AN A POSTERIORI ANALYSIS OF C° INTERIOR PENALTY
METHODS FOR THE OBSTACLE PROBLEM OF CLAMPED
KIRCHHOFF PLATES

SUSANNE C. BRENNER, JOSCHA GEDICKE, LI-YENG SUNG, AND YI ZHANG

ABSTRACT. We develop an a posteriori analysis of C° interior penalty methods for the dis-
placement obstacle problem of clamped Kirchhoff plates. We show that a residual based
error estimator originally designed for C° interior penalty methods for the boundary value
problem of clamped Kirchhoff plates can also be used for the obstacle problem. We obtain
reliability and efficiency estimates for the error estimator and introduce an adaptive algo-
rithm based on this error estimator. Numerical results indicate that the performance of the
adaptive algorithm is optimal for both quadratic and cubic C? interior penalty methods.

1. INTRODUCTION

Let Q C R? be a bounded polygonal domain, f € Ly(Q2), ¢ € C(Q2)NC?*(Q) and ¢ < 0 on
0f). The displacement obstacle problem for the clamped Kirchhoff plate is to find

(1.1) u= arirlr;in [%a(v, v) — (f, v)},
where
2 0w 0%v
_ 2, . )2 _ _
(1.2)  a(w,v) = /QD w: D*vdr = /Q”Zﬂ (8%8:6]-) <8:U1-8xj>dx’ (f,v) = /vadaz,
and
(1.3) K={veH}Q):v>v¢ in Q}.

The unique solution v € K of (1.1)—(1.3) is characterized by the variational inequality
a(u,v —u) > (f,v —u) Vv e K,
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which can be written in the following equivalent complementarity form:

(1.4) /Q(u —)dr =0,

where the Lagrange multiplier A is the nonnegative Borel measure defined by

(1.5) a(u,v) = (f,v) + /de/\ Vo e Hi(Q).

Remark 1.1. Since u > 1 near 0f2, the support of \ is disjoint from 92 because of (1.4).
Remark 1.2. We can treat A as a member of H2(Q) = [HZ(Q)] such that

<A,U>Z/QMA Vo e H2(Q).

Remark 1.3. The Lagrange multiplier A represents the force acting on the plate by the
obstacle and it is important to approximate this force accurately.

C" interior penalty methods [26, 14, 12, 10, 9, 29] form a natural hierarchy of discontinuous
Galerkin methods that are proven to be effective for fourth order elliptic boundary value
problems. The goal of this paper is to develop an a posteriori error analysis of C interior
penalty methods for the obstacle problem defined by (1.1)—(1.3). While there is a substantial
literature on the a posterior: error analysis of finite element methods for second order obstacle
problems (cf. [34, 22, 42, 39, 2, 40, 41, 8, 7, 30, 31, 21] and the references therein), as
far as we know this is the first paper on the a posteriori error analysis of finite element
methods for the displacement obstacle problem of clamped Kirchhoff plates. We remark that
there is a fundamental difference between second order and fourth order obstacle problems,
namely, that the Lagrange multipliers for the fourth order discrete obstacle problems can
be represented naturally as sums of Dirac point measures (cf. Section 2), which leads to a
simpler a posteriori error analysis (cf. Section 4 and Section 5).

The rest of the paper is organized as follows. We recall the C? interior penalty methods in
Section 2 and analyze a mesh-dependent boundary value problem in Section 3 that plays an
important role in the a posteriori error analysis carried out in Section 4 and Section 5. An
adaptive algorithm motivated by the a posteriori error analysis is introduced in Section 6
and we report results of several numerical experiments in Section 7. We end the paper with
some concluding remarks in Section 8.

Finally we note that a posteriori error analyses for finite element methods for some other
fourth order variational inequalities were investigated in [28, 20, 32].

2. CY% INTERIOR PENALTY METHODS

Let 7, be a geometrically conforming simplicial triangulation of €2, V} be the set of the
vertices of Ty, &, be the set of the edges of Ty, and V;, C H}(2) be the P, Lagrange finite
element space (k > 2) associated with T,. The discrete problem for the C° interior penalty
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method [15, 17] is to find

(2.1) uj, = argmin [%ah(v, v) — (f, v)],

veEKyp,

where K, = {v €V, : v(p) > (p) Vp € W},

(w,0) %/D% D2”d“2/ S 5] + {5} 5]
+§mﬂ%ﬂﬂ%

{-}} denotes the average across an edge, [[-] denotes the jump across an edge, |e| is the length
of the edge e, and ¢ > 1 is a penalty parameter large enough so that ay(+, -) is positive-definite
on Vj,. Details for the notation and the choice of o can be found in [14, 36].

The unique solution u;, € Kj of (2.1) is characterized by the variational inequality

ap(un, v —up) 2 (f,v —wp) Vv € Ky,
which can be expressed in the following equivalent complementarity form:
(2:2) > M) (un(p) = ¥(p)) =0,
PEV
where the Lagrange multipliers A\, (p) are defined by
(2.3) an(un,v) = (f0)+ Y M(polp)  YveV,

PEV},

and satisfy
(2.4) An(p) >0 Vp e V.

