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Abstract. A new finite element formulation for the Kirchhoff plate model is presented. The
method is a displacement formulation with the deflection and the rotation vector as unknowns, and
it is based on ideas stemming from a stabilized method for the Reissner—Mindlin model [R. Sten-
berg, in Asymptotic Methods for Elastic Structures, P. Ciarlet, L. Trabucho, and J. M. Viano, eds.,
de Gruyter, Berlin, 1995] and a method to treat a free boundary [P. Destuynder and T. Nevers,
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error estimates are derived.
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1. Introduction. A conforming finite element method for the Kirchhoff plate-
bending problem requires a C''-continuity and hence leads to methods that are rarely
used in practice. Instead, either a nonconforming method is used or the model is
abandoned in favor of the Reissner—-Mindlin model. For the latter, there exist several
families of methods that have rigorously been shown to be free from locking and
optimally convergent.

A natural idea is to consider the Kirchhoff model as the limit of the Reissner—
Mindlin model when the plate thickness approaches zero and to use a good Reissner—
Mindlin element with the thickness (after a scaling, see below) representing the pa-
rameter when penalizing the Kirchhoff constraint. In this approach, there are two
obstacles. First, for a free boundary, this leads to a method which is not consistent.
This inconsistency significantly reduces the convergence rate of the method. In the
literature, this point is often ignored since mostly the clamped case is considered. A
remedy to this was developed by Destuynder and Nevers, who showed that the con-
sistency is obtained by adding a term penalizing the tangential Kirchhoff condition
along the free boundary [7]. Even if this modification has been done, there remains
a second drawback. In order for the solution to the penalized formulation to be close
to the exact solution, the penalty parameter should be large. This, however, leads to
an ill-conditioned discrete system.

The free boundary inconsistency of the limit problem is closely related to the
strong boundary layer of the Reissner—-Mindlin plate problem with free boundaries.
For Reissner—Mindlin plates, the presence of free boundaries significantly reduces the
regularity of the solution and hence decreases the convergence rate of finite element
approximations [1, 10, 5]. In [5, 2], the regularity of the solution has been improved by
modifying the boundary conditions for free boundaries. These modifications imitate
the boundary conditions of the Kirchhoff model as well as couple the variational
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spaces for the deflection and the rotation through the tangential Kirchhoff constraint
along free boundaries. Adopting the modified boundary conditions on the discrete
level it has been proved in [5, 2] that a set of finite element methods maintain their
optimal order of convergence in the free boundary case. However, it can be seen as
a drawback that all of these methods follow the mixed formulation with the shear
force as an additional unknown. For positive values of the thickness parameter ¢, as
usual, the corresponding displacement formulations can be achieved by condensing the
shear force from the formulation. For the limit case ¢ = 0, however, this possibility is
excluded due to the nominator ¢2 of the factor penalizing the Kirchhoff condition. For
this reason, applying these methods for Kirchhoff plates requires a mixed formulation
with the additional shear force degrees of freedom.

Our aim in the present paper is to present a family of Kirchhoff plate-bending
elements which follows the displacement formulation and for which the convergence
rate is optimal even in the presence of free boundaries. The method is a formula-
tion combining the ideas from the stabilized method for Reissner—Mindlin plates pre-
sented in [13] and the treatment of the free boundary presented in [7]. Altough the
method resembles the one with the linked interpolation technique in [2] for Reissner—
Mindlin plates, it has been independently derived for the Kirchhoff plate problem
with free boundaries. The family includes “simple low-order” elements, and it is well-
conditioned. In the second part [3] of this paper, we give the results of numerical tests
and a more detailed and constructive motivation for the method (cf. [4] as well).

The paper is organized as follows. In the next section, we describe the plate-
bending problem, and in section 3, we introduce the new family of finite elements. In
section 4, an a priori error analysis is derived. This analysis leads to optimal results,
with respect both to the regularity of the solution and to the polynomial degree used.
In section 5, an a posteriori error analysis is performed. We derive a local error
indicator which is shown to be both reliable and efficient.

2. The Kirchhoff plate-bending problem. We consider the problem of bend-
ing of an isotropic linearly elastic plate and assume that the undeformed plate mid-
surface is described by a given convex polygonal domain Q C R2. The plate is
considered to be clamped on the part I'c of its boundary 99, simply supported on
the part I's C 99, and free on I'r C 9. The deflection and transversal load are
denoted by w and g, respectively.

In what follows, we indicate with V the set of all corner points in I'r. Moreover,
n and s represent the unit outward normal and the unit counterclockwise tangent
to the boundary, respectively. Finally, for points x € V, we introduce the following
notation. We indicate with n; and s; the unit vectors corresponding, respectively, to
n and s on one of the two edges forming the boundary angle at x; with no and s, we
indicate the ones corresponding to the other edge. Note that which of the two edges
correspond to the subscript 1 or 2 is not relevant.

The classical Kirchhoff plate-bending model is then given by the biharmonic par-
tial differential equation

(2.1) DA?w =g in Q,

the boundary conditions

w =0, — = on I'c,
on

w =0, n-Mn=20 on I'g,
0

(2.2) n-Mn =0, £(3~Mn)+(divM)-n:O on I'p,
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and the corner conditions

(2.3) (51 Mny)(z) = (s2- Mny)(z) Vo € V.
Here

Et?
(2.4) D= 20 =07)

is the bending rigidity, with E, v being the Young modulus and the Poisson ratio for
the material, respectively. Note that for the shear modulus G it holds that

E
The moment tensor is given by
(2.6) M (Vw) = D((1 — v)e(Vw) + vdiv(Vw)I),

with the symmetric gradient e, and the shear force by
(2.7) Q = —divM.

Note that the independence of the Poisson ratio v in the differential equation (2.1) is
a consequence of cancellations when substituting (2.6) and (2.7) into the equilibrium
equation

(2.8) —divQ = g.

For the analysis below, it will be convenient to perform a scaling of the problem by
assuming that the load is given by g = Gt3f, with f fixed. Then the differential
equation (2.1) becomes independent of the plate thickness:

1

(2.9) ]

Aw=f in Q.

Furthermore, we use the following scaled moment tensor m:
(2.10) M (Vw) = Gt*m(Vw),

and the shear force q is defined by

(2.11) Q = Gt’q.

