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SEMI-SMOOTH NEWTON METHODS FOR VARIATIONAL INEQUALITIES
OF THE FIRST KIND

KazuruMmi ITo* AND KARL KuNisca?f

Abstract. Semi-smooth Newton methods are analyzed for a class of variational inequalities in infinite
dimensions. It is shown that they are equivalent to certain active set strategies. Global and local
super-linear convergence are proved. To overcome the phenomenon of finite speed of propagation of
discretized problems a penalty version is used as the basis for a continuation procedure to speed up
convergence. The choice of the penalty parameter can be made on the basis of an L°° estimate for the
penalized solutions. Unilateral as well as bilateral problems are considered.
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1. INTRODUCTION

This paper is devoted to the convergence analysis of iterative algorithms for solving variational inequalities
of the form

min % a(y,y) — (f,y)

y € Hy(Q) (L)
y <1 a.e. in §,

where a(-,-) is a coercive bilinear form on H{(Q2) x H}(Q2), and (-,-) denotes the inner product in L*(Q).
The precise assumptions on the quantities appearing in (1.1) are given in Section 2. While iterative methods
for solving finite dimensional discretization of (1.1) are extensively studied see e.g. [4,8,9] and the references
therein, little attention has been paid to the infinite-dimensional counter—parts. Our contribution will focus on
the convergence of the infinite dimensional algorithms. More precisely we shall analyze primal-dual active set
algorithms or — as we shall argue — equivalently semi—smooth Newton algorithms. To briefly describe this class
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of algorithms let y* denote the solution to (1.1) and let A* be the associated Lagrange multiplier. As we shall
recall in Section 2, the optimality system associated to (1.1) can be expressed as

{ a(y*,v) + (A", v) = (f,v), forall ve Hy(Q), (1.9)

A = max(0, \* + e(y* — ),

for each ¢ > 0, where max denotes the pointwise a.e. maximum operation. The second order augmented
Lagrangian method in [1,10] employs the primal-dual active set strategy based on the second equality in (1.2)
and is given as the following iterative method: given a current pair (yg, A\x) of primal and dual variables, predict
the active set Agy1 as

A1 = {z: A(2) + e(yr(z) — ¢ (2)) > 0} - (1.3)

We arrive at the following formal algorithm:

Algorithm.
(i) Choose ¢ >0, (Yo, Xo), set k=0.
(ii) Determine Apy1 according to (1.2).
(iii) Solve for yp41 = argmin{%a(y,y) —(f,y):y=1 on Agi1}.
(iv) Let Agy1 be the Lagrange multiplier associated to the constraint in (iii) with Ag+1 =0 on Q\ Agy1.
(v) Setk=k+1 and goto (ii).

Let us observe that the optimality system for the variational problem in (iii) is given by

{ aYii1,0) + Nes1, 0y = (f,0) for all v € HY(Q), »

Yh+1 =¥ on Agi1, Apr1 =0 on Ty = Q\ Apya.

In particular, the Lagrange multiplier associated to the constraint y = 1 on A1, is in general only a distribution

in H=1(Q). This results from the fact that % is not continuous across the boundaries between active and
OYk+1 _ OYkt1

on7 ony ’
to either side of the boundary between active and inactive set. These jumps are not present in the solution of the
limit—problem (1.1), since under mild assumptions [12,13] we have y* € H2(Q) and A\* € L?(2). The fact that
the Lagrange multipliers Ag41 of the auxiliary problems in (iii) of the algorithm are not contained in the pivot
space L?(Q) between H{(2) and H () presents a serious difficulty, both from the point of view of numerical
implementation and convergence analysis. In order to remedy this difficulty we consider a one-parameter family
of regularized problems based on smoothing of the complementarity condition by

inactive sets. Rather Ax4; contains jumps of magnitude where nJi stands for the normal directions

A=amax(0,\+c(y—v¢)), 0<a<l

which replaces the second equation in (1.2). The motivation for this regularization is that it is a relaxation
of the second equation in (1.2). We analyze (i) the convergence of the active set strategy to the regularized
problem, (ii) the monotone convergence property and L rate of convergence of solutions to the regularized
problem to the original variational inequality and then (iii) develop and test a continuation method for the
second order augmented Lagrangian method based on (i) and (ii).

The outline of the paper is as follows. In Section 2 we first introduce an equivalent but much more convenient
form of the regularized problems and subsequently an iteration method based on the primal-dual active set
strategy. We show that the method based on the active set strategy is equivalent to a semi-smooth Newton
method [7]. Global as well as local super—linear convergence of the iteration method for the regularized problems
is proven. The equivalence to the semi-smooth Newton is used to prove local super—linear convergence. Section 3
is devoted to the asymptotic analysis with respect to the regularization parameter. Monotone convergence
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properties of the solutions of the regularized problems towards the solution of the original problem are proven
and an L°°-error estimate for this convergence is obtained. It is important to note that the L°-error estimate
can be used as a guideline for the choice of the penalty in terms of the mesh-size. In Section 5 we present our
numerical examples to demonstrate the structural results obtained in this paper. Moreover we demonstrate
that the algorithm allows to determine the boundary of the active set within grid—size accuracy. We also show
that regularization can be used to overcome an essential drawback of active set strategies applied to (1.1), i.e.,
when the bilinear form « is discretized by finite differences (the five point stencil in dimension two) then changes
from one iteration to the next occur along layers between active and inactive sets which have only the width
of one mesh-size. For fine mesh-sizes this results in large iteration numbers. This difficulty can be overcome
by multigrid methods, for example. Here we show that regularization techniques provide an alternative to deal
with this shortcoming of active set strategies for (1.1). A regularized version of the above algorithm converges
within a very few iteration due to its capability to change large sets of active indices to inactive ones and vice
versa. We shall demonstrate that this property can advantageously be used in a continuation procedure with
respect to the regularization parameter. The focus of our numerical test is not to compete with the most efficient
implementations for this frequently tested class of obstacle problems, but rather to validate the structural results
of the paper and to show the potential of a systematic use of regularization.

Our theoretical results provide a framework for an efficient second order iterative process for solving a
regularized form of (1.2). It should also be noted that solving the regularized problem is equivalent to solving
a single step of the first order augmented Lagrangian method, e.g., see [11] and thus semi-smooth Newton
methods should also improve the original implementation of the first order augmented Lagrangian method
reported in [11]. This can be the focus of future investigations.

