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Abstract

We propose a procedure aiming at reducing the computational cost in-
volved in the numerical approximation of (possibly nonlinear) advection-
diffusion-reaction systems. The idea is to suitably combine a model with a
mesh adaptive procedure. In particular we first derive, separately, a model
error estimator and an anisotropic estimator for the discretization error,
suited for driving a model and a mesh adaptivity algorithm, respectively.
These two strategies are then properly combined, allowing for a merged
model-mesh control. The whole procedure is finally assessed on some nu-
merical test cases, essentially inspired by ecological and environmental ap-
plications.

1 Introduction and motivations

Many of the problems of interest in Applied Sciences involve different temporal
and spatial scales as well as physical phenomena of different nature, often limited
to some portion of the whole computational domain. This issue, for instance,
is typical when monitoring the concentration of some pollutant in a river or in
air, rather than when interested in the fluid-dynamics in a river with obstacles,
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as well as if dealing with the measurement of a solute concentration in a blood
vessel, or of the electric current at the terminals of a semiconductor electronic
device.

With a view to the numerical simulation of such phenomena, mesh adaptivity
plays an important role to manage the coexistence of different time and space
scales. The idea is to reduce the involved computational costs by selecting
small mesh spacing and time step only where and when strictly necessary. As a
matter of fact, mesh adaptive procedures have been actively investigated for the
numerical approximation of PDE’s models since the late "70s (see, e.g., [4, 5, 53,
8, 7, 51]) and are standard tools in most of the main commercial softwares.

On the other hand, the dominance of some physical features in restricted
areas of the domain suggests giving up the employment of the full model on the
whole domain, locally replaced by a simpler model. This philosophy has led to
the more recent model adaptation. This approach covers distinct frameworks:
for instance the heterogeneous domain decomposition method matches different
boundary value problems associated with disjoint subregions of the computa-
tional domain (see, e.g., [45]); the geometric multiscale strategy couples models
characterized by a different spatial dimension (see, e.g., [21]); the hierarchi-
cal model reduction combines models with the same dimension but exhibiting
a different level of accuracy in describing the phenomenon at hand (see, e.g.,
52, 1, 6, 19)).

In this paper we resort to an alternative technique. The idea is to merge the
full model with a reduced counterpart, obtained by dropping in the full model the
most expensive term from the computational viewpoint. For example, in the case
of an advection-diffusion problem, the advective term (the most troublesome to
deal with numerically) may be relevant (and thus included in the model) just in
a small part of the domain. This approach has been proposed in a goal-oriented
framework by, e.g., [38, 10]. A successive variant is provided in [43] and applied
to the approximation of the unsteady shallow water equations. The present work
aims at enriching the analysis in [43] with a suitable mesh adaptation procedure,
our reference full model being a general (possibly nonlinear) advection-diffusion-
reaction system. The combination of mesh and model adaptivity is not often
tackled in the literature (see, e.g., [10, 11, 49]). Our goal is to further lighten
the computational cost of a model-mesh adaptive procedure by advocating an
anisotropic mesh adaptation strategy (see, e.g., [13, 27, 18, 2, 16, 22, 48, 50, 44,
25, 28]). This turns out to be particularly convenient in the presence of strongly
directional features, such as the ones induced by a dominant advection.

The outline of the paper is the following one: We first focus on the model
adaptation only. In particular, Section 2 faces the linear case, while in Section 3
we deal with the nonlinear framework. In Section 4 we move to the mesh adapta-
tion by introducing the anisotropic setting, as well as a goal-oriented anisotropic
a posteriori analysis. Finally, in Section 5 the model and mesh adaptivities are
merged. The numerical test cases throughout the paper are both academic and
inspired by ecological and environmental applications.



2 An a posteriori model analysis: the linear case

Aim of this section is to provide an a posteriori model error analysis for a general
linear variational problem. The idea is to be free from the Lagrangian approach
typical of the nonlinear case (see, e.g., [10, 11, 38, 39, 40, 41, 43]). Thus we are
led to a simplified setting, still hinging on the dual framework with a view to
a goal-oriented error control (see, e.g., [9, 26, 30, 37]). The proposed analysis
also includes the treatment of nonhomogeneous Dirichlet boundary conditions
as well as a Petrov-Galerkin formulation for both the primal and dual problems.
Let V and W be two real Hilbert spaces associated with the computational
domain Q C R?, and Vy € V,Wy C W be two corresponding subspaces. Let
c € Vand g € W be two fixed elements, related to the nonhomogeneous Dirichlet
data. Let us introduce the general linear problem to be approximated: find
up € Vo + ¢ s.t.

a(u,w) + d(uy,w) = F(w) Yw € Wy, (1)

where a(-,-), d(-,-) are bilinear forms defined on V. x W and F : W — R is a
linear functional, possibly accounting for nonhomogeneous Neumann conditions.
Standard regularity assumptions are made on the problem data so that (1) is
well-posed. Notice the different function spaces employed for the solution and
the test function in the spirit of a Petrov-Galerkin formulation, Vp+c¢ C V being
an affine space. Moreover we assume that the bilinear form d(-,-) gathers the
most expensive part involved in the computation of (1).

Throughout the paper we refer to (1) as to the fine primal problem.

The actual goal is to estimate Jgoal(ul), where Jyoq 0 V' — R is a linear
functional of interest identifying a certain physically meaningful quantity (see
Sections 2.2 and 3.1 for possible instances).

In particular we suppose to deal with physical problems where the influence
of the bilinear form d(-,-) on the estimation of Jyoq(u1) is confined to small
portions of 2. The idea is to propose an automatic tool able to detect these
areas (€21) of influence in order to contain the involved computational cost with
respect to the employment of the fine model on the whole €). We are thus led to
solve a variational problem where d(-, -) contributes only “spotwise” or, likewise,
on certain regions (€y) of © we solve the so-called coarse problem identified by
the sole bilinear form af(-,-).

For this purpose we introduce the adapted primal problem: find u, € Vi + ¢ s.t.

a(tg,w) + d(ug, cw) = F(w) Yw € Wy, (2)

where o € L*°(2) takes on only the values 0 or 1. When a = 0 everywhere
we get the coarse model, whereas we recover (1) for @« = 1 on the whole Q.
In the general case none of these two situations occurs. On the contrary, the
choice a = xq, yields a possible adapted model, the one to be actually solved,
x denoting the characteristic function.

We point out that the second argument of d(-,-) must not depend on any deriva-
tive, due to the regularity of . Moreover, the form d(-,-) must not change
the differential nature (elliptic, hyperbolic, etc) of the coarse problem associated
with the bilinear form a(-,-).

With the aim of a goal-oriented analysis we define the fine dual problem



associated with the primal one (1): find z; € Wy + g s.t.
a(v,z1) +d(v,z1) = J(v) Vv eV, (3)

where Wy + g C W is an affine space of W while J : V' — R is a suitable linear
functional which will be related to Jy,q at the end of this section. Likewise we
introduce the adapted dual problem: find z, € Wy + g s.t.

a(v, zo) +d(v,azq) = J(v) Yv e V. (4)

To make the analysis below more straightforward we rewrite the primal and
dual problems above by exploiting the splitting u, = uq + ¢, 2o = Zo + ¢, With
uq € Vp and z, € Wy. This yields: find u, € V) s.t.

(U, w) + d(Ua, cw) = F(w) — alc,w) — d(c,aw) = Fo(w) Ywe Wy  (5)
with reference to problem (2); find z, € Wy s.t.

CL(’U, ga) + d(’U,Oéza) = J(U) - a(v,g) - d(U, Oég) = ja(v) Vo € ‘/07 (6)

for problem (4). The choice @ = 1 in (5) and (6) yields the corresponding
reformulations of (1) and (3), respectively.

