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Abstract

We analyze augmented Lagrangian and boundary element methods for the Signorini
boundary value problem of Laplacian. The boundary variational formulation is
presented by the boundary integral operators, and the Signorini boundary conditions
are formulated as a fixed point problem. Semismooth Newton methods are applied
for the numerical solution of the problem. We prove the convergence of the method
and confirm the theory by some numerical experiments.
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1 Introduction

Signorini boundary value problems are of great importance in many applications, such as
the electropaint process and contact problem [1-3], etc. These problems involve inequality
constraints on a part of the boundary that make them nonlinear. Therefore, development
of efficient numerical algorithms for Signorini boundary value problems is one of the most
important branches of modern computational mathematics and mechanics. Usually Sig-
norini boundary value problems have been considered mathematically and numerically
with variational inequalities, especially by the finite element method (FEM) [1-7] and the
boundary element method (BEM) [8—13]. Recently, sound and efficient algorithms for the
solution of these problems were still a very active field of research (see [14—20]).

As we know, the fixed point method based on projection theory is a powerful tool to
deal with complementary problems and variational inequalities in finite dimensional space
[21]. The main idea of this method is to establish the equivalence between the original
problem and the fixed point problem by using projection. This equivalent formulation
plays a significant role in developing various iterative methods for solving an original prob-
lem. During the last 20 years, a number of projection methods have been studied exten-
sively [4, 5, 22, 23], which are perfectly efficient for solving the problem. In these meth-
ods, the problem has been formulated by a projection algorithm, and no other inequality
constraint is needed. Consequently, the method is easy to implement for the numerical
solution and the proof of convergence is very simple.

In the case of Signorini boundary conditions, the unknown boundary values are the
potential and its derivative on the boundary, which are considered primary variables in
BEM. They can be obtained directly using boundary integral equations [24, 25]. There-
fore, the method combining the projection method with the BEM is more appropriate for
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Signorini boundary value problems [18—20]. However, few investigations have been done
on the Signorini boundary value problem by the augmented Lagrangian and fixed point
methods with the BEM.

In this paper, we focus on the boundary augmented Lagrangian methods (BALM) for the
solution of Signorini boundary value problems, which is inspired by classical augmented
Lagrangian methods (ALM) [7] and the BEM [11]. First of all, we deduce the boundary
weak formulation with Steklov-Poincaré operator. Second, we use the projection tech-
nique to deal with the Signorini boundary conditions by an equality and the projection.
Although the new problem is still nonlinear on the boundary, this problem no longer has
the inequality constraint and can be solved by the semismooth Newton method with local
superlinear convergence rate [7, 14]. Using these transformations, we propose a BALM for
the Signorini boundary value problem, which only needs the iteration for boundary func-
tion and the computation of the boundary variational equation. Then we can use proper-
ties of the projection and the boundary integral operator to prove the convergence of the
method. Numerical results show that our method is accurate and efficient.

The structure of the paper is as follows. In Section 2, we first describe the classical
Signorini boundary value problem and use the Steklov-Poincaré operator to introduce
the variational formulation. Then we establish equivalent formulations between the non-
linear boundary conditions and the fixed point problem, and propose a new ALM for the
problem. Section 3 is devoted to the convergence analysis of the method, which shows
monotone convergence properties of the numerical solution toward the solution of the
original problem. In Section 4, we present some numerical experiments to investigate the

performance of our method, and finally a brief conclusion is given in Section 5.

2 The weak formulations for the Signorini boundary-value problem

Let © C R? be abounded domain with a Lipschitz boundary I" and outward unit normal 7.
This boundary consists of three disjoint parts, the Dirichlet boundary I'p, the Neumann
boundary I'y and the Signorini boundary I's # @. For simplicity, we consider the Signorini

boundary value problem for the Laplace equation: find # € H*(2) such that

Au=0 ing, 21)
u=g onTlp, (2:2)
L=f onTy, (2.3)
u>g,  r=f, (u-g)(A-f)=0 onTs, (2.4)

where 1 := 34, ¢ € HY?(I'\Ty),and f € H™V2(I"\ T'p) are given. We note that H~"/*(I"\ Tp)
is defined by the dual of HY*(I' \ T'p) := {u € HY*(I" \ ['p)| supp u C Q} with the norm

|(f,V>r\f |
Wl 12 = sup [,) :
0#veHY2(I'\['p) ||V||H1/2(F\FD)

Here (-,-)r\, denotes the extension of the usual L?(I" \ I'p) scalar product to H~2(I" \
I'p) x HY2(I"\ Tp). It is well known in the theory of variational inequalities that this prob-

lem has a unique solution if I's # @ or f( )f ds<01]L,8,9].

