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Chapter 1

Introduction to Optimal
Control

1.1 Some examples

Ezxample 1.1.1. The curve of minimal length and the isoperimetric prob-
lem

Suppose we are interested to find the curve of minimal length joining two distinct
points in the plane. Suppose that the two points are (0,0) and (a,b). Clearly
we can suppose that a = 1. Hence we are looking for a function z : [0,1] — R
such that z(0) = 0 and z(1) = b.

The length of such curve is defined by X
fol ds, i.e. as the “sum” of arcs of in-
finitesimal length ds; using the picture — XTdx g 3
and the Theorem of Pitagora we obtain YK S— Lo

s ;

(ds)? = (dt)? + (dx)?
= ds=+/1+42dt,

. da(t) : : :
where & = =3~ o )

Hence the problem is
1

rnxin/ 1+ 22(¢)dt
x(0) 2 0
z(1)=1b

It is well known that the solution is a line. We will solve this problem in
subsection 2.5.11

A more complicate problem is to find the closed curve in the plane of assigned
length such that the area inside such curve is maximum: we call this problem
the foundation of CartagenaE] This is the isoperimetric problem. Without loss

IWhen Cartagena was founded, it was granted for its construction as much land as a man
could circumscribe in one day with his plow: what form should have the groove because it
obtains the maximum possible land, being given to the length of the groove that can dig a man
in a day? Or, mathematically speaking, what is the shape with the maximum area among all
the figures with the same perimeter?
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of generality, we consider a curve z : [0,1] — R such that z(0) = z(1) = 0.
Clearly the area delimited by the curve and the ¢ axis is given by fol x(t) dt.
Hence the problem is

1
max / x(t)dt

0
z(0) =0
z(1)=0

1
/ VI42(t)dt=A>1
0

Note that the length of the interval [0, 1] is exactly 1 and, clearly, it is reasonable
to require A > 1. We will present the solution in subsection [4.3.3]

Ezample 1.1.2. A problem of business strategy

A factory produces a unique good with a rate x(t), at time ¢. At every moment,
such production can either be reinvested to expand the productive capacity
or sold. The initial productive capacity is a > 0; such capacity grows as the
reinvestment rate. Taking into account that the selling price is constant, what
fraction u(t) of the output at time ¢ should be reinvested to maximize total sales
over the fixed period [0, T]?

Let us introduce the function w : [0,T] — [0, 1]; clearly, if u(t) is the fraction of
the output z(t) that we reinvest, (1 — u(t))z(t) is the part of x(t) that we sell
at time ¢ at the fixed price P > 0. Hence the problem is

T
I’lrl,leaé{/o (1 —u(t)z(t)Pdt
T =ux (1.3)
z(0) = a,

C={u:[0,T] = [0,1] CR, u € KC}

where o and T are positive and fixed. We will present the solution in subsection

B.5.2l and in subsection [5.5.11

Example 1.1.3. The building of a mountain road

The altitude of a mountain is given by a differentiable function y, with y :
[to,t1] — R. We have to construct a road: let us determinate the shape of
the road, i.e. the altitude z = xz(t) of the road in [to,¢1], such that the slope
of the road never exceeds «, with a > 0, and such that the total cost of the
construction

/ “(alt) — ()2 dt

to

is minimal. Clearly the problem is

min [ (2(t) - y(£)? dt
i Z (a(t) ~ (1) -

C=A{u:to,t1] = [, o] CR, ue KC}

where y is an assigned and continuous function. We will present the solution in
subsection of this problem introduced in chapter IV in [23].
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Ezample 1.1.4. “In boat with Pontryagin”.
Suppose we are on a boat that at time tg = 0 has distance dy > 0 from the pier
of the port and has velocity vy in the direction of the port. The boat is equipped
with a motor that provides an acceleration or a deceleration. We are looking
for a strategy to arrive to the pier in the shortest time with a “soft docking”,
i.e. with vanishing speed in the final time 7.
We denote by = = x(t) the distance from the pier at time ¢, by & the velocity of
the boat and by & = u the acceleration (£ > 0) or deceleration (& < 0). In order
to obtain a “soft docking”, we require x(T") = @(T") = 0, where the final time T
is clearly unknown. We note that our strategy depends only on our choice, at
every time, on u(t). Hence the problem is the following

min T’

yEC

i=u

2(0) = do (1.5)

(E(O) = Vo

x(T)=z(T)=0

C={u:[0,0) = [-1,1] C R}

where dg and vg are fixed and T is free.

This is one of the possible ways to introduce a classic example due to Pon-
tryagin; it shows the various and complex situations in the optimal control
problems (see page 23 in [23]). We will solve this problem in subsection [3.5.1]
A

Ezample 1.1.5. A model of optimal consumption.

Consider an investor who, at time ¢ = 0, is endowed with an initial capital z(0) =
xg > 0. At any time he and his heirs decide about their rate of consumption
¢(t) > 0. Thus the capital stock evolves according to

T=rx—c

where r > 0 is a given and fixed rate to return. The investor’s time utility for
consuming at rate ¢(t) is U(¢(t)). The investor’s problem is to find a consumption
plain so as to maximize his discounted utility

o0
/ =3 (e(t))dt
0

where 9§, with § > r, is a given discount rate, subject to the solvency constraint
that the capital stock z(¢) must be positive for all ¢ > 0 and such that vanishes
at co. Then the problem is

ceC

T=rTr—C

z(0) =z >0 (1.6)
x>0

lim z(t) =0

t—o0

C={c:]0,00) = [0,00)}

with 6 > r > 0 fixed constants. We will solve this problem in subsections
and for a logarithmic utility function, and in subsection for a HARA
utility function. VAN

max/ e OtU(c) dt
0
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One of the real problems that inspired and motivated the study of optimal
control problems is the next and so called “moonlanding problem”.

Ezxample 1.1.6. The moonlanding problem.

Consider the problem of a spacecraft attempting to make a soft landing on the
moon using a minimum amount of fuel. To define a simplified version of this
problem, let m = m(t) > 0 denote the mass, h = h(t) > 0 and v = v(t) denote
the height and vertical velocity of the spacecraft above the moon, and u = u(t)
denote the thrust of the spacecraft’s engine. Hence in the initial time ¢t = 0,
we have initial height and vertical velocity of the spacecraft as h(0) = hy > 0
and v(0) = vy < 0; in the final time T, equal to the first time the spacecraft
reaches the moon, we require h(T) = 0 and v(T') = 0. Such final time 7T is not
fixed. Clearly

h=w.

Let M denote the mass of the spacecraft without fuel, F' the initial amount of
fuel and ¢ the gravitational acceleration of the moon. The equations of motion
of the spacecraft is

mu = u — mg

where m = M +c and ¢(t) is the amount of fuel at time ¢. Let a be the maximum
thrust attainable by the spacecraft’s engine (o > 0 and fixed): the thrust w,
0 < u(t) < a, of the spacecraft’s engine is the control for the problem and is in
relation with the amount of fuel with

m = ¢ = —ku,
with k£ a positive constant.
h
A
spacecrafte /1
u
W spacecraft
mg
Moon Moon

On the left, the spacecraft at time t = 0 and, on the right, the forces that act on it.

The problem is to land using a minimum amount of fuel:

min(m(0) — m(T)) = M + F — maxm(T)
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Let us summarize the problem

gggm(T)

h=wv

mv =u—mg

m = —ku

h(0) =ho,  h(T)=0 (L.7)
v(0) = v, v(T)=0

m(0) =M+ F

m(t) > M, h(t) >0

C={u:[0,T) = [0,0]}

where hg, M, F, g, —vo, k and « are positive and fixed constants; the final
time T is free. The solution for this problem is very hard; we will present it in
subsection A

1.2 Statement of problems of Optimal Control

1.2.1 Admissible control and associated trajectory

Let us consider a problem where the development of the system is given by a
function
X : [to, t1] = R", with x = (21, 22,...,2,),

with n > 1. At every time ¢, the value x(t) describes our system. We call x state
variable (or trajectory): the state variable is at least a continuous function. We
suppose that the system has an initial condition, i.e.

x(ty) = v, (1.8)

where a = (a1, @g, ..., a,) € R™. In many situation we require that the trajec-
tory satisfies x satisfies a final condition; in order to do that, let us introduce a
set T C [tg,00) x R™ called target set. In this case the final condition is

(t1,x(t1)) € T. (1.9)

For example, the final condition x(¢1) = 8 with 3 fixed in R™ has 7 = {(t1, 8)}
as target set; if we have a fixed final time ¢; and no conditions on the trajectory
at such final time, then the target set is 7 = {t;} x R™.

Let us suppose that our system depends on some particular choice (or strat-
egy), at every time. Essentially we suppose that the strategy of our system is
given by a measurableﬂ function

u: [to,t1] = U, with u = (uy,us, ..., ug),

2In many situations that follows we will restrict our attention to the class of piecewise
continuous functions (and replace “measurable” with “KC”); more precisely, we denote by
KC([to,t1]) the space of piecewise continuous function u on [tg, 1], i.e. u is continuous in

[to,t1] up to a finite number of points 7 such that lim wu(¢) and lim u(¢) exist and are
t—rt t—717

finite. We will denote by KC?! the functions such that the derivative exists up to a finite
number of points and such derivative is in KC.
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where U is a fixed closed set in R¥ called control set. We call such function
u control variable. However, it is reasonable is some situations and models to
require that the admissible controls are in KC' and not only measurable (this is
the point of view in the book [I4]).

The fact that u determines the system is represented by the dynamics, i.e.
the relation

x(t) = g(t,x(t),u(t)), (1.10)

where g : [to,t1] x R x R¥ — R"™. From a mathematical point of view we are
interesting in solving the Ordinary Differential Equation (ODE) of the form

x =g(t,x,u) in [to,t]
x(tg) = « (1.11)
(tl,X(tl)) c T

where u is an assigned function. In general, without assumption on g and u, it
is not possible to guarantee that there exists a unique solution for defined
in all the interval [to, ¢1]; moreover, since the function t — g¢(¢,x,u(t)) can be
not regular, we have to be precise on the notion of “solution” of such ODE. In
the next pages we will give a more precise definition of solution x for .

Controllability

Let us give some examples that show the difficulty to associated a trajectory to
a control:
Ezxample 1.2.1. Let us consider

& =2u\/z in|0,1]

z(0) =0

Prove that the function u(t) = a, with a positive constant, is not an admissible control since
the two functions x1(t) = 0 and z2(t) = a®t? solve the previous ODE.
Ezxample 1.2.2. Let us consider

& =wux? in[0,1]

z(0) =1

Prove that the function u(t) = a, with a constant, is an admissible control if and only if a < 1.
Prove that the trajectory associated to such control is z(t) =

1
1—at”
Ezxample 1.2.3. Let us consider

T =ux in [0, 2]
z(0) =1

x(2) =36

jul <1

Proveﬂ that the set of admissible control is empty.
The problem to investigate the possibility to find admissible control for an
optimal controls problem is called controllability (see section |3.4]). In order to

guarantee the solution of (1.11]), the following well-known theorem is funda-
mental

Theorem 1.1. Let us consider G = G(t,%) : [to,t1] x R™ — R™ and let G be
continuous and Lipschitz continuous with respect to x in an open set D C R*+!

3Note that 0 < & = uz < 3z and 2(0) = 1 imply 0 < z(t) < e3¢,
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with (tp, ) € D C R x R™. Then, there exists a neighborhood I C R of ty such
that the ODE
{ x = G(t, x)

x(ty) =

admits a unique solution x : I — R"™, x in C'.

Moreover, if there exist two positive constants A and B such that ||G(t,x)|| <
Al|x|| + B for all (t,x) € [to,t1] x R™, then the solution of the previous ODE is
defined in all the interval [to,t1].

Now, let u : [to,t1] — U be a function in KC, i.e. continuous in [tg,t;] up
to the points 71, 79,...,7n, With tg =70 < 71 < o < ... < T8 < TN41 = t1,
where u has a discontinuity of the first type. Let us suppose that there exists in
[to, T1] & solution x¢ of the ODE with initial condition x¢(tp) = a. Let us
suppose that there exists x; solution of in [r1, 7] with initial condition
xo(m1) = x1(71). In general for every i, 1 < i < N, let us suppose that there
exists x; solution for in [, 7;41] with initial condition x;_1(7;) = x;(7;).
Finally we define the function x : [tg, ;] — R™ by

x(t) = xi(t),

when ¢ € [, T;11]. Such function x is the trajectory associated to the control u
and initial data x(tg) = a.
Ezample 1.2.4. Let

{E0

0 withte[0,1)
u(t)y=<¢ 1 withte€[1,2]

t withte (2,3

and u the function defined by

Prove that u is admissible and that the associated trajectory x is

1 with ¢ € [0, 1]
z(t) = et;l with ¢ € (1,2]
et /2=1  witht € (2,3

Now, if we consider a more general situation and consider a control u with
a low regularity, the previous Theorem doesn’t give information about the
solution of . To be precise, let us fix a measurable function u : [tg, t1] — U:
clearly t — g(t,x,u(t)), for a fixed x € R", in general is only a measurable
function.

Hence we need a more general notion of solution for a ODE. Let G : [to, 1] X
R™ — R™ be a measurable function. We say that x is a solution for

x=G(t,x) in [to,t1]
{X(to) o 0 (1.12)

if x is an absolutely continuous functimﬁ which satisfies the initial condition
and x(t) = G(t,x(t)) for a.e. in ¢ € [to, t1].
The next result is a more precise existence theorem (see for example [15]):

4We recall that (see for example [27])

Definition 1.1. We say that ¢ : [a,b] — R is absolutely continuous (shortly ¢ € AC([a, b]))
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Theorem 1.3. Let us consider G = G(t,x) : [to, t1] Xx R™ — R™ be such that
i. G is a measurable function;

1. G s locally Lipschitz continuous with respect to x in the sense that for
every R > 0 there exists a function lg : [to,t1] — [0,00) in L' with

IG(t,x) = G, x)[| < lr(t)]x — x|
for all x, x" with |x|| < R, |X'|| < R and for a.e. t € [to,t1];

i15. G has at most a linear growth in the sense that there exist two functions
A [to, t1] — [0,00) and B : [tg,t1] — [0,00) both in L' such that

1G(t,x)|| < A(t)[|x]| + B(t)
for all x € R™ and for a.e. t € [tg,t1].

Then there exists a unique solution for .

Now we are in the position to give the precise notion of admissible control
and associated trajectory:

Definition 1.2. Let us consider a initial condition, a target set T, a control set
U and a measurable function g. We say that a measurable function u : [to,t1] —
U is an admissible control (or shortly control) if there exists a unique solution
x of such ODE defined on [to,t1], i.e. there exists an absolutely continuous
function x : [tg, t1] — R™ such that is the unique solution of

x=g(t,x,u) a.e in [to,t]
X(to) =

(t1,x(t1)) € T

if for every € > 0 there exists a § such that

> 16(b:) — plai) < e
=1

for any n and any collection of disjoint segments (a1,b1), ..., (an,bn) in [a,b] with
n
> (b —ai) <6
i=1

A fundamental characterization of such AC-functions is the following (see Theorem 7.20 in
27)):

Theorem 1.2. A function ¢ is absolutely continuous in [a, b] if and only if ¢ has a derivative
¢’ a.e., such derivative is Lebesgue integrable and

o) = (@) + [ “W(s)ds, Ve elab).

The previous theorem gives, clearly, that KC*([a,b]) C AC([a,b]).

The study of AC-functions lies outside the aim of this note: however let us mention that if
1 and ¢ are two absolutely continuous functions, in general their composition 1 o ¢ is not an
AC-function (see the Problem 43 in section 6.4 in [26]); in chapter 5 we will use the following
result (see the Problem 44 in section 6.4 in [26]):

Remark 1.1. Let ¢la,b] — [c,d] C R be an absolutely continuous function and let ¢ : [c,d] —
R be a Lipschitz function. Then ¢ o ¢ is an AC-function on [a,b].
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We call such solution x trajectory associated to u. We denote by Ci, o the set
of the admissible control for o at time tg.

In the next three chapters, in order to simplify the notation, we put C = Cy; -
We say that a dynamics is linear if ((1.10) is of the form

x(t) = A(t)x(t) + B(t)u(t), (1.13)

where A(t) is a square matrix of order n and B(t) is a matrix of order n x k :
moreover the elements of such matrices are continuous function in [tg,¢1]. A
fundamental property of controllability of the linear dynamics is the following

Proposition 1.1. If the dynamics is linear with continuous coefficients (i.e. the
functions A and B in ) and the trajectory has only a initial condition (i.e.
T = {t1} x R™), then every piecewise continuous function u is an admissible
control for , i.e. exists the associated trajectory X.

The proof of the previous proposition is an easy application of the previous
Theorem [[.3] We remark that the previous proposition is false if we have a
initial and a final condition on trajectory (see example .

For every 7 € [to,t1], we define the reachable set at time 7 as the set
R(7,t9,¢) € R™ of the points x, such that there exists an admissible con-
trol u and an associated trajectory x such that x(tp) = o and x(7) = x,.

If we consider the example [1.2.3] we have 3% ¢ R(2,0,1).

1.2.2 Optimal Control problems

Let us introduce the functional that we would like to optimize. Let us consider
the dynamics in (1.11]), a function f : [tg, c0) x R"*t* — R, the so called running
cost (or running payoff) and a function ¥ : [tg,00) x R™ — R, the so called pay
off .

Let U C R and T C [to, 00) x R™ be the closed control set and the target set
respectively. Let us consider the set of admissible control C. We define J : C — R
by

T
J(u) = / £t x(t), u(t)) dt + (T, x(T)),

where the function x is the (unique) trajectory associated to the control u that
satisfies the initial and the final condition. This is the reason why J depends
only on u. Hence our problem is

max J(u),

T
J(u) = / F(t,%,0) dt + (T, x(T))
w0 (1.14)

C={u:[ty,T] = U C R*, u admissible}
We say that u* € C is an optimal control for (1.14]) if
J(u) < J(u¥), Yu e C.
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The trajectory x* associated to the optimal control u*, is called optimal trajec-
tory.

In this problem and in more general problems, when f, g and @ do not
depend directly on ¢, we say that the problem is autonomous.



Chapter 2

The simplest problem of
OC

In this chapter we are interested on the following problem

t1

J(u) = t ft,x,u)dt
X = (t,x(,)u)
X(to)g: . (2.1)

ey

C ={u: [ty,t1] — U C R¥, u admissible}

where ¢ is fixed and U is closed. The problem (2.1) is called the simplest
problem of Optimal Control (in all that follows we shorten “Optimal Control”
with OC).

2.1 The necessary condition of Pontryagin
Let us introduce the function
(/\0, )\) = ()\0, /\1, PN /\n) : [to,tl] — Rn+1.

We call such function multiplier (or costate variable). We define the Hamiltonian
function H : [tg, ;] x R" x RF x R x R® — R by

H(tv X, u, >\07 A) = )‘Of(ta X, ll) +A- g(ta X, u)'
The following result is fundamental:

Theorem 2.1 (Pontryagin). In the problem (2.1), let f and g be continuous
functions with continuous derivatives with respect to x.

Let u* be an optimal control and x* be the associated trajectory.

Then there exists a multiplier (XS, X*), with

o Ay > 0 constant,

o A" [to, t1] = R™ continuous,

11



12 CHAPTER 2. THE SIMPLEST PROBLEM OF OC

such that
i) (nontriviality of the multiplier) (A§, A*) # (0,0);

ii) (Pontryagin Maximum Principle, shortly PMP) for all t € [tg,t1] we have

u*(t) € arg max H(t,x*(t), v, A\, A" (1)), ie.
ve
H(t,x*(t),u*(t), A\j, A*(t)) = max H(t,x*(t), v, \§, A" (1)); (2.2)
ve

i11) (adjoint equation, shortly AE) we have
)\*(t) = =V H(t,x*(t),u*(t), Ay, X (1)), a.e. t € [to, t1]; (2.3)

iv) (transversality condition, shortly TC) X*(t1) = 0;
v) (normality) \§ = 1.

If in addition the functions f and g are continuously differentiable in t, then for
allt € [to,tl]

H(t,x*(t),u*(t), \5, X" (t)) = H(to,x"(to), u*(to), Ay, X" (to)) +
toH
+ t E(&x*(s), u*(s), A§, A"(s)) ds (2.4)
0
The proof of this result is very long and difficult (see [23], [14], [10], [15], [31]):
in section [2.1.1] we give a proof in a particular situation. Now let us list some
comments and definitions.

An admissible control u* that satisfies the conclusions ¢) — —iv) of the the-
orem of Pontryagin is called extremal: we say that (Aj, A*) is the associated
multiplier to the extremal u* if it is the function that satisfies the conclusion of
the mentioned theorem.

We mention that in the adjoint equation, since u* is a measurable function,
the multiplier A* is a solution of a ODE

X = G(t, )\) in [to,tl]

(here G is the second member of (2.3)), where G is a measurable function, affine
in the X variable, i.e. is a linear differential equation in A with measurable
coeflicients. This notion of solution is as in and hence A" is an absolutely
continuous function.

We remark that we can rewrite the dynamics as

x = V,H.

Normal and abnormal controls

It is clearly, in the previous theorem with the simplest problem of OC (2.1)),
that v. implies (A§, A*) # (0, 0). If we consider a more generic problem (see for
example ([1.14))), then it is not possible to guarantees A§ = 1.

In general, there are two distinct possibilities for the constant A :
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a. if A\§ = 0, we say that u* is abnormal. Then the Hamiltonian H, for such

5, does not depend on f and the Pontryagin Maximum Principle is of no
use;

b. if A§ # 0, we say that u* is normal: in this situation we may assume that
*

o= L.

Let us spend few words on this last assertion. Let u* be a normal extremal
control with x* and (A§, ™) associated trajectory and associated multiplier
respectively. It is an easy exercise to verify that (Ao, A), defined by

al
N

o = 1, A=
is again a multiplier associated to the normal control u*. Hence, if u* is normal,
we may assume that A\j = 1. These arguments give that

Remark 2.1. In Theorem[2.1 we can replace N > 0 constant, with A\ € {0,1}.
The previous theorem [2.1] guarantees that

Remark 2.2. In the simplest optimal control problem every extremal is
normal.

We will see in example an abnormal optimal control.

On Maximum Principle with much more regularity
An important necessary condition of optimality in convex analysisEI implies

Remark 2.3. Let f and g be as in Theorem[2_1) with the additional assumption
that they are differentiable with respect to the variable u. Let the control set
U be convex and u* be an extremal control (with associated trajectory x* and
multiplier (A, X*)). Since, for every fized t, u*(t) is o mazimum for u
H(t,x*(t),u, A5, A" (t)), the PMP implies

VuH (1T, x" (), u*(£), A\5, A*(¥)) - (u—u*(t)) <0, (2.6)

for everyu € U, t € [to, t1].

I1'We have the following:
Theorem 2.2. Let U be a conver set in R* and F : U — R be differentiable. If v* is a point
of mazimum for F' in U, then
VF(H*) - (v—v*) <0, Vv e U. (2.5)
Proof: If v* is in the interior of U, then VF(v*) = 0 and (2.5) is true. Let v* be on
the boundary of U: for all v € U, let us consider the function f : [0,1] — R defined by
f(s) = F((1 = s)v* 4 sv). The formula of Mc Laurin gives f(s) — f(0) = f/(0)s + o(s), where
o(s)/s — 0 for s — 07F. Since v* is maximum we have
0 F((1—=s)v'4+sv)—F(v")
f(s) = f(0)
f'(0)s +o(s)
VEN*) - (v —v*")s+ o(s).

Since s > 0, lb is true. 7

v
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When the control set coincides with R¥ we have the following modification for
the PMP:

Remark 2.4. In the assumption of Remark let U = R* be the control
set for . In theorem we can replace the PMP with the following new
formulation

(PMPy) Vo H (X (1), 0 (£), \o, A (1) =0,  Vt€ [to, 1],

On the Hamiltonian along the optimal path
In (2.4) let us consider the function

tis h(t) == H(t,x* (£), 0" (), A\d, A* (1)) (2.7)

is a very regular function in [tg, 1] even though the control u* may be dis-
continuous. More precisely and the very interesting propriety of (2.4) is the
following

Remark 2.5. In the problem , let f and g be continuous functions with
continuous derivatives with respect to t and x. Let u* be a piecewise continuous
optimal control and x* be the associated trajectory. Let the control set U be
closed. Then

e relation is a consequence of the Mazimum Principle in ii) and the
adjoint equation iii) of Theorem m

o the function h in is absolutely continuous in [to,t1] and

h(t) = %—i[(t,x*(t),u*(t),)\S,A*(t)).

This result is an easy consequence of the following lemma

Lemma 2.1. Let h = h(t,u) : [to,t1] x R¥ — R be a continuous function
with continuous derivatives with respect to t. Let U C R be closed and let
u* : [to,t1] = U be a left piecewise continuous functiorﬂ such that

u*(t) € arg meaécﬁ(t,v), Vit € [to, t1]-

Leth: [to,t1] — R be the function defined by

o~

h(t) = max h(t,v) = h(t,u*(t)), (2.8)

veU
for t in [to,t1]. Then h is absolutely continuous in [to, 1] and
" oh

2To be clear, u* is piecewise continuous and left continuous.

h(t) = h(to) + (s,u*(s))ds,  Vte€ [to,t]. (2.9)
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Proof. First let us prove that h is continuous. By the assumption s left
piecewise continuous and hence we have only to prove h is right continuous in
[to, t1], i.e. for every fixed t € [to, 1]

lim A(t+7,u*(t+7)) = h(t,u*(t)) :
T—01
since h is continuous, the previous relation is equivalent to

lm A(t,u*(t + 7)) = h(t,u*(t)). (2.10)

T—0t

Relation (2.8)) implies that for a fixed ¢ € [to, 1] and for every small 7 we have

h(t,u*(t + 7)) < h(t,u*(t)), (2.11)
h(t+7,u*(t)) < h(t + 7,0 (t + 7). (2.12)

Hence considering the limits for 7 — 07 and using the continuity of h

lim h(t,u*(t+ 7)) < lim h(t,u*(t)) = lim h(t+7,u*(t)) <

T7—0+ 70+ T—0+
< lm h(t+7,u*(t+7)) = lim h(t,u*(t + 7).
T—0t T—0t
Hence the previous inequalities are all equalities and (2.10]) holds.

Now let t be a point of continuity of u*. Since h has derivative w.r.t. t,
the mean theorem implies that every small 7 there exist 6; and 65 in [0, 1] such

that, using and -,

Z}Z<t+eg W) = hit+ru () - bt ()
< h(t+7ut(t+7)) — h(t,u*(t)
< h(t+ Tt (t+ 7)) = h(t,u(t + 7))

oh
ot

—(t+ O, u*(t + 7))

For 7 > 0, let us divide by 7 and we obtain

oh Rt “(t — h(t,u*(t)) _ Oh
ot T - Ot
if 7 < 0 note that we obtain similar inequalities. Since %—i‘ is continuous and

t is a point of continuity of u*, taking the limits as 7 — 0 in the previous
inequalities we have

dh dh dh, .~

—(t,u*(t) = —(t,u*(t) = — (@) =N (¢ 2.13

Lt () = S ut(0) = ) = (), (213)
for every point of continuity for u*. Since h has continuous derivative with
respect to ¢, hence h has a piecewise COIltlIIUOUb derlvatlve ie. he K CL([to, t1]):

hence h is in AC([to, t1]) and, using , we obtain . 0
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Let us notice that if h has only piecewise continuous derivative w.r.t. t, the
previous proof holds and we obtain the relation (2.13]) for the points ¢ where u*

and % are continuous functions.
Proof of Remark[2.5.  We apply the previous lemma [2.1] to the function

h(t,u) = H(t,x*(t),u, A5, A" (2)) :

we have to prove that the assumptions of such lemma are satisfied. First, if
u* is not left piecewise continuous, then we have to modify the control in a
finite set of points. Now, it is clear that the function h is continuous since H is

continuous in all its variables. Let us check that %(t, u) is continuous for every
point ¢ of continuity for u*:

Dty = 0 (00,2, (1) D (03 (1), X, A (1) 5 (1)

+V)\H(t, x* (t)v u, )‘Sa A (t)) ’ A (t)

oH . . -t
= W(t,x(t),u,)\o,)\(t))—i—

Vs H(E,x" (1), w, A, A (1)) - g(£,x"(2), u™(t)) +
_g(t7 x* (t)r u) : VXH(ta x" (t)’ u* (t)7 /\85 A (t));

the assumptions on f and g give the claim. 0O

An immediate consequence of (2.4) is the following important and useful
result

Remark 2.6 (autonomous problems). If the problem is autonomous, i.e. f and
g does not depend directly by t, and f, g are in C*, then implies that

H(x*(t),u*(t), A5, A*(t)) = constant in [to, 1] (2.14)

2.1.1 The proof in a particular situation

In this section we consider a “simplest” optimal control problem ([2.1) with two
fundamental assumptions that simplify the proof of the theorem of Pontryagin:

a. we suppose that the control set is U = R¥.

b. We suppose that the set C = Cy, o, i.e. the set of admissible controls, does
not contain discontinuous function, is non empty and is open.

In order to prove the mentioned theorem, we need a technical lemma:

Lemma 2.2. Let p € C([to,t1]) and

/ " C(t)h(t)dt =0 (2.15)

to

for every h € C([to,t1]). Then ¢ is identically zero on [to, t1].
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Proof. Let us suppose that ¢(t') # 0 for some point t' € [tg, 1] : we suppose

that ¢(t') > 0 (if ¢(¢') < 0 the proof is similar). Since ¢ is continuous, there
exists an interval [t{, t]] C [to,t1] containing ¢’ such that ¢ is positive.
Let us define the function h : [to,t1] — R as
X
h(t) = —(t = to)(t — t1) L1y 47 (1), [ h/\ t
where 14 is the indicator function on the ! b v Uy 4
set A. Hence

/tl o(Dh(t) dt = — /:1 ot) (t— ) (t —£,)dt > 0. (2.16)

to

t1
On the other hand, (2.15) implies that / p(t)h(t)dt = 0. Hence (2.16) is

to
absurd and there does not exist such point . n

Theorem 2.3. Let us consider the problem such that the assumptions a.

and b. hold, i.e.
/ f(t,x,u)

x—gtxu)

x(tg) =

s 70

C={u:[to, 1] » R*, ueC(lto,ta])}

and with f € CY([to, t1] x R"*) and g € C*([to,t1] x R*HF).
Let u* be the optimal control and x* be the optimal trajectory. Then there exists
a multiplier X* : [to,t1] — R™ continuous such that

(PMPy) VuH (t,x*(t),u"(t),\*(t)) =0, Vt € [to,t1] (2.17)
(AE) Vo H (t,x* (1), w*(£), \*(£)) = —=A"(t), Vt € [to, t1] (2.18)
(TC) A*(t1) =0, (2.19)

where H(t,x,u,A) = f(t,x,u) + X - g(t,x,u).

Proof. Let u* € C be optimal control and x* its trajectory. Let us fix a

continuous function h = (hq,...,hy) : [to,t1] — R¥. For every constant € € R”
we define the function u : [to, ;] — R* by

u. =u"+ (Elhl, ceey ekhk) = (’UJT + €1hy, ... ,uz + Ekhk). (220)

Since C is open, for every € with |€| sufficiently small, u. is an admissible
controlﬂ Hence, for such u, there exists the associated trajectory: we denote

3We remark that the assumption U = R is crucial. Suppose, for example, that U C R? and
let us fix t € [to, ¢1]. If w*(¢) is an interior point of U, for every function h and for € with modulo
sufficiently small, we have that ue(t) = (uj(t) + erh1(t), uj(t) +e2ha(t)) € U. If u*(t) lies on
the boundary of U, it is impossible to guarantee that, for every h, u(t) = u*(t) + e-h(t) € U.
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by xe : [to,t1] — R”™ such trajectory associatedlﬂ to the control u. in (2.20).
Clearly
up(t) = u*(t), xo(t) = x*(t), xe(to) = a. (2.21)

Now, recalling that h is fixed, we define the function Ji : R* — R as
t1
In(€) :/ f(t,xe(t),ue(t)) dt.
to

Since u* is optimal, J3,(0) > Jr(€), Ve; then Ve J,(0) = 0. Let A : [to, 1] — R™
be a generic function in AC. Using the dynamics we have

a0 = [ e+ A (glexeme) - 5)]

to
t
- /1 [H(tvxauea)‘)_A'xe] dt
¢
Otl . t1
(by part) = / [H(t,xe,ue,)\)Jr)\.xe} dt — ()\.x6
to to

For every i, with 1 < ¢ < k, we have

SN/
861‘

= /ttl {VXH(t,Xe, U, A) - Ve, xe(t) +
0
+VuH (t,Xe,ue, A) - Ve, ue(t) +
+A- Veixe(t)} dt +
=A(t1) - Ve, xe(t1) + Ato) - Ve, xe(to)-

Note that (2.20)) implies V., ue(t) = (0,...,0,h;,0,...,0), and (2.21) implies
Ve, Xe(to) = 0. Hence, by (2.21)), we obtain

oN/Y tl
0) = [v H(t,x*,u* A)+>\ Velxe() +
8€i tO
The case u*(t) in the interior of U, the case u*(t) on the boundary of U.

4For example, if n = k = 1 and the dynamics is linear with continuous coefficients, we
have that for every e,

{ e (t) = a(t)ze(t) + b(t)[u"(t) + €h(t)]
ze(to) =

t s
and hence z(t) = 6ftt0 a(s)ds (a +/. b(s)[u* () + eh(s)]e” Jiyy a(w) dw ds) )
t

0
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*;ﬂf(ux*,u*,mm(w}dw

—)\(t1)' (veixe(tl) o
_ o B (2.22)

Now let us choose the function A as the solution of the following ODE:

{X =~V H(t,x", 0", \) for t € [to, 1] (2.23)

A(t) =0

Since
VXH(t7X*a U*a A) = vxf(t7X*’ 11*) + A : ng(t7X*7 u*)7

this implies that the previous differential equation is linear (in A). Hence, the
assumption of the theorem implies that there exists a uniqu(ﬂ solution A* €
AC([to, t1]) of (2:23). Hence conditions (2.18) and (2.19) hold. For this choice
of the function A = A", we have by (2.22)

“OH
—(t,x*,u*, A" h;dt = 0 2.24
[ St A =0 (2.24)
for every i, with 1 <i <k, and h = (hy,...,hg) € C([to, t1]). Lemma 2.2 and
1D imply that g—fi(t, x*, u*, A\") =0 in [tg,t1] and hence (2.17). 0

2.2 Sufficient conditions

In order to study the problem (2.1)), one of the main result about the sufficient
conditions for a control to be optimal is due to Mangasarian (see [21]). Recalling
that in the simplest problem every extremal control is normal (see remark ,
we have:

Theorem 2.4 (Mangasarian). Let us consider the problem with f € C*
and g € C'. Let the control set U be convex. Let u* be a normal extremal control,
x* the associated trajectory and X* = (X%,..., \k) the associated multiplier (as
in theorem|(2.1)).

Consider the Hamiltonian function H and let us suppose that

v) the function (x,u) — H(t,x,u,X") is, for everyt € [to,t1], concave.

Then u* is optimal.

Proof. Let t be fixed; the assumptions of regularity and concavity on H implyﬁ

H(t,x,u,A\*(t)) < H(t,x"(t),u*(t), \*(t)) +
+VxH(t,x*(t),u" (t),\"(t)) - (x — x"(¢¥)) +
+VuH(t,x*(t),u*(t),A\*(t)) - (u —u*(t)), (2.25)

5We recall that for ODE of the first order with continuous coefficients, Theorem holds.

6We recall that if F is a differentiable function on a convex set C C R™, then F is concave
in C if and only if, for every v,v’ € C, we have F(v) < F(v') + VF(') - (v —').

,u
,u
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for every points x € R™ and u € U. Taking into account that U is convex, (2.6)
and the adjoint equation 4i) imply in (2.25))

H(t,x,w, A (1)) < H(t,x*(£), w(£), \*(£)) = X*(t) - (x — x*(¢)), (2.26)

for a.e. t € [tg,t1], every x € R™ and u € U. Now, for every admissible control
u, with associated trajectory x, we obtain

H(t,x(8),u(t), A*) < H(t,x*(8), 0" (1), X" (£) = A" (1) - (x(t) = x" (1),

for a.e. t. Hence, again for every admissible control u with associated trajectory
X, we have

t1 ty
ft,x,u)dt < f(t,x*,u*)dt+()\*~(x*—x)
to to
t1

flt,x* u")dt +

t1

(2.27)

to

to

+A(t1) - (x"(t1) = x(t1)) — A" (to) - (x*(to) — x(t0));

since x*(tg) = x(tp) = a and the transversality condition i) are satisfied, we
obtain that u* is optimal. 0

In order to apply such theorem, it is easy to prove the next note

Remark 2.7. If we replace the assumption v) of theorem with one of the
following assumptions

v’) for every t € [to,t1], let f and g be concave in the variables x and u, and
let us suppose X*(t) > 0, (i.e. for everyi, 1 <i<n, A\i(t) >0);

v”) let the dynamics of problem be linear and, for everyt € [to,t1], let f
be concave in the variables x and u;

then u* is optimal.

A further sufficient condition is due to Arrow: we are interested in a the
problem (2.1)), with U C R* closed but we do not require the convexity of the
control set (see Theorem . Let us suppose that it is possible to define the
maximized Hamiltonian function H? : [tg, 1] x R™ x R"® — R by

HO(t,x,\) = max H(t,x,u,\), (2.28)
uec
where H(t,x,u,A) = f(t,x,u) + A g(t,x,u) is the Hamiltonian (note that we
set Ag = 1). We have the following result by Arrow (see [2], [9] section 8.3, [1§]
part IT section 15, theorem 2.5 in [29]):

Theorem 2.5 (Arrow). Let us consider the mazimum problem with f €
C! and g € C'. Let u* be a normal extremal control, x* be the associated
trajectory and N* be the associated multiplier.

Let us suppose that the mazimized Hamiltonian function HC exists and, for
every t € [to, t1] X R™, the function

x — HO(t,x, \*())

is concave. Then u* is optimal.
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Proof. Let us consider t fixed in [tg,¢1]. Our aim is to prove relation ([2.26])
with our new assumptions. First of all we note that the definitions of H® imply

H(t " (£), 0™ (£), A () = HO(,x" (), A" (1)),
H(t,x,u,\*(t)) < HO(t,x, X*(t)),
for every x € R™, u € U. These relations give
H(t,x,w, (1)~ H(t,x (1), w™(£), X"(1)) < HO(t, %, X" () —H° (£, x"(t), X" (1))
(2.29)

Since the function x — HO(t,x, A*(t)), is concave (we recall that ¢ is fixed) then
there exists a supergradient|’| a in the point x*(t), i.e.

