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Abstract. We study a class of optimal control problems with state constraint, where the state
equation is a differential equation with delays in the control variable. This class of problems arises
in some economic applications, in particular in optimal advertising problems. The optimal control
problem is embedded in a suitable Hilbert space, and the associated Hamilton—Jacobi-Bellman (HJB)
equation is considered in this space. It is proved that the value function is continuous with respect to
a weak norm and that it solves in the viscosity sense the associated HJB equation. The main results
are the proof of a directional C''-regularity for the value function and the feedback characterization
of optimal controls.
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1. Introduction. This paper is devoted to studying a class of state constrained
optimal control problems with distributed delay in the control variable and the as-
sociated Hamilton-Jacobi-Bellman (HJB) equation. The main result is the proof of
a C! directional regularity for the value function associated to the control problem,
which is the starting point from which to prove a smooth verification theorem.

The study of control problems with delays is motivated by economic (see, e.g.,
[2, 4, 5, 13, 32, 26, 36, 37, 43, 46]) and engineering applications (see, e.g., [40]).
Concerning the economic applications, which are the main motivation of our study,
we observe that there is a wide variety of models with memory structures considered by
the economic literature. We refer, for instance, to models where the memory structure
arises in the state variable as growth models with time-to-build in production (see
[2, 4, 5]); to models where the memory structure arises in the control variable as
vintage capital models (see [13, 26]); to advertising models (see [32, 36, 37, 43, 46]);
and to growth models with time-to-build in investment (see [41, 48]).

From a mathematical point of view, our aim is to study the optimal control of
the one-dimensional delay differential equation

0

(1) y'(t) = aoy(t) + bou(t) + / bi(E)ult + £)d,

T

where r > 0, ag, by € R, and by : [-r,0] — R, subject to the state constraint y(-) > 0?
and to the control constraint u(-) € U C R. The objective is to maximize a functional
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of the form
+oo
/O e (go(u(t)) — ho(u(t)))dt,

where p > 0 is a discount factor and gy : R™ — R, hg : U — R are measurable
functions.? Our ultimate goal is to get the synthesis of optimal controls for this prob-
lem, i.e., to produce optimal feedback controls by means of the dynamic programming
approach.

The presence of the delay in the state equation (1) renders applying the dynamic
programming techniques to the problem in its current form impossible. A general way
to tackle control problems with delay consists in representing the controlled system
in a suitable infinite dimensional space (see [12, Part II, Ch. 1] for a general theory).
In this way the delay is absorbed in the infinite dimensional state, but, on the other
hand, the price to pay is that the resulting system is infinite dimensional, and so the
value function V' is defined on an infinite dimensional space. Then the core of the
problem becomes the study of the associated infinite dimensional HJB equation for
V. the optimal feedback controls will be given in terms of the first space derivatives
of V' through the so-called verification theorem.

Sometimes explicit solutions to the (infinite dimensional) HIB equation are avail-
able (see [5, 26, 31]). In this case the optimal feedback controls are explicitly given,
and the verification theorem can be proved in a quite standard way. However, in
most cases the explicit solutions are not available, and then one has to try to prove
a regularity result for the solutions of the HJB equation in order to be able to define
formally optimal feedback controls and check its optimality through the verification
theorem. This is due to the fact that, to obtain an optimal control in feedback form,
one needs the existence of an appropriately defined gradient of the solution. It is
possible to prove verification theorems and representation of optimal feedbacks in the
framework of viscosity solutions, even if the gradient is not defined in classical sense
(see, e.g., [10, 50] in finite dimension and [27, 42] in infinite dimension), but this is
usually not satisfactory in applied problems since the closed loop equation becomes
very hard to treat in such cases. The C'-regularity of solutions to HJB equations is
particularly important in infinite dimension, since in this case verification theorems
in the framework of viscosity solutions contained in the aforementioned references
are rather weak. For this reason, the main goal of the present paper is to prove a
C'-regularity result for the value function V of our problem.

To the best of our knowledge, C'-regularity for a first order HJB equation was
first proved by Barbu and Da Prato [6] using methods of convex regularization and
was then developed by various authors (see, e.g., [7, 8, 9, 22, 23, 28, 34, 35]) in the
case without state constraints and without applications to problems with delay. In
the papers [16, 17, 29] a class of optimal control problems with state constraints is
treated using again methods of convex regularization, but the C'-regularity is not
proved. To the best of our knowledge, the only paper proving a C'-type regularity
result for the solutions to HJB equations arising in optimal control problems with
delay and state constraints is [30]. There a method introduced in finite dimension by
Cannarsa and Soner [18] (see also [10]) and based on the concept of viscosity solution
has been generalized in infinite dimension to get an ad hoc directional regularity result
for viscosity solutions of the HJB equation.

2In economic applications typically they are, respectively, a production function and a cost
function.
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In our paper we want to further exploit the method of [18] to get a C'-type
regularity result for our problem. The main difference between our paper and [30, 31]
is that in the latter papers the delay is in the state variable, while here the delay is
in the control variable. The case of problems with delay in the control variable is
harder to treat. First, if we tried a standard infinite dimensional representation as in
the case of state delay problems, we would get a boundary control problem in infinite
dimension (see [39]). However, this first difficulty can be overcome when the original
state equation is linear using a suitable transformation leading to the construction of
the so-called structural state (see [49]), and this is why, differently from [30], here we
treat only the case of a linear state equation. But, once we have done that, if we try
to follow the approach of [30] to prove a C'l-regularity result for the value function, it
turns out that much more care is needed in the choice of the space where the infinite
dimensional representation is performed. While in [30] the product space R x L? is
used to represent the delay system, here we need to use the more regular product
space R x W12 for reasons that are explained in the crucial Remark 5.4. We observe
that the theory of the infinite dimensional representation of delay systems has been
developed mainly in spaces of continuous function or in product spaces of type R x L?
(see the aforementioned reference [12]). Therefore, we restate the infinite dimensional
representation in R x W12 and carefully adapt the regularity method of [30] in such
a context. So we get the desired C'-type regularity result (Theorem 6.8), which
exactly as in [30] just allows us to define an optimal feedback map in a classical sense
(see Corollary 6.9 and (51)). Finally, we exploit this regularity to prove a verification
theorem (Theorem 7.2) and the existence, uniqueness, and characterization of optimal
feedback controls (Corollary 7.8). The main problem for this part is represented by
the study of the closed loop equation (52), which, unlike [30], has to be approached
in infinite dimension. Since we can only prove continuity of the feedback map, we
need to work with Peano’s theorem. Unfortunately Peano’s theorem fails in general
in infinite dimension (see [33]). There are available in the literature some results
derived under stronger assumptions than just continuity and/or for weaker concepts
of solutions (see [1, 3, 19, 21, 38, 47, 52]). However, our case is somehow different
(also since we work with mild solutions), so we prove the result directly (Propositions
7.3 and 7.7).

The paper is structured as follows. In section 2 we give the definition of some
spaces and state some notation. In section 3 we give a precise formulation of the
optimal control problem. In section 4 we rephrase the problem in infinite dimension
and state the equivalence with the original one (Theorem 4.4). In section 5 we prove
that the value function is continuous in the interior of its domain with respect to a
weak norm (Proposition 5.8). In section 6 we show that the value function solves in the
viscosity sense the associated HJB equation (Theorem 6.5), and then we provide the
main result; i.e., we prove that it has continuous classical derivative along a suitable
direction in the space R x W12 (Theorem 6.8). In section 7 we exploit such a result
to prove the existence of a unique global mild solution to the closed loop equation
(52) and the verification theorem, obtaining the existence and uniqueness of optimal
feedback controls.

2. Spaces and notation. Let r > 0. Throughout paper we use the Lebesgue
space L7 := L*([—r,0];R), endowed with inner product (f,g).> = f?r f(&)g(&)de,
which renders it a Hilbert space. We shall use the Sobolev spaces (see [14])

Wh2 = Wh2([-r,0]; R),
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where k > 1, endowed with the inner products (f, g)er,z = Z?:o ffr FOE)g® (€)de,
which render them Hilbert spaces. We have the Sobolev inclusions (see [14])

Wh2 — Ck=1([—r,0]; R),

with continuous embedding. Throughout the paper we shall confuse the elements of
W2 which are classes of equivalence of functions, with their (unique) representatives
in C*=1([~r,0]; R). Given that, we define the spaces, for k > 1,

W= {fe Wk | fO(—r)=0Vi=0,1,....k—1} c WF2

We notice that in our definition of W 0 % the boundary condition is only required at
—r. The spaces W 0 are Hilbert spaces as they are closed subsets of the Hilbert
spaces W2, On these spaces we can also consider the inner products

0
@ sz = [ 19 e

Due to the boundary condition in the definition of the subspaces W 0 , the inner
products (-, >Wk02 are equivalent to the original inner products (-, )y x.2 on wk k) > in

the sense that they induce equivalent norms. For this reason, deahng Wlth topological
concepts, we shall consider the simpler inner products (2) on Wr,o- Finally, we
consider the space H defined as

H:=Rx W}
This is a Hilbert space when endowed with the inner product

<77’ <> = 770<0 + <T]1, <1>W1 2

which induces the norm

0

2 2, 2
Il = ol + [l )

—r
This is the Hilbert space where our infinite dimensional system will take values. We
consider the following partial order relation in H: given 7, ( € H, we say that
(3) n>¢ if no> (o and 1 > (1 a.e. in[—r,0];
moreover, we say that

(4) n > ¢ if n > ¢ and, moreover, g > (y or Leb{n; > (1} > 0.

