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Abstract. We deal with a posteriori error control of discontinuous Galerkin approxima-
tions for linear boundary value problems. The computational error is estimated in the
framework of the Dual Weighted Residual method (DWR) for goal-oriented error estima-
tion which requires to solve an additional (adjoint) problem. We focus on the control of the
algebraic errors arising from iterative solutions of algebraic systems corresponding to both
the primal and adjoint problems. Moreover, we present two different reconstruction tech-
niques allowing an efficient evaluation of the error estimators. Finally, we propose a complex
algorithm which controls discretization and algebraic errors and drives the adaptation of
the mesh in the close to optimal manner with respect to the given quantity of interest.

Keywords: quantity of interest; discontinuous Galerkin; a posteriori error estimate; alge-
braic error
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1. INTRODUCTION

The goal-oriented error estimates exhibit a perspective and efficient tool for numer-
ical simulations of many engineering problems since they are able to give information
about the error of a quantity of interest which is more relevant in practical appli-
cations than error estimates derived in energy norms. The quantity of interest is
usually represented by a (linear) functional J(u), where u is the exact solution of the
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given problem. We refer to [4], [6], [13], where the dual weighted residual (DWR)
estimates dealing with this subject were introduced. This approach requires, in ad-
dition to the solution of the original (primal) problem, also to solve the dual (or
adjoint) problem. The discretization of the primal and dual problems leads to two
linear algebraic systems, which are usually solved by a suitable iterative technique.
Therefore, the error of the resulting solution and its error estimate are influenced by
the error resulting from inexact solution of both algebraic systems.

In this paper we deal with discontinuous Galerkin discretization of a linear
convection-reaction-diffusion equation and the corresponding a posteriori error esti-
mates of J(u) — J(up), where uy, is the approximate solution. Following the ideas
from [2], we take into account also the algebraic error resulting from inaccurate so-
lution of the algebraic systems mentioned above. This aspect was considered in [21]
with the emphasis on the multigrid methods for conforming finite element methods.
The novelty of our approach is the consideration of the algebraic error of the dual
problem, which was not taken into account in [21]. Then we are able to balance the
discretization and algebraic errors for the primal as well as for the dual problem.

The goal oriented error estimates require a sufficiently accurate approximation of
the solution of the (continuous) dual problem. One possibility is to solve the dual
problem on globally refined mesh, which is time-consuming. In this paper, we present
two different reconstruction techniques allowing an efficient and accurate approxima-
tion of the solution of the dual problem. This way of post-processing is commonly
used for finite element computations, see e.g. [24], but in DG discretizations most of
the methods for goal-oriented error estimation described in literature, e.g. [18], [16],
are based on globally higher-order solution of the dual problem.

Further, we propose an adaptive algorithm including stopping criteria for the
iterative solutions of the primal and dual algebraic problems.

Finally, two kinds of numerical experiments are presented. We compare the per-
formance of the local reconstructions to the globally higher order dual solution, and
the decrease of the algebraic errors, when employing the algebraic estimators, is
demonstrated.

The outline of the paper is as follows: in Section 2, we start with the discontinuous
Galerkin (DG) discretization of the linear convection-diffusion-reaction problem and
we derive the goal-oriented error estimates based on the primal and dual residual,
respectively. Special attention is paid to the adjoint consistency of the discretization
of the dual problem. In Section 3, we present two possibilities of the approximation
of the unknown dual solution z on triangular meshes with varying polynomial ap-
proximation degree. Further, the error estimates of the quantity of interest including
the algebraic errors is derived in Section 4. Numerical experiments documenting the
performance of this approach are presented in Section 5.
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2. PROBLEM DESCRIPTION

In the following, we use the standard notation for the Lebesgue spaces—L?((2),
Sobolev spaces—W*P(Q), H*(2) = W2(Q) and the space of polynomial functions
up to the degree k defined on a domain M C R? is denoted P*(M).

Let Q C R? be a bounded polygonal domain with Lipschitz boundary. Moreover,
let the vector valued function b = {b;}%_; be a linear convection coefficient whose
entries b; are Lipschitz continuous real-valued functions in 2, ¢ denotes the reaction
coefficient, and A = {a; ; }f j=1 is a symmetric diffusion tensor with bounded piece-
wise continuous real-valued entries, satisfying the elliptic property ¢(TA(z)¢ > 0 for
all ¢ € R, ae. z € Q.

By n(z) we denote the unit outward normal vector to 92 at x € 9€). We define
a disjoint decomposition of the boundary 02 by

Ty :={z € 0Q: n(z)"A(z)n(z) > 0},
I'_:={x€0Q\Ty: blx)- n(z) <0},
Iy :={xe€d\Ty: b(z) n(z) >0}
Obviously, these sets are disjoint and 92 = I'¢UT'_ UT';.. Further, we divide I'y into

two disjoint subsets I'p and T'y, see Figure 1. We assume that I'_ UT'p # () and
that b-mn > 0 on I'y whenever I'y # ().
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Figure 1. Example of the division of the boundary 02 into ', ', and T'o =T'p UTn.

We consider the linear convection-diffusion-reaction model problem

(2.1a) Lu:=—-V -AVu+V-(bu)+cu=f inQQ,
(2.1b) u=up onlpUl_,
(2.1c) AVu-n=gy only,
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where u: 0 — R is an unknown scalar function. Since the diffusion may degenerate
in some parts of €, problem (2.1) has to be considered as a first-order PDE in those
parts and hence no boundary condition can be set on I' ;. This kind of problems is
termed “partial differential equations with nonnegative characteristic form” in [19].

We assume that the data satisfy f € L2(), up is the trace of some u* € H(Q)
onTpUT_, gy € L2(T'wn), ¢ € L>(Q). Further, we assume that there exists ¢y > 0
such that c(z) + 3V - b(z) > o a.e. z € . Let us note that this assumption is not
restrictive, see e.g. [9], Section 4.6.1.

We proceed to the weak formulation of (2.1).

Definition 2.1. A function u € H(Q) is called the weak solution of (2.1) if
u—u* € HH(Q):={ve HY(Q); v|FDUr_ =0} and
(2:2) a(u, @) =1U(p) V€ Hp(Q),

where

a(u, p) ::/QAVu-Vgodx—/ﬂ(ub-Vgo—cwp)dx+/ b - nupds,

', ul'ny

Up)i= [ fodo+ [ gvpds, wpeHI@).
Q I'n

The well-posedness of the boundary value problem (2.2), in the case of homoge-
neous boundary conditions, is shown in [20].

