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stationary convection-diffusion-reaction equations. The error in the natural SUPG norm is estimated. The
main concern of this paper is the consideration of the convection-dominated regime. A global upper
bound and a local lower bound for the error are derived, where the global upper estimate relies on some
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1. Introduction

A posteriori error estimation in the context of stationary con-
vection-dominated convection-diffusion-reaction equations is
studied in this paper. This kind of equations describe the transport
of a quantity such as temperature or concentration. In applications,
the convective forces usually dominate the diffusive forces. In this
case, standard discretization methods do not provide good
approximations. Stabilization techniques are employed to produce
accurate numerical approximations. The study of appropriate
schemes to deal with the convection-dominated regime is a sub-
ject that has received a lot of attention in the last decades, see
[21,23] for an overview of methods and of results. The most popu-
lar stabilized finite element method is the Streamline-Upwind Pet-
rov-Galerkin (SUPG) method introduced in [3,12]. This method
will be considered in the present paper. The numerical results ob-
tained with the SUPG method are generally not perfect because
there are often spurious oscillations in a vicinity of layers. Never-
theless, the SUPG method has been proved in a competitive study
of stabilized discretizations [2] as a good choice to compute
approximations where sharpness and position of layers are impor-
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tant. With respect to efficiency (quality of the computed solution
per computing time), this method outperformed all modern ap-
proaches that were included in the studies of [2].

In the review [23], the author prognosticates that adaptive
methods will triumph over all types of convection-diffusion prob-
lems, although much work remains to be done. It is well known
that for the design of an adaptive method the provision of an
appropriate a posteriori error estimator is necessary. A robust
(with respect to the ratio of diffusion and convection) upper esti-
mate serves as actual error estimate and stopping criterion of the
solution process. Local lower estimates control an adaptive grid
refinement. About a decade ago, a competitive study of a number
of proposed error estimators for the SUPG solution of convection-
dominated convection-diffusion equations [16] came to the con-
clusion that none of them is robust and that the quality of the
adaptively refined grids is often not satisfactory. Since then, only
a few contributions concerning new a posteriori error estimators
for the considered class of problem and type of discretization can
be found in the literature. The important ones [26,22,9,10] will
be discussed below.

In the present paper, robust residual-based a posteriori error
bounds are derived for the error of the SUPG finite element approx-
imation. The error bounds are obtained in the norm typically used
in the a priori analysis of this method. Since the SUPG method is
the most popular stabilized finite element method for convec-
tion-diffusion problems, there were of course attempts to derive
a posteriori error estimates for this method. In Verfiirth [25], an
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a posteriori error bound is presented for the error in the norm
&V + ||7]5)"?, & being the diffusion parameter. This bound is
not robust. An extension of the analysis of [25] led in [26] to a robust
error estimator for a norm that adds to the norm of [25] a dual norm
of the convective derivative. The additional term in this norm can be
only approximated. Some error bounds are also proved in [22] in the
one-dimensional case in a norm that includes a semi-norm of the er-
ror of order 1/2. Robust a posteriori error estimators for the L' (Q)
and L*(Q) norm of the error can be found in [8-10]. Unlike the ap-
proaches from, e.g., [25,26] and the approach used in the present pa-
per, the derivation of these estimators is based on the variational
multiscale theory [14]. It can be applied to stabilized discretizations
since their error distribution is practically local [13]. The essential
part in the derivation consists in computing or approximating an
appropriate norm of a local Green’s function, see [10] for the P,
and Q; finite element in two dimensional situations, and [9] for
higher order finite elements in one dimension. However, the L' (Q)
and [*(Q) norm are comparably weak norms, e.g., spurious oscilla-
tions of the numerical solution contribute generally little to the er-
rors in these norms. The a priori error analysis is performed
usually for stronger norms, like the SUPG norm for the SUPG discret-
ization. In Hauke et al. [9], a remark can be found concerning the
extension of the approach based on the variational multiscale theory
to the H'(Q) semi norm, but we are not aware of the derivation of
concrete estimators. In summary, there are robust a posteriori error
estimates in the literature but only for norms that do not show up in
the a priori analysis or that are hard to compute or that are, in our
opinion, not of interest in applications.

The main goal of this paper is to prove a robust a posteriori error
bound for the method in the same norm as it is used in the a priori
error analysis, namely the SUPG norm. As shall be seen in Section 3,
the derivation of the upper bound will use some hypotheses. These
hypotheses are probably not fulfilled in the worst case. But it will
be argued and checked numerically that they are true in standard
situations. Because of the hypotheses, the obtained results are from
the mathematical point of view less general than, e.g., the results of
[26]. However, we think that from the practical point of view the
derivation of a robust error estimator for the natural norm of the
SUPG method is of interest. A similar situation can be found in
[4], where the derivation of an a posteriori error estimator for
the natural norm of some other stabilized discretization is also
based on an assumption (a saturation assumption) that most prob-
ably is not satisfied in the worst case.

The paper is organized as follows. In Section 2, the considered
equations, some preliminaries, and notations are presented. Sec-
tion 3 is devoted to the derivation of a robust global upper bound
for the error in the SUPG norm. Hypotheses that relate the error of
an interpolant in different norms and the error of the SUPG approx-
imation will be assumed. A comparison between the derived error
estimator and other residual-based error estimators from the liter-
ature is provided in Remark 4. In Section 4, local lower bounds for
the error are obtained. Both in Sections 3 and 4, the convection-
dominated regime is considered to be able to bound the errors in
the SUPG norm. The key point is that in this regime there are
two additional terms in the bounds that are negligible in this case
compared with the other terms, see Remarks 3 and 6. On the other
hand, in the diffusion-dominated regime, the derived error estima-
tor possesses the same weights as the estimators from [25,26], see
Remark 4. Section 5 provides numerical studies. For the derived er-
ror estimator, the robustness of the effectivity index can be ob-
served for different examples and finite elements of different
polynomial degree. With respect to the adaptive grid refinement,
it turns out that the proposed error estimator tends to refine sub-
regions with strong singularities deeper and to start the refinement
of subregions with weaker singularities later than other residual-
based a posteriori error estimators.

2. The equations, notations, preliminaries

Throughout the paper, standard notations are used for Sobolev
spaces and corresponding norms, see, e.g. [5]. In particular, given a
measurable set w ¢ RY, the inner product in L?(w) or L*(w)* is de-
noted by (-,-),, and the notation (-,-) is used instead of (-,-),. The
norm (semi norm) in W™"(w) will be denoted by |-
(- |m,p.(u)v with the convention || - o =1 llm2.e

This paper considers stationary convection-diffusion-reaction
equations of the form

Hm.p.w

—eAu+b-Vu+cu=f inQ,
u=0 onlIp,

o P (1)
E——=¢&hu=g only,

on n g N>
where Q is a polygonal domain in R, d > 2, with Lipschitz bound-
ary I' consisting of two disjoint components I'p and I'y. The Dirich-
let part I'p has a positive (d — 1)-dimensional Lebesgue measure
and 0Q~ c I'p,0Q" being the inflow boundary of Q, i.e., the set of
points x € 9Q such that b(x)-n(x) < 0. It will be assumed that
0<ée be W' (Q),cel®Q), f el*Q),and (1) is scaled such that
bl = O1), lIcll~@ = O(1), and 0 < & < 1. Hence, the convec-
tion-dominated regime is studied. Furthermore, it will be assumed
that one of the following conditions is fulfilled: either

c(x) — %div(b(x)) =UX) = U, >0 vxeQ, (2)
or

—%div(b(x)) =UX) = U,=0 VxeQ, and c=0. (3)

Then, it is well known that (1) possesses a unique weak solution
ueHp(Q) = {veH(Q): v, =0} that satisfies
&(Vu, Vo) + (b-Vu,v) + (cu, v) = (f, v) + (g, v). Vv e H)(Q),

(4)

N

e.g. see [21].

