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Introduction

In the last years, the nonlinear programming techniques have shown to be
an effective approach to the numerical solution of optimal control problems
([15], [16], [17], [11]). Indeed, by applying a convenient discretization tech-
nique to the optimal control problem, we can obtain a finite dimensional
nonlinear programming (NLP) problem, which, under suitable assumptions,
is consistent with the continuous formulation ([15],[16]).

Furthermore, the Newton interior point algorithms developed in the last ten
years, have shown to be very reliable in finding the solution of such NLP
problems.

In this work, a collection of elliptic and parabolic control problems with
control and state constraints is described. In particular, we focus on the
discretization techniques which yield to NLP problems having large, sparse
and structured Hessian and Jacobian matrices.

The paper is organized as follows: in the section 1 the general class of the
elliptic boundary control problems is considered, with Neumann or Dirich-
let boundary condition, paying a special attention to the discretization and
optimization techniques.

Furthermore, we focus on a special case of such elliptic problem, with a
particular tracking type objective functional.

Then we describe in detail ten different boundary control problems, report-
ing the sparsity pattern of the Hessian and Jacobian matrices and the min-
imum value of the discrete cost functional for a given meshsize.

The section 2 is concerned with the distributed elliptic control problems.
Also in this case, we describe in detail the discretization and optimization
techniques and we consider the special case of a tracking type cost functional.

*This research was supported by the Italian Ministry for Education, University and
Research (MIUR), FIRB Project RBAUO1JYPN.
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Then, we describe in detail ten different distributed control problems, re-
porting the sparsity pattern of the Hessian and Jacobian matrices and the
minimum value of the discrete cost functional for a given meshsize.

In the section 3 we consider a class of parabolic control problem, and the
related dicretization and optimizazion techniques. It follows the description
of seven NLP problems arising from parabolic control problems devised from
the literature, for which we show the sparsity pattern of the Jacobian and
Hessian matrices.



1 Elliptic boundary control problems

1.1 Statement of the problem

We consider the following elliptic boundary control problem with Neumann
boundary conditions: given a bounded domain Q C R? with piecewise
smooth boundary T', determine a boundary control function v € L°(T)
which minimizes the cost functional

Flyu) = [ foy@)de + [ ofeyla),ulz)ds, 1)
subject to the elliptic state equation
—Ay(x) +d(z,y(z)) =0 for xz € Q, (2)
and to the Neumann boundary conditions
Opy(x) = b(x,y(x),u(x)) for z € I (3)

Here 0, denotes the derivative in the direction of the outward unit normal
v of I'. We introduce also control and state inequality constraints

Clz, y(z), u(z))
Sz, y(x))

Here Q = QUT. The functions f : QxR - R, g: I'xR? - R, d: QxR — R,
b:I'xR? - R, C:TxR?2 =R, S: QxR — R are assumed to be C?
functions.

When the elliptic boundary problem has Dirichlet conditions, the problem
(1)—(4) becomes: determine a boundary control function v € L (I") which
minimizes the cost functional

N%Wzlﬁ@wwmw+éﬂﬁwwﬂﬁ (5)

rel,
z € Q.

0
0 (4)
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subject to the state equation (2), the Dirichlet conditions
y(x) = b(z,u(z)) forz el (6)
and the inequality constraints on control and state

C(z,u(r))
S(x,y(x))

0 x el
0 z € Q. (7)
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Here f : OXR >R, g: I'xR—-=R, d: QxR =R, b: T xR — R,
C:TxR—R,5: QxR —-R,and f,g,d,b,C,S are C? functions.

A third version of an elliptic control problem is the following: determine a
boundary control function v € L*(I') which minimizes the cost functional

Ply) = [ fp@)de+ [ gloy(o) @)+ [ Ko u@)ds, 9
a s
where I' = I', UT'g with disjoint sets I'o,, '3 C I that consist of finitely many
connected components, subject to the state equation (2), to the boundary
conditions of Neumann and Dirichlet type:

Ovy(x) = bi(z,y(x),u(z))  forz €ly, (9)
y(z) = ba(x,u(x)) for x € I'g, (10)

and the inequality constraints on control and state

C(x,u(z)) < 0 z€T,
S(z,y(z)) < 0 =z (11)

Heref:QXR—HR,Q:I’QXR2—>R,d:QXR—>R,K:I’gX]R—HR,
by :TaxR2 SR by :TgxR—-R, C:TxR—-R, S: QxR — R, and
f,9,K,d, by, by, C, S are C? functions.

For the general class of elliptic control problems, the theory of necessary
conditions has not been yet fully developed. First order necessary optimality
conditions for linear elliptic equations —Ay(z)+y(z) = 0 and pure Neumann
conditions may be found in [8], [9], [10]. Problem (1)—(4) is considered as
a mathematical programming problem in Banach spaces to which the first
order Karush Kuhn Tucker conditions are applicable. For this approach, see
[15].

For Dirichlet boundary conditions, a weak formulation of first order neces-
sary conditions for linear elliptic equations may be found in [2]. Furthermore,
first order conditions are derived in [15] in a purely formal way. This form of
conditions is justified by its analogy in the first order necessary conditions
for the discretized version of elliptic problem.

Also in the case of the problem (8)—(11), first order conditions are derived
in a purely formal way in [17].

1.2 Discretization and optimization techniques

In the application of nonlinear programming techniques to optimal control,
we use a full discretization approach [7], [3], [13], where both the control and



the state variables are discretized and the integration method is incorporated
as an explicit equality constraint at each gridpoint. This technique leads to
a large scale nonlinear programming problem (NLP) with a sparse structure
of the Jacobian of the constraints. We consider the standard situation where
the elliptic operator is the laplacian and ©Q = (0,1) x (0,1). Given a positive
integer NV, we define the stepsize h as

and we consider the mesh points
zi; = (ih,jh), 0<i,j<N+1.
In particular, denoting the following subsets of indices as follows

I(Q) = {(,j):1<i,5, < N},

LT = {(,0):1<i< N},
LT) = {(0,j):1<j< N},
) = {(N+1,j):1<j<N},
L) = {(i,N+1):1<i< N},
) = Ul (),
I(Q) = I(Q)uUI),

~

(
(
(Fa) {(7'7]) P Tij € FOé}v
Tg) = 1) —I(Ta),

we have z;; € Q for (4,75) € I(Q2), 255 € T for (i,7) € I(T'), z;; € Iy, for (4,5) €
I(I'y) and z;; € I'g for (4,5) € I(I'g). As usual, we denote the approxima-
tions of the state and control variables in the mesh points as

y(zi) ~ yiy (i,5) € 1(Q),
u(zi;) ~ wiy o (i,7) € I(D).

~
=

Now, we define the vector z as the vector whose entries are the approxima-
tions of the control and state variables.
When the Neumann boundary conditions (3) hold, z is given by

. 2
z = ((?hj)(@j)e[(ﬁy (Wj)(i,j)e[(l‘)) € RV 18N, (12)

The laplacian operator Ay(z) is approximated by using the standard five
points formula for each x;j, (4,5) € I(£2); so, according to the previous no-
tations, we have

—Ay(wig) ~ h2{4yw Yitlg = Yi-15 ~ Yig+1 — Yig-rb (13)



The values of the normal derivative, needed for the Neumann boundary
conditions, are approximated in the mesh points by yz’jj /h, where

Yio — Yil, forj=0 i=1,...,N
Yoj — Y1j, fori=0 j=1...,N
YN+1,; — YN, fori=N+1 j=1,...,N
YiN+1 —YinN, forj=N+1 i=1....N

Yi; = (14)

Then, the discrete form of the elliptic equation and the discrete Neumann
boundary conditions lead to the equality constraints

Gl(2) = 4yij — Yir1j — Yie1,j — Yig+1 — Yig—1 + h2d(zij, yi5) =0, (15)
for (i,75) € I(Q?) and
Bzhj(z) = yi; — hb(zij, yij, wij) = 0 for (i,7) € I(T'). (16)

The control and state inequality constraints (4) lead to the inequality con-
straints on the variable z

< 0 (i,j) € I(T), (17)
< 0 (4,5) € I(9). (18)
When Dirichlet boundary conditions (6) are given, they are incorporated by
the discrete relations

Cij(wij, yij, wiz)

Sij(ij, Yij)

Yij = b(wij,ugg)  for (i,5) € I(I). (19)

Then, the number of the optimization variables is reduced, so that we define
. 2

2= ((vig) ijper)s Wig)aerr)) € RV T (20)

The equality constraints are given by (15) where 0, Yin+41, Y0j, YN+1;
are replaced by b(z;0,ui0), b(zin41,uin+1), b(T0j,u05), b(TN11j, uNt15) Te-
spectively. The control and state inequality constraints (7) give rise to the
inequality constraints

Cij(zij uig) < 0 (i,4) € (D),
S:j(af:]»yi;) < 0 (i,5) € I(Q). (21)

When Dirichlet and Neumann boundary conditions (9) and (10) are given,
these conditions are incorporated by the discrete relations

Bli(z) =yl — hbi(wij, yij, uij) (4,7) € I(Ta), (22)
Yij = bg(l‘ij,uij) (Z,]) S I(Fﬁ) (23)



Then the number of variables is reduced, so that we define

. 2 T
2 = ((ij) .y er@yuerra)s (Wij) g perr) € RNHTN), (24)

Here 7(N) is the number of variables related to the meshpoints on the edges
of I', where we have to compute ¥;; (meshpoints on I'y) and u;; (meshpoints
on I'). Then, the equality constraints are given by

h ..
Gij(z) =0 (4,7) € 1(%), (25)
h . .o
Bii(z) = 0 (i,7) € I(Ta). (26)
The control and state inequality constraints agree with those in (21).