The unknowns in our finite element method will be the approximations to the
deflection and its gradient, the rotation 8 = Vw. With this as a new unknown, our
problem can be written as the system of partial differential equations

(2.12) Vw -3 =0,
(2.13) —divg = f,
(2.14) LB+q=0 inQ,

the boundary conditions

(2.15) w=0, 68=0 on I'c,
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(2.16) w=0,8-5=0,n-m({Bn=0 on I'g,

2.17 w ~0 _o, 2 —0onT
217) o —=B-s=0, n-m(Bn=0, 5-(s-m(B)n)—q-n=0on Tk,
and the corner conditions
(2.18) (s1-m(B)n1)(z) = (s2-m(B)ny)(x) Vz eV,

The operator L is defined as
(2.19) LB = divm(B),
and the scaled bending moment is considered as a function of the rotation:

(2.20) m(@) = - <E(B) n

v

6

1—v

div 8 I) .
In what follows, we will often write m instead of m(3). We further denote

(2.21) a(B,m) = (m(B),e(n)).

In order to neglect plate rigid movements and the related technicalities, we will
in what follows assume that the one-dimensional measure of I'¢ is positive.

3. The finite element formulation. In this section, we will introduce our finite
element method. Even if our method is stable for all choices of finite element spaces,
we will, for simplicity, present it for triangular elements and for the polynomial degrees
that yield an optimal convergence rate. Hence, let a regular family of triangular
meshes on ) be given. For the integer k > 1, we then define the discrete spaces

(3.1) Wip={veW | vk € Pepr(K) VK € Ch},
(3.2) Vi={neV | ng e [P(K)]* VK €C},
with

(3.3) W={veH' (Q)|v=00onTcUTs},

(3.4) V={neH'Q)|n=00oTlc, n-s=0onTlg}.

Here Cj, represents the set of all triangles K of the mesh, and Py (K) is the space of
polynomials of degree k on K. In what follows, we will indicate with hx the diameter
of each element K, while h will indicate the maximum size of all of the elements in
the mesh. Furthermore, we will indicate with E a general edge of the triangulation
and with hg the length of E. The set of all edges lying on the free boundary I'r we
denote by Fy,.

Before introducing the method, we state the following result which trivially follows
from classical scaling arguments and the coercivity of the form a.

LEMMA 3.1. There exist positive constants Cp and C} such that

(3.5) Cr Y Wk|LolR x <alg,d) Ve Vi,
KecCy,
(3.6) Cr > helmus(D)5e <ald,¢) Vo€ Vi,

EcF,
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where the operator mps(¢) = s - m(d)n, with n,s, being the unit outward normal
and the unit counterclockwise tangent to the edge E, respectively, and with m defined
in (2.20).

Let two real numbers v and « be assigned: v > 2/C} and 0 < a < Cj/4. Then
the discrete problem reads as follows.

Method 3.1. Find (wp, B),) € Wi X Vi, such that

(3.7) Ap(wn, Bpsv,m) = (f,v)  Y(v,m) € Wy, X Vy,
where the form Ay, is defined as

(3.8) An(z, ¢;v,m) = Br(z, ¢;v,m) + Di(z, ¢;v,m),
with

Bh(zv d);v? 77) = a(d)v 77) - Z ah%((Ld)? Ln)K

KeCy,
(3.9) + Z ﬁ(w — ¢ —ah¥ Lo, Vv —n —ahi.-Ln)k
KeCy K
and
Di(z, ¢;v,m) = (mns(@), [Vo =] - 8)rp + ([V2 — @] - 8, mns(0))1s
(3.10) Y Vel s Vo] )

EecF,

for all (z,¢), (v,n) € W), x V},. Here (-, -)rp and (-, ) denote the L2-inner products
on I'r and F, respectively.

The bilinear form B;, constitutes the Reissner—Mindlin method of [13] with the
thickness ¢ set equal to zero, while the additional form Dy, is introduced in order to
avoid the convergence deterioration in the presence of free boundaries.

Furthermore, we introduce the discrete shear force

1
(3.11) qnKx = W(th — B), — b LBy, x VK € Cy.
K

We note that, due to (2.14) and (2.12), it holds that

1
(3.12) qx = @(Vw — B — ahi LB)x VK € Ch,

and hence it follows that the definition (3.11) is consistent with the exact shear force.
For simplicity, in the rest of this section we assume that the deflection w belongs to
H3(Q); this is a very reasonable assumption, as discussed at the end of this section.
Note as well that, with some additional technical work involving the appropriate
Sobolev spaces and their duals, such an assumption could probably be avoided. The
following result states the consistency of the method.
THEOREM 3.2. The solution (w, 3) of the problem (2.14)—(2.18) satisfies

(3.13) Ap(w, B;v,m) = (f,v)  Y(u,m) € Wy, x V.
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Proof. The definition of the bilinear forms in Method 3.1, recalling (2.14) and the
expression (3.12), give

By(w, B;v,m) = a(B,m) — > ahi(LB,Ln)k

KecCy,
+ Z Vw B — ah% LB, Vv —n— ahlLn)k
KEC}L
=a(B,m) + Z ahic (g, In)k + Y (q,Vv—mn— ahiLn)k
KecCy, Kecy,
(3.14) =a(B,n) + (g, Vv —mn).

First, by the definition (2.21), then integrating by parts on each triangle, and finally
using the regularity of the functions involved, and the boundary conditions (2.15),
(2.16) on I'c, T's, respectively, we get

a(B,m) + (g, Vv —n) = (m(B),e(n)) + (g, Vv —n)
(3.15) = —(LB+q,n) + (m(B) -n,n)r; — (divg,v) + (g n,v)r;.

Recalling (2.14) and (2.13), the identity above becomes

3.16)  a(B,m) + (¢, Vo—n) = (f,v) +(m(B) -n,mr: + (g -1, V)1,

while using the boundary conditions of (2.17) on I'r and integration by parts along
the boundary finally leads to

(3.17) a(B;m) + (g, Vv —n) = (f,v) = (mns(B), [Vo —n] - 8)1..
Due to (2.17), we have

Dh<wa/8;v7n) = <mns(/6) [VU - ] ) S>FF + <[V’U) - /6] : 37mn8(n)>FF
—I—Z Vw—,@]~s,[Vv—n]-s>E

EE]‘-;,
(318) = <mns(/6)7 [VU - 77] ’ 8>FF'

The result now directly follows from (3.14), (3.17), and (3.18). a
Remark 3.1. If the Reissner—-Mindlin method of [13] without the additional form
Dy, is employed by setting ¢t = 0, then in the presence of a free boundary we obtain

(319) Bh(w IBa 777) (f? ) <mns(/6)a [V'U - 77] : S>FF V(UK’I) S Wh X Vh~

Therefore, this would lead to an inconsistent method. We return to this in Remark
4.1 below.

