Nested dual-residual a posteriori error estimators for
advection-diffusion-reaction problems *

Stefano Micheletti? and Simona Perottof

30th August 2005

# MOX— Modellistica e Calcolo Scientifico
Dipartimento di Matematica “F. Brioschi”
Politecnico di Milano
via Bonardi 9, 20133 Milano, Italy

{stefano.micheletti,simona.perotto}@mate.polimi.it

Keywords: Goal oriented a posteriori error analysis, residual based error es-
timators, mesh adaption, advection-diffusion-reaction problems, finite element
method.

AMS Subject Classification: 65N15, 65N30, 65N50

Abstract

In this work we introduce a fully computable dual-based a posteriori
error estimator for standard scalar advection-diffusion-reaction problems.
In particular, such an estimator does not depend on neither the primal nor
the dual exact solution, but only on the corresponding Galerkin finite ele-
ment approximations. This new approach merges the main advantages of
the dual-based and of the residual-based error analysis, being devised as a
residual-based estimator “nested” in a dual-based one. This allows us to
explicitly approximate suitable functionals of the solution, in the spirit of
a classical goal-oriented analysis, at the same cost as a dual-based strat-
egy, the solution of two differential problems being involved. The related
issue of optimal mesh adaptivity is also addressed. Several two-dimensional
numerical test cases validate the proposed theory as well as the employed
adaptive procedure.

*This work has been supported by the Project COFIN 2003 “Metodi Numerici per Appli-
cazioni Avanzate in Meccanica dei Fluidodinamica ed Elettromagnetismo”.



1 Introduction and motivations

Nowadays mesh adaptivity finds a large following in many engineering applica-
tions where the numerical solution of partial differential equations is required.
The basic idea is to reduce the computational cost involved in the numerical
approximation of the phenomenon at hand, by suitably distributing the mesh
elements to better capture the nonsmooth behavior and the directional features
(shocks, boundary and internal layers, singularities, etc.) of the exact solution
u. We may distinguish the different approaches employed for mesh adaptivity
in heuristic and theoretically based adaption techniques. In the first class, the
gradient or the Hessian of the numerical solution is typically employed to drive
the mesh adaption procedure. For instance, this is the case of the well-known
Zienkiewicz-Zhu error estimator [33, 34, 35]. The second group consists of more
theoretically sound techniques, moving from suitable a priori or a posteriori es-
timators for the discretization error. In this framework the specific literature
is broad (see, e.g., [1, 5, 6, 8, 13, 19, 28, 32]). Among the approaches based
on a posteriori error estimates, the most known are the so-called residual-based
and dual-based estimators (as reviewing works see, for example, [1, 32] for the
first ones and [8, 19] for the second ones). The residual-based analysis has the
advantage of providing fully computable and easily implementable estimators.
However, only the energy norm of the discretization error can be controlled in
such a case. On the contrary, the dual-based estimators are more flexible, since
linear or nonlinear functionals J(u) of the solution can now be controlled, via
the resolution of a suitable adjoint problem. These functionals are typically as-
sociated with quantities significant in engineering applications, known as goal
or target quantities: meaningful examples are the lift and drag around bod-
ies in external flows or mean and local values in computational fluid dynamics,
the torsion moment, the point-wise stress or the surface tension in structural
mechanics, the total output electrical current in a semiconductor device in mi-
croelectronics. Nevertheless, these estimators suffer the limitation to be not
thoroughly computable. In more detail, let us suppose to have at our disposal
a discrete solution uj, to u, for example a Galerkin finite element solution, so
as to approximate the goal quantity J(u) via the value J(uy). In this case, the
well-known Dual Weighted Residual (DWR) theory (see [7, 8]) provides us with
an error estimator n for the functional error J(u) — J(uy) of the form

n= Z pK(uh) wK(z),
KeT,
or, more in general,
1 1
=5 O pxlm) k(=) +5 S pr(a)wrlw), o
KeT, KeT,

pr(up), pr(zn) and wi(u),wk(z) being suitable residuals (depending on the
computable numerical solutions up, z,) and weights (associated with the exact



primal and dual solutions w and z), respectively. Thus, while the elemental
residuals px (up) and pg(zp,) can be computed explicitly, the weights w g (u) and
wk (z) have to be suitably approximated, at the price of increasing the overall
computational burden. Different strategies have been pursued in the literature to
replace the unknown solutions u and z with sufficiently “fine” approximations
[8, 19], the error introduced in this last step remaining however not precisely
assessed.

Aim of this work is the derivation of a fully computable dual-based a posteriori
error estimator, merging the main advantages of both the dual-based and the
residual-based analysis, at the same cost of the most expensive approach, i.e.
the dual-based one. We name this new estimator as nested dual-residual, being
devised, as shown later, as a residual-based estimator “nested” in a dual-based
one.

Let us briefly explain the idea behind such an approach. Assume that the primal
and the dual problems have the following structure

Lu=f, Lz =y,
+b.c., +b.c.,

respectively, where £ and L* represent the primal operator and its adjoint form,
f and g denote the primal and the dual source term, and b.c. stands for some
prescribed boundary conditions. The goal quantity can thus be written as the
linear functional

J(u) = Q/gudx.

To begin, we derive the functional error representation

J(u—uh):9/f(z—zh)dx+(l—9)/g(u—uh)dx, (2)
Q

Q

with 0 < 6 < 1 an arbitrary constant, and wu; and z, suitable Galerkin ap-
proximations to u and z. The right-hand side of (2) provides us with a quantity
which, though exact, is not computable, due to the presence of the primal and of
the dual discretization errors. To overcome such a limitation, we first exploit the
Cauchy-Schwarz inequality to get a bound for |J(u —uy,)| involving the L?-norm
(or the H'-norm) of both (u —wuy,) and (z — zj). Then, these errors are bounded
in turn, simply by using standard residual-based a posteriori estimators. The
resulting quantity is thus thoroughly computable.

The considered numerical test cases confirm the good quality of this new es-
timator. Moreover the same idea has been generalized to the model adaption
framework, yielding, also in this case, satisfactory results [11].

The outline of the paper is as follows. In § 2, we introduce the basic idea
of the nested dual-residual analysis on the standard Poisson problem. In § 3



we generalize this framework to a standard scalar advection-diffusion-reaction
equation. The iterative procedure used to drive the mesh adaptivity is discussed
in § 4. The numerical validation is carried out in § 5 for both the Poisson and
the advection-diffusion problems. Some conclusions and perspectives are drawn
in § 6, while in the Appendices A. 1. and A. 2., self-contained results on the a
posteriori analysis and some issues about optimal mesh generation are addressed.

2 The reference problem

To detail the idea behind the a posteriori error analysis proposed in this paper,
let us move from a model problem, namely the standard Poisson problem. In § 3
we generalize this analysis to the more significant advection-diffusion-reaction
framework. In such a case the issue of the stabilization makes the presentation
of our new approach less immediate. Moreover, while for the Poisson problem
two optimal (with respect to the convergence rate) nested a posteriori error
estimators can be derived, according to the regularity of the solution, only an
optimal error estimate has been rigorously proved for the advection-diffusion-
reaction problem.

Thus let us introduce, as primal problem, the standard Poisson equation
provided with homogeneous Dirichlet boundary conditions

{ —Au=f in €,

3
u =0 on 01, )

where Q is a domain in R? (with d = 2,3) with Lipschitz continuous boundary
0Q, and f € L%*(Q) is the given source term. In the sequel Q always coincides
with a polygonal domain.

Throughout, we adopt the standard notation H*(Q2) to denote the Sobolev
spaces of functions with Lebesgue measurable derivatives [22]. In particular,
notice that the space H°(f2) coincides with the space L?(Q) of square-integrable
functions, while H}(€2) stands for the closure in H'(2) of the space 2(2) of
infinitely differentiable functions with a compact support in €2. Moreover, from
the Poincaré-Friedrichs inequality, it follows that the H'-seminorm is a norm on
H}(9), equivalent to the norm of H(Q).

In view of a finite element approximation of problem (3), let us introduce
the corresponding weak form which reads as: find u € V = H{(Q) such that

/Vu-VvdX:/fvdx, Yv eV, (4)
Q Q

with x = (2;)T € Q, fori =1,...,d.

Let {73}, be a family of conforming triangulations of Q into triangles K
of diameter hy < h, where h = maxge7, hx. Each element K can be viewed

4



as the image, via an invertible affine mapping Tk, of the reference triangle K ,
usually chosen as the right triangle (0,0), (1,0),(0,1) or as the equilateral one
(-1/2,0),(1/2,0),(0,v/3/2). Now let V}, C V denote the finite element space
of continuous affine functions [9]. Then the discrete form associated with (4) is
given by: find up € V3 such that

/Vuh -V, dx = /f vp, dX, Yoy, € V. (5)
Q Q

Simply by subtracting (5) from (4), for the choice v = vy, we get the so-called
Galerkin orthogonality property

/Veh -V, dx = 0, Yy, € Vy, (6)
Q

en = u — uy, being the discretization error associated with the primal problem
(3).

As we are interested in a goal-oriented analysis [7, 8, 18, 19, 24, 28, 29, 31],
let us introduce the linear goal functional J : V — R, identifying the quantity

we aim to control. Such a functional is related to the source term of the dual
problem associated with (3), whose weak form reads as: find z € V' such that

/V@-Vde:J(gp), Vo e V. (7)
Q

According to the theory in [23], let us assume that the representation

J(g) = / gpdx, (3)

Q

holds for the functional J, g being a suitable function in L?(Q2). Equality (8)
allows us to provide the differential form of the dual problem (7), given by

—Az=g in £,
z=0 on 01,

9)
i.e., to rewrite the weak form (7) as

/V@-Vzdxz/ggodx, Yo e V. (10)
Q Q

Remark 2.1 The choice (8) for the output functional J makes the choice of the
space V' for the adjoint problem (7) consistent with the theory in [18].



To discretize the dual problem (7), let us exploit the same scheme adopted for
the primal problem. Notice that this choice simplifies the numerical validation,
a single computational mesh being involved. Thus the discrete form of the dual
problem reads as: find z;, € V}, C V, such that

/Vgoh -Vzpdx = J(ep) <: /g ©Oh dx), Yoo € V. (11)
Q Q

Remark 2.2 Moving from the goal functional representation (8), both the weak
and the discrete forms, (10) and (11) can be expressed in terms of the same
function g. Alternatively, some suitable finite dimensional approximation of g
may be employed in (11).

Analogously to (6), by subtracting (11) from (7), for the choice ¢ = ¢, we
get the Galerkin orthogonality property referred to the dual problem, given by

/Vgph -Vep dx =0, Yo, € Vi, (12)
Q

where ej = z — 2z, stands for the discretization error associated with the dual
problem (9). In the sequel, we refer to properties (6) and (12) as to the primal
and the dual Galerkin orthogonality, respectively.

2.1 Preliminaries 1: interpolation error estimates

In view of the a posteriori analysis below, let us first recall some classical results
related to the finite element interpolation error theory.

In more detail, let IIj, : C°(Q) — Vj, and I}, : L*(Q) — V}, be the standard
Lagrange and Clément affine interpolants, respectively, Il and Ix denoting the
corresponding restrictions to the general element K € 7}, [9, 10]. Moreover, the
definition of the Clément interpolation operator leads us to introduce the patch
Ak ={Urer, T : TNK # 0} of all the elements sharing (at least) a vertex with
K. In the sequel we assume the cardinality of any patch Ag to be uniformly
bounded, independently of the geometry of the mesh, i.e., there exists a positive
integer N such that, for any K € 7j,

card(Ag) < N. (13)

Notice that with this requirement we are essentially avoiding too thin triangles
in the computational mesh 7},.

The following local interpolation error estimates represent a significant in-
gredient for the a posteriori analysis of both § 2.3 and § 3.2.



Lemma 2.1 Let v € H*(K), for any K € Ty, with 0K denoting the boundary
of the element K. Then there exist two positive constants C; = C;(K,d), with
i =1,2, such that

IN

||U—HK(U)||L2(K) 51 h%{|U|H2(K),

e (14)
[v =Tk ()llz200x) < Cohi™ [v[m2(xy-
Concerning the Clément interpolant, the following inequalities can be proved.