Beyond the motivation of overcoming the difficulty due to lack of regularity of the Lagrange multiplier
our interest in analyzing primal-dual active set strategies for (1.1) also stems from our desire to investigate
these algorithms separately for classes of problems which differ with respect to the regularity properties of the
Lagrange multipliers. The abstract results are contained in [10]. In [3] we considered optimal control problems
with control constraints. In this case the Lagrange multipliers of the original problem as well as those arising in
the auxiliary problems of the primal-dual active set algorithm are in L?(2) or L2(92), depending on whether
distributed or boundary control problems are considered. For such problems large sets of active and inactive
indices are moved from one iteration to the next. In [7] we established the strong relationship of these methods
with superlinearly convergent semi-smooth Newton methods. For variational inequalities of the form (1.1) the
Lagrange multipliers of the limit problem are L? but those of the auxiliary problems are not. Finally, for state
constrained optimal control problems as well as for control of variational inequalities the Lagrange multipliers
of the limit-problems themselves are not L? smooth but are in general only measures. Numerical results for
these classes of problems are contained in [2,11]. Convergence results for the latter are only available in the
case of discretized state constrained optimal control problems.

We briefly summarize those facts on semi—smooth Newton methods which are relevant for our analysis in
Section 2. Let X and Z be Banach spaces and let F': D C X — Z be a nonlinear mapping with open domain D.

Definition 1.1. The mapping F': D C X — Z is called generalized—differentiable on the open subset U C D
if there exists a family of generalized derivatives G: U — L(X, Z) such that

1 ~
Jim o 1P 4 h) = F(a) = Gla + )bl =0, (A)

for every z € U.

We shall refer to mappings F' which allow a generalized derivative on U in the sense of Definition 1.1 as
Newton—differentiable.

Theorem 1.1. Suppose that z* € D is a solution to F(x) = 0 and that F is Newton—differentiable in an
open neighborhood U containing x* and that {||G(x)"Y||: @ € U} is bounded. Then the Newton—iteration
Trt1 = o — G(zr) " F(x1) converges superlinearly to x* provided that |zo — z*|| is sufficiently small.
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Let us consider Newton—differentiability of the max—operator. For this purpose X denotes a function space
of real-valued functions on © C R™ and max(0,y) is the pointwise max—operation. For § € R we introduce
candidates for the generalized derivative of the form

1 if y(x) >0
Gms(y)(@) =49 0 if y(z)<0
6 if y(x)=0,

where y € X.

Proposition 1.1. The mapping max(0,-): LI(Q) — LP(Q) with 1 < p < ¢ < oo is Newton differentiable on
L1(Q2) and G, 5 is a generalized derivative.

For the proofs of Theorem 1.1 and Proposition 1.1 we refer to [7]. Related results can be found in [14]. The
following chain rule will be utilized in Section 2. We utilize a third Banach space Y.

Proposition 1.2. Let F5: Y — X be an affine mapping with Foy = By+0b, B € L(Y,X), b€ X, and assume
that Fy: D C X — Z is Newton—differentiable on the open subset U C D with generalized derivative G. If
Fy Y (U) is nonempty then F = Fy o Fy is Newton-differentiable on Fy *(U) with generalized derivative given by
G(By +b)B € L(Y, Z), fory € Fy (U).

Proof. By assumption F, *(U) is nonempty and due to continuity of Fy the set F, '(U) is open. Note that
G(By +b)B € L(Y, Z) for each y € F;, ' (U) since G(x) € L(X, Z) for each 2 € U. For y € F, *(U) we find

. 1
lim Tl [(F1 0 F2)(y + h) — (F1 o F2)(y) — G(Fa(y + h))Bh|| =
heY
. 1 I BhIl
lim —— ||FA(By+b+ Bh) — F1(By+b) — G(By + b+ Bh)Bh| ——— =0,
A2 TBAT I
and hence the claim follows.
2. GLOBAL AND LOCAL CONVERGENCE OF THE ITERATIVE METHOD
FOR THE REGULARIZED PROBLEMS
‘We consider
1
min 3 a(y,y) = (f,y)
y € Hy(Q) 2.1)
y <1 a.e. in §,
where a (-, ) is a bilinear form on H}(Q) x Hg () satisfying
a(v, ’U) > V|v|§{37 a(wa Z) < :u‘|w|H1 |Z|H1a (22)

for some v > 0 and g > 0 independently of v € H}(Q) and w, 2 € H'(Q2). Further it is assumed that f € L*(Q),
Y € HY(Q) with |pq > 0. Throughout 2 is a bounded domain in R™ with Lipschitzian boundary 92. Since
Y € HY(Q) the trace 1|aq is well-defined. The assumption 1)|spq > 0 implies that the set of admissible functions
y for (2.1) is nonempty. We shall also require that a satisfies the weak maximum principle, i.e. for allv € Hg (£2)

a(v,v) <0 implies vt =0, (2.3)
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where v+ = max(0,v). We set K = {v € H}(Q): v > 0 a.e.}. It will further be convenient to introduce the
representation operator

A: HYQ) - H1(Q)
associated to a(-,-). Utilizing (2.2) it is well-known [12] that (2.1) admits a unique solution y* € H}(Q2) and an

associated Lagrange multiplier \* € H~1(Q). Under well-known additional regularity assumptions which we
recall in Remark 2.3 below \* € L%() and the following optimality system characterizes y*:

a(y*,v) + (A, v) = (f,v), forall v HQ) (2.4)
Ay — ) =0, y* <1, (\,0) >0 for all ve K. '
By inspection (2.4) can equivalently be expressed as
a(y*,v) + (\*,v) = (f,v) forall ve Hy(Q) 25)
A" = max(0, A" + c(y" — ), '

for arbitrary ¢ > 0. (More precisely, (2.4) implies (2.5) for every ¢, and (2.5) for some ¢ > 0 implies (2.4)). Next
we turn to the regularization of the max—function in (2.5). We have motivated the necessity for regularization
for the primal-dual active set method by the abstract algorithm in Section 1. Concerning the semi-smooth
Newton approach we have from Proposition 1.1 that the max operation is Newton differentiable from LP(2)
to L3(Q) if p > 2. If we were to consider both y and A\ as independent variables in a semi-smooth Newton
approach to (2.5), then we can expect to obtain the necessary smoothing for the y component due to the first
equation in (2.5) but we lack the smoothing property with respect to .