4. Stability and a priori error estimates. For (v,n) € W}, xV},, we introduce
the following mesh-dependent norms:

@1) [, mlz= Y BEIVe =l k,

Kecy,

42) Pl =lolf+ D> Bx+ Y hp

KeCy, E€Ty
(4.3) .l = [l + vll2.n + [0, 7)]n,

ov
on

+ > byt

ECTc

)

0,E

611,



C° FINITE ELEMENTS FOR KIRCHHOFF PLATES 2053

where [-] represents the jump operator and Z;, denotes the edges lying in the interior
of the domain (2.

In [12], the following lemma is proved.

LEMMA 4.1. There exists a positive constant C such that

(4.4) [[v

2n < C(llnlls + vl + [(v,m)[n)  ¥(v,m) € Wh x Vi

Using the Poincaré inequality and the previous lemma, the following equivalence
easily follows.
LEMMA 4.2. There exists a positive constant C such that

4.5)  Cllw,n)ll[n < lInlly + [0, m)n < ([0, lln Y(v,n) € Wi X Vi

We now have the following stability estimate.
THEOREM 4.3. Let 0 < a < Cy/4 and v > 2/C%. Then there exists a positive
constant C' such that

(4.6) An(v,m30,m) > Clll(v,ml; V(v,m) € Wiy x V.

Proof. Using the first inverse estimate of Lemma 3.1 we get

Bh(van;van)
1
=a(n,m) — Y oblInllfx+ Y o IVe—mn- ah L5 x
KeC, Kec, K
a 1
(4.7) > (1 - C) a(mm) + > Ve —mn— ahi Ln||§ k-
I KeCy K

Next, using locally the arithmetic-geometric mean inequality with the constant v/hg
then the second inverse inequality of Lemma 3.1, we get

Dh (U7 v, 77)
g
= 3 (2macn). [T =] s)e+ 7 [T0 = 3 )
EcF,
Y - Y
>3 (= Vo=l sld e = v R s 2 + 3 IVe = n] - s )
EcF; hE hE

- Z 771hE ”mns(n)”(Z),E
EecFy,

48) > -1 afmm) = —L an,m)
0) =2 C} n,n) = B n.n).

Joining (4.7) with (4.8) and using Korn’s inequality we then obtain

By, (v,n;v,m) + Dr(v,m;v,m)

1 « 1
> (- — — —n — ah? Ln|?
> (3 &}mmiga@wUnaKwM
h
1
(4.9) > (Il + Y. — V0 —n - ahkLnl 1 ).
K

Kecy,
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From the triangle inequality, again the inverse estimate of Lemma 3.1, and the bound-
edness of the bilinear form a, it follows that

1
—5 Vv —n
Z oeh%(

Kecy,
1
<2 ( Z WHVU*U*OW Lf x + Z ||ahKL77||o K>
Kee, K Kecy, @
1
<2 X IV okl 3 o nLnnM)
Kecy K Kecy

IA

1
C ( Z WHVU -1n-— ah%LnH%,K + a(’hﬂ))

KeCy, K

1
(110) <C ( S Vo -0 — al Ll + n||%> 7

Kecy, K

which combined with (4.9) gives

(4.11) An(v,m50,m) = C(Inllf + (v, m)]7)-

The result then follows from the norm equivalence of Lemma 4.2. ]

We can now derive the error estimates for the method. We note that the assump-
tions of the theorem are supposed to be valid for the further results below as well and
hence are not repeated in what follows.

THEOREM 4.4. Let 0 < o < Cr/4 and v > 2/C%. Let (w,3) be the exact solution
of the problem, and let (wp, B;,) be the approzimate solution obtained with Method
3.1. Suppose that w € H**Y2(Q), with 1 < s < k. Then it holds that

(4.12) I (w = wn, B=Bp)llln < Ch*|lwl|sy2.

Proof. Step 1. Let (wr,B;) € W), x V}, be the usual Lagrange interpolants to
w and 3, respectively. Using first the stability result of Theorem 4.3 and then the
consistency result of Theorem 3.2, one has the existence of a pair

(4.13) (v,m) E Wi x Vi, |l(v,n)ll[n <C

such that

I (wn = wr, B, = Br)ll|n < An(wn —wr, By, — Briv,m)
(4.14) = Ap(w —wr, B — Briv,m),

where we recall that A;, = By, + Dj,.
Step 2. For the Bj-part, we have

Bu(w—wr,B-Brv,m) =aB-Brm) — Y ahi(L(B-B;), Ln)k

KecCy,

(415) + D —(V(w—wr) = (BB, — ahiL(B - B;), Vv —n — ahj Ln)x

KECh
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Due to the first inverse inequality of Lemma 3.1, we get

1/2
(4.16) (Z |l Ln|l5 K> < Cll[(v,m)|n
KeCp
and
. 1/2
(417) (Z an—n—ahiLmaK) < Il m)ln-
KeCy, K

Using these bounds in (4.15) and recalling (4.13), we obtain

Bh(w_wfaﬁ_ﬂl;van)

1/2
(4.18) < C | I(w —wr, BB+ ( > hkIB—-Bil3 K>

KeCy

Substituting the definition of the norm (4.3) in (4.18), using the triangle inequality,
and finally applying the classical interpolation estimates, it easily follows that

(4.19) Bu(w —wr, B~ Br:0,m) < Ch* (Jwll sz + [1B.1).