3. The optimal control problem. In this section we give the precise formu-
lation of the optimal control problem that we study.

Given yg € (0,+00) and § € L2, we consider the optimal control of the following
one-dimensional ordinary differential equation with delay in the control variable:

0

(5) y'(8) = aoy(t) + bou(t) + [ bi€)ult +&)dE,

y(0) = yo, uls) =6(s), s € [-7,0),
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with state constraint y(-) > 0 and control constraint u(-) € U C R. The value
yo € (0,400) in the state equation (5) represents the initial state of the system, while
the function § represents the past of the control, which is considered as a given datum.

Concerning the control set U, we assume the following, which will be a standing
assumption throughout the paper.

HypoTHESIS 3.1. U = [0, 4], where @ € [0,+00]. When u = +oo, the set U is
intended as U = [0, +00).

Concerning the parameters appearing in (5), we make the following assumptions,
which will be standing throughout the paper as well.

HyPOTHESIS 3.2.

(1) CLQ,bQ e R;

(i) b1 € W5, and by # 0.

The fact that b; # 0 means that the delay really appears in the state equation.
We set

b:= (bo,bl()) € H.

Given u € L? ([0, +00);R), there exists a unique locally absolutely continuous solu-

tion y : [0, +00) = R of (5), provided explicitly by the variation of constants formula

t
y(t) = yoe™' + / (=2 f(s)ds,
0

where

0

f(s) = bou(s) + / b1 (§u(s +&)dE,  wu(s) = d(s), s € [—r0].

T

We notice that f is well defined, as by is bounded and u € L% ([0,+oc),R). We
denote by y(t;yo, (), u(+)) the solution to (5) with initial datum (yo,d(-)) and under
the control u € L ([0, +00); R). We notice that ¢ — y(t;yo, d(-), u(-)) solves the delay
differential equation (5) only for almost every ¢t > 0.

The set of admissible controls for the problem with state constraint y(-) > 0 is
Ulyo, 8()) = {w € L2u((0,+50);U) | y(t; o, 8(),u(-)) > 0 ¥t > 0},

The set U(yo,0(+)) is immediately seen to be convex, due to the linearity of the state
equation. We define the objective functional

+oo
6)  Jolyo,6();ul) = /0 e (g0 (y(t 9o, 5(-), u(-))) — ho(u(t)))dt,

where p > 0 and go : [0,+00) = R, hg : U — R are functions satisfying Hypothesis
3.3 below, which will be standing assumptions throughout the paper. The optimiza-
tion problem consists in the maximization of the objective functional Jy over the set
of all admissible controls U (yo,d(-)):

(7) e Jo(yo,6(-);u(")).
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HYPOTHESIS 3.3.

(1)

(i)

go € C([0,400);R), and it is concave, nondecreasing, and bounded from
above. Without loss of generality we assume that go(0) = 0 and set

go = UETOO 90(y).
ho € C(U) N CYU®), where U° denotes the interior part of U. Moreover,

it is nondecreasing, convex, and not constant. Without loss of generality we
assume ho(0) = 0.

Remark 3.4.

(i)

(i)

The assumption that gg is bounded from above (Hypothesis 3.3(i)) is quite
unpleasant if we think about the applications. This assumption is taken here
just for convenience in order to avoid further technical complications diverting
from our theoretical aim, which is the proof of a regularity result. However,
we stress that it can be replaced (as is usual in this kind of problem) with
a suitable assumption on the growth of gy, relating it to the requirement of
a large enough discount factor p. This is quite easy in the case @ < 400, as
in this case we have a straightforward estimate on the maximal growth of y.
In the case u = 400, the estimates require much more care, as they require
dealing with the trade-off between the “profit” coming from large values of y
and the “cost” coming from large values of u.

We consider a delay r € [0, +0c0). However, one can obtain the same results
even allowing r = +00, suitably redefining the boundary conditions as limits.
In the definition of the Sobolev spaces Wf’ozo’o, the boundary conditions re-
quired would become

wh? = {feW’“2| lim f<i>(—r)=0v¢=0,1,...,k—1}cw’“fo.
’ 77— +00

Also, for some results, we shall make use of the following assumptions.

HyYPOTHESIS 3.5.

(i)
(i)

ap 75 0,’
b >0 (in the sense of (4)).

HYPOTHESIS 3.6.

(i)
(i)
(i)

go 18 strictly increasing;
ho s strictly convex;
limy,) o g (w) = 0, limyt g ho(u) = +oo.

HYPOTHESIS 3.7. Fither (i) 4 < 400 or

(8)

(i) @w= 400 and Fa> 0 such that liminf fo(u)

u— +oo ylto

> 0.

Remark 3.8. Hypotheses 3.6(iii) corresponds to the Inada assumptions.
Remark 3.9. We notice that Hypothesis 3.7(ii) is just slightly stronger than the

assumption lim,_, 4o h((u) = 400 in Hypothesis 3.6(iii).

4. Representation in infinite dimension. In this section we restate the de-

lay differential equation (5) as an abstract evolution equation in a suitable infinite
dimensional space. The infinite dimensional setting is represented by the Hilbert
space H = R x er ’02. The following argument is just a suitable rewriting in R x Tl 702
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of the method illustrated in [12] in the framework of the product space R x L?. We
will use some basic concepts from the semigroups theory, for which we refer the reader
to [25].

Let A be the unbounded linear operator

(9) A:DA)CH—H, (n0,m()) — (aomo +n11(0), —m1(-)),
where ag is the constant appearing in (5), defined on
D(A) = Rx W7

It is possible to show by direct computations that A is a (densely defined) closed
operator and generates a Cy-semigroup (Sa(t))i>0 in H. However, we provide the
proof of this fact in Appendix A.1 by using some known facts from the semigroups
theory. The explicit expression of S, (t)n, where n = (no,m(+)) € H, is (see Appendix
A1)

0

(1) Sa(tyy = (n + /(

—t)V(-r)

M (£)e®EFag, ni (- — )1, (- — t)) .

We define the bounded linear operator
B:R — H, ur— ub= (ubg,ubs(:)).

Often we will identify the operator B € L(R; H) with b € H.
Given u € L} ([0,+00),R) and € H, we consider the abstract equation in H

) {Y’(t) = AY(t) + Bu(t),

Y(0) =n.
We will use two concepts of solution to (11), which in our case coincide. (For details
we refer the reader to [42, Ch. 2, sec.5].) In the definitions below the integral in dt is
intended as a Bochner integral in the Hilbert space H.

DEFINITION 4.1.
(i) We call mild solution of (11) the function Y € C(]0,+o0); H) defined as

(12) Y(t) = Sa(t)yy + /0 Sa(t—7)Bu(r)dr, t> 0.

(ii) We call weak solution of (11) a function Y € C([0,+00); H) such that, for
any ¢ € D(A*),

(Y (t),6) = (1, )+ / (¥ (7), A" )dr + / (Bu(r), §)dr Vit > 0.

From now on we denote by Y (+;n,u(-)) the mild solution of (11). We note that
Y (t;n,u(-)), t > 0, lies in H, so it has two components:

Y(t;n,u(-)) = (Yo(t;m,u(-)), Yatsn, u(-))).

The definition of mild solution is the infinite dimensional version of the variation
of constants formula. By a well-known result (see [42, Ch.2, Prop.5.2]), the mild
solution is also the (unique) weak solution.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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4.1. Equivalence with the original problem. In order to state the equi-
valence between the controlled delay differential equation and the abstract evolution
equation (11), we need to link the canonical R-valued integration with the er g-valued
integration. This is provided by the following lemma whose proof is standard. We
omit it for brevity.

LEMMA 4.2. Let 0<a<band f € LZ([a,b];W,,l?’OQ). Then

( / bf(t)dt)(c“): / Y

where the integral in dt in the left-hand side is intended as a Bochner integral in the
space er ’02.

We need to study the adjoint operator A* in order to use the concept of weak
solution of (11).

ProprosITION 4.3. We have

D(A") ={p = (b0, 1(-)) € H | ¢1 € W%, $1(=1) =0, ¢1(0) =0}

and

(13) A%¢ = (aogo, & () + do(§ +7) —d1(=1)), ¢ € D(A").

Proof. See Appendix A.2. O
Let v € L2, and consider its convolution with by,

13
(vxb1)(€) = by(m)v(r —&)dr, &€ [—r,0].

Recalling that b1(—r) = 0, we can extend by to a function of W12(R; R) and equal to

0 in (—oo, —r]. Extend v to a function of L?(R;R), simply defining it as equal to 0
out of the interval [—r,0]. Then the convolution above can be rewritten as

(v*by)( /b1 &)dr, &€ [-r0].

