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MESH-INDEPENDENCE AND PRECONDITIONING
FOR SOLVING PARABOLIC CONTROL PROBLEMS WITH MIXED
CONTROL-STATE CONSTRAINTS

MiCHAEL HINTERMULLER', IAN KOPACKA? AND STEFAN VOLKWEIN?

Abstract. Optimal control problems for the heat equation with pointwise bilateral control-state
constraints are considered. A locally superlinearly convergent numerical solution algorithm is proposed
and its mesh independence is established. Further, for the efficient numerical solution reduced space
and Schur complement based preconditioners are proposed which take into account the active and
inactive set structure of the problem. The paper ends by numerical tests illustrating our theoretical
findings and comparing the efficiency of the proposed preconditioners.
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1. INTRODUCTION

In this work we study a locally superlinearly convergent algorithm for computing the solution of constrained
distributed optimal control problems for processes governed by the linear heat equation

yy—alAy=f+u inQ, y0)=y, onQ, (1.1)

where Q C R represents the domain of interest and @ is the space-time cylinder. Furthermore, f is a given
source, 1y, denotes the initial temperature, and o > 0 is a given constant reflecting heat conduction properties.
We consider (1.1) together with homogeneous Dirichlet boundary conditions. In what follows we call y the state
and u the control (variable), respectively.

Recently, there has been significant interest in optimally controlling (1.1) subject to pointwise mixed control-
state constraints of the type

a<y+cu<b almost everywhere (a.e.) in @, (1.2)

Keywords and phrases. Bilateral control-state constraints, heat equation, mesh independence, optimal control, PDE-constrained
optimization, semismooth Newton method.

I University of Sussex Department of Mathematics Mantell Building Falmer, Brighton BN1 9RF, UK.
michael.hintermueller@uni-graz.at

2 Karl-Franzens-University of Graz Department of Mathematics and Scientific Computing Heinrichstrasse 36, 8010 Graz, Austria.
ian.kopacka@uni-graz.at; stefan.volkweinQuni-graz.at

Article published by EDP Sciences © EDP Sciences, SMAI 2008


http://dx.doi.org/10.1051/cocv:2008042
http://www.esaim-cocv.org
http://www.edpsciences.org

NEWTON-TYPE METHODS: MESH-INDEPENDENCE AND PRECONDITIONING 627

where a,b € L9(Q), for some ¢ > 2 and with a < b, and ¢ € L>®°(Q), with ¢ > e, >0 ae. in Qorc<e. <0
a.e. in Q. Mixed control-state constraints are of interest in several respects: (i) They occur in Lavrentiev-type
regularized state constrained optimal control problems, where typically ¢ = € > 0. In contrast to the measure-
valuedness of the Lagrange multiplier associated with pure state constraints (i.e., ¢ = 0 in (1.2)), the multiplier
pertinent to the mixed control-state constraints enjoys L?(Q)-regularity; see, e.g., [20]. This makes analytical
investigations as well as the development of fast numerical solution methods amenable. (ii) On the other hand,
mixed control-state constraints may appear in their own right. For instance, for ¢ < 0 (1.2) can be interpreted
as to restrict the control by some multiple of the state. In thermal processes this might be intended to avoid
material tensions due to a significant difference between the state (temperature) and the control (heating or
cooling) action.

Based on earlier experience [10,12,13], here we propose a primal-dual active set or, equivalently, semismooth
Newton method for the numerical solution of the underlying constrained optimal control problems. It turns
out that the method converges locally at a superlinear rate in function space as well as in finite dimensions
after discretization. In addition we prove that the convergence is mesh-independent. In both cases we extend
currently available work for the control of elliptic partial differential equations [9,11] to the parabolic case. This
is of particular interest with respect to the mesh-independence, since there are no such results available even
in the case where the mixed control-state constraints are replaced by the more accessible pointwise control
constraints a < u < b a.e. in (). We emphasize that our findings for the mixed control-state constraints readily
carry over to the case of pure control constraints.

As the discretization of time-dependent PDE-constrained optimization problems naturally results in an ex-
tremely large scale problem, preconditioned iterative solvers for the resulting subsystems have to be employed.
For research papers on reliable preconditioning in (unconstrained) optimal control of PDEs we refer to, e.g., [2—4].
The literature on preconditioning techniques in the case of additional inequality constraints and, in particular,
in connection with active set solvers is relatively scarce. Therefore, another goal of the present work is to
introduce a preconditioning technique which is tailored to the active respectively inactive set structure of our
solver and, hence, is able to handle additional pointwise inequality constraints efficiently.

The subsequent sections are organized as follows. In Section 2 we introduce the optimal control problem
under consideration and present first-order necessary and sufficient optimality conditions. Section 3 is devoted
to the development and convergence analysis of our solution algorithms. Then, in Section 4, we prove mesh
independence of our method. Finally, numerical examples illustrating the efficient performance of our solver
are discussed in Section 5. This section also contains an investigation of appropriate preconditioners for the
iterative solvers considered.

2. THE OPTIMAL CONTROL PROBLEM

In this section we formulate the optimal control problem with mixed pointwise control-state constraints and
review first-order necessary optimality conditions.

2.1. The constrained optimal control problem

Suppose that € is an open and bounded subset of R%, d € {2, 3}, with Lipschitz boundary I' = 992. For T > 0
we set Q@ = (0,7) x Q and X = (0,T) x I'. Moreover, by L?(0,T; H}(£2)) we denote the space of (equivalence
classes) of measurable abstract functions ¢ : [0, 7] — H}(Q), which are square integrable, i.e.,

T
2
@@y 0y At < o0
0 0

For the definition of Sobolev spaces we refer the reader, e.g., to [1,6]. In particular, H () stands for the
dual space of Hg(£2). Note that the space H}(Q) is continuously embedded in L°(Q2) for spatial dimension
d < 3. When t is fixed, the expression ¢(t) stands for the function ¢(t,-) considered as a function in © only.
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Recall that
W(0,T) = {p € L*(0,T; Hy(Q)) : ¢ € L*(0,T; H ()}

is a Hilbert space supplied with its common inner product; see [5], p. 473, for instance. Since HJ(f2) is
continuously embedded in L™ (Q) with (1) € [2, +oc], 7(2) € [2, +00) and r(d) € [2,2d/(d — 2)] for all d > 3,
we have that W (0, T) is continuously embedded in L?(0,T; L™(9)(Q)). Further, it is well-known that W (0, T) is
continuously embedded in C([0, T]; L%(2)); see [21], Theorem 3.10. Notice that L2(0,T; L?()) can be identified
with L?(Q). By Aubin’s lemma [18], W (0, T) is compactly embedded into L?(Q). Moreover, it follows from

/OT/Q|‘/’(t’X)|3dthS/OT </Q|ga(t,x)|2 dx) 1/2</Q|so(t,x)|4dx) 1/2dt
- /OT el 20 o740

2
< llelloqo, ;2@ 12112 0,7; 240
for any ¢ € W (0,T) that W(0,T) is continuously embedded into L?(Q) for spatial dimension d < 3.