Step 3. For the Dy-part in (4.14), we have, by the definition (3.10),

Dh(w —wr, B — 51;0777) = <mn9(/6 - 6[)7 [vv - 7” : S>FF
H{[V(w— WI) (B =B8]+ s, mns(n))re
+Z V(w—wr) = (B8] s[Vo—n]-s)k
E€.7:h
(420) = T1 + T2 + Tg.
Scaling arguments give

(4.21) [[Vv—mn]- 3||0E< ||VU—77||0E<Ch y ||VU 77||(2),K(E)

for all E € F,, where K (E) is the triangle with E as an edge. The [2-Cauchy-Schwarz
inequality, the bound (4.21), and the norm definition (4.3) now give

1/2 1/2
E> ( Z hl_<1(E)||[VU -] S”%E)

EcFy,

T < ( Z hK(E)HmHS(ﬁ_ﬁI) (%,

EcF,

1/2
(4.22) <C<Z hic(e) lmns(B = Bl E) (o, m)l]n-

EcFy

Recalling the bound (4.13), classical polynomial interpolation properties give

1/2
(4.23) h<C < > hiwlImans(8 - Bz)llﬁ,E> < CL?|Bls+1-

EcF,
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Again, by scaling we have
(4.24) Imas(mIB 5 < highy Il ey VE € Fi

The [2-Cauchy—Schwarz inequality, this bound, and the norm definition (4.3) give

1/2 1/2
T, < < > bk IV(w —wr) — (8- ﬂz)ll%,z;) ( > hK<E>||mns(n)II3,E>

EecFy, EcFn

1/2
(4.25) sc(Z h;tE)||V<w—w1>—<ﬂ—ﬁ1>||3,E> (o, mll.

EcF,

Recalling the bound (4.13), classical polynomial interpolation estimates give

1/2
T, <cC ( S it IV (w0 = 1) — (8- m)H%,E)

EcFy
(4.26) < CR*([IBlls+1 + [[wlls+2)-

The bound for T3 follows by combining the same techniques used for 77 and T5;
we get

(4.27) Ty < OR* (I8]ssr + 0]l ar).

Now, joining all of the bounds (4.14), (4.19), (4.20), (4.23), (4.26), and (4.27) we
obtain

(4.28) l(wn —wr, By = B)lln < CR*(1Blls+1 + [wls+2)-

The triangle inequality and the classical polynomial interpolation estimates (recalling
that 8 = Vw) then yield

(4.29) ll(w —wn, B = Bu)llln < Ch*(IBlls+1 + lwllst2) < Ch*[|w]]s42.

Note that the result holds for real values of the regularity parameter s since the
interpolation results used above are valid for real values of s. 1]

Remark 4.1. As noted in Remark 3.1, the limiting Reissner—-Mindlin method
(i.e., without the additional correction Dy) is inconsistent. Regardless of the solution
regularity and the polynomial degree k, the inconsistency term can be bounded only
with the order O(h'/?). As is well known (see, for example, [10]), the inconsistency
error is a lower bound for the error of finite element methods. As a consequence,
the numerical scheme will not converge with a rate better than h'/2 if T'p # (). This
observation is also confirmed by the numerical tests shown in [3]. See [6] for other
numerical tests regarding this issue. Note further that this boundary inconsistency
term is connected not only to the formulation in [13] but is common to any other
Kirchhoff method which follows a “Reissner—Mindlin limit” approach.

For the shear force, the practical norm to use is the discrete negative norm

1/2
(4.30) [rll—1,n = (Z h%(|7°|3,1<> :
Kecy,
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Since we assume that w € H*+2(Q), with s > 1, we have q € [L?(Q)]?, and from the
estimates above the lemma immediately follows.
LEMMA 4.5. It holds that

(4.31) lg = gnll-1.n < CP7||w]|s42.

From this follows a norm estimate in the dual to the space
(4.32) V.={nelH'(Q))In=0onTc, n-s=00onTpUTls},

i.e., in the norm
(433) el 1o = sup 2
nev. [nll
We have the following result.

LEMMA 4.6. It holds that
(4.34) lg = qpll-1.+ < OF°|[w]s42.

Proof. The proof is essentially an application of the “Pitkdranta—Verfiirth trick”
(see [11, 14]). By the definition of the norm || - |1, there exists a function n € V,
such that
(4.35) lga—anl-1+ < (@—aunm), Inli<C

Using a Clément-type interpolant we can find a piecewise linear function n; € V.,
such that it holds that

(4.36) hitn —n;

for all K € Cj. Using the Cauchy—Schwarz inequality, the bound (4.36) with s = 0,
and the definition (4.30), it follows that

|5,K < C”"||LK < Cl? s=0,1,

(@—aqy.m) =(q@—aqy,m—n;)+(@—q,,n7)
(4.37) <Cllg—aqpll-1,n + (@ — qn, ;).

Note that n; is in both V}, and V,; moreover, Ln; = 0 on each element K of C. As
a consequence, using (3.7), (3.11), (3.12), and Theorem 3.2, it follows that

(q — G, 77[) = a(ﬁ - Blwﬂ]) + <[vwh - IBh)] -8, MHS(T]I)>FF
(438) = T1 + TQ.

Due to the continuity of the bilinear form and using bound (4.36) with s = 1, it
immediately follows that

(4.39) Ty < ClIB = Bylly < Clll(w — wn, B = By)|l|n-

Using first the Cauchy—Schwarz inequality, then the Agmon inequality, and finally the
bound (4.36) with s = 1, Lemma 3.1, and the definition (4.3), we get

1/2 1/2
Ty < < > hgt Vs - ﬁh)llﬁ,E> < > hEIIMns(m)IIE,E>

Ee]:h EE]:}L

1/2
< < Z h;f”th - ﬁh)”&K) lm;ll

Kecy,
(4.40) < Clll(w = wn, B = Bp)llln,
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where in the last inequality we implicitly used the relation Vw — 3 = 0. Combining
(4.35), (4.37) with (4.38), (4.39), and (4.40), it follows that

(4.41) lg = anll-1+ < C(llg = gpll-1n + [l(w = wn, B = Bp)In)-

Joining (4.41) and (4.31) and using Theorem 4.4 the proposition immediately
follows. a

The regularity of the solution to the Kirchhoff plate problems for convex polygonal
domains, with all three main types of boundary conditions, is very case-dependent. We
refer, for example, to the work [9], in which a rather complete study is accomplished.
Note that if f € H~1(£2), in most cases of interest, the regularity condition w € H3(Q)
is indeed achieved.