Since v € L?(R;R) and by € WH2(R; R), the result [14, Lemma 8.4] and the fact that
(v by)(—r) =0yield v* by € ero2 and

3
(14) (vb)(§) = [ Vi(r)o(r — E)dr.

T

Consider still v extended to 0 out of [—r, 0], and set ve(7) := v(r — &), 7 € [—7, 0], for
€ € [—r,0]. Of course ve € L2 and ||vg|r2 < [Jv]|12 for every & € [—r,0]. Then, due to
(14) and by Holder’s inequality we have

2 0

0 0 2 0
< [ ([ mnear) de < [ (k18 Iocl3) de < rsIlolE.

- - -Tr

0

c 2
/ by (T)ve(T)dr| dé€

-r

3
/ by (T)v(r — &)dr

-

Let us now introduce the linear operator

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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M :R x L*([-r,0;R) — H

(16) (2,0) > (5,05 b1) = <z by (r)u(r — .)dT) .

Due to (15), M is bounded. Call
M = Range(M).
Of course M is a linear subspace of H (it is possible, using [11], to show that is not
closed, so M # H).
THEOREM 4.4. Letyo € R, § € L2, u(-) € L? ([0,4+00),R). Set

loc

(17) ni= M(yo,0(-)) e M, Y(t):=Y(tn,u()), t=0.
Then Y (t) = (Yo(t),Y1(¢)(-)) belongs to M for every t > 0 and

(18) (Yo(t), Ya(t)()) = M(Yo(t),u(t+-)) Vvt =0.
Moreover, let y(-) := y(;yo0,0,u(-)) be the unique solution to (5). Then
(19) y(t) = Yo(t) Vt> 0.

Proof. Let Y be the mild solution defined by (12) with initial condition 7 given
by (17). On the second component (12) reads

Yi(t) = T(t)m + /t[T(t — 8)b1]u(s)ds
(20) ’

= 1o (- =t)m(-—1t) + /0 10 (- =t +8)b1(- =t + s)u(s)ds,

where (T'(t))¢>0 is the semigroup of truncated right shifts on er)’og, that is,

[T(t)¢] (6) = 1[—r,0] (5 - t)¢(§ - t)v 5 € [_’f’, 0]
We recall that by assumption n = M (yo, d(-)), and so

13
m(§) = b1(a)d(a — €)da.

Then, by (20) and due to Lemma 4.2,
(21)

YVi()(6) = 1p_ gy (€—t) /

-

= t
by (a)u(a—§+t)da+/ 1) (§—t+5)bi (E—t+s)u(s)ds.
0

Taking into account that 0 < s < ¢, we have £ —t < £ —t+ s < &, so that, doing
the substitution @ = £ — t + s in the second term of the right-hand side of (21), it
becomes
(22)

£t
(O = Y€ —1) [ bt~ € +da

—-r

13
+ /S 1 o(@by(a)u(a — € + t)da

—t

(E=t)V(=r) 3
= / by (@)u(a — & + t)da + / bi(@)u(a — € + t)da
- (E=t)V(=r)
3
= bi(@)u(a +t — &)da.

-
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Therefore, due to (16), the identity (18) is proved.
Let us now show (19). Setting £ = 0 in (22), we get

0
(23) Y1 (¢)(0) = b1(a)u(t + a)da.

Now we use the fact that Y is also a weak solution of (11). From Proposition 4.3 we
know that

(24) (1,0) e D(A"), A*(1,0) = (ap, E—=&+7).

Therefore, taking into account (24) and (23) and Definition 4.1(ii), we have for almost
every t > 0

(Y(t),(1,0)) = (Y(t), A"(1,0)) + (Bu(?), (1,0))

0
aoYo(t) + Y1 (1) (€)d€ + bou(t)

-

apYp(t) + Y1(t)(0) — Yi(t)(—7) + bou(t)
0

a()YQ(t) + / by (f)u(t + f)df + bou(t).

-

d
Yo(t) = pn

Hence, Yy (t) solves (5) with initial data (yo,d(+)), so it must coincide with y(t). O
We can use the above result to reformulate the optimization problem (6) in the
space H. Let

Hy := (0,+00) X VV:O2
Let n € H, and define the (possibly empty) set

Un) := {u € L, ([0, +00);U) | Yo(t;in,u(-)) > 0Vt > 0}
= {ue L},.([0,+00);U) | Y(t;n,u(-) € Hy Yt > 0}.

Given v € U(n), define

“+o0
(25) J(n;U(-))=/O e"”(Q(Y(L‘;mU(-))) - ho(U(t))>dt7
where
(26) g: Hy — R, g(n) = go(mo)-

Due to (19), if n = M(yo,4(-)), then
Un) = Uyo,6("))
and
J(m;u()) = Jo(yo, 0(-); u(-)),

where Jy is the objective functional defined in (6). Therefore, we have reduced the
original problem (7) to

a J(m;u(+)), = M(yo,6(-)) € M.
wegpax o Jmul), - n (y0,0(-))
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Although we are interested in solving the problem for initial data n € M, as these
are the initial data coming from the real original problem, we enlarge the problem
to data n € H and consider the functional (25) defined also for these data. So the
problem we consider in the next sections is

(27) max J(n;u()), n€ H.
ueU(n)

5. The value function in the Hilbert space H. In this section we study
some qualitative properties of the value function V associated to the optimization
problem (27) in the space H. For n € H the value function of our problem is the
function

ViH — R, V()= sup Jnu())
u(-)€U(n)
with the convention sup@) = —oo. We notice that V' is bounded from above due to

Hypothesis 3.3. More precisely,

Vs [ e =1a vne D)
The domain of the value function V' is defined as
D(V):={ne H | V(n) > —oo}.
Of course,
DV)c {ne H |Un) # 0}

Before proceeding, we introduce a weaker norm in H, which is the natural norm to
deal with the unbounded linear term in the study of the HJB equation.

5.1. The norm || - ||-1. We will deal with a norm weaker than the natural
norm | - || To define this norm, we will need Hypothesis 3.5(i), which we assume to
be holding true from now on.

Remark 5.1. Hypothesis 3.5(i) is taken to define the operator A~! below whose
definition requires ag # 0. We notice that this assumption is not very restrictive for
the applications, as the coefficient ay in the model often represents some depreciation
factor (so ap < 0) or some growth rate (so ap > 0). However, the case ag = 0 can
be treated by translating the problem as follows. Take ag = 0. The state equation in
infinite dimension is (11) with

A (60,61()) = (61(0), 94 ())-
We can rewrite it as
Y'(t) = AY (t) — ByY (t) + Bu(t),
where
Py:H — H, Pyop=(¢9,0), A=A+ P,.

Then everything we will do can be suitably replaced by dealing with this translated
equation and with A in place of A.
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Due to Hypothesis 3.5(i), the inverse operator of A is well defined. It is a bounded

linear operator (H, |- ||) — (D(A),] -]|) whose explicit expression is
0
+ s)ds £
(28) A_l'f] = <w7_/ T]l(S)dS) .
an —_r
We define in H the norm || - |- as
Inll—1:= A ],
and so

o 2
no+ [, m(s)ds
(20) 2, = [

0
+ [ mlopas

-

We consider the space
X :=Rx L2
This is a Hilbert space when endowed with the inner product

(m, Q) x = moCo + (m,C1)r2,

where 7 = (19, 71(+)) is the generic element of X. The norm on this space associated
to (-, ) x is

1% = lmol? + Hﬁl”%g'

LEMMA 5.2. The norms || - ||=1 and || - || x are equivalent in H.
Proof. See Appendix A.2. O
From Lemma 5.2 we get the following corollary.

COROLLARY 5.3. There exists a constant Cq, » > 0 such that
(30) Inol < Cagrllnl—1 Vn € H.

Remark 5.4. Corollary 5.3 represents a crucial issue and motivates our choice
of working in the product space R x er ’02 in place of the more usual product space
R x L2. Indeed, embedding the problem in R x L2 and defining everything in the
same way in this bigger space, we would not be able to have an estimate of type (30)
controlling |no| by ||n]|—1. But this estimate is necessary to prove the continuity of the
value function with respect to || - || -1, since in this way g is continuous in (H4, ||-||-1)-
On the other hand, the continuity of V' with respect to || - ||=1 is necessary to have a
suitable property for the superdifferential of V' (see Proposition 5.11), allowing us to
handle the unbounded linear term in the HJB equation.

We show with an example that an estimate like (30) cannot be obtained if we set
the infinite dimensional problem in the space R x L2?. In this case, the unbounded
operator to use for the infinite dimensional representation (see, e.g., [49]) is still

A:D(A) =R x L7, (0, m(-)) = (ano +n1(0), =7m1(-))
but defined on

D(A) = Rx W7 CRx L2,
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The bounded inverse operator A= : R x L2 — D(A) has the same explicit expression
given by (28). So, dealing within the framework of the space R x L2, it holds that

|

The latter norm does not control |ng|. Indeed, consider in R x L2 the sequence

0 2
no+ J°, m(s)ds
ao

(31) AT I 2 = ds.