In our first attempt to regularize the max—function in (2.5) we are tempted to use the well-known smoothing

o
0 f < —=
or T 5
1 o\ 2 o o
maxe (@) = 5o (v+3) for —T<es<y
T for T > g,
2

with o > 0, see e.g. [1]. After a short computation we obtain an explicit expression for A = A, (z) satisfying
A =max, (0, + cz) as

=0 for At+cz —3
Ao (2) Z%—cz—\/—2caz for —%S)\—i—czg%
S [%,oo) for ANtcz> %-

Thus we obtain an equation Ay + A\, (y —¢) = f for y € H} (), where ), is a multi-valued function defined
above. This smoothing has some nice properties but it is much less convenient than penalty—type smoothing
that we turn to next.

As stated in introduction we shall use

A=amax(0,\+c(y* —v)), 0<a<l (2.6)
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to regularize the second equation in (2.5). This is equivalent to
A =max (0,A+7(y —v)), v € (0,00), (2.7)

where A € L2(Q), if we set A = 0 and v = ca/(1 —a). Note that v — cot as @ — 17. This type of regularization
will allow us to prove global monotone convergence of the primal-dual active set method. The introduction of A
in (2.7), which does not appear in the original regularization, was motivated by augmented Lagrangians, [10,11].
We shall see in Section 3 that depending on its choice the feasibility of the approximations can be controlled.
Note that if A = 0 on {x: y(z) > ¢¥(z)}, then (2.7) can be regarded as a penalty-type formulation of the
complementarity condition

y*”(/Jgo, )\207 (yfll%)‘):()a

as v — 00. In the remainder of this section 7 > 0 is a fixed constant and we consider an active set strategy or
alternatively a semi-smooth Newton method to solve

{ a(y,v) + (A, v) = (f,v) for all ve Hy(Q) (28)

A= maX(O,S\Jr'y(yfw)).
Monotone operator theory provides the existence of a unique solution (y., Ay) € Hg () x L*(£2). An independent

existence proof will follow from the results of this section.
We turn to the description of the algorithm.

Primal-dual active set (PDAS) algorithm

(i) Choose yo , set k = 0.
(ii) Set Agt1 = {x: A +v(yr —¥))(z) > 0}, Tpr1 = Q\ Apy1.
(iii) Solve for yr41 € Hg(Q):

a(y,v) + A+ 7y — 1), xa,,,v) = (f,v) for all ve Hg(). (2.9)
(iv) Set
O on Ik+1
A1 =14 _
A+YWre1 —¥) on Apya.

(v) Stop or k =k + 1, goto (ii).

Remark 2.1. Here we establish the relationship between the above algorithm and a semi-smooth Newton
method applied to (2.8). Recall the definition A: H}(Q) — H~!(Q) and introduce the nonlinear mapping
F: HY Q) x L3(Q) — H71(Q2) x L?(Q), by

Ay+ 22— f
F(y,\) = . :
A —max(0, A +~v(y — ¢))
A generalized derivative G of F' in the sense of Definition 1.1 and Proposition 1.1 with é = 0 is given by

Ahq+ ha
G(Yr, \e)h = -

ho — ’YXAHJM
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where h = (hy, he) € H}(Q) x L3(Q).
The resulting semi—smooth Newton—update is thus given by
Ay+N=—-Ayp — M\ + f
o= _)\k on Ik+17 (2.10)
A=y ==+ A+ (e —¢) on Apyy
where dy = yrr1 — yr and A = Agy1 — A, and coincides with step (iii)—(iv) of the primal-dual active set
algorithm.

Remark 2.2. The semi-smooth Newton can be applied to (2.6) without reformulation as (2.7). Based on (2.6)
it coincides with the one we specified above, with A = 0, except for the initialization phase, where now o
and Ao must be prescribed. In case of (2.6) the active set in step (ii) of the algorithm would be set Ay, =
{z: (Mg +v(yr — ¢))(z) > 0} and the update on the basis of (2.6) for Ay41 coincides with the one of step (iv)
in the algorithm. Note that sgn (Ar + v(yr — ¥))(z) = sgn (yr — ¥)(x) for all z € Q, and k£ > 1, and hence

Aps1 = Appq for all k> 2. A similar remark applies in case A # 0.

Properties of the semi-smooth Newton algorithm or equivalently the PDAS are analyzed next.
Proposition 2.1. If Ay1 = Ay for k > 1, then (yi, \x) is the solution to (2.9).
Proof. Since for given Aj41 the solution to (2.9) is unique it follows from Ay = Ag41 that yr = yr+1 and
consequently Agy1 = Ag.

Proposition 2.2. The sequence {yr}7>, is monotonically decreasing, i.e. Ypt1 < Yk, a.e. on Q for all k > 1.

Proof. Let &y = yr+1 — yr for kK > 1 and observe that

a(dy, &™) + (Msr — A, ) = 0. (2.11)
We have
=0 for € Zpy1 NIy,
Newr (@) = Mlay 4 W@ ma) o € Avn DA
=-A—7yr —Y)(x) 20 for x€Tpp1 N Ay,
> Y(Yrt1 — yk) (@) for  x€ A1 NIy

It follows that (Ag+1 — Ak, ") > 0 and by (2.11)

a(dy,oy™) < 0.

Consequently gyt = 0 by (2.3) and yx11 < yx follows. O

Proposition 2.3. For every k > 1 we have Ty, C Zj41.

Proof. 1f not, then there exists a set S C Q of positive measure and = € Zj, N Ay41 for every z € S. It follows
that (A + (yx—1 — ¢)) (z) < 0 and by Proposition 2.2 (A + (yx — ¢)) (z) < 0. On the other hand z € Agy1,
and hence (A + (yx —1)(x)) > 0. This gives the desired contradiction. O

Proposition 2.4. For every k > 1 we have y, < y.
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Proof. We consider the sign of A\ — A,. Let A, = {:c: (S\Jr'y(yV — 1/))) () > 0}, and Z, = Q\ A,. For
x € Iy, NI we have (A — A\y)(z) = 0, and for x € A, N A, we find (\p — \)(z) = v(ye — yy)(x). If
x € Z,NAg then (A, — X)) (@) = (A +v(yx — ¥)) (2) < y(yr — yy). Finally, if 2 € A, NZ;, then (A, — \,)(z) =
— (A +7(yy —¥)) () <0. We find

alyy — yks (4y — uk)") = =0y = X, (Y5 —w)™) < 0.