The approximations of the functionals (1), (5) and (8) are obtained by the
rectangular rule and they are given by

Z f Lij, yzj +h Z xzja Yij, Uij) (27)

( J)EL(Q (i,5)I(T)

for Neumann boundary conditions, by

Z f(@ij, yig) + Z 9(@ij, uij) (28)

( J)EL(S) (4,)el(l)

for Dirichlet boundary conditions, or by

F'z Y f Tij, Yij) > gl@ig,vigyug) +
( JEL( ( J)EI(la)
+ h Z K(Cﬂijyuij) (29)
(65)el(Tp)

for mixed Neumann and Dirichlet boundary conditions.
So, for every N, we obtain a NLP problem; if we state Neumann conditions,
the optimization variable z belongs to RV *+8N and the discrete boundary
conditions (16) are included in the equality constraints:

min Fh(2)
Gli(2) =0 (i,) € 1(Q),
Bjj(z) =0 (i,5) € I(T), (30)
Z](Z)SO (i,j)EI(F),
Sij(2) <0 (i,) € 1(Q).



With Dirichlet conditions, the problem becomes

min Fh(z)
Gli(z) = 0 (i.d) € I(%),
Ciy(z) <0 (i) € I(T), (B
Si(5) <0 (iJ) € 1),

with z € RV’ 4N With mixed boundary conditions, the NLP problem is
as follows:

min Fh(z)
Gly(z) =0 (i,7) € 1(5),
Bz‘j(z) =0 (l,j) < I(Pa)v (32)
Cij(z) <0 (i,4) € I(I),
Siy(2) <0 (i.7) € 1(9)

with z € RNV**7()_ The lagrangian functions of (30), (31) and (32) are
respectively given by

L(z,q,1,0) = h?* 3 hero) f(@ig, ¥ii) + h X perw) 9(@ig: Yijs wij)+
+ 2 6.5)er®) qi;Gly(2) + 2o Gper) PiiS (@i, yig)+
+ 26 erm i Bl (2) + XijC(wij, yij, wij )],
(33)

L(z,q, 1, ) = h? Z(i,j)ej(g) f (i, yig) + hZ(i,j)ej(r) 9(Tij, uij)+
+ 2 per Gl (2) + pigS(xij, yig) +
+ 2 e NiC@ig, uij),
(34)

L(z,q,m,A) = h? Z(i,j)eI(Q) f(@ijsyig) + hZ(iJ’)e[(FQ) 9(Tij, Yij, wij)+
Th 36 pernwy) K (@i, ui)+
+ 2 yeno @Gl (2) + S (@ig, yig) )+
+ 2 perra) 4B () + X erm M C(@ig, wig),

(35)
where the Lagrange multipliers ¢ = (¢i;)(; jer() for (33), ¢ = (4ij) i j)er()
for (34), ¢ = (@)@ j)er@uir,) for (35) are associated with the equality
constraints and p = (kij); jyer) (or (i,7) € 1(€2)) and A = (Nij) i 5)er(r) are
related to the inequality constraints S;;(z) < 0 and Cj;(2) < 0 respectively.
The ordering of the discrete variables y;; and u;; in the array z determines
the structure of the Jacobian matrix of the equality constraints and of the



Figure 1: Ordering of the discrete variables
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Hessian matrix of the lagrangian function. The Figure 1 depicts the strategy
chosen here: the first entries of z are the y;;, (i,7) € I(£2) in lexicographic
order from (i,5) = (1,1) to (i,7) = (N, N). Then, when we have boundary
Neumann conditions, we store in the array z the boundary values y;;, where
(1,7) € I(I"), for k = 1,2,3,4. Finally, we store in the array z the discrete
control variables u;; in the same order of the boundary entries y;;. For the
problems (31) and (32), we use the same strategy.

1.3 Test problems: general description

In the following, we consider elliptic problems where the cost functional is
of tracking type

1

Flow) = 5 [ (0() =)o + 5 [ (o) —uata) Pda. (30)

with given function yg € C(Q), ug € L>°(T") and a nonnegative weight o > 0.
We assume that the control and state constraints are box constraints of the
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simple type

y(x) < ¢(x) on Q or €, (37)
ui(x) < u(z) < wug(x) on T, (38)

with functions ¢ € C(2) and uy,us € L>=(T).

We assume that an optimal solution of the considered optimal control prob-
lem exists and we denote by y(x) and u(x) the optimal state function and
the optimal control function respectively. If the function b in (3) is such
that b, = 1' (or respectively b in (6) is such that b, = 1 or by in (9) is such
that by, = 1), the optimal control @(x) is completely determined.

In the case of Neumann boundary condition, if we denote by g(z) the adjoint
state corresponding to g(x) and @(z), we have:

e case o > 0:

ua(x) + q(x)/a if ua(x) +q(x)/a € (ui(z), uz (),
u(z) = wi(z) if ug(z) +q(z)/a < ui(x),
u () if ug(z) +q(z)/a = ua(x),
(39)
e case o = 0: we obtain an optimal control of bang—bang or singular
type:
up(x) if g(x) <0,
u(z) = uz(x) if g(x) > 0, (40)
singular if gx) =0on s C T, st dzx > 0.

For a = 0, the adjoint state function g(x) on the boundary plays the role
of a switching function. The isolated zeros of G(x) are switching points of a
bang-bang control.

For Dirichlet boundary conditions, we obtain the same results if we re-
place gq(z) formally by —0,q(z). For a = 0, the outward normal derivatives
—0,q(x) plays the role of a switching function. The isolated zeros of —0,q(z)
are the switching points of a bang—bang control.

For mixed boundary conditions, if b1, = 1 and g(z) denotes the adjoint
state, we have:

e case a > 0: for z € I'(«), u(x) is as in (39), while for z € I'g, u(x) is
as in (39) with g(x) replaced by —0d,q¢(x);

'Here and in the following we denote b, = 0b/ou
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e case o = 0: we obtain an optimal control of bang—bang or singular
type; for x € I'y, u(x) is as in (40) while for z € I'g, @(x) is as in (40)
with ¢(z) replaced by —0,q(x); here I is replaced by I'y or I'g.

Then, for « = 0, the switching function is given by ¢(z) on I', and by
—0,q(x) on I'g. The isolated zeros of the switching function are the switching
points of a bang—bang control.

The discrete counterpart of g(z) is the vector of the Lagrange multipliers
q = ¢;j. For Dirichlet boundary conditions, 0,(x)|r is replaced by q;’j /h,
where g;; is given by the finite differences of (14). In this case, we assume
that g;; are equal to zero on I' (g0 = gin+1 = q0j = qn+1; = 0). For mixed
boundary conditions, () is replaced by the Lagrange multipliers on Iy, and
0,q(zx) is replaced by q;-’j/h on I'g with ¢;; as in (14). Furthermore, ¢;; = 0
for (i,7) € I(I'g).

In all the described test problems, the choice of symmetric functions yg(z)
and ug(z) in the tracking functional implies that the optimal control is the
same on every edge of I

1.4 Test problems: discretization technique.

When the discretization techniques described in section 1.2 are applied to a
cost functional of tracking type (36), F"(z) can be written as follows:

Fh) = o ST (g waleg)P+ Sh ST (g — wales),

(1.5)€1(2) (i.5)€I(T)
The Hessian matrix H of F"(z) is a diagonal matrix, given by
H = diag(h*I,,,0py, haly,), (41)

where n; = N2, nyg = 0, n3 = 4N for Dirichlet boundary conditions,
ni = N2,ny = 4N,n3 = 4N for Neumann boundary conditions. For mixed
boundary conditions, ni,n2,n3 depend on the choice of I'y and I'g (see
problems 1.9 and 1.10).