We consider a distributed optimal control problem for the heat equation with mixed pointwise control-state
constraints. The goal is to minimize the cost function J : W(0,T) x L*(Q) — [0, 00) given by

I 1
J(y,u) :5/0 /QaQ |y—zQ|2dxdt+§/QaQ |y(T) — zq|* dx

T
+E/ /|u7ud|2dxdt,
2Jo Jo

where the state y and the control u are coupled by the linear boundary value problem

ye(t,x) — aAy(t,x) = f(t,x) + u(t,x) for almost all (¢,x) € Q, (2.2a)
y(t,s) =0 for almost all (¢,s) € X, (2.2b)
y(0,x) = yo(x) for almost all x € Q. (2.2¢)

In (2.1) we assume that og and aq are non-negative weights satisfying ag € L*>®(Q) and an € L™(1Q),
respectively. The desired states zg € L?(Q), zo € L*(Q) and the nominal control uq € L3(Q) are given, and
k > 0 denotes a regularization parameter. For the data in (2.2) we suppose that the inhomogeneity f belongs
to L2(0,T; H1(2)), a > 0 holds true, and the initial state satisfies y, € L?(Q). It is well-known that for
any u € L%(Q) there exists a unique solution y € W(0,T') of the state equation (2.2). Moreover, the mapping
u +— y(u) is continuous from L%(Q) to W(0,T); see [14,21]. If, in addition, y, € H3(R), f € L*(Q) hold and
is sufficiently smooth (e.g., € is convex with Lipschitz-continuous boundary), then the state y belongs even to
L2(0,T; H*(Q) N HE () N HY(0,T; L2()).

We also impose bilateral pointwise control-state constraints. For that purpose let a, b € L?(Q) be given
lower and upper bounds, respectively. Moreover, let ¢ € L>°(Q) satisfy ¢ > . > 0 (or ¢ < &, < 0) for almost all
(f.a.a.) (t,x) € Q. We define the two Banach spaces

X =W(0,T)x L*(Q), Y = L*0,T;H}(Q)),

and denote the common compact embedding operators by « : W(0,7) — L*(Q) and 7 : L*(Q) — Y’. Then
admissible state-control pairs (y, u) are required to belong to the closed convex set

Xad:{(y,u)€X|a§zy+cu§ba.e. inQ}. (2.3)
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For a compact formulation of the optimal control problem we introduce the affine linear mapping e : X — Y’
by

T
(e(y,u), 0)yry = /0 (e () = F(),0(6)) -1 (), 12 () A + /Q aVy - Ve —updxdt
for (y,u) € X and ¢ € Y, where the dual Y’ of Y is identified with L2(0,7; H~1(f2)), and (-, ) H-1(Q),HE ()
denotes the duality pairing between H}(Q) and its dual H (). The feasible set is given by
O(P) = {:c = (y,u) € Xad ‘ e(r) =0in Y’ and y(0) =y, in LQ(Q)}.

Throughout the paper we assume that ®(P) # (.
Our infinite dimensional optimal control problem now reads

min J(x) subject to (s.t.) z € O(P). (P)

Since ®(P) # () by assumption, there exists a unique solution z* = (y*,u*) of (P). The uniqueness follows
from the strict convexity properties of the objective functional. If y, € HZ(Q2) and f € L?(Q) hold, then
y* € L*(0,T; H2(2) N HE(Q)) N HY(0,T; L*(12)).

The first-order optimality conditions of (P) are stated in the next theorem.

Theorem 2.1. Suppose that ®(P) # 0 and that z* = (y*,u*) € ®(P) is the solution of (P). Then there exists
a unique Lagrange multiplier pair (p*, \*) € W(0,T) x L?(Q) satisfying, together with (y*,u*), the dual system
(here written in its strong form)

—pi —aApt + X = —aq(y" — zq) in Q, (2.4a)
p*=0 on X, (2.4b)
p"(T) = —aa(y"(T) — 20) in €, (2.4¢)
K(u* —ug) —p*+cA =0 in Q, (2.4d)
A" =max(0,\" + o(y" + cu” — b)) + min(0, \* + o(y* + cu™ — a)) on @, (2.4e)

where o is an arbitrary function in L*°(Q) with o(t,x) > ¢ > 0 fa.a. (t,x) € Q. In (2.4e) the min- and
max-operations are interpreted in the pointwise almost everywhere sense.

Proof. The proof follows from arguments analogous to those given in [9], Section 2. (]

Note that (2.4e) is a nonlinear complementarity problem (NCP) function based reformulation of the comple-
mentarity systems

Ae>0, a—y"—cu* <0, Ai(a—y" —cu")=0, ae. inQ, (2.5)
AL >0, y'+eu" =<0, N@ +cu" —b) =0, ae inQ,

with A* = Af — A%,

2.2. The reduced optimal control problem

Since, for any u € L?(Q), there exists a unique solution y = y(u) € W(0,T) of the state equation (2.2), we
can define the bounded and affine linear solution operator

S L*(Q) — W(0,T), ur— A'(f+u),
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where A = (2 — aA) : W(0,7) — Y” is linear and bounded. For later use, let A* denote the adjoint operator
of A. Next we introduce the so-called reduced cost functional

Further, we define the set of admissible controls
Usd = {u € L*(Q) | a <1S(u) + cu <bae. in Q},

which has the following properties.
Proposition 2.2. The set U,q is convez, closed and bounded in L*(Q).

Proof. Closedness and convexity follow immediately. Therefore, we only focus on the boundedness of U,q. Since
y = S(u), t.e., Ay = f + ju, we have a <y + cu < b a.e. in Q. Setting v := 1y + cu we obtain

(A+]c_lzid) y=f+gc v and a<v<bae inQ.
From this we infer

||y||2L2(Q)
||C||Loo(Q)

IN

1 _
5”%”%2(9) + (||f||L2(Q) + Jec| ™! max([|al|2(q). ||b||L2(Q))) lyllz2(0)-

Hence, y is bounded in L?(Q). Since ¢ € L*>°(Q) with |¢| > €. > 0 a.e. in @, we infer that u is bounded in
L?(Q). This proves the assertion. O

Remark 2.3. In the context of Lavrentiev-type regularization of state constrained optimal control problems
one is interested in setting ¢ = ¢, > 0 and studying €, | 0. In this case, our arguments in the proof of
Proposition 2.2 yield the boundedness of y = y., in L?(Q) uniformly with respect to .

Problem (P) can be equivalently expressed as
minJ(u) s.t. u € Usg. (P)

For accessing the gradient of J we have to guarantee differentiability of S. As in [21], one argues that S is
continuously differentiable as a mapping from L?(Q) to W(0,T). The action of the derivative &' (u) (we also
write y'(u)) on some v € L*(Q), i.e., S'(u)v = w, is characterized by the solution w of the initial-boundary
value problem

wy — aAw = Ju in Q,
w=0 on ¥, (2.7)
w(0) =0 in Q.

Considering the adjoint equations (2.4a)—(2.4c) with y = y(u), we find that the adjoint state depends on u
and A, i.e., p = p(u,A). Similarly, we obtain the differentiability of the adjoint state p(u, A) considered as a
function of u and A.

The derivative of J at a point u € L?(Q) is represented by

) = 'y CHEy PHEWRY) ) 4 - ) i Q,
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where p(u) solves the equation

—pr — alAp = ag(zg — y(u)) in Q,
p=0 on Y,
P(T) = aa(za — y()(T)) in 0.