Note further that with classical duality arguments and technical calculations it is
possible to derive the error bound

(4.42) lw —wn|r < Ch*Fw||sta,
if the regularity estimate

(4.43) [wlls < Cllfll-1
holds. Moreover, if k& > 2 and the regularity estimate
(4.44) [wlla < Cllfllo

is satisfied, then it holds that

(4.45) [w = whllo < Ch*2|Jwl|sro-

5. A posteriori error estimates. In this section, we prove the reliability and
the efficiency for an a posteriori error estimator for our method. To this end, we
introduce

(5.1) g = hi ||f+d1VQh||0K+h | Vws, — ﬂh”g K>
(5.2) ng = hlllgy, - "]]”0 e+ hEH[[m(ﬂh)”]]Ho B
(5.3) 775,E = hE”mnn(ﬁh)HO,Ea

2
(5.4) i = hllman (B3 £ + his

b
0,E

0
%mm(/gh) —qp-n

where hg denotes the length of the edge E and [-] represents the jump operator
(which is assumed to be equal to the function value on boundary edges). Further, for
a triangle K € C; we denote the sets of edges lying in the interior of €, on I's, and
on I'p, by I(K), S(K), and F(K), respectively. By Sy we denote the set of all edges
on I's and by 7}, the ones lying in the interior of the domain.

Given any element K € Cy, let the local error indicator be

1/2

(5.5) NK = 77K+* Z np + Z %5 + Z 77FE

EGI(K) EcS(K) EcF(K

Finally, the global error indicator is defined as

1/2
(5.6) = (Z ni) :

KeCy,
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Remark 5.1. Tt is worth noting that, by the definition (3.11),

1

(5.7) (gn, + LBk = W(th =Bk VK € Cy,
K

which is the reason why there appear no terms of the kind ||q;, + LB}, |l0.x in the error
estimator. We note as well that scaling arguments give

(5.8) Z hg' [ Vwn, — ﬁhH(QJ,E <C Z h | Vwy — 5h||(2),Ka

EeFy, Kecy,

which is the reason why there appear no boundary terms of the kind ||Vwy, — 8}, |0, -

5.1. Upper bound. In order to derive the reliability of the method we need the
following saturation assumption.

Assumption 5.1. Given a mesh Cy, let Cj, /2 be the mesh obtained by splitting each
triangle K € Cj, into four triangles connecting the edge midpoints. Let (wh/%,@h/z)
be the discrete solution corresponding to the mesh Cj, /. We assume that there exists
a constant p, 0 < p < 1, such that

[I(w — wny2: 8 = Bry2)llnse + 11a — @pyall-1,«

(5.9) < p(lll(w —wn, B =Bl + llg = anll-1.),
where by ||| -][|/2 we indicate the mesh-dependent norm with respect to the new mesh
Chy2-

In what follows, we will need the following result.
LEmMMA 5.1. Let, for v € Wy, the local seminorm be

1/2

(5.10) [V]2,h)2, = Z |U|§,K’
K'€Cy ), K'CK

Then there is a positive constant C' such that for all v € Wy, 5 there exists vi € Wy,
with the bound

(5.11) v —villo.sc + hil*llo = villoox < Chk|vlanex VK € Ch.

Moreover, vy interpolates v at all of the vertices of the triangulation Cy, .
Proof. We choose vy as the only function in H*(£2) such that

U]‘KEPQ(K) VKGC}L,
(5.12) vi(x) = v(x) vV € V2,

where V}, /o represents the set of all of the vertices of Cj, /5. Note that it is trivial to
check that vy € Wy, for all k£ > 1. Observing that

(5.13) Olanoc+ Y, @),  veEWypKeC,
wevh/ng

is indeed a norm on the finite-dimensional space of the functions v € W}, /5 restricted
to K, the result follows applying the classical scaling argument. 1]



2060 L. BEIRAO DA VEIGA, J. NIIRANEN, AND R. STENBERG

For simplicity, in what follows we will treat the case I's = (), the general case
following with identical arguments as the ones that follow. We have the following
preliminary result.

THEOREM b5.2. It holds that

(5.14) 1(wh/2 = why Brjo = Bp)lllny2 < Cn.

Proof. Step 1. Due to the stability of the discrete formulation, proved in Theorem
4.3, there exists a couple (v,n) € Wi 2 x Vi 2 such that

(5.15) (W, M)llny2 < C

and

(5.16)  [l[(wns2 — whs Brja — Bllllns2 < Anja(wnysa — why Br e — Briv,m).

Furthermore, we have

(5.17) Anj2(why2, Bpyasv,m) = (f, ).

Step 2. Simple calculations and the definition (3.11) give

Bh/Q(whaIBh;’U7n) = a(/@}un) - Z ah%{(Ll@thn)K

KeChya
1
+ > o (Vun = By — ahic LBy, Vv —n — ahiLn)x
KECWQ K
=a(By,m) — Z (Vwpy, = By, Ln) i + Z (g,, Vv —1n)K
KeChya KeCy 2
+R1(wh7ﬁh;van)
(518) :Bh(w}uﬁh;van)+R1<whaﬁh;van)7

where g, is defined as in (3.11), i.e., based on the coarser mesh, and

1
Ry (wn, Bysv,m) = Z W(th—ﬁh,Vv—n)K
KECh/Q K

1
(5.19) -> — (Vo = By, Vo —m)xc.
KeCy, K

The last term on the right-hand side is well defined since Vv — 7 is piecewise L?-
regular.

Let now /o indicate the set of all edges of Cj/p lying on I'r. Adding and
subtracting the difference between the two forms, it then follows that

(520) Dh/Q(whyﬁh; v, T’) = Dh(wh7ﬁh; U,T]) + RQ(w}uﬁh; U7T’)7

where

Rown, Bivm) = D S ([Vun = By] - 5. [Vo —n] - 8)
Ee.?-'h/g E
(5.21) = Y AV = By s, (Vo ) s)e
EeFy
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and where the first member on the right-hand side is indeed well defined due to the
piecewise regularity of (v,n). We will denote

(522) R(w/uﬁh; ’U,T]) = Rl(whaﬁh;va TI) + RQ(w}Hﬁh; v, 77)

Joining (5.17)—(5.21) then yields

(523) Ah/Q(whmﬂh; Uﬂ?) = Ah(wha/@h; Uﬂ?) + R(whmﬂh; U>77)-

Step 3. Let vy € Wy, be the interpolant defined in Lemma 5.1, and let n; € V,
be the piecewise linear interpolant to 0. First, we have

(5.24) An(wn, By;vr,mr) = (f,vr).

This, together with (5.17) and (5.23), gives

Any2(Why2 = wh, B o — Brivsm)
= Ans2(wny2, B 25 v,m) — Anj2(wn, Byiv,m)
= Ap/2(wny2, Bry2iv,m) — An(wn, Briv,m) — R(wp, B v,m)
(5.25) = (f,v —vr) = Ap(wn, Bp;v — vr,m = np) — R(wn, By v,m).

