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OPTIMAL CONTROL OF THE NEUMANN PROBLEM FOR THE
NONLINEAR ELLIPTIC EQUATION WITHOUT THE
DIFFERENTIABILITY OF THE CONTROL-STATE MAPPING
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ABSTRACT. The optimal control problem for the nonlinear elliptic equation is considered. The
corresponding control-state mapping is not Gataux differentiable. Necessary conditions of op-
timality are obtained by means of the extended derivatives theory.
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1. PROBLEM STATEMENT

Necessary conditions of optimality and the gradient methods require the differentiation of
the minimizing functional. The natural approach of the proving of these results is apparently
the direct computing of the functional derivative. Then we receive the problem of control-state
mapping differentiability. This property could be obtained with using of the Inverse Function
Theorem or Implicit Function Theorem. Unfortunately the conditions of these theorems are
transgressed for the large class of nonlinear infinite dimensional control systems. Besides, the
corresponding inverse or implicit operator can be nondifferentiable in this case, although the
direct operator is differentiable.

We consider as example the control systems described by Neumann problem for the nonlin-
ear elliptic equation. If the parameter of nonlinearity and the dimension of the set are small
enough, then the control-state mapping is continuously differentiable by the Inverse Function
Theorem. Therefore the well-known results of optimal control theory for the nonlinear elliptic
equations (see, for example, [1], [4], [6]-]9], [11]-[13], [15], [18]-[20], [22]-[27], [29], [30]) are ap-
plicable. However the conditions of the Inverse Function Theorem are disturbed in the general
case. Besides the corresponding inverse operator is not Gataux differentiable. Then well-known
methods become not applicable. Nevertheless the desired result could be attained by means of
the weaker form of the operator derivative (see [24] and [25]).

Let Q be an opened bounded set from R™ with a smooth boundary I'. We consider the
nonlinear elliptic equation

- %(aijaij)Jraova Py = fitv, 2€Q (1)
ij=1 " J
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with the boundary condition
dy
= = fo, zel. 2
oy — 17 (2)
Here the known functions a;;, ag, f1 and f2 satisfies to the inclusions a;; € C! (Q) ag € C ( ), f1 €
Lo(Q), fo € HY?(I'). Besides we shall assume the inequalities
n
Z aZj<x)§Z§] > O[|€’2, vg € Rn7 ao(l') Za, re Q7
ij=1
where o > 0. The parameter of nonlinearity p is positive. The conormal derivative is determined
by

8y Z a”(‘? cos(n, z;),

i,j=1
where cos(n, ;) is the cosine of the exterior normal direction n to the surface I'. The control v
is choose from the nonempty convex closed subset U of the space V' = Ly(£2).

We consider the spaces Y1 = HY(Q), Y2 = Ly(Q2), Y = Y1 NYs, where ¢ = p+ 2. The set Y is
the reflexive Banach space with norm

lylly = Nyl + llyll2,
where ||y||1 and ||y||1 are the norms of the spaces Y7 and Y5. We determine the linear continuous

operator Ay : Y7 — Y/ and the nonlinear continuous operator Ay : Yo — Y by the equalities

n

dy O\
(Ary, A) = /(Z z]ay oz, + apyN)dz, Yy, A € Y1, Asy = |y|’y, Yy € Y3,
o ii=1

where (p, \) is the value of the linear continuous functional ¢ in the point . Let us determine
also the operator A:Y — Y’ by A= A; + Ay. The point f € Y’ is given by

(f,N) = [ Mudz + | Afodz, VAEY
[ ]

using the Trace Theorem. Let operator B be the injection of the space V into Y’. Then the
Neumann problem (1), (2) can be transform to the equation

Ay = Bv + f. (3)
We have
(Ay — Azy —z) = / Zn:az DO | oy — 2)%da +
’ =1 J 81‘] 8xl
Q b

+ /(Iy!”y —[2P2)(y = 2)dx > ally—z|T + |y — 25, ¥y, 2 €Y
Q
according Green Formula and the properties of the coefficients of our equation. Then we obtain
the strong monotony of the operator A. We have also

- dy Oy
) = (13 asgl g% + awflds + / plide > allyl + g vy € .
o =1 J

Hence 9
(Ay,y) - allylli + Nl Yy ey

lylly =yl + llyll2
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We suppose now the convergence ||y|ly — oo. Then the norm of y for one of the composite of
the space Y at least tends to infinity. Using the previous inequality we get (Ay, y>HyH;1 — 0.
So the operator A is coercitive. Then we prove that the equation (3) and the boundary problem
(1), (2) consequently have the unique solution y = y(v) from the space Y for all v € V" according
the monotone operators theory (see [16], Chapter 2, Theorem 2.2). Besides the mapping is weak
continuous. We determine the functional

1) = % [vae+ o) i,

Q Q

where xy > 0 and y,4 is a known function from the space L2(€2). We shall study the following
optimal control problem:

(P) Minimize I(v) for allv € U.

We obtain the weak lower semicontinuity of the minimizing functional using the weak conti-
nuity of the control-state mapping. Then the optimal control problem (P) has a solution.

