A POSTERIORI ERROR ESTIMATOR COMPETITION
FOR CONFORMING OBSTACLE PROBLEMS*

C. CARSTENSEN AND C. MERDON

ABSTRACT. This paper on the a posteriori error analysis of the obstacle problem with
affine obstacles and Courant finite elements compares five classes of error estimates for
accurate guaranteed error control. In order to treat interesting computational benchmarks,
the first part extends the Braess methodology from 2005 of the resulting a posteriori error
control to mixed inhomogeneous boundary conditions. The resulting guaranteed global
upper bound (GUB) involves some auxiliary partial differential equation and leads to four
contributions with explicit constants. Their efficiency is examined affirmatively for five
benchmark examples.

1. INTRODUCTION

The a posteriori error analysis is well developed for variational equations of second-order
elliptic partial differential equations with explicit constants and at least five different types
of error estimators. Considerably less is known about the a posteriori error control for vari-
ational inequalities, in particular, for its model obstacle problem [CHL, BCH07, BC04a,
NSV05, NSV03a, Bra05, BHS08, VeeOla]. Braess’ error estimator split for an obstacle prob-
lem [Bra05] leads to some computable term with an extended discrete Lagrange multiplier
plus the Galerkin discretisation error of an auxiliary variational equation.

Given a bounded Lipschitz domain  C R? with boundary 9 and its closed subset I'p of
positive surface measure, the data of the obstacle problem are the right-hand sides f € H'(Q)
and g € L?(Ty) on I'y := dQ\I'p plus the Dirichlet data up € C%(T'p) edgewise in H? and
the obstacle x in H(Q)NC°(Q) with x < up along I'p. The weak form relies on the closed
and convex set

K :={ve HY(Q) | v=wup onT'p and x < v a.e. in O} # @.
The obstacle problem reads: Seek u € K such that
(1.1) a(u,u —v) < F(u—wv) for all v € K.

Here and throughout the paper, we use standard notation for Lebesgue and Sobolev spaces
and denote the energy norm

-1l = a-, )2

with respect to the bilinear form a in H'(£2),

(1.2) a(u,v) := /QVU -Vou dx
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forallu €up+V andv €V :={v e HY(Q) | vlp, = 0}. The right-hand side F in the dual
V* of V reads

(1.3) F(v) := / fvdz —I—/ guds forallvelV.
Q 'y

It is well known that (1.1) has a unique solution [KS80, Zei97, Rod87].

Given a regular triangulation 7 of € in the sense of Ciarlet [BS94, Cia78] with nodes N/
and nodal basis (gaz ’ zeN ) of the first-order finite element method, the nodal interpolation
of v € C%(Q) reads

Tv = Z v(2)p, € Pi(T)NCQ).
zeN
The discrete version of problem (1.1) employs the discrete set

K(T) :=={v, € P(T)NC°Q) | v, = Tup on I'p and Tx < vy, in Q}
(with the piecewise affine functions P;(7)) and reads: Seek uj, € K(7T) such that
(1.4) a(up,up —vp) < F(up —vp) for all v, € K(T).

The finite element method is called conforming if K(7) C K, for instance when x = Zx
equals its nodal interpolation Zy, and is called non-conforming otherwise.

After [Bra05] and for a particular choice of Ay, the discrete solution of the obstacle problem
uyp, solves the discrete version of the Poisson problem for w € Zup + V with

(1.5) a(w,v) = F(v) — / Apvdr  forallve V.
Q

The energy norm difference ||w — up||| between uy, and the exact solution w of the Poisson
problem (1.5) can be estimated by a large collection of error estimators [AO00, BR96, BSO01,
EEHJ96, Ver96, Rep08, RSS03, LW04, Bra07], in particular the ones compared in [BCKO01,
CM10).

This paper extends the result in [Bra05] to problems with inhomogeneous Dirichlet bound-
ary data. Suppose wp € H'(Q) satisfies wp|r, = up — Zup and x — up, < wp. In the
conforming case x < Zx, our main result (Theorem 3.2) on w from (1.5) implies some
computable global upper bound (GUB) slightly sharper than

1/2
(1.6) memgmw—uh||r+|uAh—JAhu*+( / <x—uh—wD>JAhdx) T 2wl

This bounds the error e := u — uy, in the energy norm by the error ||w — up|||. The first extra
term

s = IAall. = sup [ (A= TAnw e/l
vev\{0} Jo

relates to a non-positive approximation JAj, of Ay, while fQ(X —up—wp)J Ay, dz contributes
only on the transition between the contact zone and the non-contact zone. The term wp
refers to inhomogeneous Dirichlet data approximation ands its minimal H'(£2) extension.

For affine obstacles, Theorem 4.1 proves efficiency in the sense of
GUB 3 [[lell + lIA — Al

up to pertubations that are of higher order, at least for benchmarks with I'yy := @. The
Lagrange multiplier A is defined below in (3.10).
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The remaining parts of this paper are organized as follows. The interpolation operator
J and a suitable choice for wp are described in Section 2. Section 3 presents the details of
our construction of Ay and discusses reliability of the above estimate. Section 4 discusses its
efficiency in case of affine obstacles. Section 5 describes an adaptive mesh refinement algo-
rithm and six known a posteriori error estimators from Poisson problems for the estimation
of [[|w — upl|| in the global upper bound. Section 6 discusses five computational benchmark
examples. Two affine problems verify the theoretical findings and suggest that the overhead
apart from the estimator contributions is not dominant.

2. PRELIMINARIES

Consider a regular triangulation 7 of Q C R? with nodes N, free nodes M := N'\T'p, fixed
nodes N'(I'p) := N\ M, edges &, Dirichlet edges £(I'p) := {E € £ | E C I'p}, Neumann
edges E(Ty) :={E € £ | E C Ty} and interior edges £(Q) := £\ (E(T'p) UE(Ty)). Each
node z in N is associated with its nodal basis functions ¢, and node patch w, := {¢, > 0}
with diameter h, := diam(w,). The quantity he € Py(€) denotes the local edge length,
ie., helgp == hg := |E| for E € £. Similarly, hy denotes the local triangle diameter,
hr|r := hy := diam(T') for T € T. Each element T' € T is the convex hull of the set N (T')
of its three vertices and associated to its element patch wp = {J,cpryws- The set E(T)
denotes the edges on the boundary of T. For two expressions A and B, we write "A < B”
if B < CA for some generic constant C' that depends only on the shape regularity of the
triangulation.

