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Chapter 1

Introduction to Optimal
Control

1.1 Some examples

Ezample 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 ;

and the Theorem of Pitagora we obtain R S £

bbif- b

(ds)? = (dt)? + (dz)?
=  ds=+/1+a2dt,

daz(t) : : :
dt - t ttdt 1
Hence the problem is

where 2 =

néin/1 1+ a2(2) dt
z(0) 2 0
z(1)=b

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

max / L) dt

r Jo
z(0) =0
z(1)=0

1
/ Vi+a2(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

Ezample 1.1.2. A problem of business strategy

A factory produces a unique good with a rate z(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, 7?7

Let us introduce the function w : [0,T] — [0, 1]; clearly, if u(t) is the fraction of
)z (

the output z(t) that we reinvest, (1 — u(t))xz(t) is the part of z(t) that we sell
at time ¢ at the fixed price P > 0. Hence the problem is
T
max [ (1 —wu(t))z(t)Pdt
uel Jo
T =uw (1.3)
z(0) = a,

C={u:[0,T] = [0,1] CR, ue KC}

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

2.5.2] and in subsection [5.5.11

Ezample 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 = z(t) of the road in [t,t1], such that the slope
of the road never exceeds «, with a > 0, and such that the total cost of the
construction

/ ‘(alt) — () dt

to

is minimal. Clearly the problem is

min [ (e(t) — y(0))? dt
i u/ (a(t) ~ (1) -

C=Au:[to,t1] = [-a,a] CR, u e KC}

where y is an assigned and continuous function. We will present the solution in
subsection of this problem introduced in chapter IV in [22].
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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 z = z(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 z(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

HGC

F=u

2(0) = do (1.5)

.’E(O) = Vo

z(T)=xz(T)=0

C={u:[0,00) = [-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 [22]). 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) =
2o > 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 ¢(¢) is U(c(t)). The investor’s problem is to find a consumption
plain so as to maximize his discounted utility

/ T ey (e(t))dt

0

where J, 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

max e tU(c)dt
ceC Jo
T=rr—c
z(0) =29 >0 (1.6)
z>0
lim z(t) =0
t—o00
(C ={c:[0,00) = [0,00)}

with § > r > 0 fixed constants. We will solve this problem in subsections
and [5.7.4] for a logarithmic utility function, and in subsection [5.7.2] for a HARA
utility function. A
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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”.

Ezample 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 v = u(t)
denote the thrust of the spacecraft’s engine. Hence in the initial time tq = 0,
we have initial height and vertical velocity of the spacecraft as h(0) = hg > 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 7 is not
fixed. Clearly

h=w.

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

mv =u—mg

where m = M +c and ¢(¢) 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 wu,
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

( IZIéig(m(T)
h=v
mo =u—mg
m = —ku
h(0) = hg,  h(T)=0 (1.7)
U(O) = Yo, U(T) =0
m0)=M+ F
m(t) > M,  h(t)>0
\C ={u:[0,T] = [0,a]}

where hg, M, F, g, —vg, 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 |3.2.4] 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, 1] = R7, with x = (1,22, ..., %),

with n > 1. At every time ¢, the value x(¢) 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(to) = @, (L8)

where a = (a1, @9, ...,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 B fixed in R™ has T = {(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 measurabltﬂ function

u:[tg,t1] = U, with u = (u1, us, ..., ug),

2Tn 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(t) exist and are
t—r+ t—1—

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 K'C and not only measurable (this is
the point of view in the book [13]).

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,t;] 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 [tg,t]
x(tg) = & (1.11)
(tl,X(tl)) S 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 [¢g,¢1]; moreover, since the function ¢ — g(t,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:
Example 1.2.1. Let us consider

Z =2uy/T 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) = a2t2 solve the previous ODE.
Ezxzample 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 x(t) =

1
l1—at”
FEzxzample 1.2.3. Let us consider

& =ux in [0,2]

z(0) =1

z(2) = 36

lul <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,x) : [to,t1] x R™ = R" and let G be
continuous and Lipschitz continuous with respect to x in an open set D C R*t!

3Note that 0 < & = ux < 3z and z(0) = 1 imply 0 < z(t) < €3¢,
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with (tp,a) € 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)|| <
Allx|| + 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 : [tg,t1] = U be a function in KC, i.e. continuous in [tg,#;] up
to the points 71, 72,...,7n, With g =179 < 74 < » < ... < 7§y < TN31 = t1,
where u has a discontinuity of the first type. Let us suppose that there exists in
[to, 1] a solution x¢ of the ODE with initial condition x¢(tp) = a. Let us
suppose that there exists x; solution of in [71, 73] 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;, 7;41] with initial condition x,_1(7;) = x;(7;).
Finally we define the function x : [to, ;] = R" by

x(t) = xi(t),

when ¢ € [, T;+1]. Such function x is the trajectory associated to the control u
and initial data x(to) = a.
Erample 1.2.4. Let

{Z6%

0 with ¢ € [0,1)
u(t)=< 1 withte[L,2]

t withte (2,3

and u the function defined by

Prove that v is admissible and that the associated trajectory x is
1 with t € [0,1]
z(t)y =<4 et with ¢ € (1,2]
{ et?/2-1 with t € (2,3]
Now, if we consider a more general situation and consider a control u with
a low regularity, the previous Theorem [I.1] 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, t1] X
R™ — R” be a measurable function. We say that x is a solution for

X = G(t,X) in [t ,tl]
{x(to) A 0 (1.12)

if x is an absolutely continuous functiorﬂ (shortly AC) which satisfies the initial
condition and x(t) = G(t,x(t)) for a.e. in t € [to, t1].
The next result is a more precise existence theorem (see for example [14]):

4We recall that ¢ : [a,b] — R is absolutely continuous if for every ¢ > 0 there exists a §
such that

n

> lb(bi) — plai)] < €

i=1
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Theorem 1.2. Let us consider G = G(t,X) : [to, t1] X R™ — R™ be such that
i. G is a measurable function;

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

1G(t,x) — G(t,x)|| < Ir(t)]x — x|
for all x, x" with ||x|| < R, ||x'|| < R and for a.e. t € [to,t1];

iti. G has at most a linear growth in the sense that there exist two positive
functions A : [to,t;] — [0,00) and B : [ty,t;] — [0,00) both in L' such
that
G (&, x)|| < A@®)][x]| + B(?)

for all x € R™ and for a.e. t € [to,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 1.1. 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 : [tg,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 : [to, t1] — R™ such that is the unique solution of

x =g(t,x,u) a.e. in[t,t]
x(ty) = «

(t1,x(t1)) € T

We call such solution x trajectory associated to u. We denote by Ct, 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; a-
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

for any n and any collection of disjoint segments (a1,b1), ..., (@n,bn) in [a,b] with

A fundamental property guarantees that ¢ is absolutely continuous in [a,b] if and only if ¢
has a derivative ¢’ a.e., such derivative is Lebesgue integrable and

#(z) = Bla) + / “W(s)ds,  Veelab]

Clearly KC'([a,b]) C AC([a,b]).
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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} xR"), then every piecewise continuous function is an admissible
control for , i.e. exists the associated trajectory.

The proof of the previous proposition is an easy application of the previous
theorems. 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,tg,a) C R™ of the points x, such that there exists an admissible con-
trol u and an associated trajectory x such that x(ty) = a and x(7) = x,.

If we consider the example [1.2.3] we have 35 ¢ 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 : [ty, 00) x R"** — R, the so called running
cost (or running payoff) and a function v : [tg,00) x R™ — R, the so called pay
off .

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

T
Ju)= [ f(t,x(t),u(t))dt + (T, x(T)),
to
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

g T
T
J(u) = ft,x,u)dt + ¢(T,x(T))

to
| x = g(t,x,u) (1.14)

X(t()) =
(T,x(T)) e T
[ 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 € C.

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.
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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:a (2.1)

e T

L C ={u:[to,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, )\) = (/\(), )\1, - ,)\n) : [to,tl] — ]RnJrl.

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

H(t7 X, u, )‘07 A) = )\()f(t,X, 11) +A- g(ta X, 11)
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 (A§, X*), with

o A§ > 0 constant,

o A" 1 [to, t1] = R™ continuous,

11
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such that
i) (nontriviality of the multiplier) (A\§, A*) # (0,0);

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

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

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

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

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

H(tv x" (t)v u” (t)a /\87 A* (t)) = H(th X*(tO): u” (tO)a /\8’ )‘* (tO)) +
Y oH
+ 7(8,}{*(8),u*(S),/\S,)\*(S)) ds (24)
t, Ot
The proof of this result is very long and difficult (see [22], [13], [10], [14], [28]):
in section [2.1.9] we give a proof in a particular situation. Now let us list some
comments and definitions.

An admissible control u* that satisfies the conclusion of the theorem of
Pontryagin is called extremal. We define (A, A*) the associated multiplier to
the extremal u* as 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

A=G(t,A)  in [to,t]

(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
coefficients. This notion of solution is as in ((1.12)) and hence A* is an absolutely

continuous function.
We remark that we can rewrite the dynamics (1.10)) 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 (Ag, 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§ :



2.1. THE NECESSARY CONDITION OF PONTRYAGIN 13

a. if Aj = 0, we say that u* is abnormal. Then the Hamiltonian H, for such
Ag, 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

A5 =1

Let us spend few words on this last assertion. Let u* be a normal extremal
control with x* and (A, A\*) associated trajectory and associated multiplier
respectively. It is an easy exercise to verify that (/\0, ) defined by

"
Xo =1, A= i‘o
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 we can replace A§ > 0 constant, with A§ € {0,1}.
The previous theorem 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 analysiﬂ 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. Since, for every fized t, u*(t) is a
mazimum for w— H(t,x*(t),u, A\§, A*(t)), the PMP implies

VuH (1, x"(t),u*(£), A5, A" (#)) - (u—u*(t)) <0, (2.6)

for everyu € U, t € [to, t1].

1 Theorem. Let U be a convex set in R¥ and F : U — R be differentiable. If v* is a point
of maximum for F' in U, then

VF(v*)-(v-v") <0, Vv eU. (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 cons1der the function f : [0,1] — R defined by
f(s) = F((1 — s)v* + 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
F((1—s)v* +sv) — F(v")
f(s) = (0)

= F(0)s+o(s)

= VFEW")-(v—v")s+o(s).

Since s > 0, 1) is true. 0

0

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) VaH (8, x*(£), 0" (), \o, A (8)) =0, Vit € [to, ta],

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

E B(E) = H(t,x" (6,07 (1), A5, A (1) (2.7)

is a very regular function in [tg,t1] 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 Maximum Principle in ii) and the
adjoint equation iii) of Theorem m

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

h(t) = %(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*: [tg,t1] = U be a left piecewise continuous function such that

u*(t) € argmag(%(t,v), Yt € [to,t1]-
veE

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

h(t) = maxh(t, v) = h(t,w (1)), (2.8)

fort in [to,t1]. Then T is absolutely continuous in [to,t1] and

h(t) = hite) + t %}t’(s,u*(s))ds, Vt € [to, t1]. (2.9)
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Proof. First let us prove that 1 is continuous. By the assumption h is left
piecewise continuous and hence we have only to prove h is right continuous in
[to, tl], i.e. for every fixed t € [to, tl]

lim At +7,u*(t + 7)) = h(t,u*(t)) :

7—01
since h is continuous, the previous relation is equivalent to

lim h(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,u*(t + 7). (2.12)
Hence considering the limits for 7 — 0% and using the continuity of h
lim A(t,u*(t+ 7)) < lim h(t,u*(t)) = lim h(t+7,u*(t)) <
T—0t —0t T—=0t
< lim h(t+7u*(t+7)) = lim h(t,u*(t+71)).
T—0*t 70t
Hence the previous inequalities are all equalities and (2.10]) holds.
Now let ¢ 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 §; and 65 in [0, 1] such

that, using and -,

2?(”017 wi ()7 = h(t+7,u(t) — h(t,u*(t)
< h(t+7u*(t+71)) — h(t,u*(t))
< h(t+7mu*(t+7)) = h(t,u*(t+ 7))
oh
= a(t—kﬁgr,u (t+7)T
Dividing by 7 we obtain
oh . Rt +T1,u*(t+7)) —ﬁ(t,u*(t)) oh
E(t—!—GlT,u (1) < . 6t —(t+ b, u”(t + 7)).

Since ‘g’; is continuous and ¢ is a point of continuity of u*, taking the limits as

7 — 07 in the previous inequalities we have
h dh dh,. -
t,u*(t)) = —(t,u*(t)) = —(t) = W'(t 2.13
SLur(h) = L (0) = ) =), (213)
for every point of continuity for u*. Since P has continuous derivative with
respect to ¢, hence h has a plecew1se contlnuous derivative, i.e. h € KC* ([to, t1]):

hence h is in AC([to, t1]) and holds. 0

Let us notice that if i has only piecewise continuous derivative w.r.t. ¢, the
previous proof holds and we obtain the relation (2.13)) for the points ¢ where u*

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

h(t,u) = H(t,x*(t),u, A5, \*(¢)) :

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 set
of null measure. 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*:

Tt = 0 (00,33, A (1) V(0,3 (1), X5, A (1) 57 (1) +
FVAH (1, x* (1), u, A%, A% () - A" (8)
= O 0, X, (1) +

+VaH (8, X7 (1), 0, Ag, A™(1)) - g (¢, %" (1), 0" (1)) +
—g(t,x"(t),u) - VicH (,x"(t), u"(£), A5, A" (1));

the assumptions on f and g give the claim. 0

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*(),u*(£), A5, \*(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 ¢ € C([to,t1]) and
t1
/ p(t)h(t)dt =0 (2.15)
to
for every h € C([to,t1]). Then ¢ is identically zero on [to,1].
Proof. Let us suppose that ¢(t') # 0 for some point t' € [to, 1] : we suppose

that @(t') > 0 (if ¢(#') < 0 the proof is similar). Since ¢ is continuous, there
exists an interval [t;, ] C [to,?1] containing ¢’ such that ¢ is positive.
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Let us define the function h : [tg,t1] — R as

X
h(t) = —(t — o) (t — 11) 1y 01 (1), [ h/\ t
where 14 is the indicator function on the b vty 4
set A. Hence
t1 th
/ o(D)h(1) dt = —/ o(t) (E— 1)) (t — £)) dt > 0, (2.16)
to tIO

t1

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

absurd and there does not exist such point %’ . n

Theorem 2.2. Let us consider the problem such that the assumptions a.
and b. hold, i.e.