HO(t,x, \*(t)) < HO(t,x*(t),\*(t)) +a- (x —x*(t)), VxeR" (2.30)
Clearly from and we have
H(t,x,u, A7 (1) — H(t,x" (1), u™ (1), A"(t)) < a- (x —x*(1)). (2.31)
In particular, choosing u = u*(t), we have
H(t,x,u™ (), A1) — H(t, x"(t),u"(t), A7) <a- (x =x"(1).  (2.32)
Now let us define the function G : R — R by
G(x) = H(t,x,u"(t), A"(t)) — H(t,x"(t),u” (1), \"(t)) —a- (x = x"(t)).

Clearly, by (2.32)), G has a maximum in the point x*(¢): moreover it is easy to
see that G is differentiable. We obtain

0=VG(x*(t)) = Vi H(t,x*(t),u*(t), \"(t)) — a.
Now, the adjoint equation and give
H(t,x,w, A" (1)) < H(t,x" (1), 0" (£), A"(£) — A" - (x — x"(1)),
for every t € [tg,t1], x € R™ and u € U. Note that this last relation coincides

with (2.26]): at this point, using the same arguments of the second part of the
proof of Theorem we are able to conclude the proof. 0

"We recall that (see [25]) if we consider a function F : R® — R, we say that a € R” is a
supergradient (respectively subgradient) for F in the point xq if

F(x) < F(xo)+a-(x—xg) VxeR" (respectivelly F(x) > F(xo) +a- (x —xg) ).

For every point xg € R", we denote by 91 F(xg) the set of all the supergradient for F in
x0 (07 F(xp) for subgradient). Clearly, if F' is differentiable in xo and 8% F(x¢) # 0, then
Ot F(xo) = {VF(x0)}. A fundamental result in convex analysis is the following:

Theorem 2.6 (Rockafellar). Let F : R™ — R a concave (convezx) function. Then, for every
xo € R™, the set of the supergradients 01T F(xo) (set of subgradients 0~ F(xo)) in xo is non
empty.
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2.3 First generalizations

2.3.1 Initial/final conditions on the trajectory

What happens if we modify the initial or the final condition on the trajectory?
We have found the fundamental ideas in the proof of Theorem [2.3|(see (2.21))), in
the proof of Theorem and hence in the proof of Theorem [2.5} more precisely,
using the notation in, if £ is the initial or the final point of the interval
[to, t1], we have the following two possibilities:
e if x*(#) = & is fixed, then x.(#) = & Ve; hence V., x.(t) = 0 and we have
no conditions on the value A\*(f);

)

o if x*(f) is free, then x.(#) is free Ve; hence we have no information on

V., Xc(t) and we have to require the condition A*(¢) = 0.

We left to the reader the details, but it is clear that slight modifications on the
initial/final points of the trajectory of the problem , give us some slight
differences on the transversality conditions in Theorem [2.3] in Theorem [2:4] and
in Theorem [2.5]

Pay attention that if the initial and the final point of the trajectory are both
fixed, it is not possible to guarantee that A is different from zero, i.e. that the
extremal control is normal: note that in the case of abnormal extremal control,
the previous sufficient conditions don’t work (see Example and Example
2.5.7)).

2.3.2 On minimum problems

Let us consider the problem ([2.1)) where we replace the maximum with a mini-
mum problem. Since

t1 ty
min/ flt,x,u)dt = —max/ —f(t,x,u)dt,
to

to

clearly it is possible to solve a min problem passing to a max problem with some
minus.

Basically, a more direct approach consists in replace some “words” in all the
previous pages as follows

max — min
concave function — convex function.
In particular in (2.2]) we obtain the Pontryagin Minimum Principle.

2.4 The case of Calculus of Variation

A very particular situation appears when the dynamics (1.10) is of the type
x = g(t,x,u) = u (and hence k = n) and the control set U is R™. Clearly it is
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possible to rewrite the problenf] (2.1)) as

t1

J(x) = ft,x,%)dt
x(to) = o (2.33)
g, 76

This problems are called Calculus of Variation problems (shortly CoV). Clearly
in this problem the control does not appear. We say that x* € KC' is optimal

for (2.33)) if
J(x) < J(x¥), vx € KC', x(ty) = a.

In this section, we will show that the theorem of Euler of Calculus of Vari-
ation is an easy consequence of the theorem of Pontryagin of Optimal Control.
Hence we are interested in the problem

t1

max ), f (t, %, %) dt (2.34)

x(tg) = &

with a € R™ fixed. We remark that here x is in KC'. We have the following
fundamental result

Theorem 2.7 (Euler). Let us consider the problem with f € CL.
Let x* be optimal. Then, for all t € [to,t1], we have

d * . % * - %

i (TIx 0.50)) = Ve (tx (0.5 (2.35)
In calculus of variation the equation (2.35|) is called Euler equation (shortly
EU); a function that satisfies EU is called extremal. Let us prove this result. If
we consider a new variable u = X, we rewrite problem (2.34]) as

ty
max/ ft,x,u)dt
to

uecC
X=u
x(tg) =

Theorem guarantees that, for the Hamiltonian H(¢,x,u,A) = f(¢,x,u) +
A - u, we have

VuH(t,x*,u*)=0 =V,f+A"=0 (2.36)

VeH(t,x*u*) = -X" = Vo f=-A (2.37)

If we consider a derivative with respect to the time in (2.36) and using (2.36))

we have
d

E(vuf):_}‘ :vxf;

8We remark that in general in a Calculus of Variation problem one assume that x € KC1;
in this note we are not interested in this general situation and we will assume that x € C1.
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taking into account x = u, we obtain (2.35)). Moreover, we are able to find the
transversality condition of Calculus of Variation: (2.19)) and (2.36]), imply

Vi f(t1,x*(t1),x*(t1)) = 0.
As in subsection [2.3.1] we obtain

Remark 2.8. Consider the theorem [2.7, its assumptions and let us modify
slightly the conditions on the initial and the final points of x. We have the
following transversality conditions:

if X*(ti) S Rn, i.e. X*(ti) is free = V,'(f(ti,x*(ti),k*(ti)) =0,
where t; is the initial or the final point of the interval [to, t1].

An useful remark, in some situation, is that if f does not depend on x, i.e.
f = f(t,%), then the equation of Euler (2.35) is

vxf(t7X*) =,
where ¢ € R is a constant. Moreover, the following remark is not so obvious:

Remark 2.9. If f = f(x,x%) does not depend directly on t, then the equation of
Euler 18
f(X*v).(*) —-x"- fo(X*7X*) = (238)

where ¢ € R is a constant.

Proof. Clearly
CP =k Vaf Vs, e Vl) = % Vaf 1% (V)
at =X x X xJs dtx xJ) =X % X AR

Now let us suppose that x* satisfies condition the Euler condition (2.35): hence,
using the previous two equalities we obtain

0 = 5 (g (Tarle %) - Vs ) )
S (5 T i) - (6 x)
%(x* Vi f(xF, %) — f(x*,x*)).

Hence we obtain 1) 0

If we are interested to find sufficient condition of optimality for the problem
(2.34)), since the dynamics is linear, remark implies

Remark 2.10. Let us consider an extremal x* for the problem (m in the
assumption of theorem of Euler. Suppose that x* satisfies the transversality
conditions. If, for every t € [to,t1], the function f is concave on the variable x
and x, then xX* is optimal.
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2.5 Examples and applications

Ezample 2.5.1. Consideif)]
1
max/ (z —u?)dt
0

T=u

z(0) =2
1%t method: Clearly the Hamiltonian is H = x — u® 4+ Mu (note that the extremal is certainly
normal) and theorem implies

H
9" _, = 2w HA =0 (2.39)
ou
OH _ ;. o 1= i (2.40)
ox
H . .
e I (2.41)
M (1) =0 (2.42)

Equations and give \* = 1 — t; consequently, by we have u* = (1 —t)/2;
since the dynamics is linear, sure the previous control u* is admissible (see Proposition .
Finally, since the Hamiltonian H is concave in x and u, the sufficient conditions of Mangasarian
in theorem guarantees that the extremal u* is optimal.

If we are interested to find the optimal trajectory, the initial condition and give
¥ = (2t —t?) /4 + 2.

274 method: The problem is, clearly, of calculus of variations, i.e.

ma.x/l(x—x'2)dt

0
z(0) =2
The necessary condition of Euler (2.35)) and the transversality condition give

df .
%(t,x*,z’*) = falt,a®,i%) = -2 =1
1
= z"(t) = thQ +at+b, Va,b €R
fe(1,z*(1),2*(1)) =0 = —2z"(1)=0
An easy calculation, using the initial condition x(0) = 2, implies z*(t) = —t2/4 +t/2 + 2.

Since the function (x, %) — (x—#2) is concave, then x* is really the maximum of the problem.

Ezample 2.5.2. Considef!|

2
max/ (2z — 4u) dt
0

T=x+u
z(0)=5
0<u<?2

Let us consider the Hamiltonian H = 2x — 4u + A(z + u) (note that the extremal is certainly
normal). The theorem of Pontryagin gives

H(t,z*,u*,\*) = max H(t,z*,v,\") =

v€E(0,2]
= 22" —4du* + X" (" +ur) = m[ax] (22" —4v 4+ X" (2" +v)) (2.43)
ve(0,2
OH . .
= = 240 = A (2.44)
ox
H . .

E;—)\ =z* = zg*=z2"+u” (2.45)
A"(2)=0 (2.46)

9In the example[5.5.1| we solve the same problem with the dynamics programming.
101In the example [5.5.3| we solve the same problem with the dynamics programming.
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From (2.43) we have, for every t € [0, 2],

WO () 1) = max GO (0) )

and hence
2 for \*(t) —4 >0,
u*(t)=4 0 for \*(t) —4 <0, (2.47)
? for \*(t) —4 =0.

implies \*(t) = ae~t — 2, Va € R : using (2.46) we obtain
() = 2(e27t = 1). (2.48)

Since A\*(t) > 4 if and only if t € [0,2 — log 3), the extremal control is

u*(t):{2 for 0 <t <2 —log3, (2.49)

0 for2—log3<t<2.

We remark that the value of the function u* in t = 2 —log 3 is irrelevant. Since the dynamics
is linear, the previous control u* is admissible (see Proposition . Finally, the Hamiltonian
function H is concave in (z,u) for every X fixed, and hence u* is optimal.

If we are interested to find the optimal trajectory, the relations and , and the
initial condition give us to solve the ODE

z*=z*+2 in[0,2 —log3)
’ 2.
{x(O) =5 (2:50)
The solution is x*(t) = Te! — 2. Taking into account that the trajectory is a continuous

function, by (2.50) we have z*(2 — log3) = 7e2~1°83 — 2 = 7¢2/3 — 2. Hence the relations
(2.45) and (2.49) give us to solve the ODE

z* = z* in [2 —log 3, 2]

(2 —log3) = 7e2/3 — 2
We obtain

t
z*(t):{k -2 for 0 <t <2—log3, (2.51)

(7e?2 —6)et™2 for2 —log3 <t < 2.

u

22—

0 7 log 3 2 0] Jlog 3

We note that an easy computation gives H(t,z*(t),u*(t), \*(t)) = 14e2 — 12 for all t € [0, 2].
A

Example 2.5.3. Find the optimal tern for

4
max/ 3xdt
0

T=x+u
z(0) =0
z(4) = 3e1/2
0<u<?2
Let us consider the Hamiltonian H = 3\ox + A(z+u); note that it is not possible to guarantee

that the extremal is normal, since the the trajectory is fixed in the initial and in the final
time. The theorem of Pontryagin give:

(M52 #(0,0), A e{0,1) (2.52)
H(t,x",u*, A5, A\*) = max H(t,z",v,\5,A") = A"u* = max A\*v
ve(0,2] v€[0,2]

HRegarding Ap in li let us recall Remark
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2 for \*(t) > 0,
= u*(t) =4 0 for \*(¢) <0, (2.53)
?  for A*(t) = 0.
OH

o A = 3NN =M = N () =ae =3\, VaeR (2.54)
X

oH . .

oy~ T = z* +u* (2-55)

First let us suppose that Ajj = 0 : regarding a in (2.54)), we have the following three possibilities:
o if a > 0, then A\*(t) > 0 in [0,4] and (2.53) implies u*(t) = 2 in [0, 4]; in this case the
dynamics is z* = x* + 2 in [0,4] and using the initial condition on the trajectory we
obtain x*(t) = 2(et — 1): this contradicts the requirement z*(4) = 3e*/2, i.e. the final
condition on the trajectory. Hence a > 0 is impossible;

o ifa =0, then A*(t) = 0 in [0,4] and this is impossible by (2.52);

o ifa < 0, then \*(t) < 0 in [0,4] and implies uw*(t) = 0 in [0,4]; in this case the
dynamics is * = ¢* in [0, 4] and using the initial condition on the trajectory we obtain
x*(t) = 0: this contradicts the requirement x*(4) = 3e*/2, i.e. the final condition on
the trajectory. Hence a < 0 is impossible.

Hence we are in the position to guarantee that A\§ = 1.

Note that we have to maximize the area below the graph of the function t — 3x(t) in the
interval [0, 4], with the value of such function fixed and positive in t = 0 and ¢t = 4; hence it is
reasonable that the function x is increasing in an interval of the type [0, &) and it is reasonable
to suppose that there exists a positive constant a such that A\*(t) > 0 for t € [0,«). In this
case, gives u* = 2. Hence we have to solve the ODE

z*=z*+2 inl0,a)

{w(O) -0 (2.56)

The solution is z*(t) = 2(et — 1). We note that for such function we have z*(4) = 2(e* — 1) >

3e*/2; hence it is not possible that a > 4 : we suppose that \*(t) < 0 for t € (a,4]. Taking
into account the final condition on the trajectory, we have to solve the ODE

{f* =z* in (o, 4]

2(4) = 3¢ /2 (2.57)

The solution is z*(t) = 3e!/2. We do not know the point «, but certainly the trajectory is
continuous, i.e.
lim z*(t) = lim z*(t) = lim 2(e’ —1) = lim 3ef/2
t—a~ t—at t—a~ t—at

that implies « = In4. Moreover, since the multiplier is continuous, we are in the position
to find the constant a in : more precisely A\*(t) = 0 for t = In4, implies a = 12, i.e.
A*(t) = 12e~t — 3. Note that the previous assumptions A\* > 0 in [0,In4) and \* < 0 in
(In4, 4] are verified. These calculations give that u* is admissible.

Finally, the dynamics and the running cost is linear (in x and w) and hence the sufficient
condition are satisfied. The optimal tern is

w2 fortel0,In4),
WD) = {0 for t € [In4, 4] (2:58)

2 () = {Z(et —1) forte€[0,In4),

3et/2 for t € In4,4]
A*(t) = 12e~* — 3. We note that an easy computation gives H (t,z*(t), u* (t), A5, A*(t)) = 18
for all t € [0,4]. A
Ezxample 2.5.4.
min /e(3a‘c + ti2) dt
(1) =1
z(e) =1

It is a calculus of variation problem. Since f = 3& + t&? does not depend on z, the necessary
condition of Euler implies
3+ 2tz = c,
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where c is a constant. Hence &(t) = a/t, Va € R, implies the solution x(t) = alnt+b, Va,b € R.
Using the initial and the final conditions we obtain the extremal x*(t) = 1. Since f is convex
in x and &, the extremal is the minimum of the problem.

A

FEzxzample 2.5.5.
V2
min/ (22 — zi +222) dt
0
z(0) =1
It is a calculus of variation problem; the necessary condition of Euler (2.35) gives
d
Sli=te = A —i=20—1d

= 2i—z=0 = ac*(t):aet/\/i—i-be*t/\/g7

for every a,b € R. Hence the initial condition z(0) = 1 gives b = 1 — a. Since there does not
exist a final condition on the trajectory, we have to satisfy the transversality condition, i.e.

fa(t1, 2" (t1),2"(t1)) =0 = 42" (V2) —2"(V2) =0
et e
V2o \"T e )T
(4+\/§)6t/\/§+(462—62\/§)6_t/\/§

z*(t) =
®) 442+ 4e2 — e2v/2
The function f(t,z,#) = x% — zi + 242 is convex in the variable x and &, since its hessian

matrix with respect (z, &)
2 -1
d’f =
(2%

is positive definite. Hence x* is minimum. A

Hence

Ezxample 2.5.6.
2
min/ (t%3% + 22%) dt
1
z(2) =17
It is a calculus of variation problem; the necessary condition of Euler (2.35) gives

d
ﬁf,& =fo = t?%+4 2t — 22 =0.
The homogeneity suggests to set t = e® and y(s) = z(e®) : considering the derivative of this
last expression with respect to s we obtain
Yy (s) = z(e%)e® = ti(t) and Y (s) = &(e®)e®® + i(e®)e® = t2i(t) + ti(t).

Hence the Euler equation now is
y//+y/_2y:0'
This implies y(s) = ae® + be™2%, with a, b constants. The relation t = e® gives

. b
T (t):at+t—2.

Note that z*(s
fa(1,2* (1), 2*(

) = a — 2%, The final condition =*(2) = 17 and the transversality condition
1)) = 0 give, respectively,

b
17 = 2a + 1 and 2(a —2b) = 0.

Hence z*(t) = 8t + t% is the unique extremal function which satisfies the transversality
condition and the final condition. The function f(t,x,%) = t2&2 + 222 is convex in the
variable x and © and x* is clearly the minimum. A

The following example gives an abnormal control.
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Ezxample 2.5.7. Let us consider

1
max/ udt
0

= (u—u?)?

z(0) =0

z(1) =0

0<u<?2
We prove that u* = 1 is an abnormal extremal and optimal. Clearly H = Aou + A(u — u?)?
the PMP and the adjoint equation give

uw*(t) € arg max [Afv 4+ A*(t) (v — v?)2], A =0.
v€[0,2]

This implies that \* = k, with k constant; hence u* is constant. If we define the function
d(v) = A§v + k(v — v2)2, the study of the sign of ¢/ depends on AS and k and it is not easy
to obtain some information on the max.

However, we note that the initial and the final conditions on the trajectory and the fact
that © = (u — u?)2 > 0, implies that # = 0 a.e.; hence if a control u is admissible, then we
have u(t) € {0,1} a.e. This implies that considering u* = 1, for every admissible control u,

1 1 1
/ u*(t)dt:/ 1de > / u(t) di;
0 0 0
hence u* =1 is maximum.

Now, since u* is optimal, then it satisfies the PMP: hence we have
1 =u"(t) € arg max ¢(v).
(t) € arg max o(v)

Since we realize the previous max in an interior point of the interval [0, 2], we necessarily have

¢’'(1) = 0: an easy calculation gives \; = 0. This proves that u* is abnormal. A

2.5.1 The curve of minimal length

We have to solve the calculus of variation problem (|I.1)). Since the function
ft,x, &) = v/14 22 does not depend on z, the necessary condition of Euler

(235 gives

z
.
V1412

= di=c = a*(t) =ct+d,

fe=a =

with a, b, c € R constants. The conditions (0) = 0 and (1) = b imply z*(t) =
bt. The function f is constant and hence convex in z and it is convex in & since
% = (1 +42)73/2 > 0. This proves that the line z* is the solution of the
problem.

2.5.2 A problem of business strategy I

We solvd' the model presented in the example formulated with (1.3).
We consider the Hamiltonian H = (1 — u)x + Azu : the theorem of Pontryagin
implies that
H(t,z",u*,\*) = max H(t, z* v, \")
ve(0,1]

= (1—uz" +XN2"u" = max [(1 —v)z" + XN"z"v)
v€E[0,1]

121n subsection we solve the same problem with the Dynamic Programming approach.
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=  u'z*(A* —1) = max [vz* (A" —1)] (2.59)
v€e(0,1]

OH . .
2T — )\ 1—u* ut = =\* .
o= A = u A A (2.60)
o0H . .
oy =L T T =au (2.61)
A(T)=0 (2.62)

Since z* is continuous, 2*(0) = @ > 0 and w* > 0, from (2.61)) we obtain
¥ =a"u* >0, (2.63)
in [0, 7). Hence z*(t) > « for all ¢ € [0,T]. Relation (2.59) becomes

A —1) = A1),
u*( ) vlg[gﬁ]v( )

Hence
1 ifA* () —1>0,
uw () =<0 ifA*(t)—1<0, (2.64)
7 i A (t)—1=0.

Since the multiplier is a continuous function that satisfies (2.62)), there exists
7/ €10,T) such that
A (t) < 1, vt e [7',T) (2.65)

Using (2.64)) and (2.65)), we have to solve the ODE

{)'\*:—1 in [7,T]
A(T)=0

that implies
(@) =T —1t, vt € [, T). (2.66)

Clearly, we have two cases: T <1 (case A) and T > 1 (case B).

A A

7

0 T 1 t 0 71 T t
The case T <1 and the case T > 1.

Case A: T <1.
In this situation, we obtain 7/ = 0 and hence v* = 0 and 2* = « in [0, T].
A
X
u
o X )
X

S
~
~

-~

>
"s] -
~

~

>

~

~

~
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From an economic point of view, if the time horizon is short the optimal strategy
is to sell all our production without any investment. Note that the strategy u*
that we have found is an extremal: in order to guarantee the sufficient conditions
for such extremal we refer the reader to the case B.

Case B: T > 1.

In this situation, taking into account , we have 7/ =T — 1. Hence

(T —1) =1. (2.67)

First of all, if there exists an interval I C [0,7 — 1) such that A\*(¢) < 1, then
u* =0 and the is A* = —1 : this is impossible since \*(T' — 1) = 1.
Secondly, if there exists an interval I C [0,7 — 1) such that A*(¢t) = 1, then
A* =0 and the is 1=0: this is impossible.

Let us suppose that there exists an interval I = [v"/,T — 1) C [0,7 — 1) such
that A*(t) > 1 : using (2.64)), we have to solve the ODE

MEXN=0  in[",T—1]
N (T—1)=1
that implies
N(@t)=elt fort €0, —1].
We remark the choice 7/ = 0 is consistent with all the necessary conditions.
Hence (2.64) gives

u*(t):{1 for0<t<T -1, (2.68)

0 forT—-1<t<T

The continuity of the function z*, the initial condition 2(0) = « and the dy-
namics imply
{x'* =z  in[0,T—1]
z*(0) =«

that implies 2* () = ae!; hence

that implies 2*(t) = ae”~!. Consequently

2 (t) = ael for0<t<T-1,
aeT=l forT—1<t<T

Recalling that

A*(t) _ eTitil fOI'OStST—l,
T—-1 forT—-1<t<T

we have

u

71 T ¢t 0]
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In an economic situation where the choice of business strategy can be carried
out in a medium or long term, the optimal strategy is to direct all output to
increase production and then sell everything to make profit in the last period.

We remark, that we have to prove some sufficient conditions for the tern
(x*,u*,A\*) in order to guarantee that u* is really the optimal strategy. An
easy computation shows that the Hamiltonian is not concave. We study the
maximized Hamiltonian (2.28): taking into account that z(t) > a > 0 we
obtain

HO(t,z,\) = max [(1 —v)z + Azv] = 2 + 2 max [(A — 1)v]
v€e[0,1] v€el0,1]

In order to apply theorem using the expression of A* we obtain

. T—t=lp ifte[0,T—1
waxo) =T T

Note that, for every fixed t the function x — HO(t,x, \*(t)) is concave with
respect to x: the sufficient condition of Arrow holds. We note that an easy
computation gives H (¢, z*(t), u*(t), \*(t)) = ae? ! for all t € [0, 7.

2.5.3 A two-sector model

This model has some similarities with the previous one and it is proposed in
[29].

Consider an economy consisting of two sectors where sector no. 1 produces
investment goods, sector no. 2 produces consumption goods. Let x;(t) the
production in sector no. i per unit of time, i = 1,2, and let u(¢) be the proportion
of investments allocated to sector no. 1. We assume that &7 = auz; and
&9 = a(l—u)xz; where « is a positive constant. Hence, the increase in production
per unit of time in each sector is assumed to be proportional to investment
allocated to the sector. By definition, 0 < u(t) < 1, and if the planning period
starts at t = 0, x1(0) and x2(0) are historically given. In this situation a number
of optimal control problems could be investigated. Let us, in particular, consider
the problem of maximizing the total consumption in a given planning period
[0,T]. Our precise problem is as follows:

T
max/ To dt
ueC Jq
Tr1 = QU
o = a(l —w)zy
1’1(0) = a1
:L‘Q(O) = a2
C={u:[0,T) = [0,1] CR, u admissible}

where «, a1, ay and T are positive and fixed. We study the case T > %

Note that we are in the situation of the simplest problem of OC and we are
in the position to guarantee that A\ = 1. Hence we consider the Hamiltonian
H = 29 + Maux; + Aa(l — u)xzy; the theorem of Pontryagin implies that

u* € arg max H(t,x*,v,\") = arg max_[z5 + AJavz] + Aja(l — v)z]]
ve[0,1] ve[0,1]
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= u"€arg m[%}i][()\f — A\5)avz]] (2.69)
ve|0,

OH : :
—==-)] = Aua—Nall-—u")=X] (2.70)
8:51
0H L .
ge, = e o= 1= A (2.71)
N(T)=0 (2.72)
\5(T) =0 (2.73)

Clearly (2.71) and (2.73)) give us A3(t) = T — t. Moreover (2.72)) and (2.73)) in

equation (2.70) give A} (T") = 0. We note that
M) =x(T)=0, XN(T)=0, M\(T)=-1

and the continuity of the multiplier (A}, A5) implies that there exists 7 < T such
that
T —t=MX5(t) > A (¢), vt e (1,T). (2.74)

Since x7 is continuous, using the dynamics @1 = auz; z7(0) = a; > 0 and
u* > 0, we have #1(t) > 0 and hence zi(¢t) > a; > 0; from (2.69) we obtain,
since a > 0,

1N >T —t
u(t) € arg max (A\J(t) =T +t)v=¢ 7 ifXNj{t)=T—t (2.75)
velol 0 ifA(H)<T—t

Hence (2.74) and (2.75) imply that, in (7,7], we have u*(t) = 0. Now (12.70)
gives, taking into account ([2.73),

N=-XNa = A;‘@):%(t—w, Vt € (7, ).

An easy computation shows that the relation in (2.74) holds for 7 := T — %
Now let us suppose that there exists 7/ < 7 such that

T —t=MN5(t) < AT(¢), vt e (7', 7). (2.76)

By (2.75) we obtain that u*(t) = 1 for t € (7, 7). Equation (2.70) gives, taking
into account the continuity of A} in the point T,

: 2
AN =-Na = x;(t):ae*w*”?/ah vt e (7', 7).

Since AJ(T —2/a) = A5(T — 2/«), since

lim \i(t) = -2 < —1 = A\3(7),
t—1—
and since A5 and A} are two convex functions in ¢ < 7, we have that assumption
(2.76) holds with 7" = 0. Using the dynamics and the initial condition on the
trajectory, we obtain
1 foro<t<T-2
* — —_ —_ o’
u(t) {0 forTf%<t§T
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25 (t) = a,e® forOStST—%,
Y7 aperT—2 for T—2<t<T
(L) = as for()gthf%,
27l aa1e®T 2t — T +2/a) + as for T —2<t<T
0 ze_o‘(t_TH/a) for0<t<T-—2,
*t — o «
1
%(t—T)2 for T—2<t<T
ANt)y=T—t
A
N
| %
: t t ! t
T-2/a T T-2/a T T-2/a T

We note that, for every fixed ¢, the function (z1, 2, u) — H(t, x1, xa, u, AT (t), A5(t))
is not concave and we are not in the position to apply the sufficient condition
by Mangasarian (see Theorem [2.4)).
e In order to guarantee some sufficient conditions we use the Arrow’s sufficient
condition. Taking into account that z1(¢t) > a1 > 0 for every trajectory, we
construct the maximized Hamiltonian H® = HO(t, x1, 22, \i(t), A5(¢)), for z1 >
0, as follows

HO — m[%)i] [x2 + AT (t)avzy + A5 (H)a(l — v)aq]
ve|0,
= x2+ A (t)ax + axq rél[%}i]()\’{(t) —A5(t))v

To + A5 (t)axy + 11 (26“"“‘T+2/0‘) +at—T)) for0<t<T—2,
B x2 + N5(t) o forT—%<t§T

Note that, for every fixed ¢ the function (w1, x2) — HO(t, z1, 29, \j(t), A5(t)) is
concave: the sufficient condition of Arrow holds.

ee Instead of using a sufficient condition, we can prove the existence of a optimal
control (see section . More precisely, taking into account Theorem and
studying its assumptions we have a compact control set [0, 1], a closed target
set T = {T} x R?; moreover, for the dynamics we have the condition

1= (e, )| < avainl < avaix
Q

1—u)x;
and, for every (t,z1,22) with 21 > 0 (but x; < 0 is similar) we have that

Fipw) = {W192,2): y1 =auzy, yo = a(l —u)ry, 2 <xg, uel0,1]}
= [0,ax1] x [0, axq] X (—00, z2],

is a convex set. Hence Theorem guarantees that the optimal control exists.
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2.5.4 A problem of inventory and production I.

A firm has received an order for B > 0 units of product to be delivery by time
T (fixed). We are looking for a plane of production for filling the order at
the specified delivery data at minimum cost (see [18])@ Let x = x(¢t) be the
inventory accumulated by time ¢ : since such inventory level, at any moment, is
the cumulated past production and taking into account that 2(0) = 0, we have
that

o) = [ pls)ds,

where p = p(t) is the production at time ¢; hence the rate of change of inventory
& is the production and is reasonable to have & = p.

The unit production cost ¢ rises linearly with the production level, i.e. the
total cost of production is ¢p = ap? = «ai?; the unit cost of holding inventory
per unit time is 8 constant. Hence the total cost, at time ¢t is au? + Bz with «
and [ positive constants, and v = . Our strategy problem iﬁ

T
min/ (au? + Bx) dt
“ Jo

i(g)“: . (2.77)
z(T)=B>0
u>0

Let us consider the Hamiltonian H (¢, x,u, Ao, \) = Ao(au? + Bz) + Au : we are
not in the situation to guarantee that the extremal is normal. The necessary
conditions are

(>‘07)‘) 7é (an)a )‘O € {07 1}7 (278)
u*(t) € arg m>ig(oz)\0112 + BXox + M) = arg m>ig(o¢)\ov2 + ) (2.79)

A=—BX = A= —B\t+a, (2.80)

for some constant a.
First let us suppose that A\p = 0 : regarding a in (2.80]), we have the following
three possibilities:

o if @ > 0, then A(¢) > 0 in [0,7] and (2.79) implies «*(¢t) = 0 in [0,7T]; in
this case the dynamics is z* = 0 in [0, 7] and using the initial condition
on the trajectory we obtain x*(t) = 0: this contradicts the requirement

2*(T) = B > 0, i.e. the final condition on the trajectory. Hence a > 0 is
impossible;

o if a =0, then A(t) =0 in [0,T] and this is impossible by (2.78));

o if a < 0, then A(t) < 0in [0,7] and the min in (2.79) does not exist; hence
in order to obtain an optimal control this is not the case.

Hence we are in the position to guarantee that Ay = 1.
Hence (2.79) gives these situations

13In subsection we solve the same model with the Dynamic Programming.
14We will solve a version of this problem in subsection with the Dynamic Programming.
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y for 2.<0 for =0 y Jfori>0 Y
Y=o Ly y=ovHiy
— 1,2
_ y=ov
NM// Y \ ’ \ el
A
This implies A=—Bt+a, for a>TB
" {o i A() > 0
ult) = O
—5 A <0 )=—Pt+a, for 0<a<TB

Taking into account , we have the
three different situations as in the pic-
ture here on the right, where 7 = % A=—pt+a, for a<0 =
First, a > T8 implies v = 0 in [0, T
and hence, using the initial condition,
2 = 0 in [0,7T]; this is in contradiction
with z(T) = B > 0.
Second, 0 < a < T8 implies

R Sy ARG Ny A

o Jo ifo<t<r
wt) =\ ZAD _ e _ B o oy

Hence, using again the initial condition, z(¢) = 0 in [0, 7] and, using the conti-
nuity of z in t = T,
B

x(t) = B(t - 7')2 in (1,T];

the final condition x(T) = B gives 7 = T — 2 %. Moreover the condition
0<a<TpgivesT > 2 %.
Finally, the case a < 0 implies u(t) = Al _ Bta gy [0,T] and hence

_ B a :
:c(t)fﬁt f%ter in [0, 77,

for some constant d : the conditions 2(0) = 0 and z(T") = B give

—_ ﬂﬁ_Mt

¢
=) =1, daT

for T'< 2 %. Summing up, we have

o if T >2 %,thenwithT:T—Q %

{05 fo<t<r Oﬁ fo<t<r
u*(t) = . and z*(t) = 2 .

—(t — <t < — (t — <t <
2@(15 T) ifr<t<T 4a(t ) fr<t<T
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B ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
L ¢
oif T'<2 %,then
I6] 4aB — BT? B o 4aB— BT?
(1) = d z*(t) = =t t
wi(t) = 5 daT and () = 5 daT
B _____________
x !
¢ L
T

In both the cases, we have a normal extremal and a convex Hamiltonian: hence
such extremals are optimal.

2.6 Singular and bang-bang controls

The Pontryagin Maximum Principle (2.2)) gives us, when it is possible, the value
of the u* at the point 7 € [to, 1] : more precisely, for every 7 € [to,11] we are
looking for a unique point w = u*(7) belonging to the control set U such that

H(r,x* (1), w, A5, A" (7)) = H(1,x*(7), v, A\§, A (7)) Vv e U. (2.81)

In some circumstances, it is possible that using only the PMP can not be found
the value to assign at u* at the point 7 € [tg,t1] : examples of this situation
we have found in , and . Now, let us consider the set T of
the points 7 € [to,t1] such that PMP gives no information about the value of
the optimal control u* at the point 7, i.e. a point 7 € T if and only if there no
exists a unique w = w(7) such that it satisfies (2.81).

We say that an optimal control is singular if T contains some interval, with
non empty interior, of [tg, t1].

In optimal control problems, it is sometimes the case that a control is re-
stricted to be between a lower and an upper bound (for example when the
control set U C R is compact). In general, we say that the optimal control u*
is bang-bang if

u*(t) € oU, Vt.

In this case, if u* switches from one a point in QU to another point in QU at
certain times 7, the time 7 is called switching point. For example
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e in example we know that the control u* in is optimal: the
value of such control is, at all times, on the boundary U = {0, 2} of the
control set U = [0, 2]; at time 7 = 2 — log 3 such optimal control switches
from 2 to 0. Hence 2 — log 3 is a switching point and u* is bang-bang;

e in example the optimal control «* in (2.53)) is bang-bang since its
value belongs, at all times, to OU = {0,2} of the control set U = [0, 2];

the time log4 is a switching point;

e in the case B of example the optimal control u* in (2.68) is bang-
bang since its value belongs, at all times, to OU = {0, 1} of the control set

U = [0, 1]; the time T — 1 is a switching point.

2.6.1 The building of a mountain road: a singular control

We have to solve the problem presented in example (see [23] and
[18]). We note that there no exist initial or final conditions on the trajectory
and hence we have to satisfy two transversality conditions for the multiplier.
The Hamiltonian is H = A\o(z — y)? + Au; then

AN =y + X = min  [Aj(z* —y)® + A*0]

vE[—a,a]
= \N'u' = I[nin ])\*v (2.82)
veE|—a,x
t
= A'(t)=b— 2)\3/ (x*(s) —y(s))ds, beR (2.84)
to
oH . o
xCE = T=u (2.85)
N (to) = A*(t1) = 0 (2.86)

We remark that follows from the continuity of y and z. First of all, let
us prove that we can set A\j = 1; if A\j = 0, the adjoint equation and
the transversality condition give that A*(t) = 0: this is impossible since
(A5, A*) # (0,0). Now, the “minimum” principle implies
—a  for A*(t) > 0,
u (t)=¢ a for A*(t) <0, (2.87)
777 for A*(t) = 0.

Relations (2.84]) and (2.86]) give

A (t) = —Z/t (x*(s) —y(s))ds, Vte€ [to, 1] (2.88)
/t 1 (x*(s) —y(s))ds = 0. (2.89)

Let us suppose that there exists an interval [¢,d] C [to, 1] such that \* = 0:
clearly by ([2.88]) we have, for t € [¢, d],

0 = ()
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2 [ -y as—2 [ @)~ yl)ds

t(J c

t
A (e) — 2/ (*(s) — y(s))ds V¥t € [e,d
and hence, since y and x* are continuous,

+(/ @ s) - o)) ds ) =2 (0) = y(0) =0,

Hence, if A*(t) = 0 in [c,d], then z*(t) = y(t) for all t € [c,d] and, by (2.85),
u*(t) = y(t). We remark that in the set [c,d], the minimum principle has not
been useful in order to determinate the value of u*. If there exists such interval
[e,d] C [to,t1] where A* is null, then the control is singular.

At this point, using , we are able to conclude that the trajectory x*
associated to the extremal control u* is built with intervals where it coincides
with the ground, i.e. z*(t) = y(t), and intervals where the slope of the road
is maximum, ie. @*(t) € {a,—a}. Moreover such extremal satisfies (2.89).
Finally, we remark that the Hamiltonian is convex with respect to  and wu, for
every fixed ¢ : hence the extremal is really a minimum for the problem.

Let us give three examples.

Ezample A: suppose that |§(t)| < a, Vit € [to, t1] :

b 4 t O

We obtain x* =y and the control is singular.

Ezxample B: suppose that the slope ¢ of the ground is not contained, for all
te [to,tl], in [—a,a] :

X

)
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x
SETAN

In the first picture on the left, the dotted line represents the ground y, the solid
represents the optimal road x* : we remark that, by , the area of the
region between the two mentioned lines is equal to zero if we take into account
the “sign” of such areas. The control is singular.