Let {74}, h > 0, be a family of partitions of Q. In the analysis, it
will be assumed that all partitions are admissible, i.e. any two
(compact) mesh cells are either disjoint or they share a complete
k face, 0 < k < d — 1. Furthermore, the family should be regular,
i.e., there exists a constant ¢ such that for each mesh cell K € 7,
it holds hx/py < o, where hx and p, denote the diameter of K
and the diameter of the largest ball inscribed into K, respectively.
The characteristic parameter of the triangulation is given by
h = maxer, hx. The conforming finite element space on a triangu-
lation 7, consisting of piecewise polynomials of local degree less
than or equal to r that vanish on the Dirichlet boundary will be de-
noted by V., c HL(Q).

Since the triangulations are assumed to be regular, the follow-
ing inverse inequality holds for each v, € V}, and each mesh cell
K € Ty, see, e.g. [5, Theorem 3.2.6],

l-m-d (i—l)

q
[ Vhllmqx < Cinmvhig ol g k- (3)

where 0 <I<m<1and1<¢q <q< . In addition, it is assumed
that the space V},, satisfies the following local approximation prop-
erty: for each v € H.(Q) N H™'(Q) there exists #, € V},, such that

. . 2 . 1
v — Dnllox +hllV (¥ = D)llo + il A(w — Dn)llx < Chi™|| Vllry1 k-

Following the notation of [25], the set of all d — 1 faces in 7}, is de-
noted by &. This set can be decomposed into &, = Enq U Enn U Enp,
where &nq, Enn and E,p refer to interior faces, faces on the
Neumann boundary I'y, and faces on the Dirichlet boundary I'p,
respectively. For E € &,, let hy be the diameter of E. The shape
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regularity of the triangulations implies that hy ~ hr whenever E c K
and hy ~ hy if KN K' # (. The set of mesh cells having a common
d — 1 face is denoted by @ = Ug ¢ K'. For any piecewise continuous
function vand any E € &, the jump of vacross E in an arbitrary but
fixed direction ng orthogonal to E is denoted by [],. Let wy denote
the patch of mesh cells that have a joint face with K.

Let q € [1,00) and let s € {0,1} with s <t <r+ 1. Then, I; de-
notes a bounded linear interpolation operator I : W"(Q) — V.,
that satisfies for all 2 € W*(Q) and all mesh cells K € T,

|U Ih”lsql( Chlt(s‘y‘tql(v (6)

e.g. see [5]. Using the technique of [20, Lemma 2.1], one obtains for
all v € Hy(Q) N H™(Q) the estimate

IA(v — Ih0) o < Ch 20l kY K € T (7)

A local trace inequality that takes the size of the mesh cell into ac-
count was proved in [25, Lemma 3.1]: For v € H'(K) and E c 0K it
holds

120 < C (R [2llox + 121521V V) 8

For presenting the SUPG finite element discretization of (1), the
bilinear form asypc (-, -) : H) x H) — R is introduced

asuec (U, v) = &(Vu, Vo) + (b- Vu, v) + (cu, v)
+ ) ok(—eAu+b-Vu+cub- Vo),

KeTy

where J¢ is the stabilization parameter (generally a function
depending on x). There are several proposals for concrete choices
of 5k available in the literature, see [17] for an overview. All propos-
als possess the same asymptotic limits dx = O(hk/||b||¢..) in the
convection-dominated regime Pex > 1 and 6x = O(h,z(/a) in the dif-

fusion-dominated regime Pex < 1, where
I[b|. Mk
Pey = ——>—
K 2re

is the local Péclet number. Only these limits are important for a dis-
cussion of the analytical results. To facilitate this discussion, the fol-
lowing concrete proposal from [23, (10.11)] is considered

So i if Pey > 1,
Sk = { [Bllc x (9)

2
o h% else,

where é9 and §; are user-chosen constants. In the convection-domi-
nated regime, the particular value 6o = (2 max{r,C2})~" will be cho-
sen, where Cy is a constant defined below in (43) and (44). Then, the
SUPG finite element method reads as follows: Find u;, € V},, such that

v T Zék(fb Vuh)g Yon € Vi,

KeT)

asupc (Un, v1) = (f, ) + (&, Un)r

(10)

The natural norm for performing the a priori error analysis of (10) is
given by

1/2
12lsupg = <s|wné + > okl Vg + |u”2v|é> (11)
KeTy
in the case (1, > 0 and by
1/2
1 Vllsupe == <8|W||§ + ZéxllevIIéK) (12)
KeTy

in the case u, =0. A straightforward calculation shows that the
SUPG method satisfies the Galerkin orthogonality

asupc (U — Up, Up) =0, Vuj, € Vi, (13)

3. A global upper error bound

This section provides the global upper a posteriori bound of the
error. The analysis concentrates on the convection-dominated case
and it relies on Hypothesis 1 below that relates interpolation errors
in different norms and the error of the SUPG approximation in the
SUPG norm. Hypothesis 1 will be discussed in detail and numeri-
cally checked in Section 5. The diffusion-dominated regime will
be discussed in Remark 4.

Hypothesis 1. It will be assumed that several norms of the
interpolation error u — I,u can be bounded by norms of the error
U — uy:

> ol = Tnuflg < 2[u — upl|Supe (14)
KeTy
> oklb - V(U —Iu)g e < 2fu — 3 (15)
KeTy,
> Il gl — 5 < 2[[u — upl|3ype- (16)

Eegy

Remark 1 (Discussion of Hypothesis 1). Hypothesis 1 is only
needed in the convection-dominated case. Let u e Hp(Q)N
H™'(Q) and consider a family of uniform triangulations. Since
r > 1it follows that u € H*(Q) and then the Lagrange interpolation
operator can be used. From the error analysis of the SUPG method,
it is well known [21] that the estimate

lu = unllgupe = O(H") (17)

holds. Using the optimal choice dx = O(hk) of the stabilization
parameter, as given e.g. by (9), one gets from the interpolation esti-
mate (6)

>0 lu = Il = o (K1),

KeT,

> oxllb- Vi — )i < I Y- ol Viu ~ hallg, = 0(R).

KeT, KeT),

With the trace estimate (8), one obtains also

DIl gl — Intllg < CZ( k' llu—Intllo.

Eeg, KeT,
= Ihu) ||o.1<> = O<h2r+1> .

Hence, all terms in (14)-(16) are of the same order with respect to h.

It is well known from numerical simulations that the solutions
obtained with the SUPG method are polluted with spurious
oscillations in a vicinity of layers [17,2]. In contrast, the interpo-
lation Iu with the Lagrange interpolation operator is nodally exact.
The absence of spurious oscillations in the interpolant justifies, in
our opinion, Hypothesis 1, at least in some standard case. This
statement will be supported numerically in Section 5, see partic-
ularly Example 2. Of course, we are aware that Hypothesis 1 most
probably does not hold in the worst case scenario.