The optimal control problems for the systems described by the nonlinear elliptic equations are
well-known enough (see, for example, [1], [4], [6]-[9], [11]-[13], [15], [18]-[20], [22]-[27], [29], [30]).
Besides it seems even that harder problems are solved. For example the nonlinearity can be
described by general function with larger velocity of the increment [1], [9]. It can include in the
general part of the operator [4] or in the boundary conditions [9], [19]. The uniqueness of the state
function can be absent [11], [18]. The degenerate equation [6], non local boundary conditions
[20], underdetermined and overspecified boundary conditions [11], high order equations [13] are
permitted. Problems with state constraints [7], [9], [23], domain optimization problems [26],
minimax problems [22], vector optimization problems [27], problems without convexity of the
state functional [4], [29] are considered. Problems with nonsmooth terms in the equation [12] are
solved too, even for the more difficult parabolic case [5], [21], [28]. It is known not only qualitative
but also quantitative methods for the considered problems (see, for example, [8], [15], [19], and
[21]). Then it could seem the absence of actuality of the researching of the optimal control
problem for the elliptic equation with concrete easy nonlinearity, usual quadratic functional and
standard control constraints. However we suppose that known results do not cover the case
of nondifferentiable corresponding inverse operator, i.e. control-state mapping. It is important
that such property is typical even for the enough easy and natural problems. It is a motive of
the choice of the Problem (P) as the object of researching.

2. WEAK NONLINEAR SYSTEM

The necessary condition for optimality of the Gataux differentiable functional I in the point
vo on the convex set U is the variational inequality (see [17], Chapter 1, Theorem 1.3)

(I'(vg),v —vg) >0, YveU. (4)

The natural means of its using in optimal control problems is the direct finding of the mini-
mizing functional derivative. However a state functional depends usually on the state and the
control directly. So the computing of the functional derivative requires the differentiability of
the mapping y(-) : V — Y according the Compodite Function Theorem. This dependence is
determined by the equality

y(v) = AN (Bu+f) (5)
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because of (3). Then it will be sufficiently to substantiate the existence of the derivative of
the inverse operator A~! for the proof of the minimizing functional differentiability. The last
property is guarantee by the Inverse Function Theorem (see [20], Chapter 2).

Let A be an operator from Banach space Y into Banach space Z. It is determined points g
and zg = Ayg. We suppose that this operator is continuously differentiable on the neighborhood
of the point and the derivative A’(yo) is reversible. Then the operator A~! is differentiable by
the Inverse Function Theorem. Besides it is satisfy to the equality

(A7 (20) = A'(yo) ™" (6)

Hence the decisive phase of the proof of the minimizing functional differentiability is the re-
versibility of the derivative A’(yg). So it is necessary to prove, that the linearized equation

Alyo)y == (7)
has a unique solution y € Y for all z € Z. Let us satisfy to the following assumption
n=2orp<4/(n—2)forn>3. (8)

Lemma 2.1. If the condition (8) is true for the operator A of the boundary problem (1),(2),
then the conditions of the Inverse Function Theorem are right.

Proof. The mapping y — |y|’y is the Frechet differentiable operator from L4(2) into Ly (2)
in the arbitrary point yo by Krasnosel’sky Theorem (see [14], p. 312). Besides its derivative
maps the arbitrary point y € Lq(Q2) in (p + 1)|yo|’y. The considered mapping is continuous
differentiable by means of the continuity of the last function with respect to yg. Then the
derivative of the operator A is determined by the equality

(A'go)y, A) = (A, A) + (p+1) / lyolPyAdz, Yy, \ € Y.
Q

The corresponding unique solvability of the equation (7) is the corollary of the coercitivity of
the derivative A’(yp) by Theorem 1.1 (see [17], Chapter 2).
We have

" oy 0
Aoy, ) = /(aijfﬂj + apy®)dz + (p+ 1)/\yo!py2d:v >
byl xj 0x; )

> allyl} + (p+ 1) [ olyPd, vy € Y.
Q
This condition is not guarantee the coercitivity of the considered operator not for a while yet
because of the absence of the L,(£2) norm in the right side of the last inequality. However we
get the continuous injection H'(2) C Ly(f2) by classical Sobolev Theorem with assumption (8).
Then we obtain Y = Y] and Z = Y’ = Y]/ consequently. Besides Y is the Hilbert space. Hence
the linear continuous operator A’(yp) : Y — Y’ satisfies to the inequality

(A'(yo)y,y) > allyl|¥, vy e Y.

Thus the equation (7) has a unique solution y € Y for all z € Y'. The lemma is proved.
Lemma 2.2. Let the condition (8) be true. Then the mapping y(-) : V. —'Y for the boundary
problem (1), (2) has the Frechet derivative in the arbitrary point vo € V. Furthermore

(1,9 (vo)h) = (B*p(p), h) Vh € V,pe Y’ (9)
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where the conjugate operator B* is the injection from Y into V, and p(p) is the solution of the
conjugate equation
A'(yo)*p(n) = p- (10)
Proof. We have
y'(v0) = (A7) (Bvo + f)B = A'(yo) "' B
by the equality (5) and the differentiability of the inverse operator, where yp = y(vg). By Lemma
2.1 we get

(11,9 (v0)h) = (u, A'(yo) "' Bh) = ([A'(y0)"] "', B)Vh € V,u € Y.

The equation (10) has a unique solution p(u) € Y for all 4 € Y’ if the condition (8) is true
because of the conjugate operator properties. The last formula can be transform to the equality
(9). The lemma is proved.
Now it will not be so difficult to determine the derivative of the minimizing functional.
Lemma 2.3. Let the condition (8) is true. Then the functional I for the problem (P) has
the Gatauz derivative in the arbitrary point vg € V. Besides I'(vg) = xvo — po, where py is the
solution of the boundary problem

- E ax aﬂ +aopo+(p+1)\yo|ppo = Ya— Yo, T € Q, (11)
KA
7.]_
dpo
=0, zel 12
ov* » @ ’ (12)

Here the conjugate conormal derivative is determined by formula

g aﬂ - cos(n, ;).

i,j=1

We obtain in really the equality

(I'(v0), / xvoh + (4o — ya)y (vo)hld, Wh € V
0

using Lemma 2.1.

We get the following conclusion after the substitution of the found functional derivative to
the formula (4).