Ezxample 2.6.1. Suppose that the equation of the ground is x(t) = et for t € [~1,1] and
the slope of such road must satisfy |z(t)| < 1.
We have to solve

1
min/ (z—e)2dt
voJ-
T=u
—-1<u<1
We know, for the previous consideration and calculations, that for every t € [—1,1]
e one possibility is that *(t) = y(t) = e and A\(t) =0, |#*(¢)| = |[u*(¥)] < 1,
o the other possibility is that ©*(t) = u*(t) € {—1,+1}.
We note that for t > 0 the second possibility can not happen because y(t) > 1. Hence let us
consider the function

e [ et fort e [—1,a],
I(t)_{t+ef¥_a for t € (a,1],

with a € (—1,0) such that (2.89) is satisfied:

XA

[
1 1
/(x*(s)fy(s))ds = /‘(ereo‘fozfes)ds
1 a
1 a 1 2 o
= 5+26 +5a —e—a—ae*=0. (2.90)

For the continuous function h : [—1,0] — R, defined by
1 1
h(t) = 5+2et+ 5152 —e—t—te,

we have

€42 +3 _ (e=3)(e+1)
e N e

>0

certainly there exists a point o € (—1,0) such that h(a) = 0 and hence (2.90)) holds. Moreover,
since ' (t) = (e! —1)(1 —t) < 0 in (0, 1), such point « is unique. Using (2.88), we are able to
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determinate the multiplier:
0 ift € [-1,q]
t
N () = —2A(s+ea—a—es)ds:
1 2 2 fe fe t
:5(15 —a)+(e*—a)t—a)+e* —e" ifte (a1]
Note that in the interval [—1, a] the PMP in (2.82) becomes
0= min
ve[—1,1]

and gives us no information. Hence u* is singular. A

2.7 The multiplier as shadow price I: an exercise

Ezample 2.7.1. Consider, for every (7,€) € [0,2] x [0, 00) fixed, the problem

2
min/ (u? + 2?) dt
T = xT+u

z(r) =¢
u>0

a. For every fixed (7,¢), find the optimal tern (z*,u*, A*). Let us denote by
(T%7,6,u} ¢, As ¢) such tern.
b. Calculate
2

min /TQ(QP +a?)dt = / (uf.0)? + (%))t

{u: t=z+u, z(r)=¢, u>0} pu
and denote with V' (7, &) such value.

c. For a given (7,€), consider a point (¢,z) € [7,2] x [0,00) on the optimal
trajectory z7 ¢, i.e. z7 (1) = z.

[

AQA-----—--

Consider the function V(7,€) : [0,2] x [0,00) — R defined in b. and

G—Z(t,x). What do you find ?

compute
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Solution a. Let us consider the Hamiltonian H = u?+z2+ \(z+u); the theorem
of Pontryagin gives

H(t,z",u*,\*) = min H(t,z*,v,\")

v€[0,00)
= u €arg H[%)in )(v2 + A"v) (2.91)
ve (0,00
OH ‘ ~
— =\ Af ==\ =227 2.92
o = @ (2.92)
A (2) =0 (2.93)

For every fixed ¢, the function v +— v2 + \*v that we have to minimize represents
a parabola:

y
y y
y=vHXy y=v+xy y=v+xy
L2 / \ / \ 2
The case X\*(t) < 0; the case \*(t) = 0; the case \*(t) > 0.

Since in (2.91) we have to minimize for v in [0, 00), we obtain

O for A*(t) > 0,
wi(t) = { SN (1)/2 for A() < 0 (2.94)

Let us suppose that
A*(t) >0, telr2. (2.95)

Then (2.94) implies that v* = 0 in [r,2] : from the dynamics we obtain
t=x+4+u = i=1 = z(t) =ac’, Va eR.

The initial condition on the trajectory gives z*(t) = £e!~7. The adjoint equation

(2.92) gives
A=\ 2t = AF(t) =be Tt — gt

By the condition (2.93) we obtain
N () = €(e*T — et (2.96)

Recalling that £ > 0, an easy computation shows that A*(t) > 0, for every
t < 2: this is coherent with the assumption (2.95). Hence the tern

(UF 6,05 6, Are) = (0,67, €(e* 7T —ef7T)) (2.97)

satisfies the necessary condition of Pontryagin. In order to guarantee some
sufficient condition note that the Hamiltonian is clearly convex in (z,u): hence
u ¢ is optimal.
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Solution b. Clearly, by (2.97),

V(r,¢ = min /2(u2 + 2?)dt

{u: z=z+u, z(r)=¢£, u>0}
2
= [ (o + e
2
_ / (02+§2€2t_27-)dt

52 4—-2T1
= ST, (2.98)

Hence this is the optimal value for the problem, if we work with a trajectory
that starts at time 7 from the point &.

Solution ¢. Since

we have

In particular, if we consider a point (¢,z) € [7,2] x [0,00) on the optimal tra-
jectory a7 ., i.e. using (2.97) the point (t,z) is such that

z=al(t) =g,

we obtain 5V
875(25756) _ get77(6472t _ 1) _ g(e4ftf'r _ 6t7'r).
Hence we have found that
8V * *
87§(t’ T e(t) = AL (1),

i.e.

Remark 2.11. The multiplier \*, at time t, expresses the sensitivity, the “shadow
price”, of the optimal value of the problem when we modify the initial data &,
along the optimal trajectory.

We will see in theorem that this is a fundamental property that holds in the
general context and links the multiplier A* of the variational approach to the
value function V' of the dynamic programming. Two further comments on the
previous exercise:

1. The function V(7,§) : [0,2] x [0,00) — R is called value function and is
the fundamental object of the dynamic programming. One of its property
is that V(2,&) =0, V¢.

2. Consider the points (7,¢) and (7/,¢’) in [0,2] x [0, 00) : we know that the
optimal trajectories are

are(t) =€, ab(t) =€
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Now consider (7',¢’) on the optimal trajectory 7 ., i.e. the point (7',¢’)
is such that

g =ale(r) =T .

The previous expressions give us that, with this particular choice of (7/,£")
x3 e (t) = et =¢tem el T =gt T =€l 7T = zy ¢ (t).

Hence the optimal trajectory associated to the initial data (7'¢’) (with
(7'¢’) that belongs to the optimal trajectory associated to the initial data
(1,€)), coincides with the optimal trajectory associated to the initial data
(1,€). We will see that this is a fundamental property that holds in general:
“the second part of an optimal trajectory is again otpimal” is the Principle
of Bellman of dynamic programming (see Theorem [5.1)).



Chapter 3

General problems of OC

In this chapter we will see more general problem then (2.I). In the literature
there are many books devoted to this study (see for example [30], [20], [28], [5],
[29]): however, the fundamental tool is the Theorem of Pontryagin that gives a
necessary and useful condition of optimality.

3.1 Problems of Bolza, of Mayer and of Lagrange

Starting from the problem (£2.1)), let us consider ¢ fixed and T" be fixed or free,
with T' > to. The problem

J(u) = o(T,x(T))

x = g(t,x,u)
x(tg) = (3.1)
max J(u),
ueC
with t : [tg,00) x R™ — R, is called OC problem of Mayer. The problem
T
J()= [ [f(t,x,u)dt+ (T, x(T))
to
x =g(t,x,u) (3.2)
X(ﬁo) =
max J(u),
uelC
is called OC of Bolza. The problem
T
J(u) = ft,x,u)dt
to
x = g(t,x,u) (3.3)
X(to) =«

e 0

is called OC of Lagrange. We have the following result

Remark 3.1. The problems , e are equivalent.

45
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Clearly the problems (3.1)) and (3.3)) are particular cases of (3.2)).
First, let us show how (3.2]) can become a problem of Lagrange: since

f(tvxvu) dt+¢(T7 X(T)) = / (f(tvxa u) + W) dt —w(tmx(to))

t() t(J

problem (3.2]) becomes

T
J(u) = /t (f(t,x, u) + %f(t,x) + Vxp(t, x) - g(t, %, u)) dt
X = g(t,x(:u)
X(to) = (87
e T

that is clearly of Lagrange.

Secondly, let us proof how can become a problem of Mayer: we intro-
duce the new variable x, 11 defined by &,11(t) = f(¢,x,u) with the condition
In+1(t0) = 0. Since

T

Ty 1(T) = Tpya (bo) + ft,x,u)dt,
to

problem (3.3]) becomes

J(u) = 211 (T)
(X; j:n+1) = (g<ta ) u)7 f(t7 X, u))
(x(t0), zn+1(to)) = (e, 0)
max J(u)
uel
that is of Mayer.
Finally, we show how the problem becomes a problem of Lagrange: let
us introduce the variable x,,11 as &,+1(t) = 0 with the condition x,.1(T) =

Tnt1(to) = w(%xt(?)) Problem 1} becomes

T
J(u) = / oy dt
t

(%, @np1) = (9(t,%,1),0)

X(to) =«

$n+1(t~0) = 71/)(;’:(?))
max J(u)

uel

that is of Lagrange.

3.2 Problems with fixed or free final time

3.2.1 Fixed final time

Let us consider f : [tg,t;] x R"™* — R % : R® — R and let o € R™ be fixed.
Let x = (z1,22,...,z,) and let n1, no and ns be non negative, fixed integer
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such that ni + ny + n3 = n. Let us consider the problem

max/t 1f(t,x, u) dt + ¥ (x(t1))

ueC
x = g(t,x,u)
x(to) = x (3.4)

x;(t1) free 1<i<nm

iEj(tl) 2 5]' with Bj fixed ny + 1 S ] S ny + no
x1(t1) = B with 5; fixed ni+ne+1<Ii<ni+ne+n;s
C ={u: [tg,t1] = U, u admissible}

where to and t; are fixed, and U C R¥ is closed. Since x;(t;) is fixed for
n —n3 < i < n, then the pay off function ¢ depends only on x;(t1) with
1<i<n—n;s.

We have the following necessary condition, a generalization theorem of Pon-
tryagin:

Theorem 3.1. Let us consider the problem with f € C*([tg, t1]xR"T*), g €
Cl([to,t1] X Rn+k) and w € Cl(Rn)

Let u* be optimal control and x* be the associated trajectory.

Then there exists a multiplier (A\§, X*), with

o A§ = 0 constant,
o A* i [to, T*] = R™ continuous,
such that
i) the nontriviality of the multiplier holds;
i1) the Pontryagin Maximum Principle holds,
iii) the adjoint equation holds,

v, ) the transversality condition is given by

e for1<i< ny, we have Xi(t1) = AS%(X*(M)),
. o,
e forni+1<j <mny+no, we have )\;f(tl) > /\3%(){ (t1)), x;f(tl) >
J

By and (35(0) = g (1)) 5 (0) = 35) .

We will give an idea of the proof in Theorem

Using Remark it is clear that a problem with final time fixed and value
of the trajectory in such final time free, it is possible to guarantee the normality
of the control as in Theorem [2.I] More precisely

Remark 3.2. Let us consider the problem with ng = n3g = 0, i.e. x(t1)
free. Then in Theorem it 1s possible to guarantee that u* is normal, i.e.
Ay =1

A sufficient condition for the problem (3.4), with a proof similar to the one
in theorem [2.4] is the following:
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Theorem 3.2. Let us consider the maximum problem with f, g and
in C'. Let the control set U be convex. Let u* be a normal admissible control;
let x* and (1,\™) be the associated trajectory and multiplier respectively. We
suppose that all the necessary conditions of theorem [3.1] hold.

Moreover, we suppose that

v) the functions (x,u) — H(t,x,u, A\*(t)) and x — ¥(x) are concave func-
tions in the variables x and u, for all t € [to,t1] fized.

Then u* is optimal.

We mention that the sufficient condition of Arrow works in this more general
situation (see Theorem 3.4 in [29]).

Autonomous problems
It is clear that the arguments of subsection [2.1] are true. Hence

Remark 3.3. In the assumption of Theorem[3.1}, if the problem is autonomous,
then we have that in [to,t1] (2.14) is true, i.e.

H(x*(t),u*(t), \§; A" (t)) = constant

3.2.2 Free final time

Let us consider f : [tg,00) x R*** — R, g : [tg,00) x R** — R and ¢ :
[to,00) X R™ — R, and let « € R™ be fixed. Let x = (x1,22,...,%,) and ny, ng
and ng be non negative, fixed integer such that ny + ny + n3 = n. We consider
the problem

T
max flt,x,u)dt + (T, x(T))

ueC to

% = g(t,x,u)

x(ty) = o (3.5)
x;(T) free 1<i<m

CEJ(T) Z ﬁj with 6]' fixed ni + 1 S] S niy + no

) (T) = p; with g, fixed ny+ng+1<1<n;+ng+ns

C ={u: [tp,00) = U, u admissible}

where t is fixed and T is free with 7' > to, and U C RF is closed. We say that
u* is optimal with exit time 7% if

* T
/t f(t,x*,u*)dt+w(T*,x*(T*))Z/t flt,x,u)dt + (T, x(T))

for every admissible control u and for every T" > ty. Hence and optimal control
has an (unique) associated exit time. We have the following result, again a
generalization of the theorem of Pontryagin (see [23)):

Theorem 3.3. Let us consider the problem with f € CY([tg, 00)xR"F), g €
C*([to, 00) x R"*) and ¢ € C*([to, 00) x R™).
Let u* be optimal control with exit time T* and x* be the associated trajectory.

Then there exists a multiplier (A, X*), with
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o A§ = 0 constant,
o A* 1 [to, t1] = R™ continuous,
such that
i) the nontriviality of the multiplier holds;
it) the Pontryagin Maximum Principle holds,
iii) the adjoint equation holds,

tvps) the transversality condition is given by

o for1 <i< mnq, we have X (T*) = Aj gf (T, x*(T™)),
o for ny +1 < j < ny + ng, we have \;(T*) > )\SaT(T ,XN(T)),
J

zi(T*) > By, <)\;‘(T*) — )\ES;Z;(T*,X*(T*))) (x;‘(T*) - B;) =0;

moreover we have

oy

(T*,x*(T*)) =0. (3.6)
We will give an idea of the proof in Theorem 3.4
For variable time optimal problems it is hard to find sufficient conditions

of any practical value, due to an inherent lack of convexity properties in such
problems.

Remark 3.4. In the context of problem with convex control set U, the
reqularity and the concavity of the Hamiltonian and the normality of the extremal
are not sufficient conditions of optimality, i.e. a result similar to Theorem[3.2
does not hold in this new situation.

In [29] appear some sufficient conditions for a large type of problems: in this
note we prefer to provide some necessary conditions for the particular problems
that we present and some existence results of the optimal control (see section

51).

Autonomous problems

In the particular case of a autonomous problem with free final time the argu-
ments of subsection are true. Hence, using condition (3.6]), we have

Remark 3.5. In the assumption of Theorem[3.3, if the problem is autonomous,
then we have that

H(x*(t),u*(t), A§, A" (t)) =0 t € [to, T7; (3.7

More details can be found in, for example, [29] (page 172) and [1] (page 189).
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3.2.3 The proof of the necessary condition

In this subsection our aim is to give an idea of the proof of the generalization
of Pontryagin theorem presented in theorems and More precisely we
prove, in the spirit of the previous theorem [2.3| and in the case n = k = 1, the
following:

Theorem 3.4. Let us consider the problem

T
J(u) = t f(t, @ u) dt +9(T, 2(T))
i = g(tx,u)
z(tg) = a fixed
ey I
C={u:[to,T) =R, ueC([to,T]), T >to}

with f and g in C*, and C open and non empty. Moreover, in the problem (@
we require one of the following four situations:

L. T is fived)| and x(T) = B is fized;
I T is fired" and x(T) = f3 is free;
IIL. T is free and =(T) = B is fived;
IV. T is free and x(T) = f3 is free.

Let u* be the optimal control with exit time T and x* be the optimal trajectory.
Then there exists a multiplier (A§, \*), with

o A§ constant,
o N1 [tg, T*] = R continuous,
such that (A5, \*) # (0,0) and

i) the PMP, %—H(t,z*(t),u*(t),)\a, X (1)) = 0 holds,
u

it) the adjoint equation holds,
itip+) the transversality condition, depending on the previous situations, is

1. no condition;

IT. we have X*(T*) = )\gg—w(x*(T*));
x

II1. we have

oy

(T%,x"(T7)) = 0; (3.9)

IV. we have \*(T*) = )\Sg—w(T*,x*(T*)) and ,
x

INote that in this case 9 (t,z) = ¥(z).
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iv) A§>0.

Proof. First, let us proof the case IV. As in the proof of theorem let
u* € C be optimal control with exit time 7™ and z* its trajectory. Let us fix
a continuous function h : [tg,00) — R. For every constant € € R we define the
function u. = u* 4 eh. Moreover, we consider a generic C'! exit time function
T(e) =T : R — [tg,00) such that Ty = T*. Hence, for every e-variation of the
tern (u*, z*, T*) we have a new tern (u., x, T¢) where z. : [0,T.] — R is the
trajectory associated to u. : [0,T.] — R. Clearly

T(0)=T", ze(to) = a  fixed,
z(Te) = B, xo(t) = ¥ ().

Now, recalling that h is fixed and considering a constant Ay > 0, we define the
function J3, : R — R as

to

jh(e) =Xo (/ € f(t7x6<t)vue(t)) dt+w(Tevﬁe)> :

Let X : [tp,00) — R be a generic continuous function: we obtain

Tne) = /tT(e) {)\of(t, Te, ue) + /\(g(t, Te, ue) - xg)} dt + (T, Be)
(by part) = /Te {H(Lxe,ue, Ao, A) + /\me} dt — (A(Te)ﬁe - )\(to)a) +
to

+Ao(T, Be)
Since u* is optimal and Ao > 0, we have %(O) =0. Henc

d T ([0H 1 da. OH
o) = /t Ham(t,x*,u*,Ao,A)H] s (0)+m(t,x*,u*,Ao,A>h} dt +
| () ()20 T + 20 G )| )+
- [y - a G a] Geo
_—) (3.10)

Clearly T, and z.(7.) = . are free and we have no information on ddq;e (0) and
dBe (()). Hence we require that Ag and A solve the system

de
At) = —)\(t)%(t,z*,u*) - /\og—i(t,x*,u*) in [tg, T"]
ANT™) = )\Og—fj(T*,x*(T*))
Ao f (T, (T), w(T7)) + MT™)g (T, x™(T7), u™(T™)) + AO%(T*7JU*(T*)) =0

2We recall that
Proposition 3.1. Let o and B in C1([a,b]), with a < b, such that a(e) < B(e), for every
€ € [a,b]. Let A = {(t,€) : € € [a,b], a(e) <t < B(e)} and consider the function g : A — R.
We suppose that g and % are continuous in A. Then

a4 B8O O ) -
&L, swad= [ TSt #9980, 9 ~ o/ gl
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Considering the last two conditions in the point T we obtain

o (P (1), (1) + (T, (T))g(T° 2 (T°),w* (7)) +

oY
+2 T 0t (1))
Clearly, if the big parenthesis is different from zero, then A = 0; if the big
parenthesis is zero, then we set A\j = 1. Note that in both cases there exists a
solution \* of the previous ODE and the two transversality conditionsﬂ For
these choices of the function A = A\* and of the constant A\g = Aj, we have by
(3.10))
/T* a—H(t " ut A, AN )hdt =0 (3.11)
to au 9 ] IEAIIR! — Y% .
for every h € C([tp,o0)). Lemma gives the PMP,.
The proof of case I. is similar; here T'(¢) = T* and z.(T(¢)) = B are fixed

and hence T q
0 0 2

—(0) = —(0) =0.
=0, 20)
No transversality conditions appear in this case.
The other two cases are similar. 0

3.2.4 The moonlanding problem
The formulation of the problem presented in (1.7) is the following:

T
e

=,

v=——g

m = —ku

h(0) = hg MT)=0

v(0) = v v(T)=0

m(0) =M+ F

h(t) >0

m(t) > M

C={u:[0,T] — [0,a], admissible}

where hg, M, F, g, —vp, k and « are positive and fixed constants; the final
time T is free. The target set for the problem is 7 = [0, 00) x {(0,0)} x [0, 00).
First of all we remark that a reasonable assumption is

a>g(M+F) (3.12)

i.e. the possibility for the spacecraft to win the gravity acceleration of the moon.
The Hamiltonian is

Hmmm%MMA%szmmﬁﬂ—@—Mm
m

3We mention that our proof is incomplete: we omit to prove that (A5, A*) # (0,0).
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with a pay off function
w(h7 U? m) =m.

Theorem [3.1] implies

u(t) € arg max <A (H)v(t) + Aa(t) ( Y

we[0,a] m(t) ) )
a if )‘Z(t) As(t)k >0
= ut)={7 if f;gg As(t)k =0 (3.13)
0 if 220 = As(t)k <0
/\12—% = A =0 = )\1(f)=a
>.\2 = —%71;]{ = ).\2 = -\ = )\2(t) =—at+b (314)
8H )\gu
o
MO =2 ) = M) = (3.16)

where a and b are constants, and x = (h, v, m). Moreover, since the problem is
autonomous, (3.7]) implies

u(t)

A1 (t)v(t) + Aa(t) (m(t) — g) —As(t)ku(t) =0, Vtel0,T] (3.17)

Let us suppose that a = b = 0: we easily obtain \; = Ay = 0 and, by
7, A3 = Ao in [0,7]. The case A\g = 0 contradicts the nontriviality
of the multiplier; then Ao # 0. The case Ag # 0 (i.e. A\g = 1) gives A3 = 1 and
hence, using (3.13)),

u(t)=0 in [0,7] : (3.18)
clear this is unreasonable: however, from a mathematical point of view, the
dynamics gives © = —g which contradicts v(0) = vg < 0, v(T') = 0.

Now, let us suppose that a and b are not both zero: we will prove that there
exists at most one point 7 € [0, 7] such that in ([3.13) we have )T‘n?((:)) —A3(7)k = 0.
In order to do that, we define the function ¢ : [0,7] — R by

Ao (t)
m(t)

Using the dynamics, and (| we obtain

o(t) =

— A3k

¢: >\2m—2)\2m _}\Sk:_g;

m m
this proves that ¢ is monotone. We have to show that the case a = 0 = ¢ and
¢ =0 1in [0,T] does not occur; clearly ¢ = 0 implies A3 = % in all [0, 7). This
relation and @ = 0 in imply bg = 0, i.e. b= 0: we know that a = b =0
it’s impossible. Hence, really there exists at most one point 7 € [0, T] such that

o(1) =0.
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Now we have four possibilities for the extremal control «

_JO fortel0,T] _Ja fortel0,7]
I u(t) = {a for t € (1,1 I ult) = {0 for t € (1,1
IIT wu(t)=0 fortel0,T] IV u(t) =« forte[0,T)

Case IV is a.e. a particular case of case I with 7 = 0. Case III is as in
. Case I is unreasonable: however, from a mathematical point of view,
the dynamics gives v(T') = —g which implies, taking into account v(T) = 0,
that there exists ¢’ such that v(¢) > 0 for t € (¢, T). Now the relation

taking into account h(7") = 0, implies h(t) < 0 for t € (¢, T).
Hence we focus our attention on the Case I. In [0, 7] the dynamics and the
initial conditions give

h(t) = ——2 + wot + ho

2 (3.19)
v(t) = —tg+vo
m(t) =M+ F

In the (v, h)-plane, the first two relations in the previous system give the so
called free fall curve ~y

v2 7}2
h=—— 42+ hy; 2
% + 2% + ho; (3.20)

its interpretation is that if the spacecraft starts at the (vo, ho)-point (recall that
vg < 0, hg > 0), the corresponding curve in describes the free fall, i.e.
with v = 0: we notice that v decreases.

In the interval [, T], putting u(t) = « in the dynamics we obtain

m=—ku = m()=m(r)—(t—1)ka

mo=u—mg = ()= -9

h=v = h(t):/tv(s) s+ h(7) (3.21)

We remark that, by (3.12]), we have

@ >4
m(r) — (t — 7)ka I=M+F

and hence M + F — (¢t — 7)ka > 0. With some easy computation&ﬂ taking into
account that by (3.19) m(7) = M + F and the continuity of the trajectory, we

4By we have
h(t) = /: {—%mg (w) —(s—1)g +U(7'):| ds + h(7)

m(7)
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obtain for every ¢ € [1,T]

h(t) M—i—F;?S—T)k:oz log (M+F]W__£t1; T)k@) n
t—7  (t—1)%
1 ]\f ; t2 k“r (t —7m)v(r) + h(T) (3.22)
v(t):—klog( + JW_JEF_T) a) —(t—7)g+v(r)
m(t) =M+ F — (t — 7)ka.

Since in the final point 7' we have h(T) = v(T) = 0, the previous equations for
h and v become

M+ F— (T —71)ka M+ F— (T - 1)ka
0= k2o 10g< M+ F >+
—|-T ; r_ @ 727) I+ (T — 7)v(T) + h(T) (3.23)
0=~ tog (M-I TR - g otr)

The previous arguments say that 7 is exactly the time necessary for a spacecraft
that has a initial state (v(7),h(7)) to arrive on the moon softly (i.e. with
distance and velocity zero) when we use the maximum thrust attainable by the
spacecraft’s engine (i.e. u(t) = «) in all the time ¢ in [7,T] to oppose to the
gravity of the moon. In order to find and to draw these “good” initial states

(v(7), (7)), let us set s =T — 7 and let us define 0(s) := v(7), h(s) := h(7): we
obtain by (3.23)

. 1 M+ F — ska

7M+F1 M + F — ska 7iisig
k2a M+ F k 2

] (3.24)
h(s) =

Hence in we have a curve s — 5(s) = (6(s), h(s)): from the construction
of this curve (usually called switching curve), its interpretation is that if the
spacecraft is at a (v, h)-point on the curve corresponding to the parameter s
and if it thrusts at maximum rate «, then it will arrive at v =0, h = 0 in time
s. Finally, we remark that the spacecraft burns fuel at rate ko; since the total
amount of fuel is F we have the condition 0 < s < % in our switching curve.

) [ ()

2t =7)g+ (6 = T)o(r) + h(r)

t
(by part) = TZQ(;) { ((m(T) —m((ST)— T)koé) log (m('r) :n((ST)— T)ka)} T B /: (,7:&)) ds} +

—%(t — 729+ (t — T)v(r) + h(7).
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The initial data (vo, ho) in the interior
of the reachable set R. The free fall
curve v in and the switching
curve in . Set the point P € yN~y:
the switching point T is such that P =
~v(7); finally, if s is such that P = 4(s),
then the final time T is T = 1T + s.
In order to draw the curve 74 note that
5(0) = (9(0),h(0)) = (0,0) and that
implies

«

~/ e S

) =~ T F —ska 90
and v
-, B M+ F 1 T >
W) = sarrE—ska) k% v

= s(—2 g} >o0 '
o M + F — ska g ’

It is clear from the previous picture that for some initial data (vg,ho) there
is no solution for the problem; moreover for every initial data (vg, hg) in the
interior of the reachable set R, there exists a unique switching point 7 € [0, T7;
the second part of the trajectory lies on the switching curve and spends exactly
a time s to arrive in the origin. Hence T'= 7 + s.

Now let us prove that the above construction give an extremal. The control

u(t) = {0 for t € [0, 7] (3.25)

is
a forte (r,T]

and the associated trajectory is given by for t € [0, 7] and by for
t € (1,T]. Note that such trajectory is uniquely determined by the initial data;
moreover we found 7 and 7'

The multiplier is given by

c if t € [0, 7]
MO = )=t h =4 [Ty ey
. )P |

Since m(s) > 0, the last integral exists and is finite in [, T]. By the continuity

we have .
—as+b
=)Ao — —d 2
c= Ao a/T EIBE s (3.26)

We recall that 7 is such that ¢(7): hence

—at+b
—ck = 2
R k=0 (3.27)
Relation (3.17) implied’]
0 = avo—byg (for t=0) (3.28)
o
0 = (—aT +b) <m(T) - g) — Aoka (for t=1T) (3.29)

5Tt is easy to see that, using 1) relation lj for t = 7 doesn’t give new information.
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Now

= a= z—z (3.30)
B29) = A= ki (—vgo + 1) <m‘()‘T) - g> (3.31)
= c= m (—UgOTJr 1) (3.32)
B26) = c:b[kla (—UQOTH) <m?T)—g> —a/TTMds (3.33)

0
then implies b = 0; now ([3.30) and imply a = ¢ = 0; finally we
obtain A3 = 0. This is impossible by the non triviality of the multiplier.
Hence we put Ao = 1 and it is easy to see that there exists unique (a, b, ¢) such
that relations 1] are true. We have only to mention that relations
and ([3.33) are not in contradictionﬂ Hence we have that u in is a
normal extremal control[]

Now, we can apply a generic result of the existence of an optimal control (see
Theorem to guarantee that such u in is really the optimal control.
We know, by the previous construction, that there exists at least an admissible
control u with exit time T'; hence it is reasonable to restrict the original target
set T =[0,00) x {(0,0)} x [0,00) to the new set T =[0,7] x {(0,0)} x [0, 00).
Moreover, we have a compact control set [0,«] and for the dynamics we have
the condition

Clearly —2T + 1 is positive and 1) implies % — g > 0; hence if \y =0,

h v
()l =[G
m —ku
a2
< \/szrWJrngrkzaz
a2
< W+92+k2a2+|v|
< (1+O)A A+ [x[D),

6We have

il - 8) —ar (r) - [ (L)
e [ el
= [_9“”’ - /TT e ds}

g T
=- |:—gT+v0+/ (v+9) dS]
kvoo -

=0

"We remark that our solution does not take into account the condition m(t) > M.
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where x = (h, v, m); finally, for every (¢, h,v,m) we have that

u
F(t,h,v,m) = {(y1792a937z) L Y1 =0, Y2 = E — 9, Ys = _ku; z S Oa u € [0,0{]}

is a convex set. Hence Theorem guarantees that the optimal control exists.

3.3 The Bolza problem in Calculus of Variations.

Let us consider the problem

T
J(x) = t f(t,x(t),%(t)) dt + (T, x(T))

x(tg) = «
X(TO) _ 3, (3.34)
sy I

Ap = {x: [t,0) + R", x € C!, x(to) = o}

where t¢ is fixed, and T' > to, Br € R” are free. We call this problem Bolza
problem of calculus of variation. Clearly is a particular case of , but
let us provide the necessary condition for this particular situation: hence, let us
apply theorem to our situation.

Since u = x and taking into account that in the case of Calculus of Variation
it is possible to prove that A\§ = 1, we have H = f(¢,x,u) + Au : hence, as in

(2.36) and ([2.37)), we have
(PMPy) = Vaf+A* =0

(AE) = Vif =-\"

(tvp+) = A" =Vyxt = f+A*x+%—1f=Oint:T*.

More precisely we have, from theorems [3.1] and [3.3] the following result:

Theorem 3.5. Let us consider with f € C%([tg,t1] x R?™) and ¢ €
CL([to, t1] x R™). Let x* be an optimal solution with exit time T*. Then x* is
extremal (i.e. satisfies EU). Moreover

1) if T is fixed and By is free, then
Vi f (T, x"(T*),x*(T*)) + Vxo(T", x*(T7)) = 0 (3.35)
i) if T is free and Bp is fized, then

f(T*,X*(T*),X*(T*))—X*(T*)fo(T*,X*(T*),X*(T*)H%(T*J*(T*)) =0;

ot
(3.36)
wi) if T and By are free, then we have and .

As we mention in remark [34] the problem to guarantees some sufficient
condition is delicate when T is free. In the next example, with fixed final time,
we prove directly that a extremal is really an optimal solution.
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Ezxample 3.3.1. Let us consider
1
min/ (2 —z)dt + 22(1)
z(0) 2 0

The solution of EU is z(t) = — 112 4 at + b, with a,b € R. The initial condition implies b = 0.
Since T* =1 is fixed, form (3.35)) we have

2¢(1) +22(1) =0 = a=3/8.

Hence the extremal is x* = —t2/4 + 3t/8. Now, let us show that is a minimum. Let h €
C'([0,1]) be such that h(0) = 0 and let x = z* + h. Then

/l(g'ﬂ _z)dt+22(1) = /1(1'*2 4 2ha* 4 % — 2* — h)dt+ 2*2(1) + 20 (1)h(1) + h2(1)
0 0

A%

L 1
/ (2 —m*)dt+m*2(1)+/ (2ha* — h)dt + 22* (1)h(1).
o 0

Since h(0) = 0, *(t) = —1/2, x*(1) = 1/8 and z*(1) = —1/8, we have

1 1
W o h(1)
<2th /O(zh +hydt + =

= f@f/ol(fwrh)dww

/1(2hz‘* — h)dt + 2z*(1)h(1)
0

4
= 0.

The previous inequality implies that =* is a minimum. A

3.3.1 Labor adjustment model of Hamermesh.

Consider a firm that has decided to raise its labor input from Ly to a yet
undetermined level Ly after encountering a wage reduction at the initial time
to = 0. The adjustment of labor input is assumed to entail a cost C that varies,
at every time, with L'(t), the rate of change of L. Thus the firm has to decide on
the best speed of adjustment toward L as well as the magnitude of Ly itself.
This is the essence of the labor adjustment problem discussed in a paper by
Hamermesh.

We assume that the profit of the firm be T
expressed by a general function 7(L), with
7" (L) < 0. The labor input is taken to be
the unique determinant of profit because
we have subsumed all aspects of production
and demand in the profit function. The cost
of adjusting L is assumed to be

C(L') =bL” +e¢,

with b and ¢ positive constants. Thus the net profit at any time is (L) — C(L').
The problem of the firm is to maximize the total net profit over time during the
process of changing the labor input.
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Inasmuch as it must choose not only the
optimal L7, but also an optimal time
T* for completing the adjustment, we
have both the terminal state and termi-
nal time free. Another feature to note :
about the problem is that we should in- /
clude not only the net profit from ¢ =0 L,
to t = T, but also the capitalized value :
of the profit in the post T™* period, which
is affected by the choice of Ly and T,

too.
Since the profit rate at time is w(L7), its present value is m(Lz)e *, where

p > 0 is the given discount rate. So the capitalized value of that present value

is,
/ n(L)e Pt dt = <—7T(LT)6’”] = 7r(LT)e”’T.
T P T p

T i

Hence the problem is

T
L
max/ (7T(L) —bL” — c) e Ptdt + Me_"T
L p

L(0)= Lo
L(T) = Ly

where T and Ly are free, T > 0, Ly > Ly.
Let us set f(¢t,L,L") = (W(L) —bL”? — c) e Pt EU gives us

/ L)

L/I _ L/ — 771— ( . .

P % (3.37)
Conditions (3.35) and (3.36) imply
1

L'(T) — —n'(Lt) = .
(T) = 5o (L) =0 (3.39)
WL (T)? —c=0 (3.39)

Using (3.38)), recalling that Ly > Lo and hence L' > 0,
L(T) = /= (3.40)

Now, equation (3.39)) is
7' (Ly) = 2pVbe. (3.41)
Now, in order to solve (3.37)), let us specified the function w. We suppose
that
7(L) =2mL —nL* con 0<n<m.

Clearly (3.37) implies

L//_ LI_QL:_T
P b b

and the general solution is

I_ ae(p+1/,,z‘+4n/b)t/2 Jr56(,,,, [o2+an/b)t/2 N @7

n
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with o and [ generic constants: the initial condition L(0) = Lo, (3.40) and

(3.41) alow us to determinate «, 8 and 7. Moreover, (3.41)) gives

Y
m  pVbe W

Ly="2_ :
T n n ) @Q\

clearly Ly < m/n. This tells us that \«‘//FLQ
the level of employment L to be

achieved at the end of the corpo-
rate reorganization is below the level
m/n, the level at which profit is max-

imized when we have zero cost (i.e.

“ ; y=n(L)

2m/n

with b = ¢ = 0). L m/n

3.4 Existence and controllability results.
In this section, we first discuss some examples
Ezxample 3.4.1. Let us consider the calculus of variation problem

1
J(z) = / ti2 dt
0

z(0) =1
z(1)=0
ir;f J(x)

\ oz

Clearly J(xz) > 0, for every x. Moreover let us consider the sequence {xn}nen, defined by

zn(t) =1 —t/™, It is easy to see that
() = — /1t2/"—1dt -
n? 0 2

n

and hence {xy} is a minimizing sequence that guarantees min J(z) = 0. Moreover ,, — z =0
x

and it is to see that J(x) = 0 gives & = 0, in contradiction with the initial and the final

condition on x. Hence the problem has no optimal solution.

Ezxample 3.4.2. (Bolza) Let us consider this problem due to Bolza:

J(u) = /01(:52 + (1 —w?)?)dt

T =u
z(0) =0
z(1) =0
inf J(u)
u
For every n € N, we define the control uy as
21— 2 2 — 1
un(t) =1, if ! <t< ! for somei=1,...,n
2 — 1 24
un (t) = —1, if ! <t<fZ for somei=1,...,n
n 2n
We obtain
u X

16 [

A
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The control un and its trajectory x, in the case n = 3.

An easy calculation gives
1/2n 9 1
J(un) =2n z,dt = —;
( n) /O n 12”27
hence 1i_{n J(un) = 0 = inf J(u), since J(u) > 0. Again it is easy to see that the optimal
n oo u

control does not exist. A

Ezxample 3.4.3. We consider
1
J(u) :/ 22 dt
0

T = ux

z(0)=1

z(1) =10

0<u<1

max J(u)

u

For every u, with 0 < u < 1, the dynamics gives ¢ < x: the Gronwall’s inequality in theorem
impljes z(t) < et < e <10 for t € [0,1]. Hence the class of admissible control is empty. A

Ezxample 3.4.4. Let us consider a little variation of example

min T
T=x+u
z(0) =5
z(T) =0
jul < 1

where T is free. For every u, with —1 < u < 1, the dynamics gives © > x — 1: if we define the
function y(t) = 1 — z(t), the Gronwall’s inequalityﬁ implies, for t € [0, 1],

y'(t) <yt) = y) <y0)el =—4et = z(t) >4et +1.
Hence z(T) = 0 is impossible and the class of admissible control is empty. A
The previous examples show that we have to discuss two different questions:

A. the problem to guarantee that the set of admissible control Cy, o is non
empty, the so called controllability problem;

8We recall that (see the appendix in [I1])

Theorem 3.6 (Gronwall’s inequality). Let y and o be a differentiable function and a contin-
uous function respectively in [a,b] C R such that

Y (t) < alt)y(t),  Vte[a,b].
Then ,
y(t) < y(a)exp (/ a(s) ds) , Vi € [a, b).

Proof. Let us define the function v : [a,b] — R by

W(t) = exp (/:a(s) ds) .