77n = (77(7)137]111())3 77(1; =1, 7]711() = _nl[fl/mO](')v n> 1.
Supposing without loss of generality that 1/n < r, by (31) we have

¢ ’ 0 1\? 1
/ nds dfz/ n2<§+g> d§=%—>0.

_1
n n

0
JA= B e = 0+ /

1

Therefore, we have |nf| = 1 and |[A™'n"||gxz2 — 0.

5.2. Concavity and || - || —1-continuity of the value function. We are going
to prove that V' is concave and continuous with respect to || - ||_;. First, we introduce
the spaces

Hy = (0,400) x W\,
G:={ne Hy | 0 U},

0
F = {776 Hy } no + /gnl(s)eaosds> 0 V¢ e [—r,O]},

Hit:= (0,400) x {m € WT{’OZ | m() >0 ae}.

At the end, we will fully solve the problem for initial data in H, which are the most
meaningful data from the economic point of view.

PROPOSITION 5.5.

(i) Hy+ C F=G Cc D(V) C Hy and V(n) > 0 for everyn € F =G.

(ii) F is open with respect to || - ||—1.

Proof. See Appendix A.2. O

Remark 5.6. F is open also with respect to || - .

PROPOSITION 5.7. The set D(V') is conver and the value function V is concave

on D(V).
Proof. See Appendix A.2. O
COROLLARY 5.8. V is continuous with respect to || - || -1 in F.
Proof. The function V is concave, finite, and bounded from below in the || - ||_1

open set F. Therefore, the claim follows by a result of convex analysis (see, e.g., [24,
Ch. 1, Cor.2.4]). O

5.3. Monotonicity of the value function. The following monotonicity result
holds true.

PRrROPOSITION 5.9. The value function V' is nondecreasing with respect to the
partial order relation (3). Moreover, for all n € D(V) and h > 0 (in the sense of
(4)), we have

1
(32) lim V(n+sh) = ;go.

s——+o00

Proof. See Appendix A.2. O
PROPOSITION 5.10. Let Hypothesis 3.6(i) hold. We have the following:
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(i) Vi(n) < %go for every n € D(V).
(ii) For everyn € D(V) and h € H with h > 0 in the sense of (4), the function

(33) [0,400) = R, s+ V(n+ sh)

is strictly increasing.
Proof. See Appendix A.2. O

5.4. Superdifferential of concave || - | ~1-continuous function. Motivated
by Proposition 5.7 and Corollary 5.8, in this subsection we focus on the properties of
the superdifferential of concave and || - || —;-continuous functions. This will be useful
in proving the regularity result in the next section. We recall first some definitions
and basic results from nonsmooth analysis concerning the generalized differentials.
For details we refer the reader to [44].

Let v be a concave continuous function defined and finite on some open convex
subset A of H. Given n € A, the superdifferential of v at 7 is the set

D¥v(n)={p € H | v(() —v(n) < (C—n,p) V(€ A}.
The set of the reachable gradients at n € A is defined as
D*v(n):={pe H | A(n.) C A, n, — 1, such that IVv(n,)and Vou(n,) — p}.

As we know (see [44, Ch. 1, Prop. 1.11]), D" v(n) is a closed, convex, not empty subset
of H. Moreover, the set-valued map A — P(H), n — D% v(n) is locally bounded (see
[44, Ch. 1, Prop.1.11]). Also we have the representation (see [15, Cor.4.7])

(34) D*v(n) = co(D*v(n), n € A
Given p,h € H, with ||h|| = 1, we denote
pr = (p,h).
We introduce the directional superdifferential of v at n along the direction h
Difv(n) == {a € R | v(n+~h) —v(n) < yaVy € R},

This set is a nonempty, closed, and bounded interval [a, ¢] C R. More precisely, since
v(n) is concave, we have

a= v (), c=uv, 1)

where v} (1) and v}, (1) denote, respectively, the right and left derivatives of the real

function s — v(n + sh) at s = 0. By definition of D*v(n), the projection of DT wv(n)
onto h must be contained in D v(n), that is,

(35) Div(m) > {pn | p € D*o(n)} .
On the other hand, Proposition 2.24 in [44, Ch. 1] states that

a= inf{(p,h) | pe D u(n)} ¢=sup{(q,h),| g€ DT v(n)},

and the sup and inf above are attained. This means that there exist p,q € D% v(n)
such that

a= (p,h), c=(qh)
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Since Dtw(n) is convex, we see that also the converse inclusion of (35) is true. There-
fore,

(36) Dyyv(n) = {pn | p € DTu(n)}.
PropoOSITION 5.11. Let v : F — R be a concave function continuous with
respect to || - |1, and let n € F, p € D*v(n). Then

(i) p € D(A*);
(ii) there exists a sequence 1, — n such that for each n € N there exists Vv(n,) €
D(A*); and
(iii) Vo(nn) — p and A*Vou(n,) — A*p.
Proof. See [30, Prop.3.12(4)] and [31, Rem. 2.11]. a
6. Dynamic programming and the HJB equation. We are ready to ap-
proach the problem by dynamic programming. From now on, just for convenience,
we assume without loss of generality that ||b|| = 1.
THEOREM 6.1 (dynamic programming principle). For anyn € D(V) and for any
T2>0,

V(n) = sup UT e " (g (Y(tim,u(-)) — holu(t)) dt + e~V (Y (15n,u(-)))
u(-)€U(n) LJO

Proof. See, e.g., [42, Th. 1.1, Ch.6]. d
The differential version of the dynamic programming principle is the HJB equa-
tion. We consider this equation in the set F, where it reads as

(37) pv(n) = (An,Vu(n)) + g(n) + SSI[)]‘HB% Vu(n)) —ho(u)}, neF,

Define the Legendre transform of hg as

(38) H(po) == SUPU{UPO — ho(u)}.
ue

Since

sup {(Bu,p) — ho(u)} = sup {(u, B*p) — ho(u)},
uce U uc U

taking into account that B*p = (b, p), (37) can be rewritten as

(39) pv(n) = (n, A*Vu(n) + g(n) + H({(Vv(n),b)), ne F.

We note that the nonlinear term in (39) can be defined without requiring the full
regularity of v but only the C'-smoothness of v with respect to the direction b. Indeed,
denoting coherently with (36) by v, the directional derivative of v with respect to b,
we can intend the nonlinear term in (39) as H(vy(n)). So we can write (39) as

(40) pv(n) = (n, A*Vo(n)) + g(n) + H(w(n)), ne F.

6.1. The HJB equation: Viscosity solutions. In this subsection we prove
that the value function V' is a viscosity solution of the HIJB equation (40). To this
end, we need to define a suitable set of regular test functions. This is the set

T = {(p c Cl(H) | Vo(-) € D(A™), A*Vyp: H— H is continuous}.
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Let us define, for u € U, the differential operator £* on T by

(41) (L] (n) :== —pp(n) + (n, A"V o(n)) + u(Ve(n),b).
The proof of the following chain rule can be found in [42, Ch. 2, Prop.5.5].
LEMMA 6.2. Letn € H,o € T, andu € L3 ([0,+00);R), and set for t > 0

loc

Y (t) := Y(t;n,u(-)). Then the following chain rule holds:

e~PLo(Y (1)) — () = /0 P LMD Q)Y (s))ds Vi > 0.

DEFINITION 6.3.

(i) A continuous function v: F — R is called a viscosity subsolution of (40) if,
for each couple (nar,p) € F X T such that v — ¢ has a local mazimum at
na, we have

po(nar) < (s A"Vo(nar)) + g(nar) + H (wu(nar)) -

(ii) A continuous function v : F — R is called a viscosity supersolution of (40)
if, for each couple (N, ) € F x T such that v — ¢ has a local minimum at
Nm, we have

po(Nm) = (Nms AV o0m)) + 9(m) + H (06(1m)) -

(iii) A continuous function v : F — R is called a viscosity solution of (40) if it is
both a viscosity subsolution and supersolution of (40).
LEMMA 6.4. Let Hypothesis 3.7 hold. Then, for everyn € F, e > 0, there exists
M. such that

“+oo
/ e PHlu(t)|*redt < M. Yu(-) € U(n) e-optimal for .
0

Proof. See Appendix A.2. O

THEOREM 6.5. Let Hypothesis 3.7 hold. Then V is a viscosity solution of (40).

Proof. Subsolution property. Let (nar, ) € F x T be such that V' — ¢ has a local
maximum at 7y7. Without loss of generality we can suppose V(nar) = @(nar). Let us
suppose, by contradiction, that there exists v > 0 such that

2v < pV(nar) = (v, A"V o () + g(nar) + H (p(nar))) -
Let us define the function
(42) p(n) == V) +(Velnar),n =), ne H.
We have
V@(n) = Vo) Vne H.
Thus ¢ € 7 and we have as well
2v < pV(nu) — (v, AV @ (nar) + g(nar) + H (@ (1)) -

Now, we know that V is a concave function and that V' — ¢ has a local maximum at
N, so that

(43) V(n) < Vinu) + Vel ), n —na).
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Thus, by (42) and (43)

(44) onm) = Vinm), @m) > V(n) Vn e F.