Theorem 2.1. Let the condition (8) is true. Then the solution of the Problem (P) satisfies
to the variational inequality

/(xvo —po)(v—wvg)dx >0, Vv € U. (13)
Q

Thus we have the system, which includes the state equations (1), (2), the conjugate equations
(11), (12) and the variational inequality (13). We note that the proved theorem corresponds
to the well known results of the optimal control theory for the nonlinear elliptic equations
(see [1], [4], [6]-[9], [11]-[13], [15], [18]-[20], [22]-[27], [29], [30]). However the theorem 2.1 uses
fundamentally the assumption (8). It guarantees that the solution of the boundary problem
is included into the space, which is not depending from the nonlinear term of the equation.
It is imply that the exclusion of the nonlinear term (i.e. operator As) does not change the
corresponding functional space. We shall name such system weak nonlinear. Then the proof
of the optimality conditions can be realized by standard methods using the differentiation of
the control-state mapping, Inverse Function Theorem or Implicit Function Theorem in fact.
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However the solution of the problem (P) exists without the condition (8), i.e. in the strong
nonlinear case too. Thereupon it will be very interesting to analyze our problem in the general
case without any additional conditions.

3. STRONG NONLINEAR SYSTEM

We can not guarantee the coercitivity of the operator derivative in sense of the space Y
without the assumption (8). So the necessary properties of the linearized equation (7) get
broken. Hence we do not have any possibilities to use the Inverse Function Theorem for the
proof of the control-state mapping differentiability. Besides we have the following proposition.

Lemma 3.1. If the injection H(Q) C Ly(Q) gets broken, then the operator A~' is not
Gataux differentiable in some point zo € Y.

Proof. We suppose on the contrary, that the inverse operator has the Gataux derivative D in
the arbitrary point zy € Y’. If & — 0, then we have the convergence [A~!(z9+0h) — A" 1z] /o —
Dh in Y for all h € Y'. We have Ay, — Ayy = oh where y, and gy are the solutions of the
equation Ay = z for z = z9 + oh and z = zy. So we obtain

A'(yo)Dh = h. (14)

Then the linearized equation

A'(yo)y = h (15)

has the solution y = Dh from the space Y for all h € Y.

We choose the point zp such as the function yy became continuously. Then (A’(yo)y, A) has
the sense for all functions y, A\ € H'(Q2). Hence A’(yo)y includes into the set Z = [H(2)]’ for
all y € Y. But this set is not equal to Y’ without the injection H'(Q2) C Ly (). Then the
equation (15) can not have any solutions y € Y for h € Y’ \ Z at least. However it contradicts
the received earlier result. Hence the hypothesis of the differentiability of the inverse operator
in the chosen point is false.

Nevertheless we shell prove, that the dependence of the state function with respect to the
control has some property, which could be interpreted as the weak form of the Gataux differen-
tiability.

Definition. (see [24] and [25]). Let L be an operator from V into Y, and there exist linear
topologic spaces Vy, Yy, Vi, Yi with continuous embeddings V., C Vo CV,Y C Yy C Y, and the
linear continuous operator D : Vy — Yy, such as [L(vo+oh) — Lvg|l/o — Dh in'Y, for all h € V,
if 0 — 0. Then L is named (Vy, Yy, Vi, Yi)-extended differentiable in the point vy € V.

Domain and codomain of the standard derivatives (Gataux, Freshet, Hadamard, Sebastiaoe
e Silva, Michael, Lamadrid, and other, see, for example, [3]) coincide exactly with domain and
codomain of the considered operator. It does not depend from properties of this operator and
the point of differentiation. These sets are distinguished in our case. Furthermore these spaces
depend from corresponding operator and the point of differentiation. The extended derivative
resemble to the Gataux one. But its domain V} is larger and the codomain Yj is narrower in
comparison with given spaces V and Y. Besides, the passing to the limit is realized in the weaker
topology of the space Y, and for the narrower class of the directions h. It is obvious that the
(V,Y;V,Y)-extended derivative is equal to the standard Gataux derivative. Then the extended
derivative is the extension of the classical Gataux one.
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We shall prove that the mapping Y'(-) : V' — Y for the problem (1), (2) is extended differen-
tiable in the arbitrary point vg € V. We determine the set Yy = {p|p € Y1, |y(vo)|?™2p € Lo(Q)}.
It is Hilbert space with the scalar product

(0. )) = (e, N1 + (p+ 1) / ly(vo)PoAdz,

where (¢, )1 is the scalar product of corresponding points of the space Y;. Its conjugate space

is Y5 = {1+ [y(vo)|Ppz| i € Y7, p2 € L2(2)}.
Lemma 3.2. The mappingy(-) : V —Y for the boundary problem (1), (2) has the (V, Yy, V,Y%)-
extended derivative in the arbitrary point vg € V , such as

{1,y (vo)h) = (B*p(u), h), Yh € V,u € Yy, (16)

where p(u) is the solution of the equation (10).
Proof. The difference y, — yo satisfies to the equation

yo) 2
- E - az —— ]+ ao(¥o — o) + (95)" (Yo — o) = oh, x € Q
(9:/6 J :1:]

with homogenous boundary conditions for all h € V and number o, where yo = y(vp), yo =
y(vo + ch), (95)% = (p + Dlyo + e(ys — v0)|?, € € [0,1]. We determine the space Y, = {y|y €
Y1, 9oy € L2(Q)}. Tt is equal to Yy for o = 0. It is the Hilbert space with the scalar product

(v.p) = (. 0)1 + / (90)2ypda.