Given any v € H1(Q), set Jv € Pi(T) N C%(Q) similar to [BC04a] by

Ju = Z vyp,  with v, = / VP, da:// . dx € R.
zeN & {

' . 1/2
Given f € L?(Q), let osc(f,N) := (ZZE/\/ h? ming e || f — sz%z(wz)> .

Lemma 2.1. For f € L?(Q) and v € H'(Q), it holds

/(Jf)v dz :/ f(Jv) dz and / fv—=Jv)dz < osc(f,N)||v]|-
Q Q Q
Proof. The first assertion follows from a direct calculation as in [BC04a]. For the proof of

the second assertion, we refer to [Car99, CV99]. O

Theorem 2.2 ([BCDO04]). Assume that up € H(I'p) N C%(Tp) satisfies up € H?*(E)
for all E € £(I'p) with the edgewise second partial derivative 8§uD /0s? of up along I'p
and let Zup = ZzeN(FD) up(z)g. denote the nodal interpolation of up. Then there exists

wp € HY(Q) with
wplr, =uplr, —Zuplrp,
supp(wp) C U{T eT ‘ TNICp # 2},
lwpllLe(@) = llup — Zup|lpe(rp),
lwpll S 10*03up /95| 2(r -
Furthermore, if x < Zx < up it holds

X — up S wWp.
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Proof. The inequality x — up < wp is an immediate consequence of the design in [BCDO04]
with x —up <Zx—up <up—Zup =wp on E C I'p and (Zx) (mid(T")) —up(mid(T)) <0 =
wp(mid(T)) plus the linearity of wp and Zx — uy, along the lines that connect the boundary
points on E with mid(7"). The remaining details are contained in [BCDO04]. O

3. RELIABLE ERROR ESTIMATION

This section is devoted to the design of reliable error estimators for the Poisson problem
(1.5) with some function Aj. Subsections 3.1-3.3 introduce Ay, in three steps from a post-
processed Riesz representation of a residual similar to [Bra05, BC04a].

1. Residuals. The exact solution u of (1.1) defines the residual functional
(3.1) o:=F —a(u,-) € V' :=dual of V.
The discrete solution wuy, of (1.4) defines the discrete residual functional
(3,2) op = F — a(uh, ) € V(T)*
with the test function space V(T) := Pi(7T) N V. The two properties (3.3) and (3.4) are
important in the sequel. The discrete complementary conditions read
(3.3) (up(2) —Ix(2))on(pz) =0 and op(p,) <0 forall z e M.
For wp € H' () with wp = up — Zup on I'p and x — up, < wp in €, it holds
(3.4) 0 <o(e—wp).
3.2. Boundary modifications. The complementary conditions (3.3) state that oy, € V(T)*
contains information about the contact zone {up = Zx}. That information will be used to
define some contact force on the entire domain. However, we have to define o} also at
Dirichlet nodes. Veeser mentioned that o, = 0 on I'p may lead to big refinement indicators
[VeeOla, p. 153 line 25]. Our own numerical experiments confirm this observation. Here we
avoid to enforce oy |r, = 0 by extrapolation of the known contact information as follows.

For each fixed node z € N\ M, we choose a neighbouring free node ((z) € M and set
((z) := z for z € M. In Section 4 we assume that ((y) € wr for all y € A and that every
triangle has a free node. The proof of efficiency will make use of this further assumption,
but it is not needed for the proof of reliability at the end of Section 3.

The mapping ¢ defines a partition of N into card(M) many classes

¢(Nz) =={y € N'| {(y) = z} for each z € M.
For each z € M set
(3.5) b= ) @y € P(T)NCOQ).
ye¢(2)

Notice that (1112 ‘ z € /\/l) is a partition of unity [Car99]. For each z € N set

if x(2) < up(2),
else.

0
3.6 o] z) = > dx
(3.6) on(p2) {Uh(tpg(z)) Jo ¥z d

Ja etz du
A direct consequence of (3.3) is

Jh (Pz
(3.7) <0.
z%:v Jawsda”
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Remark 3.1. Veeser [VeeOla] suggests the alternative boundary modification with
R 0 if x(2) < up(2),
onlpz) =19 .
min {0, F(pz) — alup, ¢.) + fFD . Vup - v ds} else.

This resembles the original definition of the residual with an additional boundary term where
v denotes the outer unit normal along 0f).

3.3. Riesz representation and auxiliary problem. The Riesz representation Ay, € P;(T)
N C%(Q) of the extended &), € (P1(T)NC%(N))" from (3.6) in the Hilbert space L?(Q) sat-
isfies

(3.8) / App. dz = op(p,) for all z € N.
Q

This defines the auxiliary problem (1.5) from the introduction: Seek w € Zup + V with
(3.9) a(w,v) = F(v) — / Apvde forallveV.
Q

In view of (3.8), the discrete solution uy of (1.4) equals the finite element approximation
of the exact solution w of (3.9). The residual (3.1) of the exact problem also defines some
Riesz representation A € L?(Q) with

(3.10) / Avdr = o(v) for all v e V.
Q

3.4. Main result. The view of Braess onto the obstacle problem at hand leads to the
following reliable error estimate

1/2
e = wnll < flw = wnll + [1An — Al + ( = un = wp)an dx) T 2lepll
QO
The following result is slightly sharper and employs
a:= ||w—up|| + |An — JAR|l« + lwpl| and b:= /(X —up —wp)JAy dx .
Q

Theorem 3.2. Let u denote the exact solution of (1.1) and let u; denote the discrete
solution of (1.4) with the associated Aj from (3.8) and A from (3.10). For x < Zx and
wp € HY(Q) with wp = up — Zup on T'p and x — up < wp in Q, it holds

llw = unll < a/2 + v/a?/4 + b+ [[woll,

A = Anlll+ < lllw = unll] + llw — unl]-

Some remarks are in order before the proof of Theorem 3.2 concludes this section.
Remark 3.3. The energy norm |||w —uy||| of the discretisation error in the auxiliary problem
equals the dual norm

|| Res|||« := sup Res(v)
veV
lloll=1
of the residual Res € V* defined, for v € V, by
Res(v) := / (f —Ap)v dz +/ gv ds —a(up,v).
Q

'y
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(The Riesz representation theorem in the Hilbert space (V, a) yields direct proof, c.f. [BC04b]
for details.) The substitute of [|w — up|| = || Res||« and V}, C ker(Res) allows an interpre-
tation of the a posteriori error control in Theorem 3.2 in the spirit of the unified approach
[Car05]. In fact, all error estimators of [Car05, CEHL] apply to the control of || Res [|«.

