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Abstract. In an obstacle problems with an affine obstacle, homogeneous Dirichlet boundary
conditions, and standard regularity assumptions, the Crouzeix-Raviart non-conforming finite
element method (FEM) allows for linear convergence as the maximal mesh-size approaches
zero. The residual-based a posteriori error analysis leads to reliable and efficient control over
the error with explicit constants. It involves the design of a new discrete Lagrange multiplier and
allows for the computation of a guaranteed upper error bound. A novel energy control for non-
conforming FEMs lead to a computable guaranteed lower bound for the minimal energy. The
paper presents numerical experiments to investigate the theoretical results empirically and so to
explore the possibilities of the non-conforming finite element method with respect to adaptive
mesh refinement in practice.

1 INTRODUCTION

Given a bounded polygonal Lipschitz domain Q c R? with boundary 4, the energy product
a: H'(Q) x H'(Q) — R on the Hilbert space H'(Q) reads

a(u,v) = f Vu-Vvdx forallu,ve H(Q)
Q

and induces the energy semi-norm |||-||| := a(-,-)!/?, which is a norm on the vector space V :=
H)(Q) :={v € H'(Q)| v = 0 on 0Q}. Given some source term f € L*(Q) set F € L*(Q)* by

F(v) = f fvdx forall v e L*(Q).
Q
The obstacle y € H*(Q) N W(Q) satisfies y < 0 along dQ in order to ensure that the closed
and convex subset

K:={veH)yQ) |y <vae} of Hy(Q)
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is non-empty. The well established weak formulation of the obstacle problem seeks u € K such
that
Fv—u)<a(u,v—u) forallveKk. (1.1)

It is well known [KS80], that a unique weak solution u of (1.1) exists. The a priori conver-
gence analysis of [Fal74] provides linear convergence of the error in the H' semi-norm ||e||
for u € H*(Q) approximated by a P; conforming finite element method. The more recent
analysis of [Wan03] for a non-conforming P; FEM requires u € W*?(Q) for some 2 < p and
2<s<24+1/p.

The non-conforming finite element method seeks some approximation in the set Kyc where the
obstacle condition is tested at the midpoints of the edges in a regular triangulation of the poly-
gonal domain into triangles. Hence the term non-conforming refers to the fact that the discrete
solution is not a Sobolev function as well as to the additional fact that the discrete solution ucr
does not satisfy the obstacle condition almost everywhere in the domain.

This paper announces some theoretical results which guarantee linear convergence for the error
in the discrete energy norm for any weak solution u in H*(2) which is in parallel analogy to the
classical result [Fal74] for conforming FEMs. The adaptive mesh-refinement is based on some
a posteriori analysis and the first reliable and efficient error estimators are introduced and tested
in this paper; cf. [BC04], [VeeO1], [CM10], and [Bra05] for conforming first-order methods.
Three computational benchmarks are revisited to empirically verify the theoretical predictions.
The aim is to provide numerical evidence for the guaranteed error control and for the superiority
of adaptive over uniform mesh-refinements.

The rather technical proofs for the underlying theoretical statements utilise the medius analysis
in that they combine arguments from the a priori and a posteriori error analysis and will appear
elsewhere.

The remaining parts of this paper are organised as follows. Section 2 introduces the discreti-
sation of the obstacle problem. Section 3 presents a new a priori error analysis under minimal
regularity assumptions and an a posteriori error result. The paper concerns three computational
benchmark examples in Section 4. The first example discusses a typical corner singularity on
an L-shaped domain. The second concerns a smooth obstacle on a square domain and the third
has a piecewise affine obstacle also on a square domain.

Throughout this paper, the standard notation for Lebesgue and Sobolev spaces and their norms
o2 lllolll = [[Vell;2p) and [|[®]llnc := [Vl 2 and their local variants are used. Moreover
A < B abbreviates A < CB for some generic constant C and A ~ B abbreviates A < B < A.