We anticipate some preliminary results before focusing on the main estimate.
We begin with proving the following model orthogonalities:

Lemma 2.1 Let €, = U — Uy = U] — Uq and €, = 21 — Zq = 21 — 2o be the
primal and dual model error, respectively. Then it holds

a(€m,w) + d(€m,w) + d(uqg, (1 —a)w) =0 Yw € Wy; (7)

a(v,ep)+d(v,ey) +dv, (1 —a)zy) =0 Yo e V. (8)

Proof. Tt follows on suitably subtracting the adapted formulations (5) and (6) from
their corresponding fine counterparts. O

By mimicking the relation leading to result (1.8) in [9] we establish

Lemma 2.2 The following relation links the primal with the dual model errors
on Ji and F:
i(gm) = ﬁl(g:;@) + d(ﬂaa (1 - a) Za) - d(uaa (1 - a) za)'

Proof. Choosing v = €, in the dual problem (6) with a = 1, exploiting the model
orthogonalities (7) and (8) with w = Z, and v = u,, respectively, we get

J1(En) = a(@m,er)+d@m,er) — d(ug, (1 —a)Za)
= a(alvg;:z) + d(alaggﬂb) + d(ﬂaa (1 - a) Za) - d(uaa (1 - a) ga)'
Finally the fine primal problem, i.e., (5) with a = 1, for the choice w = €, provides us
with the desired result. O
Let us introduce the primal p(t,, ) : Wy — R and the dual p*(-,z,) : Vo — R
model residuals given by

ﬁ(aow ) - Fl() - a(aOH ) - d(aOH ')7 ﬁ*(v g06) = Jl() - CL(', };Va) - d('? ga)v (9)
respectively. These quantities measure the extent the adapted solutions u, and

Zo fail to satisfy the corresponding fine problems.
An equivalent expression for the residuals in (9) can be obtained via the following



Lemma 2.3 It holds
P, ") = =d(ta, (L —a):),  p"(2a) = —d(- (1 = @) 2a).
Proof. Using the definition (9); and adding and subtracting d(t,, o w) yields
Pt w) = Fy(w) = a(iia, w) = d(iia, aw) = d(ia, (1 - @) w).
By relating Fy (w) to Fi(w) via (5), we get
Pl w) = Fo(w) = d(e, (1 = a) w) = alia, w) = d(la, aw) = (T, (1 - ) w).

The adapted primal formulation along with the splitting u, = u, + ¢ provides us with
the final result.
An analogous proof holds for the dual residual p*(-, Z, ). O

Lemma 2.4 The primal and dual model error on jl and ﬁl can be expressed
as

T1(@n) = min {505 — ¢) = dlua, (1 = @) ) . (10)
and B

Fi(@;) = min {5 (@ 16, %) — d(b.(1 ~ @) ) }. ()
respectively.

Proof. Thanks to the fine dual problem for v = €, and the model orthogonality (7)
with w = ¢, for any ¢ € Wy, we have

i(gm) =a(€m,21) + d(@m,z1) = a(ém, 21 — ) + d(€m, 21 — ) — d(uqa, (1 — @) ).

The definition of the primal model error ¢,, combined with the fine primal problem for
w =z, — @ yields

J1(Em) = F1(Z1 — ¢) — [a(lia, %1 — ¢) + d(Ua, %1 — ¢)] — d(ua, (1 — ) ¢)

The thesis follows recalling the definition of the primal model residual (9); and from
the arbitrariness of ¢ in Wy. Result (11) follows on suitably exchanging the role played
by the primal and dual problems in the proof of (10). O

_ The main result of this section provides an estimate for the model error on
J1 merging both the primal and dual contributions.

Proposition 2.1 Let uy and u, be the fine and the adapted primal solutions
associated with (5) and z1 and Z, the corresponding dual solutions. Let €,, and
e, be the primal and dual model errors as in Lemma 2.1. Then it holds

T o~ ~ Iro - ~x ~%(~ =
Ti(Em) = =d(ta, (1= @) 2a) + 5 |30 &) + 7 Ems Za) .
p(tq,-) and p*(-, zy) being defined as in (9), and with u, solution to (2).

Proof. We proceed with the trivial splitting J3 (€,,) = %i(gm) + %i(’ém). Then
we employ (10) in Lemma 2.4 on the first term and Lemma 2.2 combined with (11) in
Lemma 2.4 on the second one, for arbitrary ¢ € Wy and ¢ € Vp:

Ti@m) =3[P 71— 0) — d(a, (1 - a) 9)]

+ 3 [F = v, E) — d(, (1= 0) za) + il (1= @) 20) = d(ua, (1 - @) Za).
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Now by suitably rearranging the terms on the right-hand side we have
Ti@m) = [0 7 = 9) + 57 @ — v, 2)]
— 3[da, (1= 0) ) + (W, (1 = 0) za) = dliia, (1~ 0) za) + dlua, (1 - ) %))

i.e., the final result after choosing ¢ = Z, and 1) = u,. O

Remark 2.1 In a similar fashion we can prove the equality
(3 ~ Lro ~% ~k(~ =
Fi(e)) = —d(ta, (1 — a) zo) + 5 [p(ua, ex)+ 0 (Em,2a) |-

With reference to Proposition 2.1 we highlight that only the first term on
the right-hand side is fully computable whereas the second one depends (to first
order accuracy) on both the primal and dual errors. Thus, with a view to the
adaptive procedure in Section 2.1, we can introduce the model error estimator
Mo for Ji(€,,) given by

No = —d(ta, (1 — @) Za) (= pUa, Za))- (12)

As the actual goal is to estimate Jyoqi(€m), it is convenient, in the light of
Proposition 2.1, to choose Ji = Jyoq. As a consequence the functional J in the
fine dual problem (3) is given by J(v) = Jyou(v) + a(v, g) + d(v, g).

2.1 The model adaptive procedure

We aim at devising a reliable iterative procedure, referred to as model adaptation
procedure, able to “translate” the error estimator 7, in (12) into a practical
criterion for selecting the fine (£21) and coarse (£2g) areas in 2.

With a view to the actual computation of the adapted problems (2) and (6), we
introduce a conformal partition 7, = {K} of Q into N}, triangles K. At this
stage we assume that 7;, is sufficiently fine so that the discretization error is
negligible.

To initiate the iterative procedure, we select reference primal and dual so-
lutions computationally cheap, i.e., we let u, = ug and Z, = Zg. This leads
to identify the initial guess for the model error estimator with 1y = —d(uo, 2o),
according to definition (12). The final goal of the procedure is to identify the
suitable function @ = xq, so that |J(u; — ua)| < 7y, with 7, a user-defined
tolerance, and such that the measure of €)1 be as small as possible.

The main steps of the model adaptation algorithm are listed in the following
a—adaptive procedure:

1. set a|K:0,VKE%;
2. solve (2) and (6);

3. compute 7, via (12);



4. if |no| < 7, break
5. for i=1,Npax

6. localize 7, on each K €7} : 1o K = Na K5

—1;

. Tm
7. if ‘7]067K‘>6Fh, Oé‘K

8. solve (2) and (6);
9. compute 7, via (12);

10. if 9| < 7, break

end

The localization in step 6. simply relies on the additive property of the integrals
defining the bilinear form d(-, ). The check at step 7. is meant in the spirit of an
equidistribution of the total model error over the triangles. This mimics what
is typically done in the mesh adaptivity framework. Through the parameter
0 > 1 we aim at limiting the model refinement only to the “worst” elements. In
practice this value is chosen so that, at each iteration, the variation of the fine
area () is at most the 5% of the whole area |Q2|. The adopted criterion avoids
the continuous switching on and off of the fine model in the same element caused
by the factor 1 — « in (12).

Step 10. aims at guaranteeing the reliability of the estimator (12). Indeed 7,
neglects the model residuals p(uq, €,,) and p*(ém, zo). Moreover since step 7.
provides a “prediction” for a new distribution of the function «, we need to check
the goodness of such a prediction via steps 8.-10..

Finally, to ensure the termination of the adaptive procedure in the case of a
failure in satisfying the global tolerance, we have fixed a maximum number Ny,
of iterations.

We point out that the a—adaptive procedure is not guaranteed to be efficient,
i.e., the area returned for €2y is not necessarily a minimum. However both the
choices made for the initial guess and the equidistribution criterion serve to meet
this goal.

2.2 Some examples

We assess the reliability of the error estimator 7, in (12) as well as the efficiency
of the a~adaptive procedure on the well-established scalar advection-diffusion-
reaction (ADR) equation

—pAu+b-Vu+ou=f in €,

u=Cc on PD, (13)

ou
- =C2 on PN7
on



with 4 € RT; Q € R? is a regular bounded domain; o € L>(Q) with ¢ > 0 a.e.
in Q, b € [L®(Q)]? with V-b € L>(Q) such that —1V-b+0 > 0 a.e. in Q and
b-n>0onTy, c; € H/3('p), ca € L*(Ty) and f € L*(Q) are given functions;
Ou/On = Vu - n is the normal derivative of u, n being the unit outward normal
vector to the boundary 9€) of the domain.