Hu = ThullgxlIV(u

Lemma 1. Let v = u — uy, u € H*(Q) being the solution of (4) and uy,
its SUPG approximation computed by solving (10). If the SUPG param-
eters are chosen such that
2
hI(
8C2 .

an

o < (18)
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and in the case (2) also such that

< Ho 2
ok < Ciy 19
el ™ 1o
then
s (2, ) > o [0l — 3 4ochiech, IV ()
KeTy
— 320k | Au — Tu)[[F . (20)

KeTy

Proof. The proof will be presented for the case (2). The simplifica-
tions for the case (3) are obvious. A straightforward calculation
leads from the definition of asypc(:,-) to

aSUPG(U Z/) = ”y”SUPG + ZOK CZ/ b VZ/ 251(8 AT/ b- VU)

KeTy KeT),

(21)

The terms on the right hand side of (21) have to be bounded. Using
the Cauchy-Schwarz inequality, Young’s inequality, and (19) gives
directly

> ok(cv,b- Vo) | <> dklcv, co) + 1 ZéKHb Volix
KeTy, KeTy KeTy
[
< Yo e gz 1 1550 Vol
KeTy 'u KeTfl
<o PO 43 S aclb- Vol (22)
KeTh

The estimate of the second term on the right hand side of (21) starts
also with the Cauchy-Schwarz inequality and Young's inequality

Zaks (Av,b - Vo),

KeTy,

Z5K8 IAv]x + 42(»(”" V””01(

KeTy KeTy

(23)

For the first term on the right hand side of (23), adding and sub-
tracting Iyu yields

> oe? vy <23 oxe? (A

KeTy KeTy

— 1) 3+ A = ) 3 ).

(24)

One gets for the second term on the right hand side of (24) by
applying the inverse estimate (5), adding and subtracting u, and
applying the upper bound of the stabilization parameters (18)

> 20k ([ AU — un)llg e < D 20k hi" S |V (Tt — un) [

KeT)y KeT)y
<4y ot ch, (IV ol + 11V (u = Loy )
KeTh
8||V7/||0 + 426K82hl( oIV (1 = Ihu)”ot( (25)
KeTy

Inserting (25) into (24), then (24) into (23) and finally (23) and (22)
into (21) gives (20). O

Remark 2 (On Lemma 1). If ||c||x.. = 0 in (19), then Jx should be
just bounded on K.
Condition (18) is fulfilled in the convection-dominated case
Peg > 1 since
y hy

o = EEK R

In the diffusion-dominated case one has to choose §; < 1/(8¢2,,).
With the definition (9) of the stabilization parameter, condition
(18) might be violated in some transition region between the con-
vection- and diffusion-dominated case. However, for this region
and also in the diffusion-dominated case, a different kind of analysis
can be applied, see Remark 4.

The H?(Q) regularity of u is needed in the proof only locally, for
each K € 7. However, the analysis should be valid for all meshes
such that the regularity assumption from Lemma 1 is appropriate.
This assumption can be relaxed, e.g., in the case thatu ¢ H?(Q)buta
non-smooth behavior of u occurs only on a known piecewise linear
(d — 1)-dimensional manifold and one considers only meshes where
this manifold does not cut the interior of any mesh cell.

In the next step, a representation of the error will be derived.
Using the Galerkin orthogonality (13), the weak form of Eq. (4),
and integration by parts gives for all v € H}(Q)

asure (U — Uy, v) = (f, v = 1hv) + (8, ¥ — In )y,

+ 3 0k, b - V(v = 14w)), — &(Vup, V(v — yv))
KeTy

—(b-Vup, v—1I,v) — (cup, (v — Iyv))

= > Sk(—eAuy +b - Vi + cup, b V(v - Iyv))g
KeTy,

= (f +eAup — b Vuy — cup, v — ),
KeTy

+ Z(SK(f+sAuh —b - Vu, —cup,b- V(v - Iv)
KeTy

+ > (—e[Onetin]p, v = Ihv)g + > (8 = EDnglin, v — Iy )

Eeg Ecéyn

= (Re(un), v = Ihv)c + > Sk (Re(up), b - V(v — [ v)),
KeTy KeTy

+ > (Re(un), v = I v)g, (26)
Ee&y

where the mesh cell and the face residuals are defined by

Rk(up) :==f + eAup, — b - Vuy, — cuy |y,
—S[anEuh]E if E S 5}1,97
Re(up) :=< g —&dnup  if E € Enp,
0 if Ec Enp-
Setting v=u-1u,; and observing that v-—I,v=(u—1u,)-

In(u — up) = u — Iyu leads together with (20) to

1
5 1t = tupg < D (Ri(un) = Tyt)

KeTy

+ > dk(Re(un), b V(= Tntt))y + > (Re(un), u — Iyu),

KeTy Eeé&y

+ Y Aoch S IV (= T ok + Y 2068 [ AW — [u) 3

KeTy KeT)

(27)

Now, the first three terms on the right hand side of (27) have to be
bounded such that expressions with u — I,u are absorbed by the left
hand side. The norm on the left hand side consists of two or three
terms, respectively, see (11) and (12). Thus, there are different ways
for absorbing u — I,u.

Consider the first term on the right hand side of (27). In the first
step of the estimate, the Cauchy-Schwarz inequality gives

Z(Rk(uh) —Ihu) Z”RK un)llox It = Inttllo

KeT, KeT,

- Z IR () o1 = Iyl
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In the case (2), one can apply the interpolation estimate (6) to
lv —Ihv|lox with s =t =0 and Young's inequality to get

D Rec(un), u = Iw)e < ClIRe(un)llo It — tnllox

KeT) KeTh

C
< z o ”RK(uh)HOK ED)

KeT)

uu”z(u—uh)\\é (28)

Alternatively, one can use (6) with s =0, t =1 to obtain
D Rec(un), u— ) < > ClIRic(un HOKhKHV(u = Un)llox

KeTy KeTy

Ch: 5
ZTHRK(uh)IIOK ZHV(ufuh)IIo. (29)

KeTy

N

Finally, one can try to use the term with the streamline derivative
for the bound. Young’s inequality yields

> (Re(un), v = Iy0) < 6> ox[Re(un) g + 2426,< I = Iyt

KeTy, KeT), KeT
(30)

Collecting the estimates (28)-(30) together with hypothesis (14)
leads to

> (Re(un),u — Iy

KeT)y

C
mm{ ,Che! 65K}\\RK(U11)||01<
Ho

+ 2 1t~ g (31)
The size of the individual terms in the minimum will be discussed
in Remark 4.

For estimating the second term on the right hand side of (27),
first the Cauchy-Schwarz and Young’s inequality are applied

> k(R (up), b V(1 — Iyu)), <6 5| Re(un)|g ¢

KeT)y KeTy
Sicl[b - V(1 — L) g -
241; 0.K
Using (15), one obtains
Zé«(R«(um,bV(u—lhu))K
KeT)
<6 aulIRe )2 + 1o 1t — (32)

KeTy

The estimate of the third term on the right hand side of (27) starts
like the estimates of the other terms

> (Re(un), u — Iy < [IRe(un) o [u — Tntllo s

Eeéy Eegy

= D IRe(n) o ellv — vl 33)

Ee&y

Using (8) and (6), the shape regularity of the mesh cells, the Cau-
chy-Schwarz inequality, and a straightforward estimate given in
[25, Lemma 3.2], one gets

| = Ihv]lox < C(h 12 min {th 1/2,,1451/2}
X (2Dl + 112l )
+&~ 14 min {th 1/2 ,11'1/2}1/2
< (B0 0l + 11 vlore)
< Ce A min {he ', 15"/ 2}]/2

1/2
2 2
% (eI Vol + 112 lEx)

{h”z 1 }

< Cmin —— pllu — ug]] .
1/2° ,.1/4 SUPG.K
el/ :uo/ cl/4

1/2
"ol )

This estimate is inserted into (33) and Young’s inequality is applied.
A second estimate of the term on the faces can be obtained by
applying first Young’s inequality in (33) and afterwards (16). Using
the shape regularity of the triangulation, one obtains

hE C 2
ZEes (Re(up),u — Ihu)g Zmlﬂ {|b| C?vgl/zué/z}RE(uh”O,E

Ec&y

1
+ 33 1t = UnllSupe- (34)

Theorem 1. Let the conditions of Lemma 1 hold. Under Hypothesis 1,
one gets the following global upper bound

<+ + 03+ D 160kh 82, [V (u — L)

KeTy

+ > 8oxe?||Au — T3 . (35)

KeT),

2
[lu — unllsype

where

C h2
=y mln{ X 245K}||RK(uh)|0K

KeTy,
n = ZZ451<HR1<(U,1)H01K’ .
KeTy
he C 5
= min cE Re(1 .
’73 ng:n {'baoE é 8]/2,[12)/2}' E(Un)llo g

Proof. The proof follows directly by inserting (31), (32) and (34)
into (27). O

Remark 3 (On the additional terms on the right hand side of
(35)). Besides the a posteriori terms, there are two extra terms on
the right hand side of (35). It will be discussed here that these terms
are in the convection-dominated regime negligible compared with
the error of the SUPG approximation. This point justifies the use of
the quantity (52 + 2 +n2)"/* as an upper error estimate.

