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Abstract. A multigrid scheme for the solution of constrained optimal control problems discretized by finite
differences is presented. This scheme is based on a new relaxation procedure that satisfies the given constraints
pointwise on the computational grid. In applications, the cases of distributed and boundary control problems
with box constraints are considered. The efficient and robust computational performance of the present multigrid
scheme allows to investigate bang-bang control problems.
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1. Introduction

There is large theoretical and experimental evidence that multigrid methods [13, 21] solve
elliptic problems with optimal computational complexity. This is also true for multigrid
methods applied to unconstrained optimal control problems [2-5, 9, 12, 20]. Furthermore,
it was demonstrated that multigrid methods are robust with respect to changes of the weight
of the cost.

In case of optimal control problems with constraints on the control much less is known
regarding the implementation and the analysis of multigrid schemes. By reformulating the
presence of constraints as a nonlinear equation relating the control to the adjoint variable, it
is possible to solve constrained optimal control problems using nonlinear multigrid methods
[5]. The resulting multigrid scheme shows typical multigrid efficiency for sufficiently large
values of the weight of the cost of the control. For small values of the weight the convergence
of the multigrid iterations deteriorates, showing a lack of robustness of this approach.

In this paper we propose a different technique where the constraints are enforced at each
grid point in the smoothing procedure. This procedure appears to be robust with respect
to changes of the value v of the weight of the cost and, in particular, it allows the choice
v = 0. The present approach applies to distributed as well as to boundary optimal control
problems. In all cases, for moderate values of the weight, the resulting multigrid iteration
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shows typical multigrid convergence factors which are mesh independent. For very small
values of v down to v = 0 new features can arise. In the case of bang-bang-type controls,
multigrid efficiency is retained. If chattering phenomena take place, the computational
performance of the multigrid scheme worsens. This typically arises in the case of local
attainability of the objective function.

These facts make our multigrid algorithm a useful tool for investigating bang-bang type
control phenomena for elliptic problems, which has not received much attention in the
literature on optimal control problems apart from some non recent contribution as in [10, 11]
where some theoretical and numerical results on the bang-bang principle for parabolic
boundary control problems are given.

In the following section we introduce and analyze our model problem with distributed
control. In particular, we consider the case where the control acts only in a part of the whole
domain.

In Section 3, the accuracy of the finite difference approximations to the solution of
the optimal control problem is considered. While finite element approximations are well
investigated [1, 17—19], much less results are available for finite difference methods. Thus,
before presenting our multigrid approach, we discuss convergence of finite differences
deriving some sub-optimal estimates. On the other hand, results of numerical experiments
demonstrate that finite differences provide optimal accuracy as it is proved in [19] in the
context of finite elements.

In Section 4, the multigrid scheme is formulated in the framework of nonlinear multigrid
methods. This approach is appropriate in order to implement the inequality constraint at all
levels of the multigrid process. We introduce a new relaxation scheme obtained by solving
at each grid point the optimality system under the constraints imposed on the control
function. Numerical experiments follow to demonstrate the ability of our algorithm to solve
constrained optimal control problems also in the limit case of bang-bang control.

In Section 6, the extension of our algorithm to solve boundary control problems is pre-
sented and validated with numerical experiments. A section of conclusion completes the
exposition of our work.

2. Constrained optimal control problems
We consider the optimal control problem

minu€Um] J(yv u)5
—Ay=Bu+g in, (D
y=0 onof,

where Q is a open bounded set in R?, with boundary 32 and u € U,y C L*(R2). We assume
that  is convex or that 3 is C"! smooth. The cost functional J is of the tracking type
and is given by

1 2 v 2
J(yau)zE”)’_Z”LZ(Q)‘FE”B””LZ(Q)a )
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where g € L?(Q), z € L*(Q) is the objective function, and v > 0 is the weight of the cost
of the control. The set of admissible controls is the closed convex subset of L2(£2) given by

Uy =1{u € Lz(a)) lu(x) < u(x) < u(x) a.e.inw C 2}, 3)

where u and # are elements of L*°(€2) and w is a subset of Q2. The extension operator
B : L*(w) — L*(S) is defined as follows

u inow,
Bu = .
{0 in 2\ .

Existence of a unique solution to (1) and its characterization are well known. For com-
pleteness we give a short derivation. Let y(u) denote the solution of the equality constraints
in (1) as a function of u. The mapping u — y(u) from L?($2) to HOl ()N H*(Q) s affine and
continuous. Let us denote its first derivative in the direction u by y’'(du). It is characterized
as the solution to

—Ay'(Su) = Béu in L,
Y (®u)=0 ondf. )
The second derivative of u — y(u) is zero.