M\Tp
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We define the space of functions as
Hé(Q) = {v e H(Q),v=gon FD}.

Applying the Green’s formula, we obtain the variational formulation from (2.1)-(2.4) as
follows:

/ VuVvdx = f avds, Yve Hp(Q). (2.5)
Q

I'yUlrg

Further, we introduce the Dirichlet-to-Neumann map on I' [11, 25, 26]

S: H"™(I') - H™*(I)

I/l|1" g Mr.

Inserting S(u|r) = A|r into (2.5) yields

/ VuVvdx = / S(ulr)vds, Vve HL]‘)(Q),

Q r
where the Steklov-Poincaré operator S is defined by
1 N1

(Su)(x)=|D+ 51 +K' |V §I+K u(x) (2.6)

with the boundary integral operators

(VA)(x) = / U(x,y)A(y) ds,, V:H YY) - HY2(I),
r

(Ku)(x) =/ %U(x,y)u(y)dsy, K: H»(') - HY2(I),
r 9%y
! 0 TRV _172
(1( )\,)(x) :/ n U(x,y))\,(y)dsy, K+ H (1") —H (F),
r X
(Du)(x) = - ’ /iU(x Yu(y) ds D: H'>(T') - HY(T)
Bl’lx r 8I’ly ’y y? : .

Here the function U is the fundamental solution of the two-dimensional Laplace equation:
1
Ux,y) = ~om In|x -yl
b1
Let us define

HgZ(F) = {v e HY*(IN),v =gon FD},

Hy*(T,T'p):={ve H"*(I'),v=00nTp},

(Su, v)r :=/Su(x)v(x)dsx,
r

(A, V)rg ::/F Ax)v(x) ds,,
N
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L) := Fx)v(x) dsy.

I'n

We then can obtain the boundary weak formulation of the problem (2.1)-(2.4) as fol-
lows:

(Su,v)r — (A V)rg = L(v), Vve HpX(D). (2.7)

It can be proved that the Steklov-Poincaré operator S is bounded and symmetric, and
semielliptic on H?(T"). We will use the following property for the operator S [25].

Lemma 2.1 The Steklov-Poincaré operator S defined by (2.6) is elliptic on Hé/z(l", I'p),

(S, V) i2(r) > @IV, (2.8)

r)y
where « is a positive constant.

On the other hand, we can transfer the nonlinear boundary conditions (2.4) to a fixed
point problem [4, 5, 18, 19, 22, 23]. Let us introduce the projection notation for v € R:

v ifv>0,
vl

"0 otherwise.
Consequently, we obtain the following result [7, 20].

Lemma 2.2 For all p >0, the boundary conditions (2.4) on T's are equivalent to:

u—g—[u—g—p(k—f)]+=0 onTs. (2.9)

Proof Let u be such that (2.4) holds. Considering the condition u# > g we have either u > g
or u = g. First, suppose that u# > g. Then the condition (z — g)(A —f) = 0 implies that A = f.
Therefore, we have

[u-—g-p-N)], =lu-gl.=u-g

Then suppose that # = g. The condition A > f can also be rewritten as [-p(A — )], = 0, so
it follows that

[4-g—p(-1)], =[-p(t-N)],=0=u-g

On the other hand, let # and XA be such that (2.9) holds. Note first that it implies u > g.
Consider first the case u = g. Equation (2.9) can be rewritten as [-p(A — f)], = 0, which is
equivalent to the condition

rA>f.

Since u = g, the following condition also holds:

(u-g)(x-f)=0.
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We now consider the case u > g. From (2.9), [u — g — p(A — f)]; > 0, so that in this case
u-g=[u-g-pAr-f)I];=u-g-p-f), from which we have

rA=f,
so that all conditions in (2.4) hold. a

Now, we obtain the boundary weak formulation (2.7) by the Steklov-Poincaré operator S
and the fixed point problem (2.9) for the problem (2.1)-(2.4), which only involves a bound-
ary integral operator and no inequality constraint. This alternative equivalent formulation
is also useful from the numerical and theoretical analysis point of view. With the above
preparations, we can now list our boundary augmented Lagrangian method (BALM) for
the Signorini boundary value problem as below.