Now, we determine the Jacobian matrix J of the equality constraints. For
Dirichlet boundary conditions, J is an N2 x (N? + 4N) matrix, given by

J=1[Y +D,E], (42)

where the N2 x N2 matrix D is

D = h2diag <8d(x¢j, yij)) ,
3%‘;‘
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the N2 x 4N matrix E is a sparse matrix with non null entries equal to
8b(zij,uij) h
—ou, 80 that
— Bblziosuio) Lki=1,...,N
6“10 ) ) AR |

_ 9b(zo;,u0;) j=1,...,.N k=G -1)N+1,l=N+j

8u0j

€kl = ) :
. _Plewsney) G N k= jN,l=2N +j

OuN +1;
_8b(:cz‘évuf1,um+—1) i=1,....N k= N2 — N+i,l=4N — N+
iN+1
(43)
and, finally, Y is an N x N block tridiagonal matrix with N x N diagonal
blocks given by

(44)

and off diagonal blocks equal to —Iy.
For Neumann boundary conditions, J is an (N2 +4N) x (N? +8N) matrix,
that can be written as follows

[ Y+D B' Oun
J = [ B T 5 | (45)
where Y and D are N? x N? matrices as in (42) and S, T are the following

4N x 4N diagonal matrices:

S = diag (_hab(xw’yl]’u”)> , (i,7) € (D) (46)
Ouij
7~ diag (1~ n BB ) e p (a7)
]

and B! is a sparse N? x 4N matrix where the nonzero entries are equal to
1 and whose indices are the same of the nonzero entries of E in (42). We
point out that S = —hlyy if b, = 1.

For mixed boundary conditions, the structure of J is similar to (45), but
the sizes of B, T and S depend on the choice of I'y and I'g (see problems
1.9 and 1.10). The hessian matrix H of the lagrangian function is equal to
H in (??) for Dirichlet boundary conditions, while for Neumann conditions,
H is given by

Y

H=H+ (48)

TS
n <
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where the N? x N? matrix Y, the 4N x 4N matrices T, S and Vare given
by

_ ] O%d(xij, v .
Y = diag (hzqij(ajzyj)> ;o (4,7) € 1(2), (49)
Yij
_ ) 0%b(xii, Yis, Wi .
T = diag <—hqij ( é 2 ])> ;o (6,4) € I(D), (50)
Yij
_ ) 0%b(xi, yis, Wi .
S = dlag <—hq” ( 5 :g] J)> ) (Z7J) € I(F)7 (51)
Uy
_ 0?b(xi5, yii, Wi .
V = diag <—hq¢j (gj.ly{uj)), (i,7) € I(T). (52)
YijUij

Note that, if b, = 1, then S =V = O4n.

For mixed boundary conditions, the Hessian matrix H of the lagrangian
function is similar to (48), but the size of T', S, and V' depends on the choice
of I'y and I'g (see problems 1.9 and 1.10).

For convenience, the numerical results reported in the following for all the
test problems are referred to the fixed stepsize h = 1/(N +1), with N = 99.
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Figure 2: Problem 1.1
Jacobian matrix J Hessian matrix H
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Problem 1.1 (Example 5.5 in [15])

We consider the following elliptic control problem with Neumann boundary
conditions: minimize the functional

Flo) = 5 [ (0(0) = va()Pde+ 5 [ (uo) = uate) .
subject to
on Q: —Ay(z) =0, ya(z) =2 = 2(x1(x1 — 1) + zo(x2 — 1)),
onl': Jyy(r) =u(z)— y(z)?, 3.7 <wu(xr) <45, wug(r)=0,a=0.01
)

on Q: y(z) <2.071.

This problem leads to a NLP problem. The structure of the Jacobian and
Hessian matrices J and H are depicted in figure 2. The pictures, here and
in the following, are obtained with N = 5.

The Hessian matrix H of F" is a positive semidefinite matrix, because the
entries related to y;j, (4, j) € I(I') are equal to zero, while the Hessian matrix
H of the lagrangian function is an indefinite diagonal matrix (see figure 3).
The minimum of the cost functional is F'(y,u) = 0.55224597. The optimal
control is a continuous function and, on the bottom edge of T, it is such that

o u(z) = 3.7 for x = (21,0), with z; € (0,.18) U (.82,1)

60




15

Figure 3: Problem 1.1: Hessian matrix H

301

a0t

501

60

o u(z) =4.5 for x = (z1,0), with =1 € (.36, .64).
Since b, = 1, on the edges of I', we have

g(z) - 100 if g(x) - 100 € (3.7,4.5)
a(z) =4 3.7 if g(z)-100 < 3.7
4.5 if g(z)-100 > 4.5

The active set for the state constraint y(z) < 2.071 is given by the midpoints
of the edges of I'. The dual variable for this active inequality constraint is
0.0004478692. At x;0 = (0.5,0), we have y;0 = 2.071, ¢;0 = —0.04651456.

Problem 1.2 (Example 5.6 in [15])

We consider the following elliptic control problem with nonlinear Neumann
boundary conditions: minimize the functional (36) subject to

on Q: Ay(:v) 0, ya(z) =2 = 2(z1(z1 — 1) + @2(22 — 1)),
onT: 9Jyy(z)= () y(x)?, 6 <u(z) <9, wug(r)=0,a=0,
on : ()§2

The obtained programming problem is an NLP problem where the Jacobian
matrix J and the Hessian matrix H have the same structure of those of the
previous problem (see figure 2), but the entries of the Hessian matrix of F”
related to the control variables u;; are equal to zero. These entries are zero
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Figure 4: Problem 1.2 -
Hessian matrix H Hessian matrix H
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also in H. Furthermore, the nonlinearity of the Neumann conditions leads
to nonconstant diagonal entries (the ones related to the y;;, (4,7) € I(I")) in
the Hessian H of the Lagrangian, which is an indefinite diagonal matrix (see
figure 4). The minimum of the cost functional is F'(y,u) = 0.015078. The
optimal control is a bang—bang control, that, on the edges of I, is given by

= 6 ifqij<0
- 9 ifqij>0

where j = 1 for the bottom edge, j = N for the top edge, ¢ = 1 for the
left edge and ¢ = N for the right edge. The switching points on the bottom
edge of I" are approximately (.33,0) and (.67,0). The optimal state is equal
to 2.835 at the midpoints of the edges of I'. The dual variable for this active
inequality constraint is p;; = 0.00002895.

Problem 1.3 (Example 5.7 in [15])

We consider the following elliptic control problem with Neumann boundary
conditions: minimize the functional (36) subject to

on Q: —Ay(z) —y(r) +y(@)® =0, ya(r) =2—2(x1(z1 — 1) + z2(x2 — 1))
onT': Jyy(r)=u(x), 1.8 <wu(x) <2.5, wug(x)=0,a=0.01
on Q: y(z) <2.7.

By means of the discretization techniques, a NLP problem is obtained again;
the structures of the Jacobian matrix J and of the Hessian matrix H of F"
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Figure 5: Problem 1.3: Hessian matrix H

40

z = 45

are the same of those in problem 1.1 (see figure 2), but the Hessian matrix
H of the lagrangian function has the form in figure 5. In this case the first
N? entries of the diagonal depend on the values of y;j, (i,7) € I(2). The
minimum of the cost functional is F'(y, u) = 0.0.264163 The optimal control
is a continuous function and, on the bottom edge of I', it is such that

e u(z) = 1.8 for the points x = (x1,0), z1 € (0,.15) U (.85,1)
e u(z) = 2.5 for the points x = (z1,0), x1 € (.29,.71).

Indeed, on the edges of I', we have

() - 100 if g(z) - 100 € (1.8,2.5)
u(z) =4 1.8 if g(x)-100 < 1.8
2.5 if g(z)-100 > 2.5

The active set for the state constraint y(x) < 2.7 is given by the points
adjacent to the corners of the domain. The dual variable for this active
inequality constraint is p;; = 0.0034573.

Problem 1.4 (Example 5.8 in [15])

The cost functional and the constraints are the same of problem 1.3, but
we choose o = 0; so the Jacobian J has the same structure than problem
1.3, while the structures of the Hessian matrix H of F” and of the Hessian
matrix H of the Lagrangian are given in figure 6. The minimum of the
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Figure 6: Problem 1.4: Hessian matrices H and H
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cost functional is F'(g,u) = 0.165531. The optimal control is a bang—bang
control, and, on the bottom edge of T', it is given by

_ B 1.8 if qij < 0
) = { 2.5 if gij > 0

where j = 1 for the bottom edge, j = N for the top edge, ¢ = 1 for the
left edge and ¢ = N for the right edge of I'. The switching points on the
bottom edge of I are approximately (.21,0) and (.79,0). Again, the optimal
state is active at the points adjacent to the corners of the domain. The dual
variable for this active inequality constraint is p;; = 0.030118.