Let B. := Bm,).|)(na,€) be the ball of radius e > 0 centered at 3. Due to the
properties of the functions belonging to 7, we can find € > 0 such that

v< pV(n) = ((n, A"Vo()) +9n) +H (Pu(nrr))) V€ Be.

Take a sequence d,, > 0 such that §,, — 0. For each n € N, take a J,,-optimal control
un, € U(n), and set Y(-) := Y (;nar, un(-)). Define

tp = nf{t> 0| [|[Y"(t) —numl| = e} A1,
with the agreement that inf ) = +oo. Of course, t, is well defined and belongs to

(0, 1]. Moreover, by continuity of ¢ — Y™ (t), we have Y"(t) € B, for t € [0,t,). By
definition of §,-optimal control, we have as a consequence of Theorem 6.1 that

@) - " (1) — o)) dt — (VY (1)) ~ V).
Therefore, by (44) and (45),
= e (1) — ho(un ()] di — (e (07 (1)) — Hm)
-/ " g (0) = holun(0) + (€O 1) e
- | " (1) - R (0) + (AVRY ()Y (D) + HG( ()] d
> tpl.
Therefore, since 6, — 0 we also have ¢,, = 0. We claim that t,, — 0 implies

(46) Y™ (tn) = narll — 0.

This would be a contradiction of the definition of ¢,, concluding the proof. Let us
prove (46). Using the definition of mild solution (4.1) of Y™ (¢,), we have

tn

V() —matll = | Sattyme + [ Saltn — 7 Bun(r)dr — nMH
0

tn

1(Sa(tn) = I maa | + H [ St~ r)Bus ()i

IN

t’!l
< I(Saltn) =) nu | +/O 1Sa(tn =)l e 1Bl [un(7)|dT.

Since S4 is strongly continuous and considering (75), in order to prove that the right-
hand side of above inequality converges to 0, it suffices to prove that

(47) /0 lun(s)|ds — 0.
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We have to distinguish the two cases. If (i) of Hypothesis 3.7 holds true, since ¢, — 0
we have directly (47). If (ii) of Hypothesis 3.7 holds true, set 5 := 1+« > 1. By

Hoélder’s inequality,
tn tn B opa
/ [un(s)]ds < (/ |un(7)|'8d7> tn” .
0 0

Since by Lemma 6.4 we know that (fot" |un(7)|ﬁd7)% is bounded and since ¢, — 0,
we have again (47). So the proof of this part is complete.

Supersolution property. The proof that V' is a viscosity supersolution is more
standard, and we refer the reader to [42, Ch. 6, Th. 3.2] for this part. d

6.2. Smoothness of viscosity solutions. In this subsection we are going to
show our first main result, that is, the proof of a C'! directional regularity result for
viscosity solutions to the HJB equation (37). We start by observing that, if Hypothesis
3.6(iii) holds, it is easily checked that

H(po) = 0 if po < 0,
H(po) > 0 if pg > 0.

PROPOSITION 6.6. Let Hypothesis 3.6(iii) hold true. Then the function H is finite
and strictly conver in (0, +00). ~
Proof. Let U := [—a, @]. If & = +o00, the set U is intended as R. Let

B o h (u) ifu € [O,’ﬁ],
ho(u) := { hg(—u) ifu € [—a,0].

The Legendre transform of hg is

H(po) := sup {up - ho(u)}.
ue U

Due to [45, Cor. 26.4.1], the function # is finite and strictly convex in R. In order to
get the claim, we only need to prove that for pg > 0 we have H(po) = H(po). Indeed,
if pg > 0, then

H(po) = sup{upo — ho(u)} = sup {upo — ho(u)} = sup{upo — ho(u)} = H(po),
ue U ueU ue U
where the second equality follows from Hypothesis 3.6(iii). d
LEMMA 6.7. Letv : F — R be a concave || - ||—1-continuous function and
suppose that n € F is a differentiability point for v and that Vv(n) = &. Then the
following hold:
1. There exists a function ¢ € T such that v— ¢ has a local mazimum at n and

V() = &
2. There exists a function ¢ € T such that v — ¢ has a local minimum at n and
Veo(n) = &
Proof. See [30, Lemma 4.5]. O
THEOREM 6.8. Let Hypothesis 3.6(iii) hold. Let v be a concave || - || -1-continuous

viscosity solution of (40) on F strictly increasing along the direction b. Then v is
differentiable along b at each n € F and vy(n) € (0,400). Moreover, the function

(]:7”'”)_>R7 77’_>vb(77)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/16/14 to 159.149.103.6. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

DYNAMIC PROGRAMMING FOR PROBLEMS WITH DELAY 1221

18 continuous.
Proof. Letn € F and p,q € D*v(n). Due to Proposition 5.11, there exist sequences
(1), (7n) C F such that
Lonn = n, M —
2. Vou(n,) and Vu(7,) exist for all n € N and Vo(n,) — p, Vo(,) — ¢; and
3. A*Vou(n,) = A*p and A*Vo(7i,) = A*q.
Recall that, given n € H, we have defined

M = <77’ b>

Due to Lemma 6.7 and Theorem 6.5 we can write, for each n € N,

pv(n) = (o ANV () + 9(nn) + H(ve(mn)),

pv(iin) = (s AV (1)) + 9(n) + H(vo(7n))-

So, letting n — 400, we get

(48) (n, A%p) + g(n) + H(pp) = pv(n) = (n, A%q) + g(n) + H(g).

On the other hand, A\p + (1 — X\)g € D" v(n) for any A € (0,1), so that we have the
subsolution inequality

(49)  pv(n) < (, A" [Ap+ (1= Ng]) + g(n) + HApo + (1 = Nagp) VA € (0,1).
Combining (48) and (49), we get
(50) H(Aps + (1= Nap) > MNH(po) + (1 — N H(gp).

Notice that, since p,q € D*v(n), we have also p,q € Dt v(n). On the other hand, since
v is concave and strictly increasing along b, we must have py, ¢, € (0, +00). Therefore,
taking into account that H is strictly convex on (0, +00) (Proposition 6.6), (50) yields
Py = qp. So, we have shown that the projection of D*v(n) onto b is a singleton. Due
to (34), this implies that also the projection of Dtv(n) onto b is a singleton. Due to
(36), we have that D;fv(n) is a singleton, too. Since v is concave, this is enough to
conclude that it is differentiable along the direction b at 1 and that vy(n) € (0, +00).

Now we prove the second claim. The topological notions are intended in the norm
|| -]|. Take n € F and a sequence (n™) C F such that n™ — 7. Since v is concave, by
(36) there exists for each n € N an element p,, € DT v(n,) such that (p,,b) = vp(n,).

The superdifferential set-valued map F — H, 1 + DTwv(n) is locally bounded
(see [44, Ch.1, Prop.1.11]). Therefore, from each subsequence (p,, ) we can extract
a subsubsequence (pnkh) such that Py, — P for some limit point p. Due to the
concavity of v, the set-valued map 7 — D¥v(n) is norm-to-weak upper semicontinuous
(see [44, Ch.1, Prop.2.5]), so p € DT v(n). Since vy(n) exists, by (36) we get

(p,b) = vp(n).

With this argument we have shown that, from each subsequence (vy(n"*)), we can
extract a subsubsequence (vp(n™)) such that

up(" ) = (Png, - b) = (P, b) = vp(n)-
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The claim follows by the usual argument on subsequences. d

COROLLARY 6.9. Let Hypotheses 3.5, 3.6(i), (iii), and 3.7 hold. Then V is
differentiable along b at any point n € F and Vy(n) € (0,+00). Moreover, the function
(F -1 = R, n—= Vi(n) is continuous.

Proof. Due to Proposition 5.7, the function V' is concave in F, and due to Corol-
lary 5.8, it is continuous therein. Moreover, since b > 0, due to Proposition 5.10,
it is strictly increasing along b. Finally, by Theorem 6.5 it is a viscosity solution of
the HJB equation (40). Therefore, Theorem 6.8 applies to V, and we have the
claim. O

Remark 6.10. Notice that in the assumption of Theorem 6.8 we do not require
that v be the value function but only that it be a concave || - || _1-continuous viscosity
solution of (40) strictly increasing along the direction b.

We also notice that the claim of continuity of 7 — V4(n) can be made stronger:
indeed, one has that this map is continuous with respect to || - ||-1. However, we do
not need this stronger continuity property.

7. Verification theorem and optimal feedback. In this section we assume
that all the assumptions of Corollary 6.9 (Hypotheses 3.5, 3.6(i), (iii), and 3.7) hold,
and we do not repeat them. Moreover, we also assume that Hypothesis 3.6(ii) holds
true, and we do not repeat it. In view of Corollary 6.9, we can define a feedback map
in classical form. Indeed, we can define the map

(51) P(U) = argmax, ¢y {u‘/b(n) - hO(u)}a n e F.