Lemma 2.2 Let v € HY(2). Then there exist three positive constants C; =
C;(K,d,N), with j = 1,2,3, such that

v = Ik()l2)y < Crhr |vlgag),
o = I () 20k) < Cohl® [olliian), (15)
V(0 = Ik @)l2w) < Cslvlaag),

N being defined according to (13).

Remark 2.3 Results similar to the ones in Lemma 2.2 hold also for Clément-
like interpolants, whose general expression is given by

L) = 3 (P)(ag) v,

ajENh

withv € H'(Y), where Ny, = {a;} denotes the set of all the mesh nodes, 1; is the
general nodal basis function, while with P; we mean suitable local L?-projection
operators over a proper patch of elements Aa, associated with the node aj. The
choice of such a patch identifies the different Clément-like interpolation operators
[2, 10, 30].

2.2 Preliminaries 2: residual-based a posteriori analysis

The second essential ingredient for the analysis in § 2.3 is represented by some
standard results of the residual-based a posteriori error analysis for the Poisson
problem (3) [13, 32].

Let us begin by recalling the a posteriori estimate with respect to the H!'-norm.

Lemma 2.3 Let u and uy be the solution of the weak Poisson problem (4) and
of the corresponding discrete formulation (5), respectively, and let ey, = u — up,
denote the associated discretization error. Then there exists a positive constant



C* =C0* (I?, d,N,Cp), with Cp the Poincaré constant and N defined according
to (13), such that the following error estimate holds:

1/2
fenliroy < 0 (3 Lowtan)?) (16)

KeTy,
where 1 9
i 1/2 Up,
pictun) = e [ Cm) ) + 503 [ [F] o thy
is the elemental primal residual term, with ri(up) = f + Auy the internal

residual associated with the primal problem (3), and where [Qup/On] stands for

the jump of the normal derivative of up over the boundary 0K of the element
K.

For the sake of completeness, we provide the proof of estimate (16) in Ap-
pendix A. 1. Due to the self-adjoint nature of the Laplace operator, a result
similar to (16) can be stated moving from the dual problem (9).

Lemma 2.4 Let z and zp, be the solution of the weak Poisson problem (10) and
of the corresponding discrete formulation (11), respectively, and let e} = z — zp,
denote the associated discretization error. Then there exists a positive constant
C* =C0* (I?, d,N,Cp), with Cp the Poincaré constant and N defined according
to (13), such that the following error estimate holds:

1/2
ekl < € ( 3 [p}(zm?) ()

KeT,

where 5
ﬁ} ‘ 19
o (19)
is the elemental dual residual term, with rj.(zp) = g+ Az, the internal residual
associated with the dual problem (9), and where [0z}, /0n] stands for the jump of

the normal derivative of zp, over the boundary OK of the element K.

. . 1 .1/2
px(zn) = hic |75 ()l 2 ) + 3 MK H [ 12(0K)

Via the well-known Aubin-Nitsche trick (see [4, 26]), a residual-based a posteriori
error control can be derived also with respect to the L?-norm.

Lemma 2.5 Let Q coincide with a convex polygonal domain. Let u and up be
the solution of the weak Poisson problem (4) and of the corresponding discrete
formulation (5), respectively, and let e, = u — uy, denote the associated dis-
cretization error. Then there exists a positive constant Cy, = C'**(I? ,d), such
that the following error estimate holds:

1/2
lenllzaay < Con ( S [hi pK<uh>12) , (20)

KeT,
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where the elemental primal residual term pg(uy) is defined according to (17).

As also Lemma 2.5 refers to the well-established a posteriori analysis for the
Poisson problem, we confine the corresponding proof into Appendix A. 1. A
similar result can be stated in the dual framework:

Lemma 2.6 Let Q coincide with a convex polygonal domain. Let z and zj be
the solution of the weak Poisson problem (10) and of the corresponding discrete
formulation (11), respectively, and let e; = z — z,, denote the associated dis-
cretization error. Then there exists a positive constant Cy, = **(I? ,d), such
that the following error estimate holds:

1/2
ek llzae < Cu ( S [hi p}(zm?) , (21)

KeTy,

where the elemental dual residual term pj.(2p) is defined according to (19).

We have now all the ingredients necessary for the nested a posteriori analysis of
the Poisson problem.

2.3 The a posteriori analysis

Let us recall that our actual goal is to approximate the goal quantity J(u) with
the approximate value J(up). At the same time, we would like to provide a
fully computable (a posteriori) estimate for the error J(ep) = J(u) — J(up), so
as to guarantee that the value J(uj) differs from the exact one J(u) within a
prescribed tolerance 7. As stated in § 1, this aim is pursued by introducing a
new kind of a posteriori error estimator, identified as nested dual-residual.

A first example of such an estimator is provided by the result below.

Proposition 2.1 Let u and up be the solution of the weak Poisson problem
(4) and of the corresponding discrete formulation (5), respectively, e, = u — up,
denoting the associated discretization error. Let J : V. — R be the goal linear
functional we are interested in. Then there exists a positive constant C** =
C’**(IA(,d, N,Cp), with Cp the Poincaré constant and N defined according to
(13), such that

1/2
J(en)| < C* { e|rf|rm(m(2[p;<<zh>12>

KeT,

1/2
n <1—6>rg||m)<Z[pmm) } (22)



where the elemental primal and dual residual terms pg (up) and pj(zp) are de-
fined according to (17) and (19), respectively, while § € R is a suitable constant,
with 0 < 0 < 1.

Proof. Let us suitably rewrite equation (7), after identifying the generic function
¢ € V with the primal discretization error ep:

J(ep) = /Veh -Vzdx = G/Veh -Vzdx+(1-10) /Veh -Vzdx, (23)
Q Q Q

—_——— —_———
A) (B)

with 6 to be properly chosen. We analyze separately the two terms (A) and (B) in (23),
starting from (A). By exploiting the primal Galerkin orthogonality (6), we get

(A)

/Veh -Vzdx = /Veh -V(z —wvp)dx
Q Q (24)
= /Vu-V(z—vh)dx—/Vuh-V(z—vh)dx,

Q Q

with v, € Vj,. Now, by choosing v, = 2z, and thanks to the dual Galerkin orthogonality
(12), with ¢p, = up, , we have that the last term in (24) is identically equal to zero. We
remark that the choice made above for the functions vy and ¢j is coherent with the
employment of the same discrete space Vj, namely of the same mesh 7, for both the
primal and the dual problems. Thus, via (4), we obtain

(A) = /Vu -Vej, dx = /f ey, dx. (25)
Q Q
Now let us consider the term (B). The weak form (10) immediately yields
(B) = /Veh -Vzdx = /g ep, dx. (26)
Q Q

Notice that the approach followed to rewrite terms (A) and (B) is different: no Galerkin
orthogonality is exploited in the second case. By inserting relations (25) and (26) into
(23), we derive

J(en) =0 [ ferdx+(1—0) [ gendx. (27)
/ /

The relation above provides us with an exact representation of the error J(ep). However
it is fully useless as depending on the (unknown) exact primal and dual solutions u and z.
The idea is to make this expression helpful from a computational viewpoint, by suitably
rewriting the right-hand side of (27) in terms of (discrete) computable quantities only.
Thanks to the Cauchy-Schwarz inequality, we immediately get

[T (en)] < 01l fll L2 llenllzz(e) +(1 = 0) gl 2() llenllL2) - (28)
N—— N——
(©) (D)
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The terms (C) and (D) can now be explicitly computed by means of proper residual based
a posteriori error estimators. In more detail, the (standard) regularity requirements
made in the primal and dual weak formulations (4) and (7), respectively (u,z € H}(12)),
lead us to resort to residual based a posteriori error estimates for the norms ||e}; || g1 (q)
and [lep || g1 (@) (see Remark 2.5 for more details), as it trivially follows that

[J(en)| <O fll2) llenllar @) +(1 —0) llgllz2 ) lenll @) - (29)
—— ——

(©) (D)

Thanks to inequalities (18) and (16), we get result (22), where C** is defined as in
Lemmas 2.3 and 2.4. ]

Remark 2.4 A heuristic recipe to suitably choose a value for the constant 0 in
(22) is suggested in the sequel (see § 4.2).

Up to the constant C**, the right-hand side of inequality (22) provides us with
an explicitly evaluable estimator for the functional error J(ey), given by

1/2 1/2
7mmfmmm(2wwmﬁﬂkmmm<2mmmﬁ-
KeTy, KeT,

(30)
As well as for the estimation (1), a balance between the contribution of the
primal and of the dual problem characterizes such an estimator, the primal and
the dual residual terms being weighted by the data (the forcing terms) of the
dual and of the primal problem, respectively. Moreover, notice that the explicitly
computable nature of estimator (30) is obtained without demanding additional
data or the resolution of extra discrete or differential problems.

An alternative nested dual-residual a posteriori estimator for the error J(ep)
can be derived by directly bounding the L*norms [e} || 2(q) and [ex]|r2(q) in
(28). The corresponding result is stated in the following

Proposition 2.2 Let 2 coincide with a convex polygonal domain. Let u and up
be the solution of the weak Poisson problem (4) and of the corresponding discrete
formulation (5), respectively, e, = u — uy, denoting the associated discretization
error. Let J : V. — R be the goal linear functional we are interested in. Then
there exists a positive constant Cyy, = **(I? ,d), such that

1/2
U@Msa{mmm(wawmﬁ

KeT,

1/2
+awmmmbawwmw)}

KeTy,

(31)

where the primal and the dual residual terms pi(up) and pj(zp) are defined as
in (17) and (19), respectively, while § € R is a suitable constant, with 0 < 6 < 1.

11



Proof. We exactly follow the proof of Proposition 2.1 till inequality (28). Then it
suffices to estimate the terms (C) and (D) via the residual based error estimates (21)
and (20), respectively, the constant C. being defined as in Lemmas 2.5 and 2.6. O

Moving from inequality (31), we have at our disposal another fully computable
estimator for the functional error J(ey,), represented, up to the constant C.., by

1/2
M ested = e||f||L2(m< ) [hm}(zh)]?)

KeTy,

1/2
-0 gl ( S [hi pK<uh>12) )

KeTy,

A balance between the primal and the dual problems characterizes this estimator
as well as 7711:) nested:

Remark 2.5 Both the choices (30) and (32) for the error estimator of the func-
tional error J(ep) have advantages and drawbacks. Essentially, while with the
estimator (32) we gain an order with respect to the convergence rate, we are im-
plicitly requiring, via the Aubin-Nitsche trick, more reqularity on the solutions u
and z of the weak problems (4) and (7) (an H?-regularity instead of the standard
H?', sufficient to derive nkmesmd}. On the other hand, moving from (28) to (29),
we are loosing some information. Thus estimator nlD nested S, 1M some Sense,
defective. 7

Remark 2.6 The dual Galerkin orthogonality (12) plays a two-fold role in the
analysis above. It is essential to suitably rewrite the term (A), when passing from
(24) to (25), while, at the same time, it is used to derive both the residual-based
estimates in Lemmas 2.4 and 2.6 (see Appendiz A. 1.).

3 Generalization to an advection-diffusion-reaction
problem

Let us generalize the a posteriori analysis in the previous section to the stan-
dard scalar advection-diffusion-reaction problem, completed with homogeneous
Dirichlet boundary conditions:

—pAu+B-Vu+au=f in Q,
u=20 on 0,

(33)

where 2 and 99 are defined as in (3), while the source f € L%(Q), the diffusivity
p € RT, the advective field 8 € (W1H>(Q))?, with V-3 = 0, and the reaction
coefficient v € L*°(Q), with v > 0 a.e. in (2, are given data. What makes

12



this analysis more complex compared with the one of the previous section is
essentially the employment of a stabilized scheme to discretize the problem under
investigation.

The weak form associated with (33) is: find u € V = H}(Q) such that, for
any v € V,

pVu-Vodx+ [ (B8-Vu+au)vdx = [ fodx. (34)
frevsn Q/

Q Q

Remark 3.1 The requests made on the data of problem (33) guarantee both the
continuity and the coercivity of the bilinear form identified by the left-hand side
of (34). In particular, the coercivity property is exploited in the a posteriori
analysis of § 3.1, the corresponding coercivity constant being denoted with c,.