4 t1
J(u) = t ft,x,u)dt
% = g(t, %, u)
X(t()) =

ey T

L C= {'ll : [to,tl] — Rk, uc C([to,tl])}

and with f € C*([to,t1] x R"*) and g € C*([to, 1] x R*F).
Let u* be the optimal control and x* be the optimal trajectory. Then there exists
a multiplier X* : [tg,t1] = R™ continuous such that

(PMPo)  VoH(t,x*(t),u*(t), A\*(t)) =0, Vt € [to, 1] (2.17)
(AE) Vo H(t,x*(t),u*(t), A (1)) = =A"(t), Vte[to,t1]  (2.18)
(TC)  A*(t1) =0, (2.19)

where H(t,x,u,A) = f(¢,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 = (hy,...,hy) : [to,t1] — R¥. For every constant € € R*
we define the function u. : [tg, ;] — RF by

u. =u” + (e1hy, ..., exhy) = (u] +e1hy, ... uj + €xhy). (2.20)

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

2We remark that the assumption U = R¥ is crucial. Suppose, for example, that 7' C R? and
let us fix t € [to,t1]. If w*(¢) is an interior point of U, for every function h and for e with modulo
sufficiently small, we have that ue(t) = (uj(t) + e1h1(t), u3(t) +e2ha(t)) € U. If w*(t) lies on
the boundary of U, is impossible to guarantee that, for every h, u(t) = u*(t) + € - h(t) € U.
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we denote by x¢ : [to, 1] — R™ such trajectory associate(ﬂ to the control u, in

(2.20). Clearly
ug(t) = u*(t), Xo(t) = x*(1), Xe(to) = a. (2.21)
Now, recalling that h is fixed, we define the function J3, : R¥ — R as

Tale) = / " F(txe(t), me(t)) dt

to

Since u* is optimal, J,(0) > Jx(€), Ve; then V  J,(0) = 0. Let A : [to,t1] = R”
be a generic function in AC. Using the dynamics we have

t1
Jn(e) = / [f(t,xe,ue)+)\-(g(t,xe,ue)—ke)] dt
to
t1
- / [H (t, xe,ue, A) — A~ %] dt
(by part) = / [H(t,xe,ue,)\)—i-)\-xe] dt—()\-xE
to to

For every ¢, with 1 <14 < k, we have

0Jn
8@-

= /ttl {VXH(t,xe,ue,)\) - Ve, xe(t) +
0
+VuH(t,xe,ue, A) - Ve, ue(t) +
+A- vqxe(t)} dt +
=A(t1) - Ve, xe(t1) + Alto) - Ve, xe(to)-

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

0Jn tl
0) = [v H(t,x",u* A)+A Velxe() +
O¢; to
The case u*(t) in the interior of U; the case u*(¢) on the boundary of U.

3For example, if n = k = 1 and the dynamics is linear with continuous coefficients, we
have that for every e,

{ e (t) = a(t)ae(t) + b()[u" (t) + eh(t)]

t t s
and hence z(t) = elig () ds (a + / b(s)[u™(s) + eh(s)]efto a(w) dw ds) .
t
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0H . x

—)\(tl) : <veixe(t1) S
_ o B (2.22)

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

{ A= —V, H(t,x*,u",\) fort € [ty,t] (2.23)

Since
ViH (t,x*,u*, A) = Vi f(t,x*,u*) + A - Vxg(t,x*,u”),

this implies that the previous differential equation is linear (in A). Hence, the
assumption of the theorem implies that there exists a uniqudﬂ solution \* €
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
P x* ut, AT )b dt = 2.24
\ an(t,x,u,)\)h dt =0, ( )

for every i, with 1 <i <k, and h = (hy,...,ht) € C([to, t1]). Lemma 2.2 and
1} imply that g—g(t,x*, u*, \*) = 0 in [tg, 1] 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 [20]). Recalling
that in the simplest problem every extremal control is normal (see remark ,
we have:

Theorem 2.3 (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* = (A}, ..., \Y) 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 every t € [to,t1], concave.

Then u* is optimal.

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

H(t,x,u,A"(t)) < H(t,x"(t),u*(t), A" (t)) +
+V H(t,x"(t),u"(t), X*(t)) - (x —x*(t)) +

+VuH (t,x*(t),u*(t), A" (1)) - (u —u*(t)), (2.25)

4We recall that for ODE of the first order with continuous coefficients, Theoremholds.

5We 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 —v').

,u
,u




20 CHAPTER 2. THE SIMPLEST PROBLEM OF OC

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

H(t,x,u, \"(t)) < H(t,x*(t),u"(t),\"(t)) — A" (t) - (x —x"(t)), (2.26)

for a.e. t € [tg, 1], every x € R” and u € U. Now, for every admissible control
u, with associated trajectory x, we obtain

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

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

11 t1
ftx,u)dt < F(t,x*,u*) dt + (A* (x* —x)
t t
0 Ot1
= flt,x*,u")dt +
to

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

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

ty

(2.27)

to

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 € [ty,t1], let f and g be concave in the variables x and u, and
let us suppose A*(t) > 0, (i.e. for everyi, 1 <i<mn, A (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° : [ty,t1] x R™ x R — R by

HO(t,x,\) = max H(t,x,u,\), (2.28)
uc
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, [17]
part II section 15, theorem 2.5 in [26]):

Theorem 2.4 (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 H° exists and, for
every t € [to,t1] X R™, the function

x = HO(t,x, \*(1))

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

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

Since the function x — H(t,x, A*(t)), is concave (we recall that ¢ is fixed) then
there exists a supergradientﬂ a in the point x*(¢), i.e.

HO(t, %, A"(1) < HO(t,x*(£),\*(t)) +a- (x —x*(t)), Vx€R" (2.30)
Clearly from and we have
H(t, %, w, A (1) — H(t,x* (), u* (), X (1) <a- (x—x*(1). (231
In particular, choosing u = u*(£), we have
H(t,x,u* (1), \*(t) — H(t, x* (), 0" (), A" (1) <a- (x—x*(t)).  (2.32)
Now let us define the function G : R* — R by
G(x) = H(t,x,u* (), \"(t)) — H(t,x"(t), u*(£), \*(t)) —a - (x — x* (1))

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)) = VxH(t,x*(t),u*(t),\"(t)) — a.
Now, the adjoint equation and (2.31) give
H(t,%,u, A" () < H(t,x" (), 0 (£), \*(£)) — A"+ (x —x*(1)),

for every t € [tg,¢1], 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

6We recall that (see [24]) if we consider a function F : R® — R, we say that a ¢ R” is a
supergradient (respectively subgradient) for F in the point x¢ if

F(x) < F(xo)+a-{x—xp) VYxcR" (respectivelly F(x) > F(xo) +a-{x —xo) ).

For every point x9 € R", we denote by 01 F(x¢) the set of all the supergradient for F' in
x0 (8~ F(xg) for subgradient). Clearly, if F' is differentiable in xo and 8% F(x¢) # 0, then
0T F(x0) = {VF(x0)}. A fundamental result in convex analysis is the following:

Theorem 2.5 (Rockafellar). Let F : R™ — R a concave (convex) function. Then, for every
xo € R", the set of the supergradients 0T F(xqo) (set of subgradients 9~ F(x¢)) 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[2.2(see (2.21))), in
the proof of Theorem [2.3]and hence in the proof of Theorem [2.4t 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:

f =
t);

)

o if x*(f) = & is fixed, then x(

t) = & Ve; hence V,x.(f) = 0 and we have
no conditions on the value A*(

e if x*() is free, then x.(f) 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 (2.1]), give us some slight
differences on the transversality conditions in Theorem [2.2] in Theorem [2.3] and
in Theorem 2.4l

Pay attention that if the initial and the final point of the trajectory are both
fixed, it is not possible to guarantee that Aj 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 t1
min fit,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 problen{| (2.1) as

t1

J(x) = flt,x,%x)dt
x(to) = o (2.33)
xIenI?él J(X)

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(t) = 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
t x) dt
,I‘Iéa(})i " f( JX7X) (234)
x(ty) =

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

Theorem 2.6 (Euler). Let us consider the problem with f € C'.
Let x* be optimal. Then, for all t € [ty,t1], we have

g <Vscf(t,><*(t),>'<*(t))> — V(X (8),5°(1)). (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 = %, we rewrite problem (2.34)) as

t1

max t,x,u)dt
mas [ S(0.5x,0)

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~ = Vef = -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):_A :vx.ﬁ

"We remark that in general in a Calculus of Variation problem one assume that x € KC?;
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

Vif(t1,x*(t1),%x*(t1)) = 0.
As in subsection 2.3.1] we obtain

Remark 2.8. Consider the theorem [2.6, 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) € R”, ie. X*(ti) is free = V*f(t,-,x*(ti),)'(*(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,x), then the equation of Euler (2.35) is

vxf(ta X*) =G
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

FEuler 18
Fx*x*) —x" - Vi f(x*,x") =, (2.38)

where ¢ € R is a constant.

Proof. Clearly

d . . d . .. . d
af:x-vxf—f-x-v,-(f, E(X-V*f):x-v,-(f—kx-a(v,-(f).

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

0 = x*.(;(vmx*,x*))—vx (x*,m)
(5 Vartxer,x) - < (76 %)

d /.
E X
(0 Vesee ) - fx %),

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 X* is optimal.
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2.5 Examples and applications

Ezample 2.5.1. Considerff)
1
max/ (x —u?)dt
0

=1

z(0) =2
15t method: Clearly the Hamiltonian is H = z — u? + Au (note that the extremal is certainly
normal) and theorem 2.2 implies

OH
2y = WA =0 (2.39)
ou
H : .
Of _ 5 = 1=-X (2.40)
oz
OH . .
a = xr* = x* = u* (241)
A (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
x* = (2t —t2)/4 + 2.
2nd method: The problem is, clearly, of calculus of variations, i.e.

1
max [ (z—2%)dt

0
z(0) =2

The necessary condition of Euler and the transversality condition give
HE 42t 3Y) = fult 2t 5%) = —2i% =1

1.
= z*(t) = fztz +at+b, Va,bER
fa(Lix™(1),8"(1)) =0 = —2&7(1) =0
An easy calculation, using the initial condition x(0) = 2, implies 2*(t) = —t2/4 + /2 + 2.
Since the function (z,%) — (x — %2) is concave, then x* is really the maximum of the problem.
Example 2.5.2. Consideff)|
2
max/ (2x — 4u) dt
0
t=z+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€l0,2]
= 2" —4du" + X" (2" +u") = m[ax] (22" —4dv + X" (2" +v)) (2.43)
ve[0,2

0H : .
— =2 = 24N ==X (2.44)
ox
6H . .
Wi > s =2t (2.45)
A*(2)=0 (2.46)

8In the example[5.5.1| we solve the same problem with the dynamics programming.
9n the example [5.5.3| we solve the same problem with the dynamics programming.
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From we have, for every t € [0, 2],

w OB —4) = max (A1) - 4))

and hence
2 for X*(t) —4 >0,
w(t)y=40 for A\*(t)—4<0, (2.47)
7 for X*(t)—4=0.

(2.44) implies X*(t) = ae~t — 2, Va € R : using (2.46]) we obtain
A(t) = 2(e®>7t = 1). (2.48)
Since A\*(t) > 4 if and only if ¢t € [0,2 — log 3), the extremal control is

u*(t):{z for 0 <t <2—log3,

0 for2—log3 <t<2. (249)

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.
{Z0 25 (2:50)
The solution is z*(t) = Tet! — 2. Taking into account that the trajectory is a continuous

function, by we have x*(2 —log3) = 7e271983 _ 2 = 7¢2/3 — 2. Hence the relations
(2.45) and give us to solve the ODE

z* = x* in [2 —log3,2]

2(2 —log3) = 7e?/3 — 2
We obtain

t
m*(t):{k —2 for0<t<2—log3, (2.51)

(7e2 —6)et=2 for2—log3 <t < 2.

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

Ezample 2.5.3. Find the optimal tern for

4
max/ 3xdi
0

T=x+u
z(0) =0
x(4) = 3e/2
0<u<2
Let us consider the Hamiltonian H = 3Xox+ A(x +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

(AG,A7) #(0,0), A5 €1{0,1} (2.52)
H(t,z",u",2§,A") = max H(t,z%,v,A;,\") = A*u* = max \*v
vel0,2] v€[0,2]

ORegarding Aj in (2.52), let us recall Remark [2.1}
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2 for A*(t) > 0,
= u*(t)=4¢ 0 for \*(t) <0, (2.53)
?  for \*(t) = 0.
oH

B = A= B+ A =2 = AT(H) =ae Tt —3X), VaeR (2.54)
X

8H . .

—=x* = z* = x* u* 2.55
5N + (2.55)

First let us suppose that A\j = 0 : regarding a in (2.54)), we have the following three possibilities:
o ifa >0, then A*(t) > 0 in [0,4] and implies uw*(t) = 2 in [0,4]; in this case the
dynamics is «* = x* + 2 in [0,4] and using the initial condition on the trajectory we
obtain x*(t) = 2(e! — 1): this contradicts the requirement x*(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 A\*(t) < 0 in [0,4] and implies u*(t) = 0 in [0,4]; in this case the
dynamics is £* = x* 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\j = 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 o such that A*(t) > 0 for t € [0,«). In this
case, (2.53) gives u* = 2. Hence we have to solve the ODE

(2.56)

{CU'* =z*+2 in[0,q)
z(0) =0

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

{m”‘ =z~ in (o, 4]

z(4) = 3e1/2 (2.57)

The solution is x*(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 3e’/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 o in (2.54): more precisely A*(t) = 0 for ¢ = 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 u) and hence the sufficient
condition are satisfied. The optimal tern is

s |2 fortel0,lnd),
ui(t) = {0 for t € [In4,4] (2.58)

5 (1) = 2(et —1) fort ¢ [0,In4),

T 1 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

Ezample 2.5.4.

€
min/ (3% + t&2) dt
1
:U(l) =1
z(e) =1
It is a calculus of variation problem. Since f = 3¢ + t&2 does not depend on x, the necessary
condition of Euler implies
342tz = ¢,
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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

Ezxzample 2.5.5.
vz
min (22 — zd + 222) dt

0
z(0)=1
It is a calculus of variation problem; the necessary condition of Euler gives
d
Efgc =fr > 44— =2cx—-2
= 2E—2=0 = z*(t)= aet/V2 4 pe=t/V2,

for every a,b € R. Hence the initial condition x(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.

fe(t1, 2" (t1),2"(t1)) =0 = 4i*(\/§)—$*(\/§)—=0

= ae+1—a_4[g_1—a}_0
e V2 eVv2 N

Hence
. (44 v2)et/V2 4 (42 — €2y/2)e~t/V?
z*(t) = ; : .
44+V2+4e? — e2V2

The function f(t,z,%) = 22 — zi& + 242 is convex in the variable x and #, since its hessian
matrix with respect (¢, %)

. 2 —1

& f =
=20

is positive definite. Hence x* is minimum. A

Ezample 2.5.6.

2
min/ (222 4 22?) dt
1
z(2) =17
It is a calculus of variation problem; the necessary condition of Euler gives

d .
ﬁf,-c:fgb = 2% 4 2t — 22 = 0.

The homogeneity suggests to set t = e° and y(s) = x(e®) : considering the derivative of this
last expression with respect to s we obtain
y'(s) = 2(e®)e® = ti(t) and y"(s) = &(e®)e + i(e®)e® = t?E(t) + ta(t).
Hence the Euler equation now is
y//+y1_2y:0.
This implies y(s) = ae® + be™2%, with a, b constants. The relation t = e° gives

» b
z*(t) = at + =
) = a — 22, The final condition x*(2) = 17 and the transversality condition
1)) = 0 give, respectively,

Note that z*(s
fi(lrm*(l)vi;*(

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,z,%) = t222 4 22 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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Ezample 2.5.7. Let us consider

1
max/ udt
0

= (u—u?)?

