MATHEMATICS OF COMPUTATION

Volume 71, Number 239, Pages 971-994

S 0025-5718(02)01412-6

Article electronically published on February 4, 2002

EACH AVERAGING TECHNIQUE YIELDS RELIABLE
A POSTERIORI ERROR CONTROL IN FEM
ON UNSTRUCTURED GRIDS.
PART II: HIGHER ORDER FEM

SOREN BARTELS AND CARSTEN CARSTENSEN

ABSTRACT. Averaging techniques are popular tools in adaptive finite element
methods since they provide efficient a posteriori error estimates by a simple
postprocessing. In the second paper of our analysis of their reliability, we con-
sider conforming h-FEM of higher (i.e., not of lowest) order in two or three
space dimensions. In this paper, reliablility is shown for conforming higher
order finite element methods in a model situation, the Laplace equation with
mixed boundary conditions. Emphasis is on possibly unstructured grids, non-
smoothness of exact solutions, and a wide class of local averaging techniques.
Theoretical and numerical evidence supports that the reliability is up to the
smoothness of given right-hand sides.

1. INTRODUCTION

Given the exact solution u and an approximate solution w, of a second order
elliptic partial differential equation, an averaging technique for a posteriori error
control is a postprocessing algorithm that provides g from the input Vuy. The
true energy error ||V(u — un)|[r2(q) is then estimated by ||gn — Vun|/z2(q). The
underlying motivation is that g, is a “smoother” approximation of Vu or/and of
“higher order”. So far, mathematical justifications for regarding ||gn — Vun| r2(q)
as an approximation to ||V(u — up)||r2() have been based on superconvergence
phenomena or given for Vuy, piecewise constant only. This paper aims to establish
the reliability and efficiency of local averaging: For each edge F, written E € &,
with neighbourhood wg (i.e., the union of elements with face E) we suggest to
compute (in case of pure Dirichlet problems)

ne = min{||Vuy, — g5l 12(ws) : @8 € Pas(Wr)?} and 0y = Z n%5.
Ee€
The polynomial degree dg on wp is chosen according to the elementwise degrees of

up, on wg, and Py, (wg) denotes algebraic polynomials of degree < dp regarded as
functions on wgr. We analyse estimates of the form

(1.1) c1nz +hot. < HV(u — uh)”Lz(Q) < congz + ho.t.
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for the error estimator nz = (Z Ece 77%)1/ ? and study the qualitative behaviour of
the constants c1,c2 > 0 and the higher order terms (h.o.t.) in (1.1). It turns out
that the higher order terms in the efficiency estimate, i.e., the first inequality in
(1.1), depend on the smoothness of the exact solution u while the higher order terms
in the reliability estimate, i.e., the second inequality in (1.1), merely depend on the
smoothness of given right-hand sides. The constants ¢; and ¢, are independent of
the mesh-size but depend on the polynomial degrees.

We stress that the upper bound of (1.1) shows reliability of any local averaging
scheme in the sense that, whatever choice of g € Py, (wgr)? we have, up to higher
order terms (which are easily computed from the given right-hand sides f, g, and
up),

(1.2) IV (u — )22y < s (Y 1Vun — asllay)) ™
Ee€&

The error term 1 measures the flux difference of two neighbouring elements and
so might be regarded as an edge contribution generalising hg [, [Oun/ 6n]2 ds from
standard residual-based error estimations to higher order finite elements. Hence,
(1.1) indicates the dominance of edge-contributions, which is true for lowest order
finite elements [CV], [R] but known to be false for general higher-order polynomials
[Y1], [Y2]. From this point of view, (1.2) appears surprising: the volume residual
f — Aguy, does not enter the upper bound directly.

In case of lowest order finite elements, local and global averaging is indeed equiv-
alent [CB], and so gg can be chosen as a 7 -piecewise polynomial that is globally
continuous, as suggested in [ZZ)]. However, for higher order finite element methods
it is conjectured that global averaging is not equivalent to local averaging.

The outline of the remaining part of this paper is as follows. Approximation and
stability properties of a weak approximation operator of [Cal, [CV] are generalised
to higher-order approximation in Section 2. Some preliminary results are given in
Section 3 in the spirit of [CB]. The main results on (1.1) are stated and proved
in Section 4. Three examples with uniform, adapted, and perturbed meshes and a

variety of polynomial order finite element methods conclude the paper in Section
5.

2. APPROXIMATION IN HIGHER ORDER FINITE ELEMENT SPACES

The Lipschitz boundary I' = 992 of the bounded domain {2 is split into a closed
Dirichlet part I'p with positive surface measure and a remaining, relatively open
and possibly empty, Neumann part I'y := I' \ I'p. Suppose 7 be a regular trian-
gulation of the domain Q@ C R, d = 1,2,3, in the sense of Ciarlet [BS], [Ci] (no
hanging node, domain is matched exactly) with piecewise affine Lipschitz bound-
ary I' = 9Q = T'puTly, i.e., 7 consists of a finite number of closed subsets of €,
that cover Q = |J7. Each element T € 7 is either an interval T = conv {a, b} if
d =1, a triangle T = conv {a, b, ¢} or a parallelogram T = conv {a,b, c,d} if d = 2,
and a tetrahedron T = conv{a,b,c,d} or a parallelepiped T = conv {a, ..., h} if
d = 3. The extremal points a,b,c,d are called vertices; the faces £ C 0T, e.g.
E =conv{a,b} ind=2or E = conv{a,b,c} in d =3, are called edges. The set of
all vertices and all edges appearing for some T in 7 are denoted as N and £. Two
distinct and intersecting T} and T5 share either an entire edge or a vertex. Each edge
E € £ on the boundary I" belongs either to I'p, written E € £p, or to L'y, written
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E € En. Therefore the set of edges is partitioned into £q :={E €& : E ¢ T}, Ep,
and Ey. We stress that the union of all edges | J& denotes the skeleton of edges
in 7, i.e., the set of all points  that belong to some boundary = € 9T of some
element T € 7. Finally, K := A\ I'p denotes the set of free nodes.

For T € T, let Pk :=P,(T) if T is a triangle or tetrahedron, or P := Qy(T) if
T is a parallelogram or parallelepiped. Here, Py (K) resp. Q(K) denotes the set
of algebraic polynomials in d variables on K of total resp. partial degree < k. The
space LF(T) of (possibly discontinuous) 7-piecewise polynomials of degree < k is
the set of all U € L>(Q) with Ul|r € Pk for all T in 7. Set

Sk(T) = Ck(T) NC(Q) and SH(T):= {up € SY(T) : up|r, = 0}.