The first-order necessary optimality condition of (f’) is given by the variational inequality

(J'(u")yu—u") 2y =20 for all u € Usg.
This is equivalent to

K(u™ —ug) —p* +c\" =0, (2.8a)
A" =max (0, \" + o(y(u”) + cu”™ — b)) +min (0, \* + o(y(u*) + cu™ — a)) (2.8b)

in @ for some arbitrarily fixed, positive o € L*>(Q), and with p* = p(u*) solving (2.4a)—(2.4c). Thus, the
first-order necessary optimality conditions for (P) are given by (2.8) together with (2.4a)-(2.4c).

To express (f’) as a bilateral control constrained problem we set & = a — 13 A7 f, b="b— 1 AL, with 13
denoting the continuous embedding operator from W (0,7") into L3(Q) for d < 3. Moreover, we define the linear
and bounded operators 7 = 124717 : L?(Q) — L*(Q) and F =7 +cid : L*(Q) — L*(Q). By assumption ¢ # 0
is satisfied. Since 2 is compact and 7 as well as A~! are continuous, the operator 7 is compact. If

— ¢ is no eigenvalue of 7, (2.9)

we infer from the Fredholm theory that the linear operator F admits a (unique) inverse. Thus, (P) can be
expressed equivalently as a bilaterally control constrained problem for the new control variable v := Fu

min J(v) s.t. ve%d:{veLQ(Q)‘dgvgga.e. in Q}, (P)

with J = J o F~1. Notice that (P) is a minimization problem with bilateral control constraints, but with no

equality constraints. Of course, v* = Fu* is the solution of (P). We will make use of (P) when establishing a
mesh-independence principle of our algorithm in Section 4.

Remark 2.4. Note that the smoothness of the bounds @ and b depends on the smoothness of a, b and A~ f.
In particular, if ¢ and b are constant and f = 0 holds, (15) is an optimal control problem with constant box
constraints. On the other hand, higher regularity properties can be ensured by proper assumptions on a, b
and f. In our numerical test examples carried out in Section 5 we have a, b € C(€2) N C>=(Q).

In order to ease the notation, in what follows we frequently neglect the embedding operators.

3. THE SEMISMOOTH NEWTON METHOD

In this section, to solve (P) numerically a Newton-type algorithm is applied to the first-order necessary
optimality conditions of (P). For the generalized (Newton) differentiation of the min- and max-operators in
function space we rely on the following definition which is due to [12].

Definition 3.1. Let V, W be two Banach spaces, S C V' a non-empty open set, F': S — W a given mapping,
and v* € S. If there exists a neighborhood N(v*) C S and a family of mappings G : N(v*) — L(V,W) such
that

lim —— |[|[F(v" 4+v) - F(v") — G@" +v)v|, =0, (3.1)
llvlly Lo [lolly
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then F' is called Newton-differentiable at v*, and G(v*) is said to be a generalized derivative (or Newton map)
for F at v*.

Here, L(V, W) denotes the Banach space of all bounded and linear operators from V to W endowed with the
common norm. Moreover, we write L(V) = L(V, V).

Remark 3.2. The function max : LP(Q) — L*(Q) is Newton differentiable for 1 < s < p < oo (see [12]). If
F:L"(Q) — LP(Q) is Fréchet differentiable for some 1 < r < oo, then the function

(t,X) = XA(taX) : VF(u(taX))a (t,X) € Qa (32)

is a generalized derivative of max(0, F(-)) : L"(Q) — L*(Q). Here, x4 denotes the characteristic function of
the set A C @, where F(u(-)) is positive, i.e., xa(t,x) =1 if F(u(t,x)) > 0 and x4(t,x) = 0 otherwise. From
min(0, F(-)) = — max(0, —F(-)), we see that an analogous differentiation formula holds true for the min-function.

Next observe that (2.8a) in (2.4a)—(2.4c) with y* = y(u*) yields
(A* 4+ ¢ Hid)p* = ag(zg — y(u*)) + ke (u* — ug). (3.3)

Consequently, assuming that
— ¢! is no eigenvalue of A*, (34)
we have p* = p(u*) € Y uniquely. Parabolic regularity results yield p(u*) € W(0,T). This relation holds true
whenever y = y(u) in the right hand side of the adjoint system and k(u — ug) — p + ¢X = 0 on 3. Further we
conclude A = A(u).
Choosing o = k/c? € L*>(Q) with o > k/e2 > 0 in (2.8b) and taking into account (2.8a), we obtain

¢t (ﬁ(ud —u*) +p* (u*)) — max (0, cHrug + p*(u*)) + re 2 (y(u*) — b))

(3.5)
—min (0, ¢ (kuq + p* (u*)) + e 2 (y(u*) — a)) = 0.
Thus, we introduce the mapping F : L?(Q) — L?(Q) by
F(u) =c ' (k(uqg —u) + p(u)) — max (0, ¢ (kuq + p(u)) + ke *(y(u) — b)) 36)
—min (0, ¢ (kua + p(u)) + ke 2 (y(u) — a)). .
Then, (3.5) becomes the nonsmooth operator equation
F(u*)=0 in L*(Q). (3.7)

Now suppose @ € L?(Q) is some given approximation of u*. Then, since y(u) as well as p() are continuously
differentiable from L2?(Q) to W(0,T) — L3(Q) and ug, a, b € L?>(Q) by assumption, Remark 3.2 provides
Newton differentiability of the min- and max-terms in (3.5), respectively. A particular Newton map of F' at @
in direction v € L?(Q) is given by

G(a)u =

Q=

(v (@)u — ) - (cp/ (@ + g/ (@)

1
T 22X @+ (y@)+ea—a)<o}

2X{ M@+ (y@+ea-b)>0}

(cp (@)u + ry (W)u),



NEWTON-TYPE METHODS: MESH-INDEPENDENCE AND PRECONDITIONING 633

where 0y = y'(@)u € W(0,T) solves the linearized state equations

oy — aAdy = u in Q, (3.9a)
dy =0 on X, (3.9b)
oy(0) =0 in Q, (3.9¢)

and dp = p/(a)u € W(0,T) solves the linearized adjoint system

—6pt — aAdp + ¢ Hop = —agdy + ke tu in Q, (3.10a)
op=20 on X, (3.10b)
op(T) = —aqdy(T) in Q. (3.10c)

It follows by standard arguments that for every u € L?(Q) there exist uniquely determined dy € W (0,T) and
op € W(0,T) solving (3.9) and (3.10), respectively.

In Algorithm 1 we formulate the corresponding generalized Newton method for finding u* € L?(Q) such that
(3.7) holds true. Due to the additional regularity of F implied by (3.1) we call it a semismooth Newton method.

Algorithm 1 (semismooth Newton method).

1: Choose u° € L?(Q), and set k = 0.
2: repeat
3. Compute G(u¥) according to (3.8) and solve for du*:

with F' given by (3.6).
Set uFt! = uF + 6uF, and k =k + 1.
5: until some stopping rule is satisfied.

=

We have the following convergence result; see [12].

Theorem 3.3. Let {u*}ren be a sequence generated by Algorithm 1. Then, {u*}en converges to the solution
u* € Uag of (P) at a q-superlinear rate provided that u® € L*(Q) is sufficiently close to u*.