Consider the convection-dominated regime. For the first extra term
on the right hand side of (35), one obtains with (9) and (11) or (12)

Z 160kh 622, ||V (u — Ihu)HOK Czpel( flu— IhuHSUPG k- (37)

KeTy KeT)y

One can expect that ||u — Ipu||gypc ¢ 1S generally not much larger than
[lu — upllsypc k- Then, in the case Pex > 1, the right hand side of (37)
becomes small compared with the left hand side of (35).

The order of convergence of the error of the SUPG approxima-
tion is r+ 1/2, see (17). For the other additional term, one can
apply (7) and (9) to get

> 8ok ||A(u — )5 < €S oxehy 2 lul?,

KeTy KeTy

202041 112
CZ bll. s Per il -

KeT,

This bound possesses the same asymptotic with respect to h like the
left hand side of (35) but a very small factor for Pex > 1. The actual
size of the extra terms will be studied numerically in Example 2.

In the diffusion-dominated regime, an analysis can be per-
formed such that there are no extra terms, see Remark 4.

Remark 4 (Comparisons with residual-based error estimators from
the literature). Residual-based a posteriori error estimators for con-
vection-diffusion-reaction equations can be obtained for different
norms. With the traditional approach of deriving this kind of esti-
mators [24] and taking care only on the dependency of the weights
on the local mesh width, one gets
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IV (u = un)| <ZhK|RK un)llox + > hellRe(un) |og>

KeTy Eeép

+hot., (38)

[u—uyfg < C(Zh;URK(uméK + Zh§|RE<uh>é.,E>

KeTy Eegy

+hot. (39)

The estimates (38) and (39) are not robust in the convection-dom-
inated regime, i.e., the constants C depend on the Péclet number, cf.
the numerical studies in [16]. They become robust if diffusion dom-
inates. The higher order terms describe data approximation errors
but not extra terms of the form that appear in (35).

A robust error estimator in the L2(Q) norm was derived in [10].
The weights in this estimator depend on the concrete finite
element. Moreover, the estimator in [10] is given in terms of the
L*(K) norm of the residual. To use a uniform framework, we
consider here a counterpart of this estimator that is using the
square (this gives a factor of 2 from the triangle inequality) of the
[*(Q) norm of the local residuals. It has the form

E
22 (’7BK|RK Up HOK 4 Z |‘K‘| an 1<HRE uh)OE)

KeTy

[ETAFES

(40)

where |E| and |K| are the measures of E and K, respectively, and

. h h? 1
V2|, "3v108 " lICll= k)

for the Q, finite element, see [10, Appendix C]. Here, hy is the cell
diameter in the direction of the convection vector. The approxima-
tion sign comes not only from the transform in our framework but
also from some approximation in the derivation of this estimator.
Note that in the convection-dominated regime, the weights in
(40) are O(h,z() for the mesh cell residuals and O(hg) for the face
residuals, i.e., (40) has more or less the same weights with respect
to the local mesh width as (38) but both error estimators were de-
rived for different norms.

In Verfiirth [25], a non-robust residual-based error estimator
for the energy norm

12
2 1/2 ,,12
12len = (SIV 213 + 12013

was derived. The analysis of [25] was refined in [26], leading to a
robust residual-based a posteriori error estimator for the energy
norm plus a dual norm of the convective derivative

(b-V(u-—u),v)?
)12,

(Z mm{ hi }RK(uh)'OK
KeTy,
+me{h£ 1/21’11/2}||Rs(uh)05) +hot. (41)

Ee&y

2
lu—upllen + sup
veH) (@)

The weights of the estimators from [25,26] are the same. Note that
the weights in front of the local residuals in (41) appear also in (36).

In the diffusion-dominated regime, the weights including hy
and hg will eventually become effective in (36) and (41) such that
in both cases one obtains

)
2
llu — Unllsupe < C(Z 8K [IRic (un HOK Z

KeTy EES;,

|IRg (up ||0E> +h.o.t.

That means, the weights of the H' norm estimator (38) divided by ¢
are recovered. At this point, a comment about the two additional
terms in (35) is in order. In the diffusion-dominated regime, the
norms || - ||, and || - |lsypc are equivalent. Then, one can apply the error
bounds for the energy norm instead of the SUPG norm and following
the analysis of [25,26], the two extra terms in (35) do not appear.
On the other hand, in the convection-dominated regime
Pex > 1, the other weights 245, and 24 are effective in (36) since
the minimum is attained at these values of the weights, hence

Hu uhHSUPG = (Z ” H HRK Up HOK HbH ZHRE uh OE)
KeTy, oo.K oo.E Eegy,
+hot. (42)

12
Both parts (ng,ﬁKHb V(- uh)Hé:K) and ||u'/2(u — up)||, of the

SUPG error are bounded by the right hand side of (42). This estimate
gives for the a posteriori bound the same difference with respect to

the mesh size of order h'/* between the weighted L?(Q) norm and the

[*(Q) norm of the streamline derivative that is known from the a priori
error analysis. In the convection-dominated regime, the weights in (42)
will be generally smaller than the weights of (41). Thus, the right hand
side of (42) will be a smaller upper bound of the error in the energy norm
compared with the right hand side of (41). Note that the scaling for the
interior residual in (42) is the same as for an a posteriori error estimator
of an interior penalty finite element method applied to convection-
reaction equations, see [4]. The norm considered in [4] possesses also
a contribution from the streamline derivative.

Remark 5 (Dimensionality considerations). Let u be a concentration
with the unit (mol) or a temperature with the unit (K). Given a dif-
fusion & (m?/s), a velocity field b (m/s), a reaction c (1/s), a right hand
side f (mol/s) or (K/s), and the stabilization parameters {dx} (s), a
straightforward calculation reveals that both sides of estimate (35)
possess the same dimension (mol?m?/s) or (K*m9/s). In this sense,
the weights of the estimator (36) are dimensionally correct.

4. A local lower error bound

This section presents a local lower a posteriori estimate for the
error in the SUPG norm. The derivation of this estimate does not
require an hypothesis of the kind it was used for the global upper
error bound. For the derivation of the estimate only the convec-
tion-dominated regime Pex >> 1 will be considered, for the diffu-
sion-dominated case see Remark 7 at the end of the section.

Bubble functions are usually applied in the derivation of local
lower residual-based a posteriori error estimates. Let y be the
interior bubble function associated to the mesh cell K and let v
be the face bubble function associated to the face E that vanishes
on the boundary of w; = K UK’, where K and K’ are the two mesh
cells sharing the face E, see [24] for details. It is known that there
exists a constant Cx independent of v and hy such that for all poly-
nomials » on K of degree p > 0 the following bounds hold

Clllax < (v, vd)ox < Cell?lloks (43)

lodicllok + hellV (@) llox

For the proof of these estimates see [24], [1, Theorem 2.2]. Similar
estimates hold for the face bubble functions. There exists a constant
Cindependent of v and hy such that for all polynomials v on K of de-
gree p > 0 and for all E c 9K, the following bounds

lge < (v, vpoe < ClYlle, (45)

CE] @l < < Cellvllok- (44)

“12
hy / lodellox +

are valid. Again, the proof can be found in [24], [1, Theorem 2.4].