We also use \j, to denote the measure ZpEV
at p. Equation (2.3) can therefore be written as

(2.5) ap(up,v) = (f,v) + / vdy, Voe V.
0

rn(p)d,, where §, is the Dirac point measure

Remark 2.1. For second order obstacle problems, the discrete Lagrange multiplier cannot be
extended to H~!(Q) as a sum of Dirac point measures since such measures do not belong
to H71(Q). Consequently there are different choices for extending the discrete Lagrange
multiplier to H~'(Q) [42, 39, 40]. The fact that the Lagrange multiplier for the discrete
fourth order obstacle problem can be expressed naturally as a sum of Dirac point measures
leads to the simple a posteriori error analysis in Section 4 and Section 5.

Remark 2.2. We can also treat A, as a member of H~2(Q) = [H(Q)]’ such that

(Ap,v) = /vd/\h_z/\h v(p) Vv e HXQ).

PEVp
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Let the mesh-dependent norm || - ||, be defined by

(2.6) olls = > 1ol + ) |H [Ov/on] |11, -

TeT eGSh
Note that
(2.7) lvlln = |v] 2@ Yve HZ Q).
The following a priori error estimate is known [17, 15]:
(2.8) llu —uplln < ChY,

where the index of elliptic regularity o € (%, 1] is determined by the interior angles of Q and
can be taken to be 1 if () is convex.

Our goal is to develop a posteriori error estimates for ||u — up||p-

Two useful tools for the analysis of C? interior penalty methods are the nodal interpolation
operator IIj, : H2(Q2) — V}, and an enriching operator Ej, : V;, — W), C HZ(2), where W},
is the Hsieh-Clough-Tocher macro finite element space [23].

The operator Ej, is defined by averaging (cf. [9, Section 4.1]) and hence

(2.9) (Enun)(p) = un(p) Vp € V.

The following estimate can be found in the proof of [9, Lemma 1]:

(2.10) htllv = Buollzyry < C Y —|| Pv/on]lL,e YT €T,
€€5T

where & is the set of the edges of T;, emanating from the vertices of T, and the positive
constant C' depends only on k£ and the shape regularity of 7.
From (2.10) and standard inverse estimates [24, 13|, we also have

(2.11) hllv = Byl oy <C Y |\| Pv/on]l2,. YT € Th,
GEST
(2.12) > o= Ewlpgy <C Y —|| ov/on)||3,. Vv E Vi,
TeTh eESh
(2.13) lv— Byl <C Y —||| ov/on]|3,. Vv E Vi,
ecéy,

where the positive constant C' depends only on k and the shape regularity of 7j,.

3. A MESH-DEPENDENT BOUNDARY VALUE PROBLEM
Let 2, € HZ(Q) be defined by
(3.1) a(zp,v) = (f,v) —|—/vd)\h = (f,v) + Z An(p)v(p) Y e H3(Q).
PEVHL

Then uy, is the approximate solution of (3.1) obtained by the C? interior penalty method.
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Remark 3.1. The idea of considering such mesh-dependent boundary value problems was
introduced in [6] for second order obstacle problems.

A residual based error estimator [11, 9] for u;, (as an approximate solution of (3.1)) is
given by

1

2

(3.2) = (Domt D)+ )
ecéh ectl TeTn

where &/ is the set of the edges of T}, interior to 2,

g
(3.3) Mo = @H{auh/amnm,
(3.4) Nesr = €2 | [0%un /0] || Lyce)
(3.5) Nes = el |[[[0%un/ O] || o)
(3.6) e = B2\ f — A%up| -

The following result will play an important role in the a posteriori error analysis of the
obstacle problem. Note that its proof is made simple by the representation of the discrete
Lagrange multiplier )\, as a sum of Dirac point measures supported at the vertices of Ty,
which allows the analysis in [9] to be used here.

Lemma 3.2. There exists a positive constant C', depending only on k and the shape reqularity
of T, such that

(37) th — uhHh S CT]h
Proof. We have an obvious estimate

(3.8) 3 % ‘ HW]] = I%I

eely, La (e) ecéy,

2

[[aUhﬂ
on I,
and it only remains to estimate > oy |2n — unlFa(p)-
Let Ej, : Vi, — HZ(Q) be the enriching operator. It follows from (2.12) and (3.3) that

()SZU?,U

ecéy

(3.9) D e = unlieay <2 [lzn — Buunliee + lun — Bvunlieo)
TeTh TeTh
< 2|z — Butnliz) + C Y 72,
eelp

and, by duality,

_E
(3.10) \Zh B Ehuh’HQ(Q) _ sup a(zh hUR, ¢)‘
pemzon  |9lr2)
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In view of (2.3) and (3.1), the numerator on the right-hand side of (3.10) becomes

alen = Bun) = 3 [ Dt~ By): Do
TeTh
= (f,0)+ Y_ M(p)e(p)
PEVH
+ Z/D2 (up — Eyup) : D*¢dx — Z/D2 : D*(¢ — ¢) dx
TeT, TeTh
-y / D*uy, : D*(I1,¢) da
TeTh
+ ) Mulp — (£ T0hg) = Y Ma(p)[nd) (p) + an (up, 1)
PEV), pEV
Py / DX, Byur) : Dods = Y- [ DPuy s D26~ 1,0) da
TeTh TeTh
-y / D*uy, : D*(I1,¢) dx
TeTh

Since ¢ and II,¢ agree on the vertices of T, the two terms involving A, cancel each other
and we end up with

a(zh—Ehuh, Z/l)2 Uh_Ehuh D ¢dx_ Z /D2 D2 (b Hh¢)

T€ETh TETh

s / D?uy, : DX(I) d + an(un, Ihd) + (f,6 — o),

TeT),

which is precisely the equation [9, (7.9)] (and which has nothing to do with either z, or Ap).
It then follows from the estimates [9, (7.10)—(7.19)] that

(3.11) a(u — Eyup, @) < Cnn| @l 2o
The estimate (3.7) follows from (2.6) and (3.8)—(3.11). O

4. RELIABILITY ESTIMATES FOR THE OBSTACLE PROBLEM

We begin with a simple estimate.