Define J(u) = J (y(u), u). The mapping u — J(u) is twice Frechet differentiable and
its second derivative is given by

T )(Bu, su) = [1y'Gu)l[}2q) + VIIBSuUll7 2 q)-

It follows that u — J(u) is uniformly convex if v > 0. This implies existence of a
unique solution u* to (1). For v = 0 the y-coordinate of the solution is unique. Since
u — y(u) is injective, the solution u* is again unique. The solution to (1) is characterized
by J'(u)(u*, $u) > 0 and consequently

J'u* v —u*) = () —z,y (v — u")) g + v(Bu*, B(v — u™))2q) > 0,

forall v € Uyy.
Introduce p* € H*(Q) N HOl (2) as the unique solution to

—Ap*=—-("—2) inQ,
p =0 o0ndQ, (5)

where y* = y(u™). Then by (4) and (5) we have

J'(u*, v —u*) = —(p*, B(v — u*)) 120 + v(Bu*, B(v — u*)) 20
> Oforallv e Uy,
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which constitutes the necessary and sufficient optimality condition for the given optimal
control problem.
Summarizing, the solution to (1) is characterized by the following optimality system

—Ay= Bu+g in 2,

y= 0 on 0%2,
—Ap=—(y—2z) in%Q, (6)
p=0 on 02,
(vu—B*p,v—u)> 0 forall v € Uy,

where B* denotes the adjoint of B.
Notice that the last equation in (6) giving the optimality condition is equivalent to (see
(16, 17])

U = max {g, min {ﬁ,%p(u)”ina), v > 0. @)

For the analysis that follows we need to define the operator Q : L*(w) — L*(w) given
by

O(-) = max {z, min {ﬁ, %p(~) } }

when v > 0. Equation (7) can thus be written as u = Q(u). Further, we introduce the
operator K : L*(w) — L?*(w) by K(u) = u — Q(u).

Recall that for ¢ € H'(S2) we have max{0, ¢} € H'(2) as well. Hence from (7) we
obtain the following regularity result.

Lemmal. Ifv>O0andu, i € H'(Q)thenu € H' ().

This regularity result will be used for the analysis of finite difference approximations of
the optimality system that we discuss in the next section.

We complete this section discussing the solution to (1) with v = 0. It is simple to argue
that the unique solution u satisfies

—Ay=Bu+g inQQ,

y=0 onodL,
—Ap=—(y—2z) inQ, ®)
p=0 onaf2,

p =min{0, p + u — u} +max{0, p +u —u} in Q.

We are interested in solutions for which the inactive set Z = {x : u < u < i} is small.
For the construction of test examples the following lemma is useful.
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Lemma 2. If z(x) # y(x) a.e. in 2, with y the optimal state, then the inactive set 7
contains no interior points.

Proof: Proceeding by contradiction assume that 7 is an open setin Z. Then p = 0onZ

by the last equation in (8) and hence z(x) = y(x) on J which contradicts our assumption.
O

To verify the non-attainability assumption of Lemma 2 the following result can be used

[8].
Lemma3. Let f € L¥(Q), ¢ € L®(dQ), and let w be any function in C?(L2) satisfying

—Aw = | flo in R, o)
w > |¢p|e on 2.
Then |v(x)] < w(x) for all x € 2 and v satisfying —Av = f in 2, v = ¢ on 9.

Lemma 3 allows to construct tracking functions z which are not attainable by any u € U,,.
For example, if €2 is the unit square, we set u,, = max{|u/|, |i|} and define

u
wixy, x2) = =l —x) +x0d —x)l.
Then if |z(x)| > max |w| = u,,/8 a.e. in 2, we have
ly@)x)| < |z(x)] forallxe Q2 and u € U,.
Consequently the inactive set Z cannot contain interior points.
Sufficient conditions for the more restrictive requirement meas(Z) = 0, i.e. that the
control is bang-bang, appear to be an interesting open problem.
The following example is defined based on the estimate given above. It is computed using
finite difference discretization and the multigrid scheme discussed in later sections. Assume
u = —8 and &z = 8§, then u,, = 8. Take

z(x1, x) = 1.1 sign{sin(47 x) sin(4mwx3)}.

Clearly |z|oo > max |w| = 1. The numerical solution of (1) for this setting is depicted in
figure 1.

3. Finite difference optimality system

In this section accuracy of finite difference approximations to (6) is investigated in the
framework given in [14]. It is assumed throughout that v > 0.
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Figure 1. Numerical solution with z = 1.1 sign{sin(4mx;) sin(4wx3)} and v = 0. The state (left) and the control
(right); 513 x 513 mesh.

Consider a sequence of grids {€2;},-0 defined by
Q,={xeR:xi=sh, s,€Z}NQ.

We assume that €2 is a rectangular domain and that the values of & are chosen such that the
boundaries of 2 coincide with grid lines.

Define w, = ©; N w and introduce a binary grid operator which is the discrete analog of
the operator B defined above:

u, inawy,

Buuy, =
Hh { 0 ith\wh.

The negative Laplacian with homogeneous Dirichlet boundary conditions is approxi-
mated by the five-point stencil and is denoted by —A,.
For grid functions v, and wy, defined on €2, we introduce the discrete L2-scalar product

(hs wi)z = W7 ) v () wi(X),

XEQy

with associated norm |v,|g = (v, vy )1L/22. We require as well the discrete H'-product given
h
by

) 172
2 - 2
lonly = <|vh|o+Z|ai vh|0> ,
i=1

where 0, denotes the backward difference quotient in the x; direction and vy, is extended
by 0 on grid points outside of ; see [14]. The spaces L7 and H,' consist of the sets of grid



MG FOR CONSTRAINED OPTIMAL CONTROL PROBLEMS 315

functions v, endowed with |v;,|o, respectively |v, |1, as norm. For the definition of H}f we
refer to [14], as well.