2 Preliminaries

2.1 Discretisation

Let Q C R? be a bounded polygonal Lipschitz domain partitioned in a shape-regular trian-
gulation 7 into triangles with the set of edges & and interior edges &(€2). Any edge E € & has
length |E|, the midpoint mid(E), the unit normal v and the tangent 75; mid(&E) := {mid(E)| E €
&} denotes the set of all midpoints. The subdivision of each triangle 7" € 7~ into four congruent
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sub-triangles by straight lines through the edges midpoints results in the red-refined triangula-
tion red(7"). For any k € Ny, set

P(T) :={vi : T — R| v is a polynomial of degree < k},
PUT) = (v € LX(QIVT € T, widr € P(T))},
CRYT) := {vcr € P1(T)| ver continuous at mid(E)},
CRy(T) := {ver € CR'(T)| VE € E(Q), ver(mid(E)) = 0},

Kne :={ver € CR(I)(T)I VE € E(Q), JC)(ds < ver(Mid(E))}.
E

The triangulation 7~ is shape regular in the sense that any interior angle of any triangle is
bounded from below by some universal positive constant w, and all the generic constants hid-
den in the notation < may depend on wy > 0. The triangulation 7 is regular in the sense
that any two distinct triangles in 7~ with non-empty intersection are either identical or share
exactly one common node or one common edge. For any triangulation 7, define the (local)
mesh-size hy € Py(7") and L?-projection I : L*(Q) — Py(Q) by hrlr := hy := diam(T) and
Molrf = 4. fdx forall T € 7 and f € L*(Q), with the integral mean f edx := [ edx/[T].
With the piecewise gradient Wcvcr of any discrete function veg € CR!(7), the discrete energy
product anc : CRY(7) x CRY(T") — R reads

anc(Ucr, Ver) = f Wctcr - Weverdx  for all ucg, ver € CRY(T)
Q

and induces the discrete energy semi-norm |||-|[lxc := anc(,-)"? in CR'(7). Owing to the
discrete Friedrichs inequality |[verll2) < llverlline for all veg € CRY(7) (cf. [BSO8]) this is a
norm in CRy(7).

The discrete analogue to the variational inequality (1.1) seeks ucr € Knc with
F(vcr — ucr) < anc(ucr,ver — ucr)  for all ver € Kne - (2.1)

The abstract results on variational inequalities in the Hilbert space (CRl(‘]'), aNC) guarantee the
unique existence of a discrete solution ucg. Each edge E € &(Q) is associated with its edge-
oriented basis function ¥ € CR'(7") such that Yg = 1 along E while yz(mid(F)) = 0 for any
other edge F € E\{E}, and its support wg := U{T € 7| E € &T)}. For each edge E € E(Q),
the solution ucg to the discrete variational inequality (2.1) satisfies the discrete consistency
condition
0 < ucr(mid(E)) — Jg xds L F(Yg) — anc(ucr, yr) < 0. (2.2)
This follows from direct considerations with the degrees of freedom in (2.1) and is the discrete
analogue of the well known (continuous) consistency condition [KS80] for u € leoc(Q) which
satisfies
O0<wu—-y Ll f+Au<0 almosteverywhere in Q. (2.3)
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3 Error Analysis

This section provides an a priori and a posteriori error estimate for the error |||u — ucr|||Inc for
the solutions u and ucg of the continuous and discrete obstacle problem (1.1) and (2.1) as well
as lower bounds of the minimal energy E(u) based on the discrete energy Eyc(ucr)-

Theorem 3.1 (a priori error estimate) The continuous and discrete solutions u € K and ucg €
Knc fo the obstacle problem with u € H*(Q) satisfy

llu = ucrlline S W7 fllgay + || Dul| 2 g

+ 1 = Inc Xl + 1AV — Inc X)) - o
Given the discrete Crouzeix-Raviart solution ucr € Ky, define some function
Aep = Z pr——— with pg := F(yg) — anc(iicr, V&) (3.1)
Ec&(Q) ”l//E | |L2(Q)

for the edge-oriented basis function ¢ € CR'(7") associated to the edge E € &(Q). It holds
Acr(Ver) = f Acrverdx for all veg € CRY(T).
Q

In the sequel, Acg(v) always denotes the L? scalar product of any Lebesgue function v € L*(Q)
with the above A¢cg € CR(l)(‘]'). The following a posteriori error estimate involves the continuous
Lagrange multiplier

A:=F—-a(u,e)e V"

with the L? representation A = f + Au. Define |||A — Aczlll. by

IIA = Ackgllls := sup L(/l—/lcze)(V)dX/IIIVIII-

veV\{0}

Theorems 3.2-3.3 utilise the subset 7 := {T eT | 0 < |{x € T|Acr(x) > O}|} of 7 with the 2D
Lebesgue measure | o | and the oscillations of a function g given by

osc(g, T) = \/Z h31lg = Togll -

TeT

Theorem 3.2 (guaranteed upper error bound) Any v € K satisfies

@ 1/2lllu — ucrllifc + Aw —v) + f (¢ — wllyAcrdx + (x — u)Acrdx
T T\T"

2
< 172 (kew Iy (f = el + 05eClers T jua )+ 17211 = ucxlle
+ f (X - V)Ho/l(;]gdx + f (”CR - V)/ICRdX;
T T\T

@ A = Acrlll. < lllu — ucrlline + osc(f — Acr T)/ jra
+ 1/2|[o(f — Acr) (@ — mid(T))ll 2 + lllecr — VllIne- m]
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The universal constant kcgp < 0.298217419 is derived from an interpolation error estimate for

the non-conforming interpolant Iyc as in [CGR12]. The lower bound for the exact energy E(u)
is given in the following theorem.