Existence and uniqueness of the argmax follow from (38) and Hypothesis 3.6(ii), (iii).

Continuity in F of P follows from Corollary 6.9. With this map at hand, we can

study the associated closed loop equation and prove a verification theorem stating

the existence of optimal feedback controls, as is done in [31]. Unlike [31], we approach

this equation directly in infinite dimension, where it reads as

(52) Y'(t) = AY (t) + BP(Y (t)),
Y(0) = .

By mild solution to (52) we intend a continuous function Y* : [0, +00) — F such that
¢
(53) Y*(t)= Salt)n + / Sa(t —7)BP(Y*(1))dr, t> 0.
0

We notice also that the local existence of such a solution is not immediate, as the
map BP is known to be just continuous (not Lipschitz continuous) in F C H, and
Peano’s theorem fails in infinite dimension in general (see [33]). However, the map
BP has finite dimensional range, and this allows us to get the existence.

7.1. Verification theorem. Assuming the existence of a mild solution to (52)
(it will be proved in subsection 7.2), we prove a verification theorem yielding optimal
synthesis for the control problem. We start by giving the definition of optimal control.

DEFINITION 7.1. Let n € D(V'). A control u* € U(n) is said to be optimal for the
initial state n if J(n;u*(-)) = V(n).

THEOREM 7.2 (verification theorem). Letn € F, and let Y*(-) be a mild solution
of (52). Define the feedback control

(54) u*(t) .= P(Y™()).
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Then u* € U(n) and is an optimal control for the initial state 7).

Proof.  Admissibility. Let us consider the mild solution Y (¢;n,u*(-)) to (11)
starting at n and with control u(-) = u*(-). By (53) also Y* is a mild solution to the
same equation, and so we get by uniqueness of mild solutions

(55) Y7(t) = Y (&, u”(:))-

Now notice that Y*(t) € F for each t > 0, since, as solution to (53), it must lie in
the domain of P, which is indeed F. So, from the equality (55) we deduce that also
Y (t;m,u*(-)) € F for each t > 0. By definition of F, this implies that Yy (¢; 7, u*(-)) > 0
for each ¢t > 0, so we conclude that u* € U(n).

Optimality. Arguing as in [31, Th. 3.2] (we omit the proof for brevity), we get

(56) J(n;u”(-)) =2 V(n).
Then the optimality of u*(-) follows. O

7.2. Closed loop equation: Local existence and uniqueness. In order to
apply Theorem 7.2 and construct optimal feedback controls, we need to prove the
existence of mild solutions to the closed loop equation (52). To this end, we note
that there are available in the literature some results on Peano’s theorems in infinite
dimensional spaces (see [1, 3, 19, 21, 38, 47, 52]). We could appeal to such results
and their proofs. However, our case is slightly different since we need to work with
mild solutions (due to the presence of the unbounded operator A). So, for the sake
of completeness, we provide the proof here.

PROPOSITION 7.3. For each n € F, the closed loop equation (52) admits a local
mild solution; i.e., there exist T > 0 and a continuous function Y* : [0,7) — F such
that (53) holds for every t € [0,7).

Proof. Let n € F, e >0, and M = supgc g, ) |[P(§)], where B(n, ¢) is the ball of
radius € > 0 centered at 7. We take € small enough so that M < +oo (this is possible
since P is continuous, so locally bounded). Let

No :={Y € C([0,a], H) : |Y(t) — nl <&},
where o has to be determined, and G is the operator defined as
G: N, — C([0,a]; H),
V() = Saln + [ Sal—5)BP(Y()ds.
We have for all ¢ € [0, o
1(GY)(t) —nll < [(GY)(t) = Sa()nll + [[Sa(t)n — ]
<0 [ 18t = s)lds + [1Sa(0n
< CoMae*™ + [[Sa(t)n —nl-

Due to the strong continuity of the semigroup S4, we see form the estimate above
that if « is small enough, then the operator G maps N, into itself. We fix, from now
on, such an . Let {Y™(-)},>0 be the sequence of functions from [0, ] to H defined
recursively as

(57) Yo)=mn Y™ =GY" neN.
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Since G maps N, into itself, we have
(58) {Y"}>0 C Na.

Then, due to (58) and since P is bounded in B(n, £), we see that
(1) there exist a dense subset E C [0,a] and f: E — R, such that, extracting a
subsequence if necessary, we have the convergence

(59) P(Y"(s)) =3 f(s) Vs € E;and

(2) by definition of G, the family {Y"(-)},>0 is a family of equiuniformly contin-
uous functions.
By these two facts, arguing as in the usual proof of the Ascoli-Arzela theorem (see,
e.g., [51, Ch. III, pag. 85]), we can prove the existence of a function f € C([0,a]; R)
extending f to the whole interval [0, o] such that

PY"()) — f(-) uniformly in [0, a].
Therefore,

Y™ — V() = Salt)y + /0 Sa(t—s)Bf(s)ds uniformly in [0, a].

By construction, Y (-) is the solution we were looking for. Indeed, on one hand,
GY"™(t) =Y"TH(t) — Y (t) Vte [0,qa],

and, on the other hand,
t t

GY"(t) = SA(t)TH-/ Sa(t—s)BP(Y"(s))ds — SA(t)TH-/ Sa(t—s)BP(Y(s))ds.
0 0

Hence

V0= Sa(tn + [ Salt ) BPOV(6)s,

the claim. d

Proposition 7.3 provides a way to locally construct controls in the following sense.
Let 7 > 0, n € F, and let us define the convex set U, (n) as the set of restrictions of
the functions of U(n) to the interval [0, 1), i.e.,

(60) Ur(n) := {ur () = u()ljo,r) [ weUn)},

and let us consider the following functional on U, (n):

(61) Jr(n;ur (")) := /OT e " (g(Y(tsm,ur (1)) — ho(ur (1)) dt+e™ "V (Y (15, u-(-)))-

DEFINITION 7.4. We say that a control in U, (n) is a T-locally optimal control for
n if it mazimizes J;(n;-) over Ur(n).

Let Y* be a mild solution in the interval [0, 7) starting at n in F, and consider the
control u*(-) = P(Y*(-)). Then, arguing as in the proof of the verification theorem,
Thorem 7.2, one sees that u*(-) is 7-local optimal for 5. This establishes a connection
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between the existence of a local mild solution to the closed loop equation (52) and the
existence of a locally optimal control. On the other hand, we can address the question
of the connection between the uniqueness of mild solutions to the closed loop equation
(52) and the uniqueness of locally optimal controls. In this case we follow the inverse
path; i.e., we first prove the uniqueness of locally optimal controls and then derive
from it the uniqueness of mild solutions to the closed loop equation (52).

PROPOSITION 7.5. Let n € F and 7 > 0. The functional J.(n;-) is strictly con-
cave over U-(n) and, consequently, there exists at most one T-locally optimal control
for .

Proof. The claim follows from the concavity of g (Hypothesis 3.3(i) and (26)), the
concavity of V' (Proposition 5.7), the hypothesis of strict convexity of hy (Hypothesis
3.6(i1)), and the linearity of the state equation. O

PROPOSITION 7.6. Let n € F. If Y1,Ys are two mild solutions of (52) on some
interval [0,7), then Y1 = Y5 in [0, 7).

Proof. Let 7 > 0, and let us suppose that Y7, Ys are two local mild solutions of
(52), defined on [0, 7). Due to the argument above, the controls

urr(t) := PV1(t),  war(t) = P(Ya(t), t€[0,7),
are both 7-locally optimal for 7. By Proposition 7.5, we must have
P(t) = P(Ya(t)) Vte[0,7).
Then, setting vk (t) := P(Y1(t)) = P(Ya(t)), we have

Yi(t) = Satyy + / Sa(t— s)Buz(s)ds = Ya(t) Vi€ [0,7),

the claim. a

7.3. Closed loop equation: Global existence. The following result shows
the existence of a unique mild global solution of the closed loop equation (52). We
consider only the case when @ < +00, i.e., case (i) of Hypothesis 3.7.

PROPOSITION 7.7. Let u < 4+00. For each n € Hyy there exists a unique mild
solution of (52) in [0, +00).

Proof. Uniqueness. The proof follows from Proposition 7.6.

Ezistence. Let Y*(-) be the unique mild solution of (52) starting at n, provided
by Propositions 7.3 and 7.6, and let [0, Timax) be its maximal interval of definition.
Assume by contradiction that 7. < 400. Using (74), we have the estimate

/S CS(t I BPOY () dr

for all 0 < s <t < Tyax, where Co = |u|||b]| Me“t. Therefore,

/ S(t —r)BP(Y*(r))dr — / S(s —r)BP(Y"(r))dr
0 0

(62)

t
< < |a||\b|\/ 1S(t = ) ldr < Colt —

Y*(t) = Sa(t)n + g(t), 0 <t < Tmaxs

where g(t) := fot Sa(t — s)BP(Y*(s))ds is uniformly continuous from [0, Tmax) into F.
Since also the function ¢t — Sa(t)n is uniformly continuous from [0, Timax) into F, we
have that Y* : [0, Tiax) — F is uniformly continuous. It follows that there exists

(63) YV*(Tmax) i= lim  Y*(t) € F.

t T Tmax
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We claim that Y*(7inax) € Hy+. By (10) we have

(64) [SA(t)n]O > T]OEGOt Vt € [Ovaax)a
(65) [Sat)n]1(€§)>0 Vt € [0, Tmax), V€ € [—7,0].