Algorithm BALM

Step 0: Choose u® € L*(I's), p € R*, and set k := 0.
Step 1: Solve

(s D, v} 4 (WD, 0) <L), Wve HEA(D), (210)
with boundary condition
uD _ g [u(k) -g- p()fk*l) —f)]+ =0 onTly, (2.11)

and obtain u%**V and A**D) on [y.

Step 2: Update (2.11) by k := k + 1 and return to Step 1.

For the nonlinear problem (2.11), we can apply the semismooth Newton method for its
solution [7, 14]. In the next section the convergence of the algorithm is analyzed.

3 Convergence of the algorithm

Let »* and A* denote the solution of Signorini boundary value problem and the corre-
sponding derivative on the boundary I', respectively. In order to analyze the convergence
of the method in Section 2, we suppose that the sequences uX) € HV2(I') and A% € L*(I's).
Now, we define

Bp(u) )‘«) =Uu—g- ,0()\ _f)x
and we have the following projection property on I's [7, 22, 23].
Lemma 3.1 For all u® € HY*(I") and A" e L*(T's) generated by the BALM,

B, (9, 20) B, a2} 2 | 61

|2
s’
Proof We separate I's into the four subparts I's;, I'sy, I's3, and I'sq, where

B, (u®,2%1) > 0,B,(u*,2*) >0 onTyg,
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Bp(u(k),k(k+1)) >0,B,(u*,2*) <0 onTs),
Bp(u(k) k*”) <0,B (u*,k*) >0 onTlgs,
o

B (u A(k+1)) <0,B,(u",1*) <0 onTg.
Using (2.9) and (2.11) we then get

uhD _yr = B, (u®,2.6D) Z B, (u*,2¥) onTg,

0 < u®+) _y* :Bp(u(k) A k“)) 0<B ( k),k(k“)) -B, (u*,k*) on Iy,

0> u* —y* =0-B,(u*,1*) > B,(u®,2*Y) - B, (u*,1*) onTs,,

u(’<+1)_u* =0-0=0 onTlg.

Consequently,

(4D B (), 29) < B, Yy = [~

Page 6 of 14

O

Theorem 3.1 Let {(u®, 1)} be the sequence generated by the BALM, for all k then u™®

converges to u* in H'*(T") and A° converges to 1* in L*(I's) as k — oo.

Proof Note 8,(4]() =u® —yr e H(l)/z(F,FD) and (S;k) =
(u*, \*¥) satisfies (2.7) we obtain

(Su*,éftk*l ) ()\* 5 (k+1) )rs _ L((S;]Gl)).
From (2.10) of BALM we have

(Su(k+l),5,(4k+l)) _ (K(k+1),8£{k+l)>

Subtracting (3.2) from (3.3) yields

(SS (k+1) 5 k+l)> — (8;k+1)’8(/(+1)>

r Is®

Using Lemma 3.1 and Young’s inequality

u

1
(8, 8y = 5 (1877 + 18617,
we obtain

(Syﬂl) 8(k+1)

, 8! )FS — p_1<6(k) 8(k+1)

u’u )]"S

<;0 <8k,5k+1)

R I Dl )

<o) |87, — o) 8P

From (3.4) and Lemma 2.1 we then have

(500, 86D) = o) 60 - 207 |3V

_,0_1<Bp (M(k),)\.(k+l)) - B (u A ) 5 k+1))

K _ x* € L*(T's). Considering that

(3.2)

(3.3)

(3.5)
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and

(586,85 ) = |86 ey (3.6)
It follows from (3.5) and (3.6) that

o[ 8 Fany = @078 1 — @) 8- (3.7)
Then

- 2 2

285 g < @) [ < oo

k=0
Consequently,

k]ifg‘o ” ‘Sgﬁl) ”?11/2(1*) =0.

Thus u% converges to u* in H/*(I") and from (2.11) of BALM A®) converges to A* in L?(Ts)
as k — oo. a

According to (3.7), the sequence {1} is bounded and the sequence {IISI(Ak) Irg} is mono-
tonically decreasing. Furthermore, we can see that the larger value of the parameter p
results in faster convergence to the algorithm.