Algorithm 1 can be expressed equivalently as a primal-dual active-set strategy. In fact, using (3.2) and
defining \* = ¢~ (k(uq — uF) + p(u¥)) and
K
Ap = {(t,x) € QN+ 5 (Whh) +eut — 1) > 0 a-e-}a

Ak = {(t,x) €Q ‘ AP cﬁQ (y* (u*) + cu® —a) <0 a.e.}, (3.11)

TF = Q\ AF, with A¥ = Ak U AF,

we obtain the following linearization of (3.5) at (u,y(u), p(u)) with respect to the independent variable w:

% (k(ug — u¥ — 6uF) + p(u¥) + p' (u¥)5uF)
_c% Xak (c(/@ud + p(u®) + p' (u*)oub) + rw(y(u®) + ' (u*)ouk — b)) (3.12)

_01_2 XAk (c(/@ud + p(u®) + p' (u®)ou®) + rw(y(u®) + ' (u*)ou* — a)) =0.



634 M. HINTERMULLER ET AL.

Here du € L?(Q) represents the increment. A closer look reveals:

y(uh) + 3 (u¥)ou” + cu T = a on AE, (3.13a)
y(u") + y' (uF)ouF + cut*t = b on Af, (3.13b)
R — ug) — p(u®) — p'(uF)u" = 0 on TF, (3.13¢)
where ufT! = u* + du¥. Note that (3.13c) can be viewed as
M6k =0 on ¥, (3.13d)
with 0AF = —kéuF +p'(u¥)su¥. The active respectively inactive set behavior of the variables in (3.13) motivates

Algorithm 2.

Algorithm 2 (primal-dual active set strategy).

1: Choose starting values \° and u°, compute y° = S(u") and p satisfying (2.4a)-(2.4d). Set k = 0.
2: repeat
3:  Determine the active sets A%, A¥ and the inactive set I* according to (3.11).
4:  Compute the (unique) solution z*¥ = (u*, y*) with pertinent multiplier \¥ and adjoint state p* of
min  J(z) over x=(y,u) e X
st e(x) =0, y(0) = yo, (3.14)
y+cu=aon AF and y + cu=bon A}.
5: Set k =k + 1.

6: until some stopping rule is satisfied.

Utilizing the setting on A% and A¥, note that the feasible set of the minimization problem (3.14) in step 4 of
Algorithm 2 becomes

Yo — Ay + ¢ xaroary = [+ xu e (xaka + xapb),
y=0 onX, y0)=y, inQ.

Given u, this system admits a unique solution. The radial unboundedness of J with respect to u on the feasible
set now guarantees the existence of a unique solution to (3.14).
Let 6y* =/ (u¥)ou® and op* = p'(u¥)du®. Then y*+1 = y* + §y* solves

gkl ARt = f 4kt in Q, (3.15a)
yk+1 =0 on 27 (315b)
Yy 0) = yo in Q. (3.15c¢)

Furthermore, p*t! = pF + §p* satisfies

k+1

7pt o aAkarl + )\kJrl _

—aQ(y™*! - 2q) in @, (3.16a)
PPt =0 on %, (3.16b)

PPTUT) = —aq(yFTH(T) — 2q) in . (3.16¢)
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Utilizing (3.13) we derive from (3.15a)

1 1 1
yith = ey Syt = et = (xAga + XA’gb) + XrUg (3.17)
with AF = A¥ U AF. Since
1
ML= X400 = — (P o+ w(ua — utT))
(see (2.4d)), we conclude from (3.13d) that

1

1 K K
_prrl T (_ al + EXAk)pk—H 4 (aQ + C_2XAk)yk+1 =agQzg — - (XAkUd — (XAJ;a—i-XAlbcb) ) (3.18)

Summarizing, (3.17) and (3.18) can be written compactly as

OzQ'i‘C%XAk ‘ —%—QA‘F%X,M yk+1 - aQZQ—%(XAkud—%(XAEG-FXAI;[))) (3 19)
phtt f4 2 (xara+xapd) + xrvua S

P 1 1
7t — @A+ Zxar R XTIk

This is the reduced form of the Newton system which is used in our numerics; compare (5.1) in Section 5.

4. MESH-INDEPENDENCE

In this section we give sufficient conditions for the mesh-independent convergence of Algorithm 2. The proof
technique is based on a combination of arguments in [15] and [9]. Throughout we assume y,, 2g, zq, aqg, and
aq are sufficiently regular; see [15], Table 1.

We proceed as in [15], Section 3, and [8]. Let 2 be a family of grids depending on the parameter h > 0.
On these grids, P and P} are the spaces of all piecewise constant respectively piecewise linear finite elements.
Furthermore, we define the operators of orthogonal projections by R}, : L%(Q) — P} for i € {0,1}. We suppose
that the finite element grids are chosen in such a way that

llo = R’}iﬁpHHT(Q) < ch™™" H‘PHHs(Q) for all p € H*(9),

where r € [0,4], s € [r,i+ 1], cq > 0, and i € {0,1}. Next we introduce approximations for functions defined
on Q. Let t; = jhy, 0 < j < ny, be a chosen grid in [0, T'] with step size hy = T'/n;. To simplify the presentation,
i.e., to avoid terms of the type O(h; + h?) in our error analysis, we couple the time and spatial discretization
in the following manner: we suppose that there are constants 0 < ¢; < ¢y such that

c1h? < hy < esh?; (4.1)

see, e.g., [8].
Next we define the finite dimensional spaces

Spo= {en:Q—R|on(t)=nlt;) € P, t €ltj_1,t;), 1<j<m},
Sy = {wh:QHR\cph(t) =PI (en)(t), t € [tjim1.tj], on(t;) € Py, 1< Snt},

where P f
. o —ti
PI7 en)(t) = L—on(tj—1) + —2—pn(t;) fort e [t;1,t;].
/ hy hy
The corresponding restriction operators are G}, : L?(Q) — S; with i € {0,1}. Note that the elements of S
are piecewise constant in space and time (on intervals [t;_1,%;)), and the elements of S ,11 are piecewise linear in
space and time.
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The operator A1 is approximated by .A;l :Y" — S} asfollows: for every g € Y’ the element y;, = A;lg e s}

solves
/ yn(ty) — ynltj—1)
Q

1 [
W on + aVyp(t;) - Ve, dx = <h_ / g(t)dt, <ph> (4.2a)
t tj—1

t St H=1(Q),Hg ()
for all 1 < j < n; and ¢, € P} together with the boundary and initial conditions

yn(tj,) =0onT, 1<j<n;, and yu(0)=R}yo in Q. (4.2b)

Hence, we have applied the implicit Euler method for the time integration and the piecewise linear finite element
method for the spatial discretization.

By S, : L*(Q) — S} € W(0,7T), u A;l(f + u) we introduce an approximation of the affine linear
operator § introduced in Section 2.2. The discretized set of admissible controls is defined as

Ua}i, = {uh € Sg ‘ a < 1,8y (up) + cup, < b ae. in Q},

where ¢, denotes the (orthogonal) projection of Y onto S,?. We may consider | 50 = 1y, where 5 denotes the

adjoint of 7;,. Further, for simplicity we assume a, b, ¢, uq, ag € Sg; otherwise a corresponding discretization has
to be considered.