Remark 3.4. The term [,(x —up —wp)JAy, dz can be evaluated exactly (up to quadrature
errors). In case x = Zx, this term only contributes on a layer between the discrete contact
zone and the discrete non-contact zone {T' € T | 3z,y € N(T), x(z) < un(z) & Gr(py) < 0}.

Remark 3.5. The properties of wp from Theorem 2.2 guarantee that the term ||wpl|| is
bounded by the higher-order term

llwplll |18 *0%up /05| L2(r p)-

For triangulations that consists only of right isosceles triangles along the Dirichlet boundary,
the constant in this estimate equals one. This will be proven in [CMx1]. Furthermore wp
contributes to fQ(X — up, — wp)JAp dr only on elements with contact near the boundary.
For homogeneous Dirichlet data, wp = 0.

Remark 3.6. Theorem 3.2 implies the reliable upper bound

1/2
A = Anllls < 2[Jw — unlll + [[An — JAp[lx + (/ (X —up —wp)JA dx) + 2[wplll-
Q

Remark 3.7. As a conclusion, for the estimation of ||u — up||| or [||A — Ap]l|« it remains to
estimate [|w — uy|||. This can be done with any a posteriori estimator known for Poisson
problems, collected in [BCK01, CM10].

Proof of Theorem 3.2. The proof is similar to the proof of Lemma 3.1 in [Bra05] for a; =
—JAy,. Indeed, for v € V, (3.1) and (3.9) imply

a(u—w,v):/QvAh iz — o)

:/’UJAh dw—a(v)—l—/v(Ah—JAh) dz .
Q Q
For v:=u—wup, —wp =e—wp €V, it holds

/(u —up, —wp)JAp dr —o(e —wp)
Q

:/(X—Uh —wp)JAp, dz —/(X—u)JAh dr —o(e —wp).
The properties (3.4;? X —u<0,and JA, <0 fgzrom (3.7) yield
0< /(X —u)JApdr and 0<o(e—wp).
Hence '
/Q(u —up —wp)JAp dr —o(e —wp) < /Q(X —up —wp)JAy dz .

The combination of the previous equality and inequality with some algebra leads to
e = up, — wp|?

=a(u—w,u—up —wp) +a(w — up,u —up —wp) — a(wWp,u — up —Wp)

< (Mo = wnlll + WAn = TARl + Nlwpll ) e = up — wp | + /Q (x = wn — wp)JAp da
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This is an inequality of the form 22 < ax + b and Braess reasonably concludes z < a+b/2.

Since we are interested in sharp estimates, we deduce
0<x<a/24\/a2/4+D.
This and the triangle inequality
e = unlll < llw —un — wpll| + [Jwoll

prove the first assertion. Furthermore, (3.1) and (3.9) yield
/(A —Ap)vdzr = a(u —w,v) < ||lu—wl||]|v] for all v € V.
Q

Hence,
A = Anllls < fllw = w]-

The triangle inequality concludes the proof for the second assertion. O

4. EFFICIENCY

This section discusses the efficiency of the global upper bound GUB and involves some
notation Tpc, To, Ti, 1, 9 as follows. The set of all triangles T € T along the Dirichlet
boundary I'p with contact of the discrete solution on the neighbourhood wr = {K €
T | TNK # @} C{up =Ix} is denoted by

Toc :={T T | ET)NETp) # @ and up =Ty on wr} .
The set of all triangles T" with contact of the discrete solution {u, = Zx} is denoted by
Tc::{TGT‘uh:IxonT}.
The set of all triangles T" in some layer between Tpc U 7 and the set {Zx < up} is denoted
by
Ti={TeT ’ dz,y € N(wr), Ix(z) =up(z) & Ix(y) < un(y)}

Here, N'(wr) := {z € N' | 2 € Wy} denotes all nodes in the element patch wy of the triangle
T. With each T' € 7; we associate some (preferably interior) node zr € N Nwr such that
X(zr) = up(zr) and set (AZZT ={z e Q ‘ x € wr or Yy, (x) > 0}. All elements T € T; with
zr € I'y form the set

Tn:={T €T |zreTn}

and the L*-norm over all triangles in Ty reads || - [|12(7)-

The next theorem establishes efficiency for the global upper bound

1/2
GUB = 3”‘11} — uhH] + 2H‘Ah — JAh|”* + 2 (/Q(X — Up, — ’LUD>JAh d%) + 4|HwDH]

from Theorem 3.2. This is the converse of
lw — wnl] + A = Anlll« < GUB

up to pertubation terms like oscillations with respect to node patches osc(A, N') and elemen-
twise or edgewise oscillations defined by

osc(f, T) := [lh7(f = fr)llL2(),  0sc(g, E(Tw)) := [lhe(g — ge)llL2(ry)

with elementwise integral mean fr|r := [ fdz /|T| and edgewise integral mean ge|p :=
Jpgds /|E|
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Theorem 4.1. For an affine obstacle x = Zx € P1(Q2) and f € H'(Q), it holds

GUB S flu = upl + [|A = An|lls 4 osc(A, N) + osc(f, T) + osc(g, E(U'n)) + [lwoll
1/2 1/2

1D IVl | + | Do IVwblleallhr flzey | + 1V (=) 2 )
TeT:\Tc TeTpc

Proof. The proof of Theorem 4.1 follows by a combination of Claim 1 - Claim 6 below.
Claim 1. It holds [|w — up|| < ||lu — wpl| + [|A — An]||s-

Proof of Claim 1. This is already known from [Bra05]. O
Claim 2. It holds [|JAr — Anlll« S [I[AR — Alll« + osc(A, N).