Let (¢, : z € N) denote the nodal basis of S'(7), i.e., ¢, € S'(7) satisfies

p.(z) =0if z € N\ {2}, and ¢.(2) = 1. Note that (¢.|]z € N) is a partition of
unity and the open patches

(2.1) w,:={zeN:0< ()}

form an open cover (w, : z € N) of Q with finite overlap.
In order to define an approximation-operator 7, we choose for each fixed node

z € N'\ K a neighbouring free node ¢ € K and thereby define a relation R on A/
where zRz if z € KC. Then, let

(2.2) U, = Z ¢ and ), := interior(supp.).

CEN,CR2
We require that for each z € I, €2, is connected and ¢, # 9, implies that (0Q,)NT'p
has a positive surface measure. As ({¢ € N : (Rz} : z € K) is a partition of A,

(1, : z € K) is a partition of unity. For each z € K, we define the degree (minimal
degree allowed on 2, minus one)

(2.3) d(z) := max{k € Ng : Pr(Q,) ¢. C S},

where Py (2,) denotes the set of all polynomials on R? of total degree at most k
restricted to Q.. The set S C H'(Q) is some finite element space consisting of
functions that are 7-elementwise polynomials and globally continuous. Moreover,
we require that SH(7) C S, which implies that d(z) is well defined and greater
than or equal than zero.

For g € L'(2) and z € K, let g, € Py(,)(£2;) be defined by

(2.4) / (9202 — g¥2)q-dz =0 for all g, € Py (2.),
and then let
(2.5) Jg:= g € SN HpH(Q).

zeEK

Remark 2.1. Notice that g,p, € S, because of (2.3).

Remark 2.2. Condition (2.4) characterises the unique minimiser g, of

1
(26) 5 / sz(ﬁ dr — / gquq,z dx
2 Ja,

z

amongst all ¢, in Py(,) (). In particular, there exists a unique solution to (2.4),
i.e., Jg is well defined and belongs to S even for g € L(Q).
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The local mesh-sizes are denoted by h7 and he, where hr € £%(7) is the element-
size, hr|r := hr := diam (T) for T € 7, and the edge-size hg € L>(|J€) is defined

on the union or skeleton | J& of all edges E in & by hg|g := hg := diam (E). The
patch-size h, := diam (§2,) is defined for each node z € K separately.

Theorem 2.1. There exist (hr,hge)-independent constants cg,cs,cg,c7 > 0 such
that, for all g € H5(Q) and f € L*(Q),

(2.7) V(g = T9)ll20) < call Vg2,

/Q 79 - T9)dx < cs|[ Vgl 2oy

1/2
2.8 X h2 min o 9 |
( ) (;C ZfzePd(z)(Qz)”f f ”LQ(QZ))
(2.9) Ih7' (9 — T2 () < sl VyllL2 ),

(2.10)  [lhz (9= T9)ll2rny < erlVllz20)-

The constants cy, cs, cg, cr only depend on Q, Tp, T'n, the degrees d(z), z € K, and
the shapes of the elements T' € T and the patches Q,, z € K.

Proof. In this proof and at similar occasions, < abbreviates an inequality < up to
a constant (hr, he)-independent factor. Also, || -||p,x abbreviates |- ||»(x) and we
neglect K if Q is meant, i.e., |- ||2 := | - ||2,o- Hence, e.g., (2.7) could be phrased
as [VJTg = Vgllz < [|[Vygllz.

The local key estimate for the stability and the approximation property of J
will be

(2.11) 9202 = g¥:ll2.0. S R:(IV9l20.-

(The constant in (2.11) is h,—~independent but depends on d(z) and the shape of
Q,.) For the proof of (2.11) let G, denote the integral mean of g on €2,. Then,
g.— 9, € Pd(z)(Qz) and

(2.12) llg. — gz“Q,Qz < CSH‘PZ(gz - gZ)HQ»Qz'

For a proof of (2.12), notice that ||-||2,0. and ||¢;-[|2,0, are norms on Py, (€2;) and
so are equivalent. A scaling argument shows that the constant cg is h,~independent
(but of course depends on the shape of 2, and the degree d(z)). Since g, €
Py(2)(Q2) is allowed in (2.6), we have

(2.13) / gozgg dx §/ gngg da:—Z/ 1,97, da:—l—?/ 1,99, dx
Q. Q. Q. Q.
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and infer, with Cauchy’s and Young’s inequality,

I(g: = 7.)e:l3.0. < (9> — 9.)et *|3.

=2/ ©0.9,(9, — 9= d:v+2/ Y.9(9. —7,) dz

z

(2,14) = 2/9 @z(gz - g)(gz —g.)dz + 2/Q (Y. — ©2)9(g> — gz)dx

z

7.13.0.

1 _
< _||(gz _gz>902 5
1 _
+ 4—;"92 - gz“%,ﬂz A O <Pz)9||§,§zz-
g

Utilising (2.12) and absorbing [|(g. — 7,)¢:|13 ., we deduce from (2.14) that

(2.15) (9 = 7.)ezl3.0. <8llg =TI, + 8% — @:)al30.-
A Poincaré inequality yields
(2.16) lg = 7.ll2.0. < R:IVgllaa.

with a constant factor that only depends on the shape of €2,; the weight-function

(¢, — @) is non-zero only if I'p N (9Q,) has positive surface measure. Since g = 0
there, a Friedrichs’ inequality yields

(2.17) (%= = @2)9ll2.0. <llgllz0. < h:[Vgl2e0.

for an h.-independent constant that depends on the shape of 2, and (89,) N T'p
only. Therefore, (2.15) yields

(2.18) 19> = 7.)@zll20. S R:IVal20.
To prove (2.11), we use the triangle inequality and (2.15)-(2.18) to verify
lg=0= = gtellz.0. < (92 = F.)eell20. + (g — )@= 2.0,

(W = @2)gllz0. S hellVyl20.,

which is (2.11). To verify (2.8), we use that (¢, : z € K) is a partition of unity and
obtain with (2.11), (2.4) for any f. € Pg(.)(Q:) that

(2.20)