In view of an advection-dominated problem, let us discretize the weak form
(34) by projecting onto the space V}, C V of continuous piecewise affine finite
elements and by stabilizing through the SUPG method [15]. Notice that, due
to the choice made for the finite elements, all the standard stabilized techniques
actually do coincide with each other. The discrete form thus reads as: find
uy, € Vp, such that, for any vy, € Vj,

/,uVuh -V, dx + /(ﬁ - Vup, + aup)vp dx

Q Q
+ Z TK /(—uAuh + 8- Vu, + auy) (8- Vo) dx (35)
KeT,

_ /fvhdx+ 3 TK/fw-wh)dx,
K

Q KeTy,

Ti denoting the element-wise stabilization parameters defined according to [15].
To shorten the notations, we introduce in the sequel the stabilized bilinear and
linear forms A, : V x V — R and F; : V — R, respectively, given by

A (u,v) = uVu-Vodx+ [ (B-Vu+ au)vdx
[
+ Z Tk [ (—pAu+B-Vu+au) (8- Vv)dx, (36)
KeT,
F.(v) = /fvdx+ Z TK/f(,B-Vv)dx,
Q KeTy, K

with «w and v functions smooth enough. Thus problem (35) can be rewritten as:
find up € V}, such that, for any vy, € V3,

AT(uh, vh) = FT(’Uh) .

13



Notice that the exact solution u to (34) satisfies A (u,v) = F,(v), for any v € V,
provided that u has extra regularity, namely u € V with Au|x € L?(K), for
any K € T;,. For example, u € H?(Q) fits this framework. Whenever this
extra regularity is guaranteed, a standard Galerkin orthogonality property (the
analogous of (6)) holds, that is we have

AT(eh,vh) =0, Yo, € Vy,, (37)

with e;, = u — uy the discretization error associated with the primal problem
(33). In general, if no extra regularity is demanded, u satisfies the equality

Ap(u,v) = Fy(v), YveV, (38)

Ap and Fj being the non-stabilized bilinear and linear form, respectively, ob-
tained simply by choosing in (36) 7 = 0, for any K € 7;,. In such a case
relation (37) is replaced by the (weaker) Galerkin orthogonality property

Ao(en, vp) = /,uVeh -V, dx + /(ﬁ -Vep + aep)vp dx

Q Q
= ) TK/(—MAthrﬁ'VthrOéuh—f)(ﬂ'Vvh)dX’
KeT, K

(39)
obtained simply by subtracting (35) from (34), tested against v = vy, for any
vp, € Vi The extra regularity asked for guaranteeing relation (37) is difficult to
obtain in practice. For instance, when mixed boundary conditions complete the
advection-diffusion-reaction equation in (33), no H2-regularity can be assured
on u.

Remark 3.2 Relation (37) tacitly implies the stabilization of the weak form
(34). This idea may sound a little bit odd, if one is used to associate the con-
cept of stabilization with the discrete setting. However, notice that the extra
reqularity demanded to have (37), automatically guarantees A, (u,v) = Ag(u,v),
for any u,v € V. On the other hand, the stabilization of the weak form is a
rather widespread approach adopted for the a posteriori analysis of an advective
(or, more in general, a hyperbolic) problem, with the aim of deriving estimates
optimal with respect to the convergence rate (see, e.g., [8, 19, 21]).

In view of the a posteriori error analysis of § 3.2, let us introduce the dual
problem associated with the weak form (34), given by: find z € V such that

Aj(z0) =J(p) Ve eV, (40)

with J : V — R the linear functional defining the target quantity we are in-
terested in, and where Af : V' x V — R denotes the adjoint form to Ag, such
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that Ag(u,v) = Ao(v,u), for any v and v € V. As in § 2, let us assume that
the quantity J(p) can be represented in the form (8), for a proper choice of the
function g € L2(Q). The differential form of the dual problem (40) can thus be
stated as

—puAz—-pB-Vz+az=g in Q,
(41)

z=0 on 0f),

as well as the weak form (40) rewritten as: find z € V' such that

/,qu-Vnpdx—/(,B‘Vz—az)godx:/ggodx Yo e V. (42)

Q Q Q
The analogue of Remark 2.1 still holds in the advective-diffusive-reactive frame-
work. Notice the reverse direction of the dual advective field with respect to the
primal one. On the other hand, if the primal problem is advection dominated,
the dual problem preserves such a feature. This justifies the employment of the
stabilized SUPG method also to discretize problem (42). We get: find 2z, € V},
such that, for any ¢ € Vj,

/ ¥z, - Vipp dx — / (B Vzn — az)pndx
Q Q

+ Z TK /(—quh —B-Vzp+azy) (=6 -Vep)dx (43)
Kel, i

= /gsohdx + > TK/g(—ﬂWh)dX-
Q KeTy, K

Without requiring extra regularity on the dual solution z, a property similar to
(39) can be stated in the dual framework. Simply by subtracting (43) from (42),
with ¢ = @y, for any ¢, € V},, it follows that

Ax(el, on) = /We;:-whdx— / (8- Vei, — ach)pn dx

Q Q
= Z TK/(—MAZh—,@'VZh+OéZh—9) (=B Vep)dx,
KeT, K
(44)
with ej = z — 2, the discretization error associated with the dual problem

(41). Likewise to relation (37), we can state a standard Galerkin orthogonality
property (A%(ey,pn) = 0, for any ¢, € V},) also for the dual problem, pro-
vided that extra regularity is demanded on the solution z of (42). For the same
reasons furnished in the primal framework, we decide to exploit the (weaker)
Galerkin orthogonality relations (39) and (44) for the primal and the dual prob-
lem, respectively, thus referring to them as to the primal and the dual Galerkin
orthogonality.
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Remark 3.3 The choice of the same discrete space V}, for both the primal and
the dual problems leads to a possible weak point of our analysis, i.e., the employ-
ment of the same computational grid for two problems with advective fields of
opposite direction. However this is not so an unusual approach in the literature
(see, for instance, [8, 19]). From a computational viewpoint, a reasonable choice
18 to move from an initial uniform mesh 7y, taking into account the directionali-
ties neither of the primal nor of the dual problem. This is the approach followed
n § 5.

3.1 Preliminaries: residual-based a posteriori analysis

In the same fashion as for the Poisson problem, basic ingredients for the a
posteriori analysis in § 3.2 are the interpolation error estimates (14) and (15)
together with suitable a posteriori residual-based error estimators for the primal
and the dual problems (33) and (41), respectively. Since the derivation of these
last estimates is less immediate with respect to the corresponding analysis of
§ 2.2, we provide the corresponding complete proofs just below, without confining
them in the Appendix A. 1.

Lemma 3.1 Let u and up be the solution of the advection-diffusion-reaction
problem (34) and of the corresponding discrete formulation (35), respectively,
and let ep, = u — uy, denote the assoczated discretization error. Then there exists
a positive constant C** = C’**(K d,N,cy), with co the coercivity constant asso-
ciated with the bilinear form Ag(-,-) and N defined according to (13), such that
the following error estimate holds:

N 1/2
lenllme < & ( 3 [5K<uh>12) , (45)
KeTy,

where

ol ]

(46)

pr(un) = (hic + 7 1Bl Loo (1)) 117 (un) || L2 (i) T3 h L2(9K)

defines the elemental primal residual term, with ¥ (up) = f+ pAup —B-Vuy —
auy the internal residual associated with the primal problem (33), and where
[Oup,/On] stands for the jump of the normal derivative of uj over the boundary
OK of the element K.

16



Proof. Let us move from the equalities below:

Ag(ep,v) = /uVeh -Vudx + /(,@ -Vep + aep)vdx

Q Q

:/uV(u—uh)-V(U—vh)dx+/(ﬂ-V(u—uh)—i—a(u—uh))(v—vh)dx

Q Q
+ Z TK/(—uAuh—i—ﬁ-Vuh—i—auh—f) (B - Vo) dx

KeT,
:/f(v—vh)dx—/,uVuh-V(v—vh)dx—/(ﬁ-Vuh—i—ozuh)(v—vh)dx

Q Q

+Z TK/ (—pAup + B - Vup +aup — f) (8- Vuy) dx

KeTy,
= Z /(f—i—,uAuh—B-Vuh—ozuh)(v—vh)dx

KeT,
- TK/(f—i-,uAuh—B-Vuh—ozuh)(,ﬂ-Vvh)dx—%u/{%] (v—vh)dv},

K oK

(47)
with v € V, and where we have essentially exploited the primal Galerkin orthogonality
(39) together with the weak form (34). Via the Cauchy-Schwarz inequality and thanks
to the interpolation error estimates (15); and (15)2, we have

Aoen, o) < 3 {IFacCun) ey o = vl

KeTy,
8uh ~
451 (52 I~ ol + 7 i Can) a2 18 Vel
dup, 1/2
< 3 {cwnllzeo O hac ol s+ 0 |G| Co P ol o

KeTy,
7 e un) | sy 18- VI (o) 2 -

after choosing v, = Ij,(v) and introducing the definition of the internal residual 75 (up,).
Let us consider separately the norm |3 - V15, (v)||2(x)

18- VI (@)l 2() < 1Bl (0 { IV (Tn(0) = 0) | 2010) + IV0l 20 |

< 118l =i0){ Cs ol ) + IVlla2) } < (Co+ 1) 181wy o1 a0

estimate (15)3 having been used. Thus we get

ofen ) <€ Y dictun) ollma) <€ (3 ) (X llnan)

KeTy, KeT, KeTy,

(48)

with C' = max(Cy, Cq, C3+1), px (up,) defined as in (46), and where the discrete Cauchy-
Schwarz inequality has been exploited. Now, as

1/2
(D lnan) < VN vl (49)

KeT,
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with N defined according to (13), we can state that

N _ 1/2
[Aoen ) < (X Brcn)?) " vl o,
Ke,z’h

with C* = CV/N. Taking v = ey, we obtain

~ _ 1/2
[Ao(ensen)l < C (2 prcn))?) " llenlla o).
KeT,

Thanks to the coercivity of the bilinear form Agy(-,-), we have

2 Yk ~ 2 1/2
callenll3pa ey < [ofensen)] < € (7 rc(wn)®) " llenllm oy
KeTy,
ca being the coercivity constant, i.e., the desired result (45) after simplifying e || g1 (o)
and by choosing C** = C*/c,,. O

Remark 3.4 For both the convective and the diffusive dominant regimes, the
factor (hg+7k ||,6||L00(K)) multiplying in (46) the L?-norm of the internal resid-
ual T (up) is an O(hk), Tk being an O(hk) and an O(h3.) in the convective
dominant and in the diffusive dominant case, respectively.

A residual based a posteriori error estimator with respect to the H'-norm
is required also for the dual problem (41). A proof exactly equal to the one of
Lemma 3.1 leads to the following result:

Lemma 3.2 Let z and z, be the solution of the advection-diffusion-reaction
problem (42) and of the corresponding discrete formulation (43), respectively,
and let ej = z — zp, denote the associated discretization error. Then there exists
a positive constant C** = 6’**(1?, d,N,cqy), with cq the coercivity constant asso-
ciated with the bilinear form Ag(-,-) and N defined according to (13), such that
the following error estimate holds:

N 1/2
ekl < O ( 3 [ﬁ%(%)?) , (50)

KeTy,
where
8Zh
- 51
on } ‘ L2(0K) (51)
defines the elemental dual residual term, with 7} (z) = g+p Az, + 8-V, —azp
the internal residual associated with the dual problem (41), and where [0z /0n]

stands for the jump of the normal derivative of z;, over the boundary OK of the
element K.