Q
The corresponding conjugate space is Yy = {u1 + gopio| p1 € Y/, po € L2(Q)}. We determine
the linear continuous operator L, : Y, — Y, by the equality

Low.N) = (rp ) + [ (goPorde, Vo A€ Yo
Q
Then we have
(Lo (Yo — 90),\) =0 (B*\,h), VA €Y. (17)
We consider the equation
(Lo)*p = p. (18)
It is equal to the equation (10) for o = 0. We obtain

n
((Lo)'pip) = /[Z zgaap a(‘)p + agp?ldz + /]ggp dr >
o Hi=l Q
> alpllf + llgoplT ) = IPIF,. VP € Yo
Then the equation (18) has a unique solution p = p, (1) from the set Y, for all number o and
function p € Y,.
Let 0 — 0. Then we have the convergence y, — 1o weakly in Y by the weak continuity of
the mapping Y () : V. — Y. Hence we receive the boundedness of in space Lqy(€2). So {go} is
bounded in Lyg/,(€2). From the equation (18) we have the inequality

allpe (W + 119020 (W17 H0) < 11t po(10))]-

So we obtain the estimates

sup [lpe (w1 <1, sup |geps(1)llzo@) <1,
neM pneM
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where M = {u € Y/|||p|| = 1}. Using the Holder Inequality we get

2
sup 1090)°Pe()lz,(0) < 1901y, sgﬁ\\gapo(u)\\m(m-

Hence we obtain the boundedness of {p,(¢)} in space Y1 and {(go)*ps(11)} in Ly () uniformly
with respect to p € M.

So we have the convergence y, — yo and p,(p) — r(u) weakly in Y7 uniformly with respect
to u € M after the extraction of subsequences. By Rellich - Kondrashov Theorem we decide
that this convergence is realized also strongly in Ly(2) and a.e. on Q. Then (g,)%p, (1) —
(p+ D)|yolPr(p) a.e. uniformly with respect to u. Hence (see [16], Lemma 1.3, Chapter 1) we
obtain the uniform convergence (g,)*ps (1) — (p + 1)|yo|’r (1) weakly in Ly (). Using (18) we
have

(Lo)*po(p), ) = (p, ), Vo €Y.
Therefore we get
(A'(yo)"r(p), ) = (), Vo €Y

after the passing to the limit. Then r(u) = p(u). It is obvious, that the equality (16) really
determines the linear continuous mapping y'(vg) : V — Y;. We obtain

(b, y(vo + oh) —y(wo)) = o(B po(1), h) (19)
after the determination \ = p,(p) in the equality (17). From (16) and (19) we deduce

lly(vo + oh) = y(wo)l/o =y (vo)hl| = Sup (. [y(vo + oh) = y(vo)l/o = ¢/ (vo)h)| =

= sup [(B*[ps (1) — p()], h)|, Ve Yy, heV.
pneM

Using the passing to limit we conclude, that the operator y'(vp) is the extended derivative of the
investigated mapping in fact. The lemma is proved. It is obvious, that the extended derivative
coincides with Gataux one, if the condition (8) is true. So the formula (16) can be transform
to (9). Then Lemma 2.2 becomes the corollary from the last proposition. Let us note, that
(V, La(2); V, L2(Q2) )-extended differentiability of the control-state mapping has as corollary the
Gataux differentiability of the minimizing functional. So by Lemma 3.2 we obtain, that our
functional is Gataux differentiable without the condition (8) too. Then we get the following
proposition.

Theorem 3.1. The results of the Theorem 2.1 are true without the condition (8) too.

Thus the necessary conditions of optimality for the Problem (P) can be proved in strong
nonlinear case too, i.e. without any limitations on the dimension of the set and the parameter of
the nonlinearity. It is significant that these restrictions are not use for the proof of the existence
of the optimal control. We note also that these results could not obtained on the basis of the
known methods of optimization for the systems described by nonlinear elliptic equations (see,
for example, [1] — [19]), because it depends really on the classical operator derivatives.

However it is known the necessary conditions of optimality for larger class of elliptic equations.
For example equations could include arbitrary nonlinear functions with larger velocity of the
nonlinearity increasing [1], [9]. Furthermore the similar results are known for the more difficult
parabolic equations (see [28], p. 35). Necessary conditions of optimality were obtained even
for the abstract equations with monotone operators (see, for example, [30] and [21]). But the
proof of the last results requires necessarily the corresponding assumptions, which are similar to
the known limitations for the concrete equations. It seems only the formalization of the known
results but not its qualitative generalization. The control in [1] and [9] was chosen from the
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space L. Then the state function becomes smooth enough. Thus the assertions of the Lemma
3.1 are broken, and the control-state mapping becomes Gataux differentiable. So the necessary
conditions of optimality can be proved by means of the classical operator derivatives. The state
function of the cited paper [28] (see also the earlier paper of Barbu [5]) was chosen from a Hilbert
space. Thereby the difficulties of the Lemma 3.1 are leaven out too. The mentioned difficulties
were avoided, but it not was overcome in these results. The solution of boundary problems
was chosen so regular, that the control-state mapping became in fact differentiable in classical
sense. But it requires with necessity the additional assumptions, specifically smoothness of the
control, data, coefficients, and boundary. However we prefer to consider the boundary problem
with natural functional spaces, which correspond to the very easy a priori estimates. The using
of the additional restrictions for the increase of the state regularity seems undesirable in this
situation, because it is not necessary for the existence of the optimal control. If the state was
include into the natural spaces then it was used without fail the assumptions of the dimension
of the set and the parameter of the nonlinearity (see, for example, [11], Chapter 2, Theorem
7.1; [18], Chapter 3, Theorem 2.2). The similar limitations were used in the evolution case too
(see, for example, [11], Chapter 2, Theorems 8.1 and 8.2; [18], Chapter 1, Theorem 5.5 and
Chapter 2, Theorem 2.1; [21], Chapter 4, p. 184). These results are analogous to our weak
nonlinear case with classical differentiability of the control-state mapping. Thus the difference
of our outcomes from well known results is the solution of the optimal control problem with
really Gataux undifferentiated control-state mapping.