Theorem 3.3 (lower bound for the minimal energy) The discrete solution ucg and the con-
tinuous solution u to the obstacle problem satisfy

2
K
@ Enc(ucr) = 7 Wy flljaqy < E@);

2
® Enc(ucr) = (kcx 17 (f = Ace)ll 2y + 05c(Acr, T7)) /2

- f (x — ucr)pAcrdx + f (Inc X = X)Acrdx < E(u). m]
7 T

For any v € K, the a posteriori error estimate of Theorem 3.2 leads to a computable global upper
bound GU B(v) of the five non-negative error terms in LHS (v)

1/2
LHS () :=|lu — ucwlllve + A — )7 + ( f Acxllo(y — u)dx)
T/

12
+ (f (Incx — MMCRdX) + [[IA = Acrllls £ GUB(v)
T

GUB®) :=lhy(f — Acw)ll;20) + 0s¢(Acr, T7) + [llv — ucrlline

1/2 1/2
+ (f /lCRHO(X - V)dX) + (f /lCR(uCR - V)d)C)
T T\

+0sc(f = Acr, T) + |[Lo(f = Acg)(® = mid(7))ll 2 -

This reliable error bound is efficient in the sense that the converse inequality holds up to some
generic factor hidden in the notation < and up to data oscillations.

Theorem 3.4 (efficiency) Any function v € K with |||u — V||| < ||lu — ucrllInc satisfies
GUB(v) < LHS (v) + osc(f,T) + osc(4, 7). O

4 Computational Benchmarks

This section is devoted to the presentation of a novel adaptive mesh-refinement algorithm
and the empirical investigation of the superiority of adaptive over uniform meshes, the compu-
tational comparison of conforming and non-conforming first-order FEMs and the verification
of the guaranteed error and energy bounds in practice.

4.1 Numerical Realisation

Adaptive Algorithm. INPUT is a coarse mesh 7, and a parameter 0 < 6 < 1.
LOOP For level ¢ =0, 1, 2, ... until termination do
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COMPUTE the discrete solution ucg on 7, with ndof many unknowns with code similar to
[ACF].

ESTIMATE the error |||u — uCR|||IZ\,C with any of the estimators 1p1,ed, NEnergy» 172 defined below.
Theorem 3.2 leads to an estimator

2
m(T) := (KCR g (f = Ace)l2r) + Osc(Ack, T)/]l,l) + v = ucrllljeer + 21(T)

where

/l ’T f T ,, — H/l d f T /’
OSC(/ICR,T)::{ 0sc(Acg,T) forT € T I(T)::{ f()( WIAcgdx for T € T~

0 forT €T \7, [ (ucg = v)acrdx for T € T\ T

The estimator depends on a function v € K. Three different possibilities @ —@© for v €
Pi(red(7)) N Cy(Q) N K are presented in this paper all of which follow from linear interpo-
lation once the values at the nodes are defined.
(@ vpyreq 18 computed in two steps. In a first step a function w, is defined to equal ucg(mid(E))
at the edges’ midpoints and the values at a node z € N(Q) are chosen such that on the patch
w; wy minimises 1/2[|lw - uCR”lNC(u) ot f (¢ —w)pAcrdx + f (ucr —wW)Acrdx over all function
w € Pi(red(7)) N Cy(Q). This is a one dimensional minimisation problem. In a second step set
v := Pg(w,) where Pk is the projection onto the set of admissible function with respect to the
energy norm.
® VEnergy 18 computed in two steps. In a first step a function w, is defined which equals
ucr(mid(E)) at the edges’ midpoints and the values at a node z € N(Q) are chosen such that on
the patch w? w, minimises E(w) — Eyc(ucr) locally over all function w € Py(red(7)) N Co(£2).
This is a one dimensional minimisation problem. In a second step set v := Px(w,) where Pk is
the projection onto the set of admissible function with respect to the energy norm.
(© vy, is set to the arithmetic mean of the different values of ucg at the nodes. The values at the
edges’ midpoints are chosen such that J% vy ds = ucr(mid(E)) along any edge E € &.
Those three functions lead to the error estimators 7pi,eq, Menergy> 172
With Theorem 3.3 estimate the lower bounds y;, (j = 1,2) for the energy defined as
K%‘R 2
ti =Enclucr) = == 7 fll2

2
p2 :=Enc(ucr) = (kcr 17 (f = Acw)llz) + 05c(cr, T7)) /2
- f (x — ucr)odcrdx + f (Inc X — X)Acrdx.
T T\T

MARK the minimal set M, C 7 such that

0> < > ).