Proof of Claim 2. For any v € V|, Lemma 2.1 shows that

/(JAh)v dx:/Ath dz .
Q Q

This and the second assertion of Lemma 2.1 lead to

/Q(Ah — JAp) dz = /Q(Ah ~ A= Jv) de +/ Aw — Jv) da

Q
S olll (AR = Aflls + osc(A, ). O

Claim 3. It holds
/(X —up —wp)(JAp) dx
Q

S Y el Vuplea T2y + D> pEIVwb 2y IV (TA) | r2 ()

TeTpe TeT:\Tpc
+ Z h%”V(JAh)HLz(wT) Amin R ) IV(x — un) _qZHLQ(ﬁzT)'
TE’E‘\TC QZG(PI (T(QZT))QC(QZT))

The proof of Claim 3 employs Lemma 8 of [BC04a] which is recalled here for convenient
reading.

Lemma 4.2 ([BC04al). Let z € N be either an interior point of € or a nonconvex boundary
point (so convex corner, in particular points on straight line segments are excluded). Suppose

T eT,wr:={> cnr) - > 0} with z € Wr and set Q. :={zecQ | :(x) > 0} Uwr. Let
wy, € P1(T) N C(Q) satisfy wp,(z) = 0 and 0 < wy, on .. Then, it holds

lonl 2.y < P min [ Vwn = g:ll g O
g-€(PL(T(22))NC(0z))

Proof of Claim 3. The integral [,(x —up —wp)(JAy) dz is analysed for each T' € T. In case
that x < up on wr, (3.3) yields

JAp = Z ‘pzah(SOZ)//SOz dr =0 onT.
zeN(T) Q

For T € T; \ T¢ with |0T NT'p| = 0, it holds wp = 0 on T" and (uj, — x)(2r) = 0 for some
zp € N(wr). Furthermore, there exists some yr € N (T) with x(yr) < up(yr). Since (3.6)
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and (3.3) yield
JAR(yr) = a\h(yT)//SOyT dx =0,

a discrete Friedrichs’ inequality shows
(4.1) 1Al L2y S P lIVTAR) ] 22 (0 -
This and Lemma 4.2 yield

/T (x — un) (TAn) d < [1x — unll ooy | T An 2y
< WV IA |2 min V- w) -l
qZE(Pl(T(QzT))ﬂC(QzT))

If zpr € I'p, Lemma 4.2 is not applicable. However, this case is insignificant for the following
reason. Since zp is chosen preferably as an inner node, zr € I'p implies N (@) N {u, =
Ix} C N(I'p). Hence o,(y) = 0 for all y € N(T). Consequently, JA, =0 on T. In case
that the isolated contact node zp belongs to a convex corner or a straight-line segment of
I'w, it follows that

/T (x — un) (TAn) dz < B3V (x — un)l| g2y T An oy,

In fact, free nodes on convex corners lead to exceptional situations in some second-order
positive approximation [NW02].
For T' € T with |[0T NT'p| > 0 the integral equals

/T(X—Uh—wD)(JAh) dz :/T(X—uh)(JAh) da:—/wD(JAh) dz

T
<|Ix = unllp2(p) | T Awl 27y + lwpll 2y 1T AR L2 (7)-

Since wp = 0 on 9T \ I'p, a Friedrichs inequality shows

/T(X —up —wp)(JAr) dz < ||x — unll L2y | AR L2y + A |Vwp | L2y | T Anll 2 (1)

The first summand vanishes if up = xy on T or x < up on wy. Otherwise, it holds T' € 7T;
and Lemma 4.2 leads for z = 2 € N (Q) to

X = unll 2@,y < har min IV(x —un) —dll 2, y-
() g€(PU(T (@2 )NC () (@)

The factor || JAp| r2(7) can be treated as in (4.1), except in case up = x on wr which implies
T € Tpc. O

Claim 4. For any T € T, it holds
(4.2)  hrllJAwll2ery S Prllfll 22 wr)

+ min Vun — a7l 12w +h1/2 —qr-V)|12 w) | s
qr€(P1(T (wr))NC(wr))? (” h rllL (wr) T (g V)L (I'nno T))

(4.3) hZIV(IA) I r2r) S RV Fllz2 )

min IVun = arllz2ury + 07110 = a7 D)2 ynowm ) -
ar(P1(T (wr))NC(wr))? ( L2(wr) T L2 (NN T))

Proof of Claim 4. Since JAp, = g, this is Lemma 7 in [BC04a]. O
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Claim 5. It holds

min (||Vuh—qT||22w +hT||g_QE'V”22 w )
ar€(PL(T (wr))NC(wr))? ) o)
< Z min <||Vuh—qE||%2(wE) +hT||g_QE'V||%2(I‘NmE))

Ee(wr) qE€(P1(T (wp))NC(wr))?

Y hel[[Vun - V)22 + > hillg = Vun - vl|72@ynp);
Eec&(wr) Eeg(TN)

min V)~ @lpe,, S D hellV- ) vl
qze(Pl(T(QZT))mC(QZT)) EGS(QZT)

Proof of Claim 5. The first estimate follows from (3.4) in [CB02, p. 951]. Consider an inner
edge E € £(2) and set qp := (Vup|r, — Vup|r,)/2. This yields

IVun = apllz2 () = VANV R VIl () = lwsl/(4E) [[Vun - VIIIZ2 g

For any Neumann edge E € £(I'y), wg consists of only one element 7" and we can set
qr = Vuy|p. This proves the second asserted estimate. O

Claim 6. It holds
hr|lfr + Anll2ery S IV(w —up)llp2(ry +ose(f, T) forall T €T,
hd [V, - Vlizee) S IV(w = up)llp2(wg) + ose(f, T(wg)) for all E € £(9),
W21V v = glli2e) S IV (w — )l 2(ry) + ose(f, Tg) + osc(g, ) for all E € E(Ty).

Proof of Claim 6. Those estimates are well-known and follow from an error analysis for the
residual estimator for Poisson problems with bubble functions [Bra07, Ver96]. O

This section concludes with some remarks in order to support our claim that in model
examples —such as the benchmarks below— GUB is equivalent to [||u — up|| + [|A — Ar]|l
up to higher-order terms.

Remark 4.3 (Comment on osc(A, N)). Since A is merely an L%(Q) function, it is not clear
a priori that the term osc(A, ) is of higher order. Consider the maximal open set C with
u = x on C and the set U := |J,., Be with the maximal open set B. with x +¢ < v on B..
Then,

A=0onU and A= fonC.

