triangles for those the condition (7.1) is violated are split into four smaller ones. The tolerance w has been
set to 3.31072 in the computations. In what follows, we display results for five successive meshes resulting
from four levels of adaptation.

First, we show the behavior of individual estimators as defined in (3.12a), (3.12b), and (3.21). Results
on the original mesh and first, second, third, and fourth adaptively refined meshes are displayed in Figure 5.
Discretization and algebraic flux nonconformity estimators are not displayed for first two meshes as no
hanging nodes are present and consequently they are zero (recall that we consider the same polynomial
degree over the whole mesh). While the discretization flux estimator dominates on first two meshes, flux
nonconformity estimators join on subsequent meshes where hanging nodes occur. We can see that the
residual estimator is not substantial in comparison with other estimators as it is by one order of magnitude
smaller on the first mesh and by two orders of magnitude smaller on subsequent meshes. Substantial
estimators include flux estimators and potential nonconformity estimators. It is important to note that in
all three cases, the values and behavior of the discretization estimators are very close.

Further, we are interested in how the estimators of the total, discretization, and algebraic error (see
respectively the right-hand side of (3.13), (3.20a), and (3.20b)) correspond to the actual errors. In Figure 6
evolution of these estimators through the whole adaptation process as a function of mesh adaptation is
displayed.

Subsequent series of figures compare actual and estimated distribution of the total, discretization, and
algebraic errors when local stopping criteria (4.1) are applied. We can see that our prediction of distribution
of the discretization error is sharp on meshes not including hanging nodes whereas such a sharpness is lost
a bit when hanging nodes appear. That is the price we pay for an economical computation of flux recon-
structions as we do not construct a matching submesh of the original (nonmatching) mesh. Gratifyingly,
Figures 9, 12, 15, 18, and 21 show that our estimates provide sharp prediction of the algebraic error even
on meshes with hanging nodes.

19



o

1 - 1 - 1 -
1 E E . R e i S G

o
2

0.001

energy error
energy error
energy error

L
g

0.001 0.0001

) 0.001 L 1e-005
0.0001 E
16-006

© RrTITTT T T T T T TTT

1€-005 | ! I 0.0001 ! ! L 16-007"
0 1 2 3 4 0 1 2 3 4
adaptation iteration adaptation iteration adaptation iteration
[0,15] [15,45] [45,195] [195,315] [315,480] [0,15] [15,30] [30,105] [105,165] [165,195] [0,45] [45,135] [135,405] [405,615] [615,870]
cumulative GMRES it. [first,last] cumulative GMRES it. [first,last] cumulative GMRES it. [first,last]

Figure 6: Development of the total, discretization, and algebraic error and the respective estimates during
the adaptive process for local (left), global (middle), and classical stopping criteria (right)

Finally, Figure 22 (left) compares energy error of the computational solution u}, and Figure 22 (right) the
effectivity index as a function of (accumulated) GMRES iterations for the individual stopping criteria. We
observe that local stopping criteria lead to significant computational savings compared to classical stopping
criteria, with a minimal loss of accuracy. In order to achieve a given value of the energy error, much more
GMRES iterations are required for the classical stopping criteria in comparison with the local stopping
criteria. Global stopping criteria enable still more economical calculation without precision loss in this first
test case without singularity. Finally, we can see that the effectivity index jumps depending on the increase
or decrease of the number of hanging nodes. More precisely, its value is close to 1.7 on meshes without
hanging nodes and increases a little bit close to 3 when hanging nodes appear.

7.2 Example with a steep gradient solution

We consider © € (0,1) x (0,1) and prescribe the source term in such a way that the exact solution has the
following form:
u(zy, x2) = arctan(36x1).