2.1. DG discretization of the problem. For the DG discretization we intro-
duce a partition 7, covering Q consisting of finite number of closed d-dimensional sim-
plices K with mutually disjoint interiors. The boundary of the element K € 7, will
be denoted by 0K, its diameter by hx = diam(K) and |K| will be its d-dimensional
Lebesgue measure.

By %), we denote the union of all faces contained in the partition 7, and by .#/,
ZP the union of the interior and Dirichlet boundary faces, respectively. Further,
let Z/P = Z U.ZP. For each face I' C .#} there exist two neighbouring elements
Ky, K € T, such that I' = K N K. It is possible to define a unit normal vector
n = (n1,...,n4) at almost every point of .%;,. The orientation of n can be chosen
arbitrarily for the interior faces, so we can assume that n = ng, = —ng,. Further,
for K € T, we set 0K~ := {x € 0K; b-n(z) < 0} and similarly 0K+ := {z €
0K ; b-n(x) > 0}.

We assume that there exists ho > 0 such that {75 }ne(0,n,) is a system of trian-
gulations which is shape-regular and locally quasi-uniform, see e.g. [9]. We do not
require the conforming properties known from finite element methods. Therefore,

582



the triangulations 7; could contain the so called hanging nodes. Over the trian-
gulation 7T, we define the so-called broken Sobolev space over the triangulation 7y,

as H*(Q,Ty) = {v € L*(Q), v|, € H*(K) for all K € 7} with the norm and the

) ) 1/2 ) 1/2

semicnorm [o]| =7y = ( 5 Nolriey)  and folaeemy = (3 o)
KeTh KeTh

respectively.

Discontinuous Galerkin method is very convenient for hp-adaptation. Therefore,
to each K € T, we assign its local polynomial degree px. Then we define the set
p:={pk; K € Ty} and the finite dimensional space

(2.3) St ={ve L*(Q); v|, € PPX(K)VK € Ty}

The dimension of S}, corresponding to the number of degrees of freedom N} can be

. +d
calculated as N} :=dim S} = Y (P*]7).
KeTh
Let I' € #}, v e HY(Q, 7). We introduce the notation vy, = trace of ’U‘KL onT,

and vg = trace of U‘KR on I', Further, we denote the jump of v on T by [v] = v, —vg
and its mean value by (v) = (v +vg). On T C FP we set [v] = (v) = v, where
K is such an element that I' = Ky N J€). Given an element K € 7; we denote
by v~ the exterior trace of v defined on 0K \ 012, the interior trace on 9K will be
denoted simply by v.

We discretize the equation (2.2) using the interior penalty Galerkin method (IPG),
see e.g. [9], Section 4.6 or [19]. For u,¢ € H%(Q,T;,) we define the forms

(2.4a) Ap(u,p) = Z / AVu - Vedz

KeTy,

- /F (AVu) - nfp] + 0(AVp) - nlu] dS,

rezlp

(24b) Jg(ug) = 3 / o[ulle] S,

rezlp

(2.4c) Bp(u,p) = Z (—Authp—cugpdx

KeTy

+/ b-nKugadS—f—/ b-nKuapdS>7
AK+ K ~\9

/fgaxdaH—/ gnpdS — Z/ (b-n)uppds
OK— m’)Q

KeTy,

(24d)  In(p):

+ Z /Uga AV - n)up dS.
rezp
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The choice of # € {—1,0,1} leads to the nonsymmetric (NIPG), incomplete (IIPG),
and symmetric (SIPG) variant of the discontinuous Galerkin method. The penalty
parameter ¢ is chosen by U‘F = or = eCWhl?l, T e ﬁ}{D, where ¢ denotes the
amount of diffusivity (= |A|), hr = diamI" and Cy > 0 has to be chosen large
enough to guarantee convergence of the method, see [9]. Further, we introduce the
DG-norm

25) lvllbe == > (IAVolk + $lvll3x-nwour_) + 3IT01IER-\00
KeTy

3 lBicenon + leotl) + [ (Tl + 07N (AT - m?) ds,
reglpP

where [|-||ar denotes the standard L?-norm over the domain M. We use the conven-
tion that the edges I', where nTAn = 0 are omitted from the integration in the form
J7(-,-) and in the DG-norm.

Finally, we put

(2.6) an(u, @) == Ap(u, @) + J7 (u, @) + Bu(u, ), u, € H*(Q,Ty).

We are ready to define the discrete problem.

Definition 2.2. We say that u;, € S} is the approzimate solution of (2.2) if

(2.7) an(un, on) = ln(en) Ven € Sh.

Lemma 2.1. The discrete problem (2.7) is consistent with the weak formula-
tion (2.2), i.e., the exact solution u € H?({2) satisfies

(2.8) an(u, @) = ln(p) Vo€ H*(Q,Tp).
Proof. Seee.g. [9], Chapters 2 and 3, [16]. O
This gives us the Galerkin orthogonality of the exact and the discrete solutions
(2.9) ap(u—up,on) =0 Ve, €S,
which is a crucial property (not only) in goal-oriented estimates.

2.2. Quantity of interest. The goal of the whole computation process is to
determine the value of the quantity of interest J(u), where J is a linear functional
defined for the weak as well as the approximate solutions. It was shown in [17]
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that the primal problem (2.1), the corresponding dual problem and the target func-
tional J(u) have to satisfy the so-called compatibility condition which together with
the consistency of the numerical method and the adjoint consistency guarantee the
regularity of the dual solution and then the optimal order of convergence. The low
regularity of the solution of the dual problem causes a suboptimal convergence rate
of the DWR error estimate, see [17], [15].

We consider the functional J in the form

(2.10) J(u):/jg(x)u(x) dx+/ jpDAVu-ndS—i—/ JryudsS,
Q I'p r

+Ul'y

where jr,, jry € L?(09) and jo € L%(Q) are given functions, typically characteristic
functions of some subdomains in 9S2 or €2, respectively.

The adjoint operator to £ is defined by L*v = —V-AVv —b-Vv+cv and the dual
problem corresponding to the target functional (2.10) reads in its strong formulation:
Find a function z: 2 — R such that

2.11a) —V-AVz—-b-Vz+cz=jg in,
2.11b) z= —jr, onlp,
2.11c) AVz-n+b-nz=jr, only,
2.11d) b-nz=jr, only.