/fg Jgdfv—Z/ Flgv — =02 d:v—Z/ (f = f) (g2 — 9202 d

z€K zeK

(2.19)

1/2
SO OF = follaa bl Vgllza. S (Z Rl f - le|§,91> 1Vgll2.

z€K zeX

In the last step we used that (¢, : z € K) has a finite overlap that depends on the
shape of the elements only. The proof of (2.8) is finished. Notice that h, < hp for
all 2 € Kand T € 7 with T C Q,. Letting f := h}Q(g —Jg)and f, =0, z € K,
we deduce from (2.8) that

1/2
(2.21) Ihz' (9= T9I5 < V9l (Z Ih7' (9 = T 930 )
z€K
< IValallhz' (g = T9)ll2s
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which implies (2.9). To verify (2.7) we argue as above and additionally utilise
> .ex V. = 0. Repeating the triangle inequality only a limited number of times
(according to the finite overlap of the patches Q,), we infer

(2.22) Vg = VI3 <D IV(©ag — 0:9:)3-
zeK

Since g, is constant, and recalling (2.16), we have

(2.23) hz' g = Gellzg. +11V(9 = 72)ll20. S I1V9l2a..

Then, with the triangle inequality, Friedrichs’ inequality, |Vé¢||co,0. < 1/p2, and
(2.23) we conclude that
V(99 — g:02) 2.0
< 1% — )Vl +IV(e:2(9: —7.)) 2.
+IV(p:(7. — 9)ll2.0. + gV (Y2 — @2)ll2.0.
S IVdllz.a. +h2/p-1Vgll2.0. + V(#:(9: = 7.))ll2.0.-

Note that h, < p,. To estimate ||V(¢.(9.—7.))|l2.0. we observe that ||V (¢,-)|l2.0.

is a norm on Pg.y(€2.) and so is equivalent to [, [|2,o,. A scaling argument shows
that

(2.25) hz|IV(:(9z =G ) ll2.0. S lle=(9: — 7.)l2.0.,

where the h,—independent constant depends on the shape of 2, and the degree d(2)
only. Utilising (2.11), (2.23), and Friedrichs’ inequality, we obtain from (2.25) that

(2.24)

h. _
c—lzllV(soz(gz =7 I)M2.0. < le=9: — ¥.gl20.

+ (W —¢2)gll2.0. + 029 — 7.)l2.0.
S h:l[Vgllz. -
Employing this estimate in (2.24) and the resulting estimate in (2.22), we verify
(2.7).
A trace inequality [BS], [Cl], [CF] is required for the proof of (2.10). For E € En
and a neighbouring element T' € 7 with E C 9T NT 5 we have, for all w € H'(T),

(2.26) wllo,s < B2 wllor + by || Vewllo.r.

We denote wg := T for E € £y and E C 9T. Since hr < hg, we deduce from

~

(2.26) with w = g — Jg¢ by summing all edges £ on I'y that

ST ongtlle - T3 S D hrllla = Tl + D 1V = T30s

E€én Ee€EN E€e&n
< IVelza,
according to (2.7) and (2.9). This concludes the proof. O

Remark 2.3. The constants in the theorem depend on the polynomial degrees in
the finite element method and are expected to increase to infinity with the degree.
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3. BASIC ESTIMATES

In this section we first derive with the approximation operator J a global error
estimate for a posteriori error control by averaging processes in an abstract setting.

The estimate of this section is specified in the subsequent section to higher order
conforming finite element methods.

Theorem 3.1. Suppose p,q € H(div;Q) and p, € LF(T)? with p-n,q-n € L*(T'y)
and

(3.1) /(p—ph)-thdac:O for allw, € SN HL(Q).
Q
Then

sup / (p—pn) - Vwdz < cillpn — ¢l 20
weHK(Q) JQ
HV“’HL2(Q)=1

1/2
m(Zh? min - [[div (p— ) = F-llzeen”)

F2€Pqz) (22
+ C7Hh5/ (p—a) - nllrzry)-

Proof. According to (3.1), (2.7), Cauchy’s inequality, and an integration by parts
we have, for each w € H% () with ||[Vw||s = 1, that

/(p—ph)'deZEZ/(p—ph)-V(w—jw)dx
Q Q
:/(p—Q)'V(w—jw)d:v+/(q—ph)'V(w—jw)d:v
Q Q

(3.3)
< /FN(w—jw) (p—q) ndx

—/<w—Jw>div<p—q>dw+C4||ph—qnm,
Q

since w and Jw vanish on 9Q\ T'y. Owing to (2.8) and (2.10) in Theorem 2.1, we
conclude (3.2) from (3.3) and Cauchy’s inequality. O

The next lemma states that averaging over the patches 2, is dominated by
averaging over smaller domains. Let wg := Ty U Ty for an interior edge E =
TyNTy € Eq and wp :=T for an edge £ =T NI € £Ep U EN on the boundary.
Moreover, for z € K, let £g, denote the set of all edges E C Q, with E ¢ 99,.

Lemma 3.1. Suppose S = {vy, € C(Q) : VT € T, vp|r € Pyery(T)} for positive
integers d(T), T € T, and let dg, E € £, be nonnegative integers. Then there exists
a constant cg > 0 such that, for all up € S and each z € K, we have

3.4 min Yun — .|| < ¢g min Vun — g2 -
34)  pmn 222 < EEZg e 120

The constant cq depends on the degrees d, and dg as well as on the shapes of the
elements and patches, but not on their diameters.

Proof. Set p, := Vuy and let [|[pp||| ., and |[|pa|l|3,. denote the expressions on the
left- and right-hand side in (3.4), respectively. Assume up € S with ||[pa|l|2,> = 0.
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We claim that |||ps]|||1,>» = 0. (The statement of the lemma then follows from com-
pactness and scaling argument.) Since €0, is connected, there exists a sequence of
edges By, ..., B; € Eq, such that wg, Nwg,,, # () and the open patches wg, cover ),
ie., wg U..Uwg, = Q. Since |||pn|||2,>» = 0 we deduce that ph\wE € PdE (wE; )e,
j = 1,....,J, and 50 ppla. € Pm(Q.)?, where m is the smallest polynomlal de-
gree of pj, restricted to elements 7' C €, i.e., m = min{my : T C Q,} for
mr = min{l € Ny : pa|r € Pe(T)?}. Since m < d(T) — 1 for all T C Q, and
d(z) > minger pcq, d(T)—2, we have m < d(z)+1. This implies |||pxll[1,, =0. O

Remark 3.1. Note that a hat function ¢, is not elementwise affine when z belongs
to a parallelogram if d = 2 or a parallelepiped if d = 3. Then, Py,)+1(2.)? cannot
be reduced to Py, ()% in (3.4).