Then, (P) is discretized by the family of finite-dimensional problems
min jh(uh) s.t. wuy € Ua}i, (Pr)

with jh(uh) = J(Sh(up),up) for uj € Sp.
Proceeding as in Section 3 we formulate a semismooth Newton method for (lsh) For that purpose we
introduce the operator F}, : 52 — Sg,

Fy(up) = ¢ (k(ug — un) + upn(un))

— max (0, e (kug 4 wnpn(un)) + ke (uyn (up) — b)) (4.3)
—min (0, ¢~ (kua + wpn(un)) + e~ (tyn(un) — a)),

where yp (up) = A, ' (f +2un) € Si and py(up) € S} solves the adjoint equation of (4.2):

tj

on = aVpultia) - Vondx =1 [ (@o(®nlt) = 0®)on) o dt (4da)

tj—1

/ pr(t;) — pa(tj—1)
Q hy

forall 1 <j <n; and ¢y, € Pé together with the boundary and initial conditions

pr(t;,-) =0 onT, 0<j<n—1,

pr(0) = R} (ag(zq — yn(T))) in Q. (4.4b)

As a mapping between finite dimensional spaces, F}, is Newton-differentiable. The generalized derivative of F},
at a point @y, € SY in direction uy, is given by

Gh(ﬂh)uh =t (th%(ﬂh)uh — Ii’u,h)

— -2 /(= /] /-
© X @)+ % (nn(an) em —b)>0} (conph (@n)un + Knyj, (tn)un) (4.5)

2 (Clhp/h(ﬂh)uh + ’Why;b(ﬂh)uh)a

© X @)+ % Gnn(an) ew, —a)<o}
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where y;, = y}, (iin)up, € Si solves (compactly written)
Apyn = 13up (4.6a)
together with the boundary and initial conditions
yn(tj,-)=0onT, 1<j<ng, and y,(0)=0inQ (4.6b)

for all 1 < j < ny, and pj, = p}, (un)upn € S} is the solution to

on — aVpn(ti—1) Ve —c(tj—1) " pntj—1)en dx =

/ pu(t;) — palti—1)
Q hy

hit /t (aQ()yn(t) — Ke(t) un(t), on) o) At (4.7a)

forall 1 <j <n; and ¢y, € P,} together with the boundary and initial conditions
pr(tj,)=00nT, 0<j<ny—1, and pu(0) = —R; (aqys(T)) in Q. (4.70)

The discretized version of Algorithm 1 is given by Algorithm 3.

Algorithm 3 (discretized semismooth Newton method).

1: Choose uf) € 59, and set k = 0.
2: repeat
3:  Compute Gp(uf) according to (4.5) and solve for duf:

G (uf;)Suf; = —Fp(up),
with F, given by (4.3).

Set u’fLH = uZ + 5u§, and k =k + 1.
5: until some stopping rule is satisfied.

»

We have the following convergence theorem; see [7,12].

Theorem 4.1. Let {u}}ren be a sequence in S generated by Algorithm 3. Then, {uf}ren converges to the
solution uj € Ul of (P1,) at a superlinear rate provided that ul) € L*(Q) is sufficiently close to u} .

To apply the results in [15] we have to introduce an approximation for the bilaterally control constrained
problem (P). For that purpose we set 7j, = zhAglsz : 5'2 — 52 and Fp, = (75, + cid).
Note that due to the existence of a unique solution of (4.2) and [8], Corollary 3.1, we have

—1
HThHL(sg,m(Q)) = | sup ||ZhAh ZZUth(Q) < ca

uh”s%:l

and further
IFnllLiso,2(0)) < cat llelL=(q) =: cr.
Let u € L?(Q) be given. For y = Tuy, and y;, = T,up we have the estimate [8], Corollary 3.1,

1y = ynllr2q) = erh® 1[I 20,7 12 (02 ) (0,722 (02)) (4.8)
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with a constant ¢z > 0 provided that € is convex with Lipschitz-continuous boundary and f € L?*(Q). We infer
from (4.8) that

IF = Fullso ooy = sup (li(A™" = A unl 2o

u =1
H h”s%

+ [1(e = o)Ay funllp2g) — 0 for h — 0. (4.9)

Then we have the existence of F, ! for h sufficiently small.
Recall that (2.9) ensures the invertibility of F, and define the restriction operator i, : L*(Q) — SP with
ih|5? = idsg. Then, for all sufficiently small A,

1
S
|lid _lhf|s%fh”L(Sg) < >

Hence, by the Neumann lemma, ih}"_i is invertible for all sufficiently small h.
Sh

From the perturbation lemma [16], p. 45, we then deduce the uniform (w.r.t. h) boundedness of H]—'}ZIHL(S?)
for all sufficiently small h. ~ .
In the following we assume that a,b € L>®(Q), see (P), and that the set of admissible controls is defined by

Vi ={uest|a<on<binQ} = Vi S) = RyVia.
For a,b € L (Q) with b—a > e >0, this can always be achieved after the transformation
2 a+b

w = = V— =

b—a b—a

since then —1 < w §~1 a.e. in Q.
We approximate (P) by the family of problems

minJ, (v,)  s.t. v, € VI (Pn)

where J, = J oF, L Tt follows that (f’h) has a unique optimal solution v}, € Va}}j for every h > 0. Moreover, we
have the following result [15], Theorem 3.2.

Theorem 4.2. Suppose that ) is convex with Lipschitz-continuous boundary, a, be L>(Q) and the inhomo-
geneity f is sufficiently smooth. Then there exists a constant c, > 0 satisfying

[v* = villp2q) < esh for every h > 0, (4.10)

where v € VI and v* € Vag denote the unique optimal solutions of (P,) and (P), respectively.
From Theorem 4.2 we immediately derive the following corollary.

Corollary 4.3. Letu™ and uj, denote the unique solutions to (15) and (Ph), respectively. Under the assumptions
of the previous theorem we have

}LLH%) [[u” — Uh“Lz(Q) =0.
Proof. Note that u* = F~'v* and u} = F, 'vj. Using (4.9)-(4.10) it follows that
lu* — ulllr2g) < [|F'v* — .7-'_111,*1||L2(Q) + | F~top — f;leHB(Q) <
O(h) + |F M wczz@pllFn = Flloeso,c2n 1Fn s llvillse — 0

for h — 0, which proves the assertion. O
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Remark 4.4. We note that
Jim (2 — w) A5 gllL2 ) = O(h) for g € Y

yields
17 = Fulloeso,z2(q) = O(h)
and further in Corollary 4.3
[u* = upllp2q) = O(h).