By (2.2) it follows that (yy — yx)™ = 0 and hence y., < yy. O

Proposition 2.5. For every k > 1 we have 0 < Agq1 < Ag-

Proof. The claim follows from Propositions 2.2 and 2.3. (]

Note that Propositions 2.2-2.5 hold for £ > 1 and are in general not valid for the initialization step with
k=0.

Theorem 2.1. For every v > 0 we have limy_,o (Y, \&) = (Y, Ay) in Hg(Q) x L*(Q).

Proof. The sequences {yr}3>, and {A\z};2, are decreasing pointwise almost everywhere and are uniformly
bounded by L?(2) functions. By (2.2) and (2.9) moreover, {y;}32, is bounded in H}(2). Hence there exist
9 € HY(Q) and AeL? (€2) such that a subsequence of y; converges weakly in H}(Q) to §, and limg oo yx = 9
a.e. and limg_,oo A\ = \ a.e.. Since T C Zi+1 and Ay = 0 on Z, it follows that A=0onTZ= U,;“;l T and
A=A+ —1) on A= MNaey Ak. Moreover, if z € T then (A + (§ —))(z) < 0, and for z € A we have
A+ v(yx — 1)) (2) > 0 for all k and hence (X + (§ — 1))(z) > 0. Consequently A = max(0, A + v(j — ¢)). By

Lebesgue’s bounded convergence theorem limy_ .o A = Min L2 (Q). Taking the limit in

a/(yka U) + ()\k,’U) = (fa U)a
we arrive at

c}(g,v)—&—( ,v) = (f,v) forall ve Hy(Q)

A = max(0, A + (9 — ).

?

Since the solution to this system is unique we have (g,ﬁ\) = (yy,Ay). Finally, setting v = y; in (2.6) and

using (2.2) we find |yk|Hé — |yv|Hé. Together with weak convergence of yj, to y, in Hy this implies limy_.c yx =
Yy in H}(Q). O

Remark 2.3. Under additional regularity assumptions the above result can be strengthened. We shall repeat-
edly refer to these assumptions which we now summarize. The bilinear form has the form

a(v,w) = / [aij 0z, 00, w + dw]dz,
Q

for v,w € H(Q), where we use the summation convention, the leading differential operator is uniformly elliptic
and a;; € CY(Q), d € L>=(2), d > 0. Moreover 1) € H%(Q), 9Q is C1! or Q is a polyhedron.

Under these requirements the representation operator A is a homeomorphism from H2(Q)N HE(Q) to L?(1).
The solution to (2.1) satisfies (y*, \*) € (H2(Q) N H(Q)) x L3(), see e.g. [11-13], or as corollary to the results
of Section 3. Moreover limy . yx = y in Hg () N H%(Q) in the statement of Theorem 2.1. a

Theorem 2.1 guarantees global convergence of the semi—smooth Newton method, i.e. the algorithm converges
from any initial condition. Next we establish that once the iterates are sufficiently close to the solution, then
the convergence is superlinear.
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For this purpose we introduce the mapping F': L?(Q) — L%(Q) by
F(A) =X—max (0,A+v (A7 (f =) —v)). (2.12)

Note that F'(A) = 0 is equivalent to system (2.8). We consider the following reduced algorithm in the variable .
It arises from applying the quasi-Newton method to F'(A) = 0. It turns out that the reduced algorithm is
equivalent to the primal-dual active set algorithm.

Reduced algorithm

(i) Choose yo € Hj (%), set Ao = f — Ayo and k = 0.
(11) Set AkJrl = {l‘: [)\ + ’)’Ail(f — )\k) — "}/"L/)} (l‘) > 0} y Ik;+1 = \ Ak+1~
(iii) Set 6A = A on Zy41, and solve for S\ € L%(Q)

(5)\ + 'yAfl((S)\)) (x) = [—)\k FA =Y +yATHf - )\k)] (), x€ Agta.

(iv) Set Agy1 = Ax + 0 and goto (ii).
In fact (iii)—(iv) of the reduced algorithm is equivalent to

()\k;Jrl - + ’)/1/)) (SC) =7 (Ail(f — )\k+1)) (SC) for x € Ak+1, >\k+1 =0 in Ik+1

and thus it is equivalent to (iii)—(iv) of the primal-dual active set algorithm with yx11 = A71(f — Ag4+1). Since
the initializations for both algorithms are the same the two algorithms give identical iterates. Note that while
Ao may only be in H~1(Q), the iterates satisfy \x, € L?(Q) for k > 1.

Theorem 2.2. If A\g € L*(Q) and [No — \y|r2(q) is sufficiently small then (yr, M) — (Y, Ay) superlinearly in
HY(Q) x L3(9).

Proof. First we show superlinear convergence of A\x to Ay by applying Theorem 1.1 to F defined in (2.12). Let
q= % — %, if n >3 and ¢ € (2,00) if n = 2. Then H'(Q) is continuously injected into L4(2), and ¢ > 2 for
each n. From Propositions 1.1 and 1.2 it follows that F' is Newton—differentiable on L?(£2). For this purpose
weset B=~A 1 and b= A+~ (Aflf — w) in Proposition 1.2. To apply Theorem 1.1 it remains to verify that
the generalized derivatives G(A\) € L(L?(2)) of F have uniformly bounded inverses. We define

A={z: Pty (A -0 - )] (@) >0}, T=0\A

Further let E4: L%(A) — L?(Q) and Ez: L*(Z) — L*(Q) denote the extension — by — zero operators from A
and 7 to €, respectively. Their adjoints E%: L?(Q2) — L*(A) and E3: L*(2) — L*(Z) are restriction operators.
The mapping (E%, E3): L*(Q) — L?*(A) x L*(Z) determines an isometric isomorphism and every A € L?({) can
uniquely be expressed as (E% A, E7\). A generalized derivative of F' in the sense of Definition 1.1 is obtained
by setting § = 0 in the definition G, s for generalized derivatives of the max—operation. We obtain

GA) =T +yxad™h.