The following lemma includes the approximation of given boundary data by
discrete functions. We denote by £F(Ex) the space of all (possibly discontinuous)
functions on I' y which equal a polynomial of degree at most k on each edge F € Ey.

Lemma 3.2. Let k and dg, E € £, be nonnegative integers and let p, € LF(T)?
and gn, € L¥TYH(EN). Then,

(3.5)

2 1/2 2
L ain (o= aula + 1o~ an-m)lEaqr)

< cio min ( n—aqel3 +hgllgn — a8 1|3 )
o 3 i (I sl el a5,

with a constant cig > 0 that depends on the degrees k and dg as well as on the
shapes of the elements and patches but not on their diameters.

Proof. Let Tg :={T € T : T C wg} denote the restriction of 7 to wg, E € £. It
is shown in [CB] that

1/2
36)  _min (I~ aulo+ 1800~ 0 mlEry )
: (st + b=, )
" petaven S Pt — aell2.0, + hElgh — 48 - 73 BAr

For E € £q we have ming,ep, (wp)e Ipn — qeli3.,, = 0 if and only if p, €
Pap(we)*NLY(Tp)? € Clwp)?, and ming, ¢ o1 (74ye [P — ¢ 13, = 0 if and only
if pp, € C(wg)? N LF(TE)?. Hence a compactness and a scaling argument (from

the context of equivalence of norms) show (with an (hz, he)-independent constant
factor)

3.7 min — < in — 2
(3.7) quskJrll(T)dHPh QEszEN Eg?;(wE)d“ph 4Bl20p

For an edge FE € £y the corresponding minimum in the right-hand-side of (3.6)
is zero if and only if g, = py, - n, while the corresponding minimum over Py, (wg)?
is zero if and only if g5, = pp -1 and pulw, € Pap(wr)? By a compactness and a
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scaling argument we deduce the inequality

. 2 2
38 _min  (Inasl3., + helon - gzl por, )
< 2 h 2 )
quggl;f(l )d(”ph 48ll20p +hellgn — a5 - nllz par,
Combining (3.6), (3.7), and (3.8), we obtain (3.5). O

4. HIGHER ORDER FINITE ELEMENT METHODS

Given right-hand sides f € L*(Q), g € L*(T'y), and up € H'(I'p) N C(T'p), let
u € H*() denote the unique weak solution to

(4.1) -Au = f inQ,
(42 u = Up on I'p,
(4.3) OufOn = g  onTy.

Suppose a finite element scheme, based on a regular triangulation 7', provided a

discrete flux py, := Vuy to the exact flux p := Vu € H(div; Q) such that up, € S
and

(4.4) / Vup, - Vwyp, dz = / fwn dz + / gwp ds for all w, € SN HE ().
Q Q r

N

We will assume in Lemma 4.3 below that up|r, interpolates up in nodes on I'p.

Theorem 4.1. Assume Vu, € L¥(T)? and (4.4). There exist (ht, he)-indepen-
dent constants c11,c12 > 0 such that

IV (w = un)|| L2

IN

. 1/2 .
an €S (1) (011||Vuh — anll2@) + 2crllhg " (9 — an n)|lL2(rN))

1/2
—|—C V - Yz
(4.5) 12(;quepd(2)+l “ el ||L2 )

+ inf  [[V(un —v)||r20)

vlpD=uD

. 1/2
F2vBes (002 _min1F < L)
z€K P

In the infimum, “v|p, =up” stands for allv € H* () with v =up on T'p.

Proof. Abbreviate e := u — uy, and let g, € S¥1(T)9. Assume that v € H'(Q)
satisfies v = up on I'p and [|V(up — v)||2 < |[Ve||2. Then (4.1)-(4.4) imply (3.1).
Hence, we may choose ¢ = ¢ and w = w — v in Theorem 3.1 to obtain (with
Cauchy’s inequality for the second term in the right-hand side of the subsequent
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equality) that

|[Ve||§:/Ve~dea:+/Ve-V(v—uh)dx
Q Q

< ||Vwlfz <C4||Vuh —anllz + crllhg? (9= an - m)l2r

zex  JrEPan @
IV (un = v)l2[[Vell2.

Since ||Vwllz < ||Vellz + ||[V(un — v)|l2 < 2||Ve||2, we can divide (4.6) by ||Vel|2
to verify

1/2
(Z h? mm ||f+d1VQh—fz||29 )

(47) |IVella < 2¢4|[Vun — anll + 2e7|lhg? (9 = an - 2)la,rw + 11V (un — v)|l2

1/2
2 . . 2
o (ze;c " P I O felio.)

Let div 7 denote the 7 -piecewise action of the div-operator. The triangle inequality
in the last summand in (4.7) and h, < hr for z € TNAN and T € 7, a summation
over elements, and div (Pd(z)+1(ﬂz)d) C Pa(zy(§2) show that

h?  min +divgn — f5|?
z;c # e I divan = fllag,

< 3||hr div 7 (Vup, — g3

Z;C peiin = L,
+3 Z min |hdiv 7 (Vup, — qz)llgﬂz.

=z = Q)
erd EPa(z)+1(22)

A T-elementwise inverse estimate shows
| div 7 (Vun = an)ll2 S [|Vun — gnll2
and
hediv T (Vun = ¢2)ll2.0. S [IVun = g:|l2,0.

(with constants that depend on the polynomial degrees and on the shape of the
finite elements but not on their diameters). Utilising this in (4.7)-(4.8), we deduce
(4.5). O

The following lemmas show that the terms concerning the right-hand-sides f, g,

and up in (4.5) are of higher order, provided the given data functions are smooth
enough.

Lemma 4.1. For all z € K, there exists an h,-independent constant c13 > 0 such
that, if fla, € H¥ATYQ,), we have (D¥H)+1f = (0%f)|al=d(z)+1 denotes the
vector of all partial derivatives of order d(z) +1)

(49) i e;nln ||f fZHLz < C13 hg(z)_H |\Dd(z)+1f“L2(Qz).

d(z)

Proof. The proof of the lemma can be found, e.g., in [BS]. O
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For a function w € H*(y) we denote by dw/dt and Ow/ds its gradient with

respect to the arc-length along the (d — 2)— respectively (d — 1)—dimensional sub-
manifold ~.