~* . 1
Pic(an) = (hac + 7 1Bl oo cae)) I (en) 2y + 5 1l e | |

We are now in a position to supply the nested a posteriori analysis for the
advection-diffusion-reaction problem (33).
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3.2 The a posteriori analysis

The approach pursued in the sequel to estimate the goal quantity J(u) is different
from that of § 2.3. Following the error correction strategy reviewed in [19],
the value J(u) is no longer approximated by J(ujp) but via a new estimator
J, = jh(uh, zp), obtained by adding a suitable corrective term J hc (up, zp) to the
old estimator J(up), so that the quantity jh represents a better approximation
for J(u) with respect to J(up). The good property of such an approach is that
the corrective term J}? (up, zp) is directly yielded by the a posteriori analysis
itself.

In more detail, let us introduce the new estimator
In = Jn(un, zn) = J(un) + JF (un, 1), (52)

with corrective term J< (up, 2;,) given by

T (up, 2p) = 9[ 3 TK/’fK(uh) (~B-Va)dx— > TK/?;;(Z}L) (8-Vuy) dx],
KeT, KeT, g
(53)
where 6 € R is a suitable constant, with 0 < 6 < 1.

With the aim of estimating, within a prescribed tolerance, the goal quantity
J(u) via the new error estimator Jj, the following result can be stated:

Proposition 3.1 Let u and uy, be the solution of the advection-diffusion-reaction
problem (34) and of the corresponding discrete formulation (35), respectively.
Let J : V. — R be the goal linear functional we are interested in and let jh
denote the estimator of J(u) defined by (52). Then there exists a positive con-
stant C** = 6’**([? ,d, N, cq), with cq the coercivity constant associated with the
bilinear form Ao(-,-) and N defined according to (13), such that the following
error estimate holds:

~ ~ 1/2
) — Tl za)| < C**{9HfHL2(Q)<Z[ﬁ%(Zh)P)

KeT,

T -0 lgle ( 3 [5K<uh>12)1/2},

KeTy,

(54)

where pi (up) and pj(2p) are defined by (46) and (51), respectively, and § € R
s a suitable constant, with 0 < 6 <1.

Proof.  First let us properly rewrite the value J(ep). Thanks to (40) and to the
standard relation between the bilinear form Ag(-,-) and the corresponding adjoint form
A, ), we get
J(en) = Aj(z,en) = 0 Aj(z, en)+(1—0) A5(z,en) = 0 Aolen, z) +(1—-0) Aj(z,en), (55)
——— H:—’
A) (B)
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with 0 < 6 < 1, constant. The terms (A) and (B) are analyzed following two different
approaches. Let us move from the term (A). Thanks to the primal Galerkin orthogonal-
ity (39) and by exploiting the weak form (38) and the definition of the internal residual
Tk (up) associated with the primal problem (33), we have

(A) = Aolen,z—wp) Z TK/ —pAup + B - Vup, +aup, — f) (B Vo) dx
KeT,

(f, 2z —wn) — Ao(un,z — vp) Z TK/TK (un) (B - Vup) dx

KeTy,

Now, after choosing v;, = zp, and by using the dual Galerkin orthogonality (44), the
definition of the internal residual 7} (21,) associated with the dual problem (41) and the
relation between the bilinear form Ag(-,-) and its adjoint A§(:,), we derive

®) = (e = Aj(eim) + 3 7ic [Fiun) (B Vn) dx

KeTy, K

= (f,e}) + Z TK/(—,quh—,B-Vzh—l—azh—g)(ﬁ~Vuh)dx

KeTy, K
+ Z TK/TK up) (—B - Vzp) dx
KeTy,
= (f,€}) Z TK/T‘I*(Z}L (B - Vup) dx—&-z TK/ n) (=B Vz)dx
KeTy, KeTy, K

On the term (B) we simply exploit relation (42), thus writing

(B) = (g, ¢€n). (57)
Coming back to equality (55), thanks to relations (56) and (57) and to definition (53),

we obtain

Jen) = 0[(fer) = > TK/ n) (B V) dx

KeT, K

LY / W) (=8 Vzn) x| + (1= 6) (g, en)

KeTy, K
= 0(fe)+ Jhc(uh, zp) + (1 —=0)(g,en).

Via the Cauchy-Schwarz inequality, we get

| T (u) — T (un, 21)|

IN

O fllzz) llepllzz) + (1 = 0) [lgllzz() llenll2 )

IN

Ol f 2 llerll ) + (1= 0) gl lenll ar @),

that is result (54) after exploiting the residual based error estimators (50) and (45).
t

20



Remark 3.5 The corrective term J< (up, z,) defined in (53) differs with respect
to the error correction introduced in [19], essentially as it depends on both the
primal and the dual residuals T (up) and 75 (zp) rather than only on the primal
one.

Up to the constant 5**, the right-hand side of inequality (54) provides us with
an explicitly evaluable estimator for the functional error J(u)— Jp (up, 21), given
by

1/2
MhpRnested = e||f|rL2m>( 3 [ﬁ}@(zh)]?)

KeT,

1/2
A0 el ( 3 [ﬁKwh)P) s

KeT,

Analogously to the estimators n%’n esteq> With p = 1,2, defined in (30) and (32),
a balance between the contribution of the primal and of the dual problem char-
acterizes 77114 DRnesteq- Moreover the quantity now estimated is not the standard
one J(ep), even if this value can be easily recovered via relation (52).

Remark 3.6 Inspired by the error estimators 77% nestedr With p = 1,2, derived
for the Poisson equation, one would expect that the alternative nested error es-
timator

1/2
DR eed = e||f|rL2m>( S [hi 51*<(Zh)]2>

KeT,

1/2
= 0) gl ( S [hi ﬁK<uh>12)

KeTy,

(59)

existed in the advective-diffusive-reactive framework. However, this is not true
as, to our knowledge, it has never been proved for problem (33), discretized as in
(35), a residual-based a posteriori error estimator, with respect to the L%-norm,
of the form

1/2
lenllzae < c( S [hi 5K<uh>12) ,
KeT,

0K (up) being defined according to (46). On the other hand, the nonoptimal (with
respect to the convergence rate) estimate

1/2
lenllzaey < c( 3 [ﬁmuhm) ,

KeT,

can be easily derived, with

L2(9K)

o ~ 1 ou
pic(un) = (e +(hae+1) 7 1Bl a0)) 1 (an) 2oy + 5 1 1 | [ |
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This leads to the nonoptimal nested a posteriori estimator for the goal value
J(u) — Jh(uh, Zh)

1/2
TADAnested = 9HfHL2(Q)< 3 [ﬁ}"<(2h)]2>

KeT,

1/2
(1 0)lgll 20 (Z e () ) |
€Ty

_|_

with

ok ~ % 82
FieCen) = (B (s +1) mc 18l cy) 175 Gl 2oy 1l | S|

L2(0K)

Estimator 77124D Ronested DTESETVES the desired optimality only for a diffusion dom-
inant problem, the term (hi + (hix + 1) & |8l 1< (k)) being an O(h%). Thus
the derivation of the optimal estimator (59) represents an open problem in the
advection dominant case.

Remark 3.7 The theory developed above for homogeneous Dirichlet boundary
conditions can be easily carried over to the nonhomogeneous case by using the
standard approach based on the extension of the boundary data into . In this
case, the four estimators nj:) nested and n%DR nested: With i = 1,2, can be defined
as well. 7 7

More interesting is the case when the primal problem is completed with mixed
boundary conditions, i.e., of Dirichlet type on I'p and of Neumann type on I'y,
I'p and Ty being two disjoint subsets of 052, such that Tp UT Ny = 0. In this
case, the functional J may assume the more general form

J(u):/gudx +/ hudy,
I'n

Q

whereby it is possible to control the value of the solution u also on I' y via a suit-
able weigh function h. As a consequence, the dual problem enjoys mized boundary
conditions too, on the same partitions I'p and Iy, function h representing the
Neumann data for the dual solution z [18]. While the estimators nbmestad and

77}4DR nested €N be extended to this more general case, it is no longer possible

to build the estimators nﬁmesmd and niDR’nested, due to the lack of the elliptic
regularity in the presence of mized boundary conditions.

4 How to get the new mesh

In this section we discuss the iterative procedure used to drive the mesh adap-
tivity. For the sake of presentation, we describe this procedure for the Poisson
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problem (3) and by choosing a two-dimensional framework. Straightforward
modifications are required in the case of the advection-diffusion-reaction prob-
lem (33) and of higher spatial dimensions. We first note that the estimators (30)
and (32) can be re-written, in compact form, as

D —
nD,nested -

eHJWhp<Q>(P;£;h{h%f(ur%<zh>uL2u(>+»§f@2“2H[§§$}\
c

2\ 1/2
o))

2\ 1/2
o))

/

@

+(1-0) |9||L2(9)< 2 [h%<||TK(Uh)||L2(K> * % i [%} |
KeTh

(In
(60)
where the internal residuals rg (up), rj (21), and the jumps [Quy/0n], [0z /0n]
are defined as in Lemmas 2.3 and 2.4, while p is set to 1 or 2, according to
whether an H'- or an L?- residual-based estimate has been adopted. To use this
estimator in a predictive fashion, we resort to an isotropic metric based strategy,
discussed in § 4.1, while providing some comments on the choice of 6 in § 4.2.

4.1 Metric based mesh adaptivity

The metric is represented by a tensor field M : Q — R?*2, such that all the
elements K of a given mesh 7} are unit equilateral triangles with respect to such

a tensor, i.e.,
lel
lelaa= [ yfer M@ty =1,
0

with e € 9K any edge of K, |e| its length, and t € e the unit tangent vector.
In the case of an isotropic metric, it holds M(x) = h(x)~2Z, where h = h(x) is
the actual mesh size at point x and 7 is the unit tensor. Thus the elements are
approximately equilateral also with respect to the Euclidean metric. We provide
the following

Definition 4.1 (Matching Condition) A mesh 7}, satisfies the matching con-
dition with respect to a given metric field M if |le||pm = 1, for any edge e € 0K,
and for any K € Ty,

For practical purposes, the metric is approximated by a piecewise constant
function over a given triangulation 7}, i.e., M‘K = Mg € R**2 and, in the
isotropic case, Mg = h[}QI, for any K € 7, so that the triangles can be
thoroughly characterized by their diameter hx only. More general approaches
consider anisotropic meshes, where the elements are no longer restricted to be
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equilateral but may become arbitrarily stretched along some directions (see, e.g.,
[3, 14, 16, 17]).

Concerning the adaptive algorithm used in the numerical test cases, we have
adopted the following

Adaptive Procedure

i) set k=0 and build the ansatz mesh Th(k);

ii) compute the solutions uj and zj on ’]'h(k);
iii) moving from the estimatorn} . . derive the mesh size function
h = h(x) and in turn the metric M;

iv) build the new mesh ’Th(k—’_l) satisfying the matching condition (4.1)
with respect to M. If any stopping criterion is met then return,
else set k — k+ 1 and goto ii).

In more detail, the adaptive procedure usually starts from a uniform and
coarse ansatz mesh ’];1(0). Concerning step iv), two alternative approaches are
commonly employed for building each new mesh, either local modification tech-
niques (see, e.g., [12]) or complete remeshing of the domain (see, for example,
[17]). In the following we choose this second one.

Finally, about step iii), for an assigned value of 6, once the numerical approx-

(k).

imations uj and z, have been computed on a given mesh 7,

1. from each of the terms (I) and (II) in (60), via an equidistribution criterion,

we obtain a prediction of the new element size, say h( +1) and h(k+ ) , where

the subscripts K,z and K, u refer to the local mesh sizes derlved from the
dual solution z; (term (I)) and from the primal solution wj (term (II)),
respectively;

2. the mesh size hy{fﬂ) for the new mesh at step (k + 1) is obtained by the
linear combination

R = ont o)l (61)

Remark 4.1 Alternatively to (61), a metric intersection approach can be used,

1.€.,
h(Kk+1) — min {h(k+1) h(k—i—l)}‘

This choice generally yields an excessive mesh refinement compared with the
procedure (61), as shown in the numerical results of § 5.
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Let us detail point 1., focusing on the term (I), analogous arguments holding
for the term (II). In particular we show how to get a metric out of this term.
The equidistribution criterion implies that, for each K € 7},

e = 1Lz W (IricGen) ey + 5 h—1/2H[8zhH

7 being a local tolerance. To extract quantitative information from the constraint
above, we first scale the term in brackets by the square root of the area of the
element K. The rationale for this is that, e.g., |75 (zn)|lL2(x) = O(|K|'?),

at least for a sufficiently small element, the other term hl_{l/ 2||[8zh /O]l L2(0r)
behaving similarly. Then we recall that, for an isotropic element, it holds | K| =
Ckh?, where C = /3 /4. After multiplying and dividing by |K|Y? in (62), we
obtain

ORI ey 1T W2 (e el ey + 5 1 | [8%} |

(62)

L2(8K)) -

L2(8K))

This relation, which holds on a given mesh, say on the mesh Th(k) at step k, can
be used in a predictive fashion by evaluating the term in brackets scaled by the
factor | K| ~'/2 on the current mesh Th( ), while regarding the term h2" K.z ! as linked
to the unknown mesh size h(Kngl) of the next mesh ’]'h(kﬂ). Thus we have

1

L2(9K) )}_m

(63)
Analogously, by repeating the same arguments for the term (II), we obtain

REED = [c/ 17z 1772 (ke Gl ooy g i [ [ 2]

1

L2(8K)):| _m'
(64)

Then the actual new mesh size is obtained by the linear combination (61).