This operator can equivalently be expressed as

I 0 EXA7'E, E%AT'E
G()\)<64II)+,Y< AO A AO I>’

where I4 and I7 denote the identity operators on L?(A) and L%(Z). Let (g4, g7) € L*(A) x L*(Z) be arbitrary
and consider the equation

GN((6A)4; (0M)z) = (9.4, 97)- (2.13)
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Then necessarily (6\)z = gz and (2.13) is equivalent to
(N4 +YEGA Y EA(SN) A = g4 — YE3 A ' Ezgz. (2.14)

The Lax-Milgram theorem and positivity of A~ imply the existence of a unique solution (J\) 4 to (2.14) and
consequently (2.13) has a unique solution for every (g4, g7) and every A. Moreover these solutions are uniformly
bounded w.r.t. A € L2. This follows from (6\)z = gz and

0 alz20a) < 19alr2@) + AT 22 @) 192]L2()-

This proves superlinear convergence A\, — A\, in L?(£2). Superlinear convergence of y; to Yy in Hg () follows
from Ay + Ar, = f and the fact that A : H} () — H~1(Q) is a homeomorphism. d

If the problem data are sufficiently regular as specified in Remark 2.3 such that A: H}(Q) N H?(Q) — L3(Q)
is a homeomorphism, then y; — v, in H%(Q) under the assumptions of Theorem 2.2.

3. CONVERGENCE OF REGULARIZED PROBLEMS

First we establish a general convergence result with respect to the penalty parameter . For related results
we refer to [6], for example.

Theorem 3.1. The solutions (y~, \y) to the regularized problem (2.8) converge to (y*,\*) in the sense that
Yy — y* strongly in H}(Y) and Ay — X\* weakly in H=1 () as v — oc.

Proof. From (2.4) and (2.8) we have for every v > 0
a(yva Yy — y*) + ()‘vayv - y*) = (fa Yy — y*)

where A, = max (0, A+ y(yy — 1/))) Since A, > 0 and ¢ — y* > 0 we have

. A A 1 - 1 _
(Aw,yvy)<>\m—+yw¢+¢y _)2_()\’Ya>‘+7(y7w))_()\’YﬂA)a
Y Y Y Y
and hence
. 1 9 1 -
(Aysyy —y") > ;P“Y'LQ - ;()‘77)‘)- (3.1)

Using this inequality and the equation derived from (2.4) and (2.8) we have
1 2 * * 1 <
(1 97) + ZPalzz < alyy ") + (fro —97) + (A Ay) -
It thus follows from (2.2) that
2 Ly 2
1/|y7|Hé + ;|>‘V|L2

is uniformly bounded with respect to v > 1 and hence by (2.8) the family {\,},>1 is bounded in H ().
Consequently there exist (gj, 5\) € H}(Q) x H1(Q) and a sequence {(y-,, Ay, } with lim~, = oo such that

w — lUm(y-,,, A\y,) = (g}, 5\> in Hg(Q) x H ().
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Henceforth we drop the subscript n with ~,,. Note that

3 2

1 A
;|)‘v|i2 = ‘max (0, 5T 1/))

L2
Since H{ () is embedded compactly into L%(2), we can assume without loss of the generality that y., converges

to § a.e. in Q. From the above equality and Fatou’s lemma we conclude that |(§ —)*| = 0 and therefore
g <. From (2.4) and (2.8) we also have

a(yy =YYy =¥ ) + Ay =AYy =y ) =0,

and by (3.1)
* 1 5 2
()\'yayv -y ) > *H|>‘|L2'
Hence
0< T vlyy =yl < Hm Ny =y ) umy = V9 = ¥y <0,

where we used the complementarity condition (A, y* —9) g1 g1 = 0 and § < ¢. It follows that lim, . y, = y*
in H}(Q) and hence § = y*. Taking the limit in

a(yy,v) + (Ay,v) = (f,v) for all v e Hy,
we find

a(y*,v) + <5\7U>H*1,H§ = (f,v) forall v e H].

This equation is also satisfied with A replaced by A* and consequently A\* = \. Since (y*, \*) is the unique
solution to (2.5) the whole family {(y-, A\y)} converges in the sense given in the statement of the theorem. [

In the next two sections we establish monotonicity for the family {yy}+>0 and the rate of convergence to y*
in L*°(Q) for two specific selections of A\. We believe that such results are new and they play an important role
in developing a fast algorithm in Section 5.

3.1. Infeasible case

Here we choose A = 0. For vy > 0 we set
A, ={zeQ: (yy —¢¥)(x) >0} and Z, =Q\ A,.
Proposition 3.1. If 0 < a < (3 then

v <ysg < Yq, a.e in Q.

Proof. By (2.8) we have

Ao = Ag = max(0, a(ya —¢)) — max(0, B(ys — ¥)).
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It follows that

(Ma — Ag)(@) =0 for = €T, N7T5 5

(e = A0)(#) < Blyia — y3)(2) for @€ Ay 1 As.
For 2 € I3 1 Ay we find (A — Ag)(z) = a(ya — ¥)(z) < Blya — $)(@) — B(ys — )(x) = B(ya — ys)(x), and thus

(Ao = A)(2) < B(ya —yp)(x) for x € IzN A (3.3)
Moreover

(Aa — Ag)(x) <0 for z€ AgN .. (3.4)
For (3.2)~(3.4) and (2.8) we find
a(ys = Ya: (Y5 = ¥a) ™) = (Mo = Ag, (Ys — ¥a)¥) <0

and hence yg < yo. The verification that y* < yq is quite similar. O

Proposition 3.2. For 0 < a < 3 we have

A ng D Z,.

Proof. It x € Az NI, then (yo — ¢)(x) < 0 and (yg — ¥)(xz) > 0. Hence yo(x) < yg(x) which contradicts
Proposition 3.1 and therefore Zg D 7. O

Our next objective is to prove convergence of y, to y* in L°°(§) with rate y~!, provided certain regularity

conditions are satisfied. We require a technical lemma which we describe first. For this purpose let w denote a
subdomain of Q with Lipschitzian boundary dw. The restriction of a to H'(w) x H'(w) will be denoted by the
same symbol.