The set C is regarded as the set of contact and the set U is the set of noncontact. Hence,
the oscillations of A on C UU are bounded by the oscillations of f, while the contributions
of A within the free boundary F := Q \ (C UU) may be not because of discontinuities.

Remark 4.4 (Heuristic analysis on osc(A, N') = higher-order term). In simple model scenar-
ios, the free boundary F is indeed a one-dimensional submanifold, cf. Examples 1-3 below,
where A is piecewise smooth and bounded. Therefore, we expect
. 2 -
in [|A = Azllz2(,,) 2 ||

close to the free boundary while it is of higher order elsewhere. For the local mesh-size h(s)
along the parametrisation of the curve F by arc-length 0 < s < L := |y| < 1, it holds
|w.| &~ h(s)? near any point v(s) € w,. The node patches

N(F)={2eN |w.NF + o}
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along F are coupled with J := |[N(F)|+ 1 many points (o), ...,7(ts), along v with 0 =
to < t1 < ... <ty = L. The nonsmooth contributions osc(A, N (F)) of osc(A,N) in the
neighbourhood of v sum up to

J J
e%(:f) h? gier;\,{ A — AZH%z(wZ) < Z% ht)* < Z h(t;)3(tjp1 —tj)  (with tyyq := L+ h(L))
z j=

Here hyyq, denotes the maximal mesh-size along v which is relatively small compared with
the maximal mesh-size maxprc7 hr of the triangulation 7 for all the adaptive meshes in the
numerical examples of Section 6. Therefore,

osc(A, N'(F)) < b2

~ max
is of higher order compared to |||u — wup|||-
Remark 4.5. The remaining critical contribution ||Vwpl||r2(7) |7 f| z2(1) arises only for a
relatively small number of triangles along the Dirichlet boundary. It vanishes for boundary

triangles T' ¢ Tpc without contact at the Dirichlet boundary. It also vanishes for piecewise
affine Dirichlet data up.

Remark 4.6. The contribution |[V(u — x)|2(7) vanishes for pure Dirichlet boundary
problems with I'y = @. This is valid for all our benchmark examples in Section 6. It also
vanishes for triangles without contact at the Neumann boundary in its neighbourhood wy.

5. ERROR ESTIMATION AND ADAPTIVE MESH-REFINEMENT ALGORITHM

This section studies the five classes of a posteriori estimators from Table 5.1 and explains
our adaptive mesh-refinement algorithm.

TABLE 5.1. Classes of a posteriori error estimators used in this paper.

] No \ Classes of error estimators \ Class representatives
1 | explicit residual-based nR
2 | averaging TIMP1
3 | equilibration 7B, LW, TEQL
4 | least-square 7NLS
5 | localisation NCF

5.1. Five types of a posteriori error estimators.

(i) Standard residual estimator. The standard residual estimator

1/2
nr = [|hr(f — Al 22 + (Z hel|[Vup, - VE]||2L2(E))
Bee

is a guaranteed upper bound of ||w — uy|||. In all our examples, 7 consists of right isosceles
triangles, hence ||w — up|| < nr [CF99]. Here, [Vuy, - vg] denotes the jump of [Vuy, - vg]
across E' € £, which is set to zero along any Dirichlet edge E € £(912).
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(i) Minimal P;(T;R?) averaging [Car04]. The error estimator

= min Vup, —
TIMP1 Je Py (TRICC(QE?) |V, (JHLZ(Q)
shows very accurate results for the Laplace equation, but only yields an upper bound for
[lw — up||| up to some not-displayed reliability constant C.;.

(iii) Least-square estimator. An integration by parts yields, for any ¢ € H(div,{2) and
f = f — Ay, with elementwise integral mean fr € P, (T), that

/ V(w —up) - Vods = /(f— ffr)vdx —|—/(ffr + divq)v dx—l—/(Vuh —q)-Vvdz.
Q Q Q Q
After [Rep08, RSS03, CM10], this results in the error estimator

nus == min_ Cpl|fr +dival r2) + [Vun — qllz2(0) + ose(f, T) /7
qeRTH(T)
with (upper bounds of the) Friedrichs’ constant Cr := supyeyn qoy [[v[lL2()/ [Vl Our inter-
pretation of Repin’s variant (without the oscillation split) reads

NREPIN := min C’FHf +divalr2) + IVun — qll L2 @) + osc(f T)/m.
gERTH(T)

This paper studies the least-square variant npg rather than Repin’s majorant nrgpin for

reasons discussed in [CM10, Subsection 4.2].

(iv) Luce-Wohlmuth error estimator [LW04]. Luce and Wohlmuth suggest to solve local
problems around each node on the dual triangulation 7* of 7 and compute some equilibrated
quantity grw. The dual triangulation 7* connects each triangle center mid(7"), T' € T, with
the edge midpoints mid(€(T)) and nodes N (T) and so divides each triangle 7" € T into 6
subtriangles of area |7T'|/6.

Consider some node z € N(T) and its nodal basis function ¢} with the fine patch w}
{¢t > 0} of the dual triangulation 7* and its neighbouring triangles 7*(z) := {T*
T* | z € N*(T)}. Since o, € Py(T) is continuous along dw} NT for any T € T, q- v
op - v € Py(EX(0w})) is well-defined on the boundary edges £*(0w}) of w}. With fr, :=
— J7(f = An)pz dz /|T*| and the local spaces

i

Q(T* = {ThERT()(T* ‘ dIVTh’T*—i-fTZ—OOII T* € T* with
N (T*)NN(T) = {z} and ¢ v = oy, - v along dw} \ 0N},
the mixed finite element method solves

qlor == argmin |[gn — 7|l £2(ws)-
ThEQ(T™*(2))

This choice of the divergence [CMx2] differs from the original one of [LW04] for an im-
proved bound for ||| f — Ay + div grw ||+ with explicitly known constants, namely

If = A+ divauwlll« < [[h7(f — Ap + divguw) | L2 ) /7

For details cf. [CMx2]. The remaining degrees of freedom permit proper boundary fluxes
and