Wi, =77 [O/ lollzan 17 (st a5 i [ [ ]|

We postpone to Appendix A. 2. two further techniques for mesh generation
in the framework of constrained optimization. They can be used alternatively
to the Adaptive Procedure i)-iv) described above.

4.2 The choice of §

We comment on the choice of the parameter 0, so far being any constant 0 <
f < 1. Since 0 weights the dual residual term while 1 — 6 is related to the primal
one, we would like 8 to be close to the value 1 when the dual problem plays a
major role, and, vice-versa, we expect 8 to be nearly equal to 0 when the primal
problem is more relevant. A first attempt in this direction leads us to define

||9||H1(Q)
0= . 65
9l a1 ) + 11 £l a1 (@) (65)
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The idea behind this choice is that the H'-norm measures the “badness® or
“roughness“ of a function.

For example, we expect the dual problem to be more relevant as far as the
computation of the functional J is concerned, when ||g|| g1(q) > |||l (), and
in this case (65) correctly yields  ~ 1. In more detail, let us assume that
the source term f is smooth (the solution u being smooth as well), while the
function g is rough, e.g., localized in a small portion of the domain, say ,, the
dual solution z being in turn rough too. In such a case, it is reasonable that
the evaluation of the functional J(u) in (8) is mostly influenced by the behavior
of g in 4. Thus, applying the mesh adaptive procedure, we expect the mesh
size hi ., to be larger than hg . in €4, so that, in this region, the optimal mesh
should be dictated by the finer “dual” mesh. This is the case for the metric
intersection procedure, as well as for the linear combination one, as # ~ 1. On
the other hand, following the approach (61), we expect the mesh size to depend,
also outside of €24, on the “dual” mesh only, independently of the behavior of
the primal solution u. This is not the case of the approach based on the metric
intersection, the primal solution u being now not completely ignored. A finer
grid will be typically yielded in this second case. Of course, the roles played by
the primal and dual problems swap in the opposite case of || f|| 1) > [lg]| g (-

As a second example, let us consider the case where f and g are functions
characterized by a similar roughness but localized in different areas of the domain
€, say Q¢ and Qg, respectively, with ﬁfﬂﬁg = (). In this case, (65) yields § ~ 0.5,
so that the primal and dual meshes are weighted alike. With reference to the
representation (8) of the goal quantity J(u), we can argue that now both the
regions g, due to g, and Q, via u, influence the value J(u), a balancing between
the two mesh sizes being thus reasonable.

As a final comment, we point out that the recipe (65) for € is not to be considered
as the “panacea”, even if providing satisfactory results, as shown in the numerical
tests presented below.

5 Numerical test cases

In this section we collect the results of some 2D test problems for both the Pois-
son and the advection-diffusion-reaction problems. We refer to these problems
as Pi and ADRi, respectively, where the integer ¢ counts the progressive num-
ber of the test case. The further specification H1 or L2 is used, essentially in
the captions, to indicate whether the H!- or the L?- residual-based analysis has
been used. In particular, we deal with nontrivial numerical test cases, in the
sense that the data, f and g, for the primal and dual problems may both be
very nonsmooth functions. This is the more interesting and realistic scenario
in view of the applications. For example, a very peaked and narrow function
may reasonably approximate a Dirac distribution, so that we are able, via J, of
controlling point-wise values. The case where all the data are smooth has been

26



checked a priori but is not reported in the sequel, as the results are satisfactory
and show that the nested dual-residual estimators work well in practice.
Finally, for all the test cases below, the numerical code is fully based on the
software FreeFem++ [20].

5.1 The Poisson problem

Test case P1 With reference to (3), the domain €2 is chosen as the unit square
(0,1)? while the solution u is identified with

u(wy,w2) =50 exp (— 10[(z1 — 0.5)% + (22 — 0.5)2]) 21(1 — 21)22(1 — 29),

i.e., with a Gaussian centered at (0.5,0.5) modulated by a fourth-order bubble
function. This choice corresponds to the source term

f(z1,29) = — 100 exp ( —10[(z1 — 0.5)* + (z2 — 0.5)%])
[1‘2(33‘2 — 1) + $1($1 — 1)] [200$11‘2(3§‘11‘2 — T — Ty + 1) — 9] .

The solution to the dual problem is selected coinciding with the gaussian function
z(21,32) =10 exp ( — 10* [(z1 — 0.5)% + (22 — 0.5)2]),
obtained by setting

g(v1,22) = 4 -10°(1 —10*[(z1 — 0.5)% + (z2 — 0.5)%])
exp (— 10%[(z1 — 0.5)* + (22 — 0.5)%]).

According to (8), this is equivalent to controlling the goal value J(u fQ gudx =
5.483363104887761 - 10~! via a highly nonsmooth term g, locahzed in a region
1, around the center of the domain. Notice that both u and z are “confined”
inside €, but z is rougher than u.

We employ the a posteriori error estimator nlD nesteq defined in (30), following
the iterative procedure of § 4.1, and by choosing 7 = 1 as local tolerance. Table 1
gathers the main information about such a procedure. In particular, from left to
right, we show the iteration counter k, the cardinality #Th(k) of the mesh ’Z'h(k),
the actual error |J(u) — J(up)| on the functional, the value of the estimator
nb’nested, the value of the estimator

MBR = ZhK pK (u H[azh”

KeT,

L2(0K) (66)

proposed in [8], px (up) and [0z, /On] being defined as in Lemmas 2.3 and 2.4, re-
spectively, and the quantity 6 defined in (65), computed via a high-order quadra-
ture rule. The estimator (66), introduced for comparison purposes, is the one,
among those proposed in [8], with a structure more similar to 17}) nesteq- Lhe
sequence of all the quantities in the table show a very fast saturation trend.
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Table 1: Test case P1-H1: main quantities characterizing the adaptive procedure.

#T0 [ 17(w) = Tl | b pested nBR 0
800 | 4.20821 - 107! | 7.03368 - 1013 | 1.38184 - 107* | 0.999519
5486 | 5.96337-1073 | 1.16667 - 1073 | 4.54094 - 10™* | 0.999532
15460 | 6.25207 - 1073 | 1.34155 - 1012 | 4.78638 - 101 | 0.999556
25304 | 7.08442-1073 | 9.47073 - 10! | 4.74209 - 1014 | 0.999557
25670 | 6.73411-1073 | 9.34529 - 10! | 4.74321 - 101* | 0.999557
25742 | 6.96019 - 1073 | 9.30096 - 10" | 4.74585 - 10T* | 0.999556
25816 | 6.98817-1073 | 9.26988 - 10! | 4.74819 - 101t* | 0.999556
25838 | 7.10147-1073 | 9.24959 - 107! | 4.74714 - 10* | 0.999556
25872 | 6.91328 1073 | 9.23436 - 10! | 4.74750 - 10t* | 0.999556
25884 | 7.02271-1072 | 9.22537 - 107! | 4.74929 - 10™* | 0.999556
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In particular, the stagnation of the values of the cardinalities proves the effi-
ciency of the adopted iterative procedure. On comparing the values of the third
and of the fourth columns in Table 1, we observe that the estimator nbmestad
over-estimates the true error by a large factor. Nevertheless it saturates fast,
thus guaranteeing that the effectivity index nbn esteq/ | (W) — J(up)| tends to a
constant value already after few iterations. In this case, a suitable scaling of
nb’nested suffices to provide a correct estimate of the actual error. Notice that
the estimator npgr is even more over-estimating and shows an increasing trend.
Finally, as expected, the values of 6§ are very close to one, the “badness” of the
dual problem being greater than the one of the primal one.

Figure 1 displays the sequence of the first three meshes, obtained starting from
the initial uniform mesh on the left. The successive meshes are not shown as
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Figure 1: Test case P1-H1. Sequence of adapted meshes: initial (on the left),
first adapted (center), and second adapted (on the right).

they actually differ slightly from the second adapted one. The elements of the
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adapted meshes correctly cluster around the center of the domain, in correspon-
dence with the domain €2,. Figure 2 shows the numerical solutions to the primal
(left) and the dual (right) problems, computed on the ninth adapted mesh. The
different roughness of the two solutions is clearly highlighted.

Figure 2: Test case P1-H1: primal (left) and dual (right) solutions on the ninth
adapted grid.

The same test case has been solved employing the error estimator n%m ested
defined in (32). The local tolerance is now chosen as 7 = 1073, Table 2 col-
lects the main quantities related to such a procedure, while Figure 3 shows the
sequence of the first three meshes. Conclusions similar to those of Table 1 and
Figure 1 can be drawn also in this case.

Figure 3: Test case P1-L2. Sequence of adapted meshes: initial (on the left),
first adapted (center), and second adapted (on the right).
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Table 2: Test case P1-L2: main quantities characterizing the adaptive procedure.

#T5 [ 17(w) = Tl | 1 pested nBR 0
800 | 4.2082-10FT | 4.97356 - 1072 | 1.38184 - 107* | 0.999519
43486 | 1.5095-1072 | 5.53604 - 1010 | 4.52972 - 10™* | 0.999533
16452 | 2.1530-10~3 | 3.30031 - 1010 | 4.77086 - 107* | 0.999557
18800 | 1.6822-1073 | 3.70198 - 1010 | 4.75192 - 10T | 0.999554
18968 | 1.5797-1072 | 3.73464 - 1010 | 4.75221 - 101 | 0.999555
19024 | 1.6322-1072 | 3.75909 - 1070 | 4.75642 - 101 | 0.999555
19060 | 1.6329-103 | 3.75670 - 1010 | 4.75787 - 101 | 0.999555
19102 | 1.6979-1073 | 3.73328 - 1010 | 4.76068 - 107* | 0.999556
19134 | 1.6767-1073 | 3.71768 - 1010 | 4.76207 - 10" | 0.999556
19180 | 1.6020-1073 | 3.71709 - 1010 | 4.76450 - 10T* | 0.999556
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Test case P2 As in the previous test case, and with reference to the Poisson
problem (3), the domain § is identified with the unit square (0,1)? while the
solution u is picked as

u(x1,22) = 100 exp ( — 50[(z1 — 0.25)2 + (x5 — 0.5)2])x1(1 —x1)xa(l — x9),

i.e., as a gaussian centered at (0.25,0.5) and modulated by a fourth-degree bubble
function. On the other hand, the solution z to the dual problem (9) is chosen
so as to have the same structure as u but centered at (0.75,0.5), being given by

(w1, w2) = 100 exp ( — 50[(z1 — 0.75)% + (22 — 0.5)%] a1 (1 — z1)22(1 — a2).

In more detail, we choose the data for this test case to validate our theory on the
interesting case when f and g have equal roughness but localized in two different
sub-domains Q2 and 4 of €, respectively.

We aim to control the value J(u) = [, gudx = —1.130514581510517, by means
of the error estimator n},, . . in (30). In particular, we are interested in com-
paring the results providéd by the adaptive procedure based on the linear com-
bination (61) and by the metric intersection based approach (see Remark 4.1),
at equal number of mesh elements in the final adapted grid.