Lemma 4.1. There exists a positive constant C', depending only on k and the shape regularity
of Tn, such that

(4.1) |u = unlln + (A = Ml z2) < Cnp + \// (¢ — Epup)tdA .
Q
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Proof. Let Ey, : 'V, — HZ(Q) be the enriching operator. We can write
(4.2) |U — Ehuhﬁ{g(m = CL(U — Ehuh, u — Ehuh)
= a(u — zp,u — Epup) + a(zy, — Epup, u — Epuy),

and, in view of (2.7), (2.13), (3.3) and Lemma 3.2, the second term on the right-hand side
of (4.2) is bounded by

a(zn — Epu,u — Eyup) < |z — Epup|zo)|u — Epus| g2
(4.3) < (Ilzn — wnlln + llun — Enunlln) v — Epun| 2@
< Cnplu — Epup| g2
By (1.3)—(1.5), (2.2), (2.4), (2.9) and (3.1), the first term on the right-hand side of (4.2)

can be bounded as follows:

(4.4) a(u — zp,u — Epup) = /(u — Epup) d\ — Z Mn(p) (u(p) — (Brun)(p))

Q2 PEV)

~ [ = Bun)ar— 3 M) o) = v0) < [ (0= B i

PEVh @
It follows from (2.7) and (4.2)—(4.4) that

||u — EhuhHh S C?]h + \// (¢ — Ehuh)+d/\ s
Q

which together with (2.13) implies

(45) ||u — Uh”h S C’I]h + \// (w — Ehuh)+d)\ .
Q

In order to estimate ||A — Ay||—2(q), we observe that (1.5), (2.7) and (3.1) imply

/ (X — Ap)
(4.6)  [|A = Aullg—2@) = sup Q

vEHZ(Q) |U|H2(Q)
a(u — zp,v
= sup alu = 2, v) = |u— znlm2@) < llu—unlln+ [[2n — unlln-
vEHZ(Q) |U|H2(Q)
The estimate for |A — Ay||g—2(q) then follows from Lemma 3.2 and (4.5). O

We can also remove the inconvenient Ej, in the estimate (4.1).

Theorem 4.2. There exists a positive constant C, depending only on k and the shape regu-
larity of Ty, such that

(A7)l = willn + 11X = M2y < C(m+ A@)3 \/mT he > lel= 21| [0un/On]l e )

e€5~T
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1 1
A2 ([(¢ = un) "7 0y
where Er is the set of the edges in Ty, that emanate from the vertices of T

Proof. We have

48) [0 B < (10— ) oo + o~ Ern o] MO,
Q
and, by (2.11),
(4.9) lun = Entnl o) < C'maxhy > lel ™2 [0un/On]) || Lae)-
eEET
The estimate (4.7) follows from (4.1), (4.8), and (4.9). O

Remark 4.3. The estimate (4.7) is not a genuine a posteriori error estimate since \(€2) is not
known. But it is useful for monitoring the asymptotic convergence of adaptive algorithms
(cf. Lemma 6.1 and Lemma 6.2).

Remark 4.4. One can also obtain a genuine a posteriori error estimate by replacing A(£2)
with a computable bound. Indeed, for any w € K, we have

1 1 1 1
§|u|12’{2(ﬂ) < §|w|%-12(ﬂ) = (fiw) + (f,u) < §|w|3{2(9) — (fyw) + Cllfll70) + Z|u|12’{2(9)

by a Poincaré-Friedrichs inequality [38] and the arithmetic-geometric means inequality, and
hence

(4.10) |ulFr2iy < 2wlGi) — 4(f,w) + Cll 17, @)

where C' is a computable positive constant. Combining (4.10) with the Sobolev embedding
(cf. [1]) H?(Q) — C®7(Q) for any v < 1, we see that there is a computable § > 0 such that
u(z) > 1 (z) if the distance from x to 92 is < §. Therefore there is a computable ¢ € C°(Q)
such that ¢ = 1 on the support of \.