Lemma 3.1. Assume that g € L>=(w) and that a(1,v) > 0, for all v € H'(w) with v > 0. For ¢ > 0,c € R, let
ye € HY(w) denote the solution to

a(y,v) + c(y,v) r2(0) = (9, V)12(w) for all v € Hj(w). (3.5)
Then y. € L™ (w) and [ye|ro(w) < £19]1(w)-
Proof. For the sake of completeness we include the proof which can be obtained with known techniques. Let

g = max(0,sup{g(z): x € w}).
For all v € H}(w) we have

1_ B _ g
a (yc - Egvv) + (7= 9,V)12w) = (§ — WYe, V) 2(0) — @ (E’ v) : (3.6)

Set v = (ye — %g)Jr and observe that v € Hg(w) since g > 0. Since a(1,v) > 0 for all v € H!(w) and v > 0, it

follows from (3.6) that
1_ 1 \"
aA\Ye— =9\ Ye—— 9 <0
c c
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and consequently y(z) < %|g|Loo(w) for a.e. x € w. Analogously it can be verified that *%|g|Loo(w) < y(x) for
a.e. r € w. 0

Let us introduce the active and inactive sets associated to the solution y* of (1.1):

A ={z € Q:y*(z) =v(x)}, T ={zxeQ: y"(z) <(x)},
with boundaries 0.A4* and 0Z* respectively.

Theorem 3.2. Let the reqularity requirements of Remark 2.8 be satisfied and assume that f € L>®(Q) and
Ay € L>=(Q). If, moreover, the boundary OA* of the active set is C1'1 manifold in R"~1 and for every v > 0
the boundary dA, of A, is Lipschitzian manifold in R"~1 | then

. 1
1Yy — Y1) < ;|f*A¢|Loo(Q)-

Proof. The regularity assumption imply that y* € W2P(Q) and y, € WP(Q) with p > n. Recall that
W2P(Q) c C(Q) if p > n. From Proposition 3.2 it follows that A* C A, for every v > 0. From the definition
of A, we have

Ayy +9(yy =) =f in A,
Yy — =0 on OA,.

Consequently

Ay, =) +9(yy =) =f - Ay in A,
Yy — =0 on OA,.

From Lemma 3.1 with w = A, and ¢g = f we find
1
1Yy — Vlp=(a,) < ;|f — A= ()
and in particular
1
1Yy = Yl (ar) < ;|f — A| (.- (3.7)

Note further that on Z* we have

Alyy —y*)=X*—Xy, <0 in I*
! ! (3.8)
Yy =Y =y, —1p >0 on O0T*.
From the maximum principle applied to (3.8), and (3.7) it follows that
* 1
1Yy — Y"1 (z) < Yy — YlL=(az+) < ;|f — Al e (), (3.9)
see e.g. [13] (p. 191). Combining (3.7) and (3.9) gives the desired conclusion. O

To justify the terminology to refer to A = 0 as the infeasible case note that if Yy < 1 for some v > 0 then
Z,=Q, Ay =0 and (y,, \,) satisfy the optimality system (2.4). Consequently (y*, \*) = (y,, \y) and y* is also
a solution of the unconstrained problem. Thus unless y* is also a solution to the unconstrained problem, y, < v
for some finite v is impossible. In the following section it will be shown that proper choice of A guarantees
feasibility of the solutions y, to (2.8).
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3.2. Feasible case

Here we choose A € L?(€2) such that

A>0 and A — (f —Ay) >0, ae. in
{ (A= (f = Ap),v) g1 gy > 0 for all v e K. (3.10)
Note that if ¢ € H?(2) then for the choice A = max(0, f — A%) (3.10) is satisfied.
Proposition 3.3. If (3.10) holds and 0 < o < 3 then
Yo <y <Y ace in Q.
In particular yo is feasible for every a > 0.
Proof. From (2.8) we have by (3.10)
a(ya =¥, (o —¥)") = (f = Aas (o —)) = a(¥, (ya —¥)7)
= (f =AY —max(0,A + a(ya — ¥)), (ya — 1))
=(f =AY =X (Y = ¥)") = alya — ¥, (ya —¥)")
< —al (ya —9)TP <0
and hence by (2.3)
Yo <1
It follows that y, is feasible for every a > 0.
Next let 0 < a < 3. By (2.8)
a(Ya = Ys: (Wa = ¥5) ") = (A = Ao, (Yo — y5)T). (3.11)

We introduce the set
S ={z: ya(r) = ys(z) > 0}
and decompose this set as § = 51 N Sy U S3, where
S1={z€8: (A+Alys — ) (x) <0}
So={zeS: A+Bys—v)) (x) >0, A+ alya —v)) (z) <0}
Sy={zeS: (A+Bys —v)) () >0, A+ aya — ¥)) () >0}
To estimate the right hand side of (3.11) recall that

A — Aq = max (0, A+ Blys — 1/))) — max (0, A a(yo — 1/1)) .
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We find
(A8 = A, Wa —y3)T) = (Mg — AasYa — ¥)r2(sy) T (A8 — Aay Yo — UB)L2(85) + (A8 — Aas Yo — YB)L2(8s)
Blys — ) — a(ya — ), (Ya — ¥p)L2(S5) + (B(Us — Ya), Yo — Ys)L2(Ss)

+(BWa — V) = (Yo — ¥)s Ya — yﬁ)L2(53)~

= (
<(

Utilizing the fact that y, < and yg < 9 we find

(A8 = A Wa —yB) ") < BWSE = Yar Yo — Ys) L2(55) + (B — @) (Ya — V1 ¥a — ¥s) 2(54) < 0.

Inserting this estimate into (3.11) and using the weak maximum principle implies that yo < yg. (I

Corollary 3.1. If (3.10) holds and 0 < oo < 3 then
0< A <5< max(O,j\)
and I, D 1g.

Proof. From the representation A, = max (0, A + v(yy — ) and the fact that v — y(y, — ¥)(z) is increasing
with respect to v for a.e. z € €2, it follows that A, is increasing and Z, is decreasing with respect to . The
estimate A, < max (0, )\) is a consequence of the feasibility of y, for every +. O

As in the infeasible case we can consider the question of rate of convergence with respect to v if additional
regularity requirements are satisfied.

Remark 3.1. From Theorem 3.1, Corollary 3.1 and Lebesgue’s monotone convergence theorem it follow that
Ay — A* strongly in L?(12).

Theorem 3.3. Assume that f € L>®(Q), A € L®(Q), A € L=(Q) and that the assumptions of Remark 2.3
hold. If in addition A, is a domain with a CY! boundary, then

|5‘|L°°(Q)-

2l

1Yy — ¥" | Lo () <

Proof. By the assumptions of the theorem y* and y, € W2P?(Q), p > n. On A, we have A +7(y, — 1) > 0 and
~ < 1, and hence

Yy = Ylpe(a,) < = [Alpe(q).
Since A, C A* by Corollary 3.1 this implies that

* 1 B}
1Yy — Y |Lo(a,) < S Al (0)-

Moreover we have
Aly* —yy) =Xy —A* <0 in Z,
Yy —yy <0 on OZ,.