The dual problem (2.11) contains a Newton boundary condition on I'y, but since
b-n > 0 on I'y this boundary condition will contribute to the coercivity of the
problem and the problem is well-posed.

The corresponding discrete dual problem then requires to find z;, € Sg such that
(2.12) an(n, zn) = J(Yn) Vibu € Sp.

Definition 2.3. We say that the discrete dual problem (2.12) is adjoint consis-
tent with the dual problem (2.11) if the exact solution z € H?(Q) of (2.11) satis-
fies (2.12),

(2.13) an($,2) = J(¥) Vo € H*(Q, T).

In the following, we deal with the adjoint consistency of the discrete dual prob-
lem (2.12). We show that in order to guarantee the adjoint consistency, the right-
hand side of (2.12) has to be slightly modified.
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2.3. Adjoint consistency. Following the approach from [17], we rewrite (2.12)
element-wise and by integration by parts and the definition of the forms (2.4) we get
that the solution of (2.12) satisfies

(2.14) > /K R*(zn)ibn dz + /a r*(zn)¥n + 0" (2n) VAY), - ndS

KeT, K\oQ

+/ rgﬂ(zh)wh + QBQ(Zh)Avwh ndS=0 VY, € SZ,
OKNON

where the dual residuals consist of the volume part R*(z1,) = jo+Azp+b-Vz, —czp,
parts over the interior edges

(2.15) r*(zn) = —3[AVz] + (1 — 0)(AVz,) - n — (0 + b ng)[zn],
0" () = gl

and finally of the boundary terms

(2.16) rho(zn) = —(1—60)AVz, -n—o0z, ondK NTp,
rha(zn) = —(1 = 0)AVz, -n — 0z, —b-nz, ondKTNTp,
r5a(zn) = jry —AVzp -n—b-nz, ondKNTy,

oa(zn)
o0 (2n)
o0 (2n)
roa(zn) = jry —b-nz, on KNIy,
o0 (2n)
o0 (2n)
o0 (2n)

rha(zn) =0 ondKNI_,
2oa(zn) = (jrp +21)  onI'p,
05q(zn) =0  elsewhere on 0€2.

Concerning the symmetric variant of DG we see that if 2 € H?((2) is the solution
of the problem (2.11), it nullifies the volume residual R* and also all residuals on
interior edges and boundary edges except I'p. On I'p we have z = —jr, from g},
but also 0z+b-nz=00n KT NI'p and 0z = 0 on 8K~ NI'p, which are in conflict
unless jr, = 0.

This problem can be overcome by a small modification of the target functional
according to the method from [17]. We define

—o(v—up)jr, ondK NTp
(2.17) ry(v) =
—(c+b-n)(v—up)jr, ondKTNTp
and then
(2.18) J(v) == J(v) —I—/ ry(v)dS.
I'p
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The modification is designed so that J(u) = J(u) for u being the exact solution of
the problem (2.1). Further, since .J(v) is affine, we have J(u) — J(us) = J',(u — up),
where

(2.19) J.(v) = J(v) — Z (/ vojr, dS — vie+b-n)jr, dS)
KeT, I'pNOK—

FDﬁ8K+

is the Gateaux derivative of J in direction v. In order to guarantee the adjoint
consistency of the dual problem, we can replace the dual problem (2.12) by

(2.20) an(¥n, 2n) = Jo(¥n) Vb € S,

All the derivations presented in Subsection 2.3 can be summarized into the fol-
lowing result.

Lemma 2.2. The SIPG method is the adjoint consistent discretization (2.20) of
the problem (2.1) with target functionals defined according to (2.18). Moreover, it
provides the Galerkin orthogonality also for the dual solutions z and zj,:

(221) ah(wh,z — Zh) =0 Vyp € Sg

On the other hand, for nonsymmetric variants (6 € {—1, 0}) the dual discretization
is surely not adjoint consistent with (2.11) due to (AVz) # 0 in (2.15). Therefore,
we limit our further steps only to the SIPG variant. In the following, we will use the
notation J instead of .J, for simplicity.

2.4. Goal-oriented error estimates. Using the adjoint consistency (2.13), the
consistency (2.8), the Galerkin orthogonality of the error (2.9), we get the primal
error identity for the error of the quantity of interest

(2.22) J(u—wup) = ap(u—up, z) =1p(2) —an(up, 2) =: rp(up)(z)
=ru(un)(z—pn) Yen €S,

where rp(up)(-) denotes the residual of the problem (2.7). Let us note that the
Galerkin orthogonality was used only in the last step, i.e., the identity J(u — up) =
rh(un)(z) is valid also for uj violating the Galerkin orthogonality, which is the case
of the approximate solution suffering from algebraic errors.

Similarly, exploiting (2.21), we get the dual error identity

(2.23)  J(u—up) =an(u—up,z — z1) = ap(u — Yn, 2 — 2p)
= J(u—vn) — an(u —n, zn) = 75 (20) (w = Yr)  Vu € S,
where r} (21,)(-) denotes the residual of the dual problem (2.12).
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Hence, the residuals 74 (up)(-) and 7} (25)(-) are equal in the following way:

(2.24) rr(un)(z = @n) = 1 (zn)(u = Pn) YV on,Pn € Sy

3. RECONSTRUCTION OF THE DISCRETE SOLUTION

Except for a very few examples, neither u nor z are a priori known. Therefore, they
must be replaced by some computable quantities in (2.22) and (2.23). In particular,
we define

(3.1) ns = rn(un)(z —en), 08 =1y (zn) (U — @n).

Obviously the functions z;{ and ug must be from a richer space than S} otherwise
the residuals would degenerate, since 1, (up)(n) = 77 (21)(¢n) = 0 for all p), € Vj,.
We get the following equality for the error (primal formulation):

(32) J(u—un) = ra(up)(z = on) = ra(un)(zy —en) +rulun)(z - z)

=ns+eg VonelSh.

The first term on the right-hand side is computable. The second term is usually
neglected, e.g. [4], with the idea that it should be negligible in comparison with 7s.