We end this section by establishing the mesh independence result. For this purpose we first recall that
W(0,T) — L3(Q) (4.11)

for d < 3, which is of importance with respect to the Newton-differentiability of the max- and min-operators;
compare Remark 3.2. Further note that F, ¢f. (3.6), can be written as

F(u) = ¢ Hk(ug — u) + Lyu + fp) — max(0, Leu + fo — ke (e 1o — ug))

—min(0, Lyu + fo — ke e ta — ug))

with
L, = —(A"+ctid) HagA ™t + ¢ tkid) € LY, W(0,T)), (4.12a)
Le = ¢ 'Ly+rc A e LY, L3(Q)), (4.12b)
fo = (A" +ctid) Hag(zg — A7 ) + ¢ trug) € LP(Q), (4.12¢)
fo = ¢ty +rePAT € L3(Q). (4.12d)

In the discrete setting we analogously obtain

Fy(un) = ¢ (k(ua — up) +un(Lppun + fp,n))
— max(0, 25 (Lepu + fen) — ke et — ug))
—min(0,2,(Lepu + fon) — ke (e ra — ug)).
Hence, we are in a framework similar to the one considered in [9] for elliptic equations. For establishing the
mesh independence result, it therefore remains to verify Assumption 4.1 of [9] on @, i.e., we have to show that
Jim max(| fp = forllzs@, I1fe = fenllzs@) =0,
li - uj =0,
Jim flu = w2
hhnol+ max (|| Lyu” — Ly pup | 13(Q), | Lew™ — Lo nup| £3(q)) = 0,

max(||Lp,nllLeyvr,22@Q)), 1 LenllLo za@)) < K

for some constant K > 0. For this purpose note first that (4.14) immediately follows from Corollary 4.3.
Moreover, the estimate

ly = yh||L3(Q) <cérh ”y”L?(O,T;H?(Q))ﬂHl(O,T;LQ(Q)) (4.17)
is satisfied with a constant ¢z > 0 independent of h. Indeed, [8], Corollary 3.1, yields

ly — yh”L?(O,T;Hl(Q))ﬂH1/2(O,T;L2(Q)) <crh ”y”L2(0,T;H2(Q))HH1(O,T;LQ(Q))’
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and Theorem A.1 in Appendix A implies the estimate (4.17). For the remaining conditions observe that

Jim, max (|| A — A | Lo ns@))s M = A Ly s@)) =0 (4.18)
and consequently
Jim |(A" + cid) ™t — (A" + eid); oo = 0 (4.19)

Indeed, (4.18) follows from the decomposition ||y — yallr3(0) < ly — ¥"| 22(q) + I¥*™ — ynll 12(q), where y=M
denotes the approximation of y obtained by the implicit line method with piecewise linear and continuous
interpolation in time (identical to the interpolation in time for y;,). Note that

3/2 3/2
ly = vl zs @) < CDly = ™ 186 212000 1y = ¥ 350 7000

where C(T) > 0 denotes some constant depending on T'. Then, according to [17], Theorem 11.1, we have
ly — y*™||2(g) — 0 as h — 0. The convergence of [[y*™ — y;| 13(q) follows from standard finite element
estimates. From (4.18) and (4.19) we infer that there exist h, > 0 and K, > 0 (independently of ) such that

hlirg+ | Lpyu™ — Ly nuy,||rs(g) =0 and (4.20a)
HLp,h||L(Y’,L3(Q)) < Kp forall 0 < h < hp. (420b)

Similarly one shows that there exist hy and K, > 0 (independently of h) such that

hlirg+ | Lew" — Ly pupl 13y =0 and (4.21a)
HLl,h||L(Y’,L3(Q)) < K, forall0<h < hy. (421b)

This verifies (4.15) and (4.16). Now, condition (4.13) immediately follows. Under these conditions which
establish a L?(Q)-L?(Q) norm gap in order to obtain Newton differentiability of the max- and min-terms in F,
the following mesh independence result holds.

Theorem 4.5. Let (4.13)—(4.16) be satisfied. Further assume that

meas({|Lou* + fr — ke 20| =0}) = 0, (4.22a)
meas({|Leu* + fo — ke %a| =0}) = 0 (4.22b)

holds true. Then, for arbitrarily fized 6 € (0,1), there exist 6* > 0 and h* > 0 such that for all h < h* and
k € Ng

[T — w2y < Olluf —u*||r2q),
luptt —upllso < Olluy —ubllso

provided that max(||u® — u*||r2(q), [|uf — upllso) < 0%

Proof. The proof lies in the verification of (4.13)—(4.16) before the theorem and in [9] Lemma 4.1 and Theo-
rem 4.1. O

Note that assumption (4.22) guarantees that the non-differentiability of the max- and min-operators in F is
concentrated only on a set of measure zero. It corresponds to a strict complementarity assumption in connection
with the pointwise inequality constraints. The assertion of the theorem states that, given a linear rate of
convergence, for sufficiently small mesh sizes h and sufficiently good initial guesses u® and u$ the continuous as
well as the discrete Newton process converge at this specified linear rate.
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Finally we remark that if one also has to consider discretizations ay, by, w4 n, cn, fn of the data a, b, uq, c, f
then, under our regularity assumptions, the corresponding interpolation errors tend to zero as h — 07 and our
results remain true.

5. PRECONDITIONING AND NUMERICAL EXPERIMENTS

In this section we validate our theoretical findings by numerical tests. Further, since the discretization yields
large scale finite dimensional problems, we have to resort to iterative solvers for the subsystems occurring in our
primal-dual active-set method. This requires suitable preconditioning of the system matrices. Here we propose
preconditioning techniques taking into account the active/inactive set structure.

All test problems considered in this section are two-dimensional with = (0,1) x (0,1). Further, in all test
cases the cost parameters had the values ag = 1, ag = 10, and x = 0.1. We present three examples including
bilateral control-state constraints, degenerate solutions or lack of strict complementarity. While Example 5.1.1
satisfies ¢ > 0, in Examples 5.1.2-5.1.3 we consider situations where ¢ < 0, i.e., where a strict positivity
assumption on c is violated. The latter assumption is standard in Lavrentiev-type regularization. However, as
long as our assumptions (2.9) and (3.4) are satisfied our theoretical results remain true.

All coding is done in MATLAB, and the computations are performed on a standard 1.7 GHz desktop PC.

5.1. Presentation of the examples

In this subsection we specify the numerical examples. We also highlight some properties of the respective
solution such as degeneracy and lack of strict complementarity. By degeneracy we refer to situations where
the primal quantity cu* + y* and/or the corresponding Lagrange multiplier \* exhibit a very flat transition
into the active set and/or zero. The problem is said to satisfy strict complementarity, if ({|cu* + y* — b| =
0} U{|cu* +y* —a| =0}) N {|\*| = 0} has zero measure. Lack of strict complementarity as well as degeneracy
may complicate the numerical active set detection and, thus, may slow down a solution algorithm. It will turn
out, however, that our semismooth Newton, or equivalently primal-dual active set, solver is not affected by
these adverse situations.

5.1.1. Example: Bilateral constraints

We consider problem (P) with final time T = 1, heat conductivity a = 0.1, weighting functions ag = 1 and
agq = 10 in the cost functional, lower bound a = 0.02 and upper bound b = 0.1 for the inequality constraints,
and ¢ = 0.1. Moreover, we have

Yo (X) (1 —21)(1 — zg) sin(7ray22) cos(2may ),
zo(t,x) 10y, (x) cos(2mtay),
zq(x) = % Yo cos(2.47Tx1),
ug(t,x) = (1 —21)(1 — 29)sin(2mzi20)e,
flt,x) = 20z122(1 — 21)(1 — x2) sin(wtay)

for (t,x) € Q and x = (z1,72) € Q.

Figures 1-4 show the active/inactive set structure at times ¢ = 0.025, t = 0.05, ¢ = 0.65 and t =T = 1. The
inactive set is displayed in white, the a-active set in gray, and in black the b-active set is shown. The solution
is active from below throughout the whole time interval (0,7"). With respect to the upper bound b, we observe
active and inactive zones over the entire time horizon.