IV (@) llok < Cllvllog (46)
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4.1. Interior residuals

Consider a mesh cell K and let
Ry n(up)

be a continuous approximation of the interior residual on K in a
suitable finite-dimensional space, not necessarily in V;,, where
fn, by, and ¢, are appropriate approximations of the coefficients.
Then, it follows from (43) that

Ci (R (un), Ricn(un)ric) .- (47)

Let v = Ry n(un)yk- This function vanishes on the boundary of K and
it can be extended to the rest of the domain as a continuous func-
tion by defining its value outside K to be zero. The resulting func-
tion, again denoted by v, belongs to the space Hp(Q). Using the
same technique as for the derivation of (26), without applying the
Galerkin orthogonality, leads to

asupc (€, Ricn(Un)g) = (Rk(uh)7R1<,h(Uh)¢K),<
+ Ok (RK(Uh)-, b- V(Rlch(uh)‘//:())w (48)

where e = u — uy. From (47) and (48), one obtains

Ci [ (Rn(un) — Ry (un), Rich (Un)Wric)
+asupc (€, R n (Un)rc) — Ok (R (), b - V(R (Un)ri)) ]
= Ck [(Rich(un) — R (), R (Un) g )
+asupc (€, Ricn (Un) i)
— Ok (R (un) — Ricn(up)), b - V(R (un)ic))

— Ok (Rin(up),b - V(Rk,h(uh)l/ﬁ()),(]- (49)

The terms on the right hand side of (49) have to be bounded. Be-
sides the Cauchy-Schwarz inequality or Holder’s inequality, esti-
mate (44) will be used. One gets for the first term

| (R (1) — R (), Rica ()i )
< 1R (1) o1 Recn (1) = Rec(t) o
< CilRca(tm)lox [Recn (1) = Ric(tn) o (50)

For the third term, one obtains with (9)
| =0k ((Ric(un) — Ric(tn) ), b - V (Ricn () ¥rc)) i |
< Ok [IRi (un) = Ricn () o e[l i IV (Ricn (n)¥ric) o

< Cidichic" D cl|Rich (14n) = R (ttn) oI Ric (1) o

1
< 5 IRk (Un) = Ric(un) llo cl1Ricn (un)llo (51)
2Ck

= fn — &up — by - Vuy — culy

Rich(un) 2k <

HRKh(uh)“OK

and for the fourth term

|_5K<RK,h(uh)7b : V(RK,h(Uh)‘//K))K|
< Okl IR (un) Nl e Bl i IIV (R (i

< Cidxhi! bl il Ricn (un) 3¢

Willox
1
< 5 IRenun) (52)

The goal of estimating the second term on the right hand side of
(49) consists in introducing the SUPG norm of the error. To this
end, the estimate starts with

|asupc (€, Rin(tn) )| < €2 Vello k&' IV (Ric () i) llox
+ 511(/2”b . VeHo.KCTm”RK r(Un)Vllox
+ Hﬂl/zeno‘K”CHmK:ual/z||RK.,h(uh)‘pK||o,1<
-+ ke[ Aellg Bl eIV (R (tn) W) o
+ 021 - Vellg 5> bl |V (Reca (Un) ) o
+ |1 2ellg ol cl i tto Bl
X [V (Rica (un) i) o (53)

Note that the terms with ;"% are not there if 1, = 0 since then the
reactive term is not present, see (3). Using the inverse inequality (5),
one gets

I Aellog < AW — Intr) ok + |AURU — up)
<A = Inu) o + Cinvhie |V (Thtt = up) o

< 1A = Tt} o + i (I1Velloge + 1V (2 = Tnt) o).

Inserting this estimate into (53), applying (44), and rearranging
terms leads to

lasupc (€, Rich (Un)¥i)| < [(8]/2@(’11;1”[)\\;1/(2 + 81/25Kh1;2CinvCK

X 1B ) 1B e [ Vello + (it Ci

X bl 2 + dckty ek Cihi 1B

% Bl el + (> Culbll ¢

0y 2 Ci b1 ) o[BI b - Vel

et 2V (= Bl (0Cii bl i)

oy [1Aw = Tnt) o (36 Cici 2 bl )|

X [|Rich(Un)llo k- (54)
Let o be the maximum of the terms in parentheses in (54), i.e.
i = max { (&2Ce 0107 + £ 2och e b1 ().}
and set ax = v/3d. Then, it follows that

12
|asupc (€, Rica(Un) k)| < [O(KHb” / wllellsupc.x

3t (e 211V (0 = ) o + ey A = 1) o) | IRca(tn) o

(55)
Inserting (50), (51), (52), and (55) into (49) leads to
SRl < bl il el
(G +3) IReattn) — Reunloe
o+ it (et 1V (U = ) o + AU = Tw)lox ). (56)

Using (9), an inspection of the individual terms of ocK and, conse-

quently, oy gives that ox < \ChK/ and ok < ChK (note that
ok, Ok have the correct unit (m~'/2)). Denoting by

1/2
Minek -= ”bH]/z ”RK(uh)HOK’ (57)

one obtains from (56) with the help of the triangle inequality

Mo < Clle ||supcz<+HbH1/z [hm(Hf Sallog + 11(b —bn) - Vuy[lg

e = enunllox ) + el IV (= ) o + e 1AW = )l -
(58)

Note that for d¢ as defined in (9) the local error estimator #;,x
is of the form as the local contribution #, of the global error estima-
tor, see (36). If the minimum of the terms in #, is the last term,
which will be the case in the convection-dominated regime, cf. Re-
mark 4, then also the local contribution of 7, is of the same form as

Mint k-

Remark 6 (On the additional terms on the right hand side of
(58)). The application of (6) yields
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-1/2 1/2
e 21V (u — Iw) o < Cehy*hil|ull,,, ¢

< CIbl..cPe Bl (59)
and using (7) the same bound is valid for the other term

1/2 1/2 1
eh* A — Tw)llo, < Cehyhi ! [ull, 1

< CIIbI|_cPe B2l - (60)

Reasoning in the same way like for the second term in Remark 3,
one finds that (59) and (60) are in the convection-dominated
regime Pex >> 1 negligible compared with ||e[|sypc x- The other addi-
tional terms in (58) are just the usual data approximation errors. In
practice, one has to take care that the data are approximated suffi-
ciently well such that these terms are also negligible compared with
llellsupcx- Then, ;.. is the first contribution of a local a posteriori
error estimator.