Naturally, the size of g depends on the quality of the approximation z;{ Exploit-
ing the boundedness of the bilinear form ay(u,v) < |Ju|pc|v|pe in the DG-norm
Ilpc, see e.g. [9], Section 4.6 or [26], we can write

(3.3) es = an(u—un,z — z,) < Ju = unllpcllz - 2/ Ioc-

Having an a priori estimate ||z — 2, [[pc < ChP**, k > 0, while ||z — zp[lpc < Ch?
only, leads to the assumption that €5 should be significantly smaller than 7g on fine
meshes. Conversely, in [22] it was shown that estimates using ng only, significantly
underestimate the error on coarse meshes, which may lead to stopping the adaptive
procedure even when the true error is still large.

3.1. Error indicators. Employing these estimates for mesh adaptation requires
to localize (3.1) into positive error indicators describing local error contributions.

In conforming FEM this is usually done by plugging some partition of unity
into (3.1) (see e.g. [24]). In DG discretization we simply define element-wise contri-
butions of (3.1)

(34) msx =lraun)((z) —en)xx)ls ndx = Iri(zn)((wy —en)xx)l, K €Th,
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which corresponds to a partition of unity formed of the characteristic functions of

mesh elements, i.e. 1 = Y xk, plugged into (3.1).
KeThn
Either of those can be used as a local error indicator for mesh refinement. Although

the primal and dual residuals are theoretically equivalent, cf. (2.24), localizations
(3.4) can differ notably and may lead to differently refined meshes.

The functional J generally does not have the additive property such as norms and
can attain both positive and negative values on different elements. Therefore, we
cannot expect that the sum of the local error indicators would sharply approximate
the total error J(u) — J(up).

The standard approach for approximating (2.22) is to compute the dual problem on
a finer mesh or with higher polynomial degree, see [18]. E.g. in [25] the authors com-
pute the so-called reference solutions uZ, ZZ' esy 721 on a globally refined mesh with
increased polynomial degree. Although this method achieves very precise results, it
is too time consuming, since it requires a solution of a globally enlarged system.

More efficiently (but also more heuristically) u;’[ and z,'f may be computed by
a local reconstruction of the discrete solutions u;, and zp, respectively. For con-
forming finite element methods mostly reconstructions based on some patch-wise
higher-order interpolation are used, e.g. in [21], [24], [23]. None of those methods are
applicable to DG due to the discontinuity of functions in S}. We are not aware of
any paper, where a local reconstruction of the DG solution would be used to goal-
oriented estimates, even though, for instance, the reconstruction based on orthogonal
polynomials from [20] may be applicable on quadrilateral meshes.

We present two methods applicable to DG of an arbitrary degree (even hp-variant).
None of these methods requires any patch-wise structure of the mesh. This is very fa-
vorable, since we aim for the combination of the DWR estimates with the anisotropic
mesh generator [7]. We present the ideas for reconstruction of the discrete solu-
tion uy, computation of z,‘f being done alike using the function zj.

3.2. Weighted least-square method. First, we employ the method developed
n [12]. For the purpose of the presented reconstruction we define the space SZH =
{veL*(Q); v|, € PPTH(K) VK € Tj.} Obviously S) C SPT C H2(Q,Th).

Let uj, € Sh be the approximate solution of (2.7). For the reconstruction uz €
SfLH on an element K € 7;, we use a weighted least-square approximation from the
elements sharing at least a vertex with K, see Figure 2, left. We denote this patch
of elements Zx = {K' € Tp,; K' N K # (}.

We compute the function uj, € PPx+1(Zk) by

(3.5) uj = argmin Z wi ||Up, — uh”?v_[l(K/).
Un€PPKYUDK) Kre gy
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Figure 2. Examples of patches Y corresponding to interior and boundary elements, large
(left) and small (right) patches.

Then we assemble the higher-order reconstruction uZ as an element-wise composition
of u};‘K, ie. uz = > u}|K In the following we will refer to this method as the

KeTy
LS reconstruction.

When choosing the values of the weights wg:, we distinguish between elements
sharing a face and elements having only a common vertex. We set wg: = 1 if
K' = K or if K, K’ share a face and wgs = ¢ if K, K’ share only a vertex. The
parameter € helps to stabilize the reconstruction when local polynomial degrees are
too varying on Z§. Hence, we choose

(3.6) ¢ :=gmax(0, Apg — 1), where Apy = Jhex px — min pyo,
where € := 0.02 was empirically chosen. Consequently, the small patches, see Figure 2
right, are used when Apy < 1.

This method is actually independent of the solved problem. This can be viewed as
a disadvantage, since an approximation tailored specifically for the solved problem
may work more accurately, but on the other hand such specialized technique may
not be available for complex problems.

As shown in [10], this reconstruction can be advantageously used also to determine
the anisotropic hp-adaptation of the mesh. Although we cannot prove theoretically
that |u — up|| & ||u;” — usl|, it was numerically verified on several examples in [12].

3.3. Solving local problems. Another common method for computing a recon-
struction u: in FEM computations is based on the solution of local problems defined
on patches of elements, see e.g. [3], [5].

For conforming FEM applied to the Poisson problem (£ := —A) the authors of [3]
suggest to solve the auxiliary problems

(3.7) Luf =f inQ;:=suppyy, u; =uy on 9,

7
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where {¢;}M, is a partition of unity satisfying %w(x) =1 for all z € Q and each
P; = 0. =t

For solving (3.7) we propose to employ again the DG method, which includes
the Dirichlet boundary condition only by the penalty terms. Since no inter-element
continuity is required in DG, we can define these problems even element-wise setting
simply ¥; := Xk, K € Tp, where xx is the characteristic function of the element K.
Namely, for each K € .7, we define the function u};: © — R such that

(3.8) () uflx =unlxw VK #K,
(i) uglx € PPRFY(K),
(iil) an(ug,on) =In(pn) Ven € PPEHYK),

where ay, is the form given by (2.6). Since evidently uj; € Sffl, we finally define
ug € Sg“ by UZ|K = u} for all K € ;,. In the rest of the paper we will refer to
this kind of reconstruction as the LOC reconstruction.