Functions in L%(2), H'(), and H*(Q) are approximated by grid functions defined
through their mean values with respect to elementary cells [x; — % , X1+ %] X [x2— % X2+ %].
This gives rise to the following restriction operators; see [14] p. 232 for more details:

The restriction R, : H*(2) N Hy(Q) — H}? where

| ph2 k2
(Ryv)(x. y) = ﬁ/ / o(x + £y + 1) dE d.
—h2J—np2

In the following, this operator is also used as mapping R, : H' — H).
For L? functions, we have the restriction operator Rj, : L*(Q) — L7 where

B 1 hj2  phJ2  ph/2 ph)2
Reoxn) =5 [ WGk &+ €,y +n)de dg dndy.
—h/2Jd=hy2J=h2J—h/2
The following properties can be proved using the Newton-Leibnitz formula.
|Ryv — Ryvlo < ch|vlpiq forallv e H'(Q). (10)
|Ryv — Ryvlo < ch® vl forallv e HX(Q). (11)

Here and below, ¢ denotes a positive constant which does not depend on 4.
Now consider the discrete optimal control problem
1 B4 Dl 2
mlnib’h - hZ|o“l:§|uh|0’ (12)
—Apyn = Buup + Ryg,

where uy € Uyap, = Ugg N L2
Let uj denote the unique solution to (12) and set y; = yx(uj). The optimality system
related to (12) is found to be

—Anyy = By + Ryg,
—Appy = —; — Ry2), (13)
(vuj, — By pp) - (vy —uj) = 0 forall v, € Usgy.

The optimality condition can be reformulated as
* : — 1 * :
u, — max {u, min u,;ph(uh) = 0in wy, (14)
which is equivalent to u; — Qp(u;) = 0 where
o1
Qh() =maxu, mn,u, — Ph() .
v

The discrete counterpart of K is the operator K (u,) = u, — Qpn(up).
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To investigate the accuracy of the solution to (13) we use the approach of [17] extended
to the present finite difference framework. In the remainder of this section we require
u, it € C-Y(Q).

From Lemma 1.1 of [17] we have that

luy — Rpu*lo <y |Kn(u}) — Kn(Ryu®)lo,

where y is a positive constant independent of the mesh size. The proof in [17] uses a finite
element setting which can readily be adapted to the present finite difference framework.
Due to the fact that |uj o, | Ryuu* o, |va(uj)lo and |yn(Rpu*)|o are uniformly bounded with
respect to h, conditions (A.4)—(A.6) in [17] are satisfied.

Since Kj(u}) = 0 and K (u*) = 0 it follows that K, (u;) = R, K (u*). Consequently we
obtain

lujy — Ryulo < v |Kn(up) — Kn(Rpu®)lo = y Ry K ) — Kn(Ryu*)lo
< ¥ (IRwu™ — Ryu*lo + | Ry Qu*) — Qi (Ry*)lo)-
Notice that the solution u} does not appear in the right-hand side of this inequality. From
Lemma 1 and (10) we have |R,u* — R,u*|y < ch.

To estimate the second term on the right-hand side we use the fact that p(u*) € C>'(Q);
see, e.g., [15] pg. 237, and consider the following chain of inequalities

IR, Q(u*) — Qn(Ryu*)lo

=R, max{u mm{u ; p(u )}} {g, min{ﬁ, %ph(f?hu*) ”

< |Ry max{g, min{ﬁ, lp(u*) }} - max{g, min{ﬁ, lp(u*) ”
v v 0

+‘ { n{u,lp(u*)H —max{g, min{ﬁ,thp(u*)”
v v 0

’max{u miny i, %th(u*)}} max{ mm{u lph(Rhu )”

0

< |Ry max{g, min{ﬁ, %p(u*)}} - max{g, min{ﬁ, lp(u*) ”

0

Ip(u ) = Ryp(u” )|o+ | R pu*) = pr(Ryu*)lo.

Since | pp(Ryu*) — R, p(u®)|o < ch* and because of the approximation property of Ry,
(see [14]) the last two terms in the above inequality are of order h2. The final estimate

‘Rh max{g, min{ﬁ, %p(u*) H — max{g, min{ﬁ, %p(u*)}}

< ch|p®)|corq),

0
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follows from [14], pg. 233, where we use the fact that max{u, min{i, % pu*)}} e COU(Q).
It follows that |u} — Rju*|y < ch. Therefore, using (10), we have

luy — Ryu™|o < ch. (15)
Now we consider the state equation. Denote by ¥, the solution to

—An¥y = RyBu* + Ryg.
We have that |5, — Rj,y*|o < ch®. Furthermore we have lyp =¥l < cluj, — Rju*|o and
[y — ¥nlo < clyj — ¥ul1. Using these estimates and (15) in |y; — Ryy*lo < |y; — ¥ulo +
|9 — Rny*|o we obtain

|4 — Ruy*lo < ch. (16)
From this estimate and (13) the following estimate results

|py — Rup™lo < ch. (17)

Estimates (15), (16), and (17) are sub-optimal in the sense that H2(£2)-regularity of y* and
p* would suggest O(h?) convergence estimates. Such results are impeded by the lack of the
estimate |y; — ¥xlo < ch |y} — ¥xl1. For finite element approximations this is a consequence
of the Aubin-Nitsche duality argument. If the estimate were to hold, we obtain 42 in (16)
and (17). Moreover, our numerical experiments show that the estimate (15) for the control
is pessimistic. In fact, we observe

lu} — Ryu*lo < ch®?, (18)

and O(h?) convergence for the state and the adjoint variables. In the recent publication [19]
these convergence rates could be verified for finite element approximations.