On the other hand, since P > 0 and b > 0 (in the sense of (3)), and since S4 is
positive preserving (see (76)), we also have g(t) > 0 for all ¢t € [0, Tyae) (in the sense
of (3)). Combining this fact with (64)-(65) and taking into account that 7,4, < +00,
we see that Y*(7a2) € Hyy, as claimed.

Now let us consider the following equation:

Y'(t) = AY (t) + BP(Y (t)), t > Tmax,
(66)
Y(Tmax) =Y (Tmax)-

We know that Y*(7max) € Hyy C F. Since our system is autonomous in time, the
above equation admits a (unique) mild solution in the interval [Tyax,7) for some
T > Tmax Dy Proposition 7.3. Therefore, there exists a function Y** : [fpax, 7) — F
such that
-
Y*(t) = Sa(t — Tmax)Y " (Tmax) + Sa(t = 8)BP(Y*™(s))ds YVt € [Tmax,T)-

Tmax

Now we consider the function Y : [0,7) — H defined as

\ ._ Y*(t)v 0 <t < Tmax,
Y(t) = { Y**(t), Tmax <t <T.

Clearly Y solves in the mild sense (52) in the interval [0, Tiax). On the other hand,
for t > Tmax we have, using the semigroup property of Sa(-),
(67)
t
Y(t) = Y™ (t) = Sa(t — Tmax) Y (Tmax) + Sa(t—s)BP(Y™(s))ds

Tmax

— Sa(t — Tias) (SA (T )17 + /O T S (o — r)BP(Y*(r))dr)
T St B (s))ds

Tmax

— Sa(t)n+ /0 T Salt— ) BPOY(s)ds + [ Salt— 8)BP(Y™(s))ds

Tmax

= Sa(t)y+ /0 t Sa(t — s)BP(Y (s))ds.

It follows that Y is a mild solution of (52) on the interval [0, 7), contradicting the
maximality of the interval [0, Tiayx ), and the proof is complete. d

Combining Theorem 7.2, Proposition 7.5, and Proposition 7.7, we get the second
main result of the paper.

COROLLARY 7.8. Assume that u < +oo. Let n € Hy,, and let Y* be the unique
mild solution to the closed loop equation (52) starting at 7. Then the unique optimal
control starting at n is
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Remark 7.9. The results proved in this section give as consequences “half” of a
comparison theorem for viscosity solutions of our HJB equation (39). Indeed, suppose
that in the definition of the feedback map (51) and in the proof of all the results of
this section we replace V}, with vy, where v is another viscosity solution of the HJB
equation (39) such that v is concave, || - | -1-continuous, and strictly increasing along
the direction b (consider also Remark 6.10). Working with this feedback map, we
would obtain (56) with v in place of V', and the inequality V' > v follows immediately.

Appendix.

A.1. The semigroup Sa in the space H. Hereafter, given f € L2, when
needed, we shall intend it extended to R setting f = 0 outside of [—r,0]. Consider
the space X = R x L? endowed with the inner product

(3x = (9 + ()2,

which makes it a Hilbert space. On this space we consider the unbounded linear
operator

(68) A" DAY C X — X, (no,m() — (aono, 71 (")),
defined on the domain
D(AY) = {n= (0, m(:) [m € W>?, m(0) = no}.

It is well known (see [25]) that A* is a closed operator which generates a Cp-semigroup
S i on X. More precisely, the explicit expression of S j. (t) acting on ¢ = (o, 91(+)) €
X is
(69)

Sa- (00 = (€00, Loyt + )1 (t+€) + Lo oy (¢ + ™| .

On the other hand, it is possible to show (see, e.g., [30]) that A* is the adjoint in X
of

A:DA)Cc X — X,
(70) (1m0, m1(-)) — (aomo + n1(0), =11 (+)),

D(A) = Rx W,y = H.

It follows (see [25]) that A generates on X a Cp-semigroup S which is nothing else
than the adjoint (taken in the space X) of 5., i.e.,

Sa(t) = Sz ()" Vt>0.

We can compute the explicit expression of the semigroup Sz through the relation,
which must hold for each ¢ > 0,

(Sat)p, )x = (¢, Sx-(D)Y)x Vo= (¢o,01() € X Vb= (Yo, ¢1()) € X.
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By (69), we calculate

(¢, 54-W¥)x
= Goe®1g +/

-r

0

1 (€ (¢ + E)dE + /( G
—t)V(—r

(=t)v(-r)
(71)
0 0
= ey + / $1(§ — )1 (§)d€ + / 1(8)e®EF o dg.

(=r+t)A0 (—

V(=)

So we can write the explicit form of the operator S;(t) as

0
SA(t)(Jb = <¢Oea0t +K W )¢1(§)ea0(£+t)d€7 T(t)qsl) ) ¢ = (¢07 ¢1()) € X7
—t)V(—r
where (T(t)):> o is the semigroup of truncated right shifts in L? defined as

(72) rone={ 1€ ase ! felk

, otherwise,

So, we can rewrite the above expression as

0
(73) Sa(t)e = <¢08a0t+ /(_t)v(_)sbl(f)e%(f*“df, ¢1<-—t)>, (0, 61(-)) € X.

We have defined the semigroup Sz and its infinitesimal generator (4, D(A)) in the
space X. Therefore, by well-known results (see [25, Ch. II, p. 124]), we get that
Alp( z2) is the generator of a Co-semigroup on (D(A), || - [|p(4), which is nothing but
the restriction of S to this subspace. Now we notice that

DAY = H, |-llpay ~ Il D) = Rx W2 =D(A), Al ez = 4

where A is the operator defined in (9). Hence, we conclude that A generates a Co-
semigroup on H, whose expression is the same given in (73). We denote such a
semigroup by S4. We recall (see, e.g., [42, Ch. 2, Prop. 4.7]) that if S is a Cp-semigroup
on a Banach space B, then there exist constants M > 0 and w € R, such that

(74) 1Sl e < Me, t>0.
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In this case, using Holder’s inequality and taking into account that ¢1(—r) = 0, as
o1 € WT,{’OQ, we compute for every ¢ > 0

2

0
G0’ + / 1 (&)e TV de
(

—t)V(—r)

2

0
< 2620t g 2 4 262000 ( / |¢1<s>|d§)

-r

0

—-Tr

0 3

¢1(s)ds

—-Tr

2
S 262a0t|¢)0|2 4 262a0t7’ / df

-Tr

0 3
< 262 go | + 270fr (/ (r+¢) ( / I¢1<s>|2d8> df)

< 260 go €211 1.
7,0

Moreover,
”T(t)HL(Wjﬁ) <1 Vvtelo,r] ”T(t)HL(Wjﬁ) =0, Vt >r.
The computations above show that in our case
(75) 1S4l ey < (2+7%)1 2% vt > 0.
Finally, we notice that clearly S, is positive preserving, i.e.,
(76) n>0= Sa(t)y >0 Vt>0.

A.2. Proofs of technical results. Here we provide the proofs of some results
we have not proved in the main text.
Proof of Proposition 4.3. Let

D:={¢=(do.¢1(")) € H | pp € W>?, ¢1(—r) =0, ¢,(0)=0}.

First we notice that, defining A*¢ on D as in (13), we have A*¢ € H. Now notice
that

0
(77) Yi(=r) =0, ¥ (0) = 3 Pi(€)dE Vi € D(A).
Therefore, taking into account (77), we have for every ¢» € D(A) and every ¢ € D
(78)
(A, §)

0
= apopo + 11 (0)dg — 3 V1 (&) (€)dE
0 0

—anting -+ ( [ 01O ) b0 — 00640 + (i) + [ whistieras

T

0
= aoodo + i V1(8) (¢o + ¢1(€)) dE = (v, A"¢),
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where

{(A*Qs)o = apdo,
(A*0)1(€) = [, (do + ¢ (s))ds = do - (€ +7) + $1(€) — ¢ (—7).

The equality above shows that D C D(A*) and that A* acts as claimed in (13)
on the elements of D.