5.1.2. Example: Degenerate solution

In contrast to the previous example, we consider unilateral constraints of the type y + cu < b.
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FicURE 1. Example 5.1.1: Inequality and active sets at time step ¢t = 0.025.
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FiGureg 2. Example 5.1.1: Inequality and active sets at time step ¢ = 0.05.
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FicURE 3. Example 5.1.1: Inequality and active sets at time step ¢ = 0.65.

Further data values are 7' =1, o = 0.1, ag = 1 and ag = 1. The upper bound is b = 1, and ¢ = —0.1.
Moreover, let

Yo(x) = (1 —a1)(1 — x2)sin(Traias) cos(2may),
1 opt )
altx) = (= T30~ A1) AT (1.3)) + ),
za(x) Yo(x)(1 4+ T') sin(3.67Tx3),
waltx) = ul(tx) = (616,30 + N (1,5),
T
f(f,,X) %(tvx) - AyT(t,X) - ’U,T(t,X),
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FicURE 4. Example 5.1.1: Inequality and active sets at time step t =T = 1.
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FiGure 5. Example 5.1.2: Inequality and active sets at time step ¢ = 0.01.

where
yI(t,x) = yosin(3mtas)(1+1),
pl(t,x) = 10sin(3mz;)cos(3mazy + 1.57)et,
1
ul(t,x) = - (yT(t, x) — U(t) (cos(3mtws) + 1) n(x) — d)
10y (x)%e!  in Q
T _ Y 1
AUt x) = { 0 else,
and
1—4z, + 430% for 0 < z;1 <0.5,
n(x) 0.9744 — 4z + 422 for 0.58 < 27 < 1,
0 else,

1
I(t) = =5+ 5 (184.6875t — 241.375 > + 97.1875 ¢%),
Q1 ={(t,x1,22) € Q : I(t) (cos(3mtzs) + 1) n(x) > 0} .

Figures 5-8 show the active/inactive sets at times t = 0.01, ¢ = 0.59, ¢ = 0.60 and ¢ = 0.61. As in
Example 5.1.1, the inactive set is displayed in white, the active set in black. Figures 68 clearly show degeneracy,
i.e., a very flat transition of y 4+ cu into the active set, with respect to space and, when considering the slowly
(in xo-direction) moving active area in the center of the figure, to a certain extent also in time.
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FicURE 6. Example 5.1.2: Inequality and active sets at time step ¢ = 0.59.
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Ficure 7. Example 5.1.2: Inequality and active sets at time step t = 0.6.
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FicURE 8. Example 5.1.2: Inequality and active sets at time step ¢ = 0.61.

5.1.3. Example: Lack of strict complementarity

This unilaterally constrained example is constructed such that the solution has areas lacking strict comple-

mentarity.
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Active set at t = 0.025
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FicURE 9. Example 5.1.3: Inequality and active sets at time step ¢t = 0.025.

We have T'=1, « = 0.1, ag = 1 and ag = 1. The upper bound is b = 1, and ¢ = —0.1. Moreover, we have

Yo(x) = (1 —a1)(1 —x2)sin(Trzi22) cos(2mxy),
1 dp
zo(t,x) = P (_ 5 (%) = Ap'(t,x) + Af(t,x)) +y'(t,%),
za(x) = yo(x)(1+T)sin(3.67T ),
1
u(t,x) = ul(t,x) — — (pT(t,x) + c)\T(t,x)),
T
Fx) = T~ Ayl () — ul (1),
where
yT(t,x) = yo(x) (1 + sin(7rt2)) ,
pl(t,x) = 10sin(37wz;)cos(3mxy + 1.5m)e’,
ul(t,x) = —% (y'(t,x) —min {n —¢,0} +b),
10y, (x)%e!  on Q1
AT (t,%) { 0 o) else,
and

n(x) =20(1—z1)(1 — z2)z122 cos(maia2) — 1.3,
Q1 ={(t,x)eQ:nx)+min{t 0.6} > 0}.

Figures 9-12 show the value for \* + o (y* — ¢ u* —b) and the active sets at times ¢t = 0.025, ¢ = 0.5,
t = 0.7 and t = 1. The inactive set is displayed in white, the strongly active set, i.e. the set where strict
complementarity holds true, in black. The weakly active set, which is the set where y* + cu* — b = 0, and the
dual variable \* = 0, are displayed in gray.

Figure 10 shows the active set at the center of the domain Q. In Figures 11 and 12 an annulus area with
lack of strict complementarity surrounding the active set can be observed.
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10. Example 5.1.3: Inequality and active sets at time step ¢ = 0.5.
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Ficure 11. Example 5.1.3: Inequality and active sets at time step ¢ = 0.7.
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FiGure 12. Example 5.1.3: Inequality and active sets at time step ¢ = 1.

5.2. Solving the linear system
In every step of the discretized primal-dual active set method (resp. semismooth Newton method) a linear

system of the form
k

ME  ME N [y ok o)
(M5 mp )\ o 5 '

rs
has to be solved. Above, M} € R™mxn’m ig an invertible matrix, M} € R mxn®m ig an upper block triangular

. . P 21 21 . . . . . o).
matrix, and MF € R™ ™*™"™ ig not invertible, in general. In our numerical tests we study several preconditioned

iterative solvers.
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5.2.1. Preconditioned reduced system

The system (5.1) can be solved by a GMRES iteration. In order to speed up the process we employ a problem
related preconditioner which is based on the active and inactive set structure. In fact, we use an incomplete
LU-factorization of an approximation of the M#-block in (5.1). Recall that M} is the discretization of the
operator f% —A— %XA;C. If we define Ms € R™™ as the discretization of f% — A, then M} can be written as
the sum of a constant part and a part depending on the active set of the previous iteration; i.e., MY = My — D*,
where DF is the discretization of % Xak- Let L and U be the lower and upper triangular, respectively, incomplete
LU-factors of the constant part Mo, i.e., LU ~ PMs,, where P is a permutation matrix. Then, instead of (5.1),
we solve the equivalent system

(MQk) PT sz karl ,rl2g :
yk‘Jrl — pTgk‘Jrl. (53)

The preconditioner is realized by solving

0 LU grtt
(UTET 0 ><pk+1 =T (5.4)

for some given right hand side r € R27*m_ In our numerical tests the following correction term in (5.4) improved
the effect of the preconditioner:

OTLTy+1 = 7y (5.5)

LUpk+1 _ ,]::1 o lekayk+17

where 7, denotes the vector containing the first n?m components of a given right hand side r and 75 denotes
the vector containing the second n®m components of r. Note that the correction term on the right hand side of
the second equation provides information contained in MF.

5.2.2. Preconditioned Schur complement

As an alternative to the preceding approach, for solving the linear system (5.1) a reduction to a symmetric
positive definite system and a subsequent application of the CG-method can be employed.
Computing the Schur complement, the linear system (5.1) is equivalent to

()" (va) ™" naf = naf) it = ()" (naf) ok = o (5.6)
gyt = (M) (rf - Mpph). (5.7)

If M} is invertible, then the system matrix in (5.6) is positive definite. In this case (5.6) can be solved by using
a preconditioned conjugate gradient method. In this work, we tested several preconditioning techniques. The
following scheme produced the best results.