To illustrate that these convergence rates are obtained by our algorithm, consider the
following exact solution to (6) with

gx1,x) = —u+ 272 sin(rr xq) sin(w x7), (19)

2(x1, x2) = —Ap +y, (20)
where

y(x1, x2) = sin(wx1) sin(;w x3), 201

px1, x2) = sin(8mx;) sin(8m x3), 22)

u(xy, x,) = max{—1, min{1, p/v}}. (23)

Note that the control is active for each v < 1. Results of experiments with this test case are
reported in Table 1. One can see that the solution errors for y and p reduce as a factor of
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Table 1. Accuracy results; v = 1078,

Mesh [y = ynlo [P — prlo lu—uplo
129 x 129 1.631077 1.601073 1.541073
257 x 257 4201078 4.0310~* 52610~
513 x 513 1.1110°8 1.0010~* 1.8010~*

1025 x 1025 2.93107° 2.51107° 6.26107°

four by halving the mesh size, showing second-order convergence. On the other hand, the
error for the control scales as #3/? with ¢ &~ 2 in (18).

4. The multigrid method

The purpose of this paper is to present multigrid algorithms for optimality systems, arising
from constrained optimal control problems, that have multigrid efficiency and are robust
with respect to a large range of values of the cost of the control.

For the presentation, let us index the operators and variables defined on the grid with
mesh size h = h;, = h0/2k, k=1,..., L, with the index k.

For multigrid purposes, in order to formulate (13) on all grids we need to have a multigrid
full approximation storage (FAS) [6] representation of the problem. That is, a representation
where the solution and not the error is computed on all grids. In fact, in order to impose the
constraints the variables uj; and p, must be available at all levels. In the remainder of this
section we describe our algorithm formulated in the FAS framework.

Recall (13) given by

—Apyn — Bpup = gn, (24)
—Appn 4+ yi =, (25)
(vuy, — B; pn) - (v —up) >0  forall vy, € Uyyy. (26)

In general, an initial approximation to the solution of this problem will differ from
the exact solution because of errors involving high-frequency as well as low-frequency
components. In order to solve for all frequency components of the error, the multigrid
strategy combines two complementary schemes. The high-frequency components of the
error are reduced by smoothing iterations while the low-frequency error components are
effectively reduced by a coarse-grid correction method.

On the grid of level k, the smoothing procedure is denoted by S, and S} is the smoothing
operator applied m times on the pair w, = (y;, py). This operator is defined later in this
section. To correct for the smooth component of the error, a coarse grid correction is defined.
First, a coarse grid problem is constructed on the grid with mesh size H = h;_;. That is,

—Apyn — Byup = L' g + Ty, 27)
~Appu +yu =Lz +(p)f,
(vup — By pr) - (vg —up) =0 forall vy € Uy, (28)
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where I/ : L? — L2, denotes arestriction operator, and 7(y) and 7(y)# are fine-to-coarse
defect corrections defined by

Tt = —Aully, — Byl u, — LF (= Apyn — Buuy), (29)
) = —Aullpy+ 1y, — I (—=Awpi + i), (30)

with [ A . L? — L3 a restriction operator not necessarily equal to 7;7. We choose I "
to be straight injection. Once the coarse grid problem is solved, the coarse grid correction
follows

Vi =y + Iy (yw — I ). (31)
e = pu+ Iy (pu — I} pa), (32)

where [ ;’1 : L%I — Lﬁ represents an interpolation operator. If the high frequency compo-
nents of the error on the finer grid are indeed well damped, then the grid 2 should provide
enough resolution for the error of w, and hence wy — I Hw), should be a good approxima-
tion to this error. This idea of transferring the problem to be solved to a coarser grid can be
applied along the set of nested meshes. One starts at level L with a zero approximation and
applies the smoothing iteration m times. Then the problem is transferred to a coarser grid
and so on. Once the coarsest grid is reached, one solves the coarsest problem to convergence
by applying, as we do, a few steps of the smoothing iteration. The solution obtained on
each grid is then used to correct the approximation on the next finer grid. The coarse grid
correction followed by m, post-smoothing steps is applied from one grid to the next, down
to the finest grid with level L. This entire process represents one FAS-(m, m,) multigrid
cycle.

The application of N FAS cycles is denoted by N-FAS. One can choose a starting grid
with alevel number K < L which is coarser than the finest grid where the solution is desired.
In this case one applies N-FAS on level K and then the solution is interpolated on the next
finer grid. The interpolation provides a first approximation for the N-FAS on this finer level
and so on until the finest grid is reached. The combination of the nested iteration technique
and the FAS scheme is called the full multigrid (FMG) method.

Denote the optimality system by A(w;) = f,. Then the multigrid FAS-(m |, m;)-cycle
algorithm, expressed in terms of the (nonlinear) multigrid iteration operator Bk to solve
this problem in recursive form is given as follows:

Multigrid FAS-(m, m;)-Cycle
Set B;(w?) ~ Al_1 (e.g., iterating with S}). For k = 2, ..., K define B in terms of
Bi_1 as follows. Let q° = 0.
1. Set the starting approximation w,(co).
2. Pre-smoothing. Define wg) forl =1,...,my, by

Wl = Se(wi. £).
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(my+1) _
X =

3. Coarse grid correction. Set w w4 IE (@ — 1w where ¢ for i =

1,...,mis defined by

q' = a7+ B (B W) [ (i — Ac(w™)
+Ak71(i]f71W§(ml)) - Akflqi_l].