It could be suppose that our difficulties would be able overcome by means of the nonsmooth
analysis (subdifferentiation, Clarke derivative, some others, see, for example, [10]) or with using
of the smooth approximation of the systems (see, for example, [5], [21], [28]). These methods
are used with success if the problem statement includes nonsmooth terms, for example, the
absolute value of a function or the maximum of functions. However our non differentiability has
the another sense. It is caused of the absence of topological properties, which are used in the
determination of the operator derivatives. The nonsmooth analysis and smooth approximation
methods seem inapplicable in our situation because it intends for other difficulties. Particularly
the using of the Clarke derivatives will be apparently ineffective because of the absence of the
effective nonsmooth infinite dimensional analogues of the Inverse Function Theorem and Implicit
Function Theorem. The methods from [5], [21], [28] use the approximation of the nonsmooth
terms, proving of the necessary conditions of optimality for the approximation problem and the
passing to the limits. However the nonlinear term of our equation is Frechet differentiable by
Krasnosel’sky Theorem, but the inverse operator is not differentiable. The citing results use
the approximation of the known direct operator, but not unknown inverse operator. We do
not understand, how could be approximate an unknown operator. It seems that the proposed
method allows solving the optimal control problems, which could not be solve by means of the
known results.

4. OTHER PROBLEMS

We shall take advantage of the described technique for the solution of other optimal control
problems. We consider the equation

"9 dy
- %(%’gj) +aoy +ylPy = f1, z€Q (20)

ij=1
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with the boundary condition

0
%zfz%—v,xel“. (21)

Here the known functions have the former properties, but the control v is a point of nonempty
convex closed set U from V = Ly(I'). We determine the operator A as before. The linear
continuous operator B : V — V'’ now is characterized by the equality

(Bv,\) = //\vdx, VAeY.
Q
Then the boundary problem (20), (21) is transformed to the equation (3) too. Then this problem
has a unique solution y = y(v) from the space Y for all v € V. Besides the mapping is weak
continuous. We determine the cost functional

10) = § [ oo+ [lyo) - il
r Q
where x > 0 and yg is a known function from the space L2(2). We shall study the following
optimal control problem:

(P1) Minimize I(v) for all v e U.

The properties of the minimizing functional of the Problem (P) and (P;) are the same. There-
fore the Problem (P)) is resolvable. We shell use the variational inequality (4) for the deducing
of the necessary conditions of optimality once again. It is necessary to find the functional deriv-
ative for it. Toward this end we shall try to find the derivative of the control-state mapping. By
analogy with Lemma 2.1 it is not very difficult to prove the differentiability of this dependence
in classical sense according with Inverse Function Theorem if the condition (8) is true. But we
can not obtain the analogical result in the general case because the operator A~! is not Gataux
differentiable by Lemma 3.1.

Then we shell obtain the extended differentiability of the mapping y(-) : V. — Y in the
arbitrary point vy € V by analogy with Lemma 3.2. Let p(u) be the solution of the equation
(10) with function yo = y(vg) which satisfies to (20), (21).

Lemma 4.1. The mapping y(-) : V. — Y for the system (20),(21) has the (V,Yo;V,Y1)-
extended derivative, characterized by the equality (16) in the arbitrary point vg € V. Here the
space Yy is determined by Lemma 3.2, and the operators A and B correspond to the Problem
(Pr).

Proof. We have the equalities

= 0 0 Yo — Yo
-y f[aijg] +a0(yo — 0) + (90)° (Yo —0) = 0, T €9,
= Ox; Ox;j
8(y0 — Z/[))
ov
with previous symbols for all function h € V' and number o. Then the equality (17) is true, but

B* is the superposition of the trace operator v from ) to the boundary I' and the injection of
the space H'/2(T") into V. We consider the equation (18) with the state function which is the
solution of the boundary problem (20), (21). It has a unique solution p = p,(x) from the set Y,
for all number o and point p € Y. Besides if ¢ — 0 then p, (1) — p(p) weakly in Y7 uniformly
with respect to € M. So we obtain ypy (1) — vp(p) weakly in H'/2(Q) according to the Trace
Theorem. Then the equality (16) characterizes the linear continuous operator y'(vg) : V. — Yj
in fact. We determine A = p, (1) in the equality (17). So we obtain the formula (19) once again.
The proof is finished also, as well as in Lemma 3.2.

=oh, x €l



116 TWMS J. PURE APPL. MATH., V.1, N.1, 2010

Now we obtain immediately the differentiability of the minimizing functional.

Lemma 4.2. The functional I for the problem (Py) has Gataux derivative I'(vy) = awvg — ypo
in the arbitrary point vy € V ,where pg is the solution of the boundary problem (11), (12).

We substitute the founded derivative to the variational inequality (2). So we obtain the
necessary condition of optimality.