From the maximum principle and the regularity assumption on 9Z, it follows that

ly" = yylrez,) < = |)‘|L°° U



56 K. ITO AND K. KUNISCH
4. BILATERAL CONSTRAINTS
The treatment of bilateral constraints gives rise to some additional difficulties. Here we consider

min % a(y,y) — (f,y)

over y € H}(Q) (4.1)
p<y<y in
Throughout this section we assume that
a(p,v) = (V, Vo) for all ¢, ¢ € Hy(Q),
that ¢ and v are in H*(Q), that 99 is C*! and
© <0< ondf, max(0,Ay + f) € L3(Q), (42)
min(0, Ap + f) € L3(),
Sp={zeQ:AYp+f>0}NSy={xecQ: Ap+ f<0}=0, (4.3)
and that there exists ¢g > 0 such that
—A(Wp— @) +co(tp — ) >0 a.e. in . (4.4)

Under these assumptions it was shown in [10] that there exists a solution y* € H}(Q) N H?(Q) to (4.1) with
associated Lagrange multiplier \* € L?(Q2). This was verified by passing to the limit v — oo in

Ay —) i A4y (yy — 1) >0,

“Ayy + A =f A =0 A Fy (Y —e) i A+ (Y, — ) <O, (4.5)
0 otherwise,
where
B A+ f onS
A=4q Ap+f onS (4.6)
0 otherwise.

The weak limit of (y,\,) in H?(Q2) x L*(Q) satisfies
Nty =) if N 4c(y*—1) >0,
—AY T+ N = N =< N4y —p) i NFclyt—9) <0,
0 otherwise,
for every ¢ > 0. The latter equation can be equivalently expressed as

—Ay N =,
A" = maX(O, A* + C(y* - ¢)) + min(oa A* + C(y* - (P));

for every arbitrary fixed ¢ > 0.
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Primal—dual active set algorithm
(i) Choose yo, set k = 0.
(ii) Set
Al = {z: A+ =) (2) > 0},
AL ={z: A+ — ) (z) <0}
T = O\ (Al VAL ).

(iii) Solve for yr41 € Ha(9).

aly,v) + (A + @ =9) xap, o v) + (A = 0) xaz,, v) = (o), (48)
for all v € H} (). Set
0 on Iy
A1 =19 A+7(Wr+1—¢¥) on Al
A+ (k1 — @) on AL

(iv) Stop, or k =k + 1 and goto (ii).
For the following local convergence result the choice of A as in (4.6) is not essential.

Proposition 4.1. If [\o— )\, |12(q) is sufficiently small then (yi, \i) — (Y, \y) superlinearly in Hj(S2) x L*(£2).

Proof. The proof is quite similar to that of Theorem 2.2 and we therefore only give a brief outline. Again the
algorithm is expressed in the variable A only. The resulting iteration map F: L?(Q) — L%(Q) is given by

FA) =A—max (0,A+vy (A7 (f =) —¢)) —min (0,A+~ (A7 (f =N —¢)),

and (4.7) is equivalent to F'(\) = 0. Steps (ii) and (iii) of the reduced algorithm are replaced by:
(i") Set

AL = A +7ATHS = M) =7 ¢) (@) > 0},

AT ={os (A+9A7H( = M) —79) () <0},

Tpp1 =2\ (A;fﬂ U ‘Af+1) .
(iii") Set

OA=—X; on Zpy1 and solve for d A € H!

SA+FYATHEN) = M+ A=y +yATH(F = N) in AL,
SA+YATI(ON) =M+ A=y +7A7(f — M) in AL,

As in the proof of Theorem 2.2 one argues that F' is Newton—differentiable. To characterize the generalized
derivative we set

cp = A+ (AT =N =), cp = A+ (AT (F =) — o),
and

Ay ={z: cy(x) >0}, Ay, ={z: cp(x) <0}, T=0Q\ (Ay UA,).
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A generalized derivative is given by
GO =T +yxa, A7 +yxa, A7 =T +yxad™,

where A = A, U Ay,. Existence and uniform boundedness of the inverses of G(\) is verified as in the proof of
Theorem 2.2. g

5. NUMERICAL EXPERIMENTS

In this section we describe some numerical experiments to illustrate and confirm our results. The problem
under consideration is

—Ay+A=f in Q,
y=0 on OS2 (5.1)
y < ¢7 A> 0, ()‘)y - w)Lz(Q) =0

which is discretized by means of node-based finite differences. In the one-dimensional case 2 = (0,1) with
grid {z;} = {£}™, and in the two-dimensional case Q = (0,1) x (0,1) with grid {z;;} = {(%, L T—o- The
functions y, A, f and v are discretized by grid functions denoted by the same symbol and —A is discretized by
the three-, respectively five-point finite difference stencil. It is well-known that the resulting discretized operator
— Ay, satisfies the discrete maximum principle. Unless specified otherwise the algorithms are initialized with the
unconstrained solution to (5.1), i.e. ¥ = oco.

Example 5.1. Here Q = (0,1), f = i x sin(bx), ¥ = i, and m = 100. For all runs that we report upon the
primal-dual active set algorithm converges in finitely many steps, i.e. the situation discussed in Proposition 2.1
occurs. We denote the number of iterations that are required until the algorithm reaches the solution of the
discretized problem by iter. For v > 0 the iterates of the algorithm are denoted by yi, the solution by y,.
Similarly Ay stands for the active sets of the iterates, As for the active set corresponding to solution ys. In
this example as well as in Examples 5.2 and 5.3 below the algorithm was terminated when in two successive

iterations the active sets coincide. The current variables then give the solution of the discretized problem.

Let us start with some general observations for the numerical solution:

ey, <y, for y1 <72 and A = 0;

Yyi < Yo for 71 <72 and >_‘ = max(p, f + Akw),

Api1 C Ag for v > 0 and A =0 or A = max(0, f + Ap));

iter (y1) > iter (y2) if v1 < o5

for large v changes after the initialization phase from active to inactive occur only along the boundary
of Aj. This is not the case for small ~.