4. Post-smoothing. Define w” for { = my +2, ..., my +ms + 1, by
w = S (wi ™, 8.
5. Set By(w) £ = wim et

Notice that we can perform m two-grid iterations at each working level. For m = 1 we have
a V-cycle and for m = 2 we have a W-cycle; m is called the cycle index [21]. Our numerical
experience shows that in case of constrained control problems the use of W-cycles results
in a robust multigrid iteration.

Our main contribution to the formulation of multigrid schemes for constrained optimal
control problems is a new relaxation scheme. In the present context, the smoothing iteration
must reduce the high-frequency components of the error and must preserve the inequality
constraint. In case of unconstrained optimal control problems of the type considered here,
the Fourier analysis presented in [4] proves that collective Gauss-Seidel iteration has the
smoothing property required in the multigrid method. In order to present our modification
of this iteration that takes account of the presence of constraints consider (24) and (25) at
X € Q,, where x = (ih, jh) and i, j index the grid points, e.g., lexicographically. We have

—(im1j + Yie1s + Vi jor + i) + 4y — h? By = hlgi; + h? £, (33)

—(Pictj+ Pis1j + Pijo1 + Pij+1) +4pij + B2y = WP zij + h? f,-(jp), (34)
(Ulztij — B;: p”) . (U,'j — M”) > 0 for allvh S Uadhs (35)

where f©) and f) have been introduced to take into account the presence of defect
corrections in (27) and (28).

A Gauss-Seidel step at x consists in updating the values y;; and p;; such that the resulting
residuals of the two equations at that point are zero. The neighboring variables are considered
constant during this process. Therefore, define the two constants

Cy = (im1j + Yir1j + Yijo1 + yij) + hogij + 0> £,

and

Cp=pi1j+piv1j+pijo1+pijs)+h° fii-p)~
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Replacing these two constants in (33) and (34), we obtain y;; and p;; as functions of u;; as
follows

yij = (Cy + h* Byu;j)/4, (36)
and
pij = @C, —h*C, +4h*z;; — h* Byu;;)/16. (37)

Now to obtain the u;; update, replace the expression for p;; in the inequality constraint and
define the auxiliary variable

~ 1 *
i = Ty B (4C, —h*Cy +4h*z;). (38)

Then, the new value for u;; resulting from our Gauss-Seidel step is given by

I/_tij if ftij > I/_tij
Ujj = Ujj if Eij < Uj; < ﬁij (39)
u if @#;;<u

Zij ij ij

for all x = (ih, jh) € wy, u;; = 0 otherwise. Possible ill-conditioning due to the division

by (16 v 4+ h*) in (38) is confined by the constraints expressed in (39). With the new value

of u;; given, new values for y;; and p;; are obtained. This completes the Gauss-Seidel step.
The collective Gauss-Seidel step defined by (36), (37), (38), and (39) satisfies the in-

equality constraint. In fact, consider any grid point such that # > #; then from (39) we have

u = u1. Therefore (v — u) < 0 for any v € U,yy,. On the other hand we have

viu —p =vu—@4C, —h*Cy +4h*z;; —h* Byu;;)/16
= [(16v +h*Yu — (4C, — h* Cy +4h? z;))]/16
< [(16v 4+ h%)it — (4 Cp — h* C, + 4 h* 2;)1/16 = 0.

Therefore (vu — p) - (v — u) > 0 for all v € U,yy,. Similarly one proves that if i < u,
then the choice u = u satisfies the inequality constraint. The case u < @i < & is obvious.
Similarly in case v = 0, it can be proved that the Gauss-Seidel iteration defined above
satisfies (8). Because of (39) we can consider the present iteration belongs to the class of
projected Gauss-Seidel schemes [7].

We complete this section describing the prolongation and restriction operators used in
our algorithm. Between two grids Q; and €;_, corresponding to mesh sizes /i and h_1,
we apply the bilinear prolongation operator, If | : L7 | — L2, given in stencil form by

1121
1,11121242. (40
121
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For restricting the residuals we use the half-weighting restriction operator, /, ,f_l (L7 —
L?_,, given in stencil form by

1
k—1
Ik = g

010
1 4 1}. (41)
010

We conclude this section with remarks on the complexity of our multigrid algorithm.
Regarding memory complexity notice that we have followed a standard implementation
of the FAS structure. Therefore we have o = 1.5 where o is the grid complexity defined
as the total number of unknowns on all levels divided by the number of unknowns on the
finest level. Further, mesh independent convergence factors imply optimal computational
complexity.

5. Numerical experiments

In this section we present a numerical investigation of the computational performance of
the proposed multigrid method to solve constrained optimal control problems. We report
the values of the tracking functional |y, — z;|o depending on the value of the cost of the
control and the residual of the primal and of the adjoint equations which are denoted by
rp(y) and rj,(p), respectively.

We also report values of the convergence factor defined as the “asymptotic” value of the
ratio between the discrete L2-norm of the residuals resulting from two successive multigrid
cycles on a given mesh [13]. That is,

’rh(y)(N+l)|0 ‘rh(p)(N-H)’O

I A A A PYoS T 2

p(y) = h;gl

For the coarsest grid we have #; = 1/8 and we use up to eleven levels. For L = 11 we
have a 8193 x 8193 mesh. In all experiments we use m; = m, = 2 smoothing steps and
the FMG-W-cycle version of the algorithm with initial level K = 3. Starting with k = K
three W-cycles are performed at this level. Then the solution is (cubic) interpolated to the
next finer working level and the same number of W-cycles are performed. This process
is continued until the finest level is reached where k = L and at most ten W-cycles are
carried out. The stopping criterion is |r,(y)|o + |7a(p)lo < 107!9. Recall that with this
setting the typical multigrid convergence factor for the Poisson problem in a square domain
is p ~ 0.08.