Theorem 4.1. The solution of the problem (Py) satisfies to the condition

/(XUO —po)(v —wvg)dx > 0, Yv € U. (22)
r
We consider now the problem with the nonlinear term in the boundary condition but not in
the equation. We have the following boundary problem:

—ii(a“@)%-aoy:fl%—v zeN (23)
ig=1 6951 K a$j ’
with the boundary condition
dy
v
with previous symbols. The known functions and the control have the same properties as in the
Problem (P).
We determine the spaces Yo = {y|vy € Ly(I')},Y = Y] NYs,where g and Y; were determined
before. The set Y is the reflexive Banach space with the norm

+lyl’y = fo, z €T (24)

lylly = llylls + [vyllLym)-

The nonlinear continuous operator Ay : Yo — Yy is characterized by Asy = |yy|Pyy. We
determine the mapping A : Y — Y’ by equality

(Ay,\) = (A1y, \) + /)\Agyda:, Vy,AeY.
r

Let operator B and the point f be assigned also, as well as in the Problem (P). Then the
boundary problem (23), (24) transforms to the equation (3). Besides the operator A is strong
monotone and coercitive once again. So the problem (23), (24) has a unique solution y = y(v)
from Y, and the mapping y(-) : V' — Y is weak continuously as before. We determine the
minimizing functional also, as well as in the Problem (P). Then we obtain the following optimal
control problem:

(P2) Minimize I(v) for the system (23),(24) for all v € U.

Using the weak continuity of the control-state mapping we get the weak lower semicontinuity
of the minimizing functional. Then we prove the existence of the optimal control. We require
the differentiability of the state function for the conditions of optimality. It is connected with
the differentiation of inverse operator A~!. We could prove easily its Gataux differentiability
according the Inverse Function Theorem (see Lemma 2.2), if the injection H'/2(T') C Ly(T) is
true. But we have the following proposition:

Lemma 4.3. If the injection Hl/Q(F) C Ly(T') gets broken, then the operator AL for the
boundary problem (23),(24) is not Gataux differentiable in a point zo € Y.

Proof. The operator is continuous differentiable, besides the corresponding derivative in the
arbitrary point yg € Y is characterized by the equality
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(A'(yo)y, A) = (A1y, ) + (p+ 1)/\yo|”y/\dx7 Vy,AeY.
r

If this operator has a Gataux derivative D in the point zp € Y’ then the equality (14) is true.
So the linearized equation (15) has the solution y = Dh from Y for all h € Y. We choose the
point 2z such as the corresponding function yg becomes continuous. Then the term (A’ (yo)y, \)
has the sense for all functions y, A € H'(§2). Therefore the value A’'(yo)y includes into the set
Z = [HY(Q)) for all y € Y, but Z is not equal to Y’ without the injection H'/?(T') C Ly(T).
Hence the equation (15) can not have any solutions y € Y for h € Y’ \ Z at least. However it
contradicts the obtained earlier result. Then the hypothesis of the differentiability of the inverse
operator in the chosen point is false. The lemma is proved.

We shell obtain the extended differentiability of the dependence of the control-state mapping
in the arbitrary point v € V. We determine the space Yy = {p|p € Y1,7[ly(v0)|?/?p] € La(T)}.
It is the Hilbert space with the scalar product

(0, A) = al(e, )1 + (p+ 1)/\y(vo)|pg0)\d:r.
r

Lemma 4.4. The mapping y(-) : V. — Y for the problem (24),(25) has the (V,Yy; V,Y1)-
extended derivative in the arbitrary point vog € V, characterized by the equality (16), where the
function p(u) is the solution of the equation (10) with the derivative of the operator A, described
by Lemma 4.3.

Proof. We have the following equalities

"9 Oye — )
_mzzl oz, [aijTj] + ap(yo — yo) = oh, x € Q,
(Yo = yo)

ov
for all function h € V and number 0. We determine the space Y, = {p|p € Y1, v(gop) € L2(T)}.

It is equal to Y7 for o = 0. We have the Hilbert space with the scalar product

(o, A) = alp, )1 + /(gg)ch)\dx.
I

+ (90)2(y0 - yO) =0,zel

Let Ly, : Y, — Y/ be the linear continuous operator determined by

@MJ%%&%M+/%ﬂWMWAEE-
I

It satisfies also to the condition (17).
We have the inequality

(Lop,p) = allpllf + 17(gop) 17,0y = IIPIF, . Voo € Yo

Then the equation (18) with corresponding operator L, has a unique solution p = p,(u) from
set Y, for all number o and point pu € Y.

If 0 — 0 then we have the convergence y, — yo weakly in Y. Then {yy,} is the bounded set
of the space Ly(T') and {vg,} is bounded in Ly/,(I"). Using the described methods we obtain
the inequality

allpe (W + 1179ope (]I, r) < 11 po (1))
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Hence we get the estimates

sup [lpo(w)ll1 <1, sup [[[gops ()]l Loy < 1.
neM pneM
Therefore {p, (1)} and {Y[(92p, ()]} are the bounded (uniformly with respect to u € M) sets
of the spaces Y7 and Ly (I") correspondingly. Then we obtain the weak in the sense of uniformly
convergence Yy, — yo and p,(u) — r(@). So we have vy, — vyo and yp,(p) — yr(p) weakly in
H'Y2(T') according to the Trace Theorem. Using the compact injection of H/2(I') into Lo(T)
we conclude, that this convergence is true also with respect to the strong topology of Lo(T")
and a.e. in I'. Hence v[(g5)*po(1)] — (p + 1)¥[|yo|Pr ()] a.e. in T uniformly with respect to
p € M. Then the last convergence is true also in sense of weak topology of Ly (I'). We obtain
r(pu) = p(p) after the proceeding to the limit in the equality (18). The proof is finished also, as
well as in Lemma 3.2.

The differentiability of minimizing functional is proved by analogy with Lemma 3.3.