Lemma 4.2. Let E € Ex and assume g|g € H®(E) for some dg > 1. Then there

exist qn, € L% (wg)? and a constant c14 > 0 that is independent of hg and g, such
that, for gn = qn - n, we have

(4.10) lg = gnllz2(m) < cra hiF 1097 g/05%% || 12 .
Proof. The statement is the (d —1)-dimensional version of the previous lemma. [J

Lemma 4.3. Let up € H*(I'p)NC(T'p) satisfy up|p € H®TYE) for some dg >
1, E € &p, and up(2) =up(2) for all 2 € NNTp. If up also satisfies
(4.11) 10°(un — up)/0s* || 12y < c1sh3 T 4|0 T up /052 | 12 )

forall B € Ep and £ = 0,1,2 with an hg-independent constant ci5 > 0, then there
exists an hg-independent constant cig > 0 such that

(4.12)

1/2
inf HV(U — uh)HL2(Q) < 616< Z h%ﬁ'_/‘dE-}—IHadE-l-luD/asdE-\-llliQ(}g)) )

vlrp=up Ecép

Proof. The trace theorems yield (both infima are attained)

(4.13) inf {|V(up —v)l2 = inf IVOllz < llun — ubllgrre(ry)-
veH Q) FEH (Q)
vlrp=up B|rp=unlrp—up

The norm in H'/2(I'p) is equivalent to the norm of minimal extension to I', and so
(4.13) leads to

inf ||V(up—v)|l2 < inf ||w||H1/2(F).
veHY(Q) weH2(I')
UlI‘D:uD werIuhh-D—uD

We construct an extension w of us|r, —up to I'. For d = 2 we extend up|r, — up
by zero to I' and obtain a continuous extension w. For d = 3 this extension might
be discontinuous, which forces a modification on edges near I'p. For E € £\ €p
with ENTp=0or ENTp = {z} for some z € N, set w|g = 0. In the remaining
cases I/ € E\Ep with ENT'p = U , EnNF; = U _,conv{a;,b;} with J € {1, 2,3},
F; € €p, and a;,b; € NN Fj, a; ;é bj, 3 =1,...,J, we proceed as follows. Let sg
denote the center of inertia of E. On each triangle G :=conv{a;,bj,sp} welet w
be an harmonic extension of up|r, — up from S; := conv{a;,b;} to G; such that
wlan\Sj = 0. Note that w is continuous on G;. An interpolation argument and
HwHQ’ag. < hE||8w/3t|12 led reveal that

10w /0s|l3 ¢, < w2 e, ) S llwllze6; 1wl g @) < helldw/dt3 o,
= hpl|8(un —up)/0t|3 s, -

By a trace theorem [CF], [BS] for the tangential gradient d(up — up)/ds from F}
to G; N F; = S; we have

hel|0(un —up)/Ot|3 s,
S 0(un —up)/0s - |3 g, + hi|0(0(un — up)/ds - 1)/853 s,

(4.14)



982 SOREN BARTELS AND CARSTEN CARSTENSEN

where ¢t denotes the unit tangent vector along S;. Since ¢ is constant, this shows
that

(4.15) hilld(un — up) /O3 5, < lun — unllin gy + Pgllun — up |z,
Applying (4.15) in (4.14), we find that

(4.16) 10w/9sl3.c, S llun = uplli(my) + PElun = wpllfr (g

and, using Friedrichs’ inequality ||wl|z,.q, < hell0w/0s|2,q;,

(4.17) 1wl a, S el (n —up)llip (my) + hEl(n — up) e (m)-

Note that the extension is continuous and affects neighbouring edges of I'p only.
Let wi, ..., w, denote the nonvanishing functions amongst (w@,|r : 2 € N NT).
By an interpolation estimate and Friedrichs’ inequality we infer that, for each j =
1,..,n,
2
lwillzr ey S llwsllz,ellw; |z

(4.18) » i
< Jlwjllz r(lwjlle,r + [[0w;/0s]l2r) S kg “0w;/0s|i3 p

To localise the H'/2-norm on I'p, we employ the arguments from [CMS]. It was
shown therein that there exists a partition (I, : £ =1,...,L) of {1,...,n} such that

w;wy = 0 for any distinct j,k € Ip. L isindependent of h, and foreach £ =1, ..., L
we have

(4.19) ll Z wJHHI/z Ty ~ S Z ”wjuélﬂ(r)-

JEL; NS

Using the inequality (Y5, ag)? < LY 1, a2 and (4.19), we deduce that

L L
HwHH1/2(r) Z I Z wJ”H1/2 SL Z Z “wj||2Hl/2(r)

(420) zl jel, {=17€l,
1/2
SLY N (g 0w fos|3 p.
=1 j€I,

With w; = we,, |0w;/ds| < |0w/ds|+|w||0¢,/0s| < |0w/ds|+|w|/hE, and L <1
this shows that

J
1/2 —1/2
woy Ml 3 S (120w 0518 + 2013 sy )

£=1 j€I,
< 1he*0w/0s3  + [1hg w3 r.

Utilising w|g = (up|rp, —up)|E for all E € Ep, and the estimates (4.16) and (4.17),
we infer

) lwl2p o ey S kg (un = up) 3 r,, + 11 *0(un — up) /05|30,
+ (10203 (un — up) /0|3 r,,.

Estimating the summands in the right-hand side of (4.22) on each £ € Ep by (4.11),
we conclude the proof. O
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Theorem 4.2. Suppose that S satisfies the hypothesis of Lemma 3.1 and let dg,
E € &, be nonnegative integers with dg > 1 for E € Exy UEp. Assume fla, €
HYATYQ,) for all z € K, g|lg € HY® (E) for all E € Ex, and up|p € H* 1 (E)
for oll E € Ep. Then, if up satisfies the hypothesis of Lemma 4.3, there exists
gn € L>®(Ty) with gn|g € Pay(E) for all E € Ex, such that

1/2
IV (u = un)l| L2 () < 017( > min ~ [Vup - QE||2L2(wE)>

qE€Pag (WE),
Betalén g -n=gron ENI'y

1/2
+ 207014< Z hQEdEH”adEQ/anEH2L2(E)>

(4.23) Eetn

1/2
+ ClG( > hQEdEHlladE+1uD/35dE+l||%2(E)>

Ecép

1/2
+ 2c5¢13 (Z hi(d(z)-\-?) HDd(z)-I-lfniz(Qz)) )

zeK

The constant c17 > 0 depends only on the shapes of the elements and the polynomial
degrees dg and d,.