Clearly we have v/ = aw, v(a) =1 and v > 0. Hence we obtain that

d (y®)\ _ y'®)v@) -y’ ()
() - =
which implies
VO _v@ o

o) ~ v(a)
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B. the problem to guarantee that in Cy, o there exists a control such that
realizes our sup (or inf);

First, let us discuss, essentially as in [I4], the question B. (another interesting
book is [29], see chapter 2). Let us consider the minimum problem

T
min [ f(t,x,w)dt + (T, x(T)

ueCig.a Jy,

x = g(t,x,u)

x(tg) = «

(T,x(T)) e T (3.42)

Cpa = {u : [to, T] — U C R*, u measurable s.t.

A x: x=g(t x,u), x(tg) =a, (T,x(T)) € T}

with a closed control set U C R¥, and with target set T C (o, 00) x R™.
In all that follows, a fundamental role is played by the set F(; ) defined, for
every (t,x) € R""1 as

F(t,x) = {(y,z) ER" xR: y :g(taxau)a z 2> f(t,x,u), ucec U} (343)

The next results guarantee the existence of an optimal control in the set Cj

of Lebesgue-integrable function of Cy, o. We have this first existence result (see
Theorem 4.1, chapter III, in [14]):

Theorem 3.7 (control set U closed). Let us consider the minimum problem
with f, g and ¥ continuous functions. We assume that there exists at
least an admissible control, i.e. Cyy o # 0.

Moreover let us suppose that

a. the control set U is closed;

b. there exist two positive constants ¢y and co such that, for every t &€
[to, ), x, X' € R™, u € U, we have

ot w)l < ex(1+ ]+ [l
lg(t,x",u) — g(t, x,u) || < caflx” —x]|(1 + [ul]);
c. the target set T is compact;
d. the set F; 5 is convex for every (t,x) € [tg,00) x R™;
f- f is superlinear with respect the variable u, i.e. for every (t,x) fized we

have .
fm  LGXW (3.44)
uel, [uf oo [|ull

Then there exists an optimal control u* € Céo’a for the minimum problemﬂ

91f we are interested on a maximum problem, since max f = — min(—f) in this theorem
we have to replace “>”with “<”in the definition 1b of the set Flex) and “oco”with “—o0”in
the limit (3.44)): in such situation exists a optimal maximum control.
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A proof can be found in [14]. The theorem does not guarantee the existence
of a piecewise continuous optimal control, it only ensure the existence of a
Lebesgue-integrable optimal control. However, the risk involved in assuming
that the optimal control, whose existence is ensured by theorem [3.7] is piecewise
continuous are small indeed (see for example section 6 of chapter III in [I4]
for continuity properties of optimal control). Now, let us spend few words to
comment the previous assumptions:

e if the control set U is compact, it is possible to relax some of the other
assumptions as we will see in Theorem [3.8}

e sure assumption b. holds for linear dynamics, i.e. with g(¢,x,u) = Ax +
Bu where A and B are matrices with continuous elements;

e if the control set U is convex, the function u — f(¢,x,u) is convex and
the dynamics is linear in u, then assumption d. holds.

With the next example, we reserve a particular attention for the assumption d.

Example [2”d part]. Consider the examp]e first we note that the dynamic is
linear, the control set U = R is closed, the target set T = {(1,0)} is compact, the function
f is superlinear: hence all the assumptions (except d.) hold. For every (t,z) € [0,1] X R, we
consider the set F; 5y C R? defined as

F<t7z):{(y,z)€R2: 2> a2+ (1—y?)2, y:uEU:R}

-2

I
1
1
p
The set F(; ) in yellow.

Clearly F(; o) is not convex. A

The role of the convexity of the set F{; ) in assumption d. comes form the theory
of differential inclusion that allow us to construct a solution of the dynamic.

Our second result require the boundedness of the control set and weakens
the assumption on target set T:

Theorem 3.8 (control set U compact). Let us consider the minimum problem
with f, g and ¥ continuous functions. We assume that there exists at
least an admissible control, i.e. Cyy o # 0.

Moreover let us suppose that
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a’. the control set U is compact;

b’. there exist a positive constant cs such that, for every t € [tg, T3], x €
R™ u e U, we have

gt x, )| < es(1+ [Ix[]);

c¢’. the target set T is closed and T C [Ty, To] x R™ for some tg <T) < Ty <
00.

d. the set F; 5y is convex for every (t,x) € [to, To] x R™.
Then there exists an optimal control in u* € C{O’a for the minimum pmblemm

A proof can be found in [29]. Note that assumptions d. in Theorem [3.7] and in
Theorem 3.8 are the same.

3.4.1 Linear time optimal problems

Now we pass to discuss the controllability problem in A.. Since this is a very
large ad hard problem and exhaustive discussion is not in the aim of this note,
we give only some idea in the particular case of linear optimal time problem,
ie.

min 7T’

x = Mx+ Nu
x(0) = (3.45)
x(T)=0
uel-1,1*
where T is free, M and N are n xn and n X k matrices with constant coefficients.
Note that the classical example of Pontryagin since the dynamics in is

(2)=(0a)(Z)e(R)e o

We will solve (|1.5]) in subsection
We recall (see subsection|1.2.1)) that for every T > tg, we define the reachable

set at time T as the set R(T,tg, &) C R™ of the points x such that there exists
an admissible control u and an associated trajectory x such that x(tp) = o and
x(T') = x. Moreover we define

R(to, ) = | R(T,t0, )

T>to

as the reachable set from c.
Hence, our problem of controllability for the problem (3.45) is to guarantee that

0 € R(0, ). (3.47)

We say that (3.45)) is controllable if for every e € R™ we have that (3.47)) holds.
This problem is well exposed in [23] and in [I2].

10T we are interested on a maximum problem, since max f = — min(—f) in this theorem
we have to replace “>"with “<”in the definition (3.43)) of the set F4,x): in such situation
exists a optimal maximum control.
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Starting from the linear ODE and the initial condition in (3.45)), we have
that the solution is

x(t) = M (a + /OteSMNu(s) ds) ,

where, as usual,

= th Mk
tM_
et - 3o EME
k=0
Clearly
t
0€ R(T,0,at) < fa:/ e *MNu(s)ds.
0

It is clear that the possibility to solve the previous problem is strictly connected
with the properties of the matrices M and N; we define the controllability
matrix G(M, N) for (3.47) as the n x kn-matrix

G(M,N) = [N,MN,M?N,...M" 'N] .
We have the following result (see for example, theorem 2.6 and 3.1 in [12]):

Theorem 3.9 (controllability for linear time optimal problem). Let us consider
the problem . Let us suppose rank G(M,N) = n and Re@ < 0 for each
eigenvalue 6 of the matriz M. Then

i. the ODE is controllable,
1. there exists an optimal control for the problem .

3.5 Time optimal problem

A particular case of a free final time problem in (3.5)) is the following

min 7

1.16(3

o (3.48)
x(T)=p

where @ and 3 are fixed points in R™, and T is non negative and free. Hence
is the problem to transfers in the shortest possible time « in 8 : such
problem is called time optimal problem: its solution has a optimal time T*.
Since T = fOT 1dt, we define the Hamiltonian as

H(t,x,u, g, A\) = Xo + A - g(t,x,u) (3.49)

and we have the following result (see for example [30], page 614):
Theorem 3.10. Let us consider the problem with g € C([to, t1] x R™HF).

Let u* be optimal control with exit time T and X* be the associated trajectory.

Then there exists a multiplier (\§, X*), with

o Ay 2 0 constant,
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o X" : [to, t1] = R™ continuous,
such that
i) the nontriviality of the multiplier holds;
it) the Pontryagin Minimum Principle holds,
iii) the adjoint equation holds,

tvps) the transversality condition is given by

H(T™,x(T"),u"(T"), A, A™(T7)) = 0, (3.50)

In the particular case of an autonomous time optimal problem, i.e. with
g = g(x,u) in (3.48), condition (3.50) holds in [0,7™*]; more precisely by (3.7
we have

H (), w (£, A, A (1) =0 t € [to, T"]. (3.51)

Since a time optimal problem is a variable time optimal problem, it is hard
to give sufficient conditions of optimality (see remark . In the next exam-
ples we propose two different approach to guarantee that an extremal is really
an optimal solution: we will use a Gronwall inequality or we will apply some
existence result about the optimal control.

Ezample 3.5.1. Let us consider

1
where T is free. The Hamiltonian is H = Ao + A\ (2z + — | . The necessary conditions give
u

N—

A\ 5 ifA>0
PMP = u(t) € arg min_ — = u(t)Z{? ifA=0 (3.52)
dsvss v 3 ifA<O0
. H .
s _oH A==2) = A(t)=Ae
ozr
1 1
350) = Mo+ AMT) (22(T)+ —= ) =X+ AT) (4+ — ) =0 (3.53
E50 o+ MT) (20(0) + i) = 2o+ M) (44 o) =0 (359

for some constant A. Note that A\g = 0, since u(T') > 3, implies in that A(T) = 0 :
relation A\(t) = Ae™2! gives A = 0 and hence (Ao, \) = (0,0) that is impossible.

Hence we put A\g = 1. Since u(T') > 3, imply M\(T') < 0, i.e. A < 0. Now, implies
w*(t) = 3 in [0,T]: the dynamics now is @ = 2x + 1/3 and with the initial condition give
x*(t) = e?* — 1/6. The final condition z*(T) = 2 implies that T* = %ln 13,

In order to guarantee that T™ is really the optimal time, we have two possibilities: the
first is to provide an existence result for this problem; the second is to use the Gronwall’s
inequality (see Example .

e Using existence result: we would like to use Theorem First, we note that there
exists at least an admissible control, the control set [1, 3] is compact, the dynamics is linear.
We remark that we are in the position to restrict our attention to a “new” final condition of
the type (T,z(T)) € T = [T* — ¢, T* + €] x {2}, for some fixed ¢ > 0: it is clear that such
modification of the target set is irrelevant and the “new” optimal solution coincides with the
“old” one. Now the new target set satisfies assumption c’.

Finally, let us check condition d.: recalling that T = fOT 1dt, we consider the set F(; ;) C R2
defined as

1 1 1
Fle o) ={(y,z)eR2: 221, y=22+ -, 3§u§5}= [2x+g,2x+§} % [1,00).
u
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Clearly F(; 5 Is convex, for every (t,x). Hence there exists an optimal control and this proves
that T* is optimal.
ee Using a Gronwall’s inequality: For every u, the dynamics gives & > 2x + 1/3: if we
define the function y(t) = 2x(t) + 1/3, the Gronwall’s inequality in theorem implies
1

Yt <2yt) = yt) <y0)e = r(t)Sth—g,

for every trajectory x; hence z(T) = 2 for some T > T*: this proves that T* is optimal. A

Example 3.5.2. Let us consider
min T
T=z+u
z(0) =5
z(T)=11
lul <1
where T is free. The Hamiltonian is H = Ao + A(x + w). The necessary conditions give

PMP = u(t) € arg |fjr\li§n1 Mo+ Az +v)] = wu(t)€arg Iglliﬁnl Av (3.54)
}\:—%—Ij = A== = A@lt)=Ae!
(3500 = Ao+ AXT)(x(T)+u(T)) =Xo+NT)A1+u(T)) =0 (3.55)

for some constant A. If A\g = 0, since |u| < 1 we have by that A\(T') = 0; the equation
A(t) = Ae~? implies A = 0 and hence (Ao, \) = (0,0) : this is impossible.

Hence we put A\g = 1. It is easy to see that |u| < 1 and imply A(T) < 0, i.e. A <DO.
Now, implies u(t) = 1 in [0,T] : the dynamics now is * = x + 1 and with the initial
condition z(0) =5 give

z(t) = 6e’ — 1.
The final condition x(T) = 11 implies that T' = In2. Now condition gives
1
14+ A 2(114+1)=0 = A= ~5

In order to guarantee T* = In2 is really the optimal time (with optimal control v* = 3 and
optimal trajectory z* = 6et — 1), we have two possibilities: the first is to provide an existence
result for this problem (linear time optimal problem); the second is to use the Gronwall’s
inequality.

e Using existence result: first, we note that there exists at least an admissible control, the
control set is [—1, 1] is compact, the dynamics is linear. The matrices M, N,G(M, N) are all
1 x 1 and equal to 1. Theorem[3.9 guarantees that there exists a optimal control.

ee Using a Gromwall’s inequality (see Thereom : the dynamics and the control set
imply that for every admissible control u its associated trajectory x satisfies

t=x+u<z+1.

Let us define y(t) = x(t) + 1; using the initial condition on the trajectory and the Gronwall’s
inequality
v <y = yit) <yl =6e = z(t)<6e’ —1=2za"()

for every trajectory x: hence we have x(T) = 11 for some T > T*. This proves that T* is
optimal. A

3.5.1 The classical example of Pontryagin and its boat
We consider the problem (1.5) and we put & = 1, = = x5 : we obtain

min T
i’l =Uu
T2 =0 (3.56)

.’171(0) = Vo, .’172(0) = d()
acl(T) = J?Q(T) =0
jul < 1
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where dy and vy are generic fixed constants, T is positive and free.
The Hamiltonian is H(t, x1, T2, u, Ag, A1, A2) = Ag+A1u+ A2z and the necessary
conditions of Theorem [3.10] give

PMP = u € arg min A\v (3.57)
ve[—1,1]
: OH
Al=———=-A 3.58
! 81‘1 2 ( )
: OH
do=——" =0 3.59
2= " o (3.59)
B5D) = Ao+ A(Out) + Aa(t)zr(t) = 0. (3.60)
An easy computations by (3.58)) and ([3.59) give
)\2 =a, )\1 = —at + b, (361)

where a and b are constants. From PMP in (3.57) we have

-1 if Al(t) >0,
wt) =41 M) <0,
7 i A(f) = 0.

First, let us prove that @ = b = 0 is impossible. In order to do that, by (3.61)
we obtain in (3.60))

Ao + M (t)u(t) + )\g(t)xl(t) =X = O,Vt.

We obtain (Ao, A1, A2) = (0,0,0): this contradicts Theorem [3.10]

Hence a = b = 0 is impossible and \; is a straight line and there exists at most
a point 7 € [0, T] such that A1(7) = 0 and u has a discontinuity (a jump). Note
that in all that follows, \g = 0 or Ay = 1 is irrelevant.

Now we study two cases:

case A: Let us suppose A;(t) < 0in t € (¢/,t") C (0,00). We have, for every
te "), ut)=1and

i1 =u = z1(t)=t+¢, withceR (3.62)
By =xp =  a9(t) =t*/2+ct+d, withdeR (3.63)
We obtain %
1, ? « X
To = §$1 + d — 5 (364) ) ’
For the moment, it is not easy to find the constants P
c and d : however, it is clear that (3.64) represents %
some parabolas on the (x1,x3)-plane. Moreover, 4

the dynamics &9 = x1 gives that if 1 > 0, then xo
increases and if 7 < 0 then x5 decreases: hence
there is a direction on such line when the time

passes.
case B: Let A\1(t) > 0 in (¢,¢") C (0,00) : hence u(t) = —1 and, as before,

1 =u = x1(t) = —t+e, witheeR (3.65)
By =x = zo(t) = —t?/2+et + f, with f€R  (3.66)
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X
that imply N
// e | \\\ \\
VA Al B N
1 62 ey SOONN
2 / B NN
Ty = —5T1 T+ f+ OR (3.67) NN
4 // e T N\ \\‘:-
. . . / // 7 i N \\ \
Again we have some parabolas and a precise di- Y TN
S
rection for such curves. >
>
\
%

case A+B: Now let us put together these
two families of parabolas in and
. In order to start at time ¢ = 0 from
the point (x1(0),22(0)) = (vo, do) and to ar-
rive in the final and unknown time 7 to the
point (z1(T),x2(T)) = (0,0), we can fol-
low some part of such parabolas (with the
right direction). It is clear that there exists
infinite path: for example (see the figure)
starting from A we can move on the curve
as arrive in B, hence follows the dashed line
and arrive in the point C and

finally to arrive in the origin along a new parabola.

We remark that every time we pass from
a curve to another curve, the optimal con-
trol has a discontinuity point, i.e. u* passes
from +1 to —1 or vice versa. Since we know
that the optimal control has at most one
discontinuity point, the “red line ADO” in
the figure is the unique candidate to realize
the min, i.e. the minimal time T*.

In order to guarantee that u* is really the optimal control with exit time T,
we suggest two possibilities:
o first we will provide an existence result for this particular type of time optimal
problem called “linear” (see subsection . As we mentioned, the dynamics
in is exactly the system in . For such M and N matrices, we have

ooum-n-[(2).(8 ) (1) (1 2)

det (M — 61) = 62,

and

Since G(M, N) has rank 2, and 0 is the unique eigenvalue of the matrix M,
Theorem guarantees the existence of the solution of (3.56)), for every initial
data (v, dp).
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ee Second, we can apply a generic result of the existence of an optimal control
(see Theorem [3.8]). We know, by the previous construction, that there exists at
least an admissible control u* with exit time T™; hence it is reasonable to restrict
the original target set 7 = [0, 00) x {(0,0)} to the new set T = [0, 7] x {(0,0)}.
Moreover, we have a compact control set [—1,1] and for the dynamics we have
the condition, with x = (x1, z2),

=)= Vit < ata < a+

finally, for every (t,z1,2z2) we have that

F(t,ml,zg) = {(ylay27z) LY =U, Y2 =21, 2 Z 17 u € [_17 1]}
= [ 1] x{a1} x [1,00),

is a convex set. Hence Theorem [3.8] guarantees that the optimal control exists.

In the next example we solve a particular case of this general situation:
Ezxample 3.5.3. Let us consider

min T’
u

1 =u

T2 = x1

z1(0) =2, z2(0) =1

21(T) =22(T) =0

lul <1
Since A = (21(0),22(0)) = (a1, 2) = (2,1), by (3.65 -) and -) we obtaine =2 e f = 1.
(3.64) gives the curve 1 with equation

zo = —23/2+ 3.
The point D is the intersection of the curve 2 with equation
xr2 = m%/27

and the curve y1 : we obtain D = (— \f 3,3/2). We note that starting from A at time ¢t = 0,
we arrive in D at time Tp : such Tp is, by (3 1E , ™D =2+ V3.

We restart from D = (z1(7p),z2(7p)) and arrive, on to O. By -) we have x1(Tp) =
Tp + ¢ = —/3 and hence ¢ = —2(1 + V/3). By and the equation of 2, we have
d = c?/2 = 4(2 + \/3). We arrive in the origin at the tJme T that is, using and hence
21(T) =T —2(1 ++/3) =0, T = 2(1 + +/3). Hence

T =2(1+V3).

The optimal control and the optimal trajectory are (in order to guarantee that we have really
the optimal control, see the discussions in the previous general case)

wy= {1 fort € [0,2 4+ /3],
1 fort € (2++/3,2(1+v3)],
21(t) = —t+2 for t € 0,2+ /3],
1 t—2(14/3) for t € (2 +v/3,2(1 + v/3)],
w3(t) = —t2/2 42t + 1 for t € [0,2 4+ /3],
2 t2/2 — 2(1 +V/3)t + 4(2 + V3) for t € (24 /3,2(1 ++/3)],
u X X
u
! 2
t t
0 > r 0 s 32
T 7 31: T 7
/ Sl 0 = -
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3.5.2 The Dubin car

The simple car model has three degrees of freedom, the car can be imagined as
a rigid body that moves in a plane. The back wheels can only slide and that
is why parallel parking is challenging. If all wheels could be rotated together,
parking would be a trivial task. The position of a car can be identified, at every
time ¢, with the triple (x1,z2,0) € R? x [0,27), where (x1,22) are the principal
directions and 6 is the angle of the car with the x; axis (in a counterclockwise
sense). We can modify the direction 6 by acting on the steering wheel of the
car: clearly 6 is a continuous function on the time and its “modification” @ is
bounded (i.e. || < A with A positive and fixed) and it’s our control (i.e. u = 6).
Suppose that the car has an initial position (z1(0), z2(0),0(0)) = (4,0,7/2) and
we are interested to park the car in the position (0,0), without constraints on
the final direction of the car, in the shortest time. Clear, the fact that we have
no condition on the final direction simplifies the problemﬂ

We simplify our model setting the constant A equal to 1. Moreover, since we
are considering a minimum time problem, it is reasonable to set the velocity
v = v(t) of the car be maximum and equal to 1. The following problem can be
retrieved:

min T’
u

T, = cosf

T9 = sinf

0=u (3.68)
z1(0) =4, x2(0)=0, 60(0)=mn/2

.Tl(T) = O, LEQ(T) =0

luf <1

The Hamiltonian is H = Ag+A1 cos 45 sin 84+ A3u and the necessary conditions
of Theorem give (note that 6(7T) is free and hence we have a transversality
condition on A3(7T") and note that the problem is autonomous)

u(t) € arg min [As(¢)v] (3.69)
ve[—1,1]
: 0H
A = 787,231 =0 = M= (370)
‘ O0H
Ay = _(97.”[:2 =0 = Ay =0 (371)
: H
Az = —%—0 = Ay sinf — Ay cosf (3.72)
As(T) =0 (3.73)

Ao + A1(t) cos O(t) + Ao (t) sinO(t) + Az (t)u(t) =0 Vit (3.74)

HIf we add an assumption on the final direction of the car, as is reasonable if you are
parking it, then we have the following Dubin car problem:

min T’
u
1 = cos @
o =sind
0=u
21(0) = z1,0, 22(0) =xz2,0, 6(0) =060
z1(T) =0, z2(T)=0, 6(T)=061
lul <1

The solution is much more complicated and is presented, for example, in [I].
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where ¢; are constants; changing these constants with ¢; = acosf and ¢ =
acsin B, where o > 0 and 3 are again constants, we obtain by (3.70)—(3.74]) that

A1 = acosf3, Ao = asin 8 (3.75)
A3 = asin(f — B) (3.76)
Ao+ acosfcosO(T) 4+ asin Bsinf(T) =0 (3.77)
It is easy to see that 1f a=0 (ie. M\ (t) =Nt ) = 0), then by (3.77) we obtain
Ao = 0; moreover and (3.73) give A3(t) = 0. This is impossible since

(Mo, A) #(0,0): hence « 7é 0 We note that if ( )\0, A1, A2, Az) is a multiplier that
satisfies all the conditions , the “new” multiplier (%, )(‘11, )‘;, f’)
1-

satisfies the same conditions 1- In other words, it is possible to put,
without loss of generality, a = 1.
First, let us suppose that there exists an interval (a, b) where

As(t) >0, te€(a,b);
implies u = —1 in such interval. The dynamics gives
0(t) =—-t+a+0(a), vt € (a,b)
and hence
z1(t) = z1(a) — sin(—t + a + 6(a)) + sinb(a)
x2(t) = x2(a) 4 cos(—t + a+ 0(a)) — cosb(a)

for every t € (a,b). Note that t — (x1(t), z2(t)) describes an arc of circumference
of radius 1, with center (x1(a)+siné(a), z2(a) — cosf(a)), in a clockwise sense.
Similar calculations give that if there exists an interval (a,b) where

A3(t) <0, te(a,b)
then we obtain u(t) = +1 and
0(t) =t —a+6(a),
21(t) = x1(a) +sin(t — a + 6(a)) —sinb(a) (3.78)
x2(t) = xo(a) — cos(t — a + 6(a)) + cosb(a) (3.79)

for every t € (a,b). Again t — (x1(t),x2(t)) describes an arc of circumference
of radius 1, with center (z1(a)—sinf(a), z2(a)+ cosf(a)), in a counterclockwise
sense.

Finally, if we have a situation where

As(t) =0, vt € (a,b)
then, A3(t) = 0 in (a,b): relation implies
sin(6(t) — ) =0 te€ (a,b),
i.e. 6 constant in (a,b). The dynamics gives
x1(t) = z1(a)+(t—a) cos(b(a)), x2(t) = x2(a)+(t—a) sin(f(a)) (3.80)

for every t € (a,b).
Essentially, in order to construct our optimal strategy we have only three
possibilities:
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* we turn on the right with 6= —1, and the car describes an arc of circum-
ference of radius 1;

** we turn on the left with 6 = 1, and the car describes an arc of circumference
of radius 1;

**% we go straight, i.e. § = 0.

Now, looking the position of the car, it is reasonable to think that our
strategy is first to turn on the right and hence to go straight. Hence in [0, 7) we
set u(t) =1 and, as in (3.78)—(3.79) and using the initial conditions, we obtain

7r
6(t) =t+ 5
z1(t) =3 +sin (t + g) =3+ cost (3.81)

u .
x9(t) = — cos (t + 5) =sint

for every t € [0,7). In [7,T] we go straight and hence, as in ([3.80) and using the
continuity of the trajectory for ¢ = 7, we have by (3.81) and the dynamics

T
0(t) = -
t)=7+ 5
x1(t) =34 cosT+ (t — 7) cos (T—l— %) =3+4+cosT—(t—7)sinT
2o(t) = sinT + (t — 7) sin (7’ + g) =sinT+ (t—7)cosT
for every ¢ € [1,T]. Clearly the final condition on the position of the car gives

21(T)=3+cost— (T —71)sinT =0, x2(T)=sin7T+ (T —7)cosT =0.

Solving this system we obtain (using the picture below we deduce that sinT =

+v8/3)
1 1
T* = arccos (—3) + V8, T = arccos (—) .

3
Hence
tel0,7]
{ te(r,T"]
_ft+m/2 t €[0,7]
_{T+7r/2 te(r,T*]
3+ cost t €0,7]
{8/3— t—7)V8/3 te (r,T% (3.82)
{ sint te[0,7] (3.83)

V8/3—(t—T1)/3 te(r,T%
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A X,

6(0)
4 X

we®

The initial data for the car is (x1(0),x2(0),01(0)) = (4,0, 7/2); the final position is
(z1(T"), z2(T™)) = (0,0) with 6,(T™") free.

Clear, the previous arguments gives a candidate to be the optimal solution of
the problem, but it is not a proof of its uniqueness. Indeed, it is possible to
construct infinite paths using arcs of circumferences of radius 1 (as in * and
**) and segments (as in ***) to connect the point (4,0) and the origin, with
continuous 6: such paths are all extremals. However, it is easy to see that
in this family of extremal paths, our trajectory (z7,z3) in (3.82)-(3.83) is the
shortest: since the modulo of the velocity of the car is constant, such trajectory
is the best choice in the family of the extremals to have a minimal time. We
remark that such control v* in singular.

Finally, let us show that there exists the optimal control for our problem.
We know, by the previous construction, that there exists at least an admissible
control u* with exit time T™; hence it is reasonable to restrict the original target
set T =1[0,00) x {(0,0)} x [0, 27] to the new set T = [0,7*] x {(0,0)} x [0, 27].
Moreover, we have a compact control set [—1,1] and for the dynamics we have
the bounded condition

cos 0
Ikl = | [ sine || < vITuz<2<20+ X))
u

finally, for every (¢, 1, 22,6) fixed we have that
Fi,2,,20,6) = {(cos0,sin0)} x [~1,1] x [1,00),

is a convex set. Hence Theorem guarantees that the optimal control exists.

3.6 Infinite horizon problems

If in the problem (3.4) we consider, with due caution, t; = oo, then the first
question is the validity of Theorem of Pontryagin [3.1] It is clear that

e with 1(x(00)) and x(c0), we have to replace tli}m ¥(x(t)) and 1tli)m x(t);

e in general, without other assumptions on f, on the control u* and the
associated trajectory x* that are candidate to maximize (or minimize)
the problem, we are not able to guarantee that the integral

/ F(t,x*, %) dt
to

exists and is finite.
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In this context and considering the transversality condition éii) of Theorem of
Pontryagin, one might expect that

lim A*(t) =0 (3.84)

t—o0

would be a natural condition for a infinite horizon problem. The next example
shows that (3.84) is false:
FEzample 3.6.1 (The Halkin counterexample). Let us consider the problem
max J(u)
oo
J(u) :/ (1—z)udt
0
z=(1-2)u
z(0) =0
0<u<1
Let u an admissible controE with trajectory x; since x is continuous and xz(0) = 1, there
exists a €1 = €1(u) > 0 such that 1 — x(t) > 0 for every t € [0,€1); the dynamics gives

t=1-2)u<(1—-2x) in [0, €1).
Setting y = x — 1 and using a Gronwall’s inequality, we obtain y(t) < y(0)e™? i.e.
z(t) <1—et  in[0,e1):

since x is continuous and z(e1) < 1—e~ €1, there exists a €2 = ea(u) > €1 such that 1—xz(t) > 0
for every t € [e1,€2); in this case the dynamics gives

g=(1-2)u<(1—=x) in[0,e2);

and we obtain
z(t) <1—e? in [0,€2) :
It is clear that we are in the position to construct an increasing sequence {e€}}{° such that
z(t) < 1—e  fort € [0,¢], for every k: it is easy to see that such sequence diverges to
+o00. Hence for every admissible control u the associated trajectory x is such that x(t) < 1
on [0, 00).
For every admissible control u, using the dynamics and the initial condition, we have

T T
J(u) = lim / (1 —a)udt= lim [ @dt= lim ((T)—2(0)) = lim 2(T) < 1.
T—oo Jo T—o0 Jo T— o0 T— o0
Clearly, we obtain that every control w such that J(u) = 1, then such w is optimal. In

particular, let us consider the constant control uo(t) = ug € (0,1): we obtain, using the
dynamics and the continuity of ug,

T— 00 T— o0 T — o0

T
J(u) = lim z(T)= lim e~ Jo wods (/ ugelo o dv ds) = lim (1 - e_T“O) =1:
0
due to the previous arguments, ug is optimal.
The Hamiltonian is H = (1 — x)(Ao + A\)u and the PMP implies that

up € arg vren[%xl](l —z)(Xo +A)v vt > 0.

The previous condition gives A(t) = —\g for every t > 0. If A\g = 0, then we obtain (Ao, \) =
(0,0) which is impossible; if A\g = 1 (we recall that A\g € {0,1}), then the previous condition
gives A(t) = —1 for every t > 0. Hence such multiplier A is associated to the optimal control
ugp and tgngo A(t) #0. A

121f we restrict our attention only on continuous and admissible control, we can argue as
follows: we integrate the dynamics & + xu = u and taking into account the initial condition,
we obtain

:B(t) — e f(;‘ u(s) ds (/t u(s)efos u(v) dv ds) —1—e fot u(s)ds

0
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Hence let us consider the problem:

ueC

x = g(t,x,u)

X(to) =

Jim zi(t) = B, for 1 <i<n (3.85)

lim z;(t) > B, forn <i<n”
t—00

max/ ft,x,u)dt
to

lim z;(t) free forn” <i<n
t—o0

C ={u:[tg,00) = U C R¥ u admissible}

where a and 3 = (B4, ..., [,) are fixed in R™.

The problem of the transversality for this problem is treated with many
details in [29] (see Theorem 3.13): here we give only a sufficient condition in
the spirit of the theorem of Mangasarian:

Theorem 3.11. Let us consider the infinite horizon mazximum problem
with f € C' and g € C. Let the control set U be convex. Let u* be a normal
extremal control, x* the associated trajectory and X* = (A},... %) the asso-
ciated multiplier, i.e. the tern (x*,u*,X*) satisfies the PMP and the adjoint
equation.

Suppose that

v) the function (x,u) — H(t,x,u,X*(t)) is, for every t € [ty,00), concave,
vi) for all admissible trajectory x,

lim A(t) - (x(t) — x*(t)) > 0. (3.86)

t—o0
Then u* is optimal.

Proof. The first part of the proof coincides with the proof of Theorem [2:4]
of Mangasarian: hence we obtain that, for every admissible control u with
associated trajectory x we have that (see (2.27))

H(t,x,u, ") < H(t,x*,u", A") — A* - (x — x¥)

and hence, for every that t; > tg

t1 t1 t1
/ ft,x,u)dt < Ft,x*,u*)dt + ()\* S (x* —x)
t t

0 Utl

flt,x*,u*)de +

to

to

+)\*(t1) . (X*(tl) - X(tl)) - A*(to) . (X*(to) — X(to)).

Now, taking into account x*(tg) = x(t9) = «, the limit for ¢; — oo of the
members of the previous inequality gives

h ft,x,u)dt < h flt,x* u")dt + tlli_r}noo X*(t1) - (x*(t1) —x(t1)). (3.87)

to to
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Clearly the transversality condition 1] implies that u* is optimal. 0

The transversality condition in (3.86]) is not so easy to guarantee, since it
requires to study every admissible trajectory. Suppose that in problem (|3.85)
we have n’ = n”” = n, i.e. we have a final condition on the trajectory of the type

lim x(t) = 3, (3.88)

t—o00

for some fixed B € R™. It is clear by the final part the previous proof (see (3.87)),
that

Remark 3.6. Suppose that in the problem we have only a condition of
the type . Suppose that there exists a constant ¢ such that

IO <o, Vit (3.89)
for some T, then the transversality condition in holds.

See chapter 14 in [§] for further conditions.
In the case of infinite horizon problem of Calculus of Variation, recalling

that Vuf = Vif = —A" (see (2.36)), the sufficient condition in (3.86) and in
(13.89) become as follows:

Remark 3.7. In the case of infinite horizon problem of Calculus of Variation,
the transversality condition in vi) becomes

Jim Vi f(8, %7 (8), x7 (1)) - (x(t) — x(8)) <0, (3.90)

for all admissible trajectory x. Moreover, if the calculs of variation problem has
a final condition on the trajectory of the type , i.e. limy o0 x(t) = B with
B fixed, and there exists a constant ¢ such that

[V f(t,x* (), x*(1))| <<, Vt>T (3.91)
for some T, then the transversality condition in holds.
Finally, it is clear from the proof that

Remark 3.8. If in we replace the maz with a min, we have to reverse
the inequalities in the previous transversality conditions in and .

FEzample 3.6.2. Let us consider the problem

o0

min/ et (u? + 322) dt
0

T=u

z(0) =2

It is a calculus of variation problem and in order to guarantee that fooo €2t (u? 4 322) dt < oo,
it is clear that we have to require that tlim z(t) = 0. Hence we have to solve the problem
— 00

min/ et (&2 4 3z2) dt
0

z(0) =2

lim z(¢t) =0

t—o0

The EU gives & + 2& — 3x = 0 and its general solution is
z(t) = ae™3t + bet,
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for some constants a and b. The conditions on the trajectory give that the unique extremal is
the function x*(t) = 2e~53%.

Now we note that % = 2e?¢ and hence
1s]
g(t,x*(t),a’c*(t)) = |22t ()| = | — 1274 <12, Vt > 0 : (3.92)
T

the concavity of the function f = e%* (&2 4 3x2), with respect to the variable x and ¢, and the
transversality condition (3.91), i.e. , give that z* is optimal.

3.6.1 The model of Ramsey

We show the problem of resource allocation in a infinite time (see [24]): we want
to determine the combination optimal of consumption and savings from current
production. Considering a generic economic system that produces a given level
of national product (NP), we must find the fraction of NP that is consumed and
what is saved: the first generates utility in the current period, while the second
fraction of NP, if invested, will produce a utility in the future.

Suppose then that the control variables are the work L = L(¢) and the capital
K = K(t). Suppose also that there is only a goods with production function

Q = QUE(), L(1)). (3.93)

So the production is independent, directly, by time and hence we are assuming
that there is not progress in the technology. Suppose also that there is no
depreciation of the capital and that the population remains stationary. The
production is distributed, at every moment, for consumption C' and investments:
then

Q=C+K' (3.94)

The utility function U = U(C) (social utility index) has not increasing marginal
utility 7 = U’ : then U” < 0. Moreover we suppose that U has an upper bound
which we call U.

U 3 u : u

c | c
We note that if U(C) — U. then n — 0.

We introduce also the disutility function D = D(L) arising from work L, with
marginal disutility decreasing: then D’ > 0. The net utility is given by U(C) —
D(L). The problem of detecting a dynamic consumption that maximizes the
utility of current and future generations can formalize as

ma /O (U(C) — D(L)) dt. (3.95)

In general the integral in (3.95) does not exist. This is due in part to the
fact that there isn’t discount factor, not forgetfulness, but because it is deemed
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“ethically indefensible”, for today’s generations who plan, pay the utilities of
future generations. Moreover it is reasonable to expect that over the course of
time the net utility is positive and grows. Hence, we can assume that there
exists a positive B such that

Jim (U(C) ~ D(L)) = B:
such B is a kind of “ideal situation” (Ramsey called the “Bliss”, happiness).
Hence we have to minimize the gap between the net utility and the “happiness

” .,

(rgiél) /O [B—U(C)+ D(L)] dt

Taking into account and , we have
min /Oo [B - U(Q(K(t), L(t)) — K'(t)) + D(L(t))} dt
0

K(0) 2K (3.96)
I (U(C) - D(L) = B

where K is fixed initial capital, while in general it is considered inappropriate
fix an initial condition at work. If we denote by

F=F(L,K,L',K')=B — U(Q(K(t), L(t)) — K’(t)) + D(L(t)),

we write the equation of Euler with respect the variables L and K :

d

7FL’:FL 0:—77QL+D/
C}it = dn _ 9]
7thK/:FK ar WK

Since
D' =nQy,

the marginal disutility of labor must be equal to the product between the
marginal utility of consumption and the marginal product of labor. Moreover

we have that
dn

oL Qx
n

provides a “good rule” to consumption: the rate of growth of marginal utility
of consumption should be equal, at every moment, to the marginal product of
capital changing the sign. Also we note that F' does not explicitly depend on ¢

and, from (2.38]), we have
F-KFg =c = B-U(C)+D(L)-K'n=c, (3.97)

for every t > 0, where c is a constant. Since the net utility tends to B, it is
clear that U(C) goes to U and hence n — 0. From (3.97)) we have

0= tlim [B-U(C)+D(L)—K'n—c =—c.
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The relations ¢ = 0 and (3.97)) give us the optimal path of the investment K*',
ie.
B-U(C(t)) + D(L(t))

n(t) '

K*/(t) _

This result is known as “the optimal rule of Ramsey”.
Now, if we would like to guarantee that the extremal path (L*, K*) is optimal,
we study the convexity of the function F :

Frp, Frx Frop  Frg
FKL FKK FKL’ FKK/
d®°F(L,K, L', K') =
( ) Frp Froixg Frp Frpg
Frip Frx Frp Fr
—U"Q3 —U'Qrr+ D" -U"QLQx —U'Qkxr 0 U"Qr
-U"QrQk —U'QkrL “U"Q% - U'Qkr 0 U'Qk
0 0 0
U//QL U//QK 0 _u”
If we consider the quadratic form
h- (&*F(L,K,L',K")) -h",
with h = (hp, hi, hr, hi), we have
h- (d*F(L,K,L',K')) -h" =

=h2D"(L) — (hp, hi) - ( @ur Qrx ) (hp, hg)TU'(C) +
Qrx Qkk
' Q7 QQx —Qr '
—(he hichie) - | QuQrx Q% —Qx | - (he, b, hir)TU"(C).
—-Qr  —Qk 1

An easy computation shows that the 3 x 3 matrix of the previous expression is
positive semidefinite. Moreover, since D" (L) > 0 and U”(C) < 0, if we assume
that U'(C) > 0 and @ is concave in the variable (L, K), then the extremal path
(L*, K*) is really a minimum for the problem (3.96)).