Step 4. Next, we bound the last terms above. Recalling that Cj, /5 is a subdivision
of Cp,, the Cauchy—Schwarz inequality, (4.3), and (5.15) give

1
‘Rl(whngh;van)' <2 Z ?(VUJ}L_,B}NV’U—T])K
KeCy)z K

1/2 1/2
1 1
<2 Y o IVun - Bl S Ve —nlE
KECy,n K KeCpn K
1/2
1
(5.26) <C Z hT“VU}h—ﬁhH(Q),K
KeCh/g K

Using scaling and arguments similar to those already adopted in (5.26) it can be
checked that

1/2

1
(5.27) [Ra(wn, Buso.m <C | Y 5[V = Bulldx

KeCh 2 K
Combining (5.26) and (5.27) we get

(528) |R(wh7ﬁh;van)| S |R1(wh75h;van)‘ + |R2(wh7ﬁh;van)| S 077
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Step 5. Next, we expand, substitute the expression (3.11) for g;,, and regroup the
terms:

(f,v—wvr) — Ap(wn, Byiv —vr,m—ny)
= (fo—v) = {aBun—n) = Y ahk (L8, L —ny)

KecCy,
1
+ Z W(th - ﬁh - Cth%(Lﬁh, V(’U — 'l)]) — (?7 - ’I"I) — ah%(L(n — nI))K
KeCy, K
+<m"5('@h)’ [V(U - UI) - (77 - 771)] : S>I‘F + <[vwh - IBh] : Svmns(n - "7])>I‘F

+ ) %qvwh =Bl 8, [V(v—vr) = (n—mnp)]- S>E}
E€Fn

= (fiv—wvr) — {a(ﬁha n—n) — Z ahf( (L/Bh +qyp,, L(n — WI))K

KeCy,
+(an, V(v —vr) = (n—m;))
+(mns(B), [V(v —vr) — (n—mny)]- 8>1" + ([Vwn — By] - 8, mns(n — 771)>FF

F

+ 2 V=Bl s, [V =)~ (=) 5) . |
E€Fn

= {0 —v0) = (@0, V0 = v0) — (mas(By). [V —v1)] - 5)y,
= > (Ve Bl [Vl =) ), |

EcF,

—{a(ﬁh,n —ny)— Y ahi (LB, +qy. Ln—mnp)), — (gn.m— 1)
KeCy,

_<mn5(/8h>v n—mnyl- S>FF + <[th — Bl -8, mns(n — "71)>FF

_ Z %([th —,Bh} : 37[77_771] ) 8>E}

EecFy,
= A-B.
(5.29)

Step 6. In the part A above, integration by parts and using the fact that v(z) =
vr(z) at the corner points z € V yields

(frv =) = (2 V0 = 1)) = (ma(8,). V(0 — v1)] - 8y,

(530) :(f+ddih>U_UI)+<(§Smns(ﬁh)_qh'nav_vl>

I'r

The separate terms are then estimated as follows, using the Cauchy—Schwarz inequal-
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ity and Lemma 5.1:

[(f +divg,,v—v)| =D (fu+divg,,v—v)k

KeCp
1/2 1/2
< ( > h;*(||f+divqh||3,K> < > bt - mnaK)
KeCy, KeCy,
1/2 1/2
<C ( Z hé}<||f +divg, |0,K> ( Z ”|§,h/2,1{>
KeCy, KeCp

1/2
(5-31) <C ( > ﬁi)

KeCy,

and

E

Z <888mns(ﬁh) —4qp-n,v —v1>

9 1/2 1/2
) (Z hg?’nvvznaE>
0,E EE€Fh

1/2 1/2
<C ( > 7712?1;) ( > |v|§,h/2,K>

EeFy KecCy

0

%mm(ﬁh) —qp-n

IN

e

EcF,

1/2
(5.32) <C ( > n%,E) :

EcFn

The last term in A is readily estimated by scaling estimates and Lemma 5.1:

Z %([th — Bl s, [V(v—vr)]-s),

EBer, E
1/2 1/2
< ( > hgt Vs ﬂhH%,E) ( > hptIv( vI)H%,E)
EcF, EeFy,
1/2 1/2
<C ( > B Vwy, - ﬂhlé,K> ( > gt - wl%,E>
KGC},, Ee]'-h
1/2 1/2 1/2
(5.33) <C ( > n%) ( > |v|§,h/2,K> <C ( > ﬁ%) :
KeCy KeCp KecCy,

Collecting (5.30)—(5.33) we obtain

(5.34) |A| < Cn.
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Step 7. We will now estimate the term B. The following terms are directly
estimated as the similar terms above:

‘<[th - IBh] -8, mns(n - 771)>FF +

Z %qvwh = Bul-sm—nil-s)y

EcF,

(5.35) < Cn.

Since m; is piecewise linear, it holds that Ln 7jx = 0. The inverse estimate then gives

Z ah% (Lﬂh +thL(77—771))K Z ah%{(Lﬂh +qh,L77)K

KeCp Ketn
1/2
<c ( S andlzs, +qh||3,K> Il
KeCp
(5.36) < Chn,

where we in the last step used (5.7). The final step in estimating the term B is to
integrate by parts, use the Cauchy—Schwarz inequality, interpolation estimates, and
again (5.7):

(B —n1) = (@1 —17) = (Mas(Br): [ — 1] - 8) 1|

== Z (LBy +qn:m—myp) + Z (Im(Br)nl,n —nr)e

KecCy, E€Iy
+<mnn(ﬁh)ﬂ [77 - ”lﬂ ' n>FSUFF

< Z LBy, + apllo,x I — n;|

0.+ Y IlmBu)nllo.sln —n;lo.s

KeCy E€I),
+ > manB)llo,slln = nrloe
E€S,UF,
(5.37) < COn.

Collecting (5.35)—(5.37) we obtain
(5.38) |B| < Cn.