In Table 1 we report the required number of iterations and the cardinality of the active set A as a function of ~,
for A =0.

TABLE 1.
v 25| 51020 | 100 | 1000 | 10000
iter 41 4| 6| 6| 15 20 20

#(A) | 29]26|23|22] 19| 18 18

The results of Table 1 suggest to combine the primal-dual active set strategy with a continuation procedure
with respect to v: Thus we start with small v and use the solution as initialization for the algorithm with
larger . Table 2 shows that this continuation method is effective.
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TABLE 2.

¥ 5120 10*
iter | 5| 3 4

Concerning superlinear convergence of the algorithm for fixed v € (1, 00) it is not obvious whether the continuous
result can be used as indicator for the discrete one, due to finite speed of propagation of the discrete Laplacian.
In Table 3 we report the results for the quotients

@k = (Wks1 — y20)T An(Wrt1 — y20)/ Uk — ¥20) A (Y — y20),
for selected values of k, where A = 0, v = 10%.

TABLE 3.

k 2 6 10 13 14 15 16 17 18
gr |1 0.84 10.80|0.72 | 0.62 | 0.58 | 0.51 | 0.43 | 0.31 | 0.13

It is quite typical for the runs that we tested that the quotients decrease approximately by one power of 10,
between initialization and final result.

Example 5.2. For this example Q@ = (0,1) x (0,1), f = 500z sin(5z) cos(2y), ¥» = 1 on the annulus, R =
{(z,y): 2 < /22 +y2 < 4}, ¥ = 10 on @ R, and m = 200. Again the algorithm with A\ = 0 and \ =
max(0, f + Apt)) terminates after finitely many iterations. The same observations can be made as for the
one-dimensional example above. Typical results for A = 0 and various values of  are given in Table 4.

TABLE 4.
v 103 | 10*| 10°| 10%| 107 | 10%| 10°
iter 5 8| 12| 27| 35| 36| 36

#(A,) | 3117 | 2530 | 2348 | 2306 | 2302 | 2301 | 2301

For A = max(0, f + Apv) the number of required iterations is comparable and the final active sets for v > 108
is the same. For v = 10% changes from active to inactive sets take place along the boundaries of these sets in
layers up to the depth of 16 pixels. Continuation procedures with respect to v as explained in Example 5.1
again reduce the total number of iterations significantly, see Table 5.

TABLE 5.

v | 10* | 10° | 108
iter 8 5 1

We carried out computations with the same specifications as in Table 5 with a series of mesh-sizes character-
ized by m = (100, 200, 300, 400). The resulting number of total iterations are (11, 14, 16, 20). Again superlinear
convergence of the iterates can be observed. In Table 6 we give selected results for the quotients gr with
m = 200, v = 10% and A = 0. Since in this case the algorithm terminates in 36 iterations we set a5 = q36-
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TABLE 6.

k 1 8 15 22 29 31 33| 35
gr | 0.86 1 0.82{0.79|0.75|0.55| 042 | 0.21 | 0.17

Tests with the smooth obstacle ¢ = 8 ((x — %)2 + (y — %)2) — 1 give quite similar results. The iteration

procedure with the same values for v as in Table 5 requires 16 iterations to obtain the solution, without
continuation procedure 44, for vy = 108.

Example 5.3. This is an example with lack of strict complementarity. The choice for €2, and f is as in
Example 5.2. We set m=40. Let y; denote the solution to the unconstrained problem —Apy;, = f, and
define v = 10 except on S = (%, %), where it is set equal to y;. The algorithm with both A = 0 and
A = max(0, f + Aptp) terminates in 1 iteration for a large range of y-values. In a similar experiment with
m = 30 and S replaced by (%, %) X (%, %) the algorithm starts to chatter if A\ = 0, while it converges in finitely
many iterations comparable to those in Table 4 for A = max(0, f + Ax¢). Due to finite precision arithmetic
and the fact that the active/inactive set structure and the stopping rule are determined by commands involving
machine zero, chattering in the case of lack of strict complementarity comes as no surprise. There are various
remedies to avoid chattering based on stopping rules involving machine epsilon. The alternative choice of using
A = max(0, f + Aptp) rather than A = 0 has consistently eliminated chattering in this and other examples. For
instance, again with m = 30, we chose ¥ = 10 on Q\\S and ¢ = y; — 1. In the interior of the active set we have
lack of strict complementarity and for A = 0 and v > 10° the iterates chatter. With A\ = max(0, f + Ax%) no
chattering occurs.

In Examples 5.1 and 5.2 we investigated the case when the penalty parameter tends to oo. For a specific
application it may be desirable to compute with a fixed penalty parameter. For this purpose the penalty param-
eter should be chosen such that the error due to penalization is of the same order as that due to discretization.
Theorems 3.2 and 3.3 then suggest to choose « proportional to h~2. The success of this procedure is illustrated
in the following example.

Example 5.4. The following example from [5] (pp. 44-45). It represents an elasto—plastic torsion problem

formulated as obstacle problem on the unit disc 2 with center at (0.5,0.5). Let r = y/(z1 — 0.5)2 + (22 — 0.5)2,
d > 2 be a constant and set

YE)=1-—r, and f(z)=d.

Then the solution to the obstacle problem on Q is given by

In our calculation we chose d = 5.123.
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FIGURE 1. Infeasible method.

To compute on the unit square €2 we used exact non—homogeneous boundary conditions assigned at the
boundary. The regularization parameter was v = |5\‘Oo /h? with h = 0.01. The exact interface I' between the
active and inactive sets is given by r = 1 — %. We use this example to demonstrate how the interface can be
approximated by our proposed algorithms. In the following figures we show the estimated interface for both

the infeasible (I'1) and feasible (I's) method determined by means of

M={zeR?: y—¢=0}

i (5.2)
Iy={zeR*: A+y(y—¢)=0}
or alternatively by
9 1
N =<{zcR:y—typ=7=
) v ) (5.3)
Iy = {xeRQ: Aty —v) = ;}

Figure 1 shows a blow—up section of I' and the I'y’s for the infeasible method and Figure 2 shows a blow—up
section of I' and the I's’s for the feasible method. The most outer curve is for the exact interface I' both in
Figures 1 and 2. In this example the second estimates by (5.3) provide better and smoother estimates of the
interface T" both for the infeasible and feasible methods than (5.2).
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FIGURE 2. Feasible method.
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