Lemma 4.5. The functional I for the Problem (P3) has Gatauzx derivative I'(vy) = xvo — po
i the arbitrary point vg € V', where pg is the solution of the boundary problem

—Zz_:l e aﬂ ) + aopo = Ya — Yo, T € , (25)
Opo 1)yol? 0 r 2
a*+(P+ Nyol’po = 0, z €T (26)

The necessary conditions of optimality are obtained after the substitution of the derivative of
the cost functional to (4).
Theorem 4.2. The solution of the Problem (Ps) satisfies to the variational inequality

/(XUO —po)(v—vg)dx >0, Vv € U, (27)
Q
where po is the solution of the boundary problem (25), (26).
We consider again the control system described by the boundary problem (1), (2) with bound-
ary observation. The minimizing functional is determined particularly by the equality

1) = % [ar + 3 [ly) — vl

Q r
where x > 0 and yg4 is a function from Lo(T"). We have the following optimal control problem:
(P3) Minimize I(v) for all v e U.
This problem has a solution obviously. We shell prove the differentiability of its functional.
Lemma 4.6. The functional I for the Problem (P3) has Gatauz derivative I'(vy) = xvo — po
in the arbitrary point vg € V, where pg is the solution of the boundary problem

— Z (935 ajim )+ aopo + (p+ Dlyol’po = 0, 2 € Q, (28)
ij=1 """
0
(91132 = Ya— Yo, x €. (29)

Proof. Using Lemma 3.2 we obtain [y(vg + oh) — y(vg)]/oc — y'(vo)h in Y7 for all h € V
if o — 0. So we have y[y(vo + oh) — y(vo)]/o — [¥/(vo)h] in HY?(I') according the Trace
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Theorem. Hence

(I'(vg), h) = /nghdx + /(yo —ya)y (vo)hdz, Vh € V.
Q r

We determine the point po € Y] by

(o, \) = /(yo — ya)\dz, VA € Y7.
r

Then the equation (10) become equal to the boundary problem (28), (29) i.e. p(uo) = po. So
the functional derivative is determined by the equality

(' (v0), ) = / (xv0 — po)hdz, Vh €V,
Q

and the statements of the lemma are true. Hence we obtain the following result:
Theorem 4.3. The solution of the problem (P3) satisfies to the variational inequality (13),
where py is the solution of the boundary problem (28), (29).

5. CONCLUSIONS

The control, observation and nonlinearity are distributed for the Problem (P). One of these
values is boundary, and another are distributed for the Problems (P;), (P2) and (P3). We could
consider obviously the optimal control problems if all or two of these properties are boundary.
The systems with two controls (distributed and boundary), observations or nonlinearities could
be analyzed analogously. The control could be determined only in the part of the set € or
its boundary. The power-mode nonlinear function can be replaced by an arbitrary continu-
ous coercitive monotone function with limited velocity of increasing. We note that all specific
properties of the concrete nonlinearity become apparent directly. On the contrary many results
could be obtained for the general nonlinearity with appropriate assumptions. So the using of
the concrete nonlinearity helps better to comprehend nonlinear effects. The minimizing func-
tional could be not only quadratic, but the arbitrary weak lower semicontinuous integral which
is differentiable with respect to the state and the control separately. It is significant that the
corresponding control-state mapping is extended differentiable but not Gataux differentiable in
general case. Therefore the standard methods for the optimal control systems described by
nonlinear elliptic equations which use the classical operator derivatives are not applicable for
these problems.

The extended differentiability theory permits to obtain the more exact properties of the non-
linear differential partial equations. Particularly the classical differentiability theory affirms that
the properties of the dependence of the solution with respect to the absolute term of the equation
changes with a jump by the increasing of the parameter of nonlinearity. If the condition (8) is
true, then this dependence is differentiable according Lemma 2.2. But it becomes not differen-
tiable by the increasing of the parameter p by Lemma 3.1, if the injection H'(Q) C L,42(9)
becomes false. However Lemma 3.2 declares that this dependence is always extended differen-
tiable. But the spaces which are used in the determination of the extended derivative depend
from p essentially. Particularly these spaces equal to the natural spaces for the small p. Then
the extended derivative becomes equal to the classical one. But these objects become differing
after the increasing of this parameter if the indicate injection gets broken. This distinction
is the more strongly, than more than parameter of nonlinearity. Hence the properties of the
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investigated dependence change continuously, but not with jump according the extended differ-
entiability theory. We note also, that the spaces used in the derivative definition do not depend
on individual features of the operator and point of differentiation in the classical differentiability
theory. It is characterized only on spaces, in which the operator is determined. In our case those
spaces take account of the individual properties of the operator and the point of differentiation.

It is possible to prove a general theorem of the extended differentiability of the inverse operator
with weak restrictions for the linearized equation (see [24] and [25]). Then Theorems 3.1, 4.1,
4.2, 4.3 become its corollaries just as Theorem 2.1 is the corollary of the classical inverse function
theorem.

We could determine extended analogues of other operator derivatives (Frechet and other),
including the operators in linear topological spaces. Correlations between different forms of the
extended derivatives will be similar to the properties of the standard derivatives [3].

We could use the extended differentiation along with results of the abstract extremum theory
(see, for example, [11], Chapter 2, Subsection 1) for proving the necessary conditions of opti-
mality for problems with more difficult constraints. If the control is included nonlinearly to the
system (for example, in the coefficients of the state operator), then we could replace the Inverse
Function Theorem with Implicit Function Theorem. It is possible in classical and extended
cases. The analogical results could be obtained for other nonlinear infinite dimensional control
systems, for example, for the nonlinear parabolic equations.

REFERENCES

[1] Alibert J.J., Raymond J.P.,(1997), Boundary control of semilinear elliptic equations with discontinuous
leading coeflicients and unbounded control, Num. Funct. Anal. Optim., 18(3-4), pp. 235-250.

[2] Aubin J.P., Ekeland I., (1984), Applied nonlinear analysis, New York etc., John Wiley and Sons.

[3] Averbuh V.I., Smolyanov O.G., (1968), Different determinations of the derivatives in linear topological spaces,
Uspehi Math. Nauk, 23(4), pp. 67-116.