In the following we show that it is not necessary to assemble and to solve prob-
lem (3.8) for each K explicitly, when we use the residual based approach from [8]. We
denote by Nk = 1(px +1)(px +2) the number of degrees of freedom attached to the
element K € .7, and by px = {@}LK}fV:’i the basis of the space PP (K). The basis
of SP, denoted by ¢ = {gaﬁl}ivji, N} = dim S}, can be assembled by the functions
from @k for all K € 7T}, extended by zero outside K. Due to the discontinuity of
the functions in S} across the element edges, we can write u;, in the element-wise
components ux € RV5 corresponding to K € .7}, i.e.,

Ny
uhzz:U"gaz = Z UK - PK-
i=1

KeTy

Denoting fx := {lh(gaﬁl’K)}f\;ﬁ, the problem (2.7) can be rewritten in the block-
matrix form (one block-row for each K € 7,)

(3.9) Ak guk + Y Ag gl = fx VK € T,

K'eN(K)
where Ak i are diagonal blocks (corresponding to ap) of size Nx X Nk, Ak g+ are
the off-diagonal blocks of size Nx X Nk and N(K) is the set of elements sharing an
edge with K € 9},.

For each K € Tp, we can write u}g = up + ug, where uy is the approximate
solution given by (2.7) and @y € PPXT(K) can be viewed as a local higher order
correction. Obviously, due to condition (i) in (3.8), we have tx = 0 on all K’ # K,

K' e .
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Let o5,k € PPETY(K). Using the linearity of ay, condition (iii) in (3.8) and (2.22),

we have

(3.10)  an(ir, onx) = an(uie, onx) — an(un, on.x) = h(enx) — an(un, oni)

=75 (un)(@n,K)-

Hence, we have to solve

(3.11) allx, on,ix) = r(un)(onk) Veonx € PPETHK)

for each K € Tj,. We denote Nj; = dim PPX+1(K) = (px +2)(px +3)/2 and choose
a basis ¢}, ..., gph]\{’;(, . (th;}( of PP+l a5 hierarchical extension of the basis ¢ x.
Then (3.11) can be written in similar form to (3.9), where the off-diagonal terms are
vanishing, since ix = 0 on all K’ # K, namely

(3.12) A% gk =T,

where &}’K € RV&XNK is the matrix Ak i enlarged by N;g — Nk rows and columns,
r € RV is the vector with components r; = rh(uh)(goﬁl’K), i=1,...,Nf and ux
is the vector of basis coefficients defining the function @x on K. Let us note that
first Nx components of r are vanishing up to the algebraic errors.

Therefore, in order to find the reconstruction (3.8) for each K € 7, we have to
assemble the block-diagonal block A}’ x> evaluate the residual (2.22) for all basis
functions of PPx*+1\ PPX and solve the linear algebraic system (3.12). Finally, we

putu::uh—f— > k.
KeTh

Remark 3.1. This method can be used even for nonlinear problems, but in

that case the computation of the update i x has to be iterated several times.

Remark 3.2. For the reconstruction based on the solution of local problems we
have (in exact arithmetics) due to (2.7), (2.12), and (3.10) that

(3.13) TIs,K = rh(uh)(z,ﬂK) = Th(’u,h)(ZK) = ah(le, ZK)

= 7 (zn)(Gxc) = 17, (20) (u) | ) = nS .
Hence, we not only get the global equivalence corresponding to (2.24), but even the
local error indicators sk and 7§ i are equivalent for this reconstruction.

On the contrary, the LS reconstruction is not connected with the solved problem
and the error estimates ns and n§ may differ both locally and globally.
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Remark 3.3. We may also solve the ap(u,v) = rp(up)(v) reconstruction on
patches of elements having one common vertex. This would be connected with the
partition of unity using the piece-wise linear “hat” functions.

4. ALGEBRAIC ERRORS

Due to algebraic errors neither the “exact” discrete solution wy of (2.7) nor the
solution z, of (2.12) are available in practical computations. Instead, we compute

(n)
h

their approximations u; ~ and z}(Ln) resulting from a finite number of iterations of an

algebraic iterative solver. Considering the algebraically inexact discrete solution ugn)
the Galerkin orthogonalities (2.9) and (2.21) do not hold anymore. Hence, we must
add an additional term measuring the deviation from the Galerkin orthogonality due
to algebraic errors. For the primal error identity (2.22) using the triangle inequality,

we have

1) J(u—uy”) =r(ug)(2) = raui)(z = en) + rau”)(en) Yeon €SP
Regarding the revision of dual estimate (2.23), we proceed similarly. Using the

definitions of residuals r, and 7} in (2.22) and (2.23), respectively, and the triangle

inequality, we get

(4.2) rh(uﬁln))(z - z,(L")) =ap(u— ué"), z— z,(L"))

ap(u —Vp, 2 — z}(Ln)) + an (Y, — ugn), z— z}(Ln))

i (Y (= ) + 7 (20 (o — ulM) Yy, € SP

Then putting ¢, := z}(Ln) in (4.1) and using (4.2), we obtain

(4.3) J(u—up”) = 15 (2)) (u—on )47 (2) (o —u ) +ra(uf?) (2) Vo € SE.

The impact of algebraic errors in goal-oriented estimates was studied in [21], where
the equivalence (2.24) is mentioned but only the estimates based on the primal
residual are considered. Since this equivalence is not relevant for algebraically inexact
solutions, we use both of these estimates and compare their accuracy in concrete
computations (see Section 5).

The primal and dual part of the error identity in (2.22) can be separated, see
e.g. [4]. Exploiting the boundedness of the bilinear form ay, (-, -) in the DG-norm (2.5),
we get

(4.4) J(u—up) =ap(u—up,z—pp) = Z ap(u — up, z — gah)|K
KeTh
< Y llu—unllbe xllz = enllpe.x Ven € S,
KeTh
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where ||-||pg,x is the element-wise analogue of the norm ||-||pg given by (2.5). Due
to this separation, tightness of the estimates is strongly dependent on the choice
of 5. On the contrary, in (2.22) the choice of ¢, is irrelevant but when those errors
are taken into account as in (4.1), then the choice of @) may again influence the
computation process. Therefore, we present three variants of (3.1):

(4.5a) 7 = (W™ (z7), s = () (i),
@5b) A =) -2, ™ =) - ),
(4.5¢) A = () (2 = PP2), 0" = rU) (uf — PPu).