We investigate the convergence behavior of the multigrid solver depending on the mesh
size, on the value of v, and on the presence of constraints.

Four cases are considered. In the first case w coincides with the entire domain and
no constraints are given. Results for this case are reported to allow comparison with the
forthcoming cases. In the second case we also have w = 2 and severe constraints are
prescribed. In the third and fourth case we investigate the multigrid solution process when
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o C 2, without and with constraints, respectively. In the experiments that follow we choose
g = 0. A first series of experiments is performed with the following objective function

z(x1, x2) = sin(2m x;) sin(w x»).
Case 1. w = 2, no constraints.

This case has been investigated by the authors in [4]. In this reference stability of the
finite difference optimality system and optimal-order error estimates in the discrete L?-norm
and in the discrete H'-norm were proved. Sharp convergence factor estimates of the two
grid method for the optimality system were obtained by means of local Fourier analysis. A
multigrid convergence theory was provided which guarantees convergence of the multigrid
process towards solutions of the optimality system. The smoothing iteration considered in
[4] was the collective Gauss-Seidel iteration that coincides with the smoothing iteration
considered here when no constraints are imposed. The collective Gauss-Seidel iteration is
also a special case of the Newton-Gauss-Seidel iteration presented in [3] to solve singular
optimal control problems. In all cases optimal convergence factors are obtained as reported
in Table 2. The state and control solutions for the present case are depicted in figure 2.

Notice that, in the unconstrained case the convergence behavior of the multigrid solution
process is independent of the value of v and of the mesh size. Note also that for the present
example z is attainable, i.e. there exists u# such that y(u) = z. Similar computational
performance is obtained for non-attainable z.

Case 2. w = 2, constraints: u = —30 and & = 30.

For this case, the constraints are active in large portions of the domain for all three choices
of v = {107%, 107, 1078} considered here. For v = 107° this can be seen in figure 2.
From the results of numerical experiments reported in Table 3 we observe that for v = 10~
the multigrid convergence behavior is similar to that observed in the unconstrained case.
Reducing the value of v results in steeper gradients of the adjoint and control variables,

Table 2. Case 1: Results of experiments.

Mesh o), p(p) ly —zlo [rMlo, Ir(p)lo

V= 1076
129 x 129 0.03, 0.07 1.211073 4610710, 1310713
257 x 257 0.03, 0.02 1.211073 1410710, 1210714

513 x 513 0.03,0.01 1.211073 1.710719,8.910°15
v=10"%

129 x 129 0.03, 0.05 1.211073 1210719, 1.6 1014

257 x 257 0.03, 0.07 1.211073 891071, 3.610°1

513 x 513 0.03, 0.07 1.211073 1.710719, 2710715
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Figure 2. Numerical solutions for Case 1 (top) and Case 2 (bottom) the state (left) and the control (right);
v =107%and 513 x 513 mesh.

particularly close to the boundary where p and u are required to be zero. Furthermore,
decreasing v results in an increasingly more complex switching structure of the control
between upper and lower bounds; see figure 3. The results for v = 10~ in Table 3 suggest
that once the mesh size is sufficiently fine to resolve completely the switching structure the
typical multigrid convergence rate is obtained. They further indicate that the multigrid con-
vergence factor depends only weakly on the mesh size provided the problem is sufficiently
well resolved on the mesh.

The ability of the multigrid scheme in solving constrained control problems with very
small value of v allows to investigate the occurrence of bang-bang control for the present
class of problems. In particular, with the choice of z given above we can observe fast
switching of the control function in the x, direction as depicted in figure 3. In this figure
we give plots of the control function for x; = 3/4 and x, € [0, 1] for the following choices
of v e {1078, 10719, 10~'2, 0}. We can see that as the value of v is reduced the number of
switching points increases.

The solution obtained for v = 0 is interesting. In this case, by further refining the mesh
size additional switching points can be seen closer to the boundary while the existing
switching points obtained at the previous coarser grids are retained; see figure 4.
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Table 3. Case 2: Results of experiments.

Mesh p(), p(p) ly —zlo [r(Mlo, Ir(Plo
v=10"*
129 x 129 0.04, 0.04 1.11107! 3.11071°, 1210713
257 x 257 0.03, 0.04 1.11107! 6.810°10,7.110714
513 x 513 0.03, 0.04 1.11107! 4910719 1510713
1025 x 1025 0.03,0.03 1.11107! 3210710, 7210713
v=10"°
129 x 129 0.56, 0.56 5301072 1.3107%,2.210710
257 x 257 0.52,0.51 5301072 1.51077, 1.3 107!
513 x 513 0.03,0.03 5301072 3.510719, 531014
1025 x 1025 0.03,0.03 5.301072 221071022107 13
v=10"8
129 x 129 0.63,0.63 5.281072 1.61073,8.31078
257 x 257 0.54,0.54 5.281072 2.4107%,7.410°11
513 x 513 0.64, 0.60 5.281072 2.51077,3.710712
1025 x 1025 0.68, 0.66 5.281072 2.71077,2.110712
2049 x 2049 0.74,0.71 5.281072 7.81077,3.510712
4097 x 4097 0.76, 0.70 5.281072 7.4108,2.910°12

We complete the discussion of Case 2. considering another desired state given by

z21(x1, xp) = sin(4m x;) sin(27w x5).