Step 8. The asserted estimate now follows from (5.16), (5.25), (5.28), (5.29),
(5.34), and (5.38). 0

We also have the following lemma for the shear force.
LEMMA 5.3. It holds that

(5.39) gns2 = @nll-1 < C(Il(wny2 — wh, Brjz = Bu)lllnsz +m)-

Proof. We start by observing that, referring to the definition (3.11) and its “h/2”
counterpart, q;, and g, are defined on different meshes and therefore with different
h2 coefficients. However, recalling that the size ratio between the two meshes is
bounded, it is easy to check that an opportune splitting and the triangle inequality



C° FINITE ELEMENTS FOR KIRCHHOFF PLATES 2065

give
lgn/2 = anll21, < C Z IV (whs2 = wn) = (Br2 = Bu) 5.k
KEC}L/Q
(5.40) + Z IVwn — B3 5 + Z h%(”Lﬂhﬂ — LB,lI5 x
KecCy, Kech/z
The first and the last term in (5.40) can be bounded in terms of the ||| - |||5/2 norm,
simply using the definition (4.3) and the inverse inequality
(5.41) i LBy — LBk < CliBns2 — Bullf k-

Therefore, recalling the definition (5.1), we get

(5.42) lgn/2 = anll-1.n < C(lI(wns2 = wh, Bryz = Bu)lllnsz +1)-

The transition from the ||q;, /5 — gy, ||-1,» norm to the ||q, /> — g;,|| -1, norm is accom-
plished by using the “Pitkéranta—Verflirth trick” with steps almost identical to those
used in Lemma 4.5, which are therefore omitted. 0

Joining Theorem 5.2 and Lemma 5.3 gives the following a posteriori upper bound
for the method.

THEOREM 5.4. It holds that

(5.43) [l (w —wn, B=Bp)llln + llg — gpll-1+ < Cn.

Proof. Theorem 5.2 combined with Lemma 5.3 trivially gives

(5.44) I (whj2 = wh, Bryo = Br)lllnsz + l1gns2 — @nll -1 < Cn.

From the saturation assumption it follows that
I (w = wn, B—=Bp)lllns2 + llg = gnll-1.+

1
(5.45) < m(”‘(whm —wn, Brjo = Bi)lllnsz + lan/2 — anll-1.+),

and hence the assertion follows from (5.44). 0

5.2. Lower bound. In this section, we prove the efficiency of the error esti-
mator. Given any edge E of the triangulation, we define wg as the set of all of the
triangles K € Cj, that have F as an edge. Given any K € Cj,, we define wi as the set
of all of the triangles in Cj; that share an edge with K. We then have the following
lemma [8].

LEMMA 5.5. Given any edge E of the triangulation Cp, let Py(E) be the space of
polynomials of degree at most k on E. There exists a linear operator

(5.46) g : Py(E) — Hi(wg)
such that for all py, € Pi(E) it holds that

(5.47) Cullpel2 5 < 0k T (pi)) & < |IpklI2 s
(5.48) e (1) 0,0 < Cahyl*[Ipx

|0,E7



2066 L. BEIRAO DA VEIGA, J. NIIRANEN, AND R. STENBERG

where the positive constants C; above depend only on k and the minimum angle of the
triangles in Cy,.

Next, we define a local counterpart of the negative norm defined in (4.33) for the
shear force.

(5.49) 1Pl e = sup AT
2 Tl
n=0 in Q\wx

We then have the following reliability result.
THEOREM 5.6. It holds that

(5.50) nx < C(ll(w—wn,B = B)llnwr + 18 = @nll=1ewic + %N F = Fallows )

where [y, is some approxzimation of the load f. Here ||| - |||hwx and || 0wk represent,
respectively, the standard restrictions of the norms ||| - |||n and || - ||o to the domain
WK

Proof. The proof of the theorem consists of bounding separately all of the addenda
of nk in (5.5).

Step 1. We first bound the terms of 7% in (5.1). Considering the right-hand side
of (5.50), the triangle inequality immediately shows that it is sufficient to bound the
term h3 || fr + div gy, |lo.x -

Given any K € Cp, let bx indicate the standard third-order polynomial bubble
function on K, scaled such that ||bx ||~ (x) = 1. Given K € Cy, let now px € H3(K)
be defined as

(5.51) vx = (frn +divgy,) b2

The standard scaling arguments then easily show that

(5.52) | fn + div qh||(2),K < C(fn+divay, or)K,
(5.53) lekllox < Cllfn + divapllo,x.
For the first term in 7%, the equilibrium equation (2.13) and integration by parts
give
hicllfn + diva, |13 < Chk (fr + div gy, o) i

= Chi ((f +divay,, ox)x + (fn — f,¢Kx)K)

= Chi ((—divg +divg,, o)k + (fn — f,¢K)K)
(5.54) =Ch¥ (g, — 4, Vor)x + (fn — fex)K)-

We note, in particular, that Vog € Vi and Vog = 0 in Q\ K. Therefore, the duality
inequality and the Cauchy—Schwarz inequality followed by the inverse inequality and
the bound (5.53) lead to the estimate

< Cllg = qull-1,.x Wi IVeok 1,5 + ChE | f — fulloxllex
(5.55) <C(lg = anll-1,0, + B3N = Fullo,re) 1fn + div gy,

Combining now (5.54) with (5.55) gives

0,K

0,K-

(5.56) hic || fn + div gy,

lo.x < C(llga — apll=1,.5 + bk f — fullo,x)-
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The second term of 7% in (5.1) can be directly bounded by using the Kirchhoff
condition (2.12) with the definitions (4.1)—(4.3):

hic IVwn = Billo.ic = b IV (w —wn) = (B = Bu)§
(5.57) < | w = wn, B = Bu)lllnx-

Step 2. We next bound the terms of n% in (5.2). Given now E € I(K), an edge
of the element K lying in the interior of €2, let

(5.58) ¢p = He([m(B),)n]),

where, with a little abuse of notation, the operator Ilg is intended as applied on each
single component. Then, from (5.47) with integration by parts, it follows that

h 2 | [m (Bl 2 < Ch*(Im(B,)nl, ) e
(5.59) = Chyl* (LB, p)wr + (M(B1), Veer)ur):

where we recall that wg was defined at the start of this section. Integration by parts
and the equation (2.14) immediately lead to the identity

(5.60) (m(B),Vep)w, = —(LB, ¢p)ur = (€ Pp)us

which, applied to (5.59), gives

h*llm(By)n]2 s
< Chil* (LB + @, Pp)es + (M(By) — m(B), Veop)u,)
= Chil> (LB + ah, Pr)wr + (@ — ah. PE)un
(5.61) +(m(B;,) —m(B),Ver)u,)-

Next, we bound the three terms on the right-hand side of (5.61). For the first
term, the identity (5.7), the Cauchy—Schwarz inequality, the definition (5.58), and the
bound (5.48) give