[4] Baranger J.,(1973), Quelque resultats en optimization non convexe, These, Grenoble.

[5] Barbu V., (1982), Boundary control problems with nonlinear state equation, STAM J. Control and Optim.,
20(1), pp. 125-143.

[6] Bardi M., Bottacin S.,(1998), On the Dirichlet problem for nonlinear degenerate elliptic equations and ap-
plications to optimal control, Rend. Semin. Mat. Univ. e Politecn. Torino, 56(4), pp. 13-39.

[7] Bonnans J., Casas E.,(1995), An extention of Pontryagin’s principle for state-constrained optimal control of
semilinear elliptic equations and variational inequalities, SIAM J. Contr. Optim., 33(1), pp. 274-298.

[8] Casas E., Raymond J.-P.,(2006), Error estimates for the numerical approximation of Dirichlet boundary
control for semilinear elliptic equations, STAM J. Contr. Optim., 45(5), pp. 1586-1611.

[9] Casas E., Troltzsch F., Unger A., (2000), Second order sufficient optimality conditions for some state-
constrainted control problems of semilinear elliptic equations, STAM J. Contr. And Optim. 38(5), pp. 1369-
1381.

[10] Clarke F.H., (1983), Optimization and nonsmooth analysis, New York, John Wiley and Sons.

[11] Fursikov A.V., (1999), Optimal control of distributed systems, Theory and applications, Providence, Amer.
Math. Soc.

[12] Gong L., Fiu P., (1997), Optimal control of nonsmooth system governed by quasilinear elliptic equations,
Int. J. Math. Mech. Sci., 20(2), pp. 339-346.

[13] Ismailov I.G., (1996), Some optimal coefficient control problems for the elliptic high orders equations, Bulletin
of Moscow Univ., 15(3), pp. 22-30.



==
A

=
0,

S. SEROVAJSKY: OPTIMAL CONTROL OF THE NEUMANN PROBLEM ... 121

Krein S.G. (Ed.), (1972), Functional Analysis, Moscow, Nauka.

Leblebicioglu M.K., Celebi A.O., (1992), An optimal control problem with nonlinear elliptic state equations,
J. Math. Anal. Appl., 163(1), pp. 178-205.

Lions J.L., (1969), Quelques methods de resolution des problemes aux limites non lineaires, Paris, Dunod,
Gauthier-Villars.

Lions J.L., (1968), Controle optimal de systemes gouvernes par des equations aux derivees partielles, Paris,
Dunod, Gauthier-Villars.

Lions J.L., (1983), Controle de systemes distribues singuliers, Paris, Gauthier-Villars.

Lubyshev F.V., Fayzulaev M.E., (2001), Approximation and regularization of the optimal control problems
for the quasilinear elliptic equations, J. Comp. Math. and Math. Phys., 41(8), pp. 1148-1164.

Meyer C., Philip P., Troltzsch F., (2006), Optimal control of a semilinear PDE with nonlocal radiation
interface conditions, SIAM J. Contr. Optim., 45(2), pp. 699-721.

Neittaanmaki P., Tiba D., (1994), Optimal control of nonlinear parabolic systems. Theory, Algorithms, and
Applications, Marcel Dekker, New York.

Papageorgiou N.S., (1996), Optimal control and admissible relaxation of uncertain nonlinear elliptic systems,
J. Math. Anal. Appl.,197(1), pp. 27-41.

Rosch A., Troltzsch F., (2006), Sufficient second-order optimality conditions for an elliptic optimal control
problem with pointwise control-state constraints, STAM J. Optim., 17(3), pp. 776-794.

Serovajsky S.Ya., (2005), Calculation of functional gradients and extended differentiation of operators, J.
Inverse and Ill-Posed Problems, 13(4), pp. 383-396.

Serovajsky S.Ya., (2006), Optimization and differentiation, Vol. 1, Print-S, Almaty.

Slawing T., (2004), Shape optimization for semi-linear elliptic equations based on a embedding domain
method, Appl. Math. And Optim., 49(2), pp. 183-199.

Sumin V.I., (1989), Optimal control for the objects described by quasilinear elliptic equations, Differential
Equations, 25(8), pp. 1406-1416.

Tiba D., (1990), Optimal control of nonsmooth distributed parameter systems, Lecture Notes in Mathematics,
1459, Berlin, WJ, Springer-Verlag.

Tolstonogov D.A., (1999), About the minimum of the variational elliptic problems without the assumption
of the convexity, Mathematical Notes, 65(1), pp. 130-142.

Voisei M.D., (2007), Mathematical programming problems governed by nonlinear elliptic PDEs, STAM J.
Optim., 18(4), pp. 1231-1249.



122

TWMS J. PURE APPL. MATH., V.1, N.1, 2010

Simon Serovajsky - Professor is the Head of the Department of the
Control Theory, al-Faraby Kazakh National University, Almaty, Kaza-
khstan. His research interests include optimal control theory, nonlin-
ear functional analysis, nonlinear partial differential equations, inverse
and ill-posed problems, history and philosophy of mathematics, math-
ematical physics, mathematical and computational modeling. He is an
author of the more than 200 scientific papers in international journals
and conference proceedings and the following books: Architecture of
Mathematics (2005, in Russian), Mathematical and Computer Models
of Ecology (1999, in Russian; 2004, in Kazakh), Mathematical Mod-
eling (2000, in Russian; 2004, in Kazakh), Counterexamples in the
Optimal Control Theory (2001, in Russian; 2004, in English, Nether-
lands),Introduction in Spectral Operators Theory (2003, in Russian),
Sequential Models of the Mathematical Physics (2004, in Russian), Op-
timization and Differentiation (vol. 1: 2006, vol. 2: 2009, in Russian).