Problem 1.5 (Example 5.1 in [15])

We consider the following elliptic control problem with Dirichlet boundary
conditions: minimize the functional (36) subject to

o B y(z) < 3.5,
on £ Ay(w) N 207 Yd 3}) =3+ 5$1($1 — 1).732((62 — 1),
onI': y(x)=u(x), 0<u(x)<10, wug(x)=0,a=0.01.

This control problem leads to a strictly convex quadratic programming (QP)
problem whose Jacobian and Hessian matrices J and H are structured as

shown in figure 7.
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Figure 7: Problem 1.5
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For N =99, the minimum of the cost functional is F'(g,u) = 0.196525. The
control constraints are not active while the state variable attains its upper
bound only in the center z;; = (0.5,0.5) of the unit square with dual variable
Hij = 0.24602. Here qij = —0.21312, Yij; = 35, Yij — yd(xij) = 0.1875.
Furthermore y(.4,.5) = 3.449163 and u(0,.5) = 1.690270.

Problem 1.6 (Example 5.2 in [15])

The cost functional and the constraints are the same of problem 1.5, except
that we choose o = 0 instead of & = 0.01. Then, the Jacobian matrix J has
the same structure as in figure 7, while the diagonal entries of the Hessian
matrix H related to the variables w;; are equal to 0 (see figure 8). The
programming problem is a convex QP problem.

In this case we can expect either a bang—bang or a singular control. We
observe the following numerical results (N = 99):

e the minimum of the cost functional is F'(y,u) = .096695;

e both the control and state constraint do not become active; the optimal
control is totally singular on I'; from the numerical point of view, this
means that the multipliers ¢;1, ¢in, q15, gn; are equal to zero.

Problem 1.7 (Example 5.3 in [15])
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Figure 8: Problem 1.6: Hessian matrix H = H
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We consider the following elliptic control problem with Dirichlet boundary
conditions: minimize the functional (36) subject to

o _ y(x) < 3.2,
on i —Ay(e) =20, 3 s (e — Dl — 1),
onT: y(z)=u(x), 1.6<u(x)<23, wug(x)=0,a=0.01

The discretized problem is a strictly convex QP problem and the structures
of Jacobian and Hessian matrices are the same of problem 1.5 (see figure 7).
For N =99, the minimum of the cost functional is F'(y,u) = 0.321010. Fur-
thermore y(z) = 3.2 at the center point x;; = (0.5,0.5). The corresponding
multiplier is p;; = 0.642704; the optimal control is continuous and, on the
bottom edge of I'; it is such that

e u;g = 2.3 for the points on the edge having the i coordinate in
(.002,.18) U (.82, .98);

e u;9g = 1.6 for the points on the edge having the x; coordinate in
(.23,.77);

Indeed, in view of @« = h = 0.01, we have

g1 -10* if gip -10% € (1.6,2.3)
uio =14 1.6 if g;1-101 < 1.6
2.3 if g;1-10* > 2.3
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Problem 1.8 (Example 5.4 in [15])

The data are the same of problem 1.7, but a = 0, so the Hessian matrix H
is positive semidefinite with zero entries in correspondence of the variables
u;;. We have a convex QP problem. The minimum of the cost functional is
F(y,u) = 0.249178. The optimal control is a bang—bang control and

W — 1.6 if g1 < 0
W0 = 2.3 if qi1 > 0

The switching points on the bottom edge of I' are (.2,0) and (.8,0). The
optimal state is active at the center point z;; = (.5,.5) and the multiplier
related to this active inequality constraint is p;; = 0.73378.

Problem 1.9 (Example 4.1 in [17])

We consider the following elliptic control problem with mixed Dirichlet and
Neumann boundary conditions: given I's3 = {(z1,1) : 0 < 21 < 1} and
Qo = [0.25,0.75]%, minimize the cost functional

Pl =5 [ @) =17de+5 [ u(wpds (53)

2 s
subject to

0 <y(z) <3.150n Q

onQ: —Ay(x)=0, 0<y(zr)<10on Q —NQ

onTy: dy(x)=0 for o =0,0< 21 <1
dy(x) =y(x) =5 forxzq € {0,1},0< 29 < 1
onTg: y(z)=u(x) 0<u(x) <10
a = 0.005

. 2
In this case, 2 = ((yij) i )er@uITa) (Uij)i)erry)) € RY TN, The pro-
gramming problem is a convex QP problem. The Jacobian matrix J corre-
sponding to the equality constraints is given by

S [y v B
LU T oy

where Y is a block tridiagonal N? x N2 matrix as in (42), [ U! E | = B'is
a N? x 4N matrix as in (45), U is a sparse 3N x N? matrix, T is a diagonal
3N x 3N matrix as in (47). The Hessian matrix H of F"(y,u) is a square
diagonal matrix of order N2+ 4N. The Hessian matrix H of the lagrangian



Figure 9: Problem 1.9
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function is equal to H. The structures of J and H are reported in figure 9
The diagonal entries of H corresponding to the indices of x;; € 0 — Qg are
equal to zero. In the same way, the diagonal entries of H corresponding to
Yij, (1,7) € I(I'y) are equal to zero. The entries related to u;; are equal to
ha. The minimum of the cost functional is F'(y, u) = 0.26284923. The state
constraint y < 3.15 for # € Qg becomes active at the points (3, 3) and (2, 3)
while the state constraint y < 10 in Q — €y does not become active. Since
no control is applied on the boundary I',, we have

%‘N/(Oéh) if qiN/(ah)

€ (0,10
uin+1 =9 0 if gin/(ah) <0
10 if ¢;n/(ah) >0

)

Problem 1.10 (Example 4.1 in [17] with a = 0)

The cost functional and the constraints are the same of the previous problem,
but in this case we choose & = 0. The optimal control is a bang—bang control,
given by

4 _J 0 ifgn<0
YN+ =010 if giv > 0

The programming problem is a convex QP problem. The Jacobian matrix
of the equality constraints is the same of the problem 1.9 (see figure 9); the
Hessian matrix H is a diagonal matrix as that of the problem 1.9, but the
entries corresponding to u;; are equal to 0 (see figure 10).



Figure 10: Problem 1.10: Hessian matrix H = H
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2 Elliptic distributed control problems

2.1 Statement of the problem

We consider the following elliptic distributed control problem with mixed
Neumann and Dirichlet boundary conditions: given a bounded domain
Q C R? with piecewise smooth boundary I', where I' = T'y U I's with
disjoints sets I'y,I's3 C I' that are composed of finitely many smooth and
connected components, determine a distributed control function u € L*(£2)
that minimizes the cost functional

Fly,u) = /Q f (@ y(@), ulz))dz + / oz, y(x))dz, (54)

@

subject to the elliptic state equation
—Ay(z) + d(z,y(x),u(z)) =0 for z € Q, (55)
and to the Neumann and Dirichet boundary conditions

Oy(x) = bi(z,y(z)) forx € Ty, (56)
y(x) = ba(x) for z € I'g (57)

and mixed control-state or pure state inequality constraints
(58)

The functions f : @ xR?> - R, g : Ty xR — R, d: Q x R> = R,
b :TaxR >R by:TgxR—-R, C:QxR? >R, and S: QUT, xR — R
are assumed to be C! functions. As for boundary control problem, also for
the distributed control problem, first order necessary conditions known in
literature (see [5] and [4], [1] for linear elliptic equations and [6], [14], [19]
for nonlinear elliptic equations of Lotka—Volterra type) have been formally
extended in [16]. In this way, the necessary conditions are consistent with
their counterparts in the discretized problems, given by the KKT conditions.

2.2 Discretization and optimization techniques

For the distributed control problems, we can use the same discretization and
optimization techniques described in section 1.2 for the boundary control.
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Also in this case, we consider the standard situation where the elliptic op-
erator is the laplacian and = (0,1) x (0,1). Given a positive integer N
and h = consider the mesh points

zi; = (ih,jh), 0<ij<N+1.