2(0) =0

(1) =0

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

u*(t) € arg max _[Ajv + A*(t)(v — v?)?], A =o0.
v€[0,2]

’

This implies that \* = k, with k constant; hence u* is constant. If we define the function
#(v) = Agv + k(v — v2)2, the study of the sign of ¢’ depends on A} 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:/ ldtz/ w(t) dt;
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).
(1) € 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 A\§ = 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 (1.I). Since the function
ft,x, &) = V14 22 does not depend on x, the necessary condition of Euler
(12.39) gives

i
.
V1+ 12

= i=c = o*(t) =ct+d,

fi=a =

with a,b,c € R constants. The conditions z(0) = 0 and z(1) = b imply z*(t) =
bt. The function f is constant and hence convex in « and it is convex in & since
2,279; = (1 + #%)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 solv the model presented in the example [1.1.2] 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,\")
v€E[0,1]

= (I—u")z" +XNz"u* = max [(1 —v)z™ + X" z"v]
v€E[0,1]

H1n subsection we solve the same problem with the Dynamic Programming approach.
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=  u'z*(A* —1) = max [vz"(\* — 1)] (2.59)
v€E[0,1]

OH . .
= _)\* 1—u* Kook \* 9.
o Y = ut + A A (2.60)
OH . :
37 = z*¥=z"u (2.61)
A(T)=0 (2.62)

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

AT-1) = A*—1).
u(N 1) = max o(x* ~ 1)

Hence
1 M) —1>0,
W) =40 i A(H) —1<0, (2.64)
? i AR(t) — 1 =0.
Since the multiplier is a continuous function that satisfies (2.62), there exists
7/ € [0,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[r,T]
A\(T) =0

that implies

X)) =T —1t, vt e [7',T). (2.66)
Clearly, we have two cases: T < 1 (case A) and T > 1 (case B).
A A
| — P . N—
K i
0 T 1 t 071 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 z* = a in [0, T7.
A
X
u
o X )
| %
u !
0] r1 ot 0 r1 ot 0 t
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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

A (T —1) =1. (2.67)

First of all, if there exists an interval I C [0,T — 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*(¢) = 1, then
A* =0 and the is 1 =0 : this is impossible.

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

N4 =0 [T —1]
AT -1)=1
that implies
N () =el"t"1 forte[0,T —1].
We remark the choice 7/ = 0 is consistent with all the necessary conditions.
Hence (2.64) gives

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

0 forT—1<t<T

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

that implies 2* () = ae!; hence

T* =0 in [T —1,T]
(T —1) = ael !

that implies 2*(t) = ae’ ~!. Consequently

o (t) = ael for0<t<T-1,
aeT™t forT—1<t<T

Recalling that

/\*(t) — €T7t71 fOI‘OStST—l,
T—t forT—-1<t<T
we have
u
"
] 1
0 71 T ¢t 0] t
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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
(z*,u*,\*) 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

H°(t,z,)\) = max [(1 —v)z 4+ Azv] = 2 + z max [(A — 1)v]
v€E[0,1] v€El0,1]

In order to apply theorem [2:4] using the expression of A* we obtain

. T=t=1g ifte€]0,T -1
weaxw)={C " ERT Y

Note that, for every fixed ¢ the function z — H(t,z, \*(t)) is concave with
respect to z: the sufficient condition of Arrow holds. We note that an easy
computation gives H (¢, z*(t),u*(t),\*(t)) = ae? =1 for all ¢ € [0, T].

2.5.3 A two-sector model

This model has some similarities with the previous one and it is proposed in
[26].

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(t) be the proportion
of investments allocated to sector no. 1. We assume that #; = aux; and
%2 = a(l—u)x; where a 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 ¢ = 0, £1(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 zo dt
uel Jo

1 = auxy
{dy=a(l —u)x,
Ty (0) = a
b)) (0) = a3
L C ={u:[0,T] = [0,1] C R, u admissible}

;

where a, a;, az 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 = x5 + Ajauz; + Aa(l — u)xzy; the theorem of Pontryagin implies that

u™ € arg max H(t,x",v,\") = arg max_[z5 + A\Javz] + ANja(l — v)z]]
v€E[0,1] v€E[0,1]
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= u"€arg m[g,)%[()\’{ — A\)ave]] (2.69)
ve|0,
H : .

of =-A] = =ANua-XNa(l-u")=2X] (2.70)
61‘1
go, =N Cl=X (2.71)
AI(T)=0 (2.72)
A(T) =0 (2.73)

Clearly (2.71) and (2.73) give us A5(t) = T — t. Moreover (2.72)) and (2.73) in

equation (2.70) give A (T") = 0. We note that
X(T) = X5(T) =0,  M(T)=0, A3(T)=—1

and the continuity of the multiplier (A, A\5) implies that there exists 7 < T" such
that
T —t=MA5(t) > Af(¢), vt e (r,T). (2.74)

Since z7 is continuous, using the dynamics & = auz; z7(0) = a; > 0 and
u* > 0, we have 2 (t) > 0 and hence z;(t) > a; > 0; from (2.69) we obtain,
since a > 0,

1 N >T —t
u*(t) € arg max (A\[(t) =T +thv=<¢ 7 ifAf(t)=T—1t (2.75)
velo] 0 ifAI(t)<T —t

Hence (2.74) and (2.75) imply that, in (7,T], we have u*(t) = 0. Now ([2.70)
gives, taking into account ([2.73)),

M= oAa = M@= %(t—T){ vt € (1,T].

An easy computation shows that the relation in (2.74) holds for 7 = T — 2.
Hence let us suppose that there exists 7/ < T — % such that

T —t=X5(t) < AT (2), Vte (7', T —2/a). (2.76)
By (2.75) we obtain, in (7',T — 2/a), that u*(t) = 1. Now (2.70) gives, taking
into account the continuity of A} in the point T' — 2/«

. 2
)\T — —)\Ta :> )\T(t) — aefa(thJrz/Ot)’ Vt 6 (TI,T _ 2/@]

Since AT(T —2/a) = A3(T — 2/a), AS is a line and the function Af is convex for
t < 7, we have that assumption (2.76) holds with 7/ = 0. Using the dynamics
and the initial condition on the trajectory, we obtain

u(t) = 1 forOStﬁT—%,
— 10 for T —2<t<T

at 2

xoN _ ) a1€ for0<t<T-— =2,
i (t) = {ale“T2 forT—%<t§aT

o’

() = as for0<t<T -2
2T aa et 2t — T+ 2/a) + as for T—2<t<T
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2 —alt=T+2/a) for 0 <t <7 -2,
Al) =14 & ) )
§(t—T) forT—2<t<T
() =T —t
A

@

a9

0

o T ot ‘ 2 Tt
We note that, for every fixed ¢, the function (z1, x2,u) — H(t, z1, T2, u, AT (), A5 (2))

is not concave and we are not in the position to apply the sufficient condition

by Mangasarian (see Theorem [2.3)).

e In order to guarantee some sufficient conditions we use the Arrow’s sufficient
condition. Taking into account that z;(¢f) > a; > 0 for every trajectory, we
construct the maximized Hamiltonian H® = HO(t, 1, o, A} (t), \3(t)), for z; >

0, as follows

HY = m{%)i] [22 + A] (D) vz + A5 (#)a(l — v)x4]
velo,
= z2+ A(t)az + az Iél[ax}(/\f (t) — A5(t))v

T2 + A3 (t)azy + a1 (2e7ETH/) 4ot —T)) for0<t<T -2,
xo + A5 (t) oy forT—2<t<T

Note that, for every fixed ¢ the function (zy,z2) = HO(t,m1, 72, N} (1), \5(2)) 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

= |( g, )] <avain < avex
a(l —u)z;

and, for every (t,z1,x2) with x; > 0 (but x; < 0 is similar) we have that

Fioow) = {W1,y2,2): 1 =ouzy, yo = a(l —u)zy, 2z <xo, u€[0,1]}
= [0,az] X [0, az1] X (—o0, z2],

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

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
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the specified delivery data at minimum cost (see [17])|E Let z = z(¢) be the
inventory accumulated by time ¢ : since such inventory level, at any moment, is
the cumulated past production and taking into account that z(0) = 0, we have
that

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 c¢ 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 B constant. Hence the total cost, at time ¢ is au? + Bz with o
and f positive constants, and u = &. Our strategy problem is{EI

T
min/ (au® + Bz) dt
0

u

i(g)“: . (2.77)
z(T)=B >0
u>0

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

(/\07/\) 75 (0,0), )‘0 € {07 1}7 (278)
u*(t) € arg m>i{]1(a/\0v2 + fAox + Av) = arg m>ig1(oz)\ov2 +Av)  (2.79)

A=—=BX =A=—flt+a, (2.80)

for some constant a.

First let us suppose that A\g = 0 : regarding a in (2.80)), we have the following
three possibilities:

o if @ > 0, then A(¢) > 0 in [0,7] and implies u*(t) = 0 in [0,T7]; in
this case the dynamics is * = 0 in [0,7] and using the initial condition
on the trajectory we obtain z*(¢) = 0: this contradicts the requirement
z*(T) = B > 0, i.e. the final condition on the trajectory. Hence a > 0 is
impossible;

o if a =0, then A(¢) = 0in [0,7] and this is impossible by (2.78));

o if a < 0, then A(t) < 0in [0,T] 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

121n subsection we solve the same model with the Dynamic Programming.
13We will solve a version of this problem in subsection with the Dynamic Programming.
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y for A<0 Jor k=0 y foras0 Y
Y=o Ly y=ovHiy
_ 2
M(2a) / y=av \

This implies A=—Bt+a, for a>TB
" { 0 it A(t) > 0
u(t) = )
—30 i A(1) < 0 )=—Pt+a, for 0<a<TP

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 T=
First, a > T implies v = 0 in [0, 7]
and hence, using the initial condition,
z = 0 in [0,T]; this is in contradiction
with z(T) = B > 0.
Second, 0 < a < T implies

R Sy ARG Ny A

Alt) _ Bt—a __ B{t—1) .
-2 — =55 ifr<t<T

2a 2a

i <t <
u(t):{o fo<t<r

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

o) = T-(t=1?  in (n.T)

the final condition z(T) = B gives 7 = T — 2 %. Moreover the condition

0<a<Tp gives T >2 %.

Finally, the case a < 0 implies u(t) = —%? = ﬂ;;a in [0,7T] and hence
2(t) = %t? - %t—i— d inl0,T],

for some constant d : the conditions z(0) = 0 and z(T') = B give

B, 4aB-—pT?
o(t) = 1t 1ol !

for T < 2 %. Summing up, we have

eif T'>2 %,thenwithT:T—Q %

0 fo<t<r 0 fo<t<r
w(t) = ﬁ(t—T) ifr<t<T and z7(t) = 4£(t—7')2 ifr<t<T

2a a
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B ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
4 t
o if T'<2 %,then
. B 4aB - BT? . B, 4aB - BT?
vt =5 o A et = 4T
B _____________
x/
L Lt
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 € [tg, 1] : more precisely, for every 7 € [tg,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" (1)) > H(7, x*(1), v, Ay, X" (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,t;] : examples of this situation
we have found in , and . Now, let us consider the set T of
the points 7 € [tg,?1] 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 7 contains some interval of
[to, 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 OU = {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 [2.5.3] the optimal control u* 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 log 4 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 (1.4]) presented in example (see [22] and
[I7]). 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 = \g(z — y)? + Au; then

Ap(z™ —y)? + A*u* = min  [A5(z" —y)” + A*0]

vE[—a,a]
= Au*= min A% (2.82)
vE[—a,a]
t
o N (l) = b— 2)\3/ (e*(s) —y(s))ds, bER  (2.84)
to
OH . .
oy =7 = z*=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 \j = 1; if \j = 0, the adjoint equation and
the transversality condition give that A\*(t) = 0: this is impossible since
(A, A*) # (0,0). Now, the “minimum” principle implies
—a  for A*(t) > 0,
u'(t) = ¢ a  for A*(t) <0, (2.87)
77?7 for A*(t) = 0.

Relations (2.84)) and (2.86]) give

A*(t) = —Q/t (z*(s) —y(s))ds, Vi€ [to, 1] (2.88)
/t 1(3:*(5) —y(s))ds = 0. (2.89)

Let us suppose that there exists an interval [¢,d] C [to,t1] such that A* = 0:
clearly by ([2.88]) we have, for t € [e, d],

0 = A(t)
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2 | (" (s) — y(s) ds — 2 [ 6 = s as

to c

t
A () = 2/ (*(s) — y(s))ds Vit € [ed]
and hence, since y and x* are continuous,

s/ (@ (s) - Vo) ds ) =2 (1) = 5(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
[c,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, i.e. @*(t) € {a,—a}. Moreover such extremal satisfies (2.89).
Finally, we remark that the Hamiltonian is convex with respect to = and u, for
every fixed ¢ : hence the extremal is really a minimum for the problem.

Let us give three examples.

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

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

Ezample B: suppose that the slope y of the ground is not contained, for all
t e [to,tl], in [—a,a] :

X

)
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X
YA

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.

Ezample 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 |(t)| < 1.
We have to solve )
min/ (x —et)?dt
LR |
T=u
“1<u<1
We know, for the previous consideration and calculations, that for every t € [—1,1]
e one possibility is that z*(t) = y(t) = e’ and A\(t) = 0, |#*(¢)| = |u*(¥)| < 1,
e 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
fort € [—1,a]
*() = € 9 )
= (®) { +e* —a forte (a1l

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

XA

[
1 1
f(x*(s)fy(s))ds = /(s+e°‘7afes)ds
-1 o
1 1,
= 5+26°‘+5a —e—a—ae* =0. (2.90)

For the continuous function h : [-1,0] — R, defined by
1 1.
h(t) = 5+26t+5t2767t7tet,

we have
_ —e?4+2+3 _ {(e=3)(e+1)
e e

h(0)=-—-e<0,

>0

certainly there exists a point o € (—1,0) such that h(a) = 0 and hence (2.90)) holds. Moreover,
since h'(t) = (et —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 ifte€[-1,qa]

¢
A (t) = —Q/Q(s—l—ea—a—es)ds:

%(ﬁ a2 (e —a)(t—a)te® — et ifte (ay1]

Note that in the interval [—1,a] the PMP in (2.82) becomes

0= min 0
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 = acT+u

z(r) =¢

u >0

a. For every fixed (7,£), find the optimal tern (z*,u*, \*). Let us denote by
(%76, uf ¢ A ¢) such tern.

b. Calculate

2 2

: 2 2 _ * 2 * 2
ot = [+ e
and denote with V (7, &) such value.

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

[

AQA-----—--

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

oV t,x). What do you find ?
23

compute
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Solution a. Let us consider the Hamiltonian H = u?+ 2%+ A(z+u); the theorem
of Pontryagin gives

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

v€E[0,00)
= u* €arg min (v® 4+ \*v) (2.91)
v€[0,00)
OH : :
e L L) PV 2.92
o AT = A x (2.92)
A*(2) =0 (2.93)

For every fixed ¢, the function v + v? + A*v that we have to minimize represents
a parabola:

y
y y
y=vHXy y=v+xy y=v+xy
L2 / \ / \ 2
M ’ v |
The case \*(t) < 0; the case \*(t) = 0; the case \*(t) > 0.

Since in (2.91) we have to minimize for v in [0, c0), we obtain

] O for A\*(t) > 0,
w(e) = { SX(#)/2 for A*(£) < 0 (294)

Let us suppose that
A (t) >0, t€r,2]. (2.95)

Then (2.94) implies that «* = 0 in [r,2] : from the dynamics we obtain
iP=r+4+u = =1 = 2(t) =ae’, VaeR.