/ qrw - Curly} dz = / Vuy, - Curlpy de for all z € N.
Q Q
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Here, Curl denotes the rotated gradient Curlv := (—0v/0xza,0v/0x1). Then, the Luce-
Wohlmuth error estimator reads

mw = [|[Vup — quw || z2(0) + [[hr(f — Ap + divgow) | 22 () /7

(v) Equilibration error estimator by Braess. Braess [BS08, Bra07] designs patchwise
broken Raviart-Thomas functions r, € RT_1(7 (z)) that satisfy

dier|T:—/(f—Ah)<pZ dz /|T| for T € T(2)
T
[r2-vElg = —|on - VE|E/2 on E € £(z2)NEON)
ry-v=>0 along dw, \ £(0N).
Eventually, the quantity ¢g := o5 + Y .72 € RTo(T) satisfies divgslr = — [5(f —

Ap) dz /|T). The resulting error estimator reads

nB 1= HVuh — qBHLQ(Q) +osc(f — Ay, T)/ﬂ'

(vi) Equilibration error estimator by Ladeveze. The fluxes q; designed by Ladeveze-
Leguillon [LL83] act as Neumann boundary conditions for local problems on each triangle,
cf. also [AO00] for details. Given the local function space H}(T) := HY(T)/Rif [TNTp| =0
and HL(T) := {v € H(T) | v=0o0n 8T NI'p} otherwise, seek ¢ € H(T) with

/¢T-Vvdx:/(f—Ah)vdx—/Vuh-Vvdx—i—/ qr - vrvds
T T T oT

for all v € HL(T). Then the error estimate reads

1/2
llw — unll < nEqr = (Z ||V¢T||%2(T)) :

TeT

(vii) Carstensen-Funken error estimator. The partition of unity property of the nodal
basis functions leads in [CF99] to the solution of local problems on node patches: For every
z € N seek

{ve HL (w:) | HSD;/2VUHL2(WZ) <oo,v=00nTpNdw,} ifzeTlp,

w, € W, :=
T {{v € HL (w.) | 192Vl 12w < 00}/R otherwise

with
/ p.,Vw, - Vudr = / 0:(f — Ap)v de —/ Vuyp - V(pv) de  for all v e W,.

Wz

Then the error estimator reads

1/2
lw — up| < ner = (Z ||¢i/2vwz||%2(wz)> :

2eN

In the computations for ncr and 7Eqr, all the local problems are solved with fourth-order
polynomials for simplicity. The computed values are regarded as very good approximations.
However, strictly speaking the values displayed for ngqr, or ncr are lower bounds of the
guaranteed upper bounds.
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FIGURE 5.1. Red-, blue-, and green-refinement of a triangle.

5.2. Adaptive mesh refinement algorithm and notation. This section explains our
adaptive mesh refinement algorithm and notation for the global upper bound GUB(7yy,).
Throughout this section,

llwpll S |1h20%up /05| L2(r )

denotes the computable upper bound for ||wpl|| from Theorem 2.2. The constant hidden in
< is lower than 1 as proven in [CMx1]. The quantity ||Ar, — JAp|||« is estimated by its upper
bound from Lemma 2.1

1/2
I 2 - 2
14w = Al S ose(Ap,A) = (ZNh min 4 —fznmz)) -

In our computations, the constants hidden in < were set to 1 for simplicity. Moreover, there
is the contact-related contribution

1/2
Lp = (/Q(X —up —wp)J Ay dac) )

Automatic mesh refinement generates a sequence of meshes Ty, 71, T2... by succesive mesh
refinement according to a bulk criterion with parameter 0 < © < 1.

Algorithm. INPUT coarse mesh 7y, 0 < 8 < 1. For level £ = 0,1,2,... until termination
do

COMPUTE discrete solution uy, on 7; (e.g. with the MATLAB routine quadprog) and Ay,
from Section 3.

ESTIMATE by

GUB(nxyz) = (xyz + 0sc(An, N) + 3llwpll) /2 + \/M;% + (Mxyz + 0sc(Ap, N) + [lwp )

with 7y, replaced by any of the estimators nr, nup1, 71s, 7Lw, MEQL, Or ncr from Section 5.1.

MARK minimal set M, C 7, of elements such that the refinement indicators

WD = (TIf — AnlZery + 2 IT1Y21Vunle - vell3a s
Ee&(T)

1 .
+ /T(X — Up — wD)JAh dr +§ Ze%(:T) hz ]I{lé% HAh — JAh(Z)HiQ(wz)

+ Z h%||a§'UD/8S2H%2(E) for all T € Ty,
EcE(T)NE(TD)
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satisfy

Y nI)?P< Y o1

TeT, TeM,
REFINE by red-refinement of elements in My and red-green-blue-refinement (see Figure 5.1)
of further elements to avoid hanging nodes and compute 7Ty, 1.

OUTPUT efficiency index GUB(7xyz)/||le]| and relative contribution 7yy,/GUB(7)xy,) for
Tixyz-

6. NUMERICAL EXAMPLES

This section studies the five benchmark examples from Table 6.1.

TABLE 6.1. Benchmark examples and corresponding section numbers.

] Sec \ Short name \ Problem data \ Feature ‘
6.1 | Square domain fFup#0, x=0 smooth solution
6.2 | L-shaped domain | f #0, x =up =0 corner singularity
6.3 | Square domain f#FxFup#0 cusp obstacle

6.4 | Square domain f=1,x=dist(z,009),up =0 1d contact zone
6.5 | Square domain f=-Ax,x=(1-2?)(y>—1) | non-affine obstacle

6.1. Benchmark Example 1. The first benchmark from [NSV03b] concerns the constant
obstacle Y = Zx = 0 on the square domain € = (—1,1)? subject to smooth Dirichlet data
up(r,p) = r? — 0.49 and right-hand side

—1672 + 3.92 for r > 0.7
frp) = {

—5.8408 4 3.92r* for r < 0.7.
The exact solution of (1.1) reads
u(r, ¢) = max{0, 7% — 0.49}2.

The adaptive algorithm of Section 5.2 ran on uniform and adaptive meshes, one is displayed
in Figure 6.1 on the right-hand side. The contact zone {r < 0.7} is less refined while its
boundary {r = 1} is much more refined than the remaining part of the domain caused by
contributions of the extra terms pj, and osc(Ap, N). Since there is no contact along the
boundary 052, the critical boundary term of Remark 4.5 does not arise and there holds
efficiency as discussed in part one of this paper.