Here and throughout the paper we use a standard notation to denote both
the Lebesgue and the Sobolev spaces of functions and the corresponding norms
([29]). The regularity demanded above for the data ensures the well-posedness
of the weak formulation of (13).

In Sections 2.2.1 and 2.2.2 we particularize the model analysis above for two
different choices of the bilinear forms a(-,-) and d(-,-) in (1). In both cases the
goal functional Jy, is identified by the general representation

Jgoar(v) = /jwvdw + /jwvds, (14)

w r
where w C Q, T' C I'y, while j, € L?(Q) and j, € L*T) are suitable density
functions.
2.2.1 ADR versus AD

As first example we swap between (13) and the advection-diffusion (AD) problem
obtained by omitting the term ou in (13). The corresponding adapted primal
problem is thus identified by (2) by letting

a(Ug, w) = /,uVua -VwdQ + /(b -Vug)wd,  d(ug,aw) = /aauaw s,
Q Q Q

F(w) :/fwdQ+/62wds,

Q I'n

the function spaces being V =W = HY(Q), Vo = Wy = HIlD (Q).
According to (12) the model error estimator is now

Mo = — (g, (1 — ) %) = —/(1 ~ a)ougZ, do, (15)
Q

Zo being the weak solution to the dual problem

—uAzZy — V- (bzy) + aozy = ju in €,

Za=0 on I'p,

I (16)
(uVZo +bZy) -n =3, on T,
(UWVZo +bzy) -mn=0 on I'y\T.

To exemplify the a-adaptive procedure associated with the estimator (15),
we consider the following data: pu = 1073, b = (29, —21)", 0 = 05, f = 0
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Figure 1: ADR vs AD (model adaptation): domain, advective field and target
region (left), fine primal (middle) and dual (right) solutions.

and = (0,1)? (see Fig. 1 (left)). Concerning the boundary data, we assign a
homogeneous Neumann condition on I'y = {(z1,22) : 2 = 0}, i.e.,, co = 0 in
(13); a homogeneous Dirichlet condition on {(0,z2) : 0 < x2 < 0.8} and u =1
elsewhere. The corresponding fine solution is displayed in Figure 1 (center).
The functional Jy,, coincides with the mean value of the solution on the area
E =(0.3,0.9) x (0.1,0.2) (see Fig. 1 (left)), i.e.,

1
Jgoar (V) = E/EvdE,

|w| denoting the measure of the general set w C R2. This choice implies j, =
lw| ™!, with w = E, and j, = 0 in (14), i.e., in (16). We refer to Figure 1 (right)
where the fine dual solution is shown. Finally, the value 7, = 1072 is selected
for the tolerance in the a-adaptive procedure.
Figure 2 gathers the main steps of such a procedure which terminates after 5
iterations. In the first column we find the distribution of the areas €, (dark)
and Qg (light), in correspondence with the second, third and fifth iterations.
The middle column collects the adapted primal solution computed on the areas
distribution on the left. The last column furnishes the elementwise distribution
of 1, evaluated on the adapted solutions in the center and on the corresponding
dual variables.
The areas of influence detected by 7, are confined to the regions most meaningful
for the goal functional, that is the ones around the circular internal layer of wuy
but upwind the observation region E. This is justified also by the behaviour of
the dual solution in Figure 1 (right).
The percentage of the fine region €1, at the last iteration, is only the 30% of
|2]. A comparison between the fine primal solution in Figure 1 (center) and the
fifth adapted primal solution in Figure 2 (bottom-center) highlights the absence
of the reaction contribution in the upper-right part of 2.
Concerning the distribution of the error estimator, we observe that, during the
adaptive procedure, its value decreases where the fine model is switched on until,
at the last iteration, only a thin shell outside 2 is somehow still meaningful.
A more quantitative analysis is provided in Table 1, where the percentage
of the fine area, the estimator of the relative error, the actual relative error,
and the model effectivity index E.I. = 1 /|Jgoa1 (41) — Jgoat (ta)| are summarized
throughout all the five iterations. The fine areas cover a larger and larger portion
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and fifth (third row) iteration.
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up to about one third of the whole domain, while both the estimator and the
error decrease steadily. The values of E.I., always close to 1, assess the robustness
of the estimator 7, in (15).

2.2.2 ADR versus DR

As a second instance we alternate the ADR model with the diffusion-reaction
problem (DR) obtained by dropping in (13) the advective term.
We recover the adapted formulation (2) by picking the function spaces as in

10



1 ‘na‘ ‘J oal(ul)_J oal(ua)‘

#it | % | gy O Teat )] E.L
1 0.00 | 1.39-107% 1.00 - 10100 1.39
2 5.00 | 8.02-107% 6.18 - 10701 1.30
3 15.00 | 2.28 - 10792 1.87-10791 1.22
4 25.00 | 3.72-10702 3.21-10702 1.16
5 | 30.00 | 9.58-10793 8.47-10703 1.13

Table 1: ADR vs AD (model adaptation): iteration, percentage of fine areas,
estimator of the relative error, actual relative error, model effectivity index.
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Figure 3: ADR vs DR (model adaptation): domain and advective field (left),
fine primal (middle) and dual (right) solutions.

Section 2.2.1 and taking

a(Ug, w) = /,uVua -VwdQ + /auaw dQ, d(uq,ow) = /a(b - Vug)w dS2,
Q Q Q

F(w) :Q/fwd(2+/02wds.

'y

The model error estimator (12) is thus
Mo = —d(ig, (1 — 0)Z) = —/(1 — a)(b - Vg dO, (17)
Q

where Zz, is the weak solution to the dual problem

—uAzZ, — V- (abzy) + 02Z4 = ju in €,

Za =0 on I'p,
(uVZo + abz,) -n = j, on T,
(uUVZy + abz,) - n=0 on Iy \T.

To assess the performance of the estimator (17), we pick the L-shaped domain in
Figure 3 (left). The physical parameters are chosen as: g = 1073; 0 = 107%; b =
(V'sin(#), —V cos(#))T, where 0 = arctan(zy/x1), V = exp(—(r — 4)2/0.01) and

11
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r = /z? + 23 (see Fig. 3 (left)); f = 0. We enforce a homogeneous Neumann
condition (c2 = 0) along I'ny = {(4,22) : 0 < 2 < 4}U{(x1,0) : 2 < x; < 4}; the
nonhomogeneous Dirichlet condition v = 1 on the edge {(0,z2) : 2 < zo < 4},
while u = 0 elsewhere.

The choice made for the data leads to a fine solution u; characterized by a
thin circular internal layer around r = 4 (see Fig. 3 (middle)). The functional
Jgoal is now related to a boundary observation, i.e., to the convective flux

Jgoal (V) :/b-nvds,
r

with I' = {(21,0) : 2 < 21 < 4}.

For a global model tolerance 7, = 1072, the a-adaptive procedure yields
four iterations. The fine/coarse area distribution and the corresponding adapted
primal solution at the second and last iteration are provided in Figure 4. It can be
noticed that, at the second iteration, the area where the advective contribution
is solved is very small, and consequently the corresponding adapted solution
exhibits a predominant diffusive behaviour (Fig. 4 (top)). On the contrary,
at the last iteration, the advective term is switched on in a meaningful zone
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embracing the internal layer (Fig. 4 (bottom-left)). This identifies an adapted
solution where the convective features are evident (see Fig. 4 (bottom-right)). As
expected, the dominant advective character of the problem at hand, associated
with an outflow boundary observation area, lead the estimator 7, to identify the
regions most sensitive to the field b.

The same quantities as in Table 1 are computed also for this test case (see
Table 2). At the last iteration, the fine model is solved on only one fourth of 2.
Both the relative estimator and error decrease throughout the iterations. The
effectivity index, just at the fourth iteration reaches a value corroborating the
robustness of the estimator (17). Notice the large overestimation by 7, at the
first iteration due to the complete neglecting of the advection, crucial to control
the boundary flux.

: |77a‘ |J oal(ul)_J oal(ua)|
# it | (% | e EEAICH] E.L
1 0.00 | 1.71-10792 1.01 - 10100 169.81
2 5.00 | 1.16-10792 1.39 - 10100 83.29
3 15.00 | 7.64 - 10700 4.44 10791 17.20
4 25.00 | 3.32-10703 1.25-1079 2.66

Table 2: ADR vs DR (model adaptation): iteration, percentage of fine areas,
estimator of the relative error, actual relative error, model effectivity index.