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

(2.92)) gives
M= A =26t = AT(t) = bet — gel T

By the condition (2.93) we obtain
M) = €(er T —elT) (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 6,75 ¢, Arg) = (0,€€" T, (e T =T (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 + z%)dt

{u: d=z+u, z(r)=£, u>0}
2
= [ (e + g

2
/ (02+€2€2t—27)dt

52 4—27
= S -, (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 c¢. Since

we have

In particular, if we consider a point (¢,z) € [r,2] x [0,00) on the optimal tra-
jectory z7 ¢, i.e. using (2.97) the point (t,z) is such that

T=x7(t) = gel T,

we obtain
o
o3

Hence we have found that

(t,$) — get77(6472t _ 1) — f(e4ft7‘r _ etfr)'

0
B—Zu,x;gu» = N (),

i.e.

Remark 2.11. The multiplier A*, 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 [5.9) 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

wie(t) = €T, k() =getT
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Now consider (7/,¢") on the optimal trajectory 7 ¢, i.e. the point (', &)
is such that

€ =ap () = 7.

The previous expressions give us that, with this particular choice of (7', ¢’)
$:1,§/ (t) — £Iet_Tl — é—e‘r/—ret—‘r' — é—et—r — et—T' — .I:.’E(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 [27], [19], [25], [5],
[26]): 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 ¢y fixed and T be fixed or free,
with T' > t3. The problem

J(a) = (T, x(T))
x = g(t,x,u)
x(ty) = «
max J(u),
uel
with 1 : [tg,00) X R® — R, is called OC problem of Mayer. The problem

T
J(u) = t f(t,x,u)dt + (T, x(T))
% = g(t,x,u) (3:2)
X(to) =
max J(u),

is called OC of Bolza. The problem

is called OC of Lagrange. We have the following result

Remark 3.1. The problems , e are equivalent.

45



46 CHAPTER 3. GENERAL PROBLEMS OF OC

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

T T
t f(t,x,u)dt+z/)(T,x(T))=/t <f(t,x,u)+(w(t(’;(t))> dt — ) (to, x(to))

problem (3.2]) becomes

T
J(u) = /t (f(t,x,u) + %—f(t,x) + Vx(t, x) ~g(t,x,u)> dt

x = g(t,%x,u)
X(to) = 81
max J(u)
uel

that is clearly of Lagrange.

Secondly, let us proof how can become a problem of Mayer: we intro-
duce the new variable x,y1 defined by Z,41(t) = f(t,x,u) with the condition
$n+1(t0) = 0. Since

T

Tnt1 (T) = Tnt1 (to) + f(ta X, 11) dt;
to

problem (3.3]) becomes

J(a) = 2,11 (T)
(ka "'I‘:n+1) = (g(ta X, u)7 f(ta X, ll))
(x(t0), n+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 2,41 as &,41(f) = 0 with the condition z,41(T) =

Try1(to) = Wgﬂfxg)) Problem 1b becomes

. T
J(u) = /t Tyt dt
(Xa inJrl) = (g(t7 X, u)v 0)

X(to) =
$n+1(t~0) = 71/}(;’:53))
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 : [to,t;] X R"™* — R, ¢ : R® — R and let o € R" be fixed.
Let x = (z1,22,...,2,) and let ny, no and n3 be non negative, fixed integer



3.2. PROBLEMS WITH FIXED OR FREE FINAL TIME 47

such that ni + ns + n3 = n. Let us consider the problem

( t1

max flt,x,u)dt + ¥(x(t1))

ucC to

x = g(t,x,u)

X(to) =

x;(t1) free 1<i<m (34)
xj(t1) > B; with §; fixed ni+1<j<n;+ns

.’El(tl):ﬁl with Bl fixed U +n2+1§l§n1 + na + ns

L C ={u: [to,t1] = U, u admissible}

where to and t; are fixed, and U C RF is closed. Since z;(t;) is fixed for
n —ns < i < n, then the pay off function ¢ depends only on z;(t;) with
1<i1<n—ns.

We have the following necessary condition, a generalization theorem 2.1] of Pon-
tryagin:

Theorem 3.1. Let us consider the problem with f € C([to,t1]xR"F), g €
C([to, t1] x R"**) and o € C*(R™).

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

Then there exists a multiplier (A§, ™), with

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

ivy, ) the transversality condition is given by

e for 1 <i< ny, we have X! (t1) = AS%(X*(Q)),
, .
e formni +1<j <ni+no, we have Aj(t1) > Aﬁa—(x (t1)), =3(t1) >
Zj

B and (X5(0) = X5 (') ) (a5 02) = 35) 0.

We will give an idea of the proof in Theorem [3.4]

Using Remark [3.1] 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 ny = n3 = 0, i.e. x(t1)
free. Then in Theorem [3.1] it is possible to guarantee that u* is normal, i.e.
A5 =1.

A sufficient condition for the problem (3.4), with a proof similar to the one
in theorem 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 conver. 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 [26]).

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\, A" (t)) = constant

3.2.2 Free final time

Let us consider f : [tp,00) x R"* — R, g : [tg,00) x R** — R and ¢ :
[to,0) x R™ — R, and let @ € R™ be fixed. Let x = (21, %2,...,zy,) and ny, no
and ng be non negative, fixed integer such that n; + ns + n3 = n. We consider
the problem

( T

max \ ft,x,u)dt + (T, x(T))

x = g(t,x,u)

X(to) =

x;(T) free 1<i<m

{L’J(T) Z ﬂj with ﬂj fixed ny + 1 SJ S ny + Na
z(T) = f; with g fixed ni+ns+1<1<n;+ns+ns
[ C ={u: [tp,0) — U, u admissible}

(3.5)

where t; is fixed and 7T is free with T' > ty, and U C R is closed. We say that
u* is optimal with exit time 7™ if
* T
flt,x* u*)dt + (T, x*(T*)) > ft,x,u)dt + (T, x(T))
t() tO

for every admissible control u and for every T" > tg. Hence and optimal control
has an (unique) associated exit time. We have the following result, again a
generalization of the theorem of Pontryagin (see [22]):

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

Then there exists a multiplier (\§, X"), with
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o A§ > 0 constant,
o A1 [to,t1] = R™ continuous,
such that
i) the nontriviality of the multiplier holds;
i1) the Pontryagin Maximum Principle holds,
iii) the adjoint equation holds,

ivr+) the transversality condition is given by

e for 1 <i< ny, we have \;(T*) = /\ng (T, x*(T™")),
, L ——
o forny +1 < j < ny + ng, we have X;(T™) > AS@T(T , X" (T™)),
J

2T > B, (A;(T*) - Aagi(T*,x*(T*))) (#5(T%) — ;) = 0:

moreover we have

oy

H(T*aX*(T*)7U*(T*)7 /\Sa )‘*(T*)) + /\Sa

(T*,x*(T*)) =0. (3.6)
We will give an idea of the proof in Theorem
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 [26] 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

3.4).

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™()) =0 € [to, T"]; (3.7)

More details can be found in, for example, [26] (page 172) and [I] (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 [2:2] and in the case n = k = 1, the
following:

Theorem 3.4. Let us consider the problem

( T
J(u) = t [tz u)dt + (T, z(T))
i = g(t,z,u)
xz(tg) = a fixed
ey I
LC={u:[te,T) = R, ue C([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 fized'| and =(T) = B is fized;
1. T is fized" and x(T) = f3 is free;
III. T is free and o(T) = B is fived;
IV. T is free and x(T) = 8 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 Ay constant,
o A [tg, T*] = R continuous,
such that (A5, \*) # (0,0) and

i) the PMPy %—H(t,x*(t),u*(t),)\3,)\*(15)) =0 holds,
u

i1) the adjoint equation holds,
i) the transversality condition, depending on the previous situations, is

I. no condition;
6¢ * *
IT. we have \*(T*) = /\Sa—x(x (T%));

III. we have

H(T™, x"(T%), u™(T7), g, A™(T7)) + A?S%f(T*,X*(T*)) =0; (39)

IV. we have \*(T*) = /\SZE(T*:X*(T*)) and .
z

! Note that in this case (¢, ) = ¥(z).
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i) A5 >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 : [ty,00) — R. For every constant € € R we define the
function w. = u* + eh. Moreover, we consider a generic C! exit time function
T(e) =T, : R — [tg,00) such that Top = T*. Hence, for every e-variation of the
tern (u*, z*, T*) we have a new tern (u, z., T.) where z. : [0,T,] — R is the
trajectory associated to u. : [0,T.] = R. Clearly

T(0)=T", xe(to) = a fixed,

me(Te) = ﬂea ﬂfo(t) = w*(t)
Now, recalling that h is fixed and considering a constant Ay > 0, we define the
function J, : R — R as

to

T.
jh(e) = /\0 (/ f(tame(t) ( )) dt+/‘/}( e:ﬁe)) .

Let A : [tg,oc) = R be a generic continuous function: we obtain

Tu(e) = /T(e){/\of(t,xe,ue)+)\(g(t,a:€,u€)— )}dt+)\0w( T.,5.)

to
(by part) = /Te {H(t,me,ue,/\o,/\) + Ame} dt — (/\(Té)ﬁf - /\(to)a) +

to
+AO'¢}(T65 IBE)
Since u* is optimal and Ag > 0, we have djh (0) =0. Hencl

T
Uiy = /t H%Z(m u? AO,A)M} ddiE(O)%-(gt[(t,x*,u*,)\o,/\)h} dt +
+ {H(T*,x*(T*),u*(T*),/\o,/\(T*)) + /\o%zf(T*,w*(T*))] ddT;E (0) +
-y - x| o
= 0. (3.10)

Clearly T, and z.(T.) = S, are free and we have no information on die (0) and
dd% (0). Hence we require that Ag and A solve the system

/\(t) = —/\(t)%(t,m*,u*) — Aog(t,x*,u*) in [to, T™]
M%) = 2000 (1 (1)

9y

Ao f(T,&* (1), u* (1)) + AT*)g(T, 2™ (T7), u™(T7)) + Ao (17, 2™(17)) = 0

2We recall that
Proposition 3.1. Let a and B in C([a,b]), with a < b, such that afe) < 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 g—g are continuous in A. Then

d rBe) _ B(e) dg ,
&L, pwases [ S0 89960, 9 — o Gulate).0)
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Considering the last two conditions in the point 7* we obtain

Yo (", (%), (%)) 4+ STt (D)) g(T* (1) 0 (1)) +
+5 (172" (T ))) =0:

Clearly, if the big parenthesis is different from zero, then Aj = 0; if the big
parenthesis is zero, then we set A\j = 1. Note that in both cases there exists a
solution A\* of the previous ODE and the two transversality conditions] For
these choices of the function A = A\* and of the constant A\ = A, we have by
(3.10)

" aH(t Lur AS A )hdt =0 (3.11)

—(t, 2", u = .

t au I ) » 0o 3

for every h € C([tg,00)). Lemma [2.2] gives the PMPy.
The proof of case I. is similar; here T'(¢) = T™ and z.(T(¢)) = [ are fixed

and hence T d
0 0 —B

—(0) = 0) =0.
—(0)=0, (0
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:

,
™

h = v,
v=——g
m = —ku
h(0) = hyg hT)=0
v(0) = v v(T) =0
m(0) =M+ F
h(t) >0
m(t) > M
\C ={u:[0,T] — [0,c], admissible}

where hg, M, F, g, —vg, k and « are positive and fixed constants; the final
time T is free. The target set for the problem is 7 = [0, 00) % {(0,0)} X [0, c0).
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

H(h,v,m,u, Ao, A1, A2, A3) = Av + Ag (% - g) — Asku

3We mention that our proof is incomplete: we omit to prove that (A§,A*) # (0,0).
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with a pay off function

$(h,o,m) = m.
Theorem [3.1] implies
u(t) € arg wrg[%?;] </\1 (t)v(t) + Aa(2) <mu(}t) - g) - Ag(t)kw>
a if ?7"20((5)) —A3(t)k >0
= u(t) =47 if 22— A (k=0 (3.13)
0 if 220 — Ag(t)k < 0
: 0H
)\1:—67 = A =0 = Al(t):a
. q .
Ao = —667 = A=-\ = )\Q(t) =—at+b (314)
C oOH i At
Az = “am Az = e (3.15)
A3(T) = A 6—w( 1) = X@)=X
3 = 9m X 3 = A0

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

AL(B)v(E) + Ao (t) <:$ - ) — Xs(t)ku(t) =0, Vte[0,T] (3.16)

Let us suppose that a = b = 0: we easily obtain \; = Ay = 0 and A3 = Ag
in [0,7]. The case A\g = 0 contradicts the nontriviality of the multiplier; then
Ao # 0. The case A\g # 0 (i.e. A\g = 1) gives, using (3.16) and (3.13),

u(t) =0 in [0,T] : (3.17)

clear this is unreasonable: however, from a mathematical point of view, the
dynamics gives © = —g which contradicts v(0) = vo < 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, T] such that in (3.13) we have j‘n"’((:)) —A3(1)k = 0.
In order to do that, we define the function ¢ : [0,7] — R by

_Aa(t)
— m(t)

Using the dynamics, (3.14)) and (3.15) we obtain

L ).\Qm—)\gm

0 2

¢(t) = As(t)k.

— Mk = _g;
m m
this proves that ¢ is monotone. We have to show that the case a = 0 = ¢ and
¢ =0 in [0, 7] does not occur; clearly ¢ = 0 implies A3 = 2 in all [0,7]. This
relation and @ = 0 in imply bg = 0, i.e. b = 0: we know that a =b =10
it’s impossible. Hence, really there exists at most one point 7 € [0, 7] such that

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

[0 forte]0,7] a forte|0,7]
I ouft) = {a for t € (1,7 I uft) = { 0 forte (r,T]
IIT wu(t)=0 forte0,T] IV u(t)=a« fortel0,T]

Case IV is a.e. a particular case of case I with 7 = 0. Case III is as in
(3-17). Case II 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 t' such that v(t) > 0 for t € (¢/,T). Now the relation

h(t) = h(T) + / v(s) ds,

T

taking into account h(T') = 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

2

h(t) = —— + ’U()t + ho
v(t) = —tg + vo (3.18)
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

v 02
h=——+4 >+ he; 1
% + 2 + ho; (3.19)

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

In the interval [7, T], putting u(t) = « in the dynamics we obtain

m=—-ku = mt)=m(r)-(t—1)ka
mo=u—mg = 0(t)= - Z ) —g
= o(t) :—log(m _T)ka)—(t_T)g"‘U(T)
h=v = h(t)= /t (s) ds + h(r) (3.20)

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

a
—qg >
m(1) — (t — 7)ka 9= M+ F

and hence M + F — (t — 7)ka > 0. With some easy compu‘caﬁcionﬂ7 taking into
account that by (3.18) m(r) = M + F and the continuity of the trajectory, we

4By we have
i = [ b (MO ] v
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obtain for every t € [r,T]

( M+ F—(t-T1)k —(t—1)ka
ht) = k2a ( M+F >+

T o (e ryo(e) 4 hie) (321)
o(t) :—;10g<M+FM_f};T)k°‘> —(t—7)g+v(r)

\m(t) =M+ F — (t — 7)ka.