We then have, in view of (1.5) and (4.10),

Q) = a(u, ¢) = (f,¢) < lulm2e)|dln2@) + | f L@ |19/l L2@) < C,
where the positive constant C' is computable.
5. EFFICIENCY ESTIMATES FOR THE OBSTACLE PROBLEM
Let the local data oscillation Osc(f;7) be defined by
OSC(f;T> = hi”f - f_THL2(T)7
where f; is the Ly projection of f in the polynomial space P;(T') with j = max(k — 4,0).
The global data oscillation is then given by

Osc(f;Tn) = <ZOSCfT>

T€Th
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Theorem 5.1. There exists a positive constant C, depending only on the shape reqularity of
Tn, such that

g

ey < @H[W(U — up)/Onl|| Ly ) Ve e &,

Ne,2 S C[ Z [|u — uh|H2(T) + OSC(f; T)} + ||/\ — >\h||H—2(Qe)] Vee (C/‘}Z”
TeTe

Ne,s < C|: Z Uu - uh|H2(T) + OSC(f, T)} + H)\ - )‘hHH—Q(Q )
TeTe
1 7
+ oG = wn) o] Vee,
nr < C(Ju—uplg2ry + Ose(f; T) + [|A = Ml a-2(r)) VT €Ty,

where T, is the set of the two triangles that share the edge e and €. is the interior of et T

Proof. The estimate for 7, ; is obvious. The other estimates are obtained by modifying the
arguments in [9, Section 5.3].
In the proof of the estimate [9, (5.17)] (with v = uy), we replace the relation

fr — A%wp)zde = [ D*(u—wy,) : D*2d fr — f)zd
/T(f w)zdr / (wwn): Dadot [ (Fo = fzda

T

by
(5.1) /(fT — A?up)zdr = / D*(u —uy) : D*zdx + /(fT — f)zdx — / zd(A—\p)
T T T T
to obtain the estimate
/(fT — AN?up)z < C(h?|lu —unlpzery + I1f = Fellar) + b2 IIN = Mllg—200) 112 ]| Lo
T

which then leads to the estimate for 7. Note that (5.1) holds because the bubble function
z vanishes at the vertices of 7Tj,.
In the proof of the estimate [9, (5.26)] (with v = wuy,), we replace the relation

Z /DQUh C1§2)dx+/(A2uh)(C1C2)dx)
TeTe
= Z/D2 U—Uh (C1C2 da:— Z/ f— A? Uh)(C1C2)

TeT, TeTe

that appears in [9, (5.24)] by

/ Doy DG do+ [ (8%u)(GGa) do)
TeT T
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(5.2) = Z / D*(u —up,) : D*(¢1¢e) dx — Z/ [ = A%u,)(GG) de

TeTe TeT,
- / (G (A — Ay)
Qe

to obtain the estimate

T /Dzuh DZ(ClCz)d$+/( 2Uh)(C1C2)d33>

Te

< CL Y (W2l = wnley + I = A%unlean) + ha?IA = Al 16 Gl zage,
TeTe

which then leads to the estimate for 7. 5. Note that (5.2) holds because the bubble function
(1(s vanishes at the vertices of Tj,.
Finally, in the proof of the estimate [9, (5.32)] (with v = u;), we replace the relation

Z /Dzuh Cz(3)dx_/(A2uh)(C2C3)dx)
TeT.
= Z/D Up — ) (C2C3 ) dx + Z/ f—A? up)((2(3) dx

TeTe TeT,e
that appears in [9, (5.30)] by

> ([ 2P Dt do = [ (At do)

TeTe

(53) S / DX, =) DG do+ Y [ (7 =A%) (6o d

TeTe
+ / (GG AN — )

to obtain the estimate

> /DQUh ?(CaCa) dl'—/T(AQUh)(@C:a) d»’U)

TeTe

SC[Z:(h¥2|u—uh|H2 + 1 = APunllomy) + 72N = Anlla—2@ )]||C2C3||L2(Qe)»

TeTe
which then leads to the estimate for 7, ,. Again (5.3) holds because the bubble function (23
vanishes at the vertices of Tj,. O

We can also prove a global efficiency result under the following assumption:
The triangles (resp. interior edges) of 7, can be divided into n disjoint groups

(5.4)  so that the ratio of the diameters of any two triangles (resp. interior edges) in
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the same group is bounded above by a constant 7 > 1.

Remark 5.2. Let Tj, be obtained from an initial triangulation 7, by a refinement process that
preserves the minimum angle condition. If we separate the triangles in 7, into n disjoint
groups where two triangles belong to the same group if and only if they are generated by
the same number of subdivisions from 7., then condition (5.4) is satisfied by this n. In other
words, we can take n to be the number of distinct generations that appear in 7p,.

Theorem 5.3. Under assumption (5.4), there exists a positive constant C' depending only
on 7, k and the shape regularity of Ty, such that

(5.5) mn < C(Vollu—uplln + vl A = Ml m-20) + Osc(f: Tr)).
Proof. We have a trivial estimate
[[a(u - uh)ﬂ 2
on

Yok, <0y o
le] Lo(e)

e€&n e€ép

For the estimate involving 7., we first write 7, as the disjoint union 751 U --- U Tp,, SO
that the ratio of the diameters of any two triangles in 7, ; is bounded by 7. For 1 < j <n,
the subdomain €2 is the interior of Urer, T

For any T € T, ;, let z; be the bubble function in [9, Section 5.3.2] associated with 7" and
we define z; = ZTeTh,j zr € H§(SY;). Tt follows from [9, (5.16)], (5.1) and a standard inverse

estimate that

T

< ([l = wnlmzey + 1f = Fellany) 2l zary - / zrd(A = M)

and hence
> e = AunllF i < C( > Pl = ey + 1 = Frll o 22 o
T€77L,j T€7—hxj

- /Q 2 d(\ — )\h)>

J

<C[( S it — b + 17 = ] ) (2 Borlin)