Let us start with the adaptive procedure exploiting (61), by choosing 7 = 0.54
as the local tolerance. The corresponding main information are summarized in
Table 3, the entries preserving the same meaning as in Table 1 and 2. Remarks
analogous to those made for the test case P hold. Notice also that, as expected
from § 4.2, the values of 6 are now very close to 0.5. Moreover, in this case, the
estimator npg is slightly more over-estimating than nb’ne sted
Figure 4 displays the initial uniform mesh together with the first two adapted
ones. The grid elements essentially thicken in correspondence with the intersec-
tion of the supports of the two gaussians. The numerical solutions to the primal
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Table 3: Test case P2-H1: main quantities characterizing the adaptive procedure
based on (61).

#T [17(w) = Tl | b pested nBR 0

800 | 3.36581 -10~2 | 1.84141 -10™3 | 1.97887 - 1073 | 0.500000
9057 | 5.54020 - 10~* | 1.62847 - 1013 | 1.80163 - 1073 | 0.497560
8218 | 8.85588 - 10~* | 1.77222 - 1073 | 1.79804 - 103 | 0.501040
8249 | 9.12444 -10~* | 1.75479 - 1073 | 1.80104 - 1073 | 0.501011
8246 | 1.01235-1072 | 1.76347 - 103 | 1.79955 - 103 | 0.501657
8257 | 8.01808 - 10~* | 1.68548 - 1013 | 1.80251 - 1073 | 0.501319
8247 | 6.63675-10~* | 1.69885 - 103 | 1.80322 - 103 | 0.501185
8242 | 7.03683-10~* | 1.71205 - 1013 | 1.80465 - 1073 | 0.500959
8242 | 7.81432-10~* | 1.74411-1073 | 1.80208 - 10™3 | 0.500738
8241 | 7.69929 - 10~* | 1.72267 - 103 | 1.80093 - 10™3 | 0.500632
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(left) and the dual (right) problems, computed on the ninth adapted mesh, are
provided in Figure 5.

Let us move to the metric intersection based adaptive procedure cited in
Remark 4.1. The local tolerance 7 is chosen equal to 10 to guarantee, approxi-
mately, the same number of triangles in the final adapted mesh. Table 4 is the
counterpart of Table 3 for this second approach. Notice that the true error is

Table 4: Test case P2-H1: main quantities characterizing the metric intersection
based adaptive procedure.

#T" [ 17w) = Jwn)l | 0b pestea IBR 0

800 | 3.36581 -10~2 | 1.84141 - 1073 | 1.97887 - 1073 | 0.500000
9342 | 3.22127 -1073 | 2.81231-1072 | 1.83311 - 103 | 0.499997
8339 | 3.15491 - 1073 | 2.81407 - 1072 | 1.84629 - 103 | 0.499992
8280 | 3.16755- 1073 | 2.79663 - 1012 | 1.84844 - 1073 | 0.499990
8264 | 3.16807 - 1073 | 2.78542 - 1072 | 1.84759 - 103 | 0.499988
8264 | 3.16085 - 1073 | 2.77892 - 1012 | 1.85035 - 1073 | 0.499990
8250 | 3.17709 - 1073 | 2.77580 - 1072 | 1.85085 - 103 | 0.499992
8243 | 3.17312-1073 | 2.77180 - 1072 | 1.85070 - 103 | 0.499991
8230 | 3.18087 - 1073 | 2.77242 - 1072 | 1.85112 - 103 | 0.499991
8235 | 3.17312-1073 | 2.77015-10%2 | 1.85151 - 1073 | 0.499993
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larger than the corresponding one in Table 3. On the other hand, the estimator
771D nesteq> though still over-estimating, turns out to be more accurate when using
the metric intersection based procedure. Finally, the values predicted by the
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Figure 4: Test case P2-H1. Sequence of adapted meshes for the procedure based
on (61): initial (on the left), first adapted (center), and second adapted (on the
right).

estimator npr are even larger than in Table 3.

The initial mesh and the first two adapted ones are shown in Figure 6. A com-
parison between these grids and the corresponding ones in Figure 4 highlights
the different elements distribution: now the essential features of both the pri-
mal and dual solutions are captured. Notice that, despite the apparently more
reasonable distribution obtained with the metric intersection based procedure,
the actual error is smaller using the adaptive technique exploiting the linear
combination (61). Finally, in Figure 7 we provide the approximate primal (left)
and dual (right) solutions computed on the ninth adapted grid. The different
distribution of the mesh elements justifies the higher smoothness of the functions
in Figure 7, compared with the corresponding ones in Figure 5. However, this
can be deceptive in view of a reduction of the actual error.

5.2 The advection-diffusion-reaction problem

Test case ADR1 Let us move from the reference problem (33), by setting the
reactive term zero. We take Q = (0,1)2\[0.5, 1], namely an L-shaped domain,
pw=10"% B = [z2, —21]T, while the source term f is chosen such that the exact
primal solution is

u(z1,r2) = x1(1 — 21)(x1 — 0.5)z2(1 — 22) (22 — 0.5).

On the other hand, the forcing term for the dual problem is identified with the
function g = —Aw, where

w(z1,22) = 10° exp ( — 10* [(z1 — 0.25)% + (22 — 0.25)%])
is a Gaussian function centered at (0.25, 0.25), i.e.,
g(z1,20) = — 4-10%exp (—10*[(z1 — 0.25)% + (z2 — 0.25)°])
[1249 + 10%2F — 500021 + 10%23 — 5000 22 ].
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Figure 5: Test case P2-H1. Adaptive procedure based on (61): primal (left) and
dual (right) solutions on the ninth adapted grid.

Due to the reverse direction of the dual convective field and to the localized
source term g, we expect the dual solution z to be localized around the circular
streamlines coming out, in counterclockwise direction, from a neighborhood of
the point (0.25,0.25). The goal value we are interested in is, according to the
representation (8), J(u) = [, gudx = 4.414330377375358. With this aim, we
exploit the error estimator 77124 DR.nested defined in Remark 3.6, employing the
adaptive procedure based on the linear combination (61), with local tolerance
T=10"2.

Table 5 collects the main quantities characterizing this procedure. The entries
preserve the same meaning as in § 5.1, except for the new quantity in fourth
column, providing the functional error with respect to the corrected value Jp
defined in (52). No comparison with the estimators defined in [8] is carried
out in such a case. All the quantities in the table exhibit a stagnation trend,
as in § 5.1. On comparing the values of the third and of the fourth columns,
we remark that the error with respect to the corrected functional Jj, is smaller
than the standard one |J(u) — J(up)|, even if not appreciably. This underlines
that the corrective term J¢ (up, 2;) in (53) does not play an important role for
this test case. Concerning the error estimator "ﬁxD Ronesteds 1t under-estimates
the true error by about an order of magnitude. Nevertheless, the corresponding
fast saturation trend assures that the effectivity index n%, Rnesteal | (W) —J (up)|
tends quickly to a constant value. Finally, notice that, as the term g is extremely
rough, the values of 0 are, in practice, identically equal to one.

Figure 8 displays the initial mesh (left) and the first two adapted ones (center
and right), the following grids being nearly identical to the second adapted one.
As expected, the mesh elements cluster along the circular streamlines with origin
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Figure 6: Test case P2-H1. Sequence of adapted meshes for the metric intersec-
tion based adaptive procedure: initial (on the left), first adapted (center), and
second adapted (on the right).

about the point (0.5,0.5). The solutions to the primal (left) and dual (right)
problems, evaluated on the ninth adapted grid, are represented in Figure 9.
Notice that, while the main features of the dual solution are very well captured,
the accuracy characterizing the approximate primal solution is, undoubtedly,
poorer.

For the sake of comparison, we gather in Table 6 the results obtained on a
uniform mesh with, approximately, the same number of elements as the ninth
adapted grid. Notice that both the functional errors |J(u) — J(us)| and |J(u) —
Jnl|, as well as the estimate furnished by 7]?4 DRmesteq» are larger than the corre-
sponding values in Table 5. We show in Figufe 10 the solutions to the primal
(left) and dual (right) problems on the uniform mesh. It is not surprising that
the approximate dual solution is less accurate compared with the one in Fig-
ure 9, a uniform mesh being not able to detect any significant feature of the
considered solution.

Finally, we compare, at equal local tolerance (7 = 10~2), the results in Ta-
ble 5 and Figure 8 with those yielded by 7]?4 DR.mnesteq When the metric intersection
based adaptive procedure is adopted. Table 7 is the counterpart of Table 5: if
the values of the functional errors |J(u) — J(up)| and |J(u) — Jp| and of the er-
ror estimator 77124 DR.nested A€ similar, the number of the mesh elements is about
three times as large when the metric intersection based adaptive algorithm is
employed. Also in this case, a non-significant reduction of the error is provided
by the corrected functional Jj.

The three grids corresponding to the ones in Figure 8 are gathered in Fig-
ure 11: the large number of mesh elements is confirmed by the widespread
over-refinement of the adapted grids.

Test case ADR2 We consider the stationary version of a test case in [27],
obtained following the procedure below. The full time dependent solution, say
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Figure 7: Test case P2-H1. Metric intersection based adaptive procedure: primal
(left) and dual (right) solutions on the ninth adapted grid.

UNT, is

t) =
uNT(71,T2,1) kp(4t + 1) ko(4t +1)

1 (z1 = Pt —x9)*  (x2 — fot — yo)*
exp | —
4t +1
and solves the equation

OunT O*unT O*unT OunT Ount
ot —k Ox? — k2 Ox2 + 0 0x1 + 05 Oz =0,

on the domain € = (0,2)2, the initial condition being given by unT(z1,22,0) =
exp(—(z1 — 20)?/k1 — (2 — y0)?/k2), i.e., a gaussian centered at (zq,o). This

Figure 8: Test case ADR1-L2. Sequence of adapted meshes: initial (on the left),
first adapted (center), and second adapted (on the right).
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Table 5: Test case ADR1-L2: main quantities characterizing the adaptive pro-
cedure.

#7717 w) = Tl | 1J@) = il | prested

724 | 3.61179 - 1012 | 2.47725 - 1012 | 1.62522 - 1012
7962 | 2.03342-1070 | 2.19336 - 1070 | 2.26353 - 1010
6436 | 2.09627 - 10T0 | 1.85854 - 109 | 3.42932 - 107!
6210 | 2.11235- 1010 | 1.82676 - 1079 | 3.09424 - 10~*
6314 | 2.08382- 107" | 1.91844 -107° | 3.01776 - 10~*
6325 | 2.07586 - 109 | 1.91160 - 1070 | 2.77325 - 10~}
6225 | 2.08385- 1070 | 2.02936 - 1070 | 2.95370 - 10~*
6322 | 2.08841 - 1010 | 2.04413 - 1079 | 2.88449 - 10!
6318 | 2.08101 - 1010 | 2.01486 - 109 | 2.86172 - 10~*
6378 | 2.07900 - 100 | 2.01578 - 1070 | 2.68347 - 10~}
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Table 6: Test case ADR1-L2: main quantities characterizing the uniform mesh
case.

#1p, |J(u) - J(uh)’ ’J(u) - Jh‘ niDR,nested
6594 | 2.46529 - 1012 | 2.45826 - 1072 | 4.07048 - 1071 | 1

function is then advected along the 45° diagonal with speed 3 = 31, 52]7, while
it diffuses with coefficients k1 and ko in the x1 and z9 direction, respectively, the
time interval being 0 < ¢ < 1.25. To set our problem, we assume 31 = #2 = 0.8,
ki = ko = p = 1072, g = yo = 0.5, and we fix t = £ = 0.625, corresponding
to the time when the top of unt reaches the center (1,1) of the domain. Then
we identify the solution of problem (33) with u(z1,z2) = unrt(z1,22,1), the
right-hand side being computed as

flxr,20) =

duxt|  _ 16 (200
ot |,_; 343°°F

(200[(z1 — 0.3)* + (z2 — 0.3)%] — 203).

On the other hand, the source term g for the dual problem (41) is chosen co-
inciding with the characteristic function of the square S = (0.5,1.5)2, so that
we aim at controlling the mean value of u over S, the goal value J(u) being
represented by [ gudx = [u = 3.140605942473758 - 10~2.