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

_ M+F—(T—T)kalog(M—i—F—(T—T)ka)
ka ) M+ F
Lo @ _27) Y4 (T - r)v(r) + h(r) (3.22)

k
0=~ ptog (ISR - 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), (1)), let us set s = T — 7 and let us define &(s) := v(7), h(s) := h(7): we

obtain by (3.22)

. 1 M + F — ska
v(s)zglog W +gS

- M+ F M+ F — ska s sg
hs) = =g ! M+F ) k2

(3.23)

ko2

Hence in (3.23) we have a curve s — 7(s) = (4(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 ka; since the total
amount of fuel is F' we have the condition 0 < s < % in our switching curve.

O L1 e ()

St =Yg+ (6 = T)u(r) + h(r)

t
(by part) = 7}’32 { ((Tn(r) ;n((i'; T)ka)log (m(T) :n((sT; T)ka)L/: (7;(0;)

—%(t — )20+ (t = TYu(r) + h(r).
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The initial data (vo, ho) in the interior
of the reachable set R. The free fall
curve 7y in and the switching
curve in . Set the point P € 4N~y:
the switching point T is such that P =
~v(7); finally, if s is such that P = 7(s),
then the final time T s T = T + s.
In order to draw the curve 4 note that
3(0) = (9(0),h(0)) = (0,0) and that
implies

'(s) =

(%

_M+F—ska_g<0

-, B M+ F 1 T >
We) = s F—ska) &Y v

= s _g)>0
T S\ MFyF_—ska Y ’

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):{o for t € [0, 7] (3.24)

is

a forte (r,T]
and the associated trajectory is given by (3.18)) for ¢ € [0, 7] and by (3.21) 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 ifte[0,7]
_ __ _ T _
AM(t)=a, Xo(t)=—at+0b, Is3(t) )\0—04/ as+;)ds it e (r,1]
¢ (m(s))
Since m(s) > 0, the last integral exists and is finite in [r, T]. By the continuity
we have "
—as+b
=X — —d 3.25
o [ T &2
We recall that 7 is such that ¢(7): hence
—art+b
—ck = 2
P A (3.26)
Relation (3.16]) impliesﬂ
0 = avy—bg (for t=0) (3.27)
el
0 = (—aT +b) (m(T) - g) — Xoka (for t=1T) (3.28)

51t is easy to see that, using (3.26), relation (3.16) for ¢ = 7 doesn’t give new information.
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Now
b
B27) = a=2 (3.29)
Vo
b g Q@
p) =2 () (& .
B2%) = o ka( oI+ )(m(T) g) (3.30)
B2) = c=—"0 (-9, (3.31)
. k(M-i'F) Vo '

5
b
S

= c—b[ (—9T+1> <O‘—g> —a/T_vg"SHds (3.32)
ko \ v m(T) . ()

Clearly —&T + 1 is positive and 1} implies ﬁ — g > 0; hence if \y =0,

then 0) implies b = 0; now (3.29) and ( - imply a = ¢ = 0; finally we

obtain )\3 = 0. This is impossible by the non triviality of the multiplier.

Hence we put Ag = 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 (3.32) are not in contradiction | 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 =10,00) x {(0,0)} x [0,00) to the new set 7 =[0,T] x {(0,0)} x [0, 00).
Moreover, we have a compact control set [0,«a] and for the dynamics we have
the condition

()]
—ku

IN

\/vz-l-Mz-l-g + k2a?

2
< M2+g + k*a? + [v]

(1+ )1+ [Ix]D),

AN

T —rm(s
44 )i 2) s (o) [ (i
AL [ e

T
g a
—qT d
kvoa { g +UO+/T m(s) s}

(0 +9) ds]

"We remark that our solution does not take into account the condition m(t) > M.

d
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where x = (h, v, m); finally, for every (¢, h,v,m) we have that

u
F(t,h,v,m) = {(y17y2ay3az) =0, Y2 = E -9, Yys = —k’LL, z S 07 u € [0,0[]}

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

3.3 The Bolza problem in Calculus of Variations.

Let us consider the problem

;

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

x(tg) =

x(T) = B (3:33)
£ 7

{ Ap = {x : [to,00) = R", x € C!, x(ty) = a}

where ty is fixed, and T' > ty, B € R™ are free. We call this problem Bolza
problem of calculus of variation. Clearly is a particular case of (3.5), but
let us provide the necessary condition for this particular situation: hence, let us
apply theorem to our situation.

Since u = % and taking into account that in the case of Calculus of Variation
it is possible to prove that A\§j = 0, we have H = f(¢,x,u) + Au : hence, as in

(2.36) and ([2.37), we have
(PMPg) = Vuof+A* =0
(AE) = Vif=-A"
o

(tvp+) = A" =Vxp = f+>\*>'c+E: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?*([to,t1] x R*™) and ¢ €
C([to,t1] x R™). Let x* be an optimal solution with exit time T*. Then x* is
extremal (i.e. satisfies EU). Moreover

i) if T is fixed and By is free, then
Vi f(T*,x*(T7),x* (1)) + Vxtp (T*, x* (1)) = 0; (3.34)
it) if T is free and By is fized, then

f(T*,X*(T*),i*(T*))—i*-(T*)V*f(T*,X*(T*),><'*(T*))+67¢(T*,X*(T*)) =0;

ot
(3.35)
i11) if T and By are free, then we have and (3.35).

As we mention in remark [3:4] 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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Ezample 3.3.1. Let us consider
1
{ min/ (&2 — x)dt + z2(1)
z(0) :0 0

The solution of EU is x(t) = — 1> 4+ at 4+ b, with a,b € R. The initial condition implies b = 0.
Since T* =1 is fixed, form (3.34]) we have

2i(1)+2z(1) =0 = a=3/8.

Hence the extremal is x* = —t2/4 + 3t/8. Now, let us show that is a minimum. Let h €
CY([0,1]) be such that h(0) = 0 and let x = x* + h. Then

/01(592 —a)dt+a22(1) = /Ol(gg‘*2 L ohat 4+ B2 — @t — h)dt+ 27 2(1) + 227 (1)h(1) + h2(1)

v

/l(m’*2 —@*)dt +272(1) + /l(ghx’* — B)dt + 207 (1)A(1).
0 0

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

0 o h(1)
<2hx] —/0 (2ha™ + h)dt +

/l(ghm’* — h)dt + 2% (1)h(1)
0

4
0
h(1) /1 h(1)
= —— - —h+h)dt + —=
4 0 ( ) 4
= 0.
The previous inequality implies that x* 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 Lr 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'(¢), the rate of change of L. Thus the firm has to decide on
the best speed of adjustment toward Ly 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"” +¢,

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 (L), its present value is w(Ly)e™?t, where

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

is,
o0 oo
/ n(L)e *tdt = <—7T(LT)ept] = m(Lz) e P,
T p T p

T i

Hence the problem is

T
max/ (7r(L) —bL? — c) e Ptdt + @e_pT
L p

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

where T' and Ly are free, T > 0, Ly > Lyg.
Let us set f(¢t,L,L") = (W(L) —bL"” — c) e *t; EU gives us

!

w_ op_ ™)

L"—pL' = TR (3.36)
Conditions (3.34) and (3.35) imply
1

! _ ! —
L(T) —prﬂ (L7) =0 (3.37)
bL'(T)* —c=0 (3.38)

Using (3.37)), recalling that Ly > Ly and hence L' > 0,

L'(T) = % (3.39)
Now, equation (3.38]) is
7' (Ly) = 2pVbe. (3.40)
Now, in order to solve (3.36)), let us specified the function =. We suppose
that
7(L) =2mL —nL?, con 0<n <m.

Clearly (3.36) implies

LII_ LI_EL:_T
P b b’

and the general solution is

I— ae(p+1/pz‘+4n/b)t/2 N 6e<p,1 [o2+an/v)t/2 L

)
n
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with a and f generic constants: the initial condition L(0) = Lo, (3.39) and

(3.40) alow us to determinate «,  and 7. Moreover, (3.40) gives

m ,0\/E NV i

Lp=2_ :
T n TL7 @Q\

clearly Lt < m/n. This tells us that 77

the level of employment Ly to be # y=n(L)
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.

2m/n

with b = ¢ = 0). L m/n

3.4 Existence and controllability results.

In this section, we first discuss some examples
Ezample 3.4.1. Let us consider the calculus of variation problem

1
J(x) = / ti2 dt
0

z(0) =1
z(1) =0
inf J(z)

\ oz

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

xn(t) =1 — /" It is easy to see that

1 ! 2/n—1 1
J(xn) = — t dt = —
n 0 2n

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

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.

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

J(u) = /Ol(gc2 +(1—u?)?)dt

E=u
z(0) =0
z(1)=0
inf J(u)
u
For every n € N, we define the control uy as
21— 2 21 —1
un(t) =1, if Z2 <t < ! for somei=1,...,n
n
- %
un(t) = —1, f <t<i for somei=1,...,n
n 2n
We obtain
u X

Ny

A
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The control u, and its trajectory T, in the case n = 3.

An easy calculation gives
1

1/2n 5
J(un):2n/0 mndt:@;
hence 1i_>m J(un) = 0 = inf J(u), since J(u) > 0. Again it is easy to see that the optimal
n o0 u
control does not exist. A

Ezxzample 3.4.3. We consider

T =ux

z(0) =1

z(1) =10

0<u<l

max J(u)

w

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

Ezxzample 3.4.4. Let us consider a little variation of example

min T
T=x+u
z(0) =5
z{(T)=10
ful < 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 inequalityE] implies, for t € [0,1],

Y1) <ylt) = yt) <y(0)e' = e’ = z(t) >4’ +1.
Hence (1) = 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

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

v'(t) <aly(t),  VtEla,b].

u(t) < y(a) exp ( /

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

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

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

d (@) _ Y (Bv(t) —y@)v' (1)
dt \ v(t) v2(t)

Then .

a(s) ds) , vt € [a, b].

<0

which implies



3.4. EXISTENCE AND CONTROLLABILITY RESULTS. 63

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 [13], the question B. (another interesting
book is [26], see chapter 2). Let us consider the minimum problem

4 T
min ft,x,u)dt + ¢(T,x(T))

u€Ci.a Sy,

x = g(t,x,u)

X(to) =

(T,x(T)) €T (3.41)

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

\

Ax: x=g(tx,u), x(tp) =, (T,x(T)) € T}

with a closed control set U C R*, and with target set 7 C (to,00) x R™.
In all that follows, a fundamental role is played by the set Fl; ) defined, for
every (t,x) € R as

Fix) = {(y,z) ER"xR: y=g(t,x,u), z> f(t,x,u), u e U} (3.42)

1

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

of Lebesgue-integrable function of Cy, . We have this first existence result

Theorem 3.7 (control set U closed). Let us consider the minimum problem
with f, g and v 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 ¢ and co such that, for every t €
[to,0), x, X' € R", u € U, we have

llg(t,x, 0)[| < er (1 + [Ix]] + [[ul]),
llg(t.x",u) — g(t, x, 0)|| < elx” = x][|(1 + [[ul));
c. the target set T is compact;
d. the set F; xy is conver for every (t,x) € [to,00) X R";
I f is superlinear with respect the variable u, i.e. for every (t,x) fized we

have
f(t7 X7 u)

lim
uel, |lu|—co ||

— 0. (3.43)

Then there exists an optimal control u* € Cy , 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 (3.42)) of the set F(; ») and “oco”with “—o00”in
the limit (3.43)): in such situation exists a optimal maximum control.
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A proof can be found in [13]. 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 [I3]
for continuity properties of optimal control). Now, let us spend few words to
comment the previous assumptions:

a. if the control set U is compact, it is possible to relax some of the other
assumptions as we will see in Theorem

b. sure assumption b. holds for linear dynamics, i.e. with g(¢,x,u) = ax+bu
where a and b are continuous functions;

d. 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 [Q”d part]. Consider the example 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(; ;) C R2? defined as

F(tw):{(y,z)ER2: 2> 2%+ (1 —y?H)?, y:uEU:R}

The set Fy .y is yellow.

Clearly F; ) s not convex. A

The role of the convexity of the set F{; ) in assumption d. arrives form the the-
ory 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 7 :

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 7# 0.

Moreover let us suppose that

2

a’. the control set U is compact;
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b’. there ezist a positive constant c3 such that, for every t € [to,T2], x €
R", u € U, we have

llg(t, %, w)|| < es(1 + [|x]]);

c¢’. the target set T is closed and T C [T1,T] X R™ for some to < Ty < Ty <
0.

d. the set F; xy is conver for every (t,x) € [to, To] x R™.

Then there exists an optimal control in u* € Céma for the minimum problem.lﬂ

A proof can be found in [26]. Note that assumptions d. in Theorem 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,
i.e.

min 7T’

X =Mx+ Nu
x(0) = « (3.44)
x(T)=0
ue[-1,1)*
where T is free, M and N are n xn and n X k matrices with constant coeflicients.
Note that the classical example of Pontryagin since the dynamics in is

(2)=0o)(2)e () om

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,ty, ) C R™ of the points x such that there exists
an admissible control u and an associated trajectory x such that x(t9) = a and
x(T) = x. Moreover we define

R(t07a) = U R(Tat(]va)
T>to

as the reachable set from o.
Hence, our problem of controllability for the problem (3.44)) is to guarantee that

0 € R(0,a). (3.46)

We say that (3.44) is controllable if for every o € R™ we have that (3.46]) holds.
This problem is well exposed in [22] and in [12].

10Tf we are interested on a maximum problem, since max f = — min(— f) in this theorem
we have to replace “>"with “<”in the definition (3.42)) of the set F(; ,): in such situation
exists a optimal maximum control.
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Starting from the linear ODE and the initial condition in (3.44), we have
that the solution is

x(t) = etM (a + /Ot e *MNu(s) ds> ,

where, as usual,

— tF Mk
M _
eM=3" o
k=0
Clearly
¢
0€ R(T,0,a) & —a:/ e *M Nu(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 (3.46) 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 Ref < 0 for each
eigenvalue 8 of the matriz M. Then

i. the ODE is controllable,

it. 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 T

pEC

o (347)
x(T)=pB

where v and f are fixed points in R™, and 7T is non negative and free. Hence
is the problem to transfers in the shortest possible time o in B : 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, )‘07>‘) = >\0 +A'g(t,X,u) (348)
and we have the following result (see for example [27], 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 (A5, X"), with

o Ay > 0 constant,
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o A1 [to, t1] = R™ continuous,
such that
i) the nontriviality of the multiplier holds;
i1) the Pontryagin Minimum Principle holds,
iii) the adjoint equation holds,

ivr=) the transversality condition is given by

H(T™,x*(T7),u"(T%), A5, A™(T7)) = 0, (3.49)

In the particular case of an autonomous time optimal problem, i.e. with

g = g(x,u) in (3.47), condition (3.49) holds in [0, T*]; more precisely by (3.7))

we have
H(x*(t),u*(t), A5, A*(t)) =0 t € [to, T (3.50)

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 (230 + 7) . The necessary conditions give
u

N 5 ifA>0
PMP = u(t) € arg min — = u(t):{? ifA=0 (3.51)
ssvss 3 ifA<0
. H .
A= Sl =A@ = Al
oz
1 1
3.49 = A A1) | 22(T — ] =A M) |4+ ——= ] =0 3.52
L o+ D) (25010 + G5 ) =20 400 (14 5 ) =0 @

for some constant A. Note that Ao = 0, since u(T) > 3, implies in that \(T) = 0 :
relation A\(t) = Ae~?! gives A = 0 and hence (Ao, \) = (0,0) that is impossible.