T€771,j TE7—h,j
1
_ 2
1A =Ml (2 hallzldm) ]
TG'T}LJ

by a standard inverse estimate.
Therefore we have

(5.6) Y = A%l <C( X (WIS~ Pl + o= unlen]

T€Th,; T€Th,;
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+ 1A = )‘hH%I—Q(Qj))

because (cf. [9, (5.16)])
lzellpacry = 1 = A%unl|Loer)

and the diameters h, are comparable for T' € Ty, ;.
It follows from (5.6) that

Z = Z hallf = A2Uh”%Q(T)

TeTh TeTh

n -~ - 2
< Z Z 2hﬂ||fT — A2uhHL2(T) +[If - fTHL2(T)}
J=1TETh ;

< CZ < Z (el f = Felliar) + 1w = unlfr o)

j=1 TeT,

I = Ml

< C(Osc(f; Th)? + Z lu — uh\fqz(T) +n||A — Ah”%pz(m),
TeTh

where we have also used the trivial estimate [|A — Ay[|g—2(q,) < [|A — Malla—2()-
The estimates for 7., and 7.4 can be established by using (5.2), (5.3) and results in [9,
Sections 5.3.3 and 5.3.4]. Their derivations are similar to the derivation for 7, and hence are

omitted. O

6. AN ADAPTIVE ALGORITHM

In view of the efficiency estimates in Section 5, we will use n, from (3.2) as the error
indicator in the adaptive loop

Solve — Estimate — Mark — Refine

to define an adaptive algorithm for the C? interior penalty methods for (1.1)—(1.3).

In the step Solve, we compute the solution of the discrete obstacle problem (2.1) by a
primal-dual active set method [4, 33]. In the step Estimate, we compute 7, 1, M2, 7.5 and 7y
defined in (3.3)—(3.6). In the step Mark, we use the Dorfler marking strategy [25] to mark a
minimum number of triangles and edges whose contributions exceed 6n? for some 6 € (0,1).
In the step Refine, we refine the marked triangles and edges followed by a closure algorithm
that preserves the conformity of the triangulation.

In the adaptive setting the subscript h will be replaced by the subscript ¢, where ¢ =
0,1, ... denotes the level of refinements. The adaptive algorithm generates a sequence of
triangulations 7T, of €2, a sequence of solutions u, € V; of the discrete obstacle problems, and
a sequence of error indicators 7.
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According to Theorem 4.2, we can use the following result to monitor the asymptotic
convergence rate of the adaptive algorithm.

Lemma 6.1. Suppose n, = O(N, "), where Ny is the number of degrees of freedom (dof) at
the refinement level £. Then we have

(6.1) Ju —welle + A = Aellr-2(0) = O(N; ),

provided that

6:2) Qui = \/ ma e S Jel /2] [0u/On 1. = ON, ™)
e€Er

(6.3) Q2 = (¥ —u) |17 ) = O(N, ).

In particular, the estimate (6.1) holds if Q1 and Qo are dominated by n,.

Note that [[A — Ay||m-2(q) is not computable. However, we can test the convergence of
A = Anl|-2(q) indirectly as follows. Let ¢ € C2°(€2) be equal to 1 on the supports of A and
the A\¢’s. Then we have

(6.4) AQ) = Ae(Q) = /QM(A =) < [0l @A = Al a2,
which implies
(6.5) Ae(§2) = A1 (€2) = (Ae(§2) — A(2)) + (A(2) — Ae41(€2))

<[l (IN = Aellg—2() + A = A ll-2@)-
Let Ay be defined by
(6.6) Ag = [(Ae(€2) = Aa ()]
The following result is an immediate consequence of Lemma 6.1 and (6.5).

Lemma 6.2. Suppose 1, = O(N, "), where Ny is the number of dof at the refinement level
(. Then we have

A= O(NZ_W)v
provided that (6.2) and (6.3) are valid.

Remark 6.3. In view of (6.4), we can also replace A(€2) by A\(€2) in (4.7) to obtain a true a
posteriori error estimate that is asymptotically reliable under the assumptions of Lemma 6.1.

7. NUMERICAL EXPERIMENTS

In this section we report numerical results that demonstrate the estimate (4.7) and illus-
trate the performance of the adaptive algorithm for quadratic and cubic C? interior penalty
methods. We choose the penalty parameter o to be 6 (resp. 18) for the quadratic (resp.
cubic) C? interior penalty method. We also take 6 to be 0.5 in the Dorfler marking strategy.
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We will consider three examples. The first one concerns a problem on the unit square with
known exact solution. The second one is about a problem on a L-shaped domain with a two
dimensional coincidence set (where u = 1) that has a fairly smooth boundary. The third
example is also about a problem on a L-shaped domain but with a coincidence set that is
one dimensional. For the second and third examples where the exact solution is not known,
we estimate the error ||u— uy||, by using a reference solution computed on the mesh obtained
by a uniform refinement of the last mesh generated by the refinement procedure.

In each of the experiments for the adaptive algorithm, we will present figures that display
the convergence histories for ||u — uyl|; and 7, and for the quantities @y, and Qo defined
in (6.2) and (6.3). We also present tables that contain numerical results for the quantity A,
defined in (6.6) and examples of adaptively generated meshes.