An example of a concave pro-
duction function @ is given by
the Cobb-Douglas Q(L,K) =
al'"K® witha > 0and 0 < b <
1. On the right, we put the func-
tion of Cobb-Douglas Q(L, K) =
2L4/5K1/5.
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3.7 Current Hamiltonian

In many problems of economic interest, future values of income and expenses
are discounted: if > 0 is the discount rate, we have the problem

J(u) = / e ) dt
% = g(t, %, u) (3.98)
X(to) =
e T

where t7 is fixed and finite; in this situation, setting Ag = 1 in order to apply a
sufficient condition, we have the Hamiltonian H (t,x,u,A) = e "t f(t,x,u) + X~
g(t,x,u) and the necessary conditions of Pontryagin are

u” € arg mag(f(t, x*, v)e "+ AF gt x, V)) (3.99)
ve

VieH = ¢ "'V f (1, X", ") + A" - Vyg(t, x*,u*) = =X~ (3.100)
A*(t1) = 0. (3.101)

For simplicity and only for few lines, let us consider the case with n = k =1

(ie. x =21 =z, u=wu; = u) and with the control set U = R; moreover we
suppose that % # 0 : then || implies

o)
9 * :
S2(t, x*, u*)

Hence, from remark A" (t) gives the marginal value of the state variable at
time ¢ discounted (“brought back”) at time tg. It is often convenient to consider
the situation in terms of current values, i.e. of values at time t.
Hence, for the generic problem ({3.98)), let us define the current Hamiltonian H*¢
as

He(t,x,u, ) = f(t,x,u) + A. - g(¢,x, 1),

where A, is the current multiplier. Clearly we obtain

H¢=¢e"H (3.102)
Af=e"t\" (3.103)

If we consider the derivative with the respect the time in (3.103f), we have

)\: re"A* + e A"
(by (3.100) and (3.103) ) = 7L — Vif(t,x*,u*) — "X - Vyg(t,x*, u*)
(by BI03)) = AL = Vif(t,x",u") = X} - Vig(t,x",u")
= A, — VxHC(t,x*,u*, X).

(3.99) and (3.102) imply

u*(t) € arg max e "PHE(t,x*(t), v, AL (t)) = arg max He(t,x*(t), v, A5 (t)).
ve ve

Easily (3.101)) becomes A’ (¢1) = 0. In conclusion
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Remark 3.9. A necessary condition for the problem i

u* € argmaI}(Hc(t,x*,v,)\z) (3.104)
ve

A =71\ — Vo H(t, x5, u*, AY) (3.105)

(1) = 0. (3.106)

We will give an interpretation of the current multiplier in remark Clearly
(13.102)) implies the following;

Remark 3.10 (U = R¥). Ifin the problem we have a control set U = R¥,
then in the necessary conditions of remark we have to replace (3.104) with

VuH(t,x* 0", A%) =0 (3.107)

Recalling that the transversality condition for the infinite horizon problem
is delicate, we have the following:

Remark 3.11 (Infinite horizon problem). If in the problem we have
t1 = oo, then in the necessary conditions of remark[3.9 we have to delete .

Ezxample 3.7.1. Let us considelE
min/ e " ax? 4 bu?) dt
0
T=1u (3.108)
z(0) =29 >0

Arg () =0

where a and b are fixed and positive. The current Hamiltonian is H¢ = ar? + bu? + Aeu.

Remark gives

0H¢ .
S— =0 = 20T HAI=0 = (by BII) AL= 20" (3.109)
u
OH¢ :
AL =71 — 3 = A —7rAl+2az" =0 (3.110)
z
H¢ . .
88)\ = q* = r*=u* (3111)
C

(3.109) and (3.110) imply

br* —bra* —az* =0 = =z

2.2 _ 2.2
() = Cle(br+\/b P +4ab)t/(2b) +626<br Vb2 +4ab)t/(2b)7
with ¢1 and ca constants. The initial condition implies
2,2 _ 2.2
2 (1) = Cle(br-ﬁ/b r +4ab)t/(2b) + (2o — Cl)e(br Vo2r +4ab)t/(2b).
Now consider the derivative of the previous expression with respect the time to obtain u* :

br + \/b27 2 + 4ab r4+/b2r a
u*( ) c (b b2r2 44, b)t/(?b)
br — \% b2’l 2 -+ 4ab r—+/b2r2 a
( c ) (b b +4 b)t/(Zb).

It is an easy calculation to see that

oo oo
/ efrt(a(x*)2 +b(u*)2)dt :/ (Ae(\/m)t/b +Be(7\/m)t/b +C) di
0 0

)

13In the example we solve the same problem with dynamic programming.
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for A, B and C constants, converges if and only if ¢c; = 0. We obtain, using (3.103),

Az (t) = zo (\/ b2r2 + 4ab — br) e(br_ b2T2+4ab)t/(2b)» (3.112)
A" (t) = mo (\/ b2r2 + 4ab — br) ei(br+ b2T2+4ab)t/(2b), (3.113)

o(t) = xoe(brfx/b2r2+4ab)t/(2b)

br — Vb2r2 + 4(lbe(br—\/b2r2+4ab)t/(2b)

2b ’
The Hamiltonian is convex and the multiplier \* is bounded; from Theorem|3.11| and remark
u* is the minimum. In the picture at the end of the next example |3.7.2, there is the
optimal tern in a particular case.

u*(t) = xo

Example 3.7.2. Let us consider a modification of the previous example|3.7.1} in the case
r=2 a=3,b=1, zg=2:

o0
min/ e 2t (3% +u?) dt
0
T=u
2(0) = 2 (3.114)
jul < 1
lim z(t) =0

t— oo

This new problem has some similarities with the previous one: we only give an idea of the
solution and leave to the reader the details. The current Hamiltonian is H¢ = 3z2 +u? + Acu.
Remark @ gives

u* €arg min H(t z*,u",\)) = u* €arg min (v + \iv)
vel-1,1] vel-1,1]
1 i -Ar/2< 1
= u = -N/2 if-1<-A/2<1 (3.115)
1 i 1< —\5/2
oOH® .
A=A = AF =2\ 4+ 62* =0 (3.116)
0H¢ . .

Let us suppose that for every t € [0,00) we have —1 < —X%/2 < 1: we obtain (as in example
2]
u*(t) = —2e71, z*(t) = 2e7¢, Ni(t) = 4e™t, Vit € [0,00) :
this contradicts the assumption A} < 2.
Hence let us suppose that, for some fixed T > 0, we have —\}/2 < —1 for every t € [0, 7).

Relations (3.115)), (3.116) and (3.117) give

9
uw*(t) = —1, ¥ =2—t, () :Ae2t73t+5, vt € [0,7). (3.118)

Now let us suppose that for every t € [r,00) we have —1 < —X%/2 < 1 : we obtain (as in
example|3.7.1] taking into account that is an infinite horizon problem)

u*(t) = —coe™F, x*(t) = cae™ ¢, \i(t) = 2coe™ Y, vt € [1,00). (3.119)

The continuity of the multiplier and of the trajectory in t = 7 imply, by (3.118) and (3.119),
that

(1) =2—T7=cge 7,

9
Ni(1) = AT — 37 + 5= 2c0e” T = 2.

It is an easy calculation to see that

s -1 ifo<t<1 s J2—t f0<t<1
“(t)_{felft ift>1 U=t ifr >
1. 2t—2 _ 9
)\:(t):{Qe 3t+32 ifo<t<1
2el-t ift>1
Since the Hamiltonian is convex and the multiplier \* = A%e
minimum.

—2t js bounded, then u* is the
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u
x
0 ! !
i t
! w=-e' P
1 x'=2e" 4\ de=¢22-3t+9/2
-1 u=-1
x=1
w=-2e" ! } 20N )
- PN = ;
0 1 i
1 t 0 1 t

In red: the optimal tern of the problem (3.108), in the caser =2, a =3, b=1, 2o = 2.
In blue: the optimal tern of the problem (3.114]).

3.7.1 A model of optimal consumption with log—utility I

We solvﬂ the model presented in the example formulated with (1.6)),
recalling that here § > r. Secondly we study a particular case where there is not
an excess return, i.e. if where § is a given discount rate and r > 0 is a given rate
to return, then we have § = r. In both these cases, we consider a logarithmic
utility function U(c) = logec.

The case 0 > r : we have to study (1.6). The current Hamiltonian is H¢ =
Inc+ Ac(rz — ¢) and the necessary condition (3.105)) and (3.107) give

Ae= (6 —1)\ (3.120)
c(t) € arg rlr)lgsc(lnv + Ac(rz —v)). (3.121)

Clearly (3.120) gives A\, = Ae(®~"* for some constant A and the max in (3.121))

depends on the such A : more precisely

o(t) = { A ifA(t) <0

5 i A(t) >0

Let us suppos that A > 0. Hence (3.121)) gives c(t) = %e(r"s)t. From the
dynamics we obtain & = rz — £e("=%* and hence

t s
/ rds 1t —/ rdv
e/ To — Z/ er=9seJo ds

0

(1)

7i rt i (r—d8)t
(xo Aé)e +A56 .

141n subsection we solve the same problem with the variational approach.

15We note that this assumption, taking into account that the multiplier is a shadow price
(see section , is reasonable since if the initial capital g increases, then the value of the
max (the total discounted utility) increases.
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The condition tlim x(t) = 0 implies A = %06: note that this result is consistent
—00

with the assumption on the sign of A. Hence we obtain

c(t) = moée(r_é)t and z(t) = xoe(r—é)t.

=0t _ _1 -7t

Since the Hamiltonian is convex and the multiplier \*(¢) = A\ (¢)e 703 €

is bounded, we have the optimal path of consumption.

The case § = r : we suppose that the consumption ¢ is bounded with the

spending limit cpax > 779 and let us remove the assumption tlim z(t) = oo :
— 00

then the problem is
o0
max/ e "tnedt
0
T=7rr—C=C
z(0) =20 >0
x>0
0 < ¢ < cmax

Clearly the current Hamiltonian is H¢ = Inc + A.(rz — ¢) and the sufficient
condition ([3.105)) and (3.107)) give

,'\C:mc—mczo
c(t) earg max (Inv+ A(rz —v)). (3.122)
v€[0,Cmax

We obtain that A.(t) = A:(0) for every ¢ > 0. We note that

OH¢ 1
dc ¢ Ac(0)

and hence, taking into account (3.122), we obtain: if A.(0) < 0, then H€ in-

creases in [0, max] and ¢(t) = cpax; if 0 < ﬁ(o) < Cmax, then c¢(t) = /\61(0); if

%@) > Cmax, then ¢(t) = cmax. In all the cases we obtain that ¢(t) = k is a

constant: hence the dynamics gives

t s
/ rds t —/ rdov et — 1
x(t) = elo xTo — / ke Jo ds | = zpe”™ — k . (3.123)
0 r

We note that £ > rxy implies that tlim z(t) = —oo : this contradicts the
—00

requirement on the capital x > 0. Hence we consider such constant control
c(t) =k with k < rzg : we have

max / e " nedt = (max lnk)/ e~ dt;
{c(t)=k: k<rzo} Jo k<rzg 0

hence ¢*(t) = rzp < ¢max is the optimal choice in the constant consumptions.
Such control ¢* gives a path of the capital constant z*(t) = xo and a current
multiplier A% (¢) = %

In order to guarantee that ¢* is the max, we note that the Hamiltonian
is concave in the variable (x,c¢) since the dynamics is linear in the variables

z and ¢, the running cost is concave in c¢. To conclude we have to show that
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the transversality condition (3.86) in Theorem holds: for every admissible
trajectory « we have z(t) > 0 and hence

—x < x(t) — xo = z(t) — 2™ (¢).
Taking into account that the multiplier A*(t) = \5(t)e™"* = \%(0)e~"" is posi-

tive, we obtain

lm \*(t)(z(t) — 2*(t)) > lim —A*(t)zo = 1 lim e~ " = 0.

t—00 t—o00 r t—oo

Hence c¢* is really the optimal path of consumption.
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Chapter 4

Constrained problems of

OC

The constrained optimal control problems are treated exhaustively in [30] (chap-
ter 8, section C); one can also consult [5] and [20].

4.1 The general case

Let f, g : [to,t1] x R"** — R be the running cost and the dynamics respectively;
let b = (hi,...,hm) : [to,t1] x R*™* — R™ be the function for the m equal-
ity /inequality constraints and b = (by,...,b,) : [to,t1] x R"T* — R” be the func-
tion for the r integral equality /inequality constraints; let ¥ = (¢g, 91, ...,%,)
R"™ — R"*! be the pay off function and o € R the initial point of the trajectory.
Let 0 <m/ <m, 0 <7" <r. We consider the problem

J(u) = /t " F(t %, w) dt + o (x(t))

x = g(t,x,u)

X(to) =

hj(t,x(t),u(t)) >0 for 1 <j<m/

hi(t,x(t),u(t)) =0 form’+1<j<m
t

1 (4.1)
Bj(u) :/ bi(t,x,u)dt +;(x(t1)) >0 for1<j <y
to
t1
Bj(u) = [ bj(t,x,u)dt +v;(x(t1)) =0 forr'+1<j<r
to
max J(u)

C ={u: [to,t1] — R¥, u admissible for a in to}

where t; is fixed. We note that we consider a control set U equal to RF since
all the possible constraints on the value of u can be write in form of the in-
equality constraints h;(¢,x,u) > 0 : hence all the restrictions on the control
is incorporated in these type of constraints. We remark that we require that
the every functions h; depends on the control (see section for the case
hj(t,x,u) = h(t,x)).

89
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As in the static optimization problem with constraints, there are qualifying
conditions for the equality/inequality constraints that must be true. Here we
are not interested in the arguments of the well-known Arrow-Hurwicz-Uzawa
condition (see for example [30]); we only recall a sufficient condition so that
the constraints are qualified. The problem to qualify the equality/inequality
integral constraints is very different: we will treat this problem in the particular
situation of Calculus of Variation in the next section.

Proposition 4.1. Any one of the following conditions provides the equality/inequality
constraint qualification in (u*,x*), where u* is a control and x* is the associated
trajectory:

a) the functions h;(t,x,u) are convez in the variable u, for allx € R", t €
[to, t1] fized and 5 =1,...,m;

b) the functions h;(t,x,u) are linear in the variable u, for all x € R™, t €
[to, t1] fized and 5 =1,...,m;

¢) the functions h;(t,x,u) are concave in the variable u, for allx € R™, t €
[to, t1] fixzed and j = 1,...,m; moreover, there exists u' € U such that
h(t,x*(t),u") > 0 for every t € [to,t1];

d) (rank condition) for every t € [to,t1] fized, the rank of the m x (k + m)

matrix
Oltxw —  Ombxw) o 0
ouy Juy,
Ohalt, x, u) Ohalt xw) 0
o L
0 0
Ohmtx,w) - Ohmbxow) )
Ouq Ay Geru)

is equal to the number m of the constraints. This condition is equivalent
to require that, for every t € [to,t1] fized, the rank of the matriz

ahil (t’ X, 11) ahll (ta X, u) 8h21 (ta X, u)
Ouy Ous o Oug,

Oh;, (t,x,u)  Ohy,(t,x,u) Oh;, (t,x, 1)

Ohg L, o —=2 7 7
— | = ouy Oug Ouy,
au ... “ e “ .. ...

Oh;, (t,x,u) Oh; (t,x,u) Oh;, (t,x,u)

8U1 8u2 o 6Uk (x*,u*)

is equal to the number of effective constraints, where in (%_‘E) we consider

the indices i € E such that the constraint h;, is effectiv

We define the Hamiltonian function H : [tg,t1] x R" x RF x R x R" x R" — R
as
H(t,x,u, Ao, \,v) = Ao f(t,x,u) + A~ g(t,x,u) + v - b(t,x,u)

1We recall that a constraint h;(t,x,u) > 0 is effective if h;(t,x,u) = 0; hence

E={j: 1<j<m, hj(t,x,u) =0}.
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and the Lagrangian function L : [tg,t;] x R" x RF x R x R® x R" x R™ — R as
L(t,X,u,Ao,A,V,H) = H(t,x,u, A07A7’/) +u- h(t,X, ll)

We note that the dimensions of the “new multiplier” v and p coincide with the
number of the equality/inequality integral constraints r and with the number
of the equality /inequality constraints m respectively.

We have the following necessary condition (for the proof see theorem 8.C.4
in [30]):

Theorem 4.1 (di Hestenes). Let us consider the problem with f € C([to, t1]x
Rn+k), ge Cl([to,tﬂ X R"Jrk), h e 01([t0,t1] % Rn+k), be Cl([t()atl] X RnJrk)
and ¥ € C1(R").

Let u* be optimal control and x* be the associated trajectory. Let us suppose
that the rank condition for the m equality/inequality constraints holds.

Then, there exists a multiplier (A\§, X", v*, u*), with

o Ag constant,

o A" = (A}, ., L)t [to, t1] = R™ continuous,
o v* = (vf,...,uk) constant,
o p* = (ui, ..., pwk)  [to, t1] = R™ piecewise continuous (but continuous in

the discontinuity points of u*),

such that:
i) (A5, A", v*, pu*) #(0,0,0,0) and
viBj(u*) =0 forj=1, ...,
vi>0 forj=1, ..., 1,
Wi ()hy(t,x"(t),u*(t)) =0 for j=1, ..., m, t € [to, t1],
/‘L;k(t) >0 fOT .7 = 17 SR m/, te [tO,tl];

it) (PMP): for all T € [to,11] we have
H(r,x*(1),a* (1), A5, A" (7),v*) = max H(7,x"(7),v, A5, \*(7),v*)

VEU wr ()
where for (t,x) € [to,t1] X R™ we define
Ui x = {V eRF: h;(t,x,v) >0 for 1 <j<m/,
hi(t,x,v) =0 form' +1<i< m};
iii) (adjoint equation): in [to,t1] we have
X = — Vo L(t,x*, u, A5 A%, v*, p*);
iv) (transversality condition)

A (t1) = Vx¥(x"(t1)),

where ¥ = Ao + Z Vi
j=1
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v) in [tg, t1] we have
VUL(taX*aU*’)%?A*aV*)“'*) =0.

A sufficient condition with a proof very similar to the theorem of Man-
gasarian is the following (for the proof see theorem 8.C.5 in [30])

Theorem 4.2. Let us consider the mazimum problem with f € C([to, t1] %
R"HF) g € CY([to, t1] x R"F), h € C([to, t1] x R™F), b € CL([tg,t1] x R"HF)
and ¢ € C1(R™).

Let u* be admissible control in o with associated trajectory x* and associated
multiplier (A5, X*, u*,v*) that satisfies i) — —v) in theorem [4.1]

Moreover, let us suppose that

vi) f, g, h, b and ¢ are concave functions in the variables x and u, for all
t e [to,tl} ﬁxed,

vis) Ay =1 and for all i, 1 <i<n, t € [tg,t1] we have Xi(t) > 0.
Then u* is optimal.

We say that the problem (4.1)) is autonomous if all the functions involved in
the statement does not depend on t. In this situation we obtain

Remark 4.1. Consider the problem and let us suppose that it is au-
tonomous. Let u* be optimal control and let x* and (\§, X*,v*, u*) be asso-
ciated trajectory and multiplier respectively. Then the Hamiltonian is constant
along the optimal path (x*,u*, \§, X¥), i.e.

tes H(t,x* (1), u*(8), A5, A*(1)),

is constant in [to, t1].
Ezample 4.1.1. Considef?]

The Hamiltonian H and the Lagrangian L are
H=v—xz+4\u, L=v—a+ X+ v+ p(l —u) + pz(z —0?).
We have to satisfy the following necessary conditions:

(u(t),v(t)) € arg  max (v—x+ Au) (4.2)
(u,v)GUt,mO)

where Uy, = {(u,v) € [0,1] x R: 0% < z}
oL

A=——" = A=1-us (4.3)
ox
A1) =0 (4.4)
oL
=0 = Adtp—p2=0 (4.5)
ou
L
oo _y = 1—2vp3 =0 (4.6)
v

p1 >0 (=0ifu>0)
pe >0 (=0ifu<1)
uz >0 (=0ifv? <a)

2This example is proposed in [29].
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Clearly implies
(1,v/z) ifA>0
(u(®),v(t)) = § (V&) ifA=0
(0,vz) ifA<0
If A > 0, (u(t),v(t)) = (1,+/z) implies by the dynamics x = t + A for some constant A.
gives u3 = L and hence, by ,

2Vt+A
. 1
A=1—-———— = A=t—Vt+A+ B,
2v/t+ A tAT

for some constant B. p1 = 0 implies by pe=t—vt+ A+ B.
If X <0, (u(t),v(t)) = (0,+/x) implies by the dynamics © = C for some constant C.
gives puz = 2\1FC and hence, by 1 s

. 1 1
A=1-— = A=(t———)t+D,
2v/C ( 2\@)

—0i i N YD S
for some constant D. us = 0 implies by | p1 = (t 2\/5) t—D.

Let us suppose that for some 7 > 0, we have A > 0 in [0, 7) : the initial condition z(0) = %

implies A = %.If7-> 1, givesB: %—1 and hence A\(t) =t — t+é+%—1:
note that we obtain A\(0) = 5 —1<0. Hence 7 < 1.

Let us suppose that A < 0 in (7,1] : gives D = ﬁ — 1. Now the continuity of py in T
(note that T is a discontinuity point for v and hence p is continuous) implies

1 1 1

p1(T™ :0:—(1—7)7'—7-1—1:#17'4— = C=-.

() Wei Wi (=) 1

The continuity of x and X in T give C = i. and B = 7% : in particular we obtain A = 0 in
[%, 1] that contradicts the assumption A < 0.

Hence let us suppose that A\ = 0 in [é, 1]; gives u3 = 1 and hence, by v = % The
(PMP) gives v = \/x and hence x = i; the dynamics gives u = 0 and finally, by and the
continuity of the multiplier in é, p1 = p2 = 0. Hence we obtain the following situation:

T u v A [%51 M2 u3

inf0, ) [ t+2% |1 t+t | t—yJt+i+2 | 0 | t—Jt+i+2

0

N
N|=

Let us verify that the rank condition holds:

Ohi Oy g g

59#2 é?l% 1 0 U 0 0

e 92 g oy 0 = -1 0o 0 1-u 0o |;
e gy 0 —20 0 0 a-—u?
S2S2 0 0 h

it is to see the for every ¢ € [0, 1] the rank condition holds in the tern (z, u,v) previous obtained.
Finally it is easy to verify that the sufficient conditions of Theorem are satisfied. Note
that the problem is autonomous and the have H = v —x + \u = % in [0, 1]. A

4.2 Pure state constraints

An important and particular situation is the case of the equality/inequality
constraints where the functions h; in (4.1)) do not depend on the control, i.e.
constraints of the type

hj(t,x(t),u(t)) = h;(t,x(t)) >0 (or =0).
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A simplest example of this situation is x(t) > 0. We remark that with this
type of constraints, the condition of qualification fails since gﬂ = 0. Hence
let us give the fundamental ideas of this constrained problem, called pure state
constraints: a very exhaustive exposition is in [29].

We consider the problem

t1
W= [t dt - v(x(t)
to
x = g(t,x,u)
x(tg) = @ (4.7)
hi(t,x(t)) >0 for1<j<m
max J(u)
ueC
C ={u: [to,t1] — U, u admissible for ¢ in to}

where t; € R and U C R* are fixed. We introduce the Hamiltonian and the
Lagrangian functions as usual.

In previously discussed constrained problems, the solution is predicated upon
the continuity of x and A variables, so that only the control variable u is allowed
to jump: here, with pure state constraints, the multiplier A can also experience
jumps at the junction points where the constraint h(t,x(¢)) > 0 turns from
inactive to active, or vice versa. The condition v) in the next theorem checks the
jump of X in such discontinuity points 7; with respect the effective constraints
hj. The following result can be proved (see Theorem 1 in section 2 of chapter
3) [29])

Theorem 4.3. Let us consider the problem with f € CY([tg, t1]xR"F), g €
C'([to, 1] x R™™*), h € C*([to, 1] x R™), and ¢y € C*(R™).

Let u* be an admissible control and x* be the associated trajectory.

We assume that there exist a multiplier (A5, X", u*), with

o Ay =1,
O AT = (A}, A% ¢ [to,t1] — R™ is piecewise continuous and piecewise
continuously differentiable with jump discontinuities at Ty,...,Tn, with

to<m <...<7ny <1y,
o p* = (pt, ..., pwk) : [to,t1] = R™ piecewise continuous,
and
o numbers BL, with 1 <I< N, 1 <s<m,

such that the following conditions are satisfied:

i) (PMP): for all T € [to,t1] we have

u*(7) € arg max H(r,x*(1),v,X\"(1))
ve

it) (adjoint equation): in [to,t1] we have

A= =V, L(t, x*,u*, \*, u*);
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ii1) (transversality condition)
A" (t1) = Vixiho(x*(t1));

w) pihi(t,x*) =0 and p; >0, forj=1, ..., m;

v) the numbers ﬂ; are non negative and such that

M) - xi) = S a X )y < <N <<

Jj=1

moreover

v1) B =0 if hj(n,x*(n)) > 0;
vy) ,6;- = 0 if hj(m,x*(n)

)
discontinuous at 7 € (tg

and Vxh;(t,x*(t)) - g(t,x*(t),u*(t)) is

=0
st1);
vi) for every T € [to,t1], the function

HO(7,%, A" (7)) = max H(r,x,v, A"(7))

18 concave In X;
vii) h and vy are concave in x.
Then u* is optimal.

We think that the following example and the model in subsection £.2.1] make
clear the assumption of the previous theorem.

Ezample 4.2.1. ConsidefP|
3
max/ (4 —t)udt
0

T=u

z(0) =0

z(3) =3

t+1—x22>0

u € [0,2]
The Hamiltonian H and the Lagrangian L are

H=(4—-tu+ Au, L=A4—-tu+Iu+plt+1-—2a).

We have to satisfy the following necessary conditions:

u(t) € arg max (4 —t+ A\)v (4.8)
v€[0,2]
LN A=up (4.9)
Ox

w>0 (=0ift+1—=z>0)

The shape of the running cost function f(t,z,u) = (4 — t)u suggests to put u = 2 in the
first part of the interval [0,3]. Since z(0) = 0, there exists 71 > 0 such that the constraint
h(t,z) =t + 1 — x is inactive in [0,71] : in such interval we have pn = 0 and hence (by )
A = A for some constant A. We suppose that in [0, 71]

t<d+A: (4.10)

3This example is proposed in [29] and it is solved in [J] with a different approach.
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This implies that in our interval, by , u(t) = 2 and, by the dynamics and the initial
condition z(t) = 2t. With this trajectory we have that

htzt) =t+1—a(t)=1-t>0 & t<1;

we obtain 71 = 1.

In order to maximize, it is a good strategy to increase again f(t,z,u) = (4 —t)u with the
trajectory lying in the constraint on the interval [1, 2], for some 12 > 1. In order to do that,
let us study condition v) of Theorem in the point 71 =1:

Ao) = A7) = iy D) g

th(tv l'(t)) ' g(t,:l?(t), u(t)) = _u(t)§

since for t < 1 we know that u(t) = 2 and in order to have h(t,z(t)) = 0 for t € [1,72) we
have to require u(t) = 1, the control u has a discontinuity point in t = 1 : condition vy implies
that 81 = 0 and A continuous in 71. Hence, in order to satisfy (PMP), for t € [1,72) we put
A(t) = t —4; the continuity of such multiplier in t = 1 implies A = —3. Note that the previous
assumption holds. Moreover, by , we have p =1 in (1,72).

x tHl-x=0,7
Since uw > 0 and hence the trajectory is a non de- 3 prr -
creasing function, in order to obtain the final condi-
tion x(3) = 3, we can consider T2 = 2 and u = 0 in
the final interval (2, 3]. Clearly, with this choice, we 2 e
have a discontinuity for the control w in the point y;
T2 = 2 and the same calculations of before give us /
that A\ is continuous in t = 2. For t € (2,3], the e
constraint is inactive, p = 0 and again A = B is a s
constant: the continuity of the multiplier in 2 im- 4
plies B = —2.

L

2

Hence we obtain the following situation:

in0,1) | 2t | 2| -3 |0
in[1,2] | t+1 |1 |¢t—4a]|1

in(23 | 3 |o| -2 [0

Since the function H® of condition vi) in Theorem and the constraint h are linear in
x, then the previous strategy is optimal. AN

4.2.1 Commodity trading

Let us denote by z1 (¢) and z2(t) respectively the money on hand and the amount
of wheat owned at time ¢. Let 21(0) = mo > 0 and z3(t) = wg > 0. At every
time we have the possibility to buy or to sell some wheat: we denote by «(t)
our strategy, where a > 0 means buying wheat, and a < 0 means selling. We
suppose that the price of the wheat is a known function ¢(t) for all the period
[0,T], with T fixed (clearly ¢ > 0). Let s > 0 be the constant cost of storing
a unit of amount of wheat for a unit of time. We assume also that the rate of
selling and buying is bounded; more precisely |a| < M, for a given fixed positive
constant M.
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Our aim is to maximize our holdings at the final time 7', namely the sum of
the cash on hand and the value of the wheat. Hence we have:

max (21(T) + q(T)as(T))

T] = —8Tg — qQ

i’g =

1‘1(0) = my, xg(O) = Wy
Ty Z O, ZTo Z 0

la < M

Clearly the Hamiltonian H, the Lagrangian L and the pay-off ¢ are

H = —Xi(sz2 + qa) + A,
L = —X\i(sza + qa) + Ao + p121 + poxa,
Y =z1 + qr2.

We have to satisfy the following necessary conditions:

a(t) € arg max  [—A1(¢)(sz2(t) + ¢(t)a) + A2(t)a)

a€[—M,M]
= aft) €arg . a(A2(t) — A1 (t)q(?)) (4.11)
. oL .
A = —aixl = A = — 1 (412)
. oL .
)\2 = _87992 = )\2 = 8)\1 — U2 (413)
)
M(T) = aTi = M) =1 (4.14)
o
A(T) = o A(T) = q(T) (4.15)

,u120 (:Oif.131>0)
>0 (=0if 2o > 0)

Now, to solve the model, let us consider a particular situation: we put
T=2 s5=3 qt)=t*+1, M=4, my=2 and wy=2.

The shape of the function g suggests a strategy. In the first part of our time,
the cost of storing the wheat is major then its value: hence it seams like a good
idea to sell the wheal. In the final part of our time the price of the wheal, and
hence the value of the wheat owned, increases: hence it is better to buy wheat.
Let us follow this intuition in order to solve the problem.

We start with the final part of [0, 2]. It is reasonable to suppose that z1(2)
and x2(2) are positive; hence the two constraints hy = 21 > 0 and hy = 29 > 0
are sure inactive in ¢ = 2. This guarantees that A = (A1, \2) is continuous
in such point ¢ = 2. Hence let us suppose that in (7,2], for some 7 < 2, the
multiplier A is continuous and the constraints are inactive, i.e. p; = pe = 0.

Clearly (L12)-(L15) imply
Al(t)zl and )\Q(t):?)t—]., Vit € (T,2];
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consequently (4.11)) implies, for t € (7, 2]

aft) € arg max a(—t* 4 3t — 2).
acl4,—4]
Since —t2 + 3t — 2 > 0 in (1,2), we have a = 4 in (7,2], for some 7 € (1,2)
(we recall that we have to check that the constraints are inactive in the interval
(r,2]).

Let us study the first part of [0,2]. We note that x1(0) and x2(0) are
positive: hence the two constraints are inactive in ¢ = 2 and A = (Ay, Ag) is
continuous in ¢ = 0. Let us suppose that there exists 7/ > 0 such that for every
t € [0,7") we have

Ao(t) = M) (#2+1) <0, z1(t) >0 and x2(t) > 0. (4.16)
Then (4.11) implies a(t) = —4, for ¢ € [0, 7). Using the dynamics and the initial

conditions on x; and x5, we obtain

4
xl(t):§t3+6t2—2t+2 and  wo(t) = 2 — 4t.

It is easy to see that x; is positive in [0, 2] and z2 is positive only in [0,1/2). It
gives us that

e in [0,1/2], uy =0, Ay continuous and (by (4.12)) A1 (¢) = A,
e in [0,1/2), 2 =0, A2 continuous and (by (4.13)) A2(t) = 3At + B,
e the point 7/ = 71 = 1/2 can be a jump for the function Ay,

where A and B are constants. Let us study condition v) of the Theorem in
the point 74 = 1/2:

Ohy (11,%x(71)) Oha(11,%x(11))

M) =Ml =81 e + B3 o =B,
_ Oh (7, x(T Ohs (71, x(T
() = dalr) = g 2Ty gy Ha(E KT _ gy

Since h; is inactive in 71, we have 33 = 0 that confirms the continuity of \; in
T1. Since

Vit x(1)) - g(t x(), a(t)) = (0, 1) - (~32a(t) — g(t)a(t), a(t)) = a(t)

has a discontinuity point in 71 (for ¢ < 7 we know that a(f) = —4 and in order
to have x5(t) > 0 for t > 7 we have to require a(t) > 0), condition vy implies
that 83 = 0 : hence \g is continuous in 71. The assumption (4.16) becomes

Ao(t) =M () (t2 +1) = —At> + 34t + B—A <0  forte[0,1/2);

moreover, in order to construct the discontinuity for o in ¢ = 1/2 and to guar-
antee the PMP (4.11)) in ¢ = 1/2, it is necessary to have

Ae(t) =M (t)(#2+1) = —At? +3At+ B—-A=0  fort=1/2.
These last two conditions give

A=—-4B and A>0.
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Now we pass to study the middle part of [0,2], i.e. the set [1/2,7]. The
idea is to connect the trajectory zo along the constraint ho = 0 : in order to do

this we put
u(t) =0, for t € [1/2,7]. (4.17)

This clearly gives, in [1/2, 7],
.Z‘Q(t) =0 = i‘l(t) =0 = l‘l(t) = 11/3,

since z1(1/27) = 11/3. In [1/2, 7], since z1(t) > 0 we have u; = 0. By (4.12
and the continuity of Ay in ¢ = 1/2, we have A1(t) = A in [1/2, 7]. From (4.17]
and (4.11]) we have

0 € arg a§1§2<4] a(A2(t) — Aq(t)), for t € [1/2,7].

This implies A(t) = Aq(t) in [1/2,7]. Since Ag is continuous in ¢ = 1/2 and
A2(1/27) =5A/4, we have

Ao (t) = A% + A.

The previous study of the point 71 = 1/2 suggests that the multipliers is contin-
uous where the control is discontinuous. Now to connect this second part [0, 7]
with the final part [7, 1], we have to put

A=MTT)=M("T) =1 AP+ A= X(77)=Xa(7T) =3t —1:

we obtain A = 1 and 7 = 1. The dynamic and the continuity of x; and z5 in
the point 7 = 1 imply

4 23
xo(t) = 4t — 4, and z1(t) :§t3—6t2—|—16t—?, for t € [1,2].

Note that z1(¢) > 0 in this final interval that guarantees p; = 0. Finally (4.12)
implies po = 2t + 1 in [1/2,7]. Hence we obtain the following situation:

1 T2 Q A1 A2 K1 H2

in[0,1/2) | 334612 —2t+2 |[2—4t | —4| 1 |3t—1|0 0

-

in [1/2,1] 4 0 0| 1 |2+1]0 |2t+1

in(1,2] | 4t —6t2+16t—2 |4t—4| 4 | 1 | 3t—1|0 0

Let us calculate the function H® of condition vi) in Theorem

]‘Io(t7 x1,T2, /\T, )\3) = GEE%/;{IM][—/\l(S.xQ + qa) + )\ga}
(—t>+3t—5/4)a ift€0,1/2)
= —3z2+ max <0 ifte[1/2,1]
€A (243t —2)a ifte (1,2
—3x9 —4(—t> + 3t —5/4) ifte[0,1/2)
—3x if t €[1/2,1] .
—3zo +4(—t2+3t—2) ifte(1,2]
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Clearly, for every fixed t, the function H° is concave in (z1,22). Since the
constraints h; and he and the pay—off function 1 are linear in x, then the
previous strategy is optimal.

4.3 Isoperimetric problems in CoV

In this section we are interested to specialized the results of the previous section
to the calculus of variation problems with only equality integral constraints for
trajectory in R (i.e. with n = 1), with fixed initial and final points. This type
of problems is in the big family of the isoperimetric problems of calculus of
variation. More precisely, let f : [to,t1] x R? = R, » > 1, and b= (b1,...,b,) :
[to,t1] x R? — R. Let us consider the problem

J(z) = t [t z(t), x(t))dt

x(tg) = ozo

z(t]) = B t (4.18)
By(x) = / byt a(t), i (D) dt— by =0 withj=1,....r

Ottuen. J()

where «, 8 and Ej are fixed constants and A, clearly is defined as
Aiso = {z € C*([to, t1]); z(to) = @, x(t1) = B, Bj(x) =0 for 1 < j <r}.

Since in problem u =&, we have H = Ao f(t,z,u) + Au+ v - b : as usual,
we obtain

(PMP) = X35 + X" 407~ 50 =0
(adjoint equation) = )\0% + v 3 = —)\*.

Considering a derivative with respect to the time in the first relation, and re-
placing A* we obtain the EU for a new functions: more precisely we have that
an immediate consequence of theorem is the following

Theorem 4.4. Let us consider with f and b in C%. Let z* € C' be a
minimum (or a mazimum).
Then, there exists a constant multiplier (A\S, v*) # 0 such that, in [to,t1], we

havdl

ELOi(t7x*af*7)‘67V*) = L0$(t7w*7l‘.*a)\67’/*)a

where Lg is the generalized Lagrangian function Lg : [to,t;] x R2 x R x R” — R
defined as
Lo(t,z, &, Mo, v) = Mo f(t,x, ) + v - b(t,x, T).

We remark that, in the “language of optimal control”, the function L is an
Hamiltonian; however, in the classical “language of calculus of variation” it is
called Lagrangian: we prefer this second approach.