1
N+1°

Assume the same notations stated in 1.2. We define the vector z as the
vector whose entries are the approximations of the state variables y;;, (i,j) €
I(©) UI(T,) and of the control variables w;j, (i, ) € I(2):

. 2 T
2= (Wi eper@uira): (Wi perr)) € RPN, (59)
where 7(N) is the number of index pairs of I(I'y). The remaining state

variables y;;, (4,j) € I(I'g) are determined by the Dirichlet condition (57)
as

Yij = bg(l’ij) for (Z,]) S I(Fﬁ). (60)
The derivative 0,y(x;;) in the direction of the outward normal is approxi-
mated by y;’/h, where y;; is defined in (14). Then the discrete form of the
Neumann boundary condition (56) leads to the equality constraints
Bjj(2) =y — hbi(wij, i) =0, for (i) € I(Ta). (61)
The application of the five points formula to the elliptic equation (55) yields
the following equality constraint for all (i,5) € I(€)

Gl (2) = dyij — Yir1j — Yi-1j — Yij+1 — Vi1 + h2d(2ij, yij, uij) = 0. (62)
Note that the discrete Dirichlet conditions (60) are used in this equation
to substitute the variables y;; for (i.j) € I(I'3). The control and state
inequality constraints (58) yield the inequality constraints

C(ij, yij,uiz) <0 for (i,7) € 1(€2), (63)
S(@ij,yi;) <0 for (4,7) € I(Q) UI(Tq). (64)
The discretized form of the cost functional (54) is
F'(z) = h? Z f(@ij, yij, wig) + h Z 9(xij, yij)- (65)
(1.4)€1(9) (1,4)€I(Ta)

In summary, for any N, we have the following nonlinear programming (NLP)
problem:

min F(z)
Gij(z) =0 (i,5) € 1(Q),
Bli(2) =0 (i,5) € I(Ta), (66)
C(wij, yij, uij) <0 (i,5) € 1(2),
S(zij,yi;) <0 (i,7) € I(Q) U I(Tq),
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with z € R2V*+7(M) | The lagrangian function of the NLP problem (66) is
given by

L(z,q,\p) = h? Z(i,j)eI(Q) f(@ij, yij uig) +h Z(i,j)e[(l“a) 9(@ij, yij)+
+ 6. neno 4Gl (2) + X C(ij, yigs wig) + iy S (i, yig)|+
+ 2 erra i S (T, vig) + i Bl (2)],

(67)
where the Lagrange multipliers ¢ = (Qij)(i,j)EI(Q)UI(Fa)’ A= ()‘ij)(i,j)el(Q)
and p = (Mz’j)(i,j)e [(Q)UI(T,) are associated respectively with the equality
constraints (62) and (61) and with the inequality constraints (63) and (64).
The ordering of the discrete variables y;; and u;; in the array z is described
in subsection 1.2 (see figure 1).

2.3 Test problems: general description

In the following, we consider elliptic problems where the cost functional is
of tracking type (except for the last problems):

Plyn) = 5 [ (06e) = sata) Pdo + 5 [ (ulo) = wala) Pdo (68)

with given function y4 € C(Q), ug € L*>°(£2) and a nonnegative weight o > 0.
The control and state constraints are supposed to be box constraints of the
simple type

y(z) <¢(x) onQ, (69)
ui(z) < u(x) <wug(x) on £, (70)

with functions v € C(Q2) and ug,uy € L®(Q). We assume that an optimal
solution g(z) and @(x) of the optimal control problems exists. If d(x,y,u)
in the state equation (55) is linear in the control variable u, the optimal
control u(x) is completely determined. If we denote by ¢(z) the adjoint
state corresponding to y(x) and u(z), we have:

e case a > 0: for x € Q)

ua(r) + q(x)/c if ug(z) + q(x)/a € (ui(x), us()),
u(z) =< ui(z) if ug(z) + q(x)/a < ui(x),
ua(z) i ug(z) + q(z)/e > ua(2),
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e case o = 0: we obtain an optimal control of bang—bang or singular

type:
ur(2) it g(z) <0,
u(z) = us(x) if g(x) > 0, (72)
singular if g(z) =0on Qs C Q, [, dz>0.

The discrete counterpart of g(z) is the vector of the Lagrange multipliers
q = (gij), where we set ¢;; = 0 for (i,7) € I(I'g).

2.4 Test problems: discretization techniques

When the discretization techniques described in section 2.2 are applied to a
cost functional of tracking type (68), F"(z) can be written as follows:

Pm@%=§ﬂ > @w—yﬂﬁm2+%h > (uiy —ualwy)).

(1,4)€1(2) (1,4)€1(2)
The Hessian matrix H of F"(z) is a diagonal matrix, given by
H = diag(hZIru MU haIn3)7 (73)

where n; = N2, ny = 7(N), ng = N2 If ', = 0 and I'y = T (Dirichlet
boundary conditions only), then ng = 0. If 'y, =T" and I'g = ) (Neumann
boundary conditions), then ny = 4N.

Now, we determine the Jacobian matrix J of the equality constraints.
J is a sparse (N2 4 7(N)) x (2N? + 7(N)) matrix, that can be written as
follows:

g T o0 (74)

where Y is an N x N block tridiagonal matrix as in (42), D is a square
diagonal matrix of order N? with diagonal entries of the form

<h2 d(xi5, yij, wij)
8%’;‘

=
J_[Yi—D U E}

). (Gi)e @,

Ut is a sparse N? x 7(N) matrix with non null entries equal to —1, E is
a square diagonal matrix of order N? with diagonal entries hzw(%w,
(1,7) € I(2) and, finally, T is a square diagonal matrix of order 7(N )] with
diagonal entries

351(361;',%3')) .
1—h————"=>), (i,)) € I(Ty).
(1= e rir)
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If 'y =0, g =T, J becomes equal to the following N? x 2N? matrix:
J=[Y+D,E]. (75)

Ifly=0,T3=0,Jisa (N?+4N) x (2N? + 4N) matrix.

The Hessian matrix H of the lagrangian function has the following form:

H=H+| T |, (76)

where the N2 x N? matrices Y, Z, S and the 7(N) x 7(N) matrix T are
given by:

2 o npe . oy
Y = diag (12, 20000009 ) g e @), ()
8yij
_ ) 0%d (47, yij, Wi .
S = diag (—hqij ( 522/] j)>, (i,5) € I(Q), (78)
u;;
B 82d(1‘ Yii u)
Z = diag | h%q;; ”’”’”), i,7) € 1(Q), 79
o (e, =) ) g ene), @)
_ 02b iy Yid .
T = diag (—hqz‘jl((;;gyj)» (4,) € I(Ta). (80)
i

Ifr,=0,Tg=T, H becomes a 2N? x 2N? matrix with the following form:
- Y Z
w5 7)

For convenience, the numerical results reported in the following for all the
test problems are referred to the fixed stepsize h = 1/(N + 1), with N =99
and in some cases also with N = 199.
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Figure 11: Problem 2.1
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Problem 2.1 (Example 1 in [16])

We consider the following elliptic control problem with Dirichlet boundary
conditions (', = (}): minimize the cost functional (54) subject to

<0.185, 1.5<u(z)<4.5

Q: —A _ 3 _ y(l’) ’ )

on y(@) =@ T @) =y S 1y 2 (e — 1) aa(ea — 1)),
onl': y(z)=0, ug(x) =0,a = 0.001.

The discretization techniques lead to a NLP problem. In figure 11, the
structure of the Jacobian matrix J and that of the Hessian matrix H of
the lagrangian function are reported (for N = 5). Since dy(x,y,u) = 1 and
a > 0, we have that

qij - 10® if g;; - 103 € (1.5,4.5)
ui; = 1.5 if g;; - 103 < 1.5 (81)
4.5 if g;j - 103 > 4.5

The state constraint is active at the center (0.5,0.5). For N =99, F(y,u) =
0.0621615; for N = 199, F(§, @) = 0.0644263.

Problem 2.2 (Example 2 in [16])



30

Figure 12: Problem 2.2
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The data are the same of the previous problem, but in this case @« = 0. The
matrix J has the same structure than in the problem 2.1 (see figure 11);
the Hessian matrix H of the lagrangian function is a diagonal matrix, but
the diagonal entries of H corresponding to w;j, (i,7) € I() are equal to
0 (see figure 12). Since @ = 0, we obtain a bang—bang control, having the

following form:
[ 15 ifg(x) <0
ww) = { 45 if g(z) >0
For N =99, F(y,u) = 0.0564479; for N = 199, F(y,u) = 0.0586978.

Problem 2.3 (Example 3 in [16])

We consider the following elliptic control problem with Dirichlet boundary
conditions: minimize the functional (54) subject to

y(z) <0.11, -5 <wu(z) <5,
ya(x) = sin(27xq ) sin(27xs),
onT': y(z)=0, ug(z) =0, = 0.001.

on Q: —Ay(z) - exp(y()) = u,

The structure of the Jacobian matrix J and of the Hessian matrix H for
the discretized NLP problem is the same of the problem 2.1 (see figure 11).
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From (71), we have

qij - 1000 if g;; - 1000 € (—5,5)
uij = -5 if qij - 1000 S -5
5 if ¢ij - 1000 > 5

The state constraint is active at the points (.26, .26), (.74,.74). For N = 99,
at the point (.26,.26), we have g;; = 0.00858, y;; = .11, yq(zi;) = 1, pij =
0.00251. Furthermore g;y1; = 0.00912, ¢;—1; = 0.00926, ¢;j41 = 0.00912,
gij—1 = 0.00926. For N = 99, F(,1) = 0.110263; for N = 199, F(, 1) =
0.1102685.