Example 1. In this example we consider an obstacle problem on the unit square €2 =
(—0.5,0.5)% from [15, Example 1] with f = 0, v = 1 — |z|? and nonhomogeneous boundary
conditions, whose exact solution is given by

( Cilzf* In(|z[) + Colz[* + C3In(|z|) + C4 ro < |z|
u\r) = 9
1— |z 2| < 1o

where ry ~ 0.18134453, C ~ 0.52504063, Cy ~ —0.62860905, C5 ~ 0.017266401 and Cy ~
1.0467463.

For this example the coincidence set is the disc centered at the origin with radius ry whose
boundary is the free boundary, and we have A\(Q2) = 87C ~ 13.1957.

Due to the nonhomogeneous boundary conditions, we modify the discrete obstacle problem

(cf. [15]) to find

(7.1)

1
up, = argmin [—ah(v, v) — F(v)],
vEKY}, 2

where Kj, = {v € V}, : v — u € HY(Q), v(p) > v(p) Vp eV},
F(v) = <f’v>+§b/e({{%}}+% o) [5:0e

and &} is the set of the edges of T;, that are on the boundary of . We also modify the

residual based error estimator:
1

M = (Z Mot > R An2)+ > ni+ > aPlel T [0(un — u)/an]]H%Q(e)) )

ec&) e€El TeTh ecEd

In the first experiment we solve the discrete problem with the P, element on uniform
meshes and compute the quantity

(72) Q= C(m + (@) \/m,;c e 3 lel 121D /O] o

EEgNT
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+ M2 (¥ = un) 7o

that appears on the right-hand side of (4.7) with C' = 0.29 and A\(Q2) = 13.196. The results
for ||u — up||n/Qn (cf. Table 7.1) clearly demonstrate the estimate (4.7). For comparison
we have also computed ||u — up||n/Qn where A(£2) is replaced by A\, (2) and with the same
constant C' = 0.29. The results are almost identical to those in Table 7.1.

B 2|22 2t |25 |26 |27 [2% |20 [910
[u — unl[n/Qn | 053 | 051 0.56 | 0.63 | 0.67 | 0.73] 0.78 | 0.85 | 0.91 | 1.00

TABLE 7.1. Numerical results for the estimate (4.7) for Example 1 with the
quadratic C? interior penalty method on uniform meshes

In the second experiment we solve the obstacle problem with the cubic element on uniform
and adaptive meshes. We observe an optimal (resp. suboptimal) convergence rate for adap-
tive (resp. uniform) meshes in Figure 7.1(a) and also the reliability of 7,. Furthermore the
optimal O(N, ') convergence rate of ||u — uy||, is justified by Figure 7.1(b) and Lemma 6.1.

FIGURE 7.1. Convergence histories for the cubic C? interior penalty method
for Example 1: (a) ||u — wl|, and ., and (b) 1, Q1 and Qg2

According to Lemma 6.2 and Figure 7.1(b), the magnitude of A, should be O(N, ). This
is confirmed by the results in Table 7.2, where N, increases from Ny = 49 to Ny; = 378652.
It can be observed that there is a rough correlation between the oscillations of A,N, in
Table 7.2 and the oscillations of Q)1 and Q9 in Figure 7.1 (b).

An adaptive mesh with roughly 3000 nodes is depicted in Figure 7.2 and strong refinement
near the free boundary is observed.

In the third experiment we test the efficiency estimates for the error estimator in The-
orem 5.1 and Theorem 5.3. Since the true error for the approximation of the Lagrange
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l 0 1 2 3 4 ) 6 7 8 9 10
ANy [ 19.71202.2 | 73.3]27.5]108.7|246.4 | 12.8 | 56.2 | 71.4 | 39.1 | 234

l 11 12 13 | 14 15 16 17 | 18 | 19 20 21
A¢yNy | 196 2.7 |194] 6.1 | 0.2 14 | 1.1 | 24 | 15.8|107.5|48.9

TABLE 7.2. AyN, for the adaptive cubic C? interior penalty method for Example 1

FIGURE 7.2. Adaptive mesh for the cubic C? interior penalty method for Example 1

multiplier in || - ||gz-2(q) is not available, we define the efficiency index using only the error
for the approximation of the displacement:

error estimator

[eff

" error for the displacement in |- 1ln
To better illustrate the efficiency of the error estimator we replace f by the function f;
defined by
_J o ro < |z
(@) = { —10* 2] <o

for k = 0,...,6. It is easy to check that the solution wuy is given by (7.1) for all £ and the
Lagrange multiplier )\ is given by

/Ud/\k:/vd/\—i—/ 10%v dx,
Q Q |z|<ro

where A is the Lagrange multiplier for f = 0.

For each k we compute the efficiency index for the quadratic and cubic C? interior penalty
methods on uniform and adaptive meshes. We plot the histories of I in Figure 7.3 and
Figure 7.4. Tt is observed that as | f| increases from 1 to 109, the efficiency indices increase
(asymptotically) by a factor less than 5, which is consistent with the estimates in Theorem 5.1
and Theorem 5.3.