1/2
hE/ (LB, + h: Pr)wr

1/2
<c< > hK2||th—ﬁh||3,K> | im(B,)n]llo.e

KCuwg

(5.62) < Cll(w = wn, B = Bp)lllnwe | [m(By)n]

For the second term on the right-hand side of (5.61), we note that ¢, € V, and
¢ = 0in Q\wg. Therefore, the duality inequality and the definition (5.58) combined
with the bound (5.48) give

lo,E-

1/2 1/2
hl* (@~ @ p)on < hE 2N — anll—1ewsll@p]los
(5.63) < Clla = apll -1 on llm(By)n]l0,5-

For the third term of (5.61), the Cauchy—Schwarz inequality, then the inverse inequal-
ity, and finally (5.58) combined with the bound (5.48) lead to the estimate

hil*(m(B),) — m(B), Ver)ws < C|IB - By,
(5.64) < C|1B — Bullws I [m(By)n]

—1/2
lLwg hK/ ||LPE||07WE

lo,E-
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Now, by combining (5.62), (5.63), and (5.64) with (5.61) it follows that

1/2

(5.65) I[m(Bp)n]llo,e < C(Il(w —wn, B = Bi)llhwe + 14— @l -1005)-

The remaining term of 1% is bounded with similar arguments; with the notation

(5.66) v =1gr([g, - nl),
the identity
(5.67) —(divg, ¢p)ws = (4, VOE)wg

with (5.54) implies

1/2 1/2
il la-nllE 5 < Chif*(la - nl. o)
(5.68) < CRL>((F — fnr 0B)wor + (@h — €. V9B ws).
Finally, we note that Vg € V. and Vo = 0 in Q\wg. Therefore,

3/2

(5.69) Ilgn - lllo.e < C(lg — anll-1,5ws + P\ f = fallows)-

Step 3. Third, we bound the only term of 175 g in (5.3) which appears in 17FE as
well. Given now a triangulation edge E in S(K)U F(K), let

Due to (5.47) and (2.19), integration by parts gives (here V denotes the tensor-valued
gradient applied to a vector-valued function)

W2 1man(B) 12 5 < 1l (mun(B), — B), 08)E
= hy/*(m, (B, — B), pen) &
(5.71) = ni/*((m(B), — B), V(pEn))us + (L(B), — B), 05M)ur),

where n is, as usual, the chosen normal unit vector to E. For the first term, using the
Cauchy—Schwarz inequality, then the inverse inequality, and finally the bound (5.48),
we easily get

hil*(m(B), — B), V(orn))ws < hi*118 = Bullws |V (05n)llows

(5.72) <ClB -8 (Br)
For the second term in (5.71), recalling (2.14) we have

W (L(By — B). pEm)us
(5.73) = hy (LB + @y 0y +hif *(d — ps oEM)us

Observing now that ¢gn € V, and pgn = 0 in Q\wg, the two terms on the right-
hand side of (5.73) can be bounded with the same arguments used above, respectively,
n (5.62) and (5.63). Omitting the details, we therefore get

hi>(L(B), — B), ppn)ws < C(|l(w —wh, B — Bi) s
(5.74) +lla = apll-1,5.08) [[Mnn (Br)lo,6-
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From (5.71), (5.72), and (5.74) we get

(5.75) b2 man(Bi)llo.e < C(IlI(w = wn, B = Bi)llnws + g = @l -1,0.06)-

Step 4. Finally, we bound the last term of 77F,E in (5.4). Given now a triangulation
edge E in F(K), let

0
(5.76) prp =11 (asmns(ﬁh) —4qy n) .

Using (5.47) and recalling (2.17), we obtain

2

0
hz)l)f/z %mM(:@h) —q-n 0.5
6 <l ({maBy-hve) +la-ail mere)
E

For the first term, integration by parts on the edge and simple algebra give
0
s <asmm<6h - ﬁ),soE>E = il *(mns(B = Br), Vor - 5)

(5.78) = hi*((m(B = By)n, Veor)s — (man(B - B). Veor - n)p).

Using again integration by parts, the first term in (5.78) can be written as
h*(m(B — By)n, Ver)s

(5.79) = W * (L(B = B1), Vor)ws + (m(B = B1), VVep)up)-

The second term in (5.77), again due to integration by parts and recalling (2.13), is
instead equivalent to

hi (g - a] - moop)e = 137 (a4 4. Von)u
(580) _(fh+d1th790E)wE - (f_fhvspE)wE)'
For the first term, due to (2.14) and (3.11), we now have
h3/2(q dp, VQOE')WE
(5.81) g (LB, = B), Vor)u

- Oéh2 (th - lghvvng)wa

where h,,,, is the size of the triangle wg. Combining all of the identities from (5.77)
o (5.81), it follows that

2

0

h3/? %mm(ﬂh) —qp-n

E

0,E

< h3E‘/2 ((m(ﬂ - IBh)a VV@E)LUE - (mnn(ﬂ - /Bh)a V@E n>E
hlg (th 6}“ V@E)WE - (fh + div qp, @E)wE

(582) - (f - fhv SDE)WE> :
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For the second term on the right-hand side of (5.82), recalling (2.17), using the
Cauchy—Schwarz inequality and the bound (5.75), we have

R (Man (B = B1), Veor - 1) 5 < hil*[man(B)llo.s e Vesllo,s
(583) < C(||(w—wh, B =B llhws + g = @ull 1008 ) 25| Veoilo.2s

which, using the inverse inequality and the bound (5.48), gives
Bl (Mo (B = B1), Voo - m)p < C(ll(w = wh, 8= Byl

0
63 Hla- @l | gm0 - a0

0,E

The remaining terms on the right-hand side of (5.82) can all be bounded using the
Cauchy—Schwarz inequality, the inverse inequality, and the bounds (5.56), (5.48) as
already shown for the similar previous cases. Without showing all of the details, we
finally get

2

0
3/2
hE/ %mm(/@h) —qp-n .
< O([ll(w = wn, B = Bp)llhws + g = @l -1,0x

(5.85) +hic |l f — ful

0
OvK) Hasmns(ﬁh) —qpm .

or, trivially,

0

&mm@(ﬁh) —qp-n o5

(5.86) < C(ll(w—wn,B=B)lllhws +1g = @pll-1,00p + il f — fallox)-

3/2
I

Recalling now the definitions for ngx in (5.1) and the local negative norm in (5.49),
the proposition is proved. ]
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