4 Numerical experiments

To test the numerical verification of the theory, the algorithm above has been implemented
and applied to some examples of Signorini problems in this section. An analytic solution
is known for the first example, and the exact solution for the two other examples is not
known. For the sake of simplicity, we apply a constant BEM to the problem (2.10) with

k+1) _

iterations. Here, we choose ||u 1w )| oorg <1070 &+ | - as a stopping criterion.

4.1 Dirichlet-Signorini problem

First we consider a Signorini boundary value problem in an annular domain € = {(x,y) :
a < /x> +y* < b} with a Dirichlet boundary condition on the boundary I'p = {(x,y) :

Va2 +y2 = b U {(x,) : /5% + 9% = a,y > 0} and a Signorini boundary condition on the
['s = I'\ ['p. The analytic solution in the domain  is given by the following complex
function:

u(x,y) = Ime?(x + iy),

where

1/ (x2=2\* 1/ &\ 1x2-92(r a\* .
o(x +iy) = 3 ( 2 )+Z<;—r—2) +Z 2 <;+r_2) signwx

1 x2=2\E 1 a2\P o 1x2-y2 (2 a?\ |
+i|= +—=-=) -- — + — | signy,
2 r2 4\a? r? 4 72 2 )Y
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and r = /%2 + y2, \/x% + y?> > a. For this problem, we can easily obtain the Dirichlet bound-
ary condition on I', from the analytic solution, and the Signorini boundary condition is
given by

u>0, A>0, ur=0 only.

The analytic solution of this problem and its normal derivative on the Signorini boundary

['s are
x2—y2 5
u(x,y) = \/max<0, 2 ) signy, (4.1)
6 2 _ 42
A, y) = - max(O, x 2y )ley. (4.2)
a a

Using the BEM, this problem has been considered by the decomposition-coordination
method [9], the projection iterative algorithm [19], and the linear complementary method
[20], etc.

We consider the cases a = 0.1 and b = 0.25 and introduce the parameterizations ¢ —
(acosmt,—asinzt) and ¢t — (bcosmt, bsinmt). First we choose p = 100, and apply our
method to this problem on a uniform grid for ¢. The discretization includes 40 boundary
elements on I's and 120 boundary elements on I'p, so N = 160. Figure 1 plots the approxi-
mations and exact solutions for the potential # on I's. The results for the normal derivative
A are shown in Figure 2. These figures show that our results are in excellent agreement with
the exact solution (4.1) and (4.2).

To verify the convergence of our method, we solve the problem by choosing dif-
ferent numbers of boundary elements N and various values of the parameter p. Ta-
ble 1 shows the number of iterations with N = 40,80,160,320,and 640 on I" and p =
10°,10%,102,10%,10%,and 10°. We can observe that the numerical results show good con-

vergence as the parameter p increases. Moreover, the number of iterations increases

Figure 1 Analytic and approximate solutions for
uonTs.

*  Approximate solution
Exact solution
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Figure 2 Analytic and approximate solutions for 20
AonTs.

+  Approximate solution
Exact solution

0 0.2 0.4 0.6 0.8 1

Table 1 Number of iterations with different values of N and p

N=40 N=80 N=160 N=320 N=640

p=10 9 9 10 10 12
p=10" 6 6 7 8 8
p=102 5 5 6 7 8
p=10> 4 4 5 6 7
p=10" 3 4 5 6 7
p=10" 3 4 5 6 7

Figure 3 Log-log plot of the convergence for
approximate solutions uon I's.

error

—E—c(u)
order 1

slowly as N increases. We define the error

’

1 &
el) = - > i) = un(x:)
i=1

where Ns denotes the number of boundary elements on I's, and u(x;) and uy,(x;) denote
exact and numerical solutions, respectively. Here we draw the error with the logarithmic
scale depending on the step /. Figures 3 and 4 display the change trend of the error for u
and A. We can see that our method yields very accurate results and converges superlinearly.
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Figure 4 Log-log plot of the convergence for
approximate solutions A on I's.

error

—E— ()
order 1

4.2 Dirichlet-Signorini problem
Second, we consider the following Signorini boundary value problem known as the steady-

state electropainting problem:

Au=0 inQ=(-0.5,0.5) x (0,1),

u=1 onl"Dz{(x,y):—0.5§x§0.5,y=0},
with the following Signorini boundary conditions
u>0, A>—g, u(A+¢)=0 onTyg,

where I's = "\ I'p. This problem has been extensively considered by different methods [2,
13, 16, 20].