Remark 7.1. Since the displacement does not change when k increases from 0 to 6, it may
appear that ny will significantly overestimate the true error for the displacement when T is
inside the coincidence set and £ is large. The results in Figure 7.3 and Figure 7.4 indicate
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—6— I uniform f = —1
—+— I uniform f = —10
L uniform f = —10?
—%— Ig uniform f = —10°
—&— I uniform f = —10*
I uniform f = —10°
—#— Lg uniform f = —10°
—O- I adaptive f = —1
—+ I adaptive f = —10
Ig adaptive f = —10?
—x Iz adaptive f = —10%
—3 I adaptive f = —10*
Lg adaptive f = —10°
—Y I adaptive f = —10°

—6— I uniform f =
—+— I uniform f = 710
I uniform f = —10?
—— I uniform f = —10%
—5— Lg uniform f = —10*
I uniform f = —10°
—%— I uniform f = —10°
—O I adaptive f = —1
—+ ILg adaptive f = —10
Ig adaptive f = —10?
—%- L adaptive f = —103
—3F Lg adaptive f = —10*
Ig adaptive f = —10°
— L adaptive f = —10°

FIGURE 7.4. Efficiency indices for the cubic C? interior penalty method

that this is not the case. This can be explained by the fact that for a given mesh the
error for the displacement over the coincidence set also increases as k increases because the
constant in the a priori error estimate for the displacement depends on A, (€2). Note also that

the efficiency index defined in terms of the combined errors of displacement and Lagrange
multiplier would be closer to 1.
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Example 2. In this example we consider the obstacle problem from [15, Example 4] for a
clamped plate occupying the L-shaped domain 2 = (—0.5,0.5)? \ [0,0.5]> with f = 0 and

xy + 1/4)? x2
?/)(90) -1 ( 1 / ) + 2

. The coincidence set for this problem is presented in
0.22 0.352
Figure 7.5(a).

¢

(b) (c)

FIGURE 7.5. L-shaped domain for Example 2: (a) Coincidence set for the
obstacle problem (b) Adaptive mesh with ~ 3000 nodes for the P, element (c)
Adaptive mesh with ~ 2600 nodes for the P; element

In the first experiment we solve the discrete obstacle problem with the P, element on
uniform and adaptive meshes. An optimal (resp. suboptimal) convergence rate for adaptive
(resp. uniform) meshes and the reliability of 7, are observed in Figure 7.6(a), and the
O(N[lm) convergence rate of ||u — ugl|, is justified by Figure 7.6(b) and Lemma 6.1.

The O(N[l/ %) bound for A, predicted by Lemma 6.2 and Figure 7.6(b) is observed in
Table 7.3, where N, increases from 65 to 827483. There is a rough correlation between the
oscillations of AgNel /2 in Table 7.3 and the oscillations of Q1 and Qg2 in Figure 7.6(b).

An adaptive mesh with roughly 3000 nodes is displayed in Figure 7.5(b), where we observe
a strong refinement near the reentrant corner. In contrast the refinement near the free
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FIGURE 7.6. Convergence histories for the quadratic C° interior penalty
method for Example 2: (a) ||u — ||, and n,, and (b) 1, Q1 and Qo

¢ 0o |1 ]2|3] 4 15|6]7]S8

A¢N,? | 2714 | 391 | 637 | 756 | 1454 | 654 | 613 | 467 | 411
/ 9 (1011 ]12] 13 [14]15] 16

AN}? | 360 | 149 | 255 | 105 | 144 | 70 | 71 | 51

TABLE 7.3. AgNgl /2 for the adaptive quadratic C interior penalty method for Example 2

boundary is mild. This is due to the fact that away from the reentrant corner the solution
belongs to H? (cf. [27, 5]) and we are using the P, element.

In the second experiment we solve the obstacle problem with the P; element on uniform and
adaptive meshes. We observe an optimal (resp. suboptimal) convergence rate for adaptive
(resp. uniform) meshes in Figure 7.7(a) and that 7, is reliable in both cases. Moreover the
O(N,; ') convergence rate of ||u — uyl| is justified by Figure 7.7(b) and Lemma 6.1.

The results for A, are reported in Table 7.4, where the O(N,; ') bound for A, predicted
by Lemma 6.2 and Figure 7.7(b) can be observed. Here N, increases from Ny = 133 to
Noz = 489169. Note that there are large oscillations at the beginning before the coincidence
has been captured by the adaptive mesh. There is also a rough correlation between the
oscillations of AyN, in Table 7.4 and the oscillations of Qy; and ()2 in Figure 7.7(b).

An adaptive mesh with roughly 2600 nodes is displayed in Figure 7.5(c), where we observe
strong refinement near both the reentrant corner and the free boundary.

Example 3. In this example we consider the obstacle problem on the L-shaped domain

QO = (~0.5,0.5)2\ [0,0.5]2 with
Y(z) = —[sin(27(xy + 0.5)(x2 + 0.5)) sin(4n(xy — 0.5)(z2 — 0.5))] — 0.35
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10° 10* 10°

FIGURE 7.7. Convergence histories for the cubic C? interior penalty method
for Example 2: (a) ||u — wl|, and ., and (b) 1, Q1 and Qg2

14 0 1 2 3 4 5 6 7
A¢Ny | 32355 | 7581 | 209 | 6308 | 967 | 14313 | 6745 | 6641

14 8 9 10 11 | 12 13 14 15
AyN, | 10358 | 1563 | 3239 | 2923 | 598 | 18 850 | 42

14 16 17 18 19 | 20 20 21 22
AyNy | 139 32 22 | 343 | 176 | 705 | 999 | 5972

TABLE 7.4. AyN, for the adaptive cubic C? interior penalty method for Example 2

and
103(%e<w1+0.25)2+(m2+0-25)2) 21 < 0,29 >0
flz)=<0 1 < 0,20 <0 .
103 (% + [(21 — 0.25)% + (29 + 0-25)2]3/2) r1 20,29 <0

For this example, the coincidence set is one dimensional (cf. Figure 7.8(a)).