3 An a posteriori model analysis: the nonlinear case

With a view to the modelization of real-life phenomena, it is unavoidable to deal
with nonlinear problems. Nonetheless the corresponding analysis is no doubt
more cumbersome. The standard mathematical approach used to handle a goal-
oriented analysis in a nonlinear framework is based on a reformulation of the
problem at hand as a constrained minimization problem, hinging on a suitable
Lagrangian functional. In general the most critical issues to be tackled in the
definition of the Lagrangian are the treatment of the nonhomogeneous Dirichlet
boundary data as well as the inclusion of possible stabilization terms in the
discrete variational formulation.
Concerning the extension of the model error analysis in Section 2 to the nonlinear
case, the approach that manages nonhomogeneous conditions via suitable affine
function spaces can still be pursued. This would entail a generalization of the
analysis in [9, 26, 33] to the model setting. However, the later merging of the
model with the discretization analysis suggests undertaking a simpler approach,
based on the weak imposition of the nonhomogeneous Dirichlet conditions (see,
e.g., [14, 3]).

Let us consider the general weak formulation of the differential problem at
hand:

findu; € V:  a(u)(w) +d(up)(w) = F(w) Yw e W, (18)

where a(-)(+) and d(-)(-) are semilinear forms, i.e. linear with respect to the
second argument and nonlinear in the first one. Analogously to the linear case
a(-)(+) identifies the coarse model, whereas d(-)(-) represents the correction lead-
ing to the fine model. Assumptions similar to the ones advanced on d(-,-) in
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Section 2 are demanded also in this case. We point out that (18) is still a
Petrov-Galerkin formulation. Moreover the forms a(-)(-) and F'(-) suitably take
into account the nonhomogeneous Dirichlet boundary conditions, thus weakly
enforced.

Let us then introduce the adapted problem depending on «:

find ug € Vi a(ug)(w) + d(ug)(ow) = F(w) Yw e W, (19)

« being defined as in the previous section.

Let Jyoa : V' — R be the target functional of interest, now possibly nonlin-
ear. We aim at finding a computable error estimator 7, of the output model
error Jgoqr (1) — Jgoal (Ua). For this purpose, we introduce the following (trivial)
constrained minimization problem ([9]), after assuming the existence and the
uniqueness of the solution u, to (19) in V:

find u,, € 'V : ir}\fl Jg0a1 (V) = Jgoal (Ua), (20)

ve

where My, = {v eV : a(v)(§) +d(v)(a) = F(£),V§ € W}. This formulation
allows us to resort to the standard Lagrangian theory to enforce the constraint.
We introduce the adapted Lagrangian L, : V x W — R

Lo(Ua, 2a) = Jgoal(Ua) + F(2a) — a(ta)(2a) — d(ua)(azq), (21)

zo being the Lagrange multiplier associated with the constraint in M.
The solution to (20) is equivalent to finding the saddle-point of (21), such that

ﬁg(uaaza)(wa(b) =0 V(,¢) eV xW.

We are consequently led to solve problem (19) together with the dual adapted
problem

find 2o € W:  d(ua)(2a,%) + d'(ua)(aza,9) = ;oal(ua)(¢) vy eV, (22)

where a'(uq) (-, %) and d'(uq)(+, %) denote the Fréchet derivatives of a(uy)(+) and
d(uy)(+), respectively, with respect to u, and evaluated at .

With a view to the desired estimator 7,, the Lagrangian £; associated with the
fine problem can be related to the adapted one L, via relation

Li(u,2) = Lo(u,2) —du)((1 —a)z), Y(u,z) eV xW.

Let us introduce the primal p(uq)(-) : W — R and the dual p*(uq)(za, ") :
V' — R model residuals given by

plua)(-) = F(-) — alua)(-) — d(ua)(-),
P (ua)(zas-) = J;oal(ua)(’) —a'(ua)(2a, ) — d'(ua)(2a; ).

By mimicking the proof of Lemma 2.3, we obtain the identities

p(ua)() = —d(ua)((1 = @)),  p"(ta)(2a;") = =d'(ua)((1 — a)za; ).

We are in a position to state the a posteriori model output error control:
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Proposition 3.1 For a(-)(-), d(-)(-) and Jgoa(-) smooth enough, we have

Tooat(11) — Tgoa (1) = () (1~ 0)20) + 5 [pl1ta) e2) + 9" () (2, 0)] + R

(23)
where e, = U1 — Uy and e, = z1 — zo are the primal and dual model error,
respectively, while

1

1
R = 5 / LV (g + sey, 2o + sez)({ew, €x 1, {ew, ex s {ew, e2})s(s — 1)ds,
0

is the remainder, with zy the fine dual solution to (22) for « identically equal to
1.

Proof. We refer to the appendix in [43]. O

We stress that relation (23) provides us with an exact representation of the
model error Jyoq (1) — Jgoa (Ua) though not explicitly computable as depending
on the fine solutions u; and z;. Thus we adopt as model error estimator 7, the
only computable term in (23), namely

Na = —d(ua)((1 — @)zq) ( = P(ua)(za))- (24)

In [10] some theoretical assumptions are supplied to justify the dropping of the
two residuals p(uq)(e,) and p*(uq)(2q, €,) and of the remainder R in (23), while
in [43] these hypotheses are numerically corroborated in the unsteady shallow
water setting.

Remark 3.1 On comparing the definitions of the model estimators in (12) and
(24), we see that the two estimators coincide formally. Indeed, the dual solution
Zaq to (22) can be shown to satisfy homogeneous Dirichlet boundary conditions
(see, e.g., [31]), analogously to Z, in the linear case.

3.1 Some examples

The model estimator for the nonlinear case is assessed on two 2D test cases,
scalar and vector, respectively. The corresponding model adaptive procedure
coincides exactly with the one in Section 2.1.

3.1.1 A scalar problem: a logistic population model

As an instance of nonlinear scalar problem we consider the logistic population
model typical of population dynamics (see, e.g., [35, 36]). We are interested in
the study of diffusion mechanisms, modeling the movement of many individuals
in an environment or media. The individuals can be very tiny (e.g., bacteria,
molecules, cells) or large objects (e.g., animals, plants). In particular we deal
with the stationary case by assuming that the spatial distribution of the indi-
vidual density u at hand has reached the steady state. The reference model
is
—pAu+b-Vu—ou+yu?=f inQ,

u =10 on FD, (25)

ou
He— =C2 on I‘]\77
on
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Figure 5: Logistic population (model adaptation): domain, advective field and
target region (left), fine primal (middle) and dual (right) solutions.

-1

with 0,7 > 0 a.e. in €2, and where all the other data satisfy the same regularity
assumptions as in Section 2.2. However, to guarantee the well-posedness of the
weak form associated with (25) some further conditions have to be demanded
on the data.

The positiveness of o and ~ instills the logistic growth feature to the considered
population, since the global reactive term —ou + yu? in (25); can be rewritten
in the standard form —owu (1 —y/ou), with o the linear reproduction rate and
o /v the carrying capacity of the environment ([35, 36]).

The diffusive term in (25) models the random dispersion of the species, the
advective term takes into account some possible transport phenomenon while f
describes an external injection or withdrawal. Concerning the assigned boundary
conditions, the boundary I'p mimics a hostile portion of the borders while the
Neumann datum specifies an immigration or emigration flux.

We refer to [42] and [47] for a theoretical investigation about variants of model
(25).

We employ here the logistic model (25) for describing the motion of a school
of fishes in a small area off sea. This is reasonable under the assumption that
the vertical motion of the fishes is negligible and that the portion of the sea
is sufficiently large compared to the dimension of the fishes. In particular, the
domain Q coincides with the square (—1,1)2. The other data are gy = 1073,
b = (z9—0.1z1,3(—21—0.122))", with V-b = —0.4, 0 = 1072, y = 2x 1072, f =
100x g, with E = (0.45,0.55) x (0.45,0.55) (see Fig. 5 (left)). Full homogeneous
Dirichlet boundary conditions are assigned on 9€2. The fine primal solution is
heavily dominated by the spiral shaped field b, as evident in Figure 5 (center).
The damping of the solution towards the center of the domain is due to both
the negative divergence of b and to the logistic term.