Here P} denotes the L?-orthogonal projection to SY, i.e. for any v € L?(12) it satisfies
Jo PPvpn dz = [, ve, dz for all @), € Sp. Furthermore, we introduce the primal and
dual algebraic error estimates

(6a) 1 =i =)&), " = =) ),

(4.6b) 7 = (V) (PP}, A = () (PP,

Since the exact specification is usually not necessary, we will talk generally about
77&") € {ﬁf),ﬁ&"),ﬁ&")} and 772’(") € {ﬁX("),ﬁX("),ﬁZ’(")}. Let us note that if ugn)
and zgn) satisfy the Galerkin orthogonality (2.9) and (2.21), respectively, then

ﬁén) _ ﬁ%sn) _ ﬁén)7 ﬁ;(n) _ ﬁ;,(n) _ ﬁ;,(n), 77,&”) _ n:(n) —0.
Remark 4.1. We may express the reconstruction of the dual solution with re-
NEFY
spect to an orthogonal basis of the space Szﬂ, i.e. z,J[ = > Zzkpk, where Nﬁ“ =
k=1
> (”Kd+d). Then for ), = P}z we get
KeTn
(4.7) T = ui) = ra(u) (= PD)z!) + raluy) Py )
NPT N?
= Z ZkTh (ugln))(SOk) + Z ZETh (ugln))(wk) .
k=N}+1 k=1

discretization error algebraic error

Then the second term ngn) measures the deviation of ugln) from uy, with respect to

the target quantity while the first measures the discretization error weighted by the
oscillations of the dual solution of degree p + 1. The algebraic errors represent the
oscillation of the lower degrees which have more global behavior and hence may
strengthen the oscillations (changing signs) of the global discretization estimate.
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The reconstruction of the dual solution z;{ used in nén) is affected by algebraic

errors as well. In order to take these into account in practical computations, we

(n)

monitor the value of 7,""" in error estimates based on the primal error identity (4.1)

too.

4.1. Adaptive algorithm. We denote e;, = u — u;, and using the error estimates
(4.5) and error indicators (3.4) we propose the following adaptive algorithm.

Algorithm 1: Adaptive algorithm balancing discretization and algebraic errors

1: initialization: set n = 2TOL;
2: while > TOL do
while 1"’ > C{/ng” and ny™ > O35 do

3

4: perform GMRES iterations for primal problem (2.7);

5: perform GMRES iterations for dual problem (2.12);

6: end

7. if nj&n) < Cgl)nén) then

8: perform GMRES iterations for dual problem until njg’(n) < C’f)nén);
9: use 7 := né"), NK = ng&)(;

10: else

11: perform GMRES iterations for primal problem until 77&") < Cf) ng’(");
12: use 7 1= 77;’("), Nk ‘= 77;:%);

13:  end

14:  according to error indicators ng refine Tp;
15: end

The refinement of the mesh 7; is done either by refining 20% of the elements
with the largest error (HG), which leads to meshes with hanging nodes, or using the
anisotropic strategy (AMA) from [7]. In the latter case the error indicators ng x are
used in order to determine the size of the mesh elements and the approximations of
the p + 1 derivatives of both uj and zj, are used to compute the optimal anisotropy
(ratio and direction) of the triangles.

The purpose of the safety constants 01(41), 01(42) < 1is to suppress the impact of the
algebraic errors on the discretization estimates, since otherwise the error indicators
1Nk would not produce a reasonable mesh refinement. From the numerical exper-
iments, it seems that the primal error estimate né") is more sensitive to algebraic
errors in primal problem (and vice versa for n;’(n)), hence we set 01(41) = 0.01 and
C’f) = 0.1, but in many numerical experiments even the value C’f) = 1 leads to
stable results.
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Remark 4.2. It seems temping to select the more promising of the estimates
ng and 1 (as early as possible) and stop computing the other one. Unfortunately,
having in mind the curves mapping the size of the residual for GMRES, cf. [14],
which can be almost constant and then decrease to zero in one iteration, gives us the
clue that it may not be possible.

5. NUMERICAL EXPERIMENTS

5.1. Example 1. In the first experiment we examine the performance of the

reconstructions for linear Poisson equation

(5.1) —Au = fin ,
u =0 on 09,

in the cross shaped domain Q = (-2,2) x (=1,1) U (=1,1) x (—2,2). We chose
J(u) = Q517" [, jo(z)u(x) dz, where jq is the characteristic function of the square
0y = [1.2,1.4] x [0.2,0.4]. The exact value of J(u) is unknown hence we use the
reference value 0.407617863684 which was computed in [1], Example 2.

First we compare the quality of the presented reconstructions—primal and dual
estimate based on the LS reconstruction (3.5) denoted by n%° and ng’LS, the estimate
based on the LOC reconstruction (3.8) (only primal, see (3.13)) denoted by 7i°
and lastly the computation when the dual problem is solved with globally increased
polynomial degree p + 1 denoted by n;.'.

In Table 1 the actual error measured with respect to the target quantity is com-
pared to the discretization error estimates with effectivity indices measuring the
ratio of ng/J(ern). We see that although the effectivity indices are below one, they
maintain at the same level.

Moreover, Figure 3 shows the decrease of the error J(es) and estimates g when
adaptive refinement is used, and the final mesh for 19 is shown in Figure 4. It
seems that although the estimates based on the local reconstructions underestimate
the true error, the resulting error indicators are not worse than those obtained by
global higher order solution of the dual problem. On the contrary, especially for the
finer meshes they perform even better, since the algebraic error can be more easily
suppressed using the estimates (4.6a).

Further, we focus on the impact of the algebraic errors on the computation. The
solution is computed with piecewise linear approximation on uniformly refined mesh
with 4640 triangles.

Figure 5 shows the algebraically precise discrete solution z,, (left) and its approx-

imation zé") spoiled by algebraic errors obtained by 30 GMRES iterations. The
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p=1
N, J(en) g nge nss ng™®
290 124 x 1072 121x1072 6.39x1073 1.01x1072 9.62x 1073
Goft (0.98) (0.51) (0.81) (0.78)
1160 447 %1073 436x 1073 229x 1073 354x107% 3.45x 1073
Goff (0.97) (0.51) (0.79) (0.77)
4640  1.64x 1072 1.60x 1072 831 x107* 1.29x107% 1.28x 1073
Goff (0.97) (0.51) (0.79) (0.78)
18560 6.18 x 107* 597 x 10™* 3.07 x 107™* 4.82x 10™* 4.80 x 1074
Goft (0.97) (0.50) (0.78) (0.77)
74240  2.35x107* 219x107* 1.17x107* 1.83x107* 1.83x10~*
Gof (0.93) (0.50) (0.78) (0.78)
p=2
Ni J(en) ng s nk® g™
290 1.78 x 1073 1.27x1073 836x107* 454x107% 4.99 x 1074
Toff (0.71) (0.46) (0.25) (0.28)
1160  7.02x 107* 498 x107% 327x107* 1.75x107% 1.79x 10~*
Goff (0.71) (0.47) (0.25) (0.25)
4640 2.80x107% 1.99x107* 129x107*% 7.03x107° 7.09x 107°
Goff (0.71) (0.46) (0.25) (0.25)
18560 1.15x10™% 7.49x107° 5.09x107° 2.80x107° 2.82x107°
Goff (0.65) (0.46) (0.25) (0.25)

Table 1. Example 1—error estimates of the target quantity for p = 1,2 on uniformly refined
meshes.