In the first experiment we solve the obstacle problem with the P, element on uniform
and adaptive meshes. We observe an optimal (resp. suboptimal) convergence rate for adap-
tive (resp. uniform) meshes in Figure 7.9(a) and also the reliability of n,. The O(N[l/ %)
convergence rate of ||u — uyl|, is confirmed by Figure 7.9(b) and Lemma 6.1.

The results in Table 7.5 agree with the O(XN, [1/ %) bound for A that follows from Lemma 6.2
and Figure 7.9(b). The number of dof increases from Ny = 65 to Nijs = 134096. Again there
is a rough correlation between the oscillations of AyN, Zl /2 in Table 7.5 and the oscillations of
Q1 and Qg2 in Figure 7.9(b).
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(b) (¢)

FIGURE 7.8. L-shaped domain for Example 3: (a) Coincidence set for the
obstacle problem (b) Adaptive mesh with 11062 dof for the P, element (c)
Adaptive mesh with 12841 dof for the P; element

¢ | o123 |4]5[6][7][8]9]10[11]12
AN (1151 | 501 | 92| 201 | 120 [ 419 | 201 |08 | 75| 34| 76 | 40 | 36

TABLE 7.5. AyN, el /2 for the adaptive quadratic C° interior penalty method for Example 3

An adaptive mesh with 11062 dof is depicted in Figure 7.8(b), where we observe that the
only strong refinement is around the reentrant corner. This is again due to the fact that
away from the reentrant corner the solution belongs to H? and we are using the P, element.

In the second experiment we solve the obstacle problem with the P; element on uniform and
adaptive meshes. We observe an optimal (resp. suboptimal) convergence rate for adaptive
(resp. uniform) meshes in Figure 7.10(a) and also the reliability of 7,. Furthermore the
O(N,; ) convergence rate for ||u — u|, is justified by Figure 7.9(b) and Lemma 6.1.

The results in Table 7.6 agree with the O(N, ') bound for A, predicted by Lemma 6.2 and
Figure 7.10(b). Here N, increases from Ny = 133 to Ny5 = 88699. The oscillations of A,N,
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10 b 1 1

101k
100 F

—— 1) uniform —k—7
—o— |lu— | adaptive 112
——n; adaptive —-Q,
. ‘ ‘ ‘ 1075 ‘ ‘
10° 10° 10* 10° 10° 10° 10* 10°
N N

FIGURE 7.9. Convergence histories for the quadratic C° interior penalty
method for Example 3: (a) ||[u — ||, and 1., and (b) 7, Qr1 and Qo

10'G

10°F %

.
10*

FIGURE 7.10. Convergence histories for the cubic C? interior penalty method
for Example 3: (a) |Ju — wl|, and 1., and (b) 1, Q1 and Qp o

in Table 7.6 also roughly correlate with the oscillations of Q1 and @2 in Figure 7.10 (b).
The larger values of A;N, are due to the fact that A\(2) ~ 471 is larger.

14 0 1 2 3 4 ) 6 7
AyNy | 11724 | 1782 | 1842 | 32888 | 1046 | 6439 | 2974 | 2588
14 8 9 10 11 12 13 14 15
A¢Ng | 2781 | 25657 | 2215 | 3805 | 5177 | 2030 | 1092 | 2355

TABLE 7.6. A¢N, for the adaptive cubic C interior penalty method for Example 3
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An adaptive mesh with 12841 dof is depicted in Figure 7.8(c), where we observe strong
refinement around the reentrant corner and the coincidence set.

8. CONCLUSIONS

We have developed a simple a posteriori error analysis of C° interior penalty methods for
the displacement obstacle problem of clamped Kirchhoff plates by taking advantage of the
fact that the Lagrange multiplier for the discrete problem can be represented naturally as
the sum of Dirac point measures supported at the vertices of the triangulation. Numerical
results indicate that the adaptive algorithm based on a standard a posteriori error estimator
originally developed for boundary value problems also performs optimally for quadratic and
cubic CV interior penalty methods for obstacle problems. However, the theoretical justifica-
tion of convergence and optimality for adaptive C? interior penalty methods remains open
even in the case when the obstacle is absent.

The results in this paper can be extended to classical nonconforming finite element meth-
ods such as the Morley finite element method, where the a priori analysis for the obstacle
problem has been carried out in [16], and reliable and efficient residual based error estima-
tors for the boundary value problem can be found in [3, 35]. They can also be extended
to the displacement obstacle problem of the biharmonic equation with the boundary condi-
tions of simply supported plates or the Cahn-Hilliard type. In the case where € is convex,
such problems are related to distributed elliptic optimal control problems with pointwise
state constraints [37, 28, 18, 19] and can also be considered in three dimensional domains.
Adaptive finite element methods for these problems based on the approach in this paper are
ongoing projects.
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