Figure 6.1 displays the convergence history of the exact error for uniform and adaptive
mesh refinement. Since the solution is smooth, we observe the optimal empirical conver-
gence rate 1/2 for uniform mesh refinement and marginal improvement by adaptive mesh
refinement. The concentration on the boundary of the contact zone indeed improves the
convergence rate slightly and supports the heuristic argument of Remark 4.4. In a neigh-
bourhood of the boundary between the contact zone {u = x} and the non-contact zone
{u > x} the mesh is quasi-uniformly contributed with a relatively small local maximal
mesh-size hpqq-

Figure 6.2 compares the efficiency indices Iyy, := GUB(7)xsy)/|€]| of the global upper
bounds GUB()y,y) for the six choices of 7y, and the relative contribution 1yy,/GUB (7).
The efficiency index is around 10 but decreases slowly to values between 1 and 2 except for
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10 F T =
—— uniform |3
—O— adaptive |]

FicUure 6.1. Convergence history of the energy error as a function of the
number of unknowns for uniform and adaptive mesh-refinements (left) and
adaptive mesh on level ¢ =9 (right) in Section 6.1

v GUB,TTell
_y - 1g/GUBM)
@ GUB(,p, Vel
- @ - "wpr/CUBMyp,)
¢ GUBmlell

— ¢ -"g/GUBMY)
e GUB(, el
— % - Nw/GUB(y)
—p— GUB( lllelll
b -ngaUBl g
— A GUB(MNllell]
A e /GUB(,)
. GUB(g el
— <] = Mg /GUB(MEq)

10°

FiGURE 6.2. Efficiency indices of the global upper bound GUB(7)xy,) and
relative contribution of 7).y, to the global upper bound as functions of the
number of unknowns for uniform (left) and adaptive (right) refinement in
Section 6.1.

nr that remains at 10. This is due to the decrease of the extra terms and consistent with
the observation that the relative contribution of 7y, becomes more and more dominant. As
a consequence, there is a significant impact of the accuracy of 7y, on the efficiency of the
global upper bound GUB(1yyy).

6.2. Benchmark Example 2. The second benchmark example from [BC04a] mimics a
typical corner singularity on the L-shaped domain Q = (—2,2)2\([0, 2] x[~2, 0]) with constant
obstacle x = Zx = 0 and homogeneous Dirichlet data up = 0 along 92, with the right-hand
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10 F T =
—— uniform |3
—O— adaptive |]

Ll M| M| I N | M E
10* 10° 10°

FicUrE 6.3. Convergence history of the energy error as a function of the
number of unknowns for uniform and adaptive mesh-refinements (left) and
adaptive mesh on level £ =9 (right) in Section 6.2

side
Fr, @) i= —r?sin(2¢/3) (7/3 (3g/0r)(r)/r + (82g/0r*)(r)) — H(r — 5/4),
g(r) := max{0, min{1, —6s° + 15s* — 105> + 1}}
for s := 2(r — 1/4) and the Heaviside function H. The exact solution reads

u(r, @) = r2/3g(r) sin(2¢/3).

The contact zone {r > 3/4} has a nonvoid intersection with the boundary 0. Hence, the
critical boundary term of Remark 4.5 does not arise and there holds efficiency as discussed
in part one of this paper. Due to the homogeneous Dirichlet data, wp = 0.

The experimental convergence rate for uniform refinement is about 0.4 and adaptive re-
finement improves it to the optimal value 0.5 and, moreover, it shortens the pre-asymptotic
range depicted in Figure 6.3.

Figure 6.4 monitor the efficiency of the upper bound for uniform and adaptive mesh
refinement. In this example, the impact of the extra terms decreases faster and a proper
choice of 7,,. becomes even more important than in the first two Examples. As known from
nvp1 in a posteriori error estimation for Poisson Problems, the upper bound GUB(myp1)
almost arrives at effiency index 1. Figure 6.3 visualises that the adaptive mesh refinement
spares the contact zone. As in the other Examples, all error estimators except nr perform
very well with efficiency indices below 2.

6.3. Benchmark Example 3. The third example from [NSVO03b] involves Q, f and up
from Section 6.1 and the obstacle

:= max{—2,1 — 50 max{|z|, |y|}}

with a cusp. Since the exact solution is unknown, the solution on the triangulation red2(72),
which is obtained by two additional red-refinements of 7T, acts as an approximation of u for
the computation of the energy error |[|u —wupl| on 7. The obstacle is piecewise affine, but not
on the initial coarse triangulation depicted in Figure 6.5 for £ = 0 (left). However, x < Zx
leads to a conforming discretisation. Therefore, GUB is a valid upper bound.

Figure 6.5 on the convergence history indicates that the adaptive mesh refinement algo-
rithm recovers the optimal empirical convergence rate. However, Figure 6.6 conveys that
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FIGURE 6.4. Efficiency indices of the global upper bound GUB(7yy,) and
relative contribution of 7y, to the global upper bound as functions of the
number of unknowns for uniform (left) and adaptive (right) refinement in
Section 6.2.

—— uniform |
—QO— adaptive []

FIGURE 6.5. Convergence history of the energy error as a function of the
number of unknowns for uniform and adaptive mesh-refinements (left) and
adaptive mesh on level ¢ = 12 (right) in Section 6.3

the efficiency indices of all global upper bounds GUB(1yy,) are above 10 for uniform mesh
refinement, and between 6 and 10 for adaptive mesh refinement. The peak at around 300
unknowns in the right-hand side of Figure 6.6 is due to a sudden growth of osc(Ap, N') possi-
bly caused by the gradual revelation of the real obstacle x by the adaptive mesh refinement.
In this example, the overhead terms py, and osc(Ap, N) are not of higher order, so there is
a strong indication that the heuristic argument of Remark 4.4 fails for nonsmooth obstacles
as in this example.

6.4. Benchmark Example 4. In order to explore the limitations of the theoretical results,
the fourth benchmark employs the constant right-hand side f = 1 and the nonaffine obstacle
x(x,y) = dist((z,y), 0) from [BCO4a] of the square domain 2 = (—1, 1)? with homogeneous
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FIGURE 6.6. Efficiency indices of the global upper bound GUB(7yy,) and
relative contribution of 7y, to the global upper bound as functions of the
number of unknowns for uniform (left) and adaptive (right) refinement in
Section 6.3.