As we are interested in measuring the fish flux across a rectangular creel
Cr = (—0.05,0.05) x (—1,0) (see Fig. 5 (left)), we identify the functional Jyq
as

Jgoal(”) = _/ blv dCra

where by is the first component of b.

With reference to the model adaptation framework, (25) identifies the fine
problem. On the other hand to define the coarse problem we give up the com-
putationally most expensive term, that is the nonlinear contribution yu?. This
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Figure 6: Logistic population (model adaptation): distribution of the areas €
and Qq (left column), adapted primal solution (middle column) and elementwise
distribution of 7, (right column) at the second (first row), third (second row)
and fourth (third row) iteration.

10

amounts to allowing for a simple Malthusian growth ([35, 36]). Consequently
the adapted primal problem turns out to be

—pAuy +b - Vug — oug + ayu? = f in Q,

Uy = 0 on FD, (26)
0

M& =y on I'y,
on

whose weak form coincides with (19), where V.= W = H'(Q), and where the
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. ‘ a‘ ‘J oa (u )_J oa (uﬂ)‘

#it | 1% | = T E.L
1 0.00 | 1.49-10791 1.28 10701 1.17
2 551 | 4.51-10792 3.90- 10792 1.16
3 16.52 | 1.19- 10792 1.10 - 10792 1.08
4 21.63 | 5.60- 10793 5.35-10793 1.05

Table 3: Logistic population (model adaptation): iteration, percentage of fine
areas, estimator of the relative error, actual relative error, model effectivity
index.

forms a(-)(+), d(-)(+) and F(-) are defined by

a(ug)(w) = /,uVua -VwdQ + /(b - Vug)w dd — /auaw dQ) + )\/uaw ds,
Q Q I'p

d(ug)(aw) = /a’yuiw dQ, F(w)= /fw dQ + /0211) ds,
Q Q Ty
(27)
with A\ a suitable penalty parameter used to impose weakly the Dirichlet datum.
Thus, according to the general recipe (24), the model error estimator for the
logistic population model (25) is

No = —d(ua) (1 — @) zo) = —/(1 — a)yu 2, dQ, (28)
Q

Zo being the solution to the adapted dual problem
—uAzy — V- (bzy) — 024 + 207U 20 = —b1XC, in Q,
2o =10 on I'p,
(uUVzq +bzy) - m=0 on I'y.

We remark the linearity of the adapted dual problem leading to a corresponding
Malthusian growth provided by the linear reproduction rate o — 2avyu,,.

The a-adaptive procedure is run with a global tolerance 7, = 1072 and
stops after 4 iterations. Figure 6 collects the distribution of the fine and coarse
areas (first column), the corresponding adapted primal solution (middle column)
and the elementwise distribution of the estimator in (24) at the second (first row),
third (second row), and fourth (third row) iteration. The fine regions gradually
crowd around the streamlines stemming from the release area E. We point out
that also a portion of the central region of €} contributes to the fine model,
as shown by the transition from the third to the fourth iteration, though to a
lesser extent as in the meantime the density of the fishes moving inward has
decreased. The distribution of 7, keeps up with this gradual updating of the
fine regions and takes on a maximum absolute value of about 10~7 on the last
adapted model. No macroscopic difference can be appreciated on comparing the
three adapted primal solutions in Figure 6.

The good performance of both the error estimator in (24) and the a~adaptive
procedure are confirmed by the values reported in Table 3.
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3.1.2 A vector problem: a predator-prey system

Different species interact in ecological problems (foxes and rabbits, lions and
gazelles, etc) as well as different substances react and produce new compounds
in chemical reactions. In all these events systems of differential equations are
used to model the phenomena (e.g., predator-prey, Gierer-Meinhordt, Gray-
Scott models, see [35, 36]). In the following we analyze system

—pyAu+b - Vu — oyu+ yuv = f, in Q,
—twAv+b-Vv+ o0 — Kyuv = f, in Q,
u = hu on I1D7
v =hy onT'p, (29)
ou
Huz = Gu on I'y,
n
v
Mva— =9v on 'y,
n

i.e., a variant of the standard Lotka-Volterra predator-prey model, enriched with
convective and source terms. As in the previous section we are still interested in
the steady solution. In particular, v and v stand for the prey and the predator
density, respectively; the coefficients i, i, € RT are the corresponding species
diffusion constants; oy, 0,,7 € L*(Q) are positive functions a.e. in Q and
represent the prey growth rate, the predator death rate and the death rate per
encounter of preys due to predation, respectively; the constant K measures the
efficiency of turning the preys into predators; fu, f, € L?(Q2) model possible
sources external to the system at hand; b € [L*°(Q)]?, with V- b € L®(Q),
introduces an advection (for instance, a flow in a chemical reactor); I'p is the
portion of the ecological system border where Dirichlet data (h, and h,) are
assigned, while g,, g, € L*(I'y) describe inward /outward random walks of the
two species. All these parameters are tuned so that a unique (weak) solution to
(29) is guaranteed.

In more detail, we consider a square domain € = (0,1)? where two species
of interest are released. The first species (prey) is able to sustain itself with
other natural resources, while the second is a species of predators and survives
eating the prey. The concentration of the two populations takes on the values
u=1and v =0o0n {(0,z2) : 0.6 < z3 < 0.65} U{(0,22) : 0.75 < z9 < 0.8},
and v = 0 and v = 0.1 on {(0,z2) : 0.65 < zo < 0.75} U {(1,z2) : 0.7 <
x9 < 0.8}. Moreover homogeneous Neumann conditions are imposed on I'y =
{(21,0) : 0.4 < 21 < 0.6} while homogeneous Dirichlet conditions are assigned
elsewhere. Both species move in the domain by a random diffusion motion
(f = o = 5 x 107%) and are drifted by the advective field b in Figure 7 (left),
which represents the solution to the Navier-Stokes equations characterized by a
Reynolds number Re = 100 and completed with the following boundary data:
parabolic profiles with average value 0.02 and 0.01 are enforced at the inflow
boundaries {(0,z2) : 0.6 < xg < 0.8} and {(1,22) : 0.7 < x2 < 0.8}, respectively;
a homogeneous Neumann condition is assigned at the outflow I'ny = {(x1,0) :
0.4 < 21 < 0.6}, while no slip conditions hold elsewhere.

Concerning the other data in (29), we have: o, = 1072, 0, = 107}, v = 1,
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Figure 7: Predator-prey system (model adaptation): domain, advective field and
observation area (left); fine primal solution (middle), u (top) and v (bottom);
fine dual solution (right), 24,1 (top) and 2,2 (bottom).

K =0.1, f,=0and f, =0.

Figure 7 (middle) collects the fine solutions v and v to (29). Note the different
distribution of the prey (top) and predator (bottom), strongly influenced by the
boundary conditions and the field b.

Our goal is to measure the average concentration of the preys in an area of
interest 04 = (0.4,0.6) x (0.1,0.2) (see Fig. 7 (left)). This amounts to selecting

as target functional
1

Jgoal (u) = 1A

udO 4. 30
0l Jo, (30)

The corresponding dual solution is displayed in Figure 7 (right). Qualitatively,
the first dual component seems to be the most relevant for influencing Jgoq-

With a view to the model adaptation, both the nonlinear terms in (29) are
switched on/off. The corresponding adapted system is thus

— AUy + b - Vuy — oytlg + ayuave = fu in €,
— AV + b - Vg + 0yt — aKyUuava = fo in €,
U = Py on I'p,
Vo = hy on I'p,
Oug
Hu—7— = Gu on I'y,
on
O0vg
#va— = Gv on I'y.
n

The vector feature of the problem at hand leads us to introduce a proper nota-
tion. Let U = (u,v) and U, = (uq, Vo) be the pairs of fine and adapted primal
solutions, respectively, both belonging to the space V.= W = [H'(Q)?]. The
weak form of the adapted primal problem is given by

find U, € V: a(Uy)(W) +d(Uy)(aW) = F(W) YW = (wi,w2) € W,
(31)
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where

a(Uy) (W) = /,uuVua -Vw dQ + /(b - Vg )wy dQ2 — /auuawl dQ)
Q Q Q
+/quva - Vws d) + /(b - Vg )wsy d2 + /O’U’Ua’wg dQ)
Q Q Q

—I-)\/uawl ds + )\/vawg ds,
I'p I'p

d(Uy)(a W) = /(wuava(wl — Kws) dS2,

Q
F(W) = /(fuwl + fvw2) aQ + /(guwl + ng2) ds + )‘/huwl ds
Q I'n I'p
+)\/hvw2 ds.
I'p

The model error estimator for the predator-prey system (29) is thus

ne = —d(U) (1 — 0) Za) = — / (1= a)yttava(zan — Kza2)d2,  (32)
Q

Zo = (2a,1, 2a,2) being the solution to the adapted dual problem

—pyDzo — V- (bza 1) — 0uza,1 + ay0a (201 — Kzq2) = ]O—lA]XOA in Q,
—pyAza 2 — V- (bza2) + 0pza2 + ayua (201 — Kzq2) =0 in Q,
Za,1 = Za2 =0 on I'p,
(tuVza1 +b2zg1) n=0 on 'y,
(£ Vza2+bza2) - n=0 on I'y

associated with the functional in (30) and with the primal problem (31).