10-2
103
1074 ¢
1075
106

10-2
103 F
10-4F
1075
106 F

10-7L

10~

Figure 3. Example 1—decrease of J(ep,) and its estimates ng for p = 2 on adaptively refined
meshes.

widest contour line represents the value 10~ so we see that the dual solution z,(Ln)

steadily equals zero in the major part of the domain €, unlike zj,.
This is caused by the local character of the quantity of interest. The right-hand
side of the problem is nonzero only for basis functions having support in € ; and if
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Figure 4. Example 1—Mesh with 14,417 triangles obtained by adaptive refinement based
on the LOC reconstruction with € ; highlighted in yellow.

w w
0.11 021 032 0.1 .21
UL eI

Figure 5. Example 1—algebraically precise dual solution z; (left) and its approximation
after 30 GMRES iterations (right).

0.32
Qv

we take z}(LO) = 0 then it takes many GMRES iterations to spread the information
through the whole computation domain. Since the local reconstruction of a steady
zero would be again the zero function, the resulting error indicators would lead to
refinement only around 2; and not in surroundings of the reentrant corners, where
the refinement is deserving due to the irregularity of the primal solution.
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In Figure 6 the differences in the mesh refinement are exhibited if 20% of the
elements with largest indicators were to be refined—Dblue triangles would be refined
due to algebraic errors while the yellow one should be refined instead. Especially, on
very fine meshes this phenomenon may occur if the algebraic error was not controlled

by (4.6a). A suitable preconditioning may help to overcome this phenomenon.

Figure 6. Example 1—differences in refinement indicators based on ﬁé") after 30 (left) and
180 (right) GMRES iterations using the LS reconstruction (yellow triangles should
be refined instead of the blue ones).

The dependence of the error estimates on the choice of nén) € {ﬁén),ﬁ{sn),ﬁén)},

cf. (4.5), is documented in Table 2 and in Figure 7. Table 2 shows the number of
differently (incorrectly) refined elements (column #) due to the algebraic errors in
né"), ng’("), while Figure 7 shows the decrease of the error estimates for the least-
square reconstruction. Each iteration iter corresponds to 50 iterations of GMRES

for the primal problem and 30 iterations for the dual problem.

100 10° T T T T T T T T
10~2f ~ 10~2f 1\4% N
- - ’* AT 1 -
104 10-4-* B q

L L B

8ol
—6 ", - —6- ™, -
10 ) —— B.E"E ] 10 T g —— E'E%E ]
1078 - ns - X — '-Q.’ - 1078 - ns - X — "E_. _
[ % 5. ] I B ]
=10 npy e feeeee .., - —10}  my eeeee fgeeeee ., -
10 I 771;\ B.'E}'B"E] 10 | nf & B3 &3

4 . | |

10-12 I T T B B 10-12 [ I B

0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Figure 7. Example 1—error decrease during GMRES iterations for the estimates based the
least-squares reconstruction, ﬁén) (left), ﬁén) (right).

The estimates ﬁén), ﬁén) seem to be better for the least squares reconstruction

)

than ﬁ(sn which is very sensitive to algebraic errors. Moreover, it can be seen that
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the primal estimate ﬁ(s ")

while 775"

is more sensitive to algebraic errors in the primal problem,

is more sensitive to errors in the dual problem, which is in agreement

~(n)

Estimates 73"’ work similarly to 7 A(" for LS

The bold Zeros in
~(n)

with experiments performed in [11].
reconstruction and similarly to 7 _(n) for LOC reconstruction.
Table 2 mark the step where Algomthm 15 would stop. Altogether, estimates 7jq
and 775 seem to be the most robust with respect to algebraic errors and can be

used equivalently, cf. Table 2.

iter  #7g Na/Ts Ma/Ts #1s Na/Ms /NS

2 464 3.67 1.76 x 10! 815 247 x 1071 1.18

4 349 1.32 3.08 x 10" 836  4.56 x 1072 1.06

6 45 880 x 1072  1.25x 10 809 7.43x 1073 1.056

8 5 422 x 1073 3.53 665 1.04x 107! 8.73x 107!
10 2 2.00x107% 947 x 107! 414 1.09x107% 5.13x 107!
12 1 9.37x107% 2.60x10"' 130 7.51x107% 2.08 x 107!
14 0 348 x 1077 7.21x 1072 18  323x1077 6.69 x 1072
16 0 231 x 1078  2.16 x 1072 4 224 x 1078 2,10 x 1072
18 0 1.91 x 1078 513 x 1073 0 1.88 x 1078  5.04 x 1073
iter  #ns na/Ns 4/ MNs #1)5 na/ms Ma/15

2 132 5.67 x 10* 2.72 x 102 129 5.53 x 10* 2.65 x 102
4 38 2.06 4.80 x 10! 35 2.03 4.73 x 10!
6 10 9.03x1072 1.29 x 10! 11 891 x1072 1.27x 10!
8 4 422 x 1073 3.53 3 417 x 1073 3.48

10 2 2.00x107% 947 x 107! 1 1.98 x 107*  9.34 x 107!
12 1 9.37 x 1076  2.60 x 107! 0 9.24 x 107  2.57x 107!
14 0 348 x 1077 7.21x 1072 0 3.43x 1077 7.12x 1072
16 0 231 x107%  2.16 x 1072 0 228 x 1078  2.13x 1072
18 0 1.91 x 1078 513 x 103 0 1.88 x 1078  5.06 x 1073

Table 2. Example 1—number of incorrectly marked elements due to algebraic errors (LS re-
construction).