TeT, TeM,

REFINE by red-refinement of elements in M, and red-green-blue-refinement of further ele-
ments to avoid hanging nodes and compute 7. od

OUTPUT efficiency indices /Y77 72(T)/|llu — ucrllIne-
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4.2 L-Shaped Domain
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Figure 4.1: Convergence history of the exact errors for the non-conforming and conforming FEM on uniform and
adaptive meshes (left) and efficiency indices (right) of the three different error estimators for the non-conforming
scheme as functions of the number of unknowns on adaptive and uniform meshes for the Example 1 with the error
estimators from Theorem 3.2.
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Figure 4.2: Adaptive mesh with refinement indicator 7p;,.4 (left) and E(u)—lower bound for the lower bounds y;
and u, of the exact energy E(u) on uniform and adaptive meshes for Example 1.

The first example from [BCO04] involves the L-shaped domain Q := (=2, 2)*\([0, 2] x
[-2, 0]), the obstacle y := 0, the Dirichlet data up := 0, and the source term

f(r, @) := —=r*Psin(2p/3)(7/3(8g/0r)(r) 1 + (8°g/0r*)(r)) — H(r — 5/4)
g(r) := max{0, min{1, 65> + 15s* — 105’ + 1}} for s := 2(r — 1/4)
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with the Heaviside function H. The exact singular solution reads

u(r, ) = r*g(r) sin(2p/3)

and has a typical corner singularity at the re-entrant corner. The experiments on uniform meshes
show an experimental convergence rate of approximately —0.44 in terms of the number of de-
grees of freedom which appears suboptimal when compared with the optimal rate —1/2 for
linear convergence for the conforming and the non-conforming finite element method. The
non-conforming FEM leads to efficiency indices between 1.6 and 3 as shown in Figure 4.1 on
the right. For the calculation of the efficiency index it needs to be taken into account, that the
error estimator does not only estimate |||lu — ucg||nc but also the terms

1/2
lle = wcrlline + Al =)' + ( f AcxTlox - u)dx)
7'/

1/2
+ (f (Incx — u)/lczedX) + IA = Acrlll-
T\T”

The computation of the entire exact error will lead to even better efficiency indices. The adaptive
algorithm for the non-conforming method, with 7py,.4 as the refinement indicator, leads to an
improved convergence rate of approximately —0.5. An adaptive algorithm for the conforming
scheme shows the same behaviour (see Figure 4.1 on the left). This indicates, that the error
estimators yield good results on unstructured grids as well as on uniformly refined meshes.
The efficiency indices for the non-conforming method on an adaptive mesh are comparable to
the efficiency indices on uniform meshes (see Figure 4.1). Furthermore the mesh displayed in
Figure 4.2 (left) shows, that the contact zone is less refined by the refinement indicator 7p1,eq
then the area around the re-entering corner at the point (0, 0), although the boundary of the
contact zone is well refined and clearly visible. The lower bounds for the minimal energy
E(u) show very similar behaviour. Both lower bounds converge slightly faster for the adaptive
algorithm with 7p;,.; as a refinement indicator, than on uniform meshes as demonstrated in
Figure 4.2 on the right.

4.3 Smooth Obstacle

This example from [GK09] on the square domain Q := (-1, 1)? involves the smooth obstacle
x(x,y) := —=(x*> — 1)(y* — 1), the homogeneous Dirichlet data up|sq := 0 and the source term
f := Ay. The exact solution to this problem reads u = y. On uniformly refined meshes both
the conforming and non-conforming finite element method lead to an experimental convergence
rate of —0.5. Both methods converge with the same convergence rate for an adaptively refined
mesh; cf. Figure 4.3 on the left. The non-conforming scheme leads to good efficiency indices.
Again it needs to be taken into account, that more terms of the exact error are estimated. Figure
4.3 right shows the efficiency indices both for a uniform mesh and an adaptive mesh. For this
example the adaptive algorithm leads to an almost uniform refinement of the entire domain,
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Figure 4.3: Convergence history of the exact errors for the non-conforming and conforming FEM on uniform and
adaptive meshes (left) and efficiency indices (right) of the three different error estimators for the non-conforming
scheme as functions of the number of unknowns on adaptive and uniform meshes for the Example 2 with the error
estimators from Theorem 3.2.

although the central part and the corners are refined more strongly as can be seen in Figure 4.4
on the left. The adaptive refinement does not indicate the contact zone for this problem. The
lower bounds for the minimal energy are comparable for this example as well. They converge
with a very similar behaviour both on uniform meshes and on an adaptively refined mesh with
the refinement indicator 7py,.; although the adaptive algorithm leads to slightly better results
(see Figure 4.4 on the right).