The a-adaptive procedure is tested on this configuration with a global toler-
ance 7, = 1072. The stopping criterion is met after 4 iterations.

Figure 8 shows the distribution of the regions 2; and g at the last three iter-
ations. The zones firstly detected are those where the predator-prey interaction
is stronger, i.e., where the “overlapping” between the predator and prey fluxes is
meaningful. Successively, the influence of the dual solution and of the advective
field leads to enrich the initial fine area with the contribution of the central and
upper-right parts of the domain (compare Fig. 8 (right) with Fig. 7 (right)).

In Figure 9, we gather the prey (left) and predator (center) concentration at the
first iteration, when the full coarse problem is approximated (top), and at the
last a-adaptive iteration (bottom). For both species, the main difference
can be appreciated in the top-right part of the domain. In the right column
of Figure 9, the model estimator in (32) is plotted on each element K € 7,
at the first (top) and last (bottom) iteration. The values of 7, reduce con-
siderably at the end of the model adaptive procedure, passing from an order
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Figure 9: Predator-prey system (model adaptation): adapted prey (left) and
predator (middle) density, and elementwise distribution of 7, at the first (top)
and last (bottom) iteration.

of 1075 down to 107%. Finally, Table 4 provides us with some quantitative
information about the procedure in Section 2.1. At the final step, the final
model is activated only on the 20% of €2; both the quantities |n4|/|Jgoqr (u1)| and
|Jgoat (U1) = Jgoal (ta)| /| Jgoar (w1)| decrease all along the iterations; the effectivity
index confirm the good robustness of 7., even though, in this case, it is slightly
under estimating.

4 An anisotropic a posteriori analysis for the dis-

cretization error

We introduce the anisotropic setting used to enrich the model error analysis with
directional information. In particular, in Section 4.1 we introduce the anisotropic
framework, while in Section 4.2 a goal-oriented anisotropic error estimator is
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1 ‘na‘ ‘J oal(ul)_J oal(ua)‘
# lt ’91’% |Jgoal(u1)‘ g |Jgoal('jl)‘ E.I.

0.00 | 1.18-107 %" 1.20- 10791 0.99
5.00 | 6.16-10792 6.32 - 10702 0.97
15.00 | 2.15-10792 2.21-10792 0.97
20.02 | 7.93-10793 8.23-107%3 0.96

=W N =

Table 4: Predator-prey system (model adaptation): iteration, percentage of
fine areas, estimator of the relative error, actual relative error, model effectivity
index.

provided for a scalar nonlinear problem.

4.1 The anisotropic framework

We resort to the anisotropic setting in L22 Let Tk : K — K be the invertible
affine map from the reference triangle K to the general one K, where K is the

equilateral triangle inscribed in the unit circle centered at the origin. The map
Tk is defined as

X = (xl,xg)T = TK(/}E) = MKﬁ +tx V:(acl,xg)T e K, (33)

where My € R?*? and tx € R? denote the Jacobian of T’ K _and a shift, re-
spectively. The map Tk strains the circle circumscribed to K into an ellipse
circumscribing K, centered at the barycenter of K.
We exploit the spectral properties of T to describe the orientation and the
shape of each K. With this aim we factorize Mg by a polar decomposition
as My = BgZk, where By is symmetric positive definite and Zx is or-
thogonal. Then we further factorize By in terms of its eigenvalues \i g, Ao i
(with A\j x> Ao k) and eigenvectors ri g,rs g, as Bg = R%AKRK, with
Ak = diag(\ i, Ao i) and RE = [r1 i, 12 k]
The geometric features of each element K are thus completely characterized by
the eigenvectors r; x and the eigenvalues \; i, with ¢ = 1,2: as a matter of
fact, they identify the directions and the lengths of the semi-axes of the ellipse
circumscribing K, respectively (see Fig. 10). We measure the aspect ratio of K
with respect to K by the so-called stretching factor sxg = A\ x/Aox > 1,
with sg = 1 whenever K is an equilateral triangle.

Starting from these decompositions, anisotropic interpolation error estimates
have been derived for both the Lagrange and the Clément interpolants ([22, 23]).

In particular, the Clément operator in [15] turns out to be prone to the a
posteriori analysis below. In the case of affine finite elements, it is given by
I} L2(Q)) — X} | such that

L) = Y Pu(Nj)ei(x) Yoe LA(Q), (34)
N;eN,

where ¢; is the Lagrangian basis function associated with the node N;, X ,1L =
span{¢p; }, while P; denotes the L?-projection onto the affine functions associated
with the patch A; of the elements sharing node Nj, defined by the relations

/ (Pjv —v)Y dAj =0 with ¢ =1, 21, 2.

A
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Figure 10: Geometrical interpretation of the map Tk and main anisotropic quan-
tities.

The sum in (34) runs on the set N} of the vertices of 7}, except those where
Dirichlet data are strongly enforced.
Now for any function v € H*(Q), let Gk (v) € R**? be the symmetric positive
semi-definite matrix given by
ov v

G = — dA ithi,5 =1,2
|: K(v)]zd Ax axl ax‘] K W1 1,] )

and with Ag the union (patch) of all the elements sharing at least a vertex with
K.
Then as proved in [22, 23], we have:

Lemma 4.1 Let v € H(Q). Then under the assumptions that, for any K in
Ty, card(Ak) < M and diam(A ) < C, with Ap = T (Ak), it holds

2 1/2
b= Lollege < OI[ZA?,K (r,TKGKw)ri,K)} , (35)
=1

IN

Cz(’liK) { 22: e (r5 Gre(v) ri,K)]m, (36)

1
‘v_[hU’Hl(K) M KoK
b 9 Z:1

X L 1/2 ¢ 2 , . 1/2
o= Ioliee < Co (m) [;AK (ri,KGKw)ri,K)} (37)

where C; = C;(M, 6), fori=1,23.

Notice the explicit dependence of these estimates on the anisotropic quantities
highlighted in Figure 10. In particular, when A\; g ~ A2 i ~ hg, that is when the
triangle is equilateral, estimates (35), (36) and (37) reduce to the corresponding
isotropic results in [15].
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The reference patch Ay in Lemma 4.1 is obtained by mapping back all the
elements T' € A by means of the same transformation T° [}1. The hypotheses in
Lemma 4.1 essentially rule out too distorted patches in the reference framework.
However the anisotropic features (stretching factor and orientation) of each T" €
Ak are not constrained by these requirements; only the variation over Ax of
the anisotropic quantities is affected (see [34] for more details).

4.2 The anisotropic goal-oriented error estimator

We relax now the assumption made at the beginning of Section 2.1 of working
on an “extra fine” computational grid in order to focus only on the model error.
We allow now for the presence of a discretization error also, still controlled in
the spirit of a goal-oriented analysis. This is already a long-established area of
research, covering a broad range of problems and applications. The first works
were developed essentially in an isotropic framework (see, e.g., [9, 26, 30, 37]),
whereas, more recently, the interest has moved to an anisotropic setting (see,
e.g., [16, 23, 20, 44, 25, 17, 28, 33].

Since the main objective of the present work is in model adaptation and in
its interplay with mesh adaptivity, we limit the analysis below to highlighting
the principal modifications to be carried out in a goal-oriented framework when
interested in an anisotropic analysis. In particular, as far as the discretization
error is concerned, the full results concerning the ADR problem can be found
n [24, 20, 17], while an example of anisotropic output functional control for a
nonlinear vector problem is provided in [33], where the incompressible Navier-
Stokes equations are addressed.