325

The difference between this objective function and the previous one is that the gradient
of z; is larger close to the boundary. For the choice v = 0 the constraints are everywhere
active, i.e. differently from the previous case with desired state z the control is bang-bang.
Moreover no fast switching of the control occurs. In figure 5 the optimal control and the
corresponding state for v = 0 are depicted. The numerical results in Table 4 document the

convergence factors.

Table 4. Results of experiments with z; and v = 0.

Mesh (), p(p) ly —zlo [*(Mlo, [r(p)lo

513 x 513 0.12,0.13 3.70107! 2.91078,1.310°13
1025 x 1025 0.12,0.13 3.70107! 2.51078,4210°13
2049 x 2049 0.12,0.16 3.70107! 1.91078,1.610~12
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Figure 3. The control function for x; = 3/4 and x, € [0, 1] obtained with v = 1078 (top left), v = 10710 (top
right), v = 10~!2 (bottom left), and v = 0 (bottom right); 2049 x 2049 mesh.

Case 3. w C €2, no constraints. Here w is given by
w=1{xeQ:(x;—1/2%+ (x, — 1/2)* < /(7/160)},

and z is the desired state.

In this case we have u = p/v in @ and otherwise we set u = 0. Results of experiments
with the present setting are reported in Table 5 where typical multigrid convergence behavior
can be observed.

Case 4. o C 2 asin Case 3, and constraints given by u = —30 and i = 30.

In Table 6, optimal multigrid convergence factors for the present case with moderate
values of v are reported. For v sufficiently small the convergence factors worsen (while
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Figure 4. Switching of the control function for x; = 3/4 and x» € [0.9, 1] (notice the scaling) obtained with
v = 0 on increasingly finer meshes: 1025 x 1025 (top left), 2049 x 2049 (top right), 4097 x 4097 (bottom left),
and 8193 x 8193 (bottom right).

o0 o

Figure 5. Numerical solutions with z; and v = 0. The state (left) and the control (right); 257 x 257 mesh.
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Table 5. Case 3: Results of experiments.

Mesh (), p(p) ly —zlo [r(Mlo, Ir(Plo
v=10"°

129 x 129 0.10,0.10 1.85107! 1.1107°,1.010713

257 x 257 0.05, 0.05 1.84107! 3310719, 5010714

513 x 513 0.05, 0.05 1.84107! 2510710, 1.110713

1025 x 1025 0.05, 0.05 1.84107! 3310710, 5510713
v=10"8

129 x 129 0.37,0.37 1.58107! 5.61073,2.51077

257 x 257 0.16,0.15 1.57107! 421077,7.810712

513 x 513 0.05, 0.05 1.57107! 1.710719,1.010713

1025 x 1025 0.05, 0.05 1.57107! 1910719, 4410713

Table 6. Case 4: Results of experiments.

Mesh Py, p(p) ly —zlo [rMlo, r(p)lo
v=10"*
129 x 129 0.05, 0.05 4.24107! 4410719 501071
257 x 257 0.05, 0.05 4.23107! 3210719, 1.410°13
513 x 513 0.05, 0.05 4.23107! 2310719, 5610713
1025 x 1025 0.05, 0.05 4.23107! 2710719, 2.610712
v =10"°
129 x 129 0.61,0.61 4.23107! 6.9107°,1.1107°
257 x 257 0.67,0.67 4.22107! 3.0107%,2.710°10
513 x 513 0.71,0.70 4.22107! 1.1107%,5.710~11
1025 x 1025 0.72,0.70 4.22107! 3.71077,1.010~1
v=10"%
129 x 129 0.57,0.57 4.23107! 7.8107°,1.31078
257 x 257 0.58,0.57 4.22107! 1.21073,6.910710
513 x 513 0.64, 0.63 4.22107! 5.5107%,1.210°10
1025 x 1025 0.70, 0.68 4.22107! 2.5107%,2.710°1!

remaining approximately mesh independent) taking values typical of multigrid applied to
complementarity problems as in [7].

For comparison we report results obtained with the choice v = 0 and z; as objective
function. Results of numerical experiments for this case are reported in Table 7. In figure 6,
bang-bang control in w can be seen.



MG FOR CONSTRAINED OPTIMAL CONTROL PROBLEMS 329

Table 7. Results of experiments with z1, @ C 2, and v = 0.

Mesh o), p(p) ly —zlo [rlos Ir(P)lo

513 x 513 0.27,0.23 4.87107! 6.61078,2.410713
1025 x 1025 0.22,0.21 4.87107! 1.61077,6.310713
2049 x 2049 0.20, 0.21 4871071 9.0107%,2.510712

Figure 6.  Numerical solutions with z; and @ C € and v = 0. The state (left) and the control (right); 257 x 257
mesh.