The adaptive procedure is first driven by the error estimator 17124 DR.nested 1tT0-
duced in Remark 3.6, employing the linear combination strategy (61), and with
a local tolerance 7 = 10~7. The main quantities related to this process are col-
lected in Table 8, the meaning of the corresponding entries being preserved with
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Figure 9: Test case ADRI1-L2: primal (left) and dual (right) solutions on the
ninth adapted grid.

respect to the previous test case. All the values in the table exhibit a stagnation
trend. In particular, we remark that the corrected functional J, now provides a
reasonably better approximation for the goal quantity J(u), the error |J(u)— Jp|
being about a factor five lower than the standard one |J(u) — J(up)|. On the
other hand, the values yielded by the error estimator n%D Ronested 8r€ of about
three orders of magnitude larger compared with the errors |J(u) — J(up)| and
|J(u) — Jp|, thus over-estimating the considered goal quantity. However, as in
the previous test cases, a suitable scaling of 77124 DR.nested SUarantees a correct
prediction for the actual error. Finally, the parameter 6 tends to the value 0.82.
If, a priori, it is not easy to establish which solution, between u and z, is the
roughest, this trend seems to suggest, a posteriori, the greater roughness of the
dual solution (in agreement with Figure 13 too).
Figure 12 displays the initial mesh (left) together with the first two adapted
ones (center and right). Notice how the elements highlight the boundary of the
square S, as a consequence of the choice for g, and the 45° diagonal inside of
S, the main transport phenomena, due to both the primal and dual problems,
being drawn along this direction. The adapted meshes successive to the second
one are not included in Figure 12, being, actually, slightly different.
Figure 13 shows the solutions to the primal (left) and dual (right) problems,
computed of the ninth adapted grid. =~ While the primal solution is mostly lo-
calized at the center of the domain, the dual solution has a pyramidal structure
inside S, because of the source term g and of the downward advection along the
45° diagonal.

The same test case is now solved using the error estimator 77114D Rnested 4€-
fined in (58), using again the linear combination technique (61), and with a local
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Figure 10: Test case ADR1-L2: primal (left) and dual (right) solutions on a
uniform mesh.

tolerance 7 now set to 107°. The corresponding results are summarized in Ta-
ble 9. Comments analogous to those made for Table 8 hold. In particular, we
underline the good quality of the corrected functional .J;, the error |J(u) — Jy|
being now one order of magnitude smaller than the standard one |J(u) — J(up)|.
Also the mesh elements distribution characterizing the initial mesh and the
first two adapted grids in Figure 14 is very similar to the one in Figure 12.

For comparison purposes, we have also validated the adaptive procedure
based on the metric intersection approach, still moving from the estimator
ni‘DR,nested, and at equal local tolerance 7 = 107°. However, after comput-
ing the second adapted grid, the program runs out of memory, because of the
large number of mesh elements (see Table 10 for the few data collected).

Finally, Figure 15 shows the initial mesh together with the first two adapted
ones: the elements gather at the boundary of the square S, at the center of
the domain, along three diagonals and, mostly, along the lower part of the in-
flow boundaries stemming from the bottom-left corner of the domain. These
zones take into account simultaneously the effects of both the primal and dual
problems.

6 Conclusions and future developments

An account of facts In this paper, we have introduced a fully computable
dual-based a posteriori error estimator in the framework of a standard elliptic
second-order advection-diffusion-reaction problem. However, more complex lin-
ear differential problems can be easily taken into account. In contrast with the
standard dual-based approach, this estimator does not depend any more on the
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Table 7: Test case ADRI1-L2: main quantities characterizing the metric inter-
section based adaptive procedure.

#T" | 17w) = )l | 1Jw) = Tnl | 9iprjested
724 | 3.61179 - 1012 | 2.47725 - 1012 | 1.62522 - 1012
24683 | 1.92316 - 101° | 2.05020 - 1010 | 2.33526 - 1070
18850 | 2.11551 - 1079 | 1.85814 - 1010 | 3.12239 - 10!
19041 | 2.09626 - 1010 | 1.81105 - 1010 | 2.84783 - 10!
18840 | 2.10890 - 109 | 1.94381 - 1010 | 2.82432 - 10!
18810 | 2.10232-1010 | 1.81713 - 101 | 2.81132 - 107!
18924 | 2.09329 - 1010 | 1.88339 - 1070 | 2.68156 - 10—+
18676 | 2.09209 - 1010 | 1.96082 - 1010 | 2.81861 - 10!
18577 | 2.10036 - 100 | 2.01276 - 1070 | 2.82031 - 10!
18608 | 2.08934 - 1010 | 2.02379 - 1070 | 2.80160 - 10~*

[ T T S =GOy SRS BN Y
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exact primal and /or dual solutions, as only their Galerkin finite element approx-
imations now play a role. This new estimator joins the main advantages of the
dual-based and of the residual-based a posteriori error analysis, being obtained
by “nesting” a residual-based estimator into a dual-based one. Thus, accord-
ing to a classical goal-oriented strategy, suitable functionals of the solution can
be, now explicitly, evaluated, at the same cost as the standard dual-based ap-
proach, the solution of two differential problems being required. The proposed
two-dimensional numerical test cases have validated positively the estimator and
the associated adaptive procedure. The mesh adaptivity process, founded on an
isotropic metric-based remeshing of the domain, proves to be very effective in
all cases, as all the quantities under control show a saturation trend just after
few (three/four) iterations. On the other hand, the estimator generally over-
estimates the goal quantity. Nevertheless, as also the effectivity index of the
nested estimator saturates fast, a suitable scaling suffices to guarantee a correct
estimate of the quantity of interest.

A look towards the 3D case One possible future development of the issues
addressed in this paper consists of extending the nested a posteriori error analysis
of § 2 and § 3, together with the corresponding adaptive procedure, to the 3D
case. Here we report only on a very preliminary result. The reference problem,
denoted as P3D-L2, is the Poisson problem (3) defined on the unit cube domain
Q = (0,1)3, with source term

f(z1,29,23) = V246960 { — 6z3rirs(1 —x1)(1 — z2)(1 — x3)
(v1a3 + 2323 + 2327) + 6 a3 w3a] [v122(1 — 21)(1 — a2)
4+ @ow3(l — x2)(1 — a3) + z3z1 (1 — 23)(1 — 21)] }
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Figure 11: Test case ADRI1-L2. Sequence of adapted meshes: initial (left), first
adapted (center), and second adapted (right), for the metric intersection based
adaptive procedure.
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Figure 12: Test case ADR2-L.2. Sequence of adapted meshes: initial (left), first
adapted (center), and second adapted (right).

so that the exact solution is given by
u(21, 29, x3) = V246960 23 23 23(1 — 1) (1 — 22)(1 — 23).

The solution to the dual problem is chosen coinciding with the primal solution
u, so that it holds z = w and g = f. This data allow us to control the energy
norm of the primal solution since, from the weak form (4) of the primal problem
and from the definition (8) of the functional J, it follows

J(U):/QUdX:Q/fUdX:Q/|VU|2dX-

Q

In this case we obtain J(u) = 1. Moreover, since the exploited adaptive proce-
dure uses the same computational mesh for both the primal and dual problems,
it follows that up = zp, that is only one problem, say the primal one, needs
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Table 8: Test case ADR2-L2: main quantities characterizing the adaptive pro-
cedure.

#T0 [ 17(w) = Jw)| | 170) = Il | PAprmested 0
200 | 2.85778 -10~* | 2.55089 - 10~* | 4.17099 - 102 | 0.587253
18067 | 5.66531-1076 | 4.15210-107% | 1.26022 - 10~3 | 0.791472
15576 | 8.17383-107° | 1.24872-107° | 6.00322 - 1072 | 0.816543
15822 | 7.97920-107° | 1.59511 - 107° | 3.84169 - 1072 | 0.819435
15728 | 8.14190 - 1075 | 2.22639 - 1075 | 5.00908 - 10~2 | 0.820639
15734 | 8.12009 - 1072 | 1.56315 - 107° | 5.04778 - 1072 | 0.821605
15692 | 8.16338-107° | 1.10712-107° | 5.28990 - 1072 | 0.822241
15740 | 8.18816 - 1075 | 1.24143 -107° | 5.25231 - 10~2 | 0.821633
15672 | 8.16624 - 1075 | 1.56772-107° | 4.76920 - 10~2 | 0.820837
15654 | 8.03826 - 107° | 1.60333 - 107° | 5.09971 - 10~2 | 0.820209

© 00 O Uik WN - O

to be solved at each iteration. The equivalence between uj; and zp also implies

)

that the parameter 6 in (65) is always 0.5, while the local mesh sizes hg;’:l and

h(Kktl) computed in (63) and (64), respectively, do coincide, for any k£ > 0. This
Suégests that the two adaptive procedures, the one based on the linear combina-
tion (61) and that addressed in Remark 4.1, relying on the metric intersection,
yield the same results.

The 3D counterpart of the error estimator n% . . defined in (32) has been
adopted to drive the adaptive procedure, the local tolerance being set as 7 =
1072, Table 11 collects some quantities related to this adaptive process. From
left to right the table shows the iteration counter k, the cardinality #Th(k) of
the k-th mesh, the actual functional error |J(u) — J(up)|, and the value of the
estimator 77% nesteq- Notice that the actual error is over-estimated by a factor
of about 30. Finally, Figure 16 displays, in the top row, the initial uniform
mesh (left), consisting of 6 - 323 tetrahedra, together with the first adapted grid
from two opposite viewpoints (center and right). In the bottom row, the mesh
size distribution computed on the initial grid (left) and on the first adapted one
(right) is shown. The elements are more refined in correspondence with the cor-
ner of coordinates (1,1,1), where the solutions displays the largest curvature.

A more thorough investigation will be the subject of a paper in preparation [25].

Appendix A. 1.

Proof of Lemma 2.3. Let us move from the following chain of equalities
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Figure 13: Test case ADR2-L2: primal (left) and dual (right) solutions on the
ninth adapted grid.

/V(u—uh)~Vvdx: /V(u—uh)-V(v—vh)dx

= Q/f(v—vh)dx—/Vu:-V(U—vh)dx (67)
Q Q
= I{%%{}[(f—i—Auh)(v—vh)dx—%/[%} (v—vh)d’)’}a

AN
CEES
| X

OSOET

Figure 14: Test case ADR2-H1. Sequence of adapted meshes: initial (left), first
adapted (center), and second adapted (right).
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Table 9: Test case ADR2-H1: main quantities characterizing the adaptive pro-

cedure.

k#1017 = Tl | 17 =Tl | 9hprjested l

0 200 | 2.85778 -10% | 2.55089 - 10~ % | 1.47467 - 10~ | 0.587253
1| 10056 | 1.68397-10"° | 5.69512 - 107 | 7.83522- 1072 | 0.766018
2| 6786 | 1.49120-10~* | 2.70413 -10~° | 1.85350 - 10~ | 0.760064
3| 6888 | 1.51209-10~* | 2.80378 -10~° | 1.73055 - 10~! | 0.763476
4] 6948 | 1.52768 - 10~ | 3.31795-107° | 1.74590 - 10~ | 0.763804
5| 6912 | 1.53964 -10~* | 3.49269 - 10~° | 1.73883 - 10! | 0.760653
6 | 6948 | 1.52886-10~% | 3.09147 -10~° | 1.72371 - 10! | 0.763004
71 6924 | 1.55948 - 10~% | 2.78691 - 107" | 1.72781 - 10! | 0.762574
8 | 6900 | 1.52257-10~% | 2.50379 -10~° | 1.73106 - 10~ | 0.762149
9 | 6908 | 1.49186-10~* | 1.78508 - 10~° | 1.73456 - 10~ | 0.761349

Table 10: Test case ADR2-H1: main quantities characterizing the metric inter-

section based adaptive procedure.

k| #T7 [10@w) —J)l | 170 =Tl | 0 prested 0
0 200 | 2.85778 -10~* | 2.55089 - 10~* | 1.47467 - 10~ ! | 0.587253
1| 20185 | 1.23210-10"7 | 9.02067 - 1076 | 3.35886 - 10~2 | 0.797567
2 | 116955 — — — —

with v € V| v, € V},, and where the primal Galerkin orthogonality (6) together
with the weak form (4) have been essentially exploited. Then thanks to the
Cauchy-Schwarz inequality and to the interpolation estimates (15); and (15)2,

we get

‘/V(u — up) - Vvdx‘

<y

KeTy,

< S+ Bunll Ot ol + 5 | [ ]

KeTy,

L1 + 3z o - oz + 5 [ [G2]|

L2(0K)

L2(9K)

v — UhHLQ(é)K)}

cm%%wm@m}

<Y o) ol <€ (3 )" (Elmmﬁk),

KeT,

KeT,

KeT,

with C' = max(C,C2), pk(up) defined as in (17), and where the choice v, =
I(v) is done. Moreover the last quantity is yielded via the discrete Cauchy-
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Figure 15: Test case ADR2-H1. Sequence of adapted meshes for the metric
intersection based adaptive procedure: initial (left), first adapted (center), and
second adapted (right).