4.4 Pyramid Problem

This example from [BCO04] has an unknown exact solution u. The experiment is conducted on
the square domain Q := (=1, 1)* and involves the pyramidal obstacle y(x,y) := dist(x, y, 6Q).
This experiment has homogeneous Dirichlet data and the constant source term f := 1. The exact
solution is approximated by solving the discrete problem after two additional red refinements
in each step. Both the conforming and the non-conforming scheme lead to the experimental
convergence rate of —0.5 on uniform meshes, as can be seen in Figure 4.5 on the right. The
adaptive algorithm does not show this convergence rate but rather has very bad convergence.
On uniform meshes additional undocumented experiments show that the error estimator for the
non-conforming finite element method only converge with a convergence rate of —0.3. The
efficiency indices in Figure 4.5 on the right confirm this, as they do not tend to a constant value
but continue to rise. This does not contradict Theorem 3.2 as the error estimate is still reliable.
The efficiency in Theorem 3.4 is shown for all the error term |||u — ucr||Inc + I|A — Acrlll« + A(u—
V) + fQ Acrllp(xy — u)dx. The numerical experiments only considers the error term |||u — ucg||Inc
and hence indicate that the remaining terms have more impact on the overall error then in the
other examples. Furthermore, the approximation of u by two additional red refinements might
not be a good approximation and can lead to errors. The mesh created by the adaptive algorithm
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Figure 4.4: Adaptive mesh with refinement indicator 17p1,.q (left) and E(u)—lower bound for the lower bounds
and u, of the exact energy E(u) on uniform and adaptive meshes for Example 2.

depicted in Figure 4.6 on the left demonstrates very clearly the one-dimensional contact zone,
which is the union of the two diagonals. The area towards the diagonals is much more refined.

Figure 4.6 on the right shows the quality of the lower bounds of the exact energy. As in the
examples before the lower bound u; shows the better convergence. This holds true, both for
the adaptive algorithm with the refinement indicator 7p,.; and for the calculation on uniform
meshes. In this example the initial mesh is aligned with the obstacle and hence it does not make
a big difference whether the adaptive or the uniform mesh design is employed.

5 Conclusions

The numerical experiments confirm the theoretical results from Section 3. It is clearly shown
that guaranteed upper error bounds are possible even for a non-conforming discretisation of the
non-linear obstacle problem. The accuracy of the non-conforming method differs from those
of the conforming scheme only by a multiplicative constant, but overall they show the same
convergence rate in terms of the number of degrees of freedom. This is in contrast to the state-
ment on page 111 in [BraO7]: In the numerical experiments of this paper, even for a singular
solution, the convergence rate is comparable for conforming and non-conforming FEMs; cf.
[CPS12] and the website [Bra].

The first two benchmark examples show that an adaptive algorithm leads to the optimal conver-
gence rate of —0.5 whereas, in Example 1, the uniform algorithm only leads to a convergence
rate of —0.44. The third benchmark example does not show this improved behaviour with re-
spect to the convergence rate but, nonetheless, the adaptive algorithm leads to an improvement
of the efficiency indices. For uniform refinement the error control for this example is not effi-
cient, but this proves to be the case for adaptive refinement.

The lower bounds of the minimal energy show that the bound p; is preferable to the lower
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Figure 4.5: Convergence history of the exact errors for the non-conforming and conforming FEM on uniform and
adaptive meshes (left) and efficiency indices (right) of the three different error estimators for the non-conforming
scheme as functions of the number of unknowns on adaptive and uniform meshes for the Example 3 with the error
estimators from Theorem 3.2.

bound p,, although in the examples at hand, the difference between the two estimates, as well
as between uniform and adaptive mesh refinement is marginal. All three experiments conducted
for this paper show that an adaptively refined mesh also leads to better lower bounds for the en-
ergies.

All the adaptive refinements were done with the error estimator 77p;,., as a refinement indicator.
Undocumented experiments show that the same adaptive algorithm with either 17, Or 7gergy as
refinement indicators establish comparable results.
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