—— uniform |3
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FiGURE 6.7. Convergence history of the energy error as a function of the
number of unknowns for uniform and adaptive mesh-refinements (left) and
adaptive mesh on level ¢ =9 (right) in Section 6.4

Dirichlet data up = wp = 0 on I'p := 9. The initial triangulation consists of 4 elements
such that x = Zx. Since the exact solution is unknown, the solution on the triangulation
red?(7;), which is obtained by two additional red-refinements of 7y, acts as an approximation
of u for the computation of the energy error ||u — uyl|| on 7.

In contrast to the first two benchmarks, the obstacle is not globally affine and the contact
zone reduces to the lines

{(z,y) € (0,1)* | y=zory=1—2a}.

While uniform refinement yields the optimal empirical convergence rate, the adaptive
process has a rather long stagnating pre-asymptotic range as shown in Figure 6.7! But, since
the exact energy error is unknown and was approximated by some hierarchic estimator, we
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FIGURE 6.8. Efficiency indices of the global upper bound GUB(#yy,) and
relative contribution of 7y, to the global upper bound as functions of the
number of unknowns for uniform (left) and adaptive (right) refinement in
Section 6.4.

6

cannot say that this holds also for the real energy error. However, the right-hand side of
Figure 6.7 shows an overkill refinement of the adaptive mesh refinement algorithm along
the contact edges due to very high contributions of the extra terms and nonvanishing edge
jumps of Vu on these edges. A similar behaviour was observed in [BC04a] and is expected
for every error estimator that is based on edge jumps of Vuy,.

Since the error estimators have been derived for affine obstacles, the efficiency result of
Section 4 cannot be expected to hold. In fact, Figure 6.8 indicates that the upper bound
GUB(1xy~) is not efficient with respect to ||e[|. The efficiency indices blow up (over 100) for
uniform mesh refinement. Since the relative contribution of 7).y, to the upper bound is nearly
constant, the extra terms do not converge faster than 7yy,, hence are not of higher order
in this example. Adaptive mesh refinement seems to restore the efficiency with efficiency
indices around 20, but this is still not rewarding regarding the poor results on the actual
error reduction on the produced meshes.

6.5. Benchmark Example 5. The last benchmark illustrates that the global upper bound
GUB is also applicable to problems with smooth obstacle x(z,y) = —(2? — 1)(y* — 1) for the
square domain 2 = (—1,1)? and f = —Ax from [GK09] with the exact solution u = .

Due to the homogenous Dirichlet boundary conditions, wp could be set to 0. But this is
a nonconforming obstacle problem with possibly u, ¢ K. Hence the proof of property (3.4)
would fail. Instead, the choice wp := —min{0,u; — x} > 0 after [Fal74] in Theorem 3.2
leads to an admissable test function up + wp € K and the same global upper bound GUB
with the extra terms (only for this section)

1/2
fih = (/Q(X —up —wp)JAp dﬂf) and ||wpl| := [ min{0, up — x}]-

Figure 6.9 shows that the adaptive mesh refinement barely worsens the empirical conver-
gence rate. Figure 6.10 displays that efficiency indices are not as good as in the affine exam-
ples due to the contribution ||wpl|| that is not of higher order when compared to |||u — wup]||.
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FicUrE 6.9. Convergence history of the energy error as a function of the
number of unknowns for uniform and adaptive mesh-refinements (left) and
adaptive mesh on level £ =9 (right) in Section 6.5
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FIGURE 6.10. Efficiency indices of the global upper bound GUB()yy,) and
relative contribution of 7).y, to the global upper bound as functions of the

number of unknowns for uniform (left) and adaptive (right) refinement in
Section 6.5.

But we observe a significant improvement of the efficiency indices through adaptive mesh-
refinement which reduces the relative contribution ||wpl|| to the global upper bound.

7. CONCLUDING REMARKS AND COMMENTS

7.1. Error Control via error estimators for Poisson problems. A posteriori error
estimators 7).y, for Poisson problems can easily be applied by modification of the right-hand
side after Braess [Bra05] and lead to reliable error estimators for obstacle problems with
efficiency indices in the range of 1 to 3. This enables guaranteed error control for variational
inequalities with efficiency almost as accurate as for the variational equations — at least for
affine obstacles. The global upper bound GUB(#)yy,) consists of other contributions that
may dominate on triangulations where the boundary of the contact zone is only roughly
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resolved. Therefore we included their local contributions in the refinement indicators, cf.
n(t) in Section 5.2. Undisplayed experiments have convinced us that without those extra
terms from pyp, + osc(Ap, N) + ||wp]|, the adaptive mesh-refinement yields inferior efficiency
of the GUB.

7.2. Efficiency. For affine obstacles as in Section 6.1, and Section 6.2, we observe efficiency
of GUB(7)xy,) and reasonable adaptive mesh refinement. As a limitation of the theoretical
predictions, Section 6.4 illustrates that efficiency cannot be guaranteed for non-affine obsta-
cles. In that example, none of the a posteriori error estimators leads to an efficient GUB
and the error reduction through adaptive mesh refinement is even inferior to uniform mesh-
refinement. This is also observed for the error estimator suggested in [BC04a]. As shown in
[BHS08], the edge contributions appear to be responsible for the loss of efficiency. Hence, all
estimators that are based on edge contributions are expected to fail in this example; compare
also [VeeOlal.

7.3. Accurate error control pays off. The solve of an obstacle problem is more costly
than the solve of a Poisson problem. Therefore, a sharp error estimator that prevents unnec-
essary over-refinements is even more important for a termination criterion. As for Poisson
problems, apart from the residual-based error estimator 7g, all tested error estimators 7y,
are highly accurate, at least in Section 6.1, Section 6.2 and Section 6.5 where the overhead
terms up and osc(Ap, N') become small. Among the tested error estimators, all more elabo-
rated error estimators performed almost equally well. However, ngqr, and ncr solve the local
problems only approximately, so they are only lower bounds for their associated guaranteed
upper bounds. This may lead to a preference of the least-square error estimator 7npg or the
equilibration error estimators ng of Braess or nrw of Luce-Wohlmuth.

7.4. Adaptive mesh refinement. The adaptive mesh design of this paper is based on the
explicit residual-based error estimator nr. Undisplayed numerical experiments without mesh-
refinement indication based on )y, from Table 5.1 lead to comparable results. This was also
observed for adaptive mesh refinement algorithms for Poisson problems in [BCKO01, CM10].
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