In this problem the Signorini boundary conditions describe the location of these painted
and unpainted parts on I's, and the solution of the problem depends on the value of .
We now apply our method to this problem, and four cases with different values of ¢ are
considered. Here, we choose N = 160 and p = 100 again, and we let {7~ denote the paint
thickness. We only consider the paint distribution over half the boundary because the
problem is symmetric, and the numerical results corresponding to ¢ = 0.4, ¢ = 0.5, ¢ =
0.55, and ¢ = 0.7 are presented in Figures 5-8, respectively. It can be observed that our
results are in good agreement with the corresponding results in [2, 16, 20].

We also investigate the convergence behavior of our method for this example. Tables 2-5
display the number of iterations for the four cases with different N and p. As can be seen
from our tests, our method converges quickly when p is sufficiently large and the number
of iterations depends only weakly on N.

4.3 Signorini problem
Finally, we consider a Signorini boundary value problem in a domain defined by an el-
lipse [9],

Au=0 in Q= E(a,b),
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Figure 5 Paint distributions for & = 0.4. 1 : : : .

Figure 6 Paint distributions for & = 0.5.

Figure 7 Paint distributions for & = 0.55.
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Figure 8 Paint distributions for ¢ =0.7.

0.9r
0.8r
0.7r
0.61
> 0.5F
0.4
0.3F
0.2r
0.1r
0 ‘
0 0.1
Table 2 Number of iterations for & = 0.4 with different N and p
N=40 N=80 N=160 N=320 N=640
p=100 48 48 47 47 46
p=10" 15 15 16 16 16
p=10" 9 9 10 11 11
p=10° 8 8 9 9 9
p=10% 7 7 8 9 9
p=10° 6 6 7 8 8
Table 3 Number of iterations for € = 0.5 with different N and p
N=40 N=80 N=160 N=320 N=640
p=100 22 25 24 25 24
p=10" 1 11 12 13 13
p=10> 8 9 9 11 11
p=10> 7 8 9 10 10
p=10" 6 7 8 10 10
p=10> 6 7 8 9 9

Table 4 Number of iterations for & = 0.55 with different N and p

N=40 N=80 N=160 N=320 N=640
p=100 22 20 21 21 21
p=10" 10 11 11 12 12
p=10" 8 8 9 10 10
p=10° 7 7 8 9 10
p=10" 6 6 8 9 10
p=10° 6 6 8 9 9
Table 5 Number of iterations for &€ = 0.7 with different N and p
N=40 N=80 N=160 N=320 N=640
p=100 17 17 16 16 16
p=10 9 10 10 10 11
p =107 7 8 8 9 10
p=10%> 6 7 7 8 9
p =10 5 7 7 8 9
p=10> 5 7 7 8 9
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Figure 9 Approximate solutions foruonI'. 05

0.4 1

0.35 1

0.3 ]

0.15 b

0.05 1

Figure 10 Approximate solutionsforAonT. 0.6
05
04}
03}
02}

0.1

Y ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

Table 6 Number of iterations with different N and p

N=40 N=80 N=160 N=320 N=640

p=100 43 46 46 45 46
p=10" 15 16 17 17 18
p=10> 10 11 13 13 14
p =103 8 10 12 12 13
p=10" 8 9 1 11 13
p=10° 7 9 11 11 13

with the Signorini boundary conditions

uzx+y3, A > —a, (u—x—yg)(k+x2):0 onI =9E(a,b),
where E(a, b) denotes the ellipse {(x, ) : (;—“)2 + (%)2 < 1}. The presented algorithm is applied
with the parameterizations t — (acos27t,—bsin 2w t) and a = 0.25, b = 0.125. For N = 160
and parameter p = 100, the numerical results are given in Figures 9 and 10. It can be seen
that our results are again in excellent agreement with the corresponding results in [9].

Table 6 shows the numbers of iterations for different values of p and various N. We observe
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that the algorithm also converges quickly and the numbers of iterations decrease as p
increases, and a different N has little effect on the numbers of iterations.

5 Conclusion

In this paper, we have proposed a new ALM for the solution of Signorini boundary value
problems and proven its convergence. Using the BEM and the fixed point method, we can
easily apply this algorithm to the Signorini boundary value problems defined in domains
of arbitrary shape. Each iteration only needs to solve an elliptic variational problem and
the semismooth Newton method is used to find the solution. The examples tested show
the feasibility and effectiveness of the algorithm.
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