Proof. Let g, € L®(T'x) be such that, for all E € &, gnlg € Pay(E) is an
approximation of g|g as in Lemma 4.2. Choose k € Ny such that Vu, € £F(7)
and gy € LFT1(Ey). Utilising Theorem 4.1, we verify

(4.24)
IV (w = un)ll2

< i Vun — qnll2 + 2¢7)|h* (gn — qn -
_qheslgi{lmd(cuﬂ un — qnlla + 2¢7||hy > (gn — an - )la,ry)

’ 1/2
+11he* (9 = gn)llry + 1 (Z min [ Vun - qzn%@z>

2 Q
ek d EPa(z)+1(22

1/2
+ inf ||V(uh—’0>||2+205<zh2f mm ”f fz“2ﬂ> :

vlrp =u 2EK €Paz)

By Lemma 3.1 and since each inner edge belongs to a finite number of patches, we
have

min . IVup, — qz”%,Qz

s 4z€Pa(z)+1(922)

(4.25) ey Y min y IVun — g3 .,

ek Begq, 1P (@

< Z min Yun —qgl|? ...
Bee, 18T (wr)d I “2’wE
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With Lemma 3.2 and noting that for all E € Ey there exists g € Py, (wg)? =
£ (wg)? with ¢g|g - n = gn|E, We can estimate

(4.26)
: 12 2, |12
qhesrggl(ﬂd(”v“h anllz + lhe " (gn — an n)HZ,l"N)

~ 2 2

<ew Y min (Ve —asl3e, +holen — s nlf pery )

EegnugNQEGPdE(wE)

. 2

< cio E min ||Vuh—qE||2’wE.

EPdp (w s
BeloLén qEq?ﬂ:gi%n gﬁl—‘N
Estimating the first and the third term in (4.24) by (4.25) resp. (4.26) and utilising
Lemmas 4.1-4.3 to bound the remaining terms in (4.24) yields (4.23). O

The a posteriori error estimate given in the previous theorem is efficient up to

higher order terms which depend on the smoothness of Vu, as the following theorem
shows.

Theorem 4.3. Let g, € LF(En) with gn|g € Pagy(E) for dg € {0,1,...,k} on each
E € En. Then we have

1/2
( 3 min Hvuh_QEHQL2(wE)>

qE€Pag (wE)?,
Ec&qUén am-n—gnon BATN

(4.27) < V24|V (u - un)l 20

1/2
+ ( Z min HVU_QEH%Z(&)E)> ’

€Pap (wr)?,
Eefalén qEanzgiin EEOFN
Proof. Since gp, € Py, (E) for each E € £y, the minima in the left-hand side of
(4.27) are well defined. We infer, with Young’s inequality and an arbitrary v > 0,

min ||Vuh—QE||%,wE

qE€Pay (WE)",
Ec&qUén 4B -n—gnon ENTx

) 2
< Z min (||V(uh —w)|l2wp + VU — qE||2,wE)
EcEqUEN qE€Pag (WE)Y,
(4.28) apn=gnon EAEN
<SA+1/7) Y IVu—un)lb.,
EcEqUEN
+(1+7) D min - IVe = asllz,.

qe€Pag (W)’
BetoLén quzzgiFén 501"1\7
Rearranging the sum over the edges F € £qUEyN and using the fact that T' € T has

at most 2d edges, the first term in the right-hand side of (4.28) can be estimated
by

Yo > IV )iy < 24V (u —un)ll3 o

TeT ECOT,
E¢Ep
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A direct calculation shows that (1 +1/7)a% + (147)b?, where a,b > 0, is minimised
for v = b/a with minimal value a? + 2ab + b? = (a + b)2. The optimal choice for v
in the right-hand side of (4.28) yields (4.27). O

Remark 4.1. The local degrees dg have to be chosen large enough to obtain higher

order terms in the reliability estimate (4.23) and in the efficiency estimate (4.27)
at the same time.

Remark 4.2. The definition of the approximation operator 7 is related to “partition
of unity finite elements” [MBa], where for a fixed nonnegative integer ¢,

(4.29) S= {Z Q=P 1 Gz € Pe(wz)}

zEN

(so that d(z) = £ for all z € K by definition). When S is given by (4.29), a
reasonable choice for dg is dg = £+ 1, E € £, so that inequality (4.23) reads

(4.30)

1/2
IV (u—up)ll2@) < Cl7( Z min IVun — QE||2L2(wE)>

QEEPIZ—}—I(WE) ,
EefqUen E-n=gpon ENT'N

T o1 <||hz+3/2 e+2uD/ase+ ||L2(FD)

i Hhe+3/2ae+1g/35e+1HLZ(FN) + thj—QDZ_Hf“LZ(Q))

with an (hr, he)-independent constant cig > 0. Here, O - /Os denotes the edgewise
differentiation along I'p and I'y.

Remark 4.3. An a posteriori error estimate based on a global averaging technique
could be formulated as follows: There exists an (hr, he)-independent constant c19 >
0 such that, if Vuy, € LF(T)?, we have

(4.31)
V(= un)ll o) S cro min  ([Vun = aallza + 10 *(an -1 — 9)ll2en)
Qhepm(ﬂ)
+ inf HV(U - uh)“Lz(Q)
vlrp=up

1/2
+205<zh mm ||f fz||L29)> ;

d(z

with m := min{k}U{d(2) : 2 € K}+1. The authors failed to replace P,, ()% in the
minimisation over g, in (4.31) by a larger discrete space (such as certain piecewise
polynomials) to make it efficient.