Now we have to show that D = D(A*). For the sake of brevity here we only
sketch the proof of this fact,® as a complete proof would require a study of the adjoint
semigroup Sa-(t) in the space H. We observe that D is dense in H. Moreover, an
explicit computation of the adjoint semigroup would show that S4-(t)D C D for any
t > 0. Hence, by [20, Th.1.9, p.8], D is dense in D (A*) endowed with the graph
norm. Finally, using (13) it is easy to show that D is closed in the graph norm of A*
and therefore D (A*) = D. O

Proof of Lemma 5.2. Let n = (n9,m) € H. Taking into account (29) and by
Hoélder’s inequality, we have

0
Imo? + / I (€) 2 de

-r

Inll%

2 0
+ / I (€)2de

-r

0 0
no + / m(€)de — / m(€)de

-r -

A

2

2 0
+ / I (€)]2de

-

0
70 +/ m(§)d§

-r

2 0
4 2‘/ m(€)de
2

L (/ Im(é)ld£> +/ MBI

2

0 0
P 1 I (€)[2de + 1 Im(©Pde < Cllnll.,

IN

0
2 no +/_ m(§)dé

Mo + fi)r m(&)d§

ao

IN

2
2a4

where C' = max{2a3, 2r® + 1}.
On the other hand, still using (29) and Holder’s inequality, we have

2
o+ [0 m(s)ds

2 _
2 = | ===

0 0
2
+ / [ (s)[*ds < —mol” +/ m(s)|*ds < C'|lnll,
0

-r -

where ¢’ = max {%2, 1 ¢. So the claim is proved. O
Proof of Proposition 5.5. (i) The inclusions
H ,CFCH,
are obvious. Let n € H, and set Y () := Y'(-;n,0). Due to Definition 4.1(i), we have

0
Yo(t) = [Sa(t)n]y = noe™ + / e+, (&)dg
(=t)V(-r)

0
= ! <770+/( » )e‘“’fnl(é)cﬁ) vt > 0.
—t)V(—r

3To this end we observe that we use in this paper only the fact D C D(A*) and that (13) holds
true on the elements of D, which has been proven rigorously. More precisely, we use the fact that
(1,0) € D C D(A*) in the proof of Theorem 4.4.
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So we see that F = G. Now let n € §. Since gg is nondecreasing and ¢o(0) = 0,
ho(0) = 0, we have

+oo
Vin) > J(n,0) = / e (go(Yo(t:,0)) — ho(0)) dt > 0.

As a byproduct this shows that V(1) > 0 on G and that G C D(V), so the proof of
item (i) is complete.
(ii) Let 7 € F. We have to prove that
(79) Jesuch that B||.||71(77,€) C F.
Due to Lemma 5.2, (79) is equivalent to

(80) Jesuch that B”.”X(ﬁ,&“) C F.

Let € > 0 and n € Bj.(7,¢). Then we have

o —mol <&, lm—mlrz < e

Therefore,

0 0

‘(770 +/ 61108771 (S)dS) — <770 —|—/ eaosﬁl (S)d8>‘

—¢ —¢
81 0
(51) < o — 7o + \ e o) - i) ds

—¢

IN

|770 —770| + r1/26|a0|T||771 _771||L2 < (1 _'_rl/?elaolr) e

where the second inequality follows from Holder’s inequality. Then (80) straightly
follows from (81) taking a sufficiently small € > 0, and so the proof is complete. d

Proof of Proposition 5.7. Let n, 7 € D(V), and set, for A € [0,1], nx := A\ +
(1 =X)7. For e > 0, let u®(-) € U(n) and u°(-) € U(7) be two controls e-optimal for
the initial states 7,1, respectively, i.e., such that

Jus () > Vin) —e, J(gu%() > V() e
Set
y() = yCimuf (), 90) = g(s57,a°()), () = M() + (1= Na ().
Finally, set yx(+) := Ay(:) + (1 = XN)y(+). The function hy is convex, and so one has
ho(u*(t)) < Aho(uf(t)) + (1 — N)ho(@s(t)), t > 0.
Moreover, by linearity of the state equation, we have
Y (ts s () = AY (m,0°()) + (1= NY (87,5 ().
Hence, by concavity of ¢ (due to Hypothesis 3.6(i) and (26)) we have

g(Y (tma,u* () 2 Ag(Y (85, u())) + (1 = Ng(Y (77, 2°()), ¢ > 0.
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So, we have
+oo
Vi) > T, u?() = /O e (g(Y (tmn,u™ () — ho(u (1)) dt
+oo
2/0 e P Ag(Y (B, u® () +(1 = Ng(Y (7, a°(-))) = Ao (u® () — (1 = N ho(a(t))) dt
= A, u () + (L= N)J(7,4°(:)) > AV(n) + (1 = )V (7)) —e.
Since ¢ is arbitrary, this shows both claims. d
Proof of Proposition 5.9. Letn, ¢ € D(V) withn > (. Let u € U(n), and consider

Y (+;m,u(-)). Since S4 is positive preserving (see (76)), we have

(82) Y(tn,u() =Yt u(-) = Sat)(n—=¢) =0 vi=0.

Therefore,

Yo(t; 7, U()) > YO(t; ¢ u())

This shows that w € U(n). Hypothesis 3.6(i) implies that ¢ is nondecreasing with
respect to the order relation defined in (3). Set

) = /Ot Sa(t — 7)Bu(r)dr.
Then, also taking into account (82),
J(m;u()) = J(G5u())
= /Om e (g(Y (i, u()) — g(Y (1:¢,u())) dt
= /O+OO e " (g(Sat)(n) + B(1) — g(Sa(t)(C) + B(1)) dt

So, by the arbitrariness of u € U(n0, we get V(n) > V({), the first part of the claim.
Let us show the second part. Since h(0) = 0, we have

+oo
Vi + sh) > J(n + shi0) = / ¢Pg (Sa(t)(n + sh)) dt

—+oo

| P90 ([Sa(t)(n + sh)l,) dt.

y (10) we have
[Sa(t)(n+sh)], T +ooas s T +oo Vt> 0.

So, since gg is nondecreasing, by monotone convergence, we get

+oo 1
hm Vn+sh)= / e Plgodt = =go,
0 P

s—+00

the claim. a
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Proof of Proposition 5.10. (i) Let u € U(n). Set C := (2473)2. By (75) we have

t
(83) 1Y (6)] < Cet ||| + / Ce® =] |b]|u(r)|dr

t
< cent (Il +10) [ lutrar )

With regard to the structure of U, we distinguish the two cases & < +o00, & = +00.
Case 1 < +oo. In this case (83) yields

1
(34) Yo(t)] < V()] < et (Ilnll ¥ a—onbnut) V>0
Let § be such that
1 B _
(3 an (e (1l + o-lvla) ) =go =

Since go is strictly increasing, we have § > 0. Then, for every u € U(n), we have due
to (84) and (85) and since hg > 0

+o0 +oo
T () = / e (g(¥ () — ho(u(t))) dt < / et g(Yo (1))t

1 “+o0
1
/ e g0 (Ce‘“’ (Ilnll + alblu» dt+/ e P godt
0 1

1 1
;(go -6 (1—e")+ ;67’)@0-

IN

IN

Taking the supremum over u € U(n), in the inequality above we get

1 1
V(n)= sup J(pu(-) < =(Go—9) (1 —e")+=e""go < —go,
u€U(n) p P

D=

obtaining the claim in this case.
Case 1 = +o0o. By Hypothesis 3.3(ii) there exist Cp, Cy constant such that

(86) ho(u) > Cou—Cy YuelU.

Given (83), we want to find an upper bound for |Yy(¢)| like (84), in order to argue as
before and get the claim. In this case, since © = +o00, we do not directly have this
upper bound over all u € U(n), but only on “good” controls (e-optimal, which still
suffices). Let € > 0, and let u € U(n) be an e-optimal control for n. Then by (86),

+oo
Vn) —e< Jul) = /0 e (g(Y () = ho(u(t))) dt

+oo
< / e Pt (g(Y(t)) — Coult) + Cy) dt.
0
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So we have
1 +oo
CO/ e P u(t)|dt < Co/ e Pu(t)|dt
0 0
+oo
< / e P (g(Y () +C)dt —V(n) +e
0

“+oo 1

s/ (@0 + C1)dt = Vi) + & = (0 + C1) = Vi) +
0

< M.

This means that there exists some M’ > 0 such that
1
/ w(ldt < M’ Yu € Un) e-optimal.
0

Therefore, an upper bound like (84) holds true for ¢ € [0,1] for the controls u € U(n)
which are e-optimal. This allows us to conclude as before.

(ii) By Propositions 5.7 and 5.9, we know that the real function defined by (33)
is concave and nondecreasing. Then, assuming by contradiction that it is not strictly
increasing, there must exist s > 0 such that V(9 + sh) is constant on the half line
[3; +00). This fact would contradict claim (i) and (32), so we conclude. O

Proof of Lemma 6.4. If Hypothesis 3.7(i) holds, the proof is trivial. So, let
Hypothesis 3.7(ii) hold true. By such an assumption, there exist some constants
Mgy, My > 0 such that

ho(u) Z MoulJra - Ml.
Let u® € U(n) be an e-optimal control for 7. Then

+oo
V(n) —e < J(mpus(-) = / e P (g(Y (1) — ho(u(t))) dt
(87) 0

+oo
< / e (g(Y (1)) — Molu(®)[+ + My) dt.
0
From (87) we get
+oo +oo
MO/ et lut)|Hodt < / e (g(Y (1) + My) dt — V(i) + &
0 0
+oo 9
< / e P (go+ My)dt —V(n) +e< Z—r>—n
0

So the claim is proved. d
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