We employ the same initial computational setting as in the previous example. In particular, the ap-
proximate solution is sought in the space S’,f, 2 := {2k }KkeT,, and the flux reconstructions in the RTN
space RTN2 (7). As in the previous example, we show results for five successive meshes resulting from
four levels of adaptation. The behavior of individual estimators as defined in (3.12a), (3.12b), and (3.21)
on all computational meshes is displayed in Figure 23. In this example, only the original mesh is without
hanging nodes. Therefore, discretization and algebraic flux nonconformity estimators are zero just on that
mesh. The number of hanging nodes is much smaller in comparison with the first example 7.1. As a result,
the flux nonconformity estimators are not dominant in this example even on meshes with hanging nodes.
As in the first example 7.1, we observe that the residual estimator is by one to two orders of magnitude
smaller on the individual meshes and that the values and behavior of the discretization estimators for the
individual stopping criteria are very close. In Figure 24 evolution of the estimators of the total, discretiza-
tion, and algebraic error (see respectively the right-hand side of (3.13), (3.20a), and (3.20b)) through the
whole adaptation process as a function of mesh adaptation is displayed.

Further, Figures 25-39 compare actual and estimated distribution of the total, discretization, and alge-
braic errors when local stopping criteria (4.1) are applied. We can see that the steep gradient region is well
predicted (see Figures 26, 29, 32, 35, and 38), however, in fine meshes of Figures 35 and 38 the discretization
error is overestimated in triangles with a hanging node. As in the first example 7.1, our estimates provide
sharp prediction of the algebraic error.

Finally, Figure 40 (left) compares energy error of the computational solution u} and Figure 40 (right)
the effectivity index as a function of (accumulated) GMRES iterations for the individual stopping criteria.
We observe that local stopping criteria lead to just slight computational savings (10% of GMRES iterations
exactly) compared to classical stopping criteria, with a minimal loss of accuracy. On the contrary, global
stopping criteria require about half of iterations less with subtle precision loss. Further, we can see that the
variation of the effectivity index is not much influenced by the presence of hanging nodes as the number of
hanging nodes is not substantial in comparison with the number of triangles.
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Figure 7: Distribution of the total error (left) and its estimate (right) on the first mesh

Figure 8: Distribution of the discretization error (left) and its estimate (right) on the first mesh
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Figure 9: Distribution of the algebraic error (left) and its estimate (right) on the first mesh
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Figure 11: Distribution of the discretization error (left) and its estimate (right) on the second mesh
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Figure 12: Distribution of the algebraic error (left) and its estimate (right) on the second mesh
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Figure 15: Distribution of the algebraic error (left) and its estimate (right) on the third mesh
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Figure 17: Distribution of the discretization error (left) and its estimate (right) on the fourth mesh
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Figure 18: Distribution of the algebraic error (left) and its estimate (right) on the fourth mesh
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Figure 25: Distribution of the total error (left) and its estimate (right) on the first mesh
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Figure 26: Distribution of the discretization error (left) and its estimate (right) on the first mesh
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Figure 27: Distribution of the algebraic error (left) and its estimate (right) on the first mesh
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Figure 28: Distribution of the total error (left) and its estimate (right) on the second mesh
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Figure 29: Distribution of the discretization error (left) and its estimate (right) on the second mesh
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Figure 30: Distribution of the algebraic error (left) and its estimate (right) on the second mesh
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Figure 31: Distribution of the total error (left) and its estimate (right) on the third mesh
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Figure 32: Distribution of the discretization error (left) and its estimate (right) on the third mesh
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Figure 33: Distribution of the algebraic error (left) and its estimate (right) on the third mesh
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Figure 34: Distribution of the total error (left) and its estimate (right) on the fourth mesh
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Figure 35: Distribution of the discretization error (left) and its estimate (right) on the fourth mesh
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Figure 36: Distribution of the algebraic error (left) and its estimate (right) on the fourth mesh
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Figure 37: Distribution of the total error (left) and its estimate (right) on the fifth mesh
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Figure 38: Distribution of the discretization error (left) and its estimate (right) on the fifth mesh
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Figure 39: Distribution of the algebraic error (left) and its estimate (right) on the fifth mesh
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Figure 40: Comparison of energy error (left) and effectivity indices (right) for individual stopping criteria
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