6. Constrained boundary optimal control problems

We now turn to boundary optimal control problems with constraints. We focus on the
following optimal control problem. Minimize

1 v
JOsw) =3 lly = 2l + Sl (43)
subjectto u € U,y C L*(3S2) and

—Ay+y=g inQ,

Ay (44)
— =u on 02,
on

where €2 is a open bounded set of R?, g € Ly(Q), z € Lo(RQ) is the objective function, and
v > 0. The set of admissible controls is given in this case by

U = {u € L*3Q) | u(x) < u(x) < ii(x) a.e.in IR}, (45)

where u and # are functions of L>*(9€2).
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For the existence of a unique solution to (43)—(45) we refer to [16]. The solution is
characterized by the following optimality system

—Ay+y=g inQQ,

0
i =u onod<,
on
—Ap+p=—(y—2 inQ, (46)
0
op =0 onoL,
on

(vu—p,v—u)>0 forallve Uyy.
After discretization the optimal control problem becomes
1 < 5,V )
min = |y, — Rpzlg + = lunlps
2 - 2
—Apyn = Rng, S
O yn = Uy

Here, 0; denotes the second-order centered difference quotient with orientation normal to
the boundary. The optimality system related to (47) is found to be

—ArYn + Yn = &ns
Oy Yn = Up,

—Appn+ prn = —On — 21, (48)
o, pn =0,

(up — pp) - (v —up) >0 forall vy € Uaq,,

where g, = Rj,g and z;, = R;z.

Notice that to solve (48) we need to realize the control on the boundary. For this purpose we
eliminate the Neumann boundary conditions including them in the stencil of the differential
operator considered at the boundary. We discuss this approach explicitly for one lateral
boundary of Q2 = (0, 1) x (0, 1).

Let x = (ih, jh) be a boundary grid point on the side x = 0.

—(Vietj + Vit + Yijot + Vi j1) + @G+ By = h*g +h? f,-(jy),
Yictj = Yig1j = 2huy;,
—(Pic1j+ Pistj + Pijor + Pijr) + G+ B + 1y =Wz + b fi(jp),
pi—1j— piv1; =0.

Summing up the minus Laplacian stencil with the normal derivative the (ghost) variables
outside of €2 are eliminated. We have

—Qyig1j + Yij-1 + yi o) + @G+ By — 2hug; = hPgi; + h* f,-(jy),

—@piv1j + pijor+ pije) + G Ry 4Ry =Wz + 0 fL
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On the corners we consider the minus Laplacian stencil with the normal derivatives in both
directions. The equations obtained in this way have the same structure as (33) and (34) and
can be solved by the FAS multigrid method described in Section 4.

The application of the collective Gauss-Seidel iteration follows along the same lines as
described in the previous sections. In the interior of the computational domain the collective
Gauss-Seidel iteration reduces in this case to the single Gauss-Seidel iteration for the state
equation while the residuals of the state equation and of the adjoint equation both enter in
the relaxation of the adjoint variable.

To describe the Gauss-Seidel iteration on the boundary x = 0 in more detail, define

Cy = Qyig1j +Yij1 + Vij1) +h’gij +h? f,-(]iV),

Cp = Q2pis1j + Pij—1 + Pij41) + b f,-.(,vp)-
We obtain y;; and p;; as functions of u;; as follows
vij = (Cy + 2hui) /(4 + 1),
and
pij = (4 +h")Cp—h*Cy+ @G+ h*) h? 2 — 2h%u;) /(4 + h*)%.

To obtain the u;; update, replace the expression for p;; in the inequality constraint and
define

1
ijj = —————————((4+h*Cp —h*Cy — (4 + W) K2 z;)).
= e GG y— @RI )

Then, the new value for u;; resulting from Gauss-Seidel step on the boundary is given by
iy if

u; if

<

IN AV

IS <0 =
D
A
<
<

<

(49)

S ™
<

<

for all x = (ih, jh) on 0€2;,. With the new value of u;; given, the values for y;; and p;; are
updated.

The bilinear prolongation operator described above applies also to the boundary variables.
For restricting the residuals we use the full-weighting restriction operator, I,ffl DLy —
L? |, given in stencil form by

1 2 1

kfl1

=2 4 2] (50)
121

This choice is necessary to guarantee at the boundary the right scaling for the coarse-grid
problem formulation; see the discussion in [21]. Clearly, on the boundary the restriction
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Table 8. Results of experiments, boundary control problems; 1025 x 1025 mesh.

v p(¥), p(p) ly —zlo [rlos Ir(P)lo

10-° 0.05, 0.05 8.091072 1.710719,2.910°13

1078 0.14,0.12 8.091072 3710782910713

10710 0.28,0.28 8.091072 4710759.9107 "1

0 0.25,0.26 8.091072 3.5107°,4.8107!!

. . . _ 022

operator is mirrored. For example onOthe };eft vertical boundary, we have I,f I = %[8 4 421]
and in the left-low corner I,f_l = %[0 4 4].

To numerically validate the present alg(g)rithm for solving boundary optimal control prob-
lems, consider the desired state given by

z(x1, x0) = (x12 — x%) sin(7r x1) sin(7r x7),

and g = 0. We choose constraints given by © = —1 and # = 1 which are active in part
of the boundary for v < 107%. The multigrid setting is the same as in previous sections.
Results for this case are reported in Table 8.

7. Conclusions

We presented a robust multigrid method for a class of optimality systems arising from elliptic
constrained optimal control problems. The multigrid method was developed based on a
collective Gauss-Seidel scheme that satisfies the given constraints pointwise. In applications
we considered distributed and boundary control problems. With the present algorithm it was
possible to investigate bang-bang control solutions.
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