Proof of (4.31). By Theorem 4.1 we only need to estimate the term

min |Vupn — q.|2
zeK 2:E€Pa(z)+1(22)? | g 28
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by the minimum in (4.31). For this, let G, € P,,(Q)¢ denote the minimiser in
(4.31). Since G. := Gnla, € Pa(z)+1(€2:)% we can conclude that

(4.32)

> min - Vur —g:[3g. <D Vun = &30, < c1ol|Vun —anlls g O
oK q2€Pa(z)+1(2z) iex

Remark 4.4. For the restriction 7g = {T' € 7 : T Cwg} of the triangulation 7 to
wE, the equivalence

4.33 min 12 ~ i B )
(4.33) L anin = o) E;ﬁﬂeskglwnph 45132 n)

holds for p;, € LF(T)%. For py, € L°(T)? we also have (by a compactness argument)

4.34 min — 2 ~ min — 2 .
(4.34) e in lpn — ae72(0m) L P — el 72(wm
The left-hand side of (4.33) thus defines an eflicient (provided & > 1) and reliable
error estimate for lowest order finite element methods and p, = Vuy. However,
there is no analogon for higher order finite element methods, since (4.34) is not
valid if pp is not elementwise constant.

5. NUMERICAL EXPERIMENTS

The theoretical results of this paper are supported by numerical experiments for
d = 2. Here, we report on three examples of the problem (4.1)-(4.3) on uniform,
h-, p-, hp-adapted, and perturbed meshes. Two of these examples were considered
in [CB] for lowest order schemes.

Example 5.1. Let f(z,y) = —8n?sin(27x)sin(27y) on the unit square Q :=
(0,1)? and set up := 0 on I'p := 0. The exact solution is then given by
u(z,y) = sin(27z) sin(2wy). In this example the right-hand sides as well as the ex-
act solution are smooth. The coarsest triangulation 7y consists of one square halved
by the diagonal parallel to (1,1). The initial polynomial degrees p° = (p%)re7, are
chosen to be equal to p for all T' € 7y and various values p = 1,2, ..., 6.

Example 5.2. Let f := —Auw for the function

u(z,y) = 2(1 — z)y(1l — y) arctan(60(r — 1))
r? = (z — 1.25)2 + (y + 0.25)2 on the unit square Q := (0,1)2, and set up := 0
on the entire boundary I'p := dQ. The solution u to (4.1)-(4.3) is H2-regular but
f (although theoretically smooth) has huge gradients on the circle with radius 1
around (1.25,—0.25). The coarsest triangulation 7y consists of four squares halved

by diagonals parallel to (1,1). The initial polynomial degrees p° = (p%)re7, are
chosen to be equal to p for all T' € 7y and various values p = 1,2, ..., 6.

Example 5.3. Let f := 0 on the L-shaped domain Q := (—1,1)2\ [0,1] x [-1,0],
up := 0 on the Dirichlet boundary I'p := {0} x [-1,0] U [0, 1] x {0}, and, on the
Neumann boundary I'yy := 0Q\ I'p,

g(r, ) = 2/3r7/%(—sin(p/3),cos(10/3)) -

using polar coordinates (7, ). The exact solution u(r, @) := /3 sin(2¢/3) of (4.1)-
(4.3) has a typical corner singularity at the origin. In this example, the right-hand
sides are smooth, but the solution is not. The coarsest triangulation 7j consists of
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FIGURE 1. Error and error estimator for uniform mesh-refinement
in Example 5.1 for different fixed polynomial degrees.

three squares halved by diagonals parallel to (1,1). The initial polynomial degrees
0

p° = (p})rer, are chosen to be equal to p for all T € 7y and various values
p=1,2,...6.

The following adaptive algorithm generates all the sequences of meshes 7y, 71,
73, ... in this paper which are h-uniform for © = 0 or h-adapted for © = 1/2 in (5.2).
No element is refined if © = 2. We also allow raising polynomial degrees steered
by the parameter 6 € {(0,0),(1,1),(0,1)}. If § = (0,0), the initial polynomial
degrees are kept on all triangles and their subtriangles. For 6 = (1,1), we increase
the degree on each element by one during each iteration of the algorithm while for
0 = (0,1) the polynomial degree is increased only on those triangles that are not
h-refined during the respective iteration of the algorithm.

Since the resulting meshes might show local symmetries, we considered meshes
that are either unperturbed (relative to 7p) for ¢ = 0 or randomly perturbed for
¥ =1 in step (e).

The implementation was performed in Matlab in the spirit of [ACF] with a

direct solution of linear systems of equations. For details on the red-blue-green-
refinements we refer to [V].

Algorithm (Az)’é). (a) Start with a coarse mesh 7y and polynomial degrees p’ =
(PF)rem, k= 0.

(b) Compute the discrete solution wup, on the actual mesh 7 in the space

S*(T) == {vn € CQ) :¥T € T, vp|r € P27 Y.

(c)Set dg := max(pl}l,p%) HE=T1NT5 € Eg and di = pl} fE=TNT'y € &n.
Compute, for all £ € £ U &y, error indicators

1
(5.1) Nz,E = —= min Vun — qgll L2
\/g QEGPdE(WE)d1 (we)

g -n=gpon ENI'n
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(uniform, perturbed)
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(uniform, not perturbed) 1.5
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FIGURE 2. Error and error estimator on perturbed meshes for
uniform h-refinement and fixed polynomial degrees p = 3 in Ex-
ample 5.1 (top). Perturbed mesh 7 with 4225 nodes (bottom).

and plot energy error ey := ||V (u — un)||12(q) and its estimator
n% = Z 7722,E
EcEqUén

versus the degree of freedom N of the triangulation 7.
(d) Mark the edge E for red-refinement provided

5.2 >0 ‘.
(5.2) nzp 2O | max nzp

(e) Mark further edges (red-blue-green-refinement) to avoid hanging nodes. Gen-
erate a new triangulation ’2~'k+1 using edge—midpoints if ¥ = 0 and points on the
edges at a random distance at most 0.1 hg from the edge-midpoints if ¥ = 1. For
T € Try1 set p’;fl = pk, + 61 if T C T’ for T" € T and define it = pk 5y

T
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FIGURE 3. Error and error estimator for uniform mesh-refinement
in Example 5.2 for different fixed polynomial degrees.

T e TN ,2~_k+1. Perturb the nodes z € Ny of the mesh ’Z~‘k+1 at random with
values taken uniformly from a ball around z of radius 927 /15. Correct boundary
nodes by orthogonal projection onto that boundary piece they are expected such

that Q,I'p, 'y are matched by the resulting mesh 7;11 exactly. Update k& and go
to (b).

Remark 5.1. The proof of Theorem 4.3 shows that we may choose the factor 1/1/3
in (5.1) to obtain an efficient error estimate with constant 1 for our two-dimensional
examples with triangles.