4We denote by Lo, and by bj. the derivative with respect to = of the functions Lo and by
respectively.
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4.3.1 Necessary conditions with regular constraints

As we will see, the study of isoperimetric problems in CoV has some similarities
with the static optimization problem with equality constraints. Let us start
with the following definition

Definition 4.1. We consider the problem with f and b in C? and let
x* € C1. We say that the constraints are regqular in x* if the r functions

d * 0 * .
abﬂ(t,x Ja¥) —bip(t,x™, %), j=1,...,r
are linearly independent.

Moreover, we note that the definition of regularity of the constraints is related
to the choice of the function z*. The following example clarify the situation

FExample 4.3.1. Consider
1 1 ~
/bl(t,x,x')dt:/ zi?dt = by
0 0

1 1 ~
/ ba(t,x,z)dt = / —txdt = ba
0 0

d
abl,b(t,ac, &) — big(t, @, &) = &2 + 2k,

Clearly

d
Ebgi(t,m, LB) — bgm(t,il?, JC) =t.

It is easy to see that if we consider the function x] = 0, the constraints are not regular since,
for a1 and a2 constants, we have, for every t € [0, 1],

d . . d . .
al (ablz‘(t, IT,IT) — blm(t, ac“f,x{)) + as (Ebgj(t,xi(,x’{) — bz,z(t,xf,afl‘)) =0
& agt=0.

Choosing a1 € R and ag = 0, the last relation is satisfied. Hence the functions %bli(t, x7, T* 1)—
b1 (t,x*,x*1) and %bgi(t, x’f,gé*l) — bag(t,x*,x*1) are not linearly independent.
A similar computation shows that for the function xz} defined by z3(t) = t, the constraints

are regular. A

We remark that in the case of only one constraint (i.e. » = 1), such constraint
is regular in x* if

d . .

abi(t,x*,x*) # by (t,x™, x*).

In other words

Remark 4.2. In a isoperimetric problem of calculus of variation with a unique
constraint, such constraint is reqular in x* if ** does not satisfy the Fuler equa-
tion for the function b.

We define the Lagrangian function L : [tg,t;] x R? x R” — R by
L(t,x,z,v) = f(t,x,2) + v -b(t, x, 2). (4.19)

We have the following necessary condition



102 CHAPTER 4. CONSTRAINED PROBLEMS OF OC

Theorem 4.5. Let us consider with f and b in C%. Let z* € C' be a
minimum (or a maximum). Moreover, let us suppose that the constraints are
regqular in x*.

Then, there exists a constant multiplier v* such that, in t € [to,t1], we have

%Lf(f, ¥ 2, V) = Ly(t, a*, o, v*). (4.20)
A function z* that satisfies (i.e. the EU for the Lagrangian) is called
extremal for the Lagrangian.

It is possible to prove theorem as an application of the Dini’s Theorem,
as in the static optimization problem with equality constraints: this approach
does not follow the idea of “variation” of the CoV; a different proof, using a
variational approach, is in [7].

Example 4.3.2. We consider

1
Ott/ 22 dt
0
z(0) =0
z(1)=0

1
1
/ rdt = —
o 12
1

1

/ tedt = —

0 20

First of all, let us study the regularity of the constraints: since by (t,z,%) = x and ba (¢, x, &) =
tx, we have

d * ¥ * X
Ebli(t,if yx*) = big(t,a*, %) = —1,
d . .
Ean‘c(t»z 733*) - b2x(tvm 7x*) = —t.

For every z*, the functions %bli (t,z*, 2*) —b1z(t, z*, z*) and %bgi (t,z*, %) —bog (t, z*, z*)
are linearly independent since

ai(—1) + az(—t) =0, Vte[0,1] =4 a; =oa2 =0.

Hence the constraints are regular for every x*.
The Lagrangian is L = &2 + vix + vatx; the EU for L is 2% = v1 + vot and the general
solution is

Vi, V23
*(t) = at + b4 242 1 243,
z*(t) a++4 +12

with a,b € R. The initial condition and the final condition on the trajectory, and the two
constraints give

z(0)=0 = b=0
121 1)
1)=0 = b+ —+—==0
z(1) a+b+ 1 + 12
1 1 1
/mdt:— = /(at+b+u1t2/4+1/2t3/12)dt:
0 12 0

=a/24+b+11/12412/48 =1/12
/Oltzdt = % = /Ol(a,t2 + bt + 1183 /4 + vt /12) dt =
=a/34+b/2+11/16+12/60 = 1/20.
Hence a = b = 0, v1 = 4 and vo = —12. The unique extremal for the Lagrangian is the
function z* = t2 — ¢3.

Let us show that x* is really the minimum of the problem. We want to prove that for
every function x = x* +h, that satisfies the initial and the final conditions and the two integral
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constraints, we have J(z*) < J(x), where J(z) = fl #2dt. Let x = 2* + h : hence

z(0) =z*(0) + h(0) = h(0)=0 (4.21)
(1) =2"(1)+h(1) = h(1)=0 (4.22)
1 . _i 1 _
/0 xdt:/o (h+atyde=— = /0 hdt =0 (4.23)
1 1 . B 1 1 B
/Ot:cdt:/o ta® +hydt= oo = /Othdtfo. (4.24)

The four previous conditions give
1
J(z) = / (@ + h)2 dt
0
1 - 2 .o, .
_ / (@ 4 20%h + h?) dt
0

1 . .
_ /(af*2+2(2t—3t2)h+h2)dt
0

1 .
(by part) = /(m'*2+h2)dt+2((2t73t2) } 72/ (2 —6t)hdt
0
o, 1
(by {@21) e la (2.22)) = /(z* +h2)dt74/ hdt+12/ thdt
0 0 0
1
v (£.23) e la (2.24) = ¥+ t
by [I23) e la (T.24 21 h?%)d
0
1
> /x’*th
0
= J(z").
Hence z* is a minimum. AN

In this note we are not interested to study the sufficient conditions for the

problem (4.18)) (see for example [1]).

4.3.2 The multiplier v as shadow price

We consider the problem (4.18)); let 2* be a minimum in C? and let us suppose
that the r integral constraints are regular in x*. Theorem guarantees that

*

there exists a constant multiplier v* = (v§,..., ) such that EU holds for the

rUr

Lagrangian L = f+v*-bin z*. Let us show an interpretation of the role of this

multiplier v*. If we define
ty
- / f(t,2,3) dt
to

clearly J(x*) is the minimum value for the problem (4.18)). Since z* satisfy the
constraints we have

r t1 B
> v (/ by(t, x*, x*) dt — bj> =0.
to

j=1

=
8

*

N~—
I

tl T tl s -
/ f(t,x*jx'*)dt—ka;/ bt x*, %) dt — > vib;
j=1 to j=1

to

t1 T ~
_ / Lt 7 v dt = 3 v (4.25)
to ,]:1
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Our aim is to study the “variation” of the minimum value J(z*) of the problem
when we consider a “variation”of the value by of the k—th constraints; taking
into account (4.25)), such “variation” is

* t1 * %
0J@")  _ / <Lm(t,x*,x'*,u*)af+L¢(t,x*,x'*,u*)a7f) dt — v
6bk to 8bk abk
b . d . ox*
(by part) = / (Lx(t,x*,m*,u*)—Li(t,x*7m*,u*)> — dt +
to dt 8bk
. or* ty
+ <L¢(t,x*,x*,y*)%] — . (4.26)
(9[);@ to
Since we have z(tp) = z*(tg) = «, clearly gg; (to) = 0; a similar argument
implies gg; (t1) = 0. By (i and since x* is extremal for the Lagrangian, we
have
oJ(z* t1 . d . ox*
(~m ) = / (Lx(t,x*,x*,V*)—ng(t,iU*,(E*,l/*)) (f dt_l/;
0by, to de Oby,
= —u.
Finally
0J(z") .
= == _Vk7
by,

and v} measures the sensitivity of the optimal value of the problem with respect
to a variation of the k-th integral constraints; this is the notion of shadow price.

4.3.3 The foundation of Cartagena
Let us consider the problem (|1.2))

1
max xdt

0
z(0)=0
z(1)=0

1
/ V14 i2dt=A>1
0

and, for symmetry, let us check solution with z(¢) > 0. For the function b(¢, z, &)
V1 + 2 of the integral constraint we have

d T [ d?

with d, e € R and d # +1. Since the unique function that satisfies the previous
relation and the conditions 2:(0) = (1) = 0 is the null function, the constraint
is regular since A > 1.

The Lagrangian is L = x+v+/1 + 42 : since L, = 1, its Euler equation d(ﬁ”’” =L,
is Ly +c=1t, ie.

v

Vita

t—c.
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Solving for & we obtain

and hence

2(t) =P —(E—P+k = @) -k (- =

This solution is a circle and the constants k, ¢ and v are found using the two
endpoint conditions and the integral constraint. We are not interested to discuss
the sufficient conditions.

4.3.4 The Hotelling model of socially optimal extraction

One of the assumptions implicit in the classical theory of production is that all
inputs are inexhaustible: in reality this is often not true. The model of Hotelling
(see [I7], [18]) arises to the problem of considering a dynamic of consumption
of a good whose production is linked to a finite resource. The notion of “the
social value” of an exhaustible resource is used for judging the desirability of
any extraction pattern of the resource. If we denote by Q(t), with Q(¢) > 0, the
quantity of extraction of the resource, since it is exhaustible we have

/ Qdt = 5,
0

with Sy > 0 fixed. The cost to extract a quantity @ of such resource is C =
Q).

The gross social value G of a
marginal unit of output of ex-
traction of the resource is mea-
sured by the price P which so-
ciety is willing to pay for such
particular unit of output. If
the price of the resource P is
negatively related to the quan-
tity demanded, then the gross
social value G(Qp) of an out-
put Qg is measured by the yel-
low area under the curve, i.e.

Qo
G(Qo) = (Q)dQ.

0

Hence to find the net social value, we subtract from the gross social value the
total cost of extraction C(Qy). Hence, the net social value is given by

Q
N(@Q) = / P(x)dz — C(Q).

We suppose that P is continuous. The problem is to find an optimal path of
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extraction Q(t), the solution of

oo

mgx/o N(Q)e " dt
Q(0) = Qo < 5o Qo >0 (4.27)
QRdt =95

0
Clearly r > 0 is a rate of discount.
First of all, let us note that the constraint is regular for every function:

indeed, b = b(t,Q, Q") = Q implies

d
— b 1.
gl Fbo & 0F

We set, the Lagrangian L(t, Q, Q',v) = N(Q)e " 4+ vQ. The continuity of P and
the fundamental theorem of integral calculus give

(flitLQ/ LQ = P(Q) — C/(Q) = —ve'. (428)

Hence

(P(Q) - C'(@Q))e " =c,
with ¢ constant. Along the optimal extraction path, the present difference
P(Q) — C’(Q) has a uniform value for at every time: this relation is called the
“social optimal condition”.

Consider the particular case of n firms of small size compared to the
market and therefore are not able to influence the price. Let P(t) = Py be the
price of the resource, let @); be the rate of extraction of the i-th firm and let .S;
be the quantity of resource available for the i-th firm. The problem of the i-th
firm is to maximize

max/oo Ni(Qi)e " dt
QO < S Q>0
/ QZ dt =
where o
Ni(Qi) = | Pydx — Ci(Qi) = QiPo — Ci(Qy)-

EU for the Lagrangian gives
P() - C;(Ql) = —I/@Tt.

This optimality condition is obtained under conditions of pure competition, is
perfectly consistent with the social optimal condition .

However, if we consider the case of a monopoly system in which the
company has the power to influence the market price, we define R = R(Q) the
input of the monopolist for the quantity @ of resource. The problem of the
monopolist is to maximize , where

N(Q) = R(Q) - C(Q).
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EU for the Lagrangian gives
R(Q) - C'(Q) = —ve'

this is very different from the extraction rule of the social optimal condition:
here, the difference between the marginal inputs and the marginal costs grows
at a rate r.
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Chapter 5

OC with dynamic
programming

5.1 The value function: necessary conditions

Let f: [to,t1] x R*™* R, g: [to,t1] x R*** — R and ¢ : R® — R continuous
functions and a € R™ be fixed. We consider the optimal control

J(u) = [ "% w) dt 4+ B(x(t)

x =g(t,x,u) (5.1)
X(to) =
max J(u)

u€liy,a
where to and ¢; are fixed. We recall (see subsection that Cy, o denotes
the class of admissible control for a at time tg, i.e. the set of all such controls
u : [to,t1] — U that have a unique associated trajectory defined on [tg,?1] with
x(to) = a.
VV&{% define the value function V : [tg, t1] X R™ — [—00, o0] for the problem
a

t1
V(r€) = uzlé[:& < ] flt,x,u)dt + w(x(tl))> if C e # 0; (5.2)

—00 if Cre = 0.

Clearly, in (5.2)), x is the trajectory associated to the control u € C; ¢. The idea
of Bellman [6] and of dynamic programming is to study the properties of such
value function. Let us consider (7, &) € [to, t1] x R™ and the problem

ty

J(u) = / £t %) df + (x(t))

.
X = g(t,x,u) (53)
x(r)=¢§

max J(u)
ucCs ¢
Mf in the problem (5.1 we replace the max with a min, in definition (5.2)) clearly we have
to replace sup and —oo with inf and +oco respectively. In subsection [5.5.2] and in example
we will see a min-problem with a value function that admits the value co.

109
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Remark 5.1. If there exists the optimal control u , for , then

V(rg€) = / CF(t x0T b+ (X (1)),

where Xf_,s denotes the trajectory associated to uig.

Ezxample 5.1.1. Let us consider the problem

2

min/ (u? + z2) dt
0

z(0) =1

u>0

In the example|2.7.1} we have found that, for every (7,€) € [0,2] x (0,00) fixed, the problem

2
min/ (u? +x?)dt
T = J;T+u

z(r) =¢
u>0

has the optimal tern, see (2.97),
(uf e, @5 e MEe) = (0,€e" 7T, (7T — e T)).
Moreover, the value function V : [0, 2] x [0,00) — R for the problem (5.4) is, as in ,

2 2
Vo) = [ (02 + @97 de = St -,

5.1.1 The final condition on V: an first necessary condi-
tion

Consider the problem (5.1)) and its value function V. In the particular case of

T = t1, from the definition (5.2]) we have

V(€)= sup ( 1f<t,x,u>dt+w<x<t1>>)=w<e>.

ueCyy ¢ t1
Hence we have

Remark 5.2.
V(t1,x) = ¢¥(x), for every x € R". (5.5)

The condition is called the final condition on the value function: clearly,
it is a necessary condition for a function V : [tg,t1] X R™ — [—00, 0] to be the
value function for the problem .

If in the problem we add a final condition on the trajectory, i.e. x(t1) =
B with 3 € R" fixed, then the final condition on the value function is

V(t1,B) =¥(B).

We will see in section[5.4]the condition for the value function when the trajectory
has a more general condition at the final time.
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5.1.2 Bellman’s Principle of optimality

Theorem 5.1 (Bellman’s Principle of optimality). The second part of an opti-
mal trajectory is optimal.

More precisely: let us consider the problem and let uy, ., and xi, o be
the optimal control and the optimal trajectory respectively. Let us consider the
problem (5.9 W with (1,&) such that xj, (7) = . Let uj  be the optimal control

en

for E3)

U o = U, in [T, t1]
and, consequently, Xy o = XJ ¢ in [7,t1].
Proof. Let u* be the optimal control for the problem (5.1) and 7 € [to, 1] :
we prove that the optimal control u € C; x«(r), defined as the restriction of
u* on the interval [7,t1], is optimal for the problem (5.3)) with £ = x*(7). By

contradiction, let us suppose that there exists uf € Cr x*(7) uf # 4, optimal
for the problem (5.3) with initial data € = x*(7) and such that

/lf( 1%, ) dt + (% / £t xt ut) dt + (st (h)), (5.6)

where % and x* are the trajectories associated to @ and uf respectively. We
consider the control u defined by

_ Jur(t) fortg <t<rT,
u(t) = { wi(t) forr<t<t (5.7)

and x be the corresponding trajectory.

Clearly u € Cy; ; hence

ty

V(to, o) flt,x% ") dt +(x7 (1))

to

f(tx u® dt+/ Flt,x*,u*) dt + (x*(t1))

/ftx u* dt+/ ft,x,0)dt + (x(t1))

(by [5.6)) < f(t,x ,u)dt + f(t,x,u)dt—i—?,/i(xﬁ(tl))
to T
t1

(byp.7) = f(t,x,u)dt + (x(t1))

to
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that is absurd for the definition of value function. Hence such u! does not exist.

U

5.2 The Bellman-Hamilton-Jacobi equation

5.2.1 Necessary condition of optimality

The Bellman’s Principle of optimality plays a fundamental role in the proof of
this crucial property of the value function.

Theorem 5.2. Let us consider the problem with f, g and v continuous
and let us suppose that for every (7,€) € [to,t1] X R™ there exists the optimal
control u* ¢ for the problem . Let V' be the value function for the problem
and let V' be differentiable. Then, for every (t,x) € [to,t1] X R™, we have

a—v(t, x) + rnax(f(t7 x,v) + Vi V(¢ x) - g(t, %, v)) =0. (5.8)
ot veU

The equation is called Bellman-Hamilton-Jacobi equation (shortly BHJ
equation). Clearly is a necessary condition for a generic function V to
be the value function for the problem . The main difficulty of dynamic
programming is that such equation in general is a Partial Differential Equation
(shortly PDE). One of the fundamental property of dynamic programming is
that it is possible to generalize such approach to a stochastic context.

Proof. Let (1,&) € [to, t1] x R™ be fixed. For the assumptions, there exists the
optimal control u*; ¢ for the problem ; we drop to the notation “7,&” and
we set u* = u*;¢. We divide the proof in two steps.

First step: we will prove . For the Remark and for every h > 0 we
have

ty1

V(Ta£> f(t’X*7U*)dt+'l/J(X*(t1))

.
t1

T+h
_ / e ) dit [ fa ) dt v () (59)
T T+

where x* is the trajectory associated to u* with initial point (7, &).

For the Bellman’s Principle of optimality (theorem , the problem with
initial point (7 + h,x*(7 + h)) has as optimal control the function u* restricted
to the interval [7 + h,t1]; hence

t1

V(T + h,x*(t1+h)) = o Ft,x*,u*) dt 4+ (x*(t1)). (5.10)

Equation (5.9)), for (5.10), now is

T+h
V(r, &) = / flt,x*,u*)dt + V(1 + h,x* (1 + h)). (5.11)
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Now, let us prove that

T+h
max </ ft,x,u) dt+V(T+h7X(T+h))> =

ucCr ¢
T+h
_ / Fl x5 u) dE+V(r+hx*(r+h): (5.12)

by contradiction let us suppose that there exists a control G € C; ¢ (with asso-
ciated trajectory X) such that

T+h
/ Pt %, 8)dE+ V(T + b &(r + b)) >

T+h
> / flt,x*u*)dt +V(r + h,x"(r+h)), (5.13)

taking into account that there exists an optimal control u*, j x(r4x) for the
problem (5.3)) with initial point (7 + h,%(7 + h)), then the function u¥, defined
by

g Jualt) forT <t<T+h,
() = forr+h<t<t’

T % (rth) (t)
is in C; ¢ with associated trajectory x!. Hence ) and - ) give

t1

f(tvxﬁ’ u’i) dt + w(xu(tl)) =

T

T+h
:/ f( i ﬁ dt+/ f t X7+h x(t+h)> ‘r+h x(T+h))dt+w( T+h,%x(T+h) (tl))

T+h
>/ flt,x*,u")dt+V(r + h,x"(t+ h))
= V(7€)
that contradicts the definition of value function. Hence (5.12)) holds and, by

(5.11)), we obtain

uelCr ¢

T+h
V(r, &) = max (/ ft,x,u)dt + V(1 + h,x(7 + h))) . (5.14)

Second step: we will conclude the proof. Since V is differentiable, for h
sufficiently small,

V(r,x(7)) + %(T, x(7)) (T +h— 7') +
+Vi V(r,x(7)) - (X(T +h)— X(T)) + o(h)
= VO + D Oh TV (58 (x(r+h) —€) +olh),

since x(7) = €. Then (5.14) and the previous relation give

V(r+ h,x(T + h))

T+h v
max (/ flt,x,u)dt + E(T, Eh+ V, V(€ - (X(T +h)— f) + 0(h)> =0.

ueCr ¢
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If we divide the two members of the previous relation for A > 0 and we consider
the limit for ~ — 0, we obtain

lim { max (% /T+hf(t x,u)dt + 37(7 &)+

h—0t LueC, ¢

FVLV (T, E) - % + 0(1))} =0. (515

Now, we note that for a given fixed u € C; ¢ we have that in (5.14))

T+h
/ Ftx, ) dt 4+ V(r + b x(r+ b)) (5.16)

depends only on the value of u in the set [7,7 + h]: in fact, given (7, &) and u,
we construct x in [7, 7 + h| using the dynamics and hence the value of function
Vin (7 + h,x(7 + h)). Hence, for h — 0", we have that depends only on
the set of the values that u can assume in the point 7, i.e. in the control set U.

Now let us suppose that u is continuous in a neighborhood I of the point 7.
Hence the function ¢ — f(t,x(t),u(t)) is continuous in [7,7 + h|, for h small:
hence, for the mean value theore we have

. 1 T+h
inf (e x(t),u(t) < 4 / ftxuydt < sup  f(tx(t),u(t)

te|r,7+h] te(r,7+h]

Hence, for the continuity in [7, 7 + h],

1 T+h
m 7/ flt,x,u)dt = tgrgr ft,x(t),u(t)) = f(r,x(r),u(r)). (5.17)

li
h—0t h
Now, since ¢ — g(t,x(t),u(t)) is continuous in I, we have x € C'(I) and hence

o x(r+h)—€ .
lim ————— =x(7). 5.18
h—0+ h (7) ( )
If u is not continuous in a neighborhood of 7, i.e. u is only measurable and
admissible, we have only tedious calculations, using the previous ideas, but no
really problems hence we omit this part of the proof.

Equation (5 , using and - gives

mag(f(T,X(T)N) + 0+ V(.8 x(1) =0 (5.19)

ve ot

Using the dynamics, the initial condition x(7) = & and remarking that 9% (7, §)
does not depend on v, we obtain easily 1} 0

2We recall that if ¢ : [a,b] — R is integrable in [a, b], then

inf ¢)t)_7/ ¢(s)ds < sup ¢(t);

tela,b) t€[a,b]

moreover, if ¢ is continuous in [a, b], then there exists ¢ € [a, b] such that

/ $(s)ds = B(c)(b — a).
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Let us consider the problem (5.1); we define the Hamiltonian of Dynamic
Programming Hpp : [to, 1] X R?®" — (=00, +00] defined by

Hop(t,%,p) = max(f(£,x.v) + p- g(t,x,v)) (5.20)

It is clear that, in the assumption of Theorem[5.2] the value function solves the
system

{ 8c‘T‘t/(t,x) + Hpp(t, %, VxV(t,x) =0 for (t,x) € [fo, t2] xR™ 5 97)
V(t1,x) = ¥(x) for x < R"

We mention that the conclusion of the first step in the proof of Theorem
holds with very different assumptions: since we will use these different as-
sumptions and this conclusion in the following (see Theorem 7 let us give
the precise statement:

Remark 5.3. Let us consider the problem in the autonomous case (see
) with the assumptions 1. and 2. in the beginning of section . Then

T+h
V(r,€) = max </ f(x,u) dt+V(T+h7X(T+h))> .

uelCs ¢

For a proof of this result see Theorem 1 in subsection 10.3.2 in [I1].

It is clear that the previous result in Theorem [5.2] leads naturally to the
question “when the value function V (7, &) is differentiable”. We will give an
idea with Theorem [5.41

5.2.2 Sufficient condition of optimality

At this point the question is to suggest sufficient conditions such that a function
W : [to,t1] x R™ — R, that satisfies the Bellman-Hamilton-Jacobi equation ({5.8])
and the final condition , is really the value function for the problem (5.1J).
Moreover, we hope that the value function gives us some information about the
optimal control. This is the content of the next result.

Theorem 5.3. Let us consider the problem with f, g and 1 continuous.
Let W : [to,t1] x R"® — R be a C* function that satisfies the BHJ system ,

i.e.
oW H VW =0 v R"™
PV 3) + Honltx, VW (LX) =0 V(63 € o, h] X B (599
W(t1,x) = ¥(x) Vx € R”

Let w : [tg,t1] x R™ — U be a measurable function such that in [to,t1] x R™ we

have
w(t,x) € arg mgg{(f(t,x, v) + VW (t,x) - g(t,x,v)) (5.23)

Moreover, let us suppose that there exists the solution x* of the ODE

x(t) = g(t,x,w(t,x)) in [to,t1]
ey i (5:24)
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Then x* is the optimal trajectory and u*, defined by
u*(t) = w(t,x*(t)) (5.25)

is the optimal control for the problem (5.1)). Finally if, for every (t,£) € [to, t1) X
R™ there exists the solution of the ODE

{x(t) = g(t,x,w(t,x)) in [7,t1]
x(r) =§
then W is the value function for the problem .

Proof. Let x* be the solution of (5.24) and let u* be defined as in ([5.25); we
prove that u* is optimal. By (5.22)), (5.23)), (5.24]) and (5.25)) we have, for every
fixed t,

2 m) = *rygg(f(t,X*(t),V)+VxW(t,X*(t))~g(t7X*(t)7V))
= —f{t,x"(t),w(t,x"(t))) — VxW(t,x* (1)) - g(t,x"(t), w(t, x*(t)))
= ( X5 (t),u"(t)) — Vx W(t x*(t)) - ( x*(t),u*(t))
fx"(t),u"(t) — VW (t,x"(¢)) - x*(t (5.26)
Since W € C!, the fundamental theorem of integral calculus implies
Wt x* (1)) — W(to, x* (t)) = /t wdt
- tlﬁavtv(t X (1)) + VoW (£, x*(£)) - %+ (¢) dt
oy 62) = - [ (1), w (1) dt. (5.27)

The arguments in the previous lines require some details. The function ¢t —
W (t,x*(t)) is absolutely continuous since is the composition of the function W
in C! and the absolutely continuous function x* (see Remark : the abso-
lutely continuity of ¢ — W (t,x*(t)) guarantees the first inequality. The second
inequality is a simply application of the chain rule to compute the derivative
of the composition of two function; let us mention that such rule holds in our
assumptions, despite the function x* is only absolutely continuity.

Now, let u be an admissible control, with u # u*, and let x be the associated
trajectory. The definition of the function w, and the dynamics give, for
every fixed t,

PLlx(t) = —max(£(1.x(0),v) + VW (1, x(0) - glt,x(0), ) )
~F(Ex(0), (b)) = VaIV (4 x(0) - gt x (1), u(t))
—ft,x(t),u(t)) — VxWi(t,x(t)) - x(t) (5.28)

IA

Again we have

W (t,x(t1)) — W(to, x(to)) = /th”’V(f{:(f))dt

0
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- | 1%(t,x(t)) bVt (1) - () dt
w 62)) < - [ rexo.um)a (5.20)

We remark that x*(tg) = x(tp) = «; if we subtract the two expressions in ([5.27))
and in (5.29)), then we obtain

Wit x* (1)~ Wt x(t) = — [ FEx @, @) der [ F(tx(8),u(t)d.

t(J t[)

Using the final condition in (5.22)), the previous inequality becomes

/t LR (), (1)) b+ p(x (1)) > / " Ftx(t), u() dt + p(x(t),

for every u € (i, o and x associated trajectory: hence u* is optimal for the
problem .

Now we consider the value function V' defined by . By , since u*
is optimal for the problem and using and the final condition on the
trajectory

t

Vto, @) = 1 [ x5 (t), u" (1)) dt + P (x"(t1))

to

= 1 fl&,x*(t),u*(t)) dt + W(t1,x*(t1)) = W(to, o).

to

Hence the function W in the point (¢g, &) coincides with the value of the value
function V' in (o, ). Now, if we replace the initial data x(tp) = « in
with the new initial data x(7) = £, then the same proof gives V (7, &) = W (T, &).
Hence W is really the value function. 0

Along the path (t,x*(t)), the optimal control u* realizes the max in the
BHJ: more precisely

Remark 5.4. If V € C' is the value function which solves the BHJ system
5.21) and if u* is the optimal control (with trajectory x*) for the problem
5.1|), we have

%(t,x* () + [(&,x7 (), u" (1)) + VxV (£, x* (1)) - g(t,x7 (1), u’(t)) = 0

for a.e. t € [to,t1]; this implies that, for such t,
w'(t) € arg max (£, (£), v) + VuV (£, (1)) - gt (1), V) ).

Proof. The function ¢ — V (¢, x*(t)) is absolutely continuous (see Remark [L.1));
hence admits derivative a.e. and the chain rule gives
dV(t,x*(t)) oV

at = a(t,x*(t)) + va(t,x*(t)) . g(t,x*(t), u*(t)), (5'30)
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for a.e. . On the other hand, the absolutely continuity of V' (¢,x*(¢)) implies

b dV (s, x*(s))

d
ds %

V(t,x*(t)) = V(to,x*(to)) +/

to

for every ¢. Since u* is optimal for the problem (5.1)) and using the Bellman’s
Principle of optimality, we have by the previous line

t1 i1 t dV ’ *
Fls.e ) dstoteltn)) = [ gt dsritati) [ S g
t to to
for every t € [to,t1]. It is easy to see that this relation implies
w = —f(t,x (D), u (1), ae. t € [to,ta]- (5.31)
By (5.30) and (5.31)), and since V solves the BHJ system, we obtain
8‘/ * * * * * *

0 = 7 &x"(0) + f(t,x"(1), u™(t)) + ViV (t,x7(2)) - g2, x7 (1), u" (1)

) (£ (1), v) + YV (6 (0) - (1. (1) v))

- at ) veU ) b X ) g ) ) b
for a.e. t. [
5.2.3 Affine Quadratic problems
We now consider a very important class of optimal control problems; let

I 1

max o / (x'Q(t)x + 2x'S(t) + u'R(t)u) dt + ix(tl)'Px(tl)

u to

x = A(t)x + B(t)u + O(t) (5.32)

x(ty) =
C = {u: [to,t1] — R¥, admissible}

where v/ is the transpose of the matrix v; in we denotes the trajectory
x and the control u such that x = (x1,29,...,2,) and u = (u1,us,...,ug)’
respectively. We assume that Q@ = Q(t), R = R(t), S = S(t), A = A(¥),
B = B(t) and C = C(t) are matrices of appropiate dimensions with continuous
entries on [tg,t1]; moreover P is a constant matrix.

These type of problems are called Affine Quadratic problems; if in particular
C = 0, the problem is called Linear Quadratic problem (LQ problem). In this
type of maximization problem it is reasonable to add the following assumption:

A. the matrices Q(t), for every ¢, and P are nonpositive defined (i.e. Q(¢t) <0,
P <0);

B. the matrix R(t), for every ¢, is negative defined (i.e. R(t) < 0);

it is clear that if we consider a min problem, we have to change the previous
inequalities.
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For sake of simplicity, let us consider the case n = k = 1; we looking for a
function

1
V(t,z) = §Zx2 + Wz +Y

with Z = Z(t), W = W(t) and Y = Y(t) in C!, such that V is the value

function for the problem ([5.32): the necessary conditions (5.5) and (5.8) give
for such choice of V' that, for all (¢,x) € [tg,t1] X R

1. . ) 1
—Zz?2 + Wz +Y + max [foQ + Sz+
2 1 veER L2

+§Rv2 + (Zx+W) (Az + Bv + C)} =0,
1 1
5Z(tl)x2 +W(t)r +Y(t) = §Px2,

In order to realize a maximum, it clear that the assumption B. R(¢) < 0 plays
a fundamental role. Hence we realize the max for

_ )z +W(t)B()
'U(t,.T) - R(t) ’
an easy computation gives
. B2
Z — fZ2+2AZ+Q =0, Z(t))=P (5.33)
. B2
W + (A—RZ>W+S+CZ:0, W(t1) =0 (5.34)
. B2
Y - —W?+CW =0, Y(t1) =0 (5.35)

2R

If there exists a unique solution Z of the Riccati ODE in [to,t1] with
its initial condition, then we put such solution in and we obtain a linear
ODE in the variable W with its initial condition; again, putting such solution
W in we obtain an easy ODE in the variable Y with its initial condition.
These arguments give the following:

Remark 5.5. Let us suppose that there exists a unique solution for the system

7 —7ZBR'B'Z+ZA+AZ+Q=0, Z(t)) =P
W+ (A-BR'BZ)W+S+2C=0, W(t)=0 (5.36)
Y -~ LW'BR™'B'W + W'C =0, Y(t1) =0

in the variable (Z,W,Y') such that
v(t,x) = —R'B'(Zx + W)
realizes the max in
1
max (V/RV +(Zx+ W)’Bv)
veRF \ 2
for all (t,x) € [to, t1] x R™, then
1
V(t,x) = §X/ZX +Wx+Y

18 the value function for the problem .
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A more precise result, that we are not interested to prove (see Proposition
5.3 in []), is

Proposition 5.1. Let us assume A. and B. Then there exists a unique solution

of the system .

Let us consider now the particular situation of a linear homogeneous quadratic
problem, i.e. C = 0 and S = 0; it is clear that implies the solution
W = W(t) = 0; consequently, in we obtain the solution Y = Y (¢) = 0.
Clearly we obtain the following (see [10]):

Remark 5.6. Let us consider the problem in the linear and homogeneous
case, with the assumption A. and B. Then

1
V(t,x) = §X/ZX

is the value function for the problem.

5.3 Regularity of V and viscosity solution

The results of the previous section require some regularity of the value function.
More precisely in order to give a sense to a BHJ equation, we need the differ-
entiability of the value function V. In this section we focus our attention of the
problem in the autonomous case, i.e.

maX/ Flx,u) dt + (x(t1))
x—gxu (537)
x(tg) =

C={u: [to,tl] — U C R*, admissible}

where ty and ¢; are fixed. In all that follows in this section, let us assume that
for the problem ([5.37) we have that

1. f:R"xU - R, g:R"xU — R" and ¥ : R® — R are bounded and
uniformly continuous with

[f(x,u)] < C, [f(xu) = f(X, w)] < Cllx = X,
lgGe )l <€, lg(x,u) — g(x', )| < Cflx — x|,
Y <G, [¥(x) = (x| < Cllx = x']],

for some constant C' and for every x,x’ € R", u € U,
2. the control set U is compact.

We only mention that many results of this section hold in weaker assumptions
w.r.t. 1. and 2..

The next result fixes an important idea about the regularity of the value
function V.



5.3. REGULARITY OF V. AND VISCOSITY SOLUTION 121

Theorem 5.4. Consider the autonomous problem with the assumptions
1. and 2.. Then the value function V is bounded, uniformly continuous and

Lipschitz, i.e. there exists a constant C such that
V(&I <C V(. -V(.&)<C(r—7|+]E-¢€])
for every 7,7 € [to,t1] and &,¢&" € R™.

An immediate but fundamental consequence of the previous theorem and of
the Rademacher’s theorenﬂ is the following

Corollary 5.1. In the assumption of Theorem the value function V is
differentiable except on a set of Lebesgue measure zero.

Proof of Theorem In all the proof we denote by C' a generic constant, that
in general can be different in every situation.

First, it is easy to see that the Lipschitz assumption on g guarantees (see
Theorem that for every initial data (7, &) and for every control u : [7,t1] —

U we have that
{5{ =g(x,u) in [7,#1]
x(1) =¢
admits a unique solution x in [7, #1], i.e. u is admissible. In fact let us show that
assumptions 4., 4. and #i. in Theorem [1.3|are satisfied: for every u measurable
it is clear that (¢,x) — g(x,u(t)) is measurable since g is continuous; secondly,
the Lipschitz assumption on g in 1. gives

lg(e,u(t)) = g, u(®))|| < Cllx = x'[f;

finally,
lg(x,u(®))| <C < C+ x|

for every t € [to,t1], x € R™ and u measurable function. This implies that
Cr¢ # 0 and hence V (7,&) # —oc.
Second, the boundedness assumption on f and 1 guarantee that

t1
Vel = | suw f(x,u)dt+¢(><(t1))’
ueCre¢ Jr
< swp ( [ s wiac |w<x<t1>>|)
ueCr ¢ T
< |t1—T\C+C<C.

Now let us fix € and £ in R”, and 7 € [to, t1]. For every € > 0 there exists a
control u € C, ¢ (with trajectory x) such that

t1

V(rg) —e< [ f(xu)dt+¢(x(t)).

T

3Let us recall this fundamental result (see Theorem 2 in section 3.1 in [13]):

Theorem 5.5 (Rademacher). Let U C R™ be open and let ¢ : U — R™ be Lipschitz contin-
uous. Then ¢ is differentiable almost everywhere in U.