Problem 2.4 (Example 4 in [16])

We consider the following elliptic control problem with Neumann boundary
conditions: minimize the functional (54) subject to

y(z) <0371, -8 <u(x) <9,
ya(z) = sin(2mxy) sin(27wxs),
onI': 0O,y(z)+y(x)=0, ug(x) =0, = 0.001.

on Q: —Ay(z) —exp(y(z)) = u,

The figure 13 illustrates the structure of the matrices of the NLP problem.
In this case I'y, =T and I'g = (. Since a > 0 and dy(z,y,u) = 1, we have

gi; - 1000 if g;; - 1000 € (—8,9)
u;=4{ —8 if g;; - 1000 < —8
9 if gij - 1000 > 9

For N =99, F(y,u) = 0.07806389; for N = 199, F(y,u) = 0.07842597.
We report also the values of y and u at the point (.5,.5): y;; = —0.009152
(N =99) and y;; = —0.008243 (N = 199) while u;; = —1.619699 (N = 99)
and u;; = —1.588730 (N = 199).

Problem 2.5 (Example 5 in [16])

This problem has the same data as the previous one, except for the choice
a = 0. The Jacobian matrix J has the same structure of that in figure
13; the Hessian matrix H of the lagrangian function has diagonal entries
corresponding to the variables u;; equal to zero (see figure 14). In this case,
the optimal control is a bang—bang control having the form:

_ -8 ifg(z) <0
a(x) _{ 9 if f;(g;) >0

For N = 99, F(y, @) = 0.0526639.
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Hessian matrix H

Hessian matrix H
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Problem 2.6 (Example 4.2 in [17])

We consider the following elliptic control problem with Neumann boundary
conditions: minimize the functional

/Q (Mu()? — Ku(2)y(z))dz (82)
subject to
on Q: —Ay(z) =y(@)(a(z) —u(z) —by(z)) y(z) < Y(),
onT: dyy(x)=0.

where
a(x) =7+ 4sin(2rx129) (84)

b=1, M=1, K=08, wu =17 wuy=2, ¢(x)=717.1
The discrete Neumann conditions
y; =0 (i,7) € I(T)

suggest to reduce the number of variables y;;, (i,7) € I(I')UI(2). In other
words, from the equality constraints (61), we obtain

Yo; = Yij,
YN+15 = YNy,
Yi0o = Vi1,
YiN+1 = ¥YiN-
Thus the Jacobian matrix J is an N2 x 2N?2 matrix with the form

J=[Y+D E|

where Y is an N x N block tridiagonal matrix with the off diagonal blocks
equal to —Iy and the diagonal block of the form

5711257NN= )
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Figure 15: Problem 2.6
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Furthermore, the matrices D and E are as in (74). The matrix H has the

form
Op2 —Kh%I g2
—Kh%Iy2 2h2MIyNe

and the matrix H is equal to

- Y Z

where Y, Z, and S are as in (??) (in this case S=0). The structures of
matrices .JJ and H are depicted in figure 15.

The discretized problem is again a NLP problem.

The state variable attains its upper bound at the two points (0.21,0.99)
and (.99,.21) near the boundary. For N = 99, F(y,u) = —6.576428; for
N =199, F(y,u) = —6.620092.
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Figure 16: Problem 2.7

Hessian matrix H
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Problem 2.7 Example 4.2 in [17]

The problem has the same data of the previous problem, but in this case we
choose

b=1, M=0, K=1, wu =2, wuz=6, o(z)=48

The structure of the Jacobian matrix J is the same of the previous problem
(see figure 15). The matrix H has the diagonal entries corresponding to the
variables u;; equal to zero (see figure 16).

In this case, the optimal control is a bang—bang control. For N = 99,
F(y,u) = —18.73615; for N = 199, F(y,u) = —18.86331.

Problem 2.8 (Example 6 in [17])

We consider the following elliptic control problem with Neumann boundary
conditions: minimize the functional (82) subject to

on Q: —Ay(z) =y(x)(a(z) —u(z) —by(x)) y(z) < Y(z),
up < u(x) < ug,

onT': Jyy(z)=0 r1=1 0<zy<1
zo=1 0< 21 <1
0vy(x) +y(z) =0 z1=0 0<22<1

$2:0 0§$1§1
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where
a(x) =7+ 4sin(2rxi22)
b=1, M=1 K=08, wu =14, u=16, t(z)=06.09

In this case we can reduce the number of the discrete variables exploiting
the discrete Neumann conditions

yiy =0 (i,4) € I3() U Ly(I),

so we obtain
YN+1j = YNy
YiN+1 = YiN-

The Jacobian matrix J is given by (74) with 7(N) = 2N and has the form

Y+D U E

T=1v I Oy

The matrix Y is an N2 x N2 block tridiagonal matrix where the diagonal
N x N blocks are given by

Yyy =

-1 2

and the off diagonal blocks are equal to —Iy. The matrix U is a sparse
2N x N? matrix with nonzero entries with column indices corresponding to
the variables y;1 and y; for 4,j = 1,... N. The diagonal matrices D and E
are as in (74). The structure of J for N =5 is depicted in figure 17.

The Hessian matrix H of F"(z) has the form

ON2 0N2,2N —KhQINQ
H= On2 2N O2nv On2on ;
—Kh*In2 Onz2oy  2h2MIy:



37

Figure 17: Problem 2.8

Jacobian matrix J Hessian matrix H
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as shown in figure 17, while the Hessian matrix of the lagrangian function
is given by
Y Z
H=H + T
A S
(see figure 18) where Y, Z, S and T are diagonal matrices as in (76). In
this case S and T are equal to zero. For N = 99, F(y,u) = —4.27569; for

N =199, F(3j, 1) = —4.31709.



Figure 18: Problem 2.8

Hessian matrix H
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3 Parabolic control problems

3.1 Statement of the problem

We consider the following optimal control problem: determine a piecewise
continuous control function u(z,t), (z,t) € [0, 1] x [0, 1] which minimizes the
cost functional

1 1 1
F(u) = / / (v2(z,t) + au?(z,t))dzdt +/ y*(x,1)dx (85)
o Jo 0
subject to the diffusion—convection equation
Yt = QYzy + by — cy + d + ou, (x,t) € (0,1) x [0, 1], (86)
the initial condition

y(z,0) = yo(z), = e€[0,1], (87)

the boundary conditions

y((): t) = gO(t)v y(la t) = gl(t)7 te [07 1] (88)

and state constraint and/or control constraints

Ymin < Y(@,t) < Ymae  (2,t) €[0,1] x [0,1] (89)
Umin < w(x,t) < Umaz (z,t) € 10,1] x [0,1]. (90)

Here y(x,t) is a function of the arguments x (space) and ¢ (time) which
characterizes the state of the controlled system and u(zx,t) is a function
which characterizes the control actions of the system. The parameters a, b,
¢, are known and constant with a > 0, ¢ > 0; ¢ is a constant or a given
function of the argument y. The function d is the source term and it may
be a function of y, while yo(x), go(t), g1(t) are given functions, satisfying
the compatibility conditions

Y0(0) = go(0), Yo(1) = g1(0). (91)

3.2 Discretization techniques

The technique employed to obtain an NLP problem from the optimal control
problem (85)—(90) is described in [11]. For sake of completeness, we report
this description, specifying the structure of the involved matrices when d and
¢ depend on the argument y. To obtain finite difference approximations of
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the diffusion—convection problem (86), (87), (88), we discretize first only
the spatial variable z, leaving the time variable ¢ continuous. The interval
0 < x <1 is subdivided into N + 1 subintervals of size h, so that h = ﬁ
We denote by xz; the point ih, i = 0,...,N + 1. If we use the following

central difference formulas

~y(wi—1,t) — 2y(z, t) + y(Tigr)

yiﬂI - h2 + O(h‘Q) (92)
. t — -
Yo = y(xH—lv ) y(xl 1) + O(hz) (93)
2h
to discretize the equation (86) at each inner mesh point x;, t = 0,..., N, we
obtain a system of N first order ordinary equations of the form
y'(t) = Ay(t) + s(y, y(t)) + B(y(t))u(t), (94)
where y(t) is the approximation of the vector solution (y(z1,t),...,y(zN,t))%
A and B are the following N x N matrices:
—(% —|—bc) o+ & .
2
A | #mE @t Bt (95)