4.2. Face residuals

The analysis of the face residuals follows in principal the anal-
ysis of the interior residuals. Let Rgy(uy) be an approximation to
the face residual from a suitable finite-dimensional space. Then,
one obtains with (45)

C(Ren(un), Ren(un)ie)g- (61)

Now, the function v = Rgp(uy)y; is defined, which is continuous and
which vanishes on the boundary of wg. This function can be ex-
tended by zero to Q such that a function v € H.(Q) is obtained.
Inserting v into the analog of (26), which is obtained without the
application of the Galerkin orthogonality, gives

IRea(un)lg s <

Z (R (un), Ren(un)g)g

Kewg

+ Z Ok (Ri(un), b - V(Ren(Un)g))

Kewg
+ (Re(un), Ren(Un)We)g g- (62)
From (61) and (62), one gets

asupc (€, R (Un)¥g) =

IRen (un)Igz < C| (Ren(un) — Re(un), Ren(un) W) + Gsupc (€, Ren (Un) )

- Z (R (un), Rep (un)ye)

Kewg

~ 3" S(Re(t). b V<Rf.n<uh>w5>>,<] : (63)

Kewg

The four terms on the right hand side of (63) have to
be bounded. Applying the Cauchy-Schwarz inequality and (45)
yields

(Rep(up) — RE(uh)yRE,h(uh)l//E)O,E

< |IRen(un) g llo gl (Ren(un) — Re(un)Wg 2 log
< ClIRen (un)llogll (Ren(un) — Re(un))llo- (64)

For estimating the third and fourth term on the right hand side of
(63), inequality (46) is applied

> (Ri(un), Ren(un)¥e)

Kewg

Z (IR () [l | Ren ()W llo

Kewg

< C(Zh”anK up) 0K>Rsh(uh)||os
Kewg
(65)

and

> Sk(Ri(un), b - V (Ren(un)yi)

Kewg

<Y xlIRec(tn) o k1B 1V (Re (un) ) o

Kewg

(Zaxh 2R ( uh>||o,<||b|xx> IRen(un)llo

Kewg

<C (th”nRK(uh)lo,K) IReA (1) o e, (66)

Kewg

where in the last estimate the definition (9) of 6 has been used. Fi-
nally, the definition of asypc(:,-), (54) and (46) give for the second
term on the right hand side of (63)

1/2 -1/2 -1/2
<CY [Ibl Ve Vel (62 ] ¢

Kewg

|aSUPG (e, Rep(un l//E

6 20ch ey D] L% ) + 02 I lb - Vel (01 b)) 2
o2 L) + I el (it e DI
ot 41" el I ) +

x (O 1B Cine ) + b 1AW ~ It (O 1B )]
% |[Ren(t) o

In the case i, = 0, the same remark holds as given after (53). Note
that for ¢ as defined in (9) all terms in parentheses in (67) are
dimensionless and O(1) with respect to hy. Using the definition of
[l llsupc, One gets

eIV (1 = Thu) o

(67)

|asupc (€, R (un )| [Z||b||1ﬁ<||esupc.,<+ > el IV (= L)k

Kewg Kewg
+ e A — Inn) o | IRen (un) o - (68)
Kewg

Inserting (64)-(66) and (68) into (63) yields

[IRen(Un)llop < {Z“’”l/z lellsupc k + IR (Un) — Re(un)llop

Kewg
1/2 —-1/2
+ ) IRl + > eIV (1 — T o«
Kewg Kewg

+ ehy* | A~ Ihu>o4 : (69)
The term ||Rgx(un) — Re(un)|lo vanishes on the interior faces and it
reduces to g — g, on the Neumann boundary, where g, is a finite
dimensional approximation to g. Denoting by

nedge.E: H E(uh)HO.E (70)

||b||”2

00,WE

and using the definition (57), one gets from (69)

Nedgep < <Z|e|SUPGK+ Z’?mtk) Hle/z (

Kewg Kewg 00,WE

Z Ig — &nllok

ECOKEeEny

+> e PV —Ihu)|o.K+sh;/2|A<u—1hu>|o,K>- (71)

Kewg

The last two terms on the right hand side of (71) can be
bounded in the same way the bounds of (59) and (60) were de-
rived. It can be observed that in the convection-dominated re-
gime the term 7,4, ; from (70) is of the same principal form as
n, from (36).
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Theorem 2. Consider the convection-dominated regime Peyx > 1, let
K € Ty, let the stabilization parameter be defined by (9), and let
u € H*(cwg). Then the following local lower a posteriori estimate
holds

h
2 K 2
Moncic + andgef < Cllellsypg g + CZ b, (Hf — fullox

EcoK Kewyg

/(b = by) - Vatl + (€ — ch)unlly )

+C Y

1 2
Hb”wa ”g thO,E

ECoKEeeyy
2204112
+ CZ IIbll. xPex b 1y k-
Kewg

Proof. The estimate is obtained by combining (58) and (71). O

Remark 7. Note that in the derivation of this estimate only the
convection-dominated regime was considered. Unlike the global
error estimator, there is no transition of the weights in the case
that the local mesh Péclet number becomes smaller, see Remark
4. However, this situation has to be faced for adaptively refined
grids. Since the norms || - ||, and || - ||gupg are equivalent in the dif-
fusion-dominated regime, it is reasonable to use the same weights
as for the estimator (41) in this regime. For this reason, we propose
to use as local estimator the local counterpart of the global
estimator

. [c m . .
(mm {u ; C{ ; 240«} IR (un) 13 + 240k [|Ric (n) 1§ ¢
0

1/2
. 24 hE C 2

+§ min ,C—, Re(u . 72

P {”me P 81/2[1(])/2} E( h)|o_5> ( )

Note that for simplifying the implementation, in the last weight
|Ib||. ¢ instead of |/b|| is used.

00,0

5. Numerical studies

The numerical studies will present, on the one hand, results
with respect to the effectivity of the error estimators (35) and
(36), the fulfillment of the hypotheses (14)-(16), and the size
of the extra terms on the right hand side of estimate (35). On
the other hand, the adaptive grid refinement controlled
by the local estimator (72) will be compared with the refine-
ments obtained with the other residual-based estimators from
Remark 4.

A comprehensive discussion concerning possible choices of the
SUPG stabilization parameter can be found in [17]. In the numeri-
cal studies presented below, the same choice of this parameter as
in [17] was used

hy

~ 21|

where hy is the cell diameter in the direction of the convection
vector b, like in the weight of (40), and |b| is the Euclidean
norm of this vector. The arising linear systems of equations
were either solved with the direct sparse solver UMFPACK [6]
or with a flexible GMRES method with multigrid preconditioner
until the Euclidean norm of the residual vector was less than
107", All simulations were performed with the code MooNMD
[19].

A posteriori error estimators should, on the one hand, estimate
the error in a certain norm. The quality of the fulfillment of this
task is usually measured by the effectivity index

_ [blhg

P _
K 2re

g“(ﬁéx) with é(cx):cothcxf%, Pey

’7 =T

T Ju—
where 5 is the computed error estimate and | -| is the
norm the estimator is designed for. For the proposed error estima-
tor, it is

n= 0 +m+n)"”, (73)

where 7,, 1,, 5 are given in (36). The constants in #,; and 7,
were chosen to be C =1, also for the lower estimator (72). Note
that the choice of the constant C is relevant only in the diffusion-
dominated regime. A reason to choose the constants in this way
is that one obtains the same weights as in the error estimator
(41). On the other hand, a posteriori error estimators should con-
trol an adaptive grid refinement. There are several strategies for
utilizing local error estimates in this process, see [16] for a dis-
cussion of this topic. Here, the same strategy as in [16] was used.
After having computed the local error estimates, e.g. (72), for all
mesh cells, the maximal value # was determined. Then, all mesh
cells were refined whose local estimate is at least tol = 0.5 of 7.
For efficiency reasons, tol was decreased by 0.9 as long as less
than 10% of the mesh cells were marked for refinement. It turned
out that in all simulations the minimal amount of mesh cells that
should be refined became effective such that the initial value for
tol was of little importance.

Example 1 (Smooth solution). This example studies the effectivity
of the a posteriori error estimator (73) for the diffusion- and
convection-dominated regime. To this end, Eq. (1) is considered in
Q= (0,1)% with b = (1,—-4)T, ¢ =1, and with f chosen such that
u(x,y) = sin(7mx) sin(my)

is the solution of (1). Dirichlet boundary conditions were prescribed
atx =0, y=0,and y = 1. At x = 1, Neumann boundary conditions
were applied.

Uniformly refined grids were used in the simulations. The
coarsest grids (level 0) are presented in Fig. 1. The finest grid in all
simulations was the first grid with more than 10° degrees of
freedom. Simulations were performed for first, second, and third
order finite elements.