The later part of this section simply supports the anisotropic a posteriori error
estimate for one of the problems solved in the above test cases, with the aim
of underlining the typical structure of such an anisotropic analysis. As crucial
observation, notice that the model involved in the anisotropic investigation is
the adapted one.

Let us consider the adapted logistic population problem. Before stating
the desired result, some notation are in order. We denote by u, j the discrete
approximation of (26), solution to the following variational problem: find u, p €
Vi=X ,1L Cc V st.

a(ua,n)(wp) + d(ua,n)(@wy) + San(tan, f)(wy) = Fwy) Ywp, € Vi,  (38)

where the forms a(-)(-),d(-)(-) and F(-) are defined as in (27), while sqp,(-)(-)
identifies a consistent stabilization term with a view to strongly advective prob-
lems. Then we define the internal and boundary residuals given by

pi (o) = (f + phuap — b Vg + otg), — ayul )|k (39)
and D
2(Attan + 1 - ) veerp
Je(Ua,n) = 2( —co+ uagz’h) Vee 'y (40)
bt veesn
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respectively, with e a general edge of the triangulation and &, the set of the
internal edges of 7.
The main result of this section can thus be stated.

Proposition 4.1 Let u, € V be the weak solution to the adapted primal problem
(26) and z, € V be the associated dual solution for a gemeral goal functional
Jgoal- Let uqp and zo, € Vi, be the corresponding finite element approrimations
associated with a SUPG stabilization scheme. Then it holds

|Jgoal(ua) - Jgoal(ua,h)| <C Z O‘KRK(uOuh)wK(eé,h)v (41)
KeTy,

where C = C(M,C), ax = (M dox)?,

1 Trhi bl Lo (1)
Rk (uq —7 o 1
< {tten) (ALrA2,x)'/? (HPK(U Jl)HLZ(K)( " ALK A2 K > (42)
lde(uan)ll L2 0x) < he >1/2
2 ALK K ’
WK(ea,h) = W <3K(1"1T,KGK(€a,h)f1,K)+3K1(f2T,KGK(€a,h)1"2,K)) )

with €2, = 2o — za,n the adapted dual discretization error.

Proof. We provide the proof of result (41) in the Appendix. O

The right-hand side of (41) still involves, via e ,, the exact adapted dual
solution, thus not being directly computable. To make such a quantity practical
with a view to the mesh adaptation, we resort to a suitable recovery procedure.
Namely, as the weights wg (€7 ;) depend on the first order partial derivative of
Zq via the matrix G, we exﬁloit the standard area-weighted Zienkiewicz-Zhu
gradient recovery procedure ([53, 54, 46]). Hence the matrix Gk (€7, ;,) is replaced
by G (€7, ), where

[Giclean)], ;= / (V”ﬂ'zavh——a;aih)<VZZvﬂ'za7h——a§°"’h) dAf, withi,j = 1,2,
) AK i

Zj

and where VZZza,h = (VZZ’lza7h, VZZQZQJL)T stands for the recovered gradient
of Zg h-

The global estimator for the output functional discretization error |Jgoq(ua) —
Jgoal(umh)\ supplied from Proposition 4.1 is consequently given by

Nh = Z Nh,K

KeTy,
where n, k = ag R (U n)wi (€7, ,) is the corresponding local contribution with
* z _ T G* z —-1..T G* z 1/2
wi(ean) = sk kG (e p)rix + sk 1o kGr(eq p)rax ) -

The local estimator 7y, x enjoys the typical structure of the goal-oriented analy-
sis, consisting of a residual associated with the primal framework and a weight
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depending on the dual problem (i.e., on the target functional). The addi-
tional multiplicative coefficient g gathers all the area |K| information, since
| K| = A1,k A2, x|K|. It will play a crucial role in the anisotropic management of
the mesh.

We point out that when A\ x >~ Ay g =~ hg, estimator 7, reduces to the standard
isotropic a posteriori error estimator (see, e.g., [9, 26, 38]). The added value of
result (41) with respect to the isotropic analysis is the presence of anisotropic
information, essentially lumped in the weights. Finally, notice that the constant
C'in (41) does not appear in the definition of 7. It may be taken into account
by a suitable tuning, since C' depends only on quantities associated with the
reference framework.

4.2.1 The mesh adaptation procedure

To turn the error estimator 7, into an actual mesh adaptation algorithm, we
apply a metric-based adaptive procedure. The leading idea of this algorithm
is to employ in a predictive fashion the estimator 7y, to identify the new adapted
mesh. In more detail, at the j-th iteration of such a procedure, we follow this
three-step algorithm: let ’Z;L(J ) be the previous (background) mesh. Then:

1. Solve the adapted discrete primal and dual problems;

2. build up the new metric MUY induced by the estimator ny,;

3. construct the new mesh ’];L(j +1) matching the metric MUTD.

Concerning step (2), we pursue the two standard criteria of the mesh-optimization
strategy in [9], relying on equidistributing the estimator (1, x = const, for any
K e Th(] +1)), and on minimizing the number of mesh elements for a fixed accu-
racy of n,. With an eye on the structure of the element error estimator 7y, g, this
essentially amounts to minimizing the weights with respect to the anisotropic
quantities ri x and sk, since the area information is compressed in ag and
Rk (uq,p) is just a pointwise value (at least for a sufficiently fine mesh). We
refer to [20, 32, 17, 33] for the details of such an approach.

With reference to step (3), we exploit the matching condition between a metric
and a mesh (see, e.g., Definition 5.1 in [33]).

5 Merging model and mesh adaptation

This section collects both the model and the discretization analyses. For this
purpose, we simply exploit the straightforward splitting

J(u1) — J(uapn) = J(u1) — J(ua) + J (o) — J(ta,n) -

model error discretization error

This suggests the introduction of the model-discretization estimator

Nayh = |Ma| + 11

for the functional model-discretization error |J(u1) — J(uqa,p)|. The actual issue
is to devise a unique procedure suitably merging both the model and the mesh
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spacing adaptations.

We aim at guaranteeing that the global error |J(u;) — J(uq,4)| be within to a
given tolerance 7. We consequently split 7 into two contributions, a model one
T and a discretization one 74, so that

T = Tm + Ta- (43)

In particular, to meet the global tolerance 7, we iterate until |n,| < 7, and, si-
multaneously, 7, < 74. This gives rise to the following (a, h)-adaptive procedure:

1. select an initial grid ’Z;L(O)

0,VK € T,;

, set j =0, flag grid =0, and a‘K:

2. solve the adapted discrete primal and dual problems;
3. compute the estimators 7, 7 and 7ahn;

4. if nep < 7 break

5. for i=1,Npax

6. if [na| > Tm

7. localize 7, on each K € ’Z;L(j) Y e
. Tm
8. if [Nax|>0—=, o, «— 1;
N}(lj) |K

9. if n, > 14

10. set flag grid =1;

11. build up the metric MUY induced by nn;

12. construct the new mesh ’Z;L(jﬂ) matching the metric MU+,
13. if flag grid =1 interpolate «a on ’Z;fjﬂ);
14. solve the adapted discrete primal and dual problems;
15. compute the estimators 7)., 7p and 7gph;
16. if n,p < 7 break

17. j«—j+1, flaggrid =0
end

The (o, h)-adaptive algorithm tries to balance both sources of error through
the splitting (43). The model and the discretization phases can be swapped due
to the intrinsic commutativity of the algorithm. The quantities Nya.x, 0 and

N}(Lj ) involved in the model step preserve exactly the same meaning as in the
a—adaptive procedure.

5.1 Numerical validation

We complete two of the test cases used in the numerical validation of the
a-adaptive algorithm by adding mesh adaptation.
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: (J) Ina‘ n N, h |J oal(ul)_‘] oal(ua,h)‘
it | Ny % | T | el | T EEREAIC] E.L
1 341 | 0.00 |2.02-10%%0 | 4.06-107° | 2.42 10700 1.79 - 10100 1.36
2 | 4432 | 5.10 | 9.83-1079 | 2.37-10792 | 1.01-1010 8.55- 10701 1.18
3 4970 | 15.12 | 2.26-107% | 2.20-1079 | 2.28 - 107" 1.82-107% 1.25
4 4970 | 25.13 | 2.97-10792 | 1.82-1079 | 3.16 - 10792 2.26 - 10702 1.39
5 | 4970 | 30.13 | 7.42-1079 | 1.44-1079 | 8.86-10773 6.42 - 10793 1.38

Table 5: ADR vs AD (model plus mesh adaptation): iteration, number of mesh
elements, percentage of fine areas, estimators of the model, of the discretization
and of the total relative error, actual model-grid relative error, effectivity index.
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Figure 11: ADR vs AD (model plus mesh adaptation): distribution of the fine
and coarse areas (left), adapted mesh (middle) and elementwise distribution of
N (right) at the last iteration.