Furthermore, we have
u(t) = (u(z1,t),...,u(zy, )" (97)

d(z1,t,y(z1,1) + (5% — 27)90(t)
d(w2,t,y(w2,1))
s(t,y(t)) = e . (98)
d(xn-1,t,y(xN-1,1))
d(wn,t,y(an, 1) + (5 + 2;) (1)’

The vector solution y(t) of the differential system (94) is subject to the
initial vector condition

y(0) = (yo(x1), - - -, yo(2N))- (99)

For each h such that 5
h < ﬁ (100)
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the tridiagonal matrix A is irreducibly diagonnaly dominant. Thus, the
matrix A is nonsingular. Since the diagonal entries of A are negative, the
eigenvalues \; of A belong to the negative part of the complex plane, i.e.
Re()\;) <0,i=1,2,...,N (see [20], p. 23). Then, if the matrix B has con-
stant diagonal entries and the source term d is independent from y(z,t), so
that s(¢,y(t)) = s(t), then the continuous dynamic system (94) is asymptot-
ically stable (see [18], p. 65). Suppose that the fixed-time process (94)—(99)
is of M steps duration. Then, the interval [0,1] is divided into M subin-
tervals, each of size k, so that Mk = 1; we assume that the controls are
piecewise constant, u(t) = u; for t € (t;,tj41], j = 0,1,...,M — 1. Using
the backward difference implicit method for solving the differential system
(94), we obtain, at the time t = (j—1)k for any time level j = 0,1,..., M —1,
the following difference equations:

Yi+1 — Yy .

% = Ayjr1 + sj+1(yj+1) + Blyj)w;  j=0,1,....M =1 (101)
or

(I =kA)yj1 = —yj+ksj1(yj+1) +EB(yj)u;  j=0,1,...,M—1 (102)
where B(y;) is the N x N diagonal matrix

B(y;) = diag(6(x1),...,0(xNj)), j=0,1,....M -1 (103)

with yo = y(0).
Any scalar equation of the system (102) has the form

—k (55 = 95) Yi—1j+1 + (L+ k(3 +0)) yijrr — k (3% = 25) Yir1j1 =
= Yij + ksij(yij) + ko (yij) i
(104)

fori=1,...,N,j=01,...,M—1.
Since the real parts of the eigenvalues of A are negative (Re()\;) < 0), the
eigenvalues of the matrix (I — kA) have the real parts strictly positive and
greater than 1 (i.e.1Re()\;) > 1) for any k£ > 0, so the spectral radius of
(I —kA) is greater than 1. Then the matrix (I — kA) is nonsingular and the
spectral radius of the inverse (I — kA)~! is strictly less then 1. This means
that, if the source term is independent of y so that

d(x1,tj41) + (52 — %)QO(UH)
d<$27tj+1)
Sj+1 = e s
d(xN—laQtj—&-l)
d(zn,tjs1)) + (% + 2)g1 (i)
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and the matrix B has constant diagonal entries equal to &, then the discrete
dynamic system (102) is asymptotically stable for any k& > 0 (see [18], p.71).
If we denote by z the vector whose entries are the approximations ¥;;41 and
u;; of the control and state at any point x;, ¢ =1,..., N and any level time
tj,j=1,...,M — 1, we have

_ tot t ot t t
z2 = (Y, ¥ Y Uos - Upyq)

= (yn,---,ym,yu,---7yN2,---,y1M,--~,yNM,U10,---quo,---,UlM—lw--

(105)
where z € R2MN | Furthermore,

s = (s1(y1),- - sm(ym))
and the equation (102) can be written in the form
G(z)=0

where G(z) € RMYN . The analogous discrete form for the state constraints
(89) and for the control constraints (90) is respectively

Ymine < [N OuN]z < Ymaze (106)
Umin€ < [OMN IMN]Z < Upmaz€ (107)
where e = (1,...,1)! € RMYV,

To discretize the cost functional (85), we use the rectangular rule to integrate
with respect to the space variable and we obtain

—h/ (@i, 1) + au?(z, )dt+hzy 1), (108)

=0

Then, using again the rectangular rule to integrate with respect to the time
variable and assuming u(0,¢) =0, ¢t € [0, 1], we have

M-1 N M-1 N
F= thZyU—FthZM—i—athZum—l—’y (109)
=0 =0 1=0 =0

where v = hk Zfio yo(x;) + hk ZZMO ! g3 (t;) +hgd(tar). Then, we define the
2MN x 2M N matrix H as follows:

H= ( féy Hou ) (110)

JUNM-1)"
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where

2hkIN
2hEIN

H, = (111)
2hkly
2hly

and
H, = 2ahklyy. (112)

The minimization of the functional F' is equivalent to minimize the quadratic
form

_ 1
F(z) = §thz. (113)
So, for any N and M we have to solve the following NLP problem:
min F(z)
s.t.
G(z)=0 (114)

Ymin€ S (IMN7 OMNZ S Ymaz€
Umin€ < (OMNa Iy nz < umage.

The Lagrangian function of the problem (114) has the form

L(z,q, 1, \) = F(2) — G(2)'q— <z— ( ;’:“2 ))tu— (( ;’:"2 ) —z>t)\
(115)

where ¢ € RMN | ;1.\ € R?MN are the Lagrange multipliers corresponding
to the equality constraints and to the lower and upper bounds respectively.
The Jacobian matrix J of the equality constraints is an M N x 2M N sparse
matrix of the form

J=[R D] (116)
with
Q- B
—In-C; Q- E2
R= . . (117)
—In—Cy_1 Q-FEy
Q= (I-kA) (118)
B, = k diag (ad(“’”’y”),--- , 8‘“”’”’””) j=1..M  (119)
y1; YN
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O =k diag <ag§i?)u1j, . 7‘92;@/]5:)%) j=1,.M—-1  (120)

Dy
D= Dj = —kB(y;), j=0,..,M—1. (121)
Dy

If the source term d and the function ¢ are independent of y(z,t), then the

Jacobian matrix J of (116) becomes
Q —okln
A (122)
—In Q —cklIn

and the equality constraints become

G(z)=Jz—5=0, (123)

S§=ks+ ( 2yo > .
Ov—1nN

The Hessian matrix H of the Lagrangian function (115) is the following
2MN x 2M N matrix

where

Li+T
_ e S
H=H+ Ly +Thv (124)
Ly
St OMN
where
0?d(x1,t;,y15) Od(xn,ti, yn;)
L; =k diag | 1 ———52222 L gni SR A j=1,..,M
j ( j o, j ay]2\lj
(125)
, 0% (1 %5 (yn; )
T =k diag Q1j+1a(glj)u1j, ---aQNj—HMUNj Jj=1.,M—-1
Y1; Oy
(126)
Oy S
S = ' (127)

On Swm—1
On
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where

. 00 (Y1 o6 :
S; =k diag (quﬂa(yu), . QNj—HM

=1, M—1. (128
Y1) OYn;j ) (128)

If the source term and the function & are independent of y(x,t), the Hessian
matrix H is equal to H.

Problem 3.1

We consider the following optimal control problem: minimize the functional
(85) subject to

Yt AYzz + by —cy+d+ou (x,t) € (0,1) x (0,1]
y(z,0) = yo(x) =z cos(5x) x € [0,1]
y(0,t) = 0 te[0,1]
y(l,t) = 0 t€[0,1]
0 <y(z,t)<2 (z,t) € (0,1) x (0,1]

where d(z,t) = e (7(a + b%) sin(Zz) — beos(3z)), « = 0.5, 6 = %—Fc—l,
a=1,b="70,c=12.

In this case ¢ is constant and d(z,t) is independent of y(z,y). Then, the
condition (100) requires that N > 34.

The discretization of the problem leads to a strictly convex quadratic pro-
gramming problem, where the matrix J is given by (122). The sparsity pat-
tern of the Hessian matrix H and of the Jacobian matrix .J, for M = N =5,
are reported in figure 19 .

Problem 3.2

The data of this problem are the same of problem 3.1, unless for 6 = 1 —

4F — c. Also in this case, the discretized problem is a strictly convex QP

problem.

Problem 3.3

We consider the following optimal control problem: minimize the functional
(85) subject to

Yt = aYgz + by —cy+d+ou (x,t) €(0,1) x (0,1]
y(x,0) = yo(x) = xcos(5x) x €10,1]
y(0,t) = 0 t€0,1]
y(1,t) = 0 te0,1]
y(x,t) <2 (x,t) € (0,1) x (0,1]
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Figure 19: Matrix patterns for the problem 3.1

Hessian matrix H Jacobian matrix J
o .
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where
2
_ T aM . bx
d(z,t) =e* <cos(2x)(—b +xz(—-2+ 4 + c))> +sm(§x) <(a + 2)77) +deY,

anda=056=1,a=1,6=70,c=12,6 = 1.