Results with respect to the effectivity index for different finite
elements and different diffusion parameters ¢ are presented in
Fig. 2. In all cases, the effectivity index is in the interval [5,12].
Considering only the convection-dominated case, then the effec-
tivity index is always in the interval [6.5,7]. In summary, one can
observe that the effectivity index behaves robustly with respect to
the Péclet number.

In our studies, we could observe that also the [*(Q)
error estimator (40) was robust, whereas the error estimators for
the H' norm (38), the [*> norm (39), and the energy norm
estimator from [25] do not possess this property even in this
example with a smooth solution, see also [16] for corresponding
studies.

Finally, it shall be noted that the hypotheses (14)-(16) were
always fulfilled in the convection-dominated regime. Only in
two simulations with v=1 and v =102, the factor of 2.1
instead of 2 would have been necessary on the right hand side
of (14). However, in the diffusion-dominated regime, the
weights which are based on hypotheses (14)-(16) are not
effective in the error estimator (35) and (36). For the sake of
brevity, detailed results concerning this topic will be presented
only in Example 2.

Example 2 (Solution with circular interior layer). This example was
proposed in [15] and it is defined by Q= (0,1)?, ¢=107*,
b=(2,3)", c=2, and f such that
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Fig. 1. Coarsest grids for the simulations on the unit square.

ux,y) =16x(1-x)y(1-y)
y G | arctan[2¢7!2 (0252 — (x —0.5)> — (y — 0.5)2)]>

T
satisfies (1), see Fig. 3. Dirichlet conditions were applied at the
whole boundary. It has been recently observed in [18] that the dif-
fusion should not be chosen too small in this example. Otherwise,
the quadrature error of the right hand side term of the finite ele-
ment problem might dominate. For this reason, the same diffusion
¢ =107 and the same quadrature rules were used as in [18].
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Solutions on adaptively refined grids were studied in this
example. The coarse grids from Fig. 1 were used and uniform grid
refinement was applied until the first grid with more than 250
degrees of freedom was obtained. Starting from this grid, local
adaption in the way described above was applied. The solution
process was stopped after having computed the solution on the
first grid with more than 10° degrees of freedom.

Snapshots of the adaptively refined grids using the local
estimator (72) for the Py finite element are presented in Fig. 4.
For quadrilateral grids, an adaptive refinement with hanging nodes
was applied. The effectivity indices on adaptively refined grids for
different finite elements are presented in Fig. 5. One can observe a
very similar behavior as in Example 1. Starting from the second
coarsest grid, the indices are always in the interval [6.5,7]. In
addition, we could observe that the proposed error estimator (35)
and (36) is robust in estimating the error in the SUPG norm also on
the grids obtained with the other estimators.

A study of quantities involved in hypotheses (14)-(16) is
presented in Fig. 6, where for the sake of brevity only one result is
presented for each finite element of order higher than one. It can be
seen that for this example the hypotheses were almost always
fulfilled, there is only one exception for the Q5 finite element on the
third coarsest grid. But this is the only exception on the meshes
obtained with (72), it is very small, and the quadrature error might
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Fig. 2. Example 1. Effectivity index for different values of the diffusion and for different finite elements.
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solution
2.975
0.800
-0.600
-0.400

-0.200

0.000

Fig. 3. Solution of Example 2.

still have some non-negligible influence on this coarse grid. In our
opinion, it can be seen that hypotheses (14)-(16) are quite
reasonable.

Two representative results concerning the size of the extra
terms on the right hand side of estimate (35) are shown in Fig. 7.
For the constant from the inverse inequality for different finite
elements, values from [7] were used. It can be observed that these
terms are very small for large Péclet numbers compared with the
error (and thus also with the error estimator). On finer grids, the
extra terms become more important which follows also from the
considerations in Remark 3.

The considered example possesses only one layer. All estima-
tors lead more or less to the same type of adaptive refinement.
Instead of presenting visualizations of grids, this statement will be
illustrated by the fact that the solutions computed on the
adaptively refined grids obtained with the (local counterparts of
the) error estimators (38)-(41) and (72) possess a very similar
error in the SUPG norm, see Fig. 8 for some representative results.

Example 3 (Hemker problem). The Hemker problem, defined in
[11], is a simple two-dimensional model of the transport of tem-
perature from a hot obstacle (circle) in the direction of a con-
stant convection field. It possesses a number of properties
which are encountered also in problems coming from applica-
tions, see [2] for a discussion of this topic. From the point of
view of adaptive grid refinement, the interesting property of
the Hemker problem is the appearance of different layers:
boundary layers at the circle and interior layers starting from
the circle and evolving in the direction of the convection. The
Hemker problem has been studied recently in [2] for a number
of stabilized discretizations and the current study will follow
the lines of [2].

The Hemker problem is defined in Q= {[-3,9] x [-3,3]}\

{(x,y): ¥ +y2 <1}, the coefficients of (1) are e=10"% b=

(1, 0)", ¢ =0, and f = 0, and the boundary conditions are given by
0, for x = -3,

ux,y) =<1, for x> +y2 =1,

eVu-n=0, else,

see Fig. 9 for the solution of this problem.

For assessing numerical solutions of the Hemker problem, not
errors in Sobolev spaces or in the SUPG norm are of interest.
Instead, quantities like the size of spurious oscillations or the
smearing of layers are important. None of the considered error
estimators in this paper is designed to adapt the grids with respect
to such outputs of interest. Based on the experience from [16], it
can be expected that error estimator will lead to the best grids
which adapts the grids most uniformly, since this strategy mini-
mizes the probability of neglecting the refinement of an important
subregion.

Fig. 4. Example 2. Adaptively refined grids obtained by using the local estimator (72), P; finite element.



300

7.5}

effectivity index

5.5

3

10° 10 10* 10°

degrees of freedom

Fig. 5. Example 2. Behavior of the effectivity index of estimator (73) on adaptively
refined grids obtained with (72), different finite elements.

Results on adaptively refined quadrilateral grids with hanging
nodes will be presented for this example. The initial grid is
depicted in Fig. 10. It was refined uniformly until the first grid with
more than 2500 degrees of freedom was obtained. Starting from
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this grid, an adaptive grid refinement was applied. The simulations
were terminated after having computed the first solution with
more than 250,000 degrees of freedom. For choosing the mesh cells
for refinement, the strategy described at the beginning of this
section was applied. Note that for this example p, =0 and the
weights of the estimators (38) are the weights of the estimator (41)
times &. Since the selection procedure for refining the mesh cells is
based on a relative comparison of the local error estimates, both
estimators lead to the same locally refined grids.

The final adaptively refined grids obtained with the (local
counterparts of the) error estimators (38)-(40), and with the error
estimator (72) are presented in Fig. 11. It can be seen that the grids
look quite differently, in particular for the Q, finite element.
Whereas the adaptive grid obtained with the L? error estimator
(39) refines the interior layer completely, the other estimators
concentrate the refinement to the neighborhood of the circle. This
behavior was already explained in [16]. All estimators start to
refine the regions with the strongest layer, which is for the Hemker
problem the boundary layer at the circle, in particular in a
neighborhood of the point (—1,0). In this layer, the largest local
residuals occur. All error estimators multiply the local residuals by
a weight that depends on the size of the mesh cell. The smaller the
weights are, the sooner the refinement of large mesh cells in
weaker layers will start. Having a look at the weights in (38)-(40)
and (72), then it becomes clear that the L? estimator (39) will first
refine the interior layers, then the H' estimator (38) and the robust
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Fig. 6. Example 2. Quantities from hypotheses (14)-(16) with I,u being the Lagrange interpolant.
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solution

i.OO
“0.75

Fig. 9. Solution of the Hemker problem.