5.1.1 ADR versus AD

We go back to Section 2.2.1 while keeping all of the data unchanged. As sup-
plementary information we take 7 = 1072, and 74 = 7,, = 0.5 - 1072, With this
choice, the model-grid adaptation stops after 5 steps. In Table 5 some of the
main quantities characterizing the («,h)-adaptive procedure can be found.
The second column keeps track of the number of mesh elements IV, G ); in the
third column, the percentage of the whole || occupied by €25 is indicated; the
estimators of the model, of the discretization, and of the total relative error are
provided in the fourth, fifth and sixth column, respectively; the seventh column
collects the actual model-grid relative error, while in the last column we have
the effectivity index E.I. = 1. 1/|Jgoar (1) — Jgoai (ta,n)|-
From the second column it is evident that the anisotropic mesh adaptation phase
reaches quickly its target value, i.e., just at the third global iteration. Vice versa,
the model adaptation lags behind, five steps being necessary to meet the exit
criterion.
On comparing the sixth with the seventh column, we realize that 7, j, is reliable
throughout all of the iterations. The robustness of the whole procedure finds a
further confirmation in the values assumed by the effectivity index, always really
close to 1.

Figure 11 shows the distribution of the fine and coarse areas (left), the final
adapted mesh (middle), and the elementwise model estimator distribution (right)
at the last iteration. The detected fine region is about 30% of the whole domain,
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[7a]

|Jgoal(u1)_‘]goal(ua,h)‘

#it | N l% | ey | el | et Dooatir)] EL
1 [ 1346 | 0.00 | 1.27-10797 | 1.65-1079% | 2.91 .10~ 91 1.17-10791 2.48
2 3891 | 18.38 | 5.08-10792 | 5.03-1079 | 5.58 . 10792 4.48 - 10792 1.25
3 4323 | 31.85 | 1.34-10792 | 2.84-1079 | 1.63 - 10792 1.30 - 10792 1.25
4 | 4323 | 40.00 | 6.40-1079 | 2.72-1079 | 9.11-10793 6.63 - 10793 1.37

Table 6: Logistic population (model plus mesh adaptation): iteration, num-

ber of mesh elements, percentage of fine areas, estimator of the model, of the
discretization and of the total relative error, actual model-grid relative error,
effectivity index.
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Figure 12: Logistic population (model plus mesh adaptation): distribution of the
fine and coarse areas (left), adapted mesh (middle) and elementwise distribution
of 1o (right) at the last iteration.

and no relevant difference can be appreciated with respect to the corresponding
fine area distribution yielded by the sole model adaptation (see Fig. 2 (bottom-
left)). The anisotropic features of the last adapted grid are evident. The elements
align along the circular internal layer, up to the observation area. The strong
refinement of the inflow can be ascribed to both the primal and dual solutions
(see Fig. 1 (middle) and (right), respectively), here exhibiting sharp layers. To
sum up, the zones detected as critical by both the model and discretization
adaptive procedures are roughly the same. Notice that the model refinement
involves a slightly smaller region. Moreover, the mesh adaptation seems to be
able to identify sharper details, such as the edges on the right-hand side of
the observation area. Finally, the distribution of the model error estimator in
Figure 11 (right) highlights that 7, is underestimating only on a small portion
of .

5.1.2 The logistic population model

We enrich the analysis in Section 3.1.1 with the («,h)-adaptive procedure.
The total and partial tolerances are set equal to 7 = 1072, 7y = 7, = 0.5 - 1072,
the other data being preserved. Four iterations suffice to guarantee the desired
convergence. Table 6 shares the same structure as Table 5. The mesh adaptation
reaches first the corresponding tolerance, just after three iterations. On the
other hand, a further step is required to guarantee the convergence of the model
adaptation process. The span covered by € at the last iteration is 40% of |Q].
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The last three columns confirm the reliability and efficiency of the estimator 7,5
and of the whole adaptive algorithm.

The plot on the left in Figure 12 refers to the localization of €21 and €y at
the last (o, h)-iteration. The fine area crowds around the streamlines leaving
the release area E. On comparing this distribution with the one in Figure 6
(bottom-left), we observe that essentially the same zones are detected by the
two adaptive procedures. The final anisotropic adapted grid in the middle of
Figure 12 sharply recognizes the region more strongly affecting the fish flux
across the creel, as well as a portion of the boundary of the creel itself. To a
lesser extent also the remaining part of the main streamline feeding the creel is
refined. The stretching factor of the elements in the circular internal layer on the
right is clearly high. On the right of Figure 12, the elementwise distribution of
7o is provided. It resembles the one in Figure 6 (bottom-right). The combined
effect of the model with the mesh adaptivity seems to allowing for a more loose
control of the error in the areas around the fine region (compare the lighter zones
in the two corresponding plots), yet guaranteeing a maximum absolute value of
the order of 1076.

6 Some conclusive remarks

Results in Sections 2.2, 3.1 and 5.1 confirm the satisfactory reliability of the
adaptive procedures proposed in this paper. In particular the less robust results
are those related to the ADR versus DR coupling. This can be essentially as-
cribed to the dominant advective nature of the analyzed problems.

The investigation carried out about the interplay between model and mesh sug-
gests that the mesh adaptation procedure is able to enrich the information pro-
vided by the model analysis with details essentially associated with geometrical
or data heterogeneities.

A more thorough investigation about the model adaptivity is scheduled, also
including a model coarsening step. This likely would allow us to draw more
specific conclusions about the model-mesh interaction. More general nonlinear
ADR systems including reactive terms different from the logistic and predator-
prey models are also under study, still in an ecological-environmental setting.

Appendix. Proof of Proposition 4.1. Starting point is Proposition 2.6 in
[9], according to which the discretization functional error coincides with

Jgoal(ua) - Jgoal(ua,h) = min ﬁh(ua,h)(za - ¢h) + Rh7 (44)
GrEVR

h

with
Pr(uap)(-) = F() = a(ua,n)() — d(uan)(a) = san(uan, f)(),

Rh - g(;7h(ua7 f)(ZOH egﬁ) - S(;7h(ua7 f)(zow e(ux7h)
1
+/{a/,(uo«h + seqn)(zas €ans €an) + d' (Uan + seq ) (@za, e ps€an)
0
+ Son(Uah + 5€q [ (Zas €4 s €0.1) = Jgoar(tan + €5 ,) (€4 s eg,h)}s ds,
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€n.n = Ua — Uq,p the adapted primal discretization error and E(;’h(ua, f)(,-) the
stabilization term associated with the adapted dual problem, possibly coincid-
ing only with a part of Séﬁ(ua, f)(,+). By neglecting the remainder term Ry,
(quadratic with respect to e ,) and by choosing ¢n = zan + I} (20 — 2a.n), We
derive from (44) the following estimate

Jgoal(ua) - Jgoal(ua,h) = ﬁh(ua,h)(ez,h - If{eg,h)-

Now, let us suitably rewrite the truncation error pp(uq,n)(¢), with ¢ a generic
function in V. Definitions (27) combined with a SUPG stabilization (see [12])
yield

léh(uoa,h) = Z { /(be - ,uvuoa,h : ng -b- vutx,h¢ + O-uoa,h(lS - a7u§7h¢) dK

KeTy, K
- / Ug p P ds — TK/(f + pAugp —b - Vugp + ougp — a’yuih)(b -Vo¢)dK
OKNI'p K
v [ esds)

OKNI' N

i.e., thanks to an elementwise integration by parts and to (39) and (40)

ituen) = 3 { [ortuan)o - b Vo)ai - 5 [ctuan)ods).

KeT, K K

The choice ¢ = ean— 1 %627 », together with the anisotropic estimates in Lemma
4.1 immediately provide us with result (41).
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