Hence we put Ao = 1. Since u(T) > 3, imply M(T') < 0, i.e. A < 0. Now, (3.51)) implies
u*(t) = 3 in [0,T]: the dynamics now is © = 2z + 1/3 and with the initial condition give
x*(t) = €2t — 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[3.5.2).

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 R?
defined as

. 1 1 1
F(t,m):{(y,z)ERZ: z>1, y=2z+ w 3§u§5}: {2m+g,2x+§} X [1,00).
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Clearly F(; , 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 & > 2z + 1/3: if we
define the function y(t) = 2x(t) + 1/3, the Gronwall’s inequality in theorem [3.6] implies

: : 1
vy <2t =y <y = a) e - o,
for every trajectory x; hence x(T) = 2 for some T > T*: this proves that T* is optimal. A

Ezample 3.5.2. Let us consider
min 7T
T=z+u
z(0) =5
z(T)=11
lul <1
where T is free. The Hamiltonian is H = Ag + A(x + ). The necessary conditions give

PMP = u(t) €arg ‘rr‘1i<n1[)\0 +Xz+v)] = u(t)carg ‘n‘ﬂ<nl Av (3.53)
:_% = A=-)2 = Al =A4e!
BA) = Ao+ AD)(T) +u(T)) = Ao + MT)(1L + u(T)) = 0 (3.54)

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

Hence we put Ao = 1. It is easy to see that |u| < 1 and imply X(T') < 0, i.e. A <O.
Now, (3.53) implies u(¢) = 1 in [0,T] : the dynamics now is £ = x + 1 and with the initial
condition z(0) =5 give

x(t) = 6el — 1.
The final condition x(T') = 11 implies that T = In 2. Now condition (3.54) gives
1
14+ 4e "2(1141)=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 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=c+u<zc+1.

Let us define y(t) = x(t) + 1; using the initial condition on the trajectory and the Gronwall’s
inequality
Y <y = y(t)<y(0)e' =6’ = a(t) <6’ —1=a"(t)

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

3.5.1 The classical example of Pontryagin and its boat

We consider the problem (1.5) and we put £ = x1, = x2 : we obtain

minT
jfl =u
T2 =11 (3.55)

I1 (0) = o, SL'z(O) = do
ZUl(T) = ZUQ(T) =0
ul <1
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where dy and vy are generic fixed constants, T is positive and free.
The Hamiltonian is H (¢, 1, 2, u, Ao, A1, A2) = Ao+ A u+ A2z and the necessary
conditions of Theorem [3.10] give

PMP = w € arg min \v (3.56)
ve[—1,1]
: 0H
M=o .
1 9z, 2 (3.57)
. 0H
Ao =——— = .
2=, =0 (3.58)
(3.50) = Ao + M (B)u(t) + A2 (t)z1(t) = 0. (3.59)
An easy computations by (3.57) and (3.58) give
Xo=a, A =—at+b, (3.60)

where a and b are constants. From PMP in (3.56) we have

—1 if A (¢) >0,
u(t)=¢ 1 if \(t) <O,
7 if A(f) = 0.

First, let us prove that a = b = 0 is impossible. In order to do that, by (3.60)
we obtain in (3.59))

Ao+ A1 (t)u(t) + /\g(t)l'l(t) =X = O,Vt.

We obtain (Ag, A1, A2) = (0,0,0): this contradicts Theorem

Hence a = b = 0 is impossible and \; is a straight line and there exists at most
a point 7 € [0,T] such that A\;(7) = 0 and » has a discontinuity (a jump). And
in all that follows, Ay = 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 (t,t"), u(t) =1and

T =u = z1(t)=t+e¢, withceR (3.61)

iy =1y =  19(t) =t*/2+ct+d, withdeR (3.62)
We obtain _ %

Y S (3.63) 4 ®

Iy = 21'1 B . . )
For the moment, it is not easy to find the constants %
¢ and d : however, it is clear that (3.63) represents %
some parabolas on the (z1,z,)-plane. Moreover, p

the dynamics &5 = x; gives that if z; > 0, then x5
increases and if 7 < 0 then z» decreases: hence
there is a direction on such line when the time

passes.
case B: Let A1 (¢) > 01in (#,t") C (0,00) : hence u(t) = —1 and, as before,

i1 =u = z1(t) =—t+e, witheeR (3.64)
iy =1 = zo(t) = —t*/2 +et+ f, with feR  (3.65)
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X
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Again we have some parabolas and a precise di- Y TN
rection for such curves. »
i
\
%

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 (z1(0),22(0)) = (vo, dp) and to ar-
rive in the final and unknown time 7T to the
point (x1(T),z2(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 7.

In order to guarantee that u* is really the optimal control with exit time 7%,
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 (3.45). For such M and N matrices, we have

G(M,N)z[N,MN]=K(1)>’<8 (1)><(1)>]:<(1) (1)>

det (M — 6I) = ¢°.

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 (3.55), for every initial
data (vg, dp).
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ee Second, we can apply a generic result of the existence of an optimal control
(see Theorem . We know, by the previous construction, that there exists at
least an admissible control «* with exit time 7T™; hence it is reasonable to restrict
the original target set 7 = [0, 00) x {(0,0)} to the new set 7 = [0, 7] x {(0,0)}.
Moreover, we have a compact control set [—1,1] and for the dynamics we have
the condition

= ()| < ieat<agab < a s

finally, for every (t,x1,22) we have that

F(t71717172) = {(y1,y2,2) S =u, Y2 =21, 2 Z 17 U € [_171]}
= [-L 1] x{z1} x [1,00),

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

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

min T
u

T =u

To = X1

71(0) =2, z2(0) =1
21(T)=22(T) =0
lul <1
Since A = (21(0),22(0)) = (a1,a2) = (2,1), by and we obtaine =2 e f = 1.
(3.63) gives the curve y1 with equation
To = —mr{)/2 + 3.
The point D is the intersection of the curve 2 with equation
xy =x7/2,
and the curve 1 : we obtain D = (,\/i 3/2). We note that starting from A at time ¢t = 0,
we arrive in D at time Tp : such Tp is, by ,TD = 2+ V3.
We restart from D = (z1(7p),x2(7p)) and arrive, on v, to O. By we have x1(7p) =
7D + ¢ = —v/3 and hence ¢ = —2(1 + \/§) By 1 and the equation of v», we have
d = c?/2 = 42+ +/3). We arrive in the origin at the time T that is, using and hence
21(T) =T —2(1 ++v3) =0, T = 2(1 + v/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)

wi(t) =14t fort €[0,2+ V3],
1 fort € (2 ++3,2(1+v3)],
ai(ty=14 "tT?2 fort €10,2 + /3],
! t—2(1+V3) for t € (2+v3,2(1 +V3)],
a3ty =4 S22+l for t € 0,2+ V3],
2T /2 - 2(1 4+ VI + 4(2 4+ VB) for t € (2 ++/3,2(1 + V3)],
! u o *
1 2
L t
0 D 0 > 32
T 7 T T /]
1 S 0 = . L
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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 (z1,7s,6) € R? x [0, 27), where (z1, z2) 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 # by acting on the steering wheel of the
car: clearly € is a continuous function on the time and its “modification” 6 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 problemE
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
£1 = cosf
@y = sin 6
0=u (3.67)
21(0) =4, xz2(0)=0, 6(0)=mr/2
T (T) = O, .’L'Q(T) =0
[ ul <1
The Hamiltonian is H = Ag+ A1 cos 8+ Az sin 8+ A3u and the necessary conditions
of Theorem give (note that 6(7T') is free and hence we have a transversality
condition on A3(7) and note that the problem is autonomous)

u(t) € arg min [A3(t)v] (3.68)
ve[—1,1]
. OH
A= _aixl =0 = M =q (369)
: OH
Ay = _(97{132 =0 = Ay =09 (370)
. H
A3 = —86—9 = \;sinf — s cos (3.71)
A3(T)=0 (3.72)

Ao + A1 () cos 8(t) + A2(t) sin0(t) + Az(t)u(t) =0 Vi (3.73)

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
T1 = cosf
J:,‘z =gin#f
0=u
z1(0) =x1,0, 22(0) =x2,0, 6(0) =60
21(T) =0, 22(T) =0, 6(T) =0
ul <1

The solution is much more complicated and is presented, for example, in [IJ.
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where ¢; are constants; changing these constants with ¢; = acosf and ¢y =
asin f#, where @ > 0 and 3 are again constants, we obtain by (3.69)—(3.73)) that

Al = acosf, Ao = asinf (3.74)
A3 = asin(d — B) (3.75)
Ao+ acosBcosO(T) + asin Bsinf(T) =0 (3.76)

It is easy to see that if a=0 (ie A(t) =Nt ) =0), then by we obtain
Ao = 0; moreover and (| - ) give A3(t) = 0. This is impossible since
(Mo, A\) # (0,0): hence a # 0. We note that if (/\0, A1, A2, A3) is a multiplier that
satisfies all the conditions (3.68)—(3.73)), the “new” multiplier ()(‘10, >;1, )(‘12, )(‘13)
satisfies the same conditions (3.68))—(3.73)). 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, té€(a,b);
implies u = —1 in such interval. The dynamics gives
0(t) = —t+a+6(a), Vi€ (ab)
and hence

z1(t) = x1(a) — sin(—t + a + 6(a)) + sinb(a)
x2(t) = x2(a) + cos(—t + a + 0(a)) — cosB(a)

for every t € (a,b). Note that t — (z1(t), z2(t)) describes an arc of circumference
of radius 1, 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

f(t) =t —a+6(a),
21 (t) z1(a) +sin(t —a + 6(a)) — siné(a) (3.77)
x2(t) = z2(a) — cos(t — a + 6(a)) + cosb(a) (3.78)

for every t € (a,b). Again t — (z1(t),z2(t)) describes an arc of circumference
of radius 1, in a counterclockwise sense.
Finally, if we have a situation where

As(t) =0, Vi€ (a,b)
then, A3(t) = 0 in (a,b): relation implies
sin(6(t) — ) =0 t€ (a,b),
i.e. # constant in [a,b]. The dynamics gives
21(t) = 21(a)+(t—a) cos(8(a)),  z(t) = z2(a)+(t—a)sin(6(a)) (3.79)

for every t € (a,b).
Essentially, in order to construct our optimal strategy we have only three
possibilities:
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e we turn on the right with 6 = —1, and the car describes an arc of circum-
ference of radius 1;

e we turn on the left with § = 1, and the car describes an arc of circumference
of radius 1;

e we go straight, i.e. 6 =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 (3.77)—(3.78)) and using the initial conditions, we obtain

m
o) =t+ 7
£1(t) =3+ sin (t+ g) = 3+ cost (3.80)

U .
xo(t) = — cos (t + 5) =sint

for every ¢t € [0, 7). In [1,T] we go straight and hence, as in (3.79) and using the
continuity of the trajectory for ¢ = 7, we have by (3.80) and the dynamics

7
0(t) = —
t)y=1+ 5
7r .
z1(t) =3+ cosT + (t — T) cos (T+ 5) =3+cosT—(t—7)sinT

x2(t) =sin7 + (t — 7) sin (T + g) =sinT+ (t—7)cosT
for every t € [r,T]. Clearly the final condition on the position of the car gives
21(T) =3+cost— (T —71)sinTt =0, x2(T)=sinT+ (T —7)cost =0.

Solving these system we obtain (using the picture below we deduce that sin 7T =

+Vv8/3)
1 1
T* = arccos <—3) + /8, T = arccos <—> .

3
Hence
w0l s
co-{m ek
#ih) = { RASH TS (3:81)
@ (t) = { V- (-ns te E(;TT]] (3.82)
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A X,

6(0)
4 X

we®

The initial data for the car is (x1(0),22(0),0:(0)) = (4,0,7/2); the final position is
(z1(T™),z2(T")) = (0,0) with 61(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 and segments
to connect the point (4,0) and the origin, with continuous #: such paths are
all extremals. However, it is easy to see that in this family of extremal paths,
our trajectory (zf,z%) in — 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 u* 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 7*; hence it is reasonable to restrict the original target
set T =[0,00) x {(0,0)} x [0,27] to the new set T = [0,T*] x {(0,0)} x [0, 2x].
Moreover, we have a compact control set [—1,1] and for the dynamics we have
the bounded condition

cos 6
= | [ simo || < VITuE<2<20+ k)
u

finally, for every (t,z1,z2,0) fixed we have that
Fit,2,,20,6) = {(cosf,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 It is clear that

e with ¥(x(00)) and x(00), we have to replace tli)m P(x(t)) and tli}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

flt,x*,u*)dt

to

exists and is finite.
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In this context and considering the transversality condition iii) of Theorem of
Pontryagin, one might expect that

m A*(t) =0 (3.83)

t—o00

would be a natural condition for a infinite horizon problem. The next example
shows that (3.83) is false:

Ezample 3.6.1 (The Halkin counterexample). Let us consider the problem

max J(u)
(oo}
T(u) = / (1 )udt
0
z=(1-z)u
z(0)=0
0<u<1
If we integrate the dynamics & + xu = v and taking into account the initial condition, we
obtain

t
I(t) — e~ fot u(s)ds (/ u(S)erS u(v) dv dS) — 1 _ e~ fot u(s)ds_
0

Hence, for every admissible control u the associated trajectory x is such that x(t) < 1. Hence,
using the dynamics and the initial condition,

T T
J(u) = lim (1 —z)udt = lim tdt = lim (x(T) — x(0)) < 1.

T—o0 Jg T—o0 Jo T— o0

oo
Hence, every function u such that / u(t) dt = oo gives J(u) = 1 and hence is optimal. For

0
example, consider the constant control uo(t) = uo € (0,1): it is optimal.
Now let us consider the optimal control uo(t) = uo € (0,1). The Hamiltonian is H =
(1 —2)(Mo + Mu and the PMP implies that

up € arg vrél[%xl](l —z)(Xo +AN)v Yt > 0.

The previous condition gives A(t) = —Ag for every t > 0. If A\g = 0, then we obtain (Ao, ) =
(0,0) which is impossible; if Ao = 1 (we recall that Ao € {0,1}), then the previous condition
gives A(t) = —Xo for every t > 0. Hence such multiplier A is associated to the optimal control
ugp and tl;lgo Aty # 0. AN

Hence let us consider the problem:

4

0
max/ flt,x,u)dt
to

uel

x = g(t,x,u)

x(tg) = «

lim a(t) = fi, for 1<i<n' (3.84)
t—o0

tlim x;(t) > B, forn' <i<n”

— 00

lim z;(t) free forn" <i<n

t—o0

[ C = {u: [ty,00) = U C R*, u admissible}

where a and 8 = (B4, ...,0,) are fixed in R™.

The problem of the transversality for this problem is treated with many
details in [26] (see Theorem 3.13): here we give only a sufficient condition in
the spirit of the theorem of Mangasarian:
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Theorem 3.11. Let us consider the infinite horizon mazimum problem
with f € C! and g € C'. Let the control set U be conver. Let u* be a normal
extremal control, x* the associated trajectory and A\* = (\},...,\:) the asso-
ciated multiplier, i.e. the tern (x*,u*,\") 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, ), concave,
vi) for all admissible trajectory x,

lm A*(t) - (x(t) — x*(t)) > 0. (3.85)

t—o0
Then u* is optimal.