Table 11: Test case P3D-L2: main quantities characterizing the adaptive proce-
dure.

#7011 Tw) = Tl | 03 estea

196608 | 1.30770-1072 | 4.19245 - 1071
138212 | 7.99201 - 103 | 2.35281 - 1071
141088 | 7.61104 -1073 | 2.39810 - 1071

N = O F

Schwarz inequality. Now, thanks to relation (49), we can state that

[V oix] < (3 o)) el (09
3 KeT,

where C* = C'v/N. Then let us choose in (68) v = e; € V. Thanks to the
Poincaré-Friedrichs inequality, we obtain

1 2 2 * 2 1/2
(15c) lenllney < llenll® < € (K;h[pmh)]) lenllan o)

with |[| - [|| = | - |g1(q) the energy norm and Cp the Poincaré constant. After
simplifying |lep | 1oy and by identifying C** = C* (1 + C%), we recognize the
desired result (16). O

Lemma 2.4 can be proved in an identical way.

Proof of Lemma 2.5. By resorting to the Aubin-Nitsche trick, let us introduce
the auxiliary problem:
—Afl =ep, in €,
(69)
£E=0 on 0f2.
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Figure 16: Test case P3D-L2. Top row: initial mesh (on the left) and first
adapted grid (center and right) from two different viewpoints. Bottom row:
mesh size distribution on the initial grid (left) and on the first adapted one
(right).

As Q is identified with a convex polygonal domain and since e; € L?(f2), an
elliptic reqularity property can be stated for problem (69), namely we have that
¢ € H?(Q) and there exists a constant C 4y > 0, such that

€]l 2(0) < Can llenllr2(o)- (70)

Now let us multiply the differential equation in (69) by ey, while integrating over
Q. We get
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lenliowy = - [Agenax= [Ve-Venix = [Vie—g) Venax
Q Q Q
- /f<§—£h>dx—/v<g—gh)-whdx

- QZ{/(f+Auj)(€ e ix- [[Ge]€-aal.

K€ " ¢ oK

(71)
with &, € V},, and where integration by parts, together with the primal Galerkin
orthogonality (6) and the weak form (4), have been suitably employed. Let us
choose &, = I, (€). Notice that the H?-regularity, guaranteed to the function &
by the elliptic regularity property, allows us to uniquely define the interpolant
1, (&) either in the 2D case or in the 3D one. Via the Cauchy-Schwarz inequality
and by exploiting the interpolation estimates (14), we obtain

Heh”%%g)

L2(0K)

< 3 {1+ Aunllzago e - T @lsao + 5 [ [52]

KeTy,

e~ Tkl 200k |
< 3 {17 + Bunllag G i Wl + 5| [ 2], Gk el }
KeT,

<C Y hiprc(un) €l w2y < 5( > [k pxc(un) ) /2( >l ) :

KeT, KeT,, KeTy,

L2 (aK)

with C' = max(Cy, C2), px (up) defined as in (17), and where the discrete Cauchy-
Schwarz inequality has been used to get the last term. Finally, thanks to relation
(70), we derive that

~ 1/2
lenl220y < € (D Thieox(n)]?) " €l
KeT, /2
~ 1
< (X (o)) €l
KeT,
5\ 1/2
< Cor (3 Thac o)) llenll 2oy
KeT,
namely the desired estimate (20), with C,, = C Can. O

We remark that the auxiliary problem (69) is a mere trick to get the desired
estimate for the L2-norm |lep, || 12(q), the corresponding solution £ being never
computed.

Lemma 2.6 can be proved in a similar way, moving from another suitable auxil-
iary problem.
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Appendix A. 2.

For optimal mesh generation, the following two criteria are widely used in the
literature (see, e.g., [8, 19]): i) for a given number of mesh elements, maximize
the accuracy of the approximation; i) for a given accuracy, minimize the number
of mesh elements. Let us detail both these procedures moving from the estimator
corresponding to the term (I) in (60), analogous conclusions holding for the
estimator associated with the term (II).

Let us move from the local error estimator defined in (62)

mie = Il M (ke (on) Lz + 5 A IR o) 2o )

where, to simplify the notation throughout this section, nk. is denoted by 7k,
hﬁ’(’ _ by hb., and R (zp,) stands for the jump [9z;,/0n] of the normal derivative of
zp, across OK. Moreover, we recall that it holds |K| = Cxh3., with Cx = v/3/4.
The issue is to compute, over the domain (2, the optimal mesh size distribution

represented by the piecewise constant function h = h(x), with h(x ‘ x = hxk.

Criterion i) The optimal mesh size distribution is given by the solution of the
following minimization problem:

find h = h(x) such that

Z 0% is minimized, subject to the constraint / dx| =N, (72)
KeT, Cx 1?2
h

N being the desired number of elements, and [-] denoting the integer part.

In the following, we compute the solution to this minimization problem, by first
re-writing the objective function in a continuous form. With this aim, let us
remark that

e = Zn%=||f||%2(mZh??(an(zh)nLa(K)+—hK”2||RK<zh>||L2<aK>)
KeTy, KeTy,
< 20y 32 02 (ko) By + 5 i I Rac(o) agore)
KeT,
2
= 20| ey 3. / m{ (i) + 5 M E (S (Re(n)? el ax,
KEThK ecOK

where R.(zy) = [0z/0n] |e, that is coincides with the restriction of the piecewise
constant jump term on the edge e of K, for any e N Q # (), while |e| stands for
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the length of the edge e. Let us define the weighted average

S (Re(zn)® el

(EK(Zh))2 = ceoR Z |e| = |81I{| E;:K(Re(zh))2 |e|7

ecOK

with |[0K| = 3hg the measure of the boundary of K, since all the triangles
are supposed to be equilateral (see § 4.1). Thus the objective function can be
bounded as

™
N
AN

1. B _
< 20l 3 [W{ i) + 5 b KT 10K (Fc(an)”
KeThK

1~ _
= 2 ||f|]%2(9) Z /h?{(r}'}(zh))? +3 Ck (hi' RK(zh))2} dx,
KeT, %

where the geometrical relations among hg,|K| and |0K| are exploited, with
Cx = 3/Cx = 4v/3. We notice that the term hi' Ri(21) can be considered as
a difference quotient for the second order derivative (across the normal direction
to the edge) of the exact dual solution z computed on zj, so that the above
bound for €2 can be re-written in a continuous form as

00 =2y [0 ()7 + 5 Coc (D%20)°) doc =2y [ 17 6% x
Q Q
(73)
where r* = r*(x) and D?z;, = D?z,(x) are such that r*‘K =ry(zn), D2zh‘K =
hi' Rk (z1), respectively, while p = p(x) is defined via the relation p? = (T'*)2 +
%5[{ (Dzzh)2 and can be considered independent of h.

Going back to the minimization problem (72), we are thus led to minimize
n(h) such that the constraint in (72) is guaranteed.

Proposition 6.1 The constrained minimization problem (72) admits as possible
solution the mesh size distribution h = h(x) such that

hl=hkg = (o;%v)(z /((r}((zh))2—|—%5[<(h}lﬁK(zh)f)pildx

KGT]—LK

<(7’?<(Zh))2 + 3 Cx (b EK(Zh))2>

__1
2(p+1)

(74)
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Proof. The stationarity of n(h) yields
/h%*l p*6h dx =0,
Q

for any admissible variation dh such that

2
SN =—— [h35hdx =0.
OK/ x =0

Q

A solution of this constrained minimization problem is
h = h(x) = Cx p(x) 71,

for a suitable constant Cy to be determined by the satisfaction of the constraint in (72).
This yields

1 2
—_— P dx = N
e [ot7 =,

o (k) (o)

Going back to the elementwise notation, the optimal mesh size can thus be written as

1 3 2 2 L
hly = hg = <C’K—N) (/P(X)p“ dx) Pl
Q
= 1 : /((r*)Q + 151( (Dth)Q)ﬁ dx :
Cx N 2
Q

(-
= (o) (S [ (e + bow oa Rn?) ™ o)

from which we obtain

~—

1
2 1 ~ 2 2 T 2(p+D)
~Cx (D )‘
+ 5 VK ( Zh) K)

[N

KE'Z’h K
1
i} s 1~ 5\ T
<(7’K(zh)) + 3 Ck (hKl Rk (z1)) )
This relation identifies the desired mesh size distribution. O

Criterion ii) In this case the optimization problem reads as:

find h = h(x) such that

Ck h2

11
N = [ dx} is minimized, subject to the constraint Z ns = €2, (75)
Q KeT,
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€ being the desired tolerance.

The same notation and arguments as in the previous case hold, provided that
the quantity defining the objective function and the constraint are exchanged.

Proposition 6.2 The constrained minimization problem (75) admits as possible
solution the mesh size distribution h = h(x) such that

Plae=tic = <m>; <(r?<(zh))2 + % Cre (higt EK(Zh))2>‘2(J+1>
L2(Q
( E /((r}}(Zh))? + % Ok (hig EK(Zh))2> -+ dx> =
KeTy, i
(76)

Proof. The stationarity of the number of elements N yields

/h*35hdx=0
Q

for any admissible variation dh such that

52 = 4p |l [ 67 Shax =0,
Q

after replacing Z n% by the continuous quantity n(h) defined in (73). A solution to

KeTy,
this constrained minimization problem is

h = h(x) = Cz p(x) 77,

for a suitable constant C. to be determined by satisfying the constraint in (75). We
obtain

21320y C2* / ()7 dx = €2,
Q

S
22 || fll 2

from which we get

B =

(
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Using the elementwise notation, the optimal mesh size can thus be written as

h‘K = hik = (%) ' </P(X)# dx) B P‘}_{#
22 | fllz2 J
> (/((r*)2+ lé}( (Dzzh)Q)ﬁdx>2p
22 Hf||L2 ) J 2

__1
2(p+1)

‘4z CK (D%21)°) ‘K>

2é”f||L2 Q)) (K;/ ric(en)’ + = CK(h RK(Zh))) dx)

1
2(p+1)

(i
(¢
(
(rK (z1)) iz CK(h RK(Zh))2>

The desired mesh size distribution is thus identified. O

Remark 6.1 A procedure related to criterion ii), and known as the optimized
mesh strategy, is considered, for instance, in [8] (see Section 5.2) and [19] (see
pp. 197-199). In such a case, the optimal mesh size distribution is computed via
a different approach (a Lagrangian technique) but coincides with (76).

Remark 6.2 Except for the different constants, the dependence on the residual
terms of the optimal mesh size distributions (74) and (76) is the same as the
one obtained in § 4.1, moving from the equidistribution criterion. This seems
to be a feature of the isotropic mesh adaption and may not hold in the case of
anisotropic mesh adaptivity.

Remark 6.3 The analysis of Propositions 6.1 and 6.2 can be extended, in a
straightforward way, to the 3D case, though the corresponding implementation
is more demanding ([25]).

Acknowledgments. We gratefully acknowledge Dr. M. Prosi for carrying out
the 3D numerical computations by the finite element library LifeV (www.lifev.org),
and the automatic 3D tetrahedral mesh generator Netgen (www.hpfem. jku.at/netgen).
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