4This proof is as in [I1]; for a proof in the non autonomous case, see for example [T4].
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It is clear that for this control we have u € CTZ (with trajectory X): by the
definition of value function,

wﬂa—vvfhg/Rﬂxm—f&m»u+w@m»—w&m»+e

t1
< / |f(x,u) = f(x,u)|dt + [ (x(t1)) — 0(X(t1))| +e. (5.38)
The Lipschitz assumption on g implies that, for a.e. t € 7, 4],

x(t) = X(0), X(0) = X(0)
= () - %)) ( %)

[Ix(t) —x(t)]|
< |xw -xa)|
= llg(x(),u(t)) — g(x(t),u(?))]
< Clx() —x(@)|
The Gronwall’s inequality (see Theorem implies, for every t € [r, 1],
Ix(0) -0 < Ixtr) -5t e ([ Cas) <cle-g|. 5w

Hence, using (5.39) and the Lipschitz assumptions, we obtain by (|5.38))

V(7,6) - V(1,§) < C/IIIX(t)*i(t)H di + C[x(t1) = x(t1)]| + ¢

IN

et w2+ e+
clle-g+

The same argument with the role of £ and E reversed implies V (7, E) —V(r, € <
C H£ —EH + € and hence

Vire) -v(rdl <cls-|. (5.40)

Now let us fix € in R”, and tg < 7 < T < t;. For every € > 0 there exists a
control u € C, ¢ (with trajectory x) such that

t1
Vg —e< [ fxu)de+vix(n)).
Consider the function U : [7,¢1] — U defined by
u(s) =u(s+7—-7), Vs € [T, t1].
It is clear that U € Cz ¢ with trajectory X such that, since g does not depend on
t,X(s) =x(s+ 7 —7) for s € [T, t1]: hence, by the definition of value function,

V(re) - V(EE) < /"f@mwﬁ+w@m»+

- Alf(ﬁ,ﬁ)dt—z/)(ﬁ(tl))Jre

7

= /t1 f(x,u)dt +p(x(t1)) — p(X(t1)) + €

1+7-T
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Since f is bounded and ) is Lipschitz we obtain
V(7,8) =V(7,8) < |7 —7|C + Cx(t1) — x(t1)[ + & (5.41)

since g is bounded we have, taking into account X(¢;) = x(t; + 7 — 7),

[x(t1) = x(t: + 7 =7

Hs+ [ atemas e - / T e ds

t1
‘/ g(x,u)ds
ti+7—7

< Clr-7. (5.42)
Clearly (5.41) and (5.42) give
V(&) —-V(7,6) <Clt—7|+e. (5.43)

Now, with the same &, tg < 7 <7 < t; and ¢, let us consider a new control
u € Cz¢ (with trajectory X) such that

t1
V(T.€) —e< | fXu)dt+p(X(t)).
Consider the function u : [1,¢;] — U defined by
u(s) = U(s+7—71) forse(rt;—T7+T]
o ﬁ(tl) for s € (tl 7’/7'\+T,t1]
It is clear that u € C, ¢ (with trajectory x) and that x(s) = X(s +7 — 7) for
s € [1,t1 — T + 7] : hence, by the definition of value function,

ty

V(7,8) = V(r,€§) < FR, Q) dt +¥(X(t)) +

- / " Flxou) dt — (x(t)) + ¢
< - / L feou)dt 4 (x(t — 7 4 7)) — () + €
t1—T+T7

Again, since f is bounded and % is Lipschitz we obtain
V(7,6 - V(&) <|r—=7|IC+Clx(t1 — T+ 1) —x(t1)|| + ¢ (5.44)

since g is bounded we have

ty—F4T ty
[x(t1 —7+7) —x(t)| = H§+/ g(x,U)ds—E—/ g(x,u)ds
t1
= ‘/ g(x,u)ds
ti+17—7T
< Clr=7). (5.45)

Clearly (5.44) and (5.45) give
V(T,8) —V(r,§) <Clt —7| + e (5.46)
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The inequalities (5.43]) and (5.46) guarantee that
V(7€) = V(8| < Clr —7l. (5.47)

Since 1) and 1} hold for every &, E, to <7 <7 < t1, we obtain
VFE V(O < IVFEEO-VEEHVFO-V(mel < C(Ir -7+ € ¢l

and the proof is finished. 0O

5.3.1 Viscosity solution

Now if we consider the problem (|5.1)) with the assumption of Theorem such
theorem and Corollary guarantee that the value function V' : [tg, t1]xR™ — R
is bounded and for a.e. (£,X) € [to, 1] X R™ exists

(at(t,x), VXV(t,x)> . (5.48)

At this point we have a problem: if there exists a point (£,X) € [to,t1] X R™
such that V is not differentiable, i.e. the vector in does not exist, how
should we interpret the BHJ equation in (Z,%), i.e. the relation 2 (%,%) +
Hpp(t,X,VxV(L,X)) =07

A more general and important result of regularity for the value function
passes through the definition of viscosity solution (see Chapter 10 in [I1] and
[3] for more details):

Definition 5.1. Let us consider a bounded and uniformly continuous function
Vi [to, t1] x R™ — R with V(t1,x) = (%), for all x € R™.

We say that V is a viscosity subsolution of BHJ system if whenever
v is a test function in C°°((to,t1) x R™) such that V — v has a local minimum
in the point (t,X) € (to,t1) X R™, then we have that

P (1,%) + Hpp(1,%, Vxo(,X)) < 0. (5.49)

We say that V is a viscosity supersolution of BHJ system if whenever
v is a test function in C*°((to,t1) X R™) such that V — v has a local maximum
in the point (t,X) € (to,t1) X R™, then we have that

ov - _ - _ _—
a(t,x) + Hpp(t, X, Vxo(t, X)) > 0. (5.50)
A function that is both a viscosity subsolution and a viscosity supersolution is
called viscosity solution.

The theory of viscosity solution is very important and wide, but it is not the
focus of this note. We are interested to give only an idea. We only remark that
the previous definition allow us to give an interpretation of the BHJ equation in
the point (¢,X) where V is not regular enough; on the other hand, in the points
(t,X) where V is regular then nothing change with respect to the classical notion
of solution of BHJ equation:
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Remark 5.7. Let V : [tg, t1] X R™ — R be a bounded and uniformly continuous
function such that is C* in a neighborhood of a point (t,X) € (to,t1) x R™. Then
the two requirements 7 m Deﬁmtion are equivalent to

ov

S (0% + Hop (6%, VAV (E.%)) = 0. (5.51)

Proof. Let us start by proving (5.49)—(5.50)) imply (5.51)): let us consider v €

O ((to,t1) x R™) such that V' — v has a local minimum in the point (£,X) €
(to,t1) X R™; then inequality (5.49) holds. However, since the function V — v is
regular and (¢,X) is a minimum point for such function, then

(‘?t/(t,x), va(t,x)) - (g:(t,x), va(t’X>> : (5.52)

Inequality ([5.49)) becomes

Now, if V' — v has a local maximum in the point (¢,X), similar argument proves
the reverse inequality and hence (5.51)).

Now suppose that holds and let us consider v € C*((to,t1) x R™)
such that V' — v has a local minimum in the point (¢,X) € (to,¢1) x R™. Clearly

(5.52)) holds and hence (5.49). Similar argument proves that if we have a local
maximum for V' — v then 1) is true. 0

Now we have the following fundamental result:

Theorem 5.6. Consider the autonomous problem with the assumptions
1. and 2.. Then the value function V is the unique viscosity solution of the

BHJ system .

Proof.  'We prove only that V is a viscosity solution (see Theorem 3 in section
10.3 of [11]); the proof of the uniqueness is very hard and we omit it (see for
example Theorem 1 in section 10.2 of [IT]).

Theorem [5.4] and Remark [5.2) give that V' is bounded, uniformly continuous
and satisfies the final condition. Now let v € C*°((to,t1) X R™) such that the
function V' — v has a local minimum in the point (79,&,) € (to,t1) X R™: we
have to prove that

ov

5z (70:80) + max (f(§o, u) + Vv (70, &) - 9(&o, w)) < 0. (5.53)

Suppose that (5.53)) is not true; then there exists # > 0 and a point u in U such
that

20 (70,0) + (€0 ) + V(o ) - 9(€0, ) > 0.

The continuity of the functions involved in the previous line implies that there
exists § > 0 such that

0 r.€) + FE8) + Var(r.€) -9(€.5) 0 (5:54)
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for every (Tvg) S LS = {(7—75) € (tﬂatl) x R™ : |T - 7_0| S 57 ”E - 50” § 5}
Since V' — v has a local minimum in (79, €,), we can consider ¢ such that

V(7—07€0) - U(To?gO) < V(T> E) - U(T? E)? V<T7€) € Is. (555)

X

Let us consider the constant control equal
to 1, denoting it by u, and let us consider
h > 0, with 6 > h, such that the solution x

(70, &) (s:X(s))
of the problem K : '/\

{X:g(x,ﬁ) in [70,70 + 1]

x(70) = &

t

ty ) To+h t
is such that ||X(t) — &y|| < ¢ for every ¢ € [r9,70 + h]: note that such h there
exists since, using the boundedness assumption on g,

/ g(x(s),u(s))ds|| < hC, Yt € [0, 70 + h].

Hence by (5.55]), we have
V(7o + h,x(70 + h)) — V(70,%(70)) >
> v(7o + h, X(10 + ) — v(0,%(70))

%(t) — €]l = ]

To+h d

_ / (s %(s)) ds

0

Toth gy - —y ~
_ / 9V (5, %(s)) + Viv(s, X(s)) - g(%(s), Wi(s))ds  (5.56)

T
Now Remark implies that
To+h

V(70,&0) > / fx(s),u(s))ds + V(1o + h,X(19 + h)).

7o

The previous inequality and (5.56|), taking into account (5.54)), give

To+h v
0 > /T (gt(s,i(s)) + f(x(s),u(s)) + Vxv(s,x(s)) - g(x(s), ﬁ(s))) ds

[]

To+h
/ 0 ds = 0h;

[

v

this is impossible. Hence V is really a viscosity subsolution.
Now let v € C*((to,t1) X R™) such that the function V — v has a local
maximum in the point (79, &) € (to,%1) X R™: we have to prove that

Ov
00 (r00€0) + s (€ ) + V(7. €0) -6, m) 20, (5.57)
Suppose that (5.57) is not true; then there exists # > 0 such that
v

5(70750) + f(507 u) + va(TO7£0) . 9(50711) < —0
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for every u € U. The continuity of the functions involved in the previous line
implies that there exists § > 0 such that

S r.6) 4 T(Em) + Var(r,) gl€w) < (5:59)

for every u € U and (7,&) € Is, with I5 as before. Since V — v has a local
maximum in (79, &€,), we can consider ¢ such that

V(To’éo) - v(7—07£0) > V(Tvé) - U(Tvé)v V(Taé) € Is. (559)

Let us consider h > 0, with > h, such that for every control u the solution x
of the problem

{5{ =g(x,u) in |1, 70 + A
x(10) = &o

is such that ||x(t) — &y|| < for every t € [19, 7o + h]: such h exists again for the
boundedness assumption on g. Hence, for every control u, by (5.59)), we have

V(to + h,x(m0 + h)) = V(70,%(70)) <
< (1o + h,x(79 + h)) — v(70,%(70))

T0+h d
= /T Ev(s,x(s)) ds

0

Toth /5y
= /T (at(s,x(s)) + Vyv(s,x(s)) - g(x(s), u(s))) ds  (5.60)

0

Now Remark implies that there exists a control U with trajectory a control
X such that

0h

To+h
Vimi&) < [ J&(E)LE() s+ V(o + hRro+ ) + 5

70

The previous inequality and ([5.60)), taking into account (5.58)), give

To+h v
0 < /T <gt(s7§(s)) + f(X(s),1(s)) + Vxv(s,X(s)) -g(i(s),ﬁ(s))) ds + %h

0

Toth 0h _ 6h
< — — -
= / fds+ 2 27

0

this is impossible. Hence V is really a viscosity supersolution. 0

Let us give an example in order to show what can happen:
FErample 5.3.1. Let us consider

0 w 2
max/ —(‘I%Q) dt + |z(0)|

-1
T=u
[ul <2
z(—-1)=1

Note that the assumptions of Theorem hold, except for the boundedness assumption on
the pay off function; since the problem is autonomous, Hpp does not depend on t explicitly.
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We are looking for a function V : [—1,0] X R — R that satisfies the BHJ equation @) and
the final condition :

1% ov
E(LI)J’_HDP (xva(tvx)) =0 v(t’x) € [_1’0] xR (561)
V(0,2) = |z vrek
where
Hpp(x,p) = Hpp(p) = En[l_a;( hyp(u)
and 2
p () = —w +up.

For every fixed p, the function h;, has a maximum point: let us call such point w(p). We note
that w(—p) = —w(p) and hence that Hpp(p) = Hpp(—p). Now it is clear that we can restrict
our attention, for a fixed p > 0, to the max{ye[0,2]} hp(w). It is easy to see that, for u > 0,
hy,(u) > 0 if and only if u < 2p — 2. Hence we obtain

0 if[p| <1
w(p) = q 2lp| -2 if1<|p| <2 Hop
2 if2 < |p|
-1 if[p| <1

2 . -2 1

Hpp(p) = p* —2|pl if1<|p| <2 : r
2|p| — 4 if 2 < |p| : '

i 4 '

1 |

Let us prove that

Vit,z) =t + |z (5.62)
is a viscosity solution of (5.61)). In order to do that, we have to use Deﬁnition
First, our V is continuous and satisfies the final condition, i.e. V(0,z) = |z|: it is bounded

only on compact sets.
If we consider a point (£,7) € (—1,0) x R with  # 0, our V is C! in such point and (we recall
Remark for the “regular” points of V') we obtain
ov oV _
7(t,f)+HDp 7(1&,5) :1+HDP(:t1):O
ot ox
Now, if we consider (t,Z) € (—1,0) X R with T = 0, formally we obtain
ov . _ ov . _ A(|x])
i, Hpp ( ZE7) ) =14+ H 0)).
5 BT+ DP(ax($)> + D”(ax()

Let us use the definition of viscosity solution in details. If a function v is in C°° such that
(t,z) = V(t,z) — v(t,x) =t + |z] — v(t,x) has a local minimum in (t,0), this implies thaﬂ

Z*’U(Z, 0) <t+ |I| *’L}(t,ﬁ), V(t, l’) € B((Ev 0)75)7 (563)
for some ¢ > 0. In particular setting x = 0 in we necessarily have for v that
t—v(t,0) <t—v(t0), Vt € B(t,¢) :

taking into account that %(ﬂ 0) exists, then the previous relation implies

v - t,0) —v(t,0 t—1
G0y = tim WEO VB0 T (5.64)
at 157 t—1 it t—1
Now setting t =t in (5.63) we require
v(t,z) <v(E0) +]al, Vo€ B(0,e);
taking into account that g—;(i, 0) exists, then the
previous relation implies (see the picture) -
5 v(0,t) + |x|
‘—”(E, 0)’ <1 (5.65) v(x. 1)
oz
v(0,t) N

5We denote by B(y,r) a ball of center y € R* and radius r > 0.
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Hence and (5.65]) give that
ov - ov -
YV E,0)+ Hpp [ 20@,0)) <1-1=0
g 0+ Hor (ax”( ))

and condition (5.49) of Deﬁnitionis satisfied: hence V' is a viscosity subsolution of (5.61)).
Now if a function v is in C*° such that (t,z) — V (t,z) —v(t,z) =t + || — v(¢,z) has a local
maximum in (%,0), this implies that

t—v(t,0) > t+|z| —v(t,z), Y(t,z) € B((t,0),¢), (5.66)
for some € > 0. Settingt =1 in we require for v that

v(t,z) > v(t,0) + |z, Vz € B(0,¢);
taking into account that %(f, 0) exists, then the previous relation implies (see again the

picture) that such function v does not exist. Hence condition of Definition is
satisfied, i.e. hence V is a viscosity supersolution of .
This concludes the proof that V in is a viscosity solution for .

At this point Theorem guarantees that V' in is the value function. Now let us
solve our initial problem. Clearly, for x # 0, we have

w(t,z) =w (Z—Z(t,x)) =w(£l) =0.
Hence
{gb:w(t,x)zo te[-1,0]
z(—-1)=1
gives x*(t) = 1: note that «*(t) > 0. Hence the optimal control is u*(t) = w(t,z*(t)) = 0.
A
5.4 More general problems of OC
Let us consider the problem
T
s = [ flexwat+ w(rx(m)
to
x = g(t,x,u)
x(to) = (5.67)
(T,x(T)) e T
max J(u),
uely, o

with a closed control set U C R¥, with the target set 7 C (t9, o0) x R™ and the
class of admissible control defined by, for (7, &),

Cre = {u . [r,T] = U C R¥, u measurable, 3! x
with = g(t,x,u) ac., x(r) =&, (T,x(T)) € T }.
Let us consider the reachable set for the target set T defined by
R(T) = {(7,€) € [to,o0) x R : Cre # 0},

i.e. as the set of the points (7, &) from which it is possible to reach the terminal
target set 7 with some trajectory. It is clear that

T  R(T).
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We define the value function V' : [tg,00) X R™ — [—00, 00|, essentially, as in
(5.2): it is clear that such value function in the set ([tg,00) x R™) \ R(T) is
equal to —oo.

We have the following generalization of the necessary condition of Theorem
5.2| (see [14]):

Theorem 5.7. Let us consider the problem with f, g and v be contin-
wous. Let the target set T be closed. Let us suppose that the value function V
is differentiable in int(R(T)\ T) and that for every (1,€) € int(R(T)\ T) there
exists the optimal control for the problem with initial data x(7) = €. Then
we have that

{ %(t,x) + Hpr(t,x,VxV(t,x)) =0 v(t,x) € int(R(T)\ T) (5.68)
Ze ) = wit.x) V(t,x)eT

where Hpp(t,x,p) is defined as in .

A sufficient conditions for the problem (5.67)) holds and it is a modification
of Theorem note that for this problem the final time is not fixed.

Theorem 5.8. Let us consider the problem with T closed. Let V :
[to,00) X R™ — [—00, 0] be a function in C1(int(R(T)\ T)) and such that is a
solution of the system .

Let (1,€) be in int(R(T)\ T) and let u* : [,T*] — U be a control in C,¢ with
corresponding trajectory x* such that (t,x*(t)) € int(R(T)\T), fort € [1,T*),
and such thaf]

oV

5 HX(@) + f(6x7 (1), u™ (1) + VKV (£, x(2)) - 9(t,x7(2), u™(¢) = 0, (5.69)
for every t € [1,T*]. Then u* is the optimal control for the problem with
initial data x(7) = € and exit time T*.

A result with weaker assumptions with respect to the previous theorem and the
proof can be found, for example, in Theorem 7.1 in [14] (page 97).

In subsection [5.5.2] we will see an example of a min-problem where the target
S is a single point, i.e. x(¢1) = 3 where ¢; is the final and fixed time, and 3 € R™
is fixed: for such example, we will prove that V achieves the value co and hence
the regularity of V is very delicate !!!

5.4.1 On minimum problems

Let us consider a problem where we replace the maximum with a min-
imum problem. It is clear that in the previous arguments, we have only to
replace

max — min.

6Let us emphasize two remarks: first, (5.69) implies that u*(t) realizes the max in the BHJ
equation in (5.68) in the points (¢,x*(¢)), i.e. using the usual notation u*(t) = w(¢,x*(t));
second, the line ¢ — (¢, x*(¢)) lies in R(T).
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5.5 Examples and applications

Ezample 5.5.1. Let us considelm the probleuEl

1

max/ (x—uQ)dt
0

T=u

z(0) =2

We are looking for a function V : [0,1] Xx R — R that satisfies the BHJ equation @ and the
final condition :

oV , OV
EJFT&%‘(’”_” +va> =0
oV , OV
= ootw +Tg§c<—v +va> =0 (5.70)
V(,z)=0, VzeR (5.71)

We obtain the max in when v = %—‘;/2 : hence the function w(t,z) defined in is,

in this situation,

1
w(t,x) = = ov

5 5 (1) (5.72)

In (5.70) we obtain
v 1 /v 2
(¢ - (@ =0.
oot (Geo)

Using the suggestion and with easy calculations we obtain that the solution is

1 d d?
V(t,z) = fﬁﬁ + th - ttdr—attg

The condition (5.71)) implies that

1 1 1 1
Vita) = ——t3+ 1> — “t+z—at+ —. 5.73
(t,z) ot Ty Jite—stt o (5.73)
The optimal control is defined by (5.25): using (5.72) and (5.73) we obtain
10V 1-t
() = w(t, z* () = = — (£, 2* (1)) = ——.
wt (1) = wlt, 2" () = 5 5 (e (1) = —
The dynamics and the condition x(0) = 2 give x*(t) = (2t — t2)/4 + 2. A

Ezample 5.5.2. Let us considelﬂ the probleuﬂ

2
min/ (u? 4+ %) dt
0
T=x+u
z(0) = zo
u>0

"In the example we solve the same example with a variational approach.

8Suggestion: In order to solve = + A(%—I;)z + %—Iz = 0 with A constant, we suggest to find

the solution in the family of functions

F={F(t,x) = at® + bt? + ct + dz + fxt + g, with a,b,¢,d, f, g constants}.

9In the example and in the example we solve the problem and construct the
value function using a variational approach.

10 First suggestion: In order to solve x%—i +A:c2+aa—f = 0and x‘g—i +Ax2+B(g—§)2+%—f =0
with A, B constants, we suggest to find the solution in the family of functions

F = {F(t,z) = 22G(t), with G function}.

Second suggestion: the case xg < 0 is difficult ...



132 CHAPTER 5. OC WITH DYNAMIC PROGRAMMING

We are looking for a function V : [0,2] X R — R that satisfies the BHJ equation @ and the
final condition :

ov

oV
. 2, 2 _
ot +Uen[51f;><v +at+ G @) =0=
v, av 1%
= —wv) =0 5.74
o T T +v€rf%)lgo)(v + ax”> (5.74)
V(2,2) =0, Vz R (5.75)

The point v that realizes the min in (5.74) is given by the function w(t,z) defined in (5.23):

10V e OV
—55.-(t S (t 0
w(t,z) =q 2 oz (1:) ! g%/'( '2) < (5.76)
0 if 5-(t,x) >0
xr
We note that implies
oV
—(2,2) =0, VzeR
Ox
Let us assume that there exists a point T € [0,2) and an interval I C R such that
ov
af(t,m) >0, V(t,z) € (1,2] x I (5.77)
x

Condition implies that in (7,2] X I we have w(¢t,z) = 0 and the BHJ equation is
oV 9 oV
(¢, Y (t,z) = 0.
at( z)+x +x8m( x)
Using the suggestion to looking for a function V (x,t) = x2G(t) we obtain
G't)+1+2G({t) =0 = Gt)=ae ?-1/2, VaeR
= V(t,z) =2%(ae™2t = 1/2), Va € R

The condition (5.75]) implies that

1‘2
V(t,z) = 7(e4*2t —1). (5.78)
Since by (5.78) we have
(Z—V(t,az) =z(1—e*"2) >0 if (t,2) €[0,2] x [0,00),
x

all these last arguments hold if we put I = [0, 0o) in the assumption (5.77). Hence the function
V' defined in satisfies the BHJ equation in [0, 2] x [0, 00) and the final condition. Solving

{z' =g(t,z,w(t,z)) =0 in]0,2]
z(0) = zo

we obtain the optimal trajectory x*(t) = xoel. Let us notice that for every initial data xg > 0
the trajectory lies in in [0,2] X [0,00). Hence, using @, we obtain

uw*(t) = w(t,z*(t)) = 0;

such u* in the optimal trajectory.
At this point, we have to construct the function V in [0,2) X (—o0,0). Hence, let us assume
that there exists a point 7/ € [0,2) such that

%(t,m) <0, Y(t,z) € (1/,2) x (—00,0) (5.79)

Condition. implies that in (7/,2) X (—o0,0) we have w(t,z) = —%—‘;(t, z)/2 and the BHJ
m

equation (|

ov , 1[0V 2 v
L, - (@, Y (t,z) = 0.
o (o) e 4((%( x)) togs B
Using the suggestion to looking for a function V (t,z) = x2G(t) we obtain

G'(t) = =1 — 2G(t) + G2 ().
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/

z
To solve this Riccati differential equatio we consider the new variable G = —— obtaining
z

2422 —2=0

and hence
z(t) = creV2=Dt 4 cpe” (VZFDE with c1, c2 constants (5.80)
!
2
The condition , ie. V(2,z) = —2Z ((2)) =0 for all z < 0, implies 2'(2) = 0, hence
z
241
o = f—|— 6_4\/5024
V2-1

Noticing that the choice of the constant cg is irrelevant to construct G, putting ca = V2 — 1,
by we obtain the function

3(t) = (V2 + 1)e(V2-DE=4V2 4 (/5 _ 1)~ (V2412 (5.81)
and hence va /B
= 2t _ V/2(4—t)
Vit z) = —a? 28 - 2 e : (5.82)
Z(t) (V2+1)eV2t 4 (V2 — 1)eV2(4-1)
It is easy to verify that
ov eVt _ eV2(4-1)
—(t,x) = —2zx <0 if (¢t,x) €[0,2) x (—o0,0
() = A (t.2) € 0,2) x (~00,0)

that is coherent with assumption (5.79); hence these last arguments hold. Using and

we obtain
1 z V2t _ oV2(4-1)
wit,s) = -V oy =2y e (5.83)
2 Oz Z(t) (V24 1)eV?t 4 (V2 — 1)eV2(4-1)

In order to find x*, we have to solve the ODE (5.24

Z(t)
HO)

(t) = x(t) + w(t, z(t)) = z(t) (l +
z(0) = xo.

) in [0,2]

From the previous system we have

with k and k constants. Using the condition z(0) = xg we obtain that the unique solution of

the ODE is
‘() Z(t) (V2 +1)eV? + (V2 —1)eV21-D)
x =T0——=€ = X0 5
z(0) (V241) + (V2 —1)etV2
we notice that such trajectory (for every xo < 0) lies in [0, 2] X (—o0, 0). Hence z* is the optimal
trajectory and the optimal control is defined by , i.e. using the previous expression of

x* and

) ir ey g T eV VD
wt) = wit,a™(0) = 2o zgre’ = 20 A eivE

et us consider the Riccati differential equation in y = y(t)
y' =P+ Qy+ Ry’

where P = P(t), Q = Q(¢) and R = R(t) are functions, we introduce a new variable z = z(t)
putting

Z/

Yy=-—>
Rz
and solve the new ODE. In the particular case where P, QQ and R are constants, we obtain
the new ODE

2" — Q7 + PRz =0.
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As conclusion, we have that the value function of the problem is

2
%(64_2t -1) for t € ]0,2] x (0, 00)
Vt,z) =4 0 for x =0

9 e\/ﬁt _ e\/§(47t)
—x for t € [0,2] X (—o00,0
(V24 1)eV2t 4 (v/2 — 1)eV2(E-1) [0.2) > ( )

The optimal control and the optimal trajectory of initial problem are

0 for xg > 0
* _ V2t _ oV2(4—1)
u*(t) = e e
e for xg < 0
(V2+1) + (V2 - 1)etV?
zpet for g >0

(t)=1, (V2+ 1)eV2t 4+ (V2 — 1)eV24-)
(V2+1)+ (V2 —1)esV2

for xg < 0

A

The next example gives an idea of what happens in a situation where the optimal
control is discontinuous.

FEzxzample 5.5.3. Let us considezB the problemE

2
max/ 2z — 4u) dt
0
T=x+u
z(0) =5
0<u<?2

We are looking for a function V : [0,2] x R — R such that

oV oV
v 2 — dv + — =
ot +UI§[3§]( Tt (e +v)) =0
oV oV oV
= ot Y _4)=o0 5.84
o+ x+xax+v3%§]”<ax ) (5-84)
V(2,2) =0, Vo € R (5.85)

Clearly the max in 1 depends on the sign of (%—‘; — 4). Let us suppose that V' is differ-
5.85))

entiable: condition (| guarantees that

87V(27$) =0, Vo € R;
ox

hence let us suppose that there exists T € [0,2) such that
ov
8—(15,30) <4, Y(t,xz) € (1,2] xR (5.86)
z
The function w(t,x) defined in here is
w(t,x) =0 (5.87)

and (5.84)) becomes

%( ,x)+2x+x%(t,z) =0.

12In the example we solve the same problem with the variational approach.
13Suggestion: In order to solve Ax + x%—f + %—? = 0 with A constant, we suggest to find
the solution in the family of functions

F ={F(t,z) = axz + bze~" + ¢, with a,b,c constants}.

To solve Ax + x%—i + Bg—f + %—? + C = 0 with A, B,C constants, we suggest to find the
solution in the family of functions

F={F(t,z) =azx +bt +ce”t +dre”? + f, with a,b,c,d, f constants}.
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Using the suggestion, an easy computation gives
V(t,z) = —2x + bre™t + ¢, v(t,z) € (1,2] X R. (5.88)
In particular, for t = 2, the function V' must satisfy the condition :
V(2,z) = -2z + bre 2 + ¢ =0, Ve,
this implies ¢ = 0 and b = 2e2. Hence, by (5.88)) we obtain
V(t,z) = =2z + 2ze> 7t V(t,z) € (1,2] x R.

Now we are in the position to calculate %—‘; and to determinate the point T such that the

condition holds:

2%
a—(t,a:) =-24+2%t<4  VY(tz)e(r,2] xR
x
implies 7 = 2 — log 3. The function V is
V(t,z) = 2x(e?~t — 1), for t € (2 —log3,2]. (5.89)
The control candidates to be optimal is defined by (5.25)): using (5.87) we have
u*(t) = w(t, z*(t)) =0, for t € (2 —log3,2].
Now let us suppose that there exists 7/ € [0,2 — log 3) such that
)%
8—(2&, x) > 4, fort € [7',2 —log3). (5.90)
i

If we consider the function w(t,x) defined in (5.23)), we have
w(t,z) =2, fort € [7/,2 —log3) (5.91)
and the BHJ equation in is

a—V(t,z) +2z+xa—v(t,z) +22—V(t,x) —-8=0.
x

ot oz
Using the suggestion we obtain
V(t,z) = —2x 4+ 12t + 2de™t + dxe™t + f. (5.92)
The function V is continuous: hence, by and , we have
t—>(21—ilir(;lg 3)+ vite) = t—>(21—irlf)1g 3)~ Vihe) =

= 4z =204 12(2—log3)+ 6de”2 4 3dze 2 + f
for every x € R. Hence d = 2¢2 and f = 12(log3 — 3). We obtain by that
V(t,z) = —2x + 12t + 4?7 + 22¢®7 + 12(log 3 — 3), fort € (7',2 — log 3].
Let us check that such result is coherent with the assumption :

v
8—(t,m)=72+2627t>4 = t <2—log3.
X

This implies that 7/ = 0. Hence we obtain

Vit ) = 2x(e?7t — 1) + 12t + 4e27t + 12(log3 —3) fort € [0,2 — log 3]
T 2z(e27t - 1) for t € (2 —log3,2]

and it is easy to verify that V € C'. The control candidate to be optimal is given by (5.25
that, using (5.91), is
u*(t) = w(t, z*(t)) = 2, for t € [0,2 — log 3).

We obtain (2.49), i.e.

0 if2—log3<t<2.

Finally, we have to show that we are able to obtain the trajectory associated to this control:

u*(t):{z if0<t<2-—1log3,

this computation is similar to the situation of example[2.5.2] Since all the sufficient conditions
of theorem are satisfied, then u* is optimal. A
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Example 5.5.4. Let us consider the proble

max (—%m(l)Z + r2(1)>

&1 =x1 +V2u
Eo = —u?
z1(0) =1
z2(0) =0

We are looking for a function V : [0,1] x R? — R such that

20V

oV oV
— +x1— max(\/ifua—xl —v 02

=0, VY(tz1, 0,1] x R2  (5.93
o g, ma ) (twr,w2) €[0,1] X B (5.98)

1
V(l,z1,22) = 7513 + a2, Y(x1,x2) € R? (5.94)

Clearly, denoting with w(t,x1,z2) the argmax in (5.93), we obtain

A if%(t»ml,xQ)So

- oV
wit,@1,22) = 7m(t@1’z2) if 2% (t,z1,22) >0
VgL (tarms) 9w D '

(5.95)

Let us suppose that for some (t,x1,x2) we have gTVQ(t,xl,arz) > 0, then we have by the BHJ

equation

ov)?
o ov, (B5)
ot Vom 22V

using the suggestion in order to solve such PDE and hence setting V (t, 1, 2) = a(t)z? + 2,
we obtain
a' = —2a — 2a°.

We solve this Ricatti equation by change of variable a = % which gives the new differential

equation 2" + 22 =0, i.e. z(t) = c1e”2t + co for some constants c;: hence

cle—2t

V(t,x1,22) = a3 + xa.

B cie 2t 4 ¢y
The final condition (5.94) implies ¢c; = coe? and hence

1

Viben ) = ey

22 4 2o (5.96)

It is immediate to see that the assumption gTVZ(t,CCl,.’L’Q) > 0 holds. Now, using 1 in
(5.99), we have

(t01,0) = -2,
wit, T1,T2) = 1 +62(t_1)7
solving the system
. €2t 4 ot
1 =x1 + \/iw(t,:cl,xg) Zi(t) =
S 5 1 s
T2 = —w(t,x1,2) N e2+1
gjl(()) =1 w*(t _ /t 2(32*3 + 65)2 ds
z2(0) =0 2 0 (2+1)2(1+e2(s-1)2

we obtain the optimal trajectory (x7,x%): the optimal control is

\/5(62715 + et)

u*(t) = w(t, =] (t),z5(t)) = — @+ 1) 1 20D

A

141n order to solve the BHJ equation we suggest to consider the family of functions F =
{V(t,z1,22) = az? + z2, with a = a(t) }.
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5.5.1 A problem of business strategy II
Let us recalﬂ the problem formulated with (1.3)):

T
max/ (1—w)zdt
?J‘EC 0

x(g):a,
C={u:[0,T]—[0,1]CR, ue KC}

with a and T positive and fixed constants. Clearly, we are looking for a function
V :]0,T] x R — R that satisfies the necessary condition of Bellman-Hamilton-
Jacobi (5.8) and the final condition (5.5)).
Since x(t) denotes the quantity of good product (at time t,) it is reasonable in
V(7,€) to assume that £ (i.e. the production at time 7) is not negative. Hence,
we are looking for V : [0,T] x (0,00) — R with

% + vrél[%ﬁ] <(1 —v)r + ZZQ:U) =0 V(t,z) € [0,T] xR (5.97)
V(T,z)=0 Ya >0 (5.98)

As in subsection we are able to check that 2(0) = a >0 and ¢ = ux >0
imply that z(t) > «, for every ¢t € [0,7]. Hence we have > 0 and the BHJ

equation in (5.97) becomes

ov ov

— ——1)|=0 v(t 0,7) x RT.  (5.99

8t+$+m£%ik<3x ﬂ ’ (60 € 0A R (599
Hence, if 9¥ — 1 > 0, then we obtain the max in (5.99) for v = 1; on the other
hand, if %—Z — 1< 0, then the max in 1) is realized for v = 0.

Now we note that equation (|5.98)) gives (T, x) =0, for all z > 0. Hence it is
reasonable to suppose that there exists a point 7 € [0,7T") such that

g—v(t,x) <1, for all ¢t € [, T]. (5.100)
z

With this assumption, equation (5.99)) in the set [, T] gives

ov
v +z=0 = V() =—at+gx),
where g : R — R is a differentiable function. Using (5.98)), we are able to show
that
V(z,T)=—aT +g(x) =0 = g(z) = zT.

Hence
V(t,z) =a(T —t), V()€ [r,T] x(0,00)

and %—‘; =T —t, for all t € [r,T]. Since the previous arguments hold in the
assumption (5.100)),i.e. T'— ¢ < 1, for the time 7 we have

7 = max{T — 1,0}.

151n subsection we solve the same problem with the variational approach.
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Now we have to consider two different situations: T'< 1 and T > 1.

Case A: T <1.

In this situation we have V : [0,T] x (0,00) — R definited by V (¢, z) = x(T —t),
that satisfies BHJ and the final condition. The function w that realizes the max
in is identically zero and theorem [5.3| guarantees that the optimal control
is u* = 0. Moreover we obtain the optimal trajectory by

* ok

r*=u'z* = =0 = 2¥=a.

In a situation where the corporate strategy is to consider on short period of
time, the best choice is to sell the entire production.

Case B: T > 1.

Since in this situation we have 7 = T — 1, the function V : [0,T] x (0,00) — R
in [T —1,7T] x R is defined by

Vt,z) =ax(T —t)

and satisfies BHJ and the final condition. We have to construct V in [0,T —
1] x (0, 00).
For the continuity of V' (we recall that we suppose V differentiable) we have

V(T —-1,z) =, for all z > 0. (5.101)

. Let uT su(ppos that there exists 7/ < T — 1 such that 9¥(t,z) > 1 in
7, T — 1] x (0,00). Hence

oV oV

5.97 —_— — =0.

~ ot e ox

A solution of this PDE is given bylzl V(t,z) = axe™t with a € R. By condition
(5.101) we have V(t,z) = ze= T~ in [7/,T — 1] x R.

We remark that %—Z = e "T=1 > 1if and only if t < T — 1 : hence we are able
to chose 7 = 0. Hence the function V : [0, 7] x (0,00) — R defined as

_ Jxe T for (t,x) €0, — 1) x (0, 00),
Vitz) = {x(T —t)  for (t,x) € [T —1,T] x (0, 00).

16For the reader who wants to see what happens with the other assumptions:

e Let us suppose that there exists 7/ < T — 1 such that %—‘;(t, z) < lin [/, T —1] X (0, 00).
Hence

oV
(5.97) = E—ﬁ-CE:O = V(t,xz) = —xt+ h(x),
where h : R — R is a generic differentiable function. Relation (5.101)) guarantees that for all
zeR
V(z,T) = —aT + h(z) =z = h(z) = zT.

Hence we obtain that V(t,:c?/ = (T —t) for (¢t,z) € [/, T — 1] x (0,00) : clearly we have
%—‘; =T — t and condition ?}—I(t7 x) < 1 is false. Hence 7/ does not exist.

e Now, let us suppose that there exists 7/ < T—1 such that %—Z(t, z) = lin [7/,T—1]x(0, 00).

Hence
g—v =1and li = aa—‘: +2z=0 = V(tz)=—at+ki(z) (5.102)
z
ov

i 1 = Vi,z)=z+ki(¢) (5.103)
T
where k1, k2 : R — R are differentiable functions. Clearly (5.102)) and (5.103) are in contra-
diction: hence 7/ does not exist.

17 A not expert reader in PDE will be convinced by checking that the function V = aze™

. . Vv v _
satisfies the equation T tTe; = 0.

t
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satisfies BHJ equation and the final condition. We note that V is differentiable.

Using theorem the optimal control is defined via the function w in
that realizes the max in (i.e. in ): in our situation we obtain, taking
into account w(t, x*(t)) = u*(t),

1 if0<t<T—1, 1 if0<t<T—1,
w(t,x)z{? ift="T-1, = u*(t)z{? ift="T-1,
0 fT-1<t<T. 0 fT-1<t<T.

We construct the optimal trajectory by the dynamics and the initial condition
as in subsection 252}

e aet for0<t<T -1

x*(t) = o1 J

ae forT—1<t<T

In a situation where the business strategy is of medium or long time, the best
choice is to invest the entire production to increase it up to time 7"— 1 and then
sell everything to make profit.

5.5.2 A problem of inventory and production II.

Let us consider the problem presented in subsection [2.5.4°| with a different
initial condition on the inventory accumulated at the initial time, i.e.