Proof. The first part of the proof coincides with the proof of Theorem
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 (x —x*)

and hence, for every that t; > tg

tl tl

fExwdt <[ ftxt w4 (AT (x %)
t t
0 (;/1

ft,x*,u")dt +

t1

to

to

+A*(t1) . (X* (tl) — X(tl)) — A*(to) . (X*(to) — X(to))
Now, taking into account x*(tg) = x(ty) = «, the limit for ¢; — oo of the
members of the previous inequality gives

N f(t,x,u)dt < N f(tx",u)dt + Jim A*(t1) - (x*(t1) —x(t1)). (3.86)

to to
Clearly the transversality condition 1) implies that u* is optimal. 0
The transversality condition in (3.85]) is not so easy to guarantee, since it

requires to study every admissible trajectory. Suppose that in problem (3.84)
we have n’ = n'’ = n, i.e. we have a final condition on the trajectory of the type

lim x(t) = 8, (3.87)

t—o00

for some fixed B € R™. It is clear by the final part the previous proof (see (3.86)),
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 <e, VE>7 (3.88)

for some T, then the transversality condition in holds.
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See chapter 14 in [8] for further conditions.
In the case of infinite horizon problem of Calculus of Variation, recalling

that Vuf = Vixf = —=A" (see (2.36)), the sufficient condition in (3.85) and in
(3.88) 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(t,x" (), %5(0)) - (x(t) = x" (1)) < 0, (3.89)

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 o x(t) = B with
B fized, and there exists a constant ¢ such that

IVef(t,x" (1), x* (1))l < e, VE>T (3.90)
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 max with a min, we have to reverse
the inequalities in the previous transversality conditions in and .

Ezample 3.6.2. Let us consider the problem

o0 b - -
min/ e?t(u? + 322) dt
0
T=u
z(0) =2

It is a calculus of variation problem and in order to guarantee that [;° et (u? + 322) dt < oo,
it is clear that we have to require that tlim z(t) = 0. Hence we have to solve the problem
—00

e b
min e (22 4 3z2) dt
0
z(0) =2
lim z(t) =0
t—o00
The EU gives & + 2¢ — 3z = 0 and its general solution is
z(t) = ae™ 3t + bet,

for some constants a and b. The conditions on the trajectory give that the unique extremal is
the function z*(t) = 2e~ 3.
Now we note that % = 2¢?ti and hence

of

?(t,x*(t),:b*(t)) =228 ()| = | — 127 <12, VE > 0 : (3.91)
T

the concavity of the function f = e2*(&2 4 3x2), with respect to the variable x and &, and the
transversality condition (m), ie. (3.91), give that * is optimal.

3.6.1 The model of Ramsey

We show the problem of resource allocation in a infinite time (see [23]): 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
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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(t) and the capital
K = K(t). Suppose also that there is only a goods with production function

Q = Q(K(t), L(t)). (3.92)
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' (3.93)
The utility function U = U(C') (social utility index) has not increasing marginal
utility n = U’ : then U" < 0. Moreover we suppose that U has an upper bound
which we call i.

& | 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. (3.94)

In general the integral in does not exist. This is due in part to the
fact that there isn’t discount factor, not forgetfulness, but because it is deemed
“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) /0 [B—U(C)+ D(L)] dt

Taking into account (3.92) and (3.93), we have
min) / [B - U(Q(K(t),L(t)) - K’(t)) + D(L(t))} dt
0

K0y 2K (3.95)
lim (U(C) — D(L)) = B
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where Ky is fixed initial capital, while in general it is considered inappropriate
fix an initial condition at work. If we denote by

F=F(LK,I,K) =B -U(QUK(®).L#) - K'(t)) + D(L(®)),

we write the equation of Euler with respect the variables L and K :

d

—Fp = Fy, 0=-nQr+ D'
4 = 0
fw =Fx at -~ K

Since

D' =1Qr,
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

4~ —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-K'Fx =c = B-U(C)+D(L)- K'n=c, (3.96)

for every ¢t > 0, where ¢ is a constant. Since the net utility tends to B, it is
clear that U(C) goes to U and hence 5 — 0. From (3.96]) we have

0= lim[B—U(C)+D(L) - K'n— = —c.

The relations ¢ = 0 and (3.96) give us the optimal path of the investment K*',
i.e.

_ B-U(C(t)) + D(L(t))
n(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 :

K*I(t)

FLL FLK FLL’ FLK’
Frrp Frx Fxrr Fry

d’F(L,K, L' K" =
( ) Frp Fypkx Frp Frog

Fgyp Frg Fgp Fgig

-U"Q3 —U'Qrr+ D" —U"QLQkx —U'Qkr 0 U"Qy
-U"Q1Qr —U'Qkr -U"Q% -U'Qxkx 0 U"Qk

- 0 0 0 0
U'Qy, U'Qr 0o -y

If we consider the quadratic form

h- (d*F(L,K,L',K")) -h',
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with h = (hg, hx, hr, hi), we have
h- (d*F(L,K,L',K")) -h" =

Q. Qrx
Qrx Qkk

. Q7 QuQx -Qu .
—(hp hi,hi) - | QuQrx Q%  —Qx |- (hp.hi,hx)TU"(O).
QL —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 .

= W3D"(L) — (hi hre) - ( ) (hohi)TU(C) +

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 eright, we put the func-
tion of Cobb-Douglas Q(L, K) =
2L4/5 K1/5 .

3.7 Current Hamiltonian

In many problems of economic interest, future values of income and expenses
are discounted: if r > 0 is the discount rate, we have the problem

J(u) = /t1 e " f(t,x,u) dt

x = g(t,;?u) (3.97)
X(t()) =«

tred

where t; is fixed and finite; in this situation, setting Ay = 1 in order to apply a
sufficient condition, we have the Hamiltonian H (¢,x,u,A) = e " f(¢t,x,u) + X -
g(t,x,u) and the necessary conditions of Pontryagin are

* * —rt * *
u* € argrglea(}c(f(t,x ,v)eT "+ AT - g(t,x ,v)) (3.98)

VioH = e "V, f(t,x*,u") + A" - Vyg(t,x*,u*) = =X~ (3.99)
A*(t) = 0. (3.100)
For simplicity and only for few lines, let us consider the case withn = k =1
(i.e. x =1 =z, u=wu; = u) and with the control set U = R; moreover we
suppose that g—g # 0 : then (i implies
St u)

et = — 5 .
gLt o™, ur)
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Hence, from remark [2.11) A*(¢) gives the marginal value of the state variable at
time ¢ discounted (“brought back”) at time to. It is often convenient to consider
the situation in terms of current values, i.e. of values at time ¢.
Hence, for the generic problem (3.97)), let us define the current Hamiltonian H¢
as

Hc(t,X,ll, AC) = f(t,X, 'I_l) + AC ) g(t,X,u),

where A. is the current multiplier. Clearly we obtain

H°=¢"H (3.101)
Al =€ A" (3.102)

If we consider the derivative with the respect the time in (3.102), we have

]

A = AT 4 etA

(by (3.99) and (3.102) ) A — Vo f(t,x*, u*) —e™A* - V,g(t,x*,u*)
(by (3-102)) AL — Vi f(t,x*,u*) — AL - Vxg(t,x",u")

= Al — VxH(t,x*,u*, X}).

(3.98) and (3.101) imply

u”(t) € arg max e " HE(t,x*(t), v, A5 (t)) = arg max He(t,x*(t), v, AL (t)).

Easily (3.100) becomes A% (¢1) = 0. In conclusion
Remark 3.9. A necessary condition for the problem 18

u” € arg max He(t,x*,v,\}) (3.103)
Ao =15 — Vo HE(,x*,u*, \Y) (3.104)
AX(t) = 0. (3.105)

We will give an interpretation of the current multiplier in remark Clearly

(3.101) implies the following;

Remark 3.10 (U = R¥). If in the problem 13.97) we have a control set U = R*,
then in the necessary conditions of remark|3.9 we have to replace with

VoHE(t,x*, u*, ) =0 (3.106)

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 .
Ezample 3.7.1. Let us considelE
min/oo e "t ax? 4 bu?) dt
0
E=u (3.107)

I(O) =x9 >0
lim z(t) =0
t—o0

121n the example we solve the same problem with dynamic programming.



3.7. CURRENT HAMILTONIAN 83

where a and b are fixed and positive. The current Hamiltonian is H® = az? + bu? + Acu.

Remark [3.10] gives
oH¢ .
S =0 = 2wt FAI=0 = (by BI0) A= 2607 (3.108)
u
. HHC .
AL =TAL — 3 = A, —1rA; +2ax" =0 (3.109)
x
oH® . L.
DY — = pf =u (3.110)
c

(3.108) and (3.109) imply

br* —brz* —az* =0 = z*(t) =cie

(br+\/b2r2+4ab)t/(2b) Yo e(br—\/b2r2+4ab)t/(2b)
2 )
with ¢1 and ca constants. The initial condition implies

5 (1) = Cle(br+\/b2r2+4ab)t/(2b) + (w0 (brﬂ/b2rz+4ab)t/(2b).

—c)e
Now consider the derivative of the previous expression with respect the time to obtain u* :
2.2
W) = o br + bQ;" + 4abe(br+\/b2r2+4ab)t/(?b) n
br — BT T Aab (b /FEaab) 1/
o — 1) T 2;" + 4a e(br b2r +4ab)t/(2b).

It is an easy calculation to see that

/ e_rt(a(a:*)2 + b(u*)2) dt = / (Ae(" b2r2+4ab) ¢/ 4 Be(_ Y b2T2+4ab) ¢/e + C) dt,
0

0
for A, B and C constants, converges if and only if ¢c; = 0. We obtain, using (3.102)),
—\/b2p2 b
AL (t) = =mo (\/ b2r2 + 4ab — br) e(br bor +4ab)t/(2b>, (3.111)

A" (t) = o (\/ b2r2 + dab — br) e_(bH_ b2r2+4ab) t/(%), (3.112)
5 (1) = xoe(br—\/b2r2+4ab)t/(2b)7

br — Vb2r2 + 4abe(br—\/b2r2+4ab)t/(2b)
2b ’

The Hamiltonian is convex and the multiplier \* is bounded; from Theorem 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.

w*(t) = 20

Ezample 3.7.2. Let us consider a modification of the previous example [3.7.1} in the case
r=2,0=3,b=1, 20=2:

o b
min/ e~ 2322 + ) dt
0

T=u

lul <1

MArg (1) =0
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® = 322 + u2 + Acu.
Remark 3.9 gives

u* €arg min  HC(t,z™,u",A}) = u* €arg min (v2 +A\iv)
v€E[-1,1] vE[—1,1]
“1 if-ar/2< -1
= out={ SN2 1< N /2< 1 (3.114)
1 i1 < —A%/2
. SHC .
A= = A -2\ 462" =0 (3.115)
z
o0H¢ . .
= x* = * =u* (3.116)
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Let us suppose that for every t € [0,00) we have —1 < —\% /2 < 1: we obtain (as in example
BT
u*(t) = —2e7 ¢, z*(t) = 2¢7¢, AX(t) = 4e™ ¢, vt € [0,00) :
this contradicts the assumption A} < 2.
Hence let us suppose that, for some fixed 7 > 0, we have —\} /2 < —1 for every t € [0, 7).

Relations (3.114), d3.115) and d3.116) give

9
uw*(t) = -1, r* =2t Xi(t) = Ae?t — 3t + 3 vt € [0,7). (3.117)

c

Now let us suppose that for every t € [T,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) = —cpe”t, x*(t) = cae™t, A5 (t) = 2¢2e7 Y, Vit € [1,00). (3.118)

C

The continuity of the multiplier and of the trajectory in t = T imply, by (3.117) and (3.118),
that

(1) =2 -7 =c2e 7,

. 9
A (1) = Ae®T — 31+ 5= 2c0e” T = 2.

It is an easy calculation to see that

wi(t) =14 1 ifo<t<1 = {27t H0<t<l
T ettt ift>1 ettt ift>1
1,.2t—2 _ 9
A.ﬁ(t)={2€1 st+3 if0<t<l
2el—?t ift>1

Since the Hamiltonian is convex and the multiplier \* = )\ze*% is bounded, then u* is the
minimum.

u

=e"2-3t+9/2

1

In red: the optimal tern of the problem (3.107), in the caser =2, a =3, b=1, g = 2.
In blue: the optimal tern of the problem .

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 é > 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 0 = r. In both these cases, we consider a logarithmic
utility function U(c) = loge.

The case 6 > r : we have to study (1.6). The current Hamiltonian is H¢ =
Inc+ Ae(rxz — ¢) and the sufficient condition (3.104) and (3.106) give

e = (0 —7)A (3.119)
c(t) € arg If,lféc(lnv + Ac(rz —v)). (3.120)

131n subsection we solve the same problem with the variational approach.
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Clearly (3.119) gives A, = Ae®=t for some constant A and the max in (3.120)

depends on the such A : more precisely

B A1) <0
C(t)—{kcl(t) if Ao(t) > 0

Let us suppos that A > 0. Hence (3.120) gives c(t) = Le("=9%. From the
dynamics we obtain & = rz — £e("=9* and hence

t s
/rds 1 rt —/ rdov
z(t) = elo wo——/ er=93¢ Jo ds
A Jo

_ _ i rt i (r—o)t
= (.270 A(S)e +A6€ .

The condition lim x(t) = 0 implies A = 55 note that this result is consistent
—00

with the assumption on the sign of A. Hence we obtain

c(t) = el and z(t) = zoel 1.

-0t _ 1 e—rt

Since the Hamiltonian is convex and the multiplier \*(¢) = \*(¢t)e =

is bounded, we have the optimal path of consumption.

The case § = r : we suppose that the consumption ¢ is bounded with the

spending limit ¢p,x > 7z and let us remove the assumption tlim z(t) = oo :
— 00

then the problem is
o
max/ e "lncdt
0

T=rr—c
z(0) =2z >0
z>0

0 < ¢ < cpax

Clearly the current Hamiltonian is H® = lnc + A.(rz — ¢) and the sufficient
condition (3.104)) and (3.106) give
Ae=rA—1A=0
c(t) € arg max (lnv+ A.(rz —v)). (3.121)
ve

0,Cmax

We obtain that A.(t) = A:(0) for every ¢ > 0. We note that

OH¢ 1
=—-—AA0
oc ¢ ©)
and hence, taking into account (3.121)), we obtain: if A.(0) < 0, then H¢ in-
creases in [0, cmax] and c(t) = cpax; if 0 < ﬁ(o) < Cmax, then ¢(t) = )\Cl(o); if

14%We note that this assumption, taking into account that the multiplier is a shadow price
(see section [5.6]), is reasonable since if the initial capital xo increases, then the value of the
max (the total discounted utility) increases.
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%(0) > Cmax, then ¢(t) = cpax. In all the cases we obtain that ¢(t) = k is a
constant: hence the dynamics gives

t s
/rds t —/ rdv et _ 1
z(t) = eJo xo—/ ke Jo ds | = zpe™ — k — (3.122)
0

We note that k& > rzo implies that tlim xz(t) = —oo : this contradicts the
— 00

requirement on the capital z > 0. Hence we consider such constant control
c(t) = k with k < rzg : we have

max / e "lnedt = <maX lnk)/ e~ dt;
{c(t)=k: k<rzo} Jgq k<rzo 0

hence ¢*(t) = rzg < ¢max is the optimal choice in the constant consumptions.
Such control ¢* gives a path of the capital constant z*(¢f) = 29 and a current
multiplier A% (¢) = %

In order to guarantee that c¢* is the max, we note that the Hamiltonian
is concave in the variable (z,c¢) since the dynamics is linear in the variables
x and ¢, the running cost is concave in c¢. To conclude we have to show that
the transversality condition in Theorem holds: for every admissible

trajectory z we have z(¢) > 0 and hence
—xg < x(t) — g = z(t) — z*(¢).