[%(Q) estimator (40) will be second, and the SUPG estimator (72)
will be last. In this sense, the L? estimator refines most uniformly
among the considered estimators. This situation can be clearly
observed in Fig. 11.

One criterion defined in [2] for the quality of the computed
solution is the size of the undershoots and overshoots. It was
observed in [2] that for the SUPG solution on uniformly refined
grids in particular the size of the undershoots is comparatively
large. The largest undershoots occur at the starting points of the
interior boundary layers at the circle. Fig. 12 shows that the local
grid refinement at the circle leads to a reduction of the under-
shoots, without removing them. The largest reductions were
obtained on the grids computed with the L? estimator (39). This
statement is also true with respect to the overshoots. Thus, the

Fig. 10. Hemker problem, initial grid.

better resolution of the region of the interior layers on the grids
obtained with the L? estimator is also of advantage for the
reduction of the spurious oscillations.

Another criterion for the quality of the computed solution
defined in [2] is the smearing of the interior layer at x = 4, see [2]
for a precise definition of the layer width and the reference value.
Results with respect to this criterion are presented in Fig. 13. Not
surprisingly, the sharpest layers are obtained on the grids com-
puted with the [? estimator (39) since these grids are finest in the
considered region.

Since a clear conclusion can be already drawn and for the sake
of brevity, results concerning the other quality criteria from [2] will
be omitted. Having problems with quantities of interest in
different kinds of layers, the adaptive grid refinement should be
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SSSN U777

Fig. 11. Hemker problem, final adaptively refined grids, left: Q; finite element, right: Q, finite element, top to bottom: error estimators (38)-(40) and (72), note that error

estimator (41) leads to the same grids as error estimator (38).

controlled by an error estimator that relatively soon selects large
mesh cells in weaker layers for refinement. Among the considered
error estimators, the L? estimator (39) meets this criterion. The use
of this estimator for controlling the adaptive grid refinement in this
situation was already recommended in [16].

Example 4 (Example with non-smooth solution). The derivation of
the global upper bound assumed for the solution of (4) that
u € H*(Q), see Lemma 1. Here, the behavior of the proposed error
estimator is studied for an example where this assumption is
violated. It is defined by Q= (0,1)%\[1/3,1/3]* ¢=107",
b = (1,0)%, and c = f = 0. Homogeneous Dirichlet boundary con-
ditions were described at x=0, y =0, y =1, and homogeneous
Neumann boundary conditions at x = 1. At the boundary of the
interior body, u =1 was prescribed. With this setting, one can
expect singularities at the re-entrant corners (1/3,1/3) and
(1/3,2/3).

Simulations were performed with the P; and the Q; finite
element on uniformly refined grids, see Fig. 14 for the coarsest
grids. To approximate the errors, reference solutions were
computed on level 10 (more than 33 million of degrees of
freedom). Because of the slow convergence due to the singular-
ities, we used for computing the reference solutions the finest
grid that was feasible with our hardware. The methodology for
performing the numerical studies was as follows. First of all, a
value of ¢ was searched that allows a reliable computation of the
errors. To this end, the error in the SUPG norm of the solution
on level 1 was computed with the solutions on level 9 and level
10 as reference, respectively. The numerical quadrature was
performed on the finer grid. A quadrature rule that is exact for
polynomials of degree 19 was used on triangles and a Gaussian
quadrature rule that is exact for polynomials of degree 17 on
squares. The reference solution on level 10 was considered to be
sufficiently accurate if both errors were not much different. This
was the case for ¢ = 107> (~ 0.3% relative difference) but not for
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Fig. 13. Hemker problem, layer width at x = 4.

£=10"* (~17% relative difference). Then, all errors for com-
puting the effectivity indices were computed on level 10, after
having prolongated the solutions from the coarser grids. Note
that the reverse approach, the restriction of the reference

solution to the coarser grids and performing the numerical
quadrature on the coarser grids, leads to very inaccurate results
since the values and derivatives in the quadrature points on the
coarse grids are not taken from the reference solution but only
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Fig. 14. Example 4. Coarsest grids (level 0).

from its restriction. Since a lot of details of the reference
solution are lost by the restriction, the values and derivatives of
these two functions might be quite different, in particular in a
vicinity of layers.

The SUPG norm is a mesh-dependent norm because it includes
the stabilization parameters. Thus, one has to take care to use the
mesh-dependent weights from the coarser grids even if the
numerical quadrature is performed on the finest grid. The only
efficient way to pay attention to this aspect is the use of
triangulations where all mesh cells on a given level have the same
stabilization parameter. For this reason, uniform grids were
considered.

The effectivity indices and results concerning hypotheses (14)-
(16) are presented in Fig. 15. From the setup of the numerical
simulations, it follows that higher Péclet numbers appear only on
the coarsest levels. On the finer levels, already a transition to the
diffusion-dominated case starts. All effectivity indices are in the
interval [1,8], but there is some increase on finer levels. We
observed that the computed errors were usually too small if the
level of the reference solution was not sufficiently fine compared
with the level of interest. Consequently, the computed effectivity
indices were too large in this case. For instance, considering the Q;
finite element, the solution on level 3 with the reference solution
on level 5 gives an effectivity index of 3.85. To obtain an accurate
result for level 3 (effectivity index below 2.35), at least the
reference solution on level 7 has to be used. Similarly, the
effectivity index on level 8 is 8.35 if it is computed with the
reference solution from level 9 and it becomes 7.43 for the
reference solution computed on level 10, see Fig. 15 for the latter
result. Thus, on the one hand, the effectivity indices presented in
Fig. 15 might be still somewhat inaccurate (too large) for finer
levels. But on the other hand, the diffusion-dominated regime will

be reached soon with further refinement. Then, the effectivity
index will be bounded because the estimator is robust in this
regime, cf. Remark 4.

To compute the approximations of the left hand sides of (14)-
(16), u was taken to be the reference solution and I,u was
computed by first restricting the reference solution to the coarser
grids, by taking the values in the corresponding nodes like in the
Lagrangian interpolation, and then prolongating this restriction, by
inclusion, again to the finest grid. The numerical quadrature was
performed on the finest grid, where for computing the left hand
side of (16) of course only those edges were used that were present
on the respective coarse grid. The results in Fig. 15 show that the
approximations obtained in this way fulfill the hypotheses (14)-
(16). One can see that the interpolation quantities with stabiliza-
tion parameters behave differently in the convection- and diffu-
sion-dominated regime.

6. Summary

A residual-based a posteriori error estimator for the SUPG
approximation of the solution of convection-dominated convec-
tion-diffusion-reaction equations was proposed. The error in the
natural SUPG norm is estimated robustly if certain hypotheses
are fulfilled that connect the interpolation error in different norms
and the error in the SUPG norm. It was discussed that these
hypotheses are justified in some standard situation and this state-
ment was supported by numerical results. A numerical analysis
without hypotheses and extra terms of the form as in (35) and with
weaker assumptions on the regularity of the solution is an open
question.

The proposed error estimator possesses different weights than
other residual-based estimators for convection-diffusion-reaction
equations. These weights cause a deep refinement of the subre-
gion with the strongest singularity before a refinement of subre-
gions with weaker singularities starts. Thus, the proposed
estimator can be used for the adaptive grid refinement if the
solution possesses only one kind of singularity. It was demon-
strated that otherwise the residual-based error estimator (39)
for the L*(Q) error should be preferred. But independently of
the used error estimator for constructing the adaptive grid, one
can expect to obtain with the proposed error estimator a robust
estimate of the error in the SUPG norm in the standard situation
described in Remark 1.
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Fig. 15. Example 4. Effectivity indices (left) and quantities from the hypotheses (14)-(16) for the Q, finite element (right).
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