T
min/ (qu® + Bz) dt
v Jo

z(0)=A
(T)=1B
u>0

where T'> 0, 0 < A < B are all fixed constants][™]

We are looking for a value function V' : [0,7] x R — [—o00,00]. The target
set T is the set {(T, B)}; let us investigate on the reachable set R(T). First let
us consider 0 < 7 < T : we note that V' admits the value co in some points (7, £)
of its domain since an initial data the trajectory z(7) = £ > B and the dynamic
& =wu > 0 give that z(T) = B is impossible: hence C; ¢ = . Second we note
that (T,§) # (T, B) implies Cr¢ = (). Hence the effective domainlﬂ of V is the
set ([0,T) x (—oo, B]) U{(T, B)} and such set coincides with the reachable set
R(T). Finally note the final condition for the value function on the target set
is

V(T,B) = 0.

Now we study the points in the effective domain of V. First for the point
(r,B) with 7 € [0,T) : we have that the unique admissible control is the zero

181n the mentioned subsection [5.5.2| we solve the same model with the variational approach.
19Guggestion: to solve the PDE Cz + D(%—Z)Q + E%—‘; =0 with C, D and E constants, we

suggest to consider the family of functions F(t,z) = a(t — T)3 + b(x + B)(t — T) + c%,
with a, b, c non zero constants.

20Let f : Q — [—00,00] be a function with @ C R"; the effective domain is the set
Q' ={z €Q: f(z) is finite }.
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function and its trajectory in constant: hence for such points the point (7, B)
we have

V(r,B) = min /T(au2 + Bx)dt = /T BBdt = BB(T —1.)

u€Cr B

We study the points of the effective domain with £ < B. The Bellman-
Hamilton-Jacobi equation is

ov . o OV
ot + Bz + min <ow + m”) =0 (5.104)

The min in (5.104) depends on the value —%—Z(t, x)/(2a): more precisely
y

y=ov Vv

Y Y

y=ow Vv y=ovA ¥y

-V/2

1 : / v \ / v \ -K/2a 5

The cases %(t, x) <0, %(t, z) =0 and %(t,m) > 0.

Hence the function w(t, z) defined by ([5.23) is

0 if 9¥(t,2) > 0

t =
wit,o) {;@%‘;(t,x) it OV (#,2) < 0

(5.105)

First let us suppose that there exists a open set in the set [0,7) x (—o0, B]

such that
ov

dx
Note that z(7) < B and x(T) = B imply that « = 0 in [r,7T] is impossible:
hence the previous assumption (5.106) cannot be true for every ¢. In the set

where (|5.106|) is satisfied, (5.104)) gives

ov
E"ﬁ‘ﬁl?—o,

(t,z) > 0. (5.106)

hence
V(t,x) = =Bzt + F(z), (5.107)

for some function F. However since for the optimal control we have u*(t) =
w(t,z*(t)) = 0, in the set where (5.106) is guarantee, we have that the optimal
trajectory x*(t) is constant.

Now let us assume that exists a open set in the set [0,7") x (—o0, B] such

that

Z—V(t, x) < 05 (5.108)
x

In this set (5.104)) gives

oV 1 [oV\?
8t+5x4a(8x> =0
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the suggestion and some easy calculations gives that
B? B

t—T)° — = BYt-T)—
150 )? 5@+ B)(t—T)~a

satisfies BHJ. Clearly we have to guarantee that (5.108]) holds, i.e.

(z - B)

V(t,2) = —

(5.109)

ov B (x — B)
a—x(t,x) = —§(t—T) -2«

<0
t—1T

This implies
B 2
——(-T B.
z < 4a( )+

Since we are looking for a continuous value function, in the point where it is
finite, equations (5.107) and (5.109) along the line = = —%(t —T)>+ B, ie.

t=T-2,/25=2) gives

_51«( oM>+F()

and hence, with a simple calculation, F'(z) = Tz + % VaB(B —z)3. By (5.107)

we have

4
V(t,z) = Bz(T —t) + 3 aB(B — x)3. (5.110)
Since for this function we require that assumption ([5.106] holds, we note that

B

a—v =8(T—-t)—2v/af(B—2)>0 < xZ—E(t—T)Q—&—B.

We obtain that

%) ifo<t<Tandz>B

00 ift=Tand z # B

0 ift=Tandx =8B
Vit z) = Ba(T —t) + 3/aB(B — )3 if0<t<T, z<B

andzzf%( ~-T)+B
L -TP - L+ B)(t-T)— a8l if0<t<T, z<B
andx<—%( T)?+ B

Now let us construct the trajectory solving the ODE

{jc =w(t,x) fortel0,2]
z(0)=A

In order to do that we have that (5.105)) becomes

.2 {0 lfo<t<Tx<Bandz>—£(t—T)2+B
xTr) =

4o
%(t—T)—&—“"’B if0<t<T, x<Bandz<—

E
3
_|_
Sy

t—=T
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Let us define T = max (T -2 O‘(Bﬁ_A) , 0) . We have
i=w(t,z)=0 fortel0,T)
z(0)=A

Hence z(t) = A for every ¢ € [0,T]. Now we have to solve the linear ODE

x—B I5) ~
— (@t -=T) f T,T
t—T+4a(t ) forte[T,T)

z=w(t,x) =

z(T)=A

The general solution is

S 2rd ﬁ _ ,i [ 7=d

e t{/<4a(t T) t—T)e tdtJrk}
B

(T—t)( —f;[—l—(T_lt)de—k)

B o BT
_ _ 111
ot =t G k) + B+ T, (5.111)

x(t)

where k is a constant (note that x(T) = B). It is clear that this solution exists
in all [T, T] and hence « is really the optimal path.

e Now let us consider the case T > 0, ie. T > 2“@ : the condition
x(f) = A in (5.111]) gives, with a tedious calculation,

po BT [B(B-4)
4o o '
Hence for 1 =T — 2 O‘(B/;A) we obtain
0 fo<t<r 0 fo<t<r
w(t) = QE(t—T) ifr<t<p 2de(®)= E(t—r)2+A ifr<t<T
« Q

a(B—A)
B

e Now let us consider the case T = 0,ie. T <2 : the condition

2(0) = A in (5.111)) gives
b B-A
= 7

I6] 4a(B—A) — BT?
20 40T

and z*(t) = ﬁter do(B - 4) - BT

t+A
4o 4aT +
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E:cample 5.5.5. Consider the previous model in the particular case T = B =2, a = 1, and

3 = 4. More precisely we consideE

2
min/ (u? + 4z) dt
v Jo

T =u
z(0) = A
z(2) =2
u>0
where A < 2.
In this case we obtain that

[e's) if0<t<2andx>2

9 ift=2andx #2

0 ift=2andx =2

8
Ar(2 —1t) + — 2 —x)3 if0<t<2 <2
Vit,z) = x( ) 31/( z) if 0 < T

and x > 2 — (t — 2)2
—92)2
% fO<t<2 z<2

and x < 2 — (t — 2)2

é(t —2)3 2z +2)(t —2) -

Here 7 = 2 — /2 — A and the optimal trajectory is

en [ A for t € [0, 7]
x(t)—{(t_T)Q-t,-A for t € (1,2]

The optimal control is given by

u*(t):{o fort € [0,7]

2(t —7) forte (1,2

In the figure, the domain of the value function V, i.e. the set [0,2] X R:

218yggestion: to solve the PDE Cx + D(%—ZP + E%—‘: = 0 with C, D and E constants, we

suggest to consider the family of functions F(t,z) = a(t — 2)% 4+ b(x + 2)(t — 2) + ¢
with a, b, ¢ non zero constants.

(z=2)2
72 b
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e in the yellow subset of dom(V'), i.e. the
set

[0,2] x (2, 00) U ({2} x (—00,2))

the value function is equal to oo since
there are no controls whose trajectory
starts from to a point of this set and ar-
rive in the point (2,2);

e the red line is an optimal trajectory; on
this red points, i.e. the set [0,2] x {2},
the value function is equal to zero;

e in the points (t,x) of the blue line, i.e.
such that ¢ = 2 — (t — 2)2, we have
9V.(t,x) = 0. This blue line divides the
set [0, 2] X (—o0,2), in two regions:

o in the upper, we have %—‘;(t, z) >
07

o in the lower, we have %—Z(t, ) < 0;

-2

e every green line is an optimal trajectory: recalling that the second part of an optimal
trajectory is again an optimal trajectory, starting from generic point a (7,£) on a green
line, we arrive in the point (2,2) with the optimal path lying on the same green line;

e the blue line divides every trajectory in two parts:

o the first part is a segment, i.e. the control is equal to zero,

o the second part is a parabola with vertex on the blue line;

e the violet curve is the optimal trajectory with z(0) = 1.

5.6 The multiplier as shadow price 1I: the proof

Let

us consider the problem

J(u) = /t " F(tx,u) dt

x = g(t,x,u)

X(to) =

max J(u),

u€liy,a

(5.112)

with ¢; fixed. At this point we know that (with some assumptions)

e by the PMP (2.2) in the Pontryagin theorem

H(t, x*(t),u*(t), Ay, A*(t)) = max H(t,x*(t), v, \§, A" (1)),

&

for all ¢ € [tg,t1], obtained via a variational approach;

e the BHJ equation (5.8)) of theorem [5.1

2%
E(h X)

veU

+ max(f(t,x,v) + vxv(tax) : g(t,X,V)) =0,

T

for all (¢,x) € [to,t1] x R™, obtained via the approach of the dynamic

programming.
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Since in the problem the final point of trajectory is free and the final
time is fixed, the optimal control in normal and the Hamiltonian is H = f+A\-g;
moreover u* is defined as the function that, for every ¢, associates the value of
v such that realizes the max in . Taking into account , the function
that, for every (t,x), associates the value v that realizes the max in is given
by the function w(¢,x); such function allow us to define the optimal control, as

)
u*(t) = w(t,x*(t)). (5.113)

A comparison between ([2.2]) and (5.8 suggests the following result, that we have
announced in remark the multiplier A*, at every time and along its optimal

trajectory, provides the sensitivity of the problem ({5.112)) at the variation of the
initial data & :

Theorem 5.9. Let x;, , be the optimal trajectory, Ay , be the optimal multi-
plier for the problem with initial data x(ty) = «; for the same problem,
let V' be the value function, differentiable and which solves the BHJ system
5.21)). Then

VV(t3, (1) = Afya 1) (5114)
for every t € [to,t1].
The equation (5.114]) implies that for a given (7, &) € [to, t1] X R™ on the optimal
trajectory xy o, i.e. T} o(T) =§

Almmmmeeee 2

we obtain
va(Tvé.) = )‘:O,Q(T)'

Hence, as in remark [2.11] the multiplier A*, at time 7, expresses the sensitivity,
the “shadow price”, of the optimal value of the problem when we modify the
initial data &, along the optimal trajectory.

Proof. (with the additional assumption that V € C?). Let V be the value

function for and let u* and x* = xj , be the optimal control and
trajectory respectivelly. We will prove that if we define the function X : [tg, t1] —
R™ as

A(t) = Vi V(E,x* (1)), (5.115)
then such function coincides with the multiplier A*, i.e. as the unique function
that solves the ODE in in the proof of theorem of Pontryagin The

final condition (5.5 gives that the value of V'(¢1,x) does not vary if one modifies
x: hence, by the definition ((5.115)) of A, we have

A(tl) = VXV(tl,X*(tl)) = 0 .
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the tranversality condition is proved.
Remark [5.4] gives, for every fixed ¢,

%(t,X*(t)) = (6, x"(1),u"(t)) = V<V (E,x7(1)) - g(t, x"(t),u (1))
= X O 0) Y (S X 0) gl (0.0 (0):
k=1
Considering a derivative with respect to x; we have
PV A
i () = (X (O, (0) +

n 2
- Z(afk;; (8, x5 () gr (£, X" (1), u* () +
k=1 i

0 O G0 D0 0). 5110

Since V is in C?, the theorem of Schwartz and a derivative with respect to the

time of give
) 92V . 92V . .
Ajt) = M(@X (t)) +i:Z1 O, 02, (t,x"(t)) &7 ()
of

(by EII) = — (b (0.0 (1) +

<
b *(t))Zij(t,x*@),u*(t))) "
> X )60
(by dynamics) = —§i<t,x*<t>,u*<t>>+
-k”lg;ku, ()G (1 (0. (1)
Oy E11) = —5 L 0.) +
—kil)\k(t)gi’;(t,x*(t),u*(t)). (5.117)

Hence the function A solves the ODE
A(t) = =A(t) - Vxg(t, x* (1), u*(t)) — Vu f(t, X" (), u*(t))
A(t1) =0

that is exactly the ODE (12.23)) in the theorem of Pontryagin. The uniqueness
of the solution of such ODE implies A = A*. The relation ((5.117) is the adjoint
equation. 0O
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5.7 Infinite horizon problems

Let us consider the problem, for r > 0,

J(u) = /000 e " f(x,u)dt

x = g(x,u) (5.118)
x(0) =«

a2, T

If we consider the value function V : [0,00) X R" — [—00, o0] of this problem,
the BHJ equation is

D (1,50 + ma (77 F,v) + TV (1) g0, v)) =0, (1) € [0,00) x B

(5.119)
where U C RF is, as usual, the control set. We remark that

V(r,& = max/ e " f(x,u)dt
UECT@ r
_ —rT > —r(t—7)
e urgcafs/T e f(x,u)dt
oo
(withs=t—7) = e_”gnax/ e”" f(x,u)ds.
ueCo‘g 0

Two comments on the last equality. Since g does not depend explicitly by ¢,
the function u : [0,00) — U is such that u € Cy¢ if and only if the function
u: [1,00) = U, with u(t) = u(r +t), is such that u € C,¢. Essentially, the
classes of functions C,¢ and Cg¢ contain the same objects. Moreover, for the
respectively trajectory X and x we have X(t) = x(7 + t).

The last integral depends on the initial value x, but it does not depend on the
initial time 7. Hence we define the current value functiow@ Ve:R" — [—00,00]
as

hence
Ve(x) ="V (t,x). (5.120)

From (5.119)) we have
—rVe(x) + max (f(x,v) + VV¢(x) - g(x,v)) =0, Vx € R™. (5.121)
v
Such new BHJ is called Bellman—Hamilton—Jacobi equation for the current value
function. The BHJ equation for the current value function is very useful since

it is not a PDE, but an ODE.
The final condition on the value function for the problem is

lim V(t,x) = 0;

t—o0

22We remark that V¢ depends only on x and hence VxV°(x) = VV°(x).
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clearly, using , we obtain that the final condition is automatically guar-
anteed for the function V°.

If we define w® : R — R¥ as the value v such that realizes the max in the
previous equation, i.e.

wé(x) € arg max (f(x,v) + VVe(x)-g(x,Vv)), (5.122)

it is easy to see that
w(t,x) = w(x), Vit € [to, t1], x € R™

where w is defined in (5.23]). Hence, in order to guarantee some sufficient con-
dition of optimality and to find the optimal control, we have to guarantee the
existence of x* solution of the ODE (5.24)), i.e.

{iﬁiifféff’"”“"” ot (5.123)

Then x* is the optimal trajectory and u*, defined by (5.25), i.e.
u*(t) = w(t,x*(t)), (5.124)

is the optimal control.
Ezxample 5.7.1. Let us conside@

o0
min/ e " az? 4 bu?) dt
0
T=u
z(0) =29 >0
a, b fixed and positive
The current value function V¢ = V¢(z) must satisfy (5.121)), i.e.
—rV¢ 4+ min (az? + bv? + (V) v) =0
vER
= —rVe4az?+ mi]% (bw? + (Ve)v) = 0. (5.125)
ve

The function v — bv? + (V¢)'v is, for every fixed x, a parabola; since b is positive
wé () = —(VEY /(26). (5.126)
Hence (5.125)) becomes
4brvVe — dabz® + [(VE)]2 = 0. (5.127)

We looking for the solution in the homogenous polynomials on x of degree two, i.e. as the
functions V¢(z) = Ax?, with A € R : replacing this expression in the (5.127) we have

—br & V/b2r2 + 4ab

4brAz? —dabs? +4A%2° =0 = A’4+brd—ab=0 — A4 = 5

From the problem it is clear that the current value function V¢ and the value function V =
Vet are non negative: hence we consider only Ay, i.e.

—br +Vb2r? 4+ 4ab
— 4

Ve(z) = (5.128)

and, from (5.126) we have
br — V/b?r2 + 4ab

wé(z) = — =

23In the example we solve the same example with the variational approach.
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In order to find the optimal trajectory, the ODE (5.123) is
x(t) _ br—+/ b221;1'2+4ab1_(t)
z(0) = zo.

and its unique solution is

e(br—\/b2r2+4ab)t/(2b). (5.129)

z*(t) = xo
The (5.124)) gives us the optimal control

_ 2,2 4 . - "
W (1) = 0 (@ (1)) = @W(b VT RaD) ) (20)

A

Consider the problem ([5.118). Using theorem it is very easy to see
that the interpretation of the current multiplier is similar: recalling (3.103)) and

(5-120)), i.e.
)\: _ ertA* and V(t7 X) — e—rtvc(x)7

then (5.114) gives, dropping the apex tg, v,

Remark 5.8.
VVEx*(t) = AL(D),

for every t € [to,t1]. The current multiplier is the sensitivity of the current value
function if we chance the initial state, along the optimal trajectory.

Ezxample 5.7.2. Let us considerlﬂ

o0
min/ e " (ax? 4 bu?) dt
0
T =u
z(0) =x09 >0
a, b fixed and positive

We want to verify the relation in Remark [5.8

The solution of example and example give (see (3.119), (3.113), (5.128) and
E129)

2 (t) = xoe(brf\/my/@b)
A2(8) = wo (V622 + dab— br) o(or=V/oTr T da) e/ (20)

—br +Vb2r? 4+ 4ab
=%,

Ve(z) =
(@) .
Clearly these equations give
% dave | w o —br +Vb2r2 + 4ab .
YV (1) = S (@7 (0) = 207 () — L ).

A

24In the example and in example we solve the example with the variational and
the Dynamic Programming approach respectively.
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5.7.1 Particular infinite horizion problems

We note that many of the arguments in the first part of this section hold when
we consider the case r = 0. In particular

Remark 5.9. Let us consider the problem

uelCo,a
X =g(x,u
x(0) = «

max /0 T
)

Then we value function does not depend directly by t, i.e. V(t,x) = V(x).
Moreover the BHJ equation is

ma (%, v) + VV(x) - g(x,v)) = 0.

In the spirit of Proposition taking into account the previous remark, we
have that

Remark 5.10. Let us consider the autonomous Affine Quadratic infinite hori-
zon problem
1 o !/ ! !
max — (x'Qx +2x'S +u'Ru) dt
0

uclCo,a 2

Xx=Ax+ Bu+C

x(0) = o
where the matrices QQ, S, R, A, B and C are constants. Moreover we assume
Q <0 and R < 0. Then the value function is of the type

1
V(t,x)=V(x) = §X/ZX +Wx+Y
where Z, W and'Y are constant matrices.

5.7.2 A model of consumption with HARA—utility

We solve the model presented in the example formulated with (1.6]) with

a utility function

1
U(c) = —¢7,
(c) 5

where v is fixed in (0, 1): this is a commonly used utility function, of so called

HARA typd™] Our problem®|is

1
max/ Zeve 0 dt
. o 7
T=7rr—C
$(0):$0>0
x>0
c>0

(5.130)

25Tn economics Hyperbolic Absolute Risk Aversion (HARA) refers to a type of risk aversion
that is particularly convenient to model mathematically and to obtain empirical prediction.
26Note that here we remove from the model the assumption lim;— o z(t) = 0.
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We will show that two situations occur depending on the fixed constants r,
and J: the case 0 < ry < § and the case 0 < 6 < rv.

A generalization of this model is the fundamental Merton model that we will
introduce in subsection [5.7.9}

The case ¢ > rv : the current value function V¢ = V¢(x) must satisfy (5.121)),

ie.
1 /
—0Ve4+max | —v" + (V) (rez —v) )| =0
v>0 vy

1
= =V + (V) ro+ max (,yqﬂ — (Vc)’v) =0. (5.131)

Now, since for definition

1
Ve(E) = maX/ ;cve“” dt  with 2(0) = ¢,
¢ Jo

if the initial wealth £ increases, then it is reasonable that the utility increases,
i.e. we can suppose that (V€)' > 0. Hence, recalling the definition (5.122)),
1
w(z) = [(V)]77 = arg max <v“Y - (Vc)%)) (5.132)
vz Y
and the BHJ equation for V¢ (5.131)) becomes

1— §
OV (Vg = T(vey]== =0,  ¥a>0.
In order to solve the previous ODE;, let us consider a function of the type
Ve(x) = Ax7, x>0,

where A is a positive constant (coherent with the assumption (V¢)" > 0) : we
obtain

1 —
—0AxY + Ayra” + J[vAfﬂ_l]ﬁ =0, Vo > 0.
Y
An easy calculation, together with the assumption § > v, gives
11—\
A== ( i ) > 0.
Y\ —r

Now ([5.132)) implies that the function w in Theorem is given by (recalling
the we(z) = w(t, z))

we(e) = (Vo)) = o

In our contest, the ODE ([5.123]) becomes
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r—34
Its solution is z*(t) = xgeT" : let us note that the condition z*(t) > 0 is
satisfied. Hence Theorem [5.3] guarantees that z*,

0 —r r-s, 1/1—v 1—y
(1) = w(@"(t)) = o 11— et=+" and V(t,z)= S (6 — ’yr) e~ Pty

for every x > 0, t > 0, are the optimal trajectory, the optimal consumption
plain and the value function for the investor’s problem respectively. Finally we
note that for such optimal solution we have

c(t)  6—nr
z*(t)  1—n’

i.e. in the optimal plain the ratio between consumption and wealth is constant.

Vit >0,

The case § < rvy: Let us show that in this second case we have that the value
function is equal to oo and hence an optimal path of consumption does not exist.

Let us consider a fixed constant A > 0 and the path of consumption c4(t) =
Ae™t, for t > 0 : let us show that this control is not admissible. The dynamics
and the initial condition on the wealth give

T =rz— Ae™
z(0) =z

and its solution is z4(t) = €™ (zo — At) : note that the condition z(t) > 0 is
satisfied for ¢t < x9/A : hence ¢4 is not and admissible control. Now we consider
a modification of the previous path of consumption (that we denote again with

CA):

rt <t < Zo
cA(t):{Ae for 0 <t <

0 for t > = v (5.133)
The dynamics and the initial condition give now

_ fet(xg— At) for0<t <2,
mA(t)_{O for ¢ > £

Hence, for every initial wealth x¢ > 0 and for every A > 0, the control ¢4 given

by (5.133)) is admissible and

o0
1
Ve (xg) =V(0,29) = sup/ —Ye 0t dt
c Jo 7
: *1 Yy —ot
lim —c e °tdt
A—0+ 0 Yy
I()/A A'y
= lim et gy
A—>0+ 0 'y

zo/A A

> lim —dt = o0,
A—0t 0 Y

vV

where, using the assumption, we use the fact that e~ > 1 for every ¢ > 0.
Hence V¢(zg) = oo, for every xg > 0, implies V(¢,z) = oo, for every (t,z) €
[0,00) x (0, 00).
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5.7.3 Stochastic consumption: the idea of Merton’s model

A generalization of the problem is the fundamental Merton’s model (see
[22]), where an investor divides the wealth between consumption, a riskless asset
with rate r and a risk asset with uncertain rate return: it is a stochastic model
in the context of stochastic optimal control. The aim of this subsection is only
to give and idea of the problem (see [19], [14], [12] for details).

In this model, the stock portfolio consists of two assets:

e the price p; = p1(t) for the “risk free” asset changes according to p; = rpy,
i.e.
dpy = rp; dt, (5.134)
where r is a positive constant;
e the price p; = pa(t) for the “risk ” asset changes according to

dps = spo dt + ope d By, (5.135)

where B, is a Brownian motion, s and ¢ are positive constants: s formal-
izes the expected profit for the risk investment and o is its variance.

It is reasonable, for the investor’s point of view, to require

O<r<s.
According to (5.134) and (5.135)), the total wealth = = x(¢), evolves as
dz = [r(1 — w)x + swx — ¢ dt + wro dBy, (5.136)

where ¢ = ¢(t) is, as in (5.130)), the consumption and w = w(t) is the fraction
(i.e. 0 < w < 1) of the remaining wealth invested in the risk asset. We note that

if we put w(t) =0 in (5.136]), then we obtain the dynamic in problem (5.130).

Again, we have a HARA utility function for the consumption to maximize,
in the sense of the expected value since w, x and ¢ are all random variables:

hence we obtain
ooy
max[E (/ C—e_ét dt)
(c,w) 0 y

dz = [r(1 — w)z + swx — ] dt + wzo dB;

5.137
z(0) =29 >0 ( )
c>0
0<w<l1

with 7 constant in (0,1).

5.7.4 A model of consumption with log—utility II

We solvd®"| the model presented in the example formulated with (1.6)), in
the case § > r and with a logarithmic utility function U(c) = log ¢. The current
value function V¢ = V°(z) must satisfy (5.121)), i.e.

-0V + max (Inv+ (V) (rz —v)) =0

= =V + (V) rz+ max (Inv — (V) 'v) = 0. (5.138)

27In subsection we solve the same problem with the variational approach.
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Now, since for definition
Ve = / e %t Inedt with z(0) = ¢,
0

if the initial capital £ increases, then it is reasonable that the utility increases,
i.e. we can suppose that (V¢)" > 0. Hence

1
c _ _ (e
w(z) = ey arg max (Inv — (V) v) (5.139)
and the BHJ equation for V¢ (5.138]) becomes
—6Ve+ (VO 're —In[(Ve)]—1=0, vz > 0. (5.140)

In order to solve the previous ODE, let us consider a derivative with respect to
x of it; we obtain

(VC)I/
(vey

=5V + (V) 'rz + (V)'r — =0, Vo > 0.

Now suppose that (V) is a homogeneous polynomial of degree k in the variable
z,ie. (V°¢) = Az* with A constant. Then we obtain

1
—6Ax* + krAz® + rAzk — k; =0, Vz > 0;

for £ = —1, the previous equation is homogeneous and we obtain A = % that

implies V¢(z) = @ + B, for some constant B. If we replace this expression

for V¢ in (j5.140]) we obtain

s (ln(gx) +B> Jrngln(&,g),lz()7 Vo >0,

)

r—
52

Ve(z) = % <ln(5x) +

that implies B = , i.e.

r—20

) , Va > 0.
We don’t know if it’s the general solution for the BHJ equation (|5.138]), but
sure it is a solution. Now (|5.139)) implies that
w(x) = ox.
In our contest, the ODE (5.123]) becomes

{rar

Its solution is x(t) = zoe(™™9* : let us note that the condition 2(t) > 0 and
lim;_, oo 2(t) = 0 are satisfied. Hence Theorem [5.3| guarantees that

e~ ot r—34
c(t) = dxge" ™0t and  V(t,x) = 5 <1n(5:17) + 6) , Yz >0,t>0,

are the optimal consumption plain and the value function for the investor’s
problem.
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5.8 Problems with discounting and salvage value

Let us consider the problem (see [31]), for a fixed final time T' > 0,

T
T = [ e ) e (e ()
x =g(t,x,u) (5.141)
x(0) = «
max J(u)

uclU

where r > 0 is a given discount rate and 1 is the pay-off function (or salvage
value). We define the function f by

Flt,x,u) = e " f(tx,u) + e TV (2) - g(t, x, ). (5.142)

It is easy to see that for the new functional J we have

J(u) / Fit, x,u)d

/ e " f(t,x,u) dt+e_TT/ Vip(x(t)) - g(t,x,u)dt

0

’ —rt -7 d’lr/)( ())
/0 e " f(t,x,u)dt + e T/o Tdt
= J(u) —e "TyY(a);

hence the new objective function J differs from the original objective functional
J only by a constant. So the optimization problem remains unchanged when
substituting f with f (i.e. the optimal controls of the two problems are the
same). The BHJ-equation of the problem “~”(with value function ‘7) is

66‘2 (t,x) = max (f(t,x,v) + ViV (t,x) -g(t,x,v))
= e max (f(t X, V) 4 " (Vi V(%) + e "TVY(x)) - g(t, x v))

and the final condition is V(T, x) = 0. Let us define

Ve(t,x) = (?(t,x) + e*rTw(x)) : (5.143)
we obtain
—rVe(t,x) + 8tc (t,x) + max (ft,x,v) + VVE(t,x) - g(t,x,v)) =0, (5.144)
VAT, x) = ¢(x) (5.145)

It is clear that
arg max (A(t X,v) 4 Vi V(t,x) - g(t, x, v)) =

= argrgleal)]((f(t,x,v) + VXV‘(LX) ' g(t,x,v)).
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It is easy to see that, given an optimal control u* for the initial problem (|5.141]),
we have by (5.142) and (5.143])

Ve, x (1))

et (V(t, x*(t)) + e*TTzﬁ(x*(t)))
= e </tT fls,x",u")ds + e’"Tiﬁ(X*(t)))
Jen(T-b) (/tT Vip(x*) - g(s,x*, u*) ds + ¢(x*(t))>

T
= / e " f (s, x* u) ds 4+ e " Ty (x*(T)).
t

Hence V°(t,x*(t)) is the optimal discounted (at time ¢) value or, in analogy
with (5.120)), the current value function for (5.141f). The equation (5.144]) is
called Bellman—Hamilton—-Jacobi equation with discounting and salvage value.

5.8.1 A problem of selecting investment

Consider the firm’s problem of selecting investment in the fixed period [0,T].
The profit rate, exclusive of capital costs, that can be earned with a stock
of productive capital k is proportional to k2. The capital stock decays at a
constant proportionate rat = Q, SO k=1— ak, where 1 is gross investment, that
is, gross additions of capital. The cost of gross additions of capital at rate 1
is proportional to 22. At the end of the investment period, the firm receives an
additional profit on an asset (for example, a coupon) of a value proportional to
the square of the final capital. We seek to maximize the present value of the
net profit stream over the period [0,T] :

T
max/ e " (pk? — 0i?) dt + me T k(T)?
0

k=1—ak
k(0)=k0>0
rel

where «, 0,7 and r are fixed positive constants such that ca? > p and I C
R is convex, compact and large enough (so as to allow for an unconstrained
minimization).

Conditions and give, for the optimal discounted value func-
tion V¢ =Ve(t, k),

(&)

c 8V 2 2 8Vc o
—rV°+ En +I$1ea;<(pk ov® + (v — ak) 8k>0’

VT, k) = k2.

28If.a stock k decays at a constant proportionate rate 8 > 0 and if it is not replenished,
then k(t)/k(t) = —B. Since the solution of this ODE is k(t) = k(0)e~P*, we sometimes say
that the stock k decays exponentially at rate 3.
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Let us assume that V¢(t, k) = q(t)k?; we obtain
— (20 + 1) gk + ¢k + pk? + max (—ov® + 2kqu) =0,
q(T) =m.

The assumption on I implies that
1 = argmax (—ov® + 2kqu) = kq (5.146)
vel o

and the BHJ now is, after a division by k2,

2
¢ =-p+Q2a+r)g— q; (5.147)

In order to solve this Riccati equation in ¢ (see the footnote in example |5.5.2))
with the condition ¢(7") = 7, let us introduce the new variable z = z(¢t) with

!/

g=0>,  T)=0, 2(T)=n.
z

This implies ¢’ = o2 2= and, by (5.147),

z”—2(a+f)z’+£z:0.
2 o

Let us set, by assumption, § = \/(a +7/2)2 — p/o > 0 : hence
(1) = oot 5+0) (1) (01 + 026—29(t—T)) )

This implies

(1) = el 5D (o) (at S +0) e (a5 —0)e720T)

and conditions z(T') = o, 2/(T) = 7 allow us to determinate the two constants
c1 and cs :
7r—(a+§—0)0 (a—i—%—k&)a—w
— Co = .
? 26
Condition ([5.146|) gives, for every ¢ € [0, T, that the candidate to be the optimal
!/

z
investment (i.e. control) is + = kq/o and using ¢ = 0z’/z we obtain + = k—. If
z

we substitute this expression of ¢ in the dynamics we obtain

! 1 '
E=k>_ak = /dk/(za)dt+c
z k z
= k=zfe ™

with ¢ and f constants. The initial condition on the capital gives

k(t) = Ko

mz(t)efa

and hence the optimal path of investment is given by

1 (t) = Z]E:g)eatz’(t) = Z]E?((;)e(g-s-e)t <c1 (oz + g + 9) +co (a + g - 0) efwt)
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CoV, 23]

dynamics, [6]
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EU, 23

for the Lagrangian in isoperimet-
ric problems of CoV,
exit time, [48]
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optimal time,
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running cost, [J]

solution of ODE, [7]
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target set, [o] [[29]

theorem

Arrow, 20]

Euler,
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Pontryagin,

time optimal problem, [66]
linear,

trajectory,
optimal,
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in calculus of variation, 24} [7§|
in time optimal problem, [66]
infinite horizon problem, [76]

TC, [T

with fixed final time,



160 INDEX



Bibliography

1]

[11]

[12]

[13]

[14]

[15]

A. Agracev and Y. Sachkov. Control theory from the geometric viewpoint.
Springer, 2003.

K. J. Arrow. Applications of control theory of economic growth. Mathe-
matics of Decision Sciences, part 2, AMS, page 92, 1968.

M. Bardi and I. Capuzzo Dolcetta. Optimal Control and Viscosity Solutions
of Hamilton—Jacobi—Bellman Equations. Birkhauser, Boston, 1997.

T. Basar and G.J. Olsder. Dynamic Noncooperative Game Theory. STAM
Classic in Applied Mathematics, 1998.

B. Beavis and 1. Dobbs. Optimization and stability for economic analysis.
Cambridge University Press, 1990.

R. Bellman. Dynamic programming. Princeton University Press, 1957.

A. Calogero. Appunti di calcolo delle variazioni e controllo ottimo. avaible
on the web site www.matapp.unimib.it/~calogero/.

M.C. Caputo. Foundation of dynamic economic analysis: optimal control
theory and applications. Cambridge University Press, 2005.

A.C. Chiang. Dynamic optimization. McGraw-Hill International Editions.

L.C. Evans. An Introduction to Mathematical Optimal Control Theory.
available in the web site of Prof. L.C. Evans (Berkley University).

L.C. Evans. Partial Differental Equation. American Mathematical Society,
2010.

L.C. Evans. An Introduction to Stochastic Differential Equations. avaible
on the web site http://math.berkeley.edu/evans, version 1.2.

L.C. Evans and R.F. Gariepy. Measure Theory and Fine Properties of
Functions. CRC Press, 1992.

W.H. Fleming and P.W. Rishel. Deterministic and stochastic optimal con-
trol. Springer-Verlag, 1975.

R. Gamkrelidze. Principles of Optimal Control Theory. Plenum Press,
1978.

161



162

[16]

[17]

[18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

BIBLIOGRAPHY
A. Haurie, J.B. Krawczyk, and G. Zaccour. Games and dynamic games.
World Scientific, 2012.

H. Hotteling. The economics of exhaustible resources. Journal of Political
Economic, pages 137-175, April 1931.

M. I. Kamien and N.L. Schwartz. Dynamic optimization. Elsevier, 2006.
B. OQksendal. Stochastic differential equations. Springer, 2007.

D. Léonard and N. Van Long. Optimal Control Theory and Static opti-
mization in economics. Cambridge University Press, 2010.

O. L. Mangasarian. Sufficient conditions for the optimal control nonlinear
systems. SIAM Journal on control, 4:139-152, 1966.

R. C. Merton. Lifetime portofolio selection under uncertainty: the
continuous—time case. Rev. Fcon. Statist., pages 247-257, August 1969.

L.S. Pontryagin, V.G. Boltyanskii, R.V. Gamkrelidze, and E.F.
Mishchenko. The mathematical theory of optimal process. Interscience
publishers, John Wiley & Sons, 1965.

F. P. Ramsey. A mathematical theory of saving. EFconomic Journal, pages
543-559, December 1928.

R.T. Rockafellar. Convexr Analysis. Princeton University Press, 1969.

H.L. Royden and F.M. Fitzpatrick. Real Analysis. China Machine Press,
2010.

W. Rudin. Real and Complexr Analysis. McGraw-Hill International Edi-
tions, 1987.

S. Salsa and A. Squellati. Modelli dinamici e controllo ottimo. Egea, 2006.

A. Seierstad and K. Sydsaeter. Optimal control theory with economics ap-
plications. Elsevier Science, 1987.

A. Takayama. Mathematical economics. second edition, Cambridge Uni-
versity Press, 2010.

T.A. Weber. Optimal control theory with applications in economics. The
MIT Press, 2011.



	Introduction to Optimal Control
	Some examples
	Statement of problems of Optimal Control
	Admissible control and associated trajectory
	Optimal Control problems


	The simplest problem of OC
	The necessary condition of Pontryagin
	The proof in a particular situation

	Sufficient conditions
	First generalizations
	Initial/final conditions on the trajectory
	On minimum problems

	The case of Calculus of Variation
	Examples and applications
	The curve of minimal length
	A problem of business strategy I
	A two-sector model
	A problem of inventory and production I.

	Singular and bang-bang controls
	The building of a mountain road: a singular control

	The multiplier as shadow price I: an exercise

	General problems of OC
	Problems of Bolza, of Mayer and of Lagrange
	Problems with fixed or free final time
	Fixed final time
	Free final time
	The proof of the necessary condition
	The moonlanding problem

	The Bolza problem in Calculus of Variations.
	Labor adjustment model of Hamermesh.

	Existence and controllability results.
	Linear time optimal problems

	Time optimal problem
	The classical example of Pontryagin and its boat
	The Dubin car

	Infinite horizon problems
	The model of Ramsey

	Current Hamiltonian
	A model of optimal consumption with log–utility I


	Constrained problems of OC
	The general case
	Pure state constraints
	Commodity trading

	Isoperimetric problems in CoV
	Necessary conditions with regular constraints
	The multiplier bold0mu mumu  as shadow price
	The foundation of Cartagena
	The Hotelling model of socially optimal extraction


	OC with dynamic programming
	The value function: necessary conditions
	The final condition on V: an first necessary condition
	Bellman's Principle of optimality

	The Bellman-Hamilton-Jacobi equation
	Necessary condition of optimality
	Sufficient condition of optimality
	Affine Quadratic problems

	Regularity of V and viscosity solution
	Viscosity solution

	More general problems of OC
	On minimum problems

	Examples and applications
	A problem of business strategy II
	A problem of inventory and production II.

	The multiplier as shadow price II: the proof
	Infinite horizon problems
	Particular infinite horizion problems
	A model of consumption with HARA–utility
	Stochastic consumption: the idea of Merton's model
	A model of consumption with log–utility II

	Problems with discounting and salvage value
	A problem of selecting investment