Remark 5.2. In our numerical experiments the minimiser in (5.1) is calculated ex-
plicitly. The resulting linear system of equations is badly scaled for large polynomial
degrees p (we employed transformed Legendre polynomials in such cases). The con-
straint gg - n = g, is satisfied by matching gg - n and g in nodes on E.

We used Algorithm (Ag,(o,o)) in Example 5.1 with uniform initial polynomial
degrees pr = p for all T € Ty, where p = 1,2, ..., 6. Experimental convergence rates
are indicted in Figure 1, where we plotted the entries (N,ey) and (N,ny). A log-
scaling on both axes allows a slope —« of a straight line that connects subsequent
entries to be interpreted as an experimental convergence rate 2« (owing to N o
h~2 in two dimensions). Moreover, we see from Figure 1 that the error estimator
Ny serves as a good approximation for the error ey in this example. When a

perturbation of the meshes is introduced we obtain with Algorithms (Ag,(o,o)) and

(Aé‘(o’o)) for polynomial degrees equal to three the results displayed in the top
plot of Figure 2. The results become worse for the perturbed meshes but still ny
approximates ey reasonably. The perturbed mesh 73 with N = 9025 is shown in
the bottom plot of Figure 2 and appears quite degenerate.

The lack of smoothness of the exact solution in Example 5.2 results in a poorer
quality of the numerical solution and the estimates than in the previous numerical
experiment. Figure 3 shows the results for uniform mesh-refinement and fixed

polynomial degrees obtained from Algorithm (Ag,(o,o)). For polynomial degrees
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R ey (uniform, perturbed)
] Ty (uniform, perturbed)
* @, (uniform, not perturbed)
—0 — Ny (uniform, not perturbed)
- e, (adaptive, not perturbed)
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FIGURE 4. Error and error estimator on perturbed meshes for
uniform h-refinement and fixed polynomial degree p = 3 in Ex-
ample 5.2 compared to uniform and h-adaptive mesh-refinement
without perturbation (top). Perturbed mesh with 4225 nodes (bot-
tom).

p = 1,2,3 we obtain the expected convergence rates, though the preasymptotic
range is very large, while for p = 4, 5, 6 the values (N, ey ) and (N, ny) do not result
in a straight line in the plot, but the quotient ny /ey remains in a small intervall
containing one. This is also true for the perturbed meshes in the top and bottom
plots of Figure 4, where we chose p = 3 and used Algorithm (Aé’(o’o)) to generate
the triangulations. The top plot of Figure 4 also shows that an adaptive mesh

refinement, realised by Algorithm (141?‘/(20 ’O)), yields smaller errors than the uniform

mesh-refinement from Algorithm (Ag,(o,o)) at comparable numbers of degrees of
freedom.
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FIGURE 5. Error and error estimator for adaptive mesh-
refinement in Example 5.3 for different fixed polynomial degrees.

The numerical results for (unperturbed) h-adaptive mesh-refinement, i.e., the
results obtained with Algorithm (Acl),/(g ’0)), in Example 5.3 for fixed polynomial
degrees p = 1,2, ...,6, are displayed in Figure 5. We obtain optimal experimental
convergence rates for p =1,2,...,6. Algorithm (Ag’(l’l)) ran a p-version on a fixed
mesh 7 with 96 elements obtained by two uniform red-refinements of 7. The top
plot of Figure 6 displays the results for the p-refinements and p = 1,2,...,10. For
small p we observe efficiency (i.e., ny < ey) which decreases for larger p (e.g.,
ey < nn for p > 6). This is in agreement with our theoretical predictions, as
efficiency is linked to the smoothness of the exact solution, which is limited in this
example, while the given data f, g, and up are smooth.

For comparison we considered an hp-like refinement strategy by running Algo-
rithm (A(l)’/(z0 ’1)). The obtained mesh-refinement and the degree distribution (via

different shadings) is given in Figure 5. We observe an automatic geometric re-
finement towards the origin (where u is singular) and a reverse distribution of the
polynomial degrees. This appears as a good strategy: Large elements have a high
polynomial degree where the exact solution u is smooth, and small elements of
lower degree appear near the singular points of u. The corresponding estimate 7y
for ey is satisfactory and even improves for increasing N. As the constants in
our theoretical results may depend on the polynomial degrees, this good behaviour
in practice could not be predicted, but suggests that those constants depend only
moderately on p.

An h-adaptive algorithm was compared to a uniform mesh-refinement strategy
. . . 0,(0,0) 1,(0,0) 0,(0,0) 1,(0,0)
in our last experiment. Algorithms (Ay""), (4, ), (A1/2 ), and (A1/2 )
generate results displayed in Figure 7. The adaptive meshes refine towards the

singular point seen on the bottom plot of Figure 7. This improved the experimental
convergence rate from 2/3 to 3.

Remark 5.3. The numerical experiments allow the subsequent conclusions:
(i) Our overall experience with the error estimator ny is that it serves as an
efficient and reliable error indicator provided the exact solution is smooth enough.
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For nonsmooth exact solutions there is no equivalence for high polynomial degrees
in general, but 7y is still reliable.

(ii) For smooth exact solutions, the constant in the efficiency estimate tends to
one as the polynomial degree is increased. This behaviour is in agreement with

SOREN BARTELS AND CARSTEN CARSTENSEN

—_— —

—n —

(hp refinement)
(hp refinement)
(h fixed)
(h fixed)

FIGURE 6.

Frror and error estimator for hp-adaptive mesh-
refinement strategy in Example 5.3 and for uniform p-refinement
on the twice uniformly refined mesh 7q (top). Distribution of the
polynomial degrees on 79 and magnified re-entrant corner (bot-

Formula (4.27) of Theorem 4.3.

(iii) The numerical experiments show that adaptive mesh-refinement strategies
of Algorithm (Ag";) yield considerable convergence improvements.

(iv) Asis argued in [CB], the numerical examples support the theoretical predic-
tion that the higher order terms in the reliability estimate depend on the smooth-
ness of given right-hand sides, while those in the efficiency estimate depend on the
smoothness of the exact solution.
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FiGure 7. Error and error estimator for uniform and adaptive
mesh-refinement on perturbed and unperturbed meshes in Exam-
ple 5.3 (top) for p = 3. Triangulation 732 with 382 nodes obtained

from Algorithm (A}’/(g ’O)) (bottom).
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