5.2. Example 2. In the second example we investigate the performance of the
described method for the discretization of elliptic problem (2.1) from [16], Example 2.
We set Q = (0,1)% and A = l, where
=Dl )

= g(l—tanh 5

r = \/ (y — —) and § > 0, v > 0 are constants. Further, we suppose
that b = ( y? —4x+1,y+1), c=—-V-b=3, and f = 0. We choose § = 0.01
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and v = 0.05. In this case, the diffusion coefficient ¢ will be approximately equal to

0 in the circle with center [%, %] and diameter i. As r increases over i,

decreases reaching values very close to zero (~ 10716) at the boundary. Therefore,

€ quickly

from the computational view the problem behaves like a mixed hyperbolic-elliptic
problem, since convection is dominating in the region where r > i.

The characteristics associated with the convective part of the operator enter the
domain €2 through the horizontal edge along y = 0 and through the vertical edges
along = 0 and z = 1. We prescribe the Dirichlet boundary condition on this
“inflow” part of the boundary I'p = {(z,y) € 9Q:  =0o0r x =1 or y = 0},

1 ifr=0and 0 <y <1,
(5.2) up = sin2(m:) if0<xz<1and y=0,
e ifr=1and0<y<1,

which leads to discontinuities in the solution. On the rest of the boundary 02\ I'p
we prescribe homogeneous the Neumann boundary condition.

We choose the target functional as an integral over part of the Neumann boundary

0.625
(5.3) J(u) = / u(z, 1) dz ~ 0.324,026,769,433,093.
0.25

Since the exact solution is unknown we used the reference value J(u) computed
with p = 4 on adaptively refined mesh with more than ten thousands elements. We
note that due to steep changes of the coefficients A(x), b(z), the evaluation of the
total error (and hence also of the error estimates ng, 1%) is polluted by the errors in
numerical integration. The estimates of the quadrature errors are not considered in
the presented approach, hence we used an overkill degree of numerical quadrature to
suppress these errors.

The isocurves of the solution are pictured in the left panel of Figure 8. In Table 3
the decrease of the error of the target functional J(ey) is listed together with the
effectivity indices (in brackets) for piece-wise linear DG on adaptively refined meshes.
In the left panel of Figure 9 estimates ngs and 77; are compared to J(ep) when the
anisotropic mesh adaptation method is employed. The decrease of the error is slightly
faster in this case since some number of degrees of freedom can be reduced by the
shape optimization of the triangles. In the right panel of Figure 9 estimates nZ.’LS
and ng° are compared to J(ey) for p = 2 with HG refinement. We can see that
although the decrease of J(ep) is not monotone the error estimates ng are able to
capture its behavior. Note that the ng’LS estimate almost equals the true error on
fine meshes.
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+

loc

*, LS

ng s ngs s

Nh J(eh) Nh J(eh) Nh J(eh) Nh J(eh)

128 2.02x 1072 128 2.02x107% 128 2.02x1073 128 2.02x 1072
(0.96) (0.26) (0.55) (0.90)

203  9.12x107%* 203 1.12x1073% 203 1.37x107% 203 1.48x 1073
(1.04) (0.24) (0.31) (0.80)

323 299x107* 350 6.67x10"* 323 4.40x10"* 338 5.75x 1074
(1.11) (0.56) (0.53) (0.91)

536 1.89x 107* 566 245x107* 518 2.20x107* 560 2.99 x 10~*
(1.00) (0.16) (0.64) (0.77)

899 9.77x107° 938 2.14x10"* 839 153x107* 935 1.13x10°*
(1.04) (0.66) (0.50) (0.93)

1460 5.31x107° 1541 9.49x107° 1367 7.96x 107° 1541 523 x107°
(1.08) (0.20) (0.53) (0.87)

2381 2.17x107° 2543 5.67x107° 2198 2.58 x 1075 2555 2.42x 1075
(0.99) (0.30) (0.94) (1.12)

3809 1.42x 107° 4157 342x107° 3569 1.65x 1075 4160 8.56 x 10~¢
(1.00) (0.47) (0.94) (1.27)

6305 1.00x107° 6755 1.87x107° 5765 1.18x107° 6758 1.02x107°
(1.00) (0.26) (0.89) (0.88)

10223  4.59 x 1076 10961 1.03 x 107®> 9272 5.29 x 106 10958 4.52 x 1076
(1.00) (0.58) (0.80) (0.93)

16475 3.07x 1076 17723 5.12x 1076 14927 3.61 x 1076 17708 3.22 x 1076
(1.04) (0.39) (0.90) (0.97)

Table 3. Example 2—decrease of J(ep) and the corresponding effectivity indices for HG

refinement and p = 1.
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Figure 8. Example 2—primal solution (left) on final mesh (right) after hp anisotropic re-
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Figure 9. Example 2—error decrease for p = 1 anisotropic refinements (left) and p = 2 HG
refinement (right).

Finally, in Figure 10 we present the decrease of J(e;) on adaptively refined meshes
using the error indicators ngs . We compare the results for p = 1,3 using HG
refinement, anisotropic refinement and the results of hp-anisotropic refinement. The
final mesh of this method is shown in Figure 8 on the right. We see that this method
is very efficient reaching J(e;) < 10710 with only 22,861 degrees of freedom.
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Figure 10. Example 2—decrease of the error of the target quantity on adaptively refined
meshes using ngs.

6. CONCLUSION

In this paper, we have presented a complex strategy for estimating the computa-
tional errors with respect to some given quantity of interest. We described an adjoint
consistent discontinuous Galerkin discretization of the linear convection-diffusion-
reaction problem and introduced goal-oriented estimates for both the discretization

and algebraic errors.
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Two kinds of local reconstructions of the DG solution were proposed. Our method
suffers from the common deficiency of DWR, approach—due to the approximation
of the dual solution z we cannot provide guaranteed upper bound for the error of
the quantity of interest. On the other hand, it provides results comparable to the
approaches based on globally higher order solutions, but due to the local character-
istics of the reconstructions it can be computed much faster and straightforwardly in
parallel. The main advantage of the presented strategy is its application to the error
indicators driving adaptive mesh refinement, where it provides very reliable results.

Further, we described the influence of the algebraic errors on the estimates based
on the primal and dual residual, respectively, and we introduced a stopping criterion
keeping the algebraic errors controlled by the discretization estimate. In this way
the algebraic system may be solved efficiently with satisfactory accuracy with respect
to the quantity of interest. On coarse meshes even quite inaccurate solution of the
algebraic problem is sufficient while on fine meshes the algebraic error estimate gives
us a valuable information about the level of precision which has to be reached.
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