Taking into account that the multiplier A*(t) = \*(t)e™"t = X\*(0)e~"? is posi-
tive, we obtain

lim A*(¢)(z(t) — 2*(t)) > lim —A*(t)zo = 1 lim e~ " = 0.

t—o0 t—o0 r t—oo

Hence ¢* is really the optimal path of consumption.



Chapter 4

Constrained problems of

OC

The constrained optimal control problems are treated exhaustively in [27] (chap-
ter 8, section C); one can also consult [5] and [19].

4.1 The general case

Let f, g : [to,t1] x R"T* — R be the running cost and the dynamics respectively;
let h = (h1,---,hm) : [to,t1] x R** — R™ be the function for the m equal-
ity /inequality constraints and b = (by,...,b,) : [to, t1] x R*** — R" be the func-
tion for the r integral equality /inequality constraints; let ¥ = (¢g,%1,...,%,) :
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 £t %) dt + o (x(t))
>‘<=g(t,x(:u)
x(to) =
h(t, () u() >0 for1<j<m
(1))

hi(t,x(t),u(t)) =0 form'+1<j<m

0 (4.1)
B;( / bi(t,x,u)dt +;(x(t1)) >0 for1<j<r

to

1

:/ bi(t, %, 1) dt + ¢ (x(t1)) =0 for/ +1<j<r

¢
max Ju)0
ueC

\C = {u:[to,t1] = R¥, u admissible for c in to}

where ¢, is fixed. We note that we consider a control set U equal to R¥ 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
h;(t,x,u) = h(t,x)).

87
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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 [27]); 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 convex in the variable u, for allx € R", t €
[to, t1] fized and j = 1,...,m;

b) the functions h;(t,x,u) are linear in the variable u, for allx € R", t €
[to,t1] fized and j =1,...,m;

¢) the functions h;j(t,x,u) are concave in the variable u, for allx € R", t €
[to, t1] fized 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)

matriz
Omtxw) o Ombxw) 0
Oouy Ouy,
Oha(t, %, u) Oha(t, %, u) 0
Ou; Ouy,
0 0
Ohm(t,xw) - Ohmbx W) )
Ouy Ouy (x*,uv)

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

8hi1 (t) X, 11) ahll (tv X, u) ahll (ta X, 11)
Ouq Ous o Ouy,

ahiz (t7 X, 11) ahlz (ta X, u) 6h22 (ta X, 11)

Ohg e, —2— 7
— | = Oouy Ous Ouy,
au .. DR ... ...

Oh;, (t,x,u) Oh;_ (t,x,u) Oh;_(t,x,u)

8u1 611.2 o Buk (x*,u*)

is equal to the number of effective constraints, where in (%f) 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, g, A\,v) = A f(t,x,u) + XA - g(t,x,u) + v - b(t,x,u)

1We recall that a constraint hj(t,x,u) > 0 is effective if hj(t,x,u) = 0; hence

E={j: 1<j<m, hj(t,x,u) =0}.
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and the Lagrangian function L : [to,t;] x R" x RF x R x R® x R" x R™ — R as
L(t7X7ua)‘OaA7V7H) = H(t7X7u7 /\0,A,V) +u- h(t;xau)‘

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 [27]):

Theorem 4.1 (di Hestenes). Let us consider the problem with f € C'([to, t1]x
]Rn+k), g e Cl([to,tl] X Rn+k), h e Cl([to,tl] X Rn+k), be Cl([to,tl] X Rn+k)
and ¢ € C*(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 (\§, X", v*, u*), with

o Ao constant,

o AT = (A%, .., L)t [to, t1] — R™ continuous,
o v* = (vf,...,v}) constant,
o p* = (uf, ..., pwk) [t t1] = R™ piecewise continuous (but continuous in

the discontinuity points of u*),
such that

(A37A*7V*7#*) # (0707070);
ViBj(u*) =0 forj=1, ..., r, and v;i>0 forj=1, ..., "
pihi(t,x*,u*) =0 for j=1, ..., m, and p;>0 forj=1, ..., m'

Such multiplier satisfies the following conditions:
i) (PMP): for all T € [tg,t1] we have

H(T7 X*(T)7u*(T)7AS7A*(T)7V*) = Vegla)i( ) H(T7 x*(T)’V7 AE;)A*(T)?V*)

where for (t,x) € [to,t1] X R™ we define
Urx = {v eRF: hy(t,x,v) >0 for1<j<m,
hi(t,x,v) =0 form' +1<i < m};
i1) (adjoint equation): in [to,t1] we have
N = — Vo L(t, x* u*, A5, A%, v, )
ii1) (transversality condition)

A%(t1) = Vx¥(x"(t1)),

where ¥ = A\jwo + ZV;H/J]-;

=1
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i) in [to, t1] we have
VaL(t,x*,u*, A5, A", v*,u*) = 0.

A sufficient condition with a proof very similar to the theorem [2.3] of Man-
gasarian is the following (for the proof see theorem 8.C.5 in [27])

Theorem 4.2. Let us consider the mazimum problem with f € C([to, t1]x
R™HE), g € CY([to, t1] x R*T*), h € C ([to, t1] x R*H*), b € C([to, t1] x R*TF)
and ¢ € C'(R™).

Let u* be admissible control in o with associated trajectory x* and associated
multiplier (A\§, X", u*,v*) that satisfies all the thesis of theorem |4.1]

Moreover, let us suppose that

v) f, g, h, b and ¢ are concave functions in the variables x and u, for all
t € [to,tl] fized,

vi) Ay =1 and for alli, 1 <i < n, t € [ty,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 (AS, A", v*, u*) be asso-
ciated trajectory and multiplier respectively. Then the Hamiltonian is constant
along the optimal path (x*,u*,\§, \¥), i.e.

t e H(t,x*(t), 0 (t), A5, A* (1)),

is constant in [to,t1].
Example 4.1.1. Considef]

1
max/ (v—x)dt
0
T=u
2(0) = &
u € [0,1]
v: <z
The Hamiltonian H and the Lagrangian L are
H=v—z+\u, L=v—z+Xu+pu+ p(l —u) + pz(z—v?).
We have to satisfy the following necessary conditions:

(u(t),v(t)) €arg  max (v—x+ Au) (4.2)
(u,v) €Uy 4(1)

where Up» = {(u,v) € [0,1] xR : v? <}
oL

A=—"2 = A=1-p (4.3)
ox
)\(1): (44)
oL
— =0 = Atpr—p2=0 (4.5)
ou
L
8—:0 = 1—2vu3 =0 (4~6)
ov

w1 >0 (=0ifu>0)
e >0 (=0ifu<1)
puz >0 (=0ifv? < a)

2This example is proposed in [26].
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Clearly implies
(1,v/z) ifA>0
(u(®),v(t) = (V@) ifA=0
(0,v/z) ifA<O0
If X > 0, (u(t),v(t)) = (1,+/x) implies by the dynamics x = t + A for some constant A.
( gives uz = 5 t1+A and hence, by ,
: 1
A=1— ——— = A=t—Vt+A+B
2Vt + A ’
for some constant B. 1 = 0 implies by o =t—+t+ A+ B.
If A <0, (u(t),v(t)) = (0,+/z) implies by the dynamics x = C for some constant C.
gives pz = 2\1@ and hence, by ( s

. 1 1
A=1-— = A=(t—-—=)t+D,
2V/C ( 2\/())

for some constant D. us = 0 implies by 1 ny = — (t - 2\}(») t—D.
1

Let us suppose that for some T > 0, we have A > 0 in [0, 7) : the initial condition z(0) = g

impliesA:%. Ifr>1, givesB:%—landhence)\(t):t— t+é+2\3/§_1:

note that we obtain A(0) = 75 — 1 <0. Hence 7 < 1.

Let us suppose that A < 0 in (7,1] : gives D = %ﬁ — 1. Now the continuity of p1 in 7

(note that 7 is a discontinuity point for u and hence p is continuous) implies

1 1 1
(77 )=0=— 1—7)7'—7‘}‘1: 1T+ = C=-.
() (1= 578) 7= 5z +1=m(h :
The continuity of x andAinTgiveC:%. andB:f% : in particular we obtain A = 0 in

%7 1] that contradicts the assumption A < 0.

Hence let us suppose that A = 0 in [é, 1; gives 3 = 1 and hence, by v = % The
(PMP) gives v = +/x and hence ¢ = %; the dynamics gives v = 0 and finally, by and the
continuity of the multiplier in é, w1 = p2 = 0. Hence we obtain the following situation:

T u v A %51 H2 251

. 1 1 1 1 3 1 3 1
inf0,3) [ t+5 |1 bty [ iyt tg | 0 [ t-yJitgH§ | 7
8

in [§,1] 1 0 3 0 0 0 1

Let us verify that the rank condition holds:

dh1  Oh
3 1 9 S om0 0 10 0 0

(73 v U

he Ohe gy g = 21 0 0 1-w o0 ;
e g 0 -2 0 0 w—0o?
e
ou ov

it is to see the for every t € [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 + Au = i in [0,1]. AN

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

hy(t,x(8), u(t)) = by (£, x()) 2 0 (or = 0),
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A simplest example of this situation is z(¢f) > 0. We remark that with this
type of constraints, the condition of qualification fails since % = 0. Hence
let us give the fundamental ideas of this constrained problem, called pure state
constraints: a very exhaustive exposition is in [26].

We consider the problem

¢ t1
J(u) = [ Ft,x,u)dt + o(x(t1))
¢
% = g(t,x, )
x(ty) = « (4.7)
hitx(£) >0 for 1<j<m
max J(u)
ucC
| C ={u: [to,t1] = U, u admissible for o in ¢y}

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(¢,x(t)) > 0 turns from
inactive to active, or vice versa. The condition v) in the next theorem checks the
jump of A in such discontinuity points 7; with respect the effective constraints
h;. The following result can be proved (see [26])

Theorem 4.3. Let us consider the problem with f € C([to, t1]xR"F), g €
C*([to, t1] x R"¥), h € C*([to, 1] x R"), and o € C*(R").

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

We assume that there exist a multiplier (A5, A\*, u*), with

o Af =1,
o XY = (A},...,A%) : [to,t1] — R™ is piecewise continuous and piecewise
continuously differentiable with jump discontinuities at T,...,7Tn, with

to<T <...<tn <ti,
o p* = (ur,. .., 15) : [to,t1] = R™ piecewise continuous,
and
o numbers BL, with 1 <1< N, 1 <s<m,
such that the following conditions are satisfied:
i) (PMP): for all T € [to,t1] we have

u*(r) € argmax H(7,x*(1),v,\" (7))

vel
it) (adjoint equation): in [tg,t1] we have

A= =V L(t,x*,u*, A\*, u*);
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ii1) (transversality condition)
A*(t1) = Vxtho (x*(t1));
w) pihi(t,x*) =0 and p; >0, for j=1, ..., m;

v) the numbers ﬂ; are non negative and such that

N) - xi) = D p X @)y <o 1 <icn
=t i

moreover

v) By =0 if hj(m,x*(m)) > 0

v2) ,8;- = 0 if hj(m,x*(m)

) and Vxh;(t,x*(t)) - g(t,x*(t),u*(t)) is
discontinuous at 7, € (g

=0
) tl);
vi) for every T € [tg,t1], the function

H® (7%, \"(r)) = max H(r, x,v, X*(7))

1S concave in X;
vii) h and 1y are concave in x.
Then u* is optimal.

We think that the following example and the model in subsection make
clear the assumption of the previous theorem.
Example 4.2.1. Considef|
3
max/ (4 — t)udt
T = uo
z(0) =0
z(3) =3
t+1—2>0
u € [0,2]
The Hamiltonian H and the Lagrangian L are
H=(4—-tu+Au, L=4—-tu+u+plt+1-—2a).

We have to satisfy the following necessary conditions:

u(t) € arg max (4 —t+ A\)v (4.8)
v€[0,2]
. oL .
A=—— = A=y (4.9)
ox

p>0 (=0ift+1—2>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 ©(0) = 0, there exists 71 > 0 such that the constraint
h(t,x) = t+ 1 —  is inactive in [0,71] : in such interval we have p = 0 and hence (by (1.9))
A = A for some constant A. We suppose that in [0, 71]

t<4+A: (4.10)

3This example is proposed in [26] and it is solved in [J] with a different approach.
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This implies that in our interval, by [.9), u(t) = 2 and, by the dynamics and the initial
condition x(t) = 2t. With this trajectory we have that

hit,z(t) =t+1—z(t) =1—-t>0 < t<1;

we obtain 11 = 1.

In order to maximize, it is a good strategy to increase again f(t,x,u) = (4 —t)u with the
trajectory lying in the constraint on the interval [1,72], for some 7o > 1. In order to do that,
let us study condition v) of Theoremin the point 11 =1

Mo = M) = o L) g,

V:ch(tam(t)) ) g(tvm(t)7u(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 f1 = 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 u =1 in (1,72).

x tH1x=0,
Since u > 0 and hence the trajectory is a non de- 3 d
creasing function, in order to obtain the final condi-
tion 2(3) = 3, we can consider 7o =2 and u =0 in
the final interval (2, 3]. Clearly, with this choice, we 2 f-m-meen
have a discontinuity for the control u in the point y;
T2 = 2 and the same calculations of before give us 4
that X\ is continuous in ¢ = 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:

in[0,1) | 2t | 2| =3 |0
in[1,2] [ t+1 |1 |t—4|1

in(2,3 ] 3 |o| -2 |o

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 x4 (t) and x5 (t) respectively the money on hand and the amount
of wheat owned at time ¢. Let 21(0) = mg > 0 and z2(t) = wg > 0. At every
time we have the possibility to buy or to sell some wheat: we denote by a(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) + ¢(T)w2(T))

T1 = —S8T2 — qo

m.g =«

1'1(0) = My, 2132(0) = Wo
71 > 0, T2 >0

lal <M

Clearly the Hamiltonian H, the Lagrangian L and the pay-off i are

H = -\ (sz2 + qa) + A2y,
L= —)\1(8.%2 + qa) + Ao + i1 + poxs,
Y =1z +qzs.

We have to satisfy the following necessary conditions:

a(t) € arg max [—A1(t)(sz2(t) + q(t)a) + A2(t)a]

a€[—M,M]
= at) € arg GGE%M}G(/\z(t) = Ai(t)q(t))
. oL :
A= —87% AL = —m
X2:_87L = AQ—S}\l_ﬂQ
81132
0
A (T) = a—i = M) =1
0
Ao (T) = a—i = (7)) =q(T)

w >0 (:Oifl'1>0)
MgZO (=01f1'2>0)

(4.11)
(4.12)
(4.13)
(4.14)

(4.15)

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 ¢ 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 z5(2) are positive; hence the two constraints hy = x; > 0 and hy = x5 > 0
are sure inactive in ¢ = 2. This guarantees that A = (A, \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; = pa = 0.

Clearly (4.12)-(4.15) imply
Al (t) =1 and /\Q(t) =3t — ]., Vit € (T, 2],
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consequently (4.11) implies, for ¢ € (7, 2]

a