Let the matrices L, U, P be the outcome of an incomplete LU-factorization of the constant part MJ,
i.e. LU =~ PMJ. The idea behind the preconditioning of the equation (5.6) is to neglect the matrix M and to
solve the equation MJ (M{“)fl Mosp = r for a given right hand side r. We approximate the latter equation by
using the incomplete factorization. This leads to the following system

LU (M) UTLTp = Pr (5.8)

p = P'p
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TABLE 1. Comparison of the total number of inner iterations and CPU-time for Example 5.1.1
solving the full system.

| | [ Precond. (5.4) || Precond. (5.5) ]
[ [#] orve [#] 0PV |
30 | 20 || 41 47.01 25 33.82
30 | 30 | 43 84.15 25 58.49
40 | 30 || 49 | 190.33 || 30 | 143.31
40 | 40 49 312.31 30 219.44
50 | 40 58 766.31 35 574.41

TABLE 2. Comparison of the total number of inner iterations and CPU-time for Example 5.1.1
solving the reduced system.

| | | Precond. (5.8) | SSOR-CG |
[ A1 ' [ #it [ CPU(s) || #it | CPU(s) |
30 [ 20 58 [ 41.65 [ 2392 266.77
30 | 30 || 61 70.64 | 2543 | 436.39
40 | 30 || 95| 191.89 | 4414 | 1500.32
40 | 40 || 100 | 297.56 || 4716 | 2249.85
50 | 40 || 164 | 800.62 || 7162 | 5610.81

In our numerics, in order to further reduce the computational cost, we replace MF by a diagonal matrix Mlk,
which arises from a mass lumping technique.

5.3. Discussion

Next we discuss the effect of the preconditioning techniques. Further we verify our theoretical mesh inde-
pendence and fast local convergence results.

5.3.1. Effect of preconditioning

For Example 5.1.1, Table 1 compares the effect of the preconditioners (5.4) and (5.5), respectively, when using
the GMRES-method for solving the reduced system (5.2). For the same test example, in Table 2 we compare
the performance of the CG method for solving the reduced system (5.6) and when using the preconditioning
scheme (5.8) and a standard SSOR-CG preconditioner, respectively.

Based on our experience resulting also from further test runs (including Examples 5.1.2 and 5.1.3) and based
on the results displayed in Tables 1 and 2 we draw the following conclusions:

e The correction step added in (5.5) improves the performance of the preconditioner significantly.

e The preconditioning scheme (5.8) is clearly more effective than a standard SSOR-CG preconditioner.

e Compared to the preconditioners for the Schur complement, the preconditioners used for the reduced
system show a remarkable stability of the number of iterations (#it) with respect to varying mesh size.

e The preconditioned GMRES solvers for the reduced system require more memory than the precondi-
tioned Schur complement solvers.

5.3.2. Dependence on the mesh-size

In Table 3 we document the results for Examples 5.1.1-5.1.3 for various mesh sizes. In order to further
reduce the computational burden, we employ an inexact semismooth Newton (respectively primal-dual active
set) method. In fact, the Newton system in every iteration of the method is solved to a relative residual (res;.;)
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TABLE 3. Number of SSN iterations for Examples 5.1.1-5.1.3.

[ [ [ Ex511]Ex.512][Ex 5.13]

[t [nc [ #ie [ At ] ]
30 | 20 1 6 6
30 | 30 4 6 8
40 | 30 4 5 7
40 | 40 4 6 6
50 | 40 4 5 6
50 | 50 4 6 6
60 | 60 5 5 6
64 | 64 5 5 6
64 | 96 5 5 6

norm accuracy smaller than a tolerance e¥. The quantity € is initialized by e! := 0.1. Then, in each semismooth
Newton iteration the tolerance is computed as

el = max {Emm, min {0~8 eh,107? Hresrel”}}

with €, = 1079, The semismooth Newton algorithm is terminated if either the active sets of two consecutive
iterations do not change, or as soon as the norm of the NCP-function based reformulation of the complementarity
system is smaller than &5 and |[res,«|| < €s. The stopping tolerance is chosen as €5 = €pin /h?.

The results displayed in Table 3 clearly verify the mesh independent behavior for all three examples.

5.3.3. Superlinear convergence

In this section the convergence behaviour of the algorithm is investigated. Our theoretical results in Section 4
predict a locally superlinear rate.

For Example 5.1.1 with a mesh size h~! = 64 and a time step size h; ' = 96, the quotients ||UZ+1*U;1HS?/ |uk —
UZ”SQ and Hyi—|r1 - yZIIs;/HyZ - yZ”S; are plotted in Figure 13. As before, we employ an inexact semismooth

Newton method, but now with &,,, = 1071 The reference (exact) solution was computed by using smaller
stopping tolerances, i.e., ¢ = 10712 for the inner iterations and ¢/h? for the complementarity condition and the
norm of the relative residual for the outer iterations.

In all cases shown in Figures 13 and 14 we find that the respective quotient is decreasing to zero as the
iteration number k is increased. This behavior indicates a superlinear convergence rate of our method. Moreover,
combining these results with the ones of the preceding section the superlinear rate appears to be even mesh
independent.

A. EMBEDDING RESULT

We define the Sobolev space
HY2(Q) = HY2(0,T; L3(Q)) N L0, T; H' ().

Theorem A.1. The following continuous embedding holds true:

HY'Y2(Q) ¢ LYQ) forq € (27 1—;)
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FI1GURE 13. Quotients for convergence rate for Example 5.1.1.

luk-u'l

ka—y'I

F1GURE 14. Errors for convergence rate for Example 5.1.1.

Proof. First recall that H'(Q) C L5(Q) for @ c R%, d < 3. Moreover, we have
H'Y2(0,T; L*(Q)) € LY(0, T; L*()) for § € [2,+00),

which follows from [19], Remark 1, p. 328. Hence, we conclude

HYY2(Q) ¢ L*(0,T; L5(Q)) N L(0, T; L*(Q)) for G € [2,400).

(1.9)



NEWTON-TYPE METHODS: MESH-INDEPENDENCE AND PRECONDITIONING 651
Subsequently, let 2 < g = (¢ —7r)+ 7, 0 <r <gq, p1,p2, 51,82 € [1,+00) with
prltpyt =1land s;! 455t = 1. (1.10)
Further, the following conditions have to hold true:
pi(g—1)=6, 1Tp2=2, s1(q—71)=2, rsy=k, (1.11)

with K > 0. Then, we have

T T
| [ wteiaxde < [l lols e

< Iyl %200 o 1920752200 (1.12)

where we used 1/s1 =2/(¢ —r) and 1/s2 = r/k.
The conditions in (1.10) yield
-2
q=6-—2r and qu—i—M- (1.13)
K
The requirement g > 2 yields x > 2 and r < 2. The second relation in (1.13) implies 2 < ¢ < 2+ < 4. Let
q=4— € with € € (0,2). Then,

4 4 4 2
92— 2T aoqe 32-¢" 2T 2+

pP1=

Now, (1.10) and s > 2 imply € € (2/3,2). Hence,

10
el2,— |
The assertion follows from (1.9), which implies that the right hand side in (1.12) is bounded. O
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