The discretization of the problem leads to an NLP problem where H = H.
The sparsity pattern of the Hessian matrix H and of the Jacobian matrix J
are the same than those of Problem 3.1.

Problem 3.4

We consider the following optimal control problem: minimize the functional
(85) subject to

Yt = aYpz tbys —cy+d+ou (z,t) € (0,1) x (0,1]
y(x,0) = yo(x) = xcos(5x) x € [0,1]
y(0,1) < 2 t € [0,1]
u(l,t) < 2 te[0,1]
where
d(z,t) = e ' (cos(mz/2) (—b+ z(ar?/4+ c—1—de txcos(mz/2)))) +
+7(a + bz /2)sin(mwx/2),

and a=05,6=0y,a=1,b=70,c=12,0=1
The discretization of the problem leads to an NLP problem whose Hessian
and Jacobian matrices H and J have the structure depicted in figure 19.
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Problem 3.5

We consider the following optimal control problem: minimize the functional
(85) subject to

Yt = aYpr + by, —cy+d+ou (x,t) €(0,1) x (0,1]
y(2,0) = yo(x) = xcos(5x) x € 10,1]
y(0,t) = 0 t €10,1]
y(1,t) = 0 t € 10,1]
y(t,z) < 2 (x,t) € (0,1) x (0,1]
where
d(z,t,y) = e ' (cos(rz/2) (—2x + cx — b+ de'a? cos(mz/2) + an?/4))) +

+x(a + bx/2)sin(rz/2) — 092,

anda=05,6=1,a=1,0=70,c=12,0 = 1.
The discretization of the problem leads to an NLP problem whose Hessian
and Jacobian matrices H and J have the structure depicted in Figure 19.

Problem 3.6

We consider the following optimal control problem: minimize the functional

1 1 1
/ / (gl )9 (2, 0))? dedt + / (y(z.1) - gle,1)2de  (129)
0 0 0

subject to
Yt = QYze + by —cy+d+ou (z,t) € (0,1) x (0,1]
y(x,0) = wo(x) =2xcos(fz)+4 xz € 0,1]
y(0,t) = 4 t €[0,1]
y(Lt) = 4 te[0,1]
yta) > 3 (e.1) € (0,1) x (0,1]
where

d(z,t) = e " (n(a + bx/2) sin(nz/2) — bcos(mx/2)) + 4
and 6 =1—ar?/4,a=1,b="10, c =12, y(z,t) = xre ! cos(rz/2) + 4.
The discretization of the functional (129) has the form

M-1 N N

= hk Z Z yii — 9T 1)) + hz (yint — Y(wistar))”

7j=1 =1 =1
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Figure 20: Matrix patterns for the problem 3.6
Hessian matrix H Jacobian matrix J
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The Hessian matrix H of the function F(z) has the form

_( Hy O
= 0)
where Hy is given in (111). The discretization of this optimal control prob-

lem leads to a convex QP problem, where the_Jacobian matrix J has the
form (122) depicted in the figure 20 and H = H.

Problem 3.7

We consider the following optimal control problem: minimize the cost func-
tional

= v T z,t) — T 2 dx a v 2)u(z T
o) = [ [ D1@) o) = st ) dwata [ [ Datopida

(130)

subject to
Yy = —Vy,— Ksy— KI1L+ Ksys +u, (x,t) € (0,25] x (0,t7] (131)
y(,0) = wyo(z) z€[0,z/] (132)
y(0,t) = po(t) t e 0,ty] (133)
y(x,t) < Ymax(T) (x,t) € [0,2¢] x [0,1f] (134)
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This is a special case of a water quality problem, described in [12], where
y(x,t) is the dissolved oxygen concentration in a river of length x s, u(x,?)
is the rate of an artificial aeration mechanism and t; is the time duration
of the control. The functions D;(z) and Dy(z) are two weighting functions,
and they are non negative and positive respectively, while & is a positive
scalar parameter. For the meaning of the other parameter see [12]. The
equation (131) is related to a special case of a stream, assuming no tidal
action and the cross sectional area constant.

Here, we consider

D= (K1/V)z 0 V¢
L(%t):{(;/ x>Vt

and we set the data as follows: x; = 5 miles, t; = 4 days, V(z) = V
V = 1 mile/day, J; = 15, K1 = 0.16 day !, K3 = 0.66 day !, yo(z) =
mg/l, ys(z) = 6 mg/l, po = 6 mg/l, Ymaz(T) = Ymas = 7 mg/l, Di(z) =
Dy =1, a€[0.1,10].

The discretization technique used employed for this distributed control prob-
lem is described in [11] and leads to a QP problem,

In the following, we describe the main aspects of this approach. Setting
h=xs/N and x; = xy +ih, i = 0,1,..., N, the space derivative y, in (131)
is replaced by the difference formula

Sl

y(@i,t) — y(zi-1,1)
h
By substituting (135) in (131) for each ¢ = 1,..., N, we obtain a system of
N first order differential equation of the following form

(135)

dl;it) = Ay(®) + s(t) + u(t), (136)
where
y(t) = (Yx1,t), .. y(zn, 1)
u(t) = (y(u 1), - y(un, )’
s(t) = (Ypo(t) + Ksys(wi,t) — K1L(21,t), K3ys(za,t) — K1L(w, 1), ...,

Ksys(an,t) — KiL(zy,t))"
and the N x N matrix A has the form
- (1 1
G (k)
A= . . (137)

G (e m)
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with V; = V(z;), i = 1,..., N.
The vector solution y(t) of the differential system (136) is subject to the
initial condition

y(0) = yo = (yo(z1), - yo(an))": (138)
Since the matrix A is a strictly diagonal dominant matrix, it is non singular,
and its eigenvalues are \; = —(V;/h+ K3) < 0, i =1, ..., N. The continuous
dynamic system (136) is asymptotically stable [18].
Suppose that the fixed-time process (136)—(138) is of M step duration. Then
the interval [0, 7] is divided into M subintervals of width &, so that kM = t;
we assume u(t) = u; for t € [t;,tj41), 7 =0,1,..., M — 1.
Using the forward difference method for solving the system (136), we obtain
the following difference equations

Yi+1 — Yj
o = Ay +s(ty) +

for any time tj11 = (j+ 1)k, 7 =0,1,..., M — 1, that can be written also as
Yj+1 = (I + k‘A)y] =+ ks(tj) + k:uj, ] =0, . M — 1, (139)

with yo = y(0). Here y; = y(t;) = (y(z1,85), s y(@n, )" = (Y15 yns) "
and u; = u(t;) = (u(z1,t), ., u(@n, ;) = (u1j, ..., un;)t.
The eigenvalue of the matrix Q =T + kA are 1 — k (% + kg), i=1,...,N.
Then, for

2
(% + kg)
with © = max;—1,._n(v;), the discrete dynamic system (139) is asymptoti-
cally stable [18]. If we set z = (yI, ...yt ul, ... ,up—1)T € RZMN

k< (140)

ks(to) + Quo

N ks(t:)
S = .
k}S(thl)
and
In —kIn
J = -0
-Q Iy —kIy

then the equation (139) can be written in the form

Jz—5=0 (141)
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and the discrete form of the state constraint (134) is
[IMN O]Z < Ymaz€ (142)

where, in this case, Yymqs is & constant parameter.

The discretization of the functional (130) is obtained by using the trape-
zoidal rule to integrate with respect to the space variable and then the
rectangular rule to integrate with respect to the time variable.

The final form of the discretized functional that we have to minimize is

_ 1
F(z)= §zTHz — 7T (143)
where H is a 2NM x 2N M matrix with the form
_ [ Hy
H = < H, ) (144)

where Hy = diag(hkD1,...hkD1,0n), H, = akdiag(D2, Do, ..., D3), Di =

diag(2D1(21), ..., 2D1(xN-1), D1(zN)), D2 = diag(D2(21),2D2(x2), ..., 2D2(xN-1), D2(zN))
and

D1ysi
D1ys2

r = hk DlysM—l (145)
On

On

with ys; = (ys(x1,t5), ..., ys(znN, t5)), 5 =1, ..., M — 1. Then, an approximate
solution of the original problem can be obtained by solving the following
convex QP problem

min F(z)
st. Jz=3§ (146)
(IMN O)Z < Ymazt

Since the QP problem is feasible (see [11]), there exists a unique optimal
solution of the control problem [7]. In figure 21 the patterns of the matrices
H and J are reported for N = M = 5. Finally, we observe that for the value
assigned to the data in this case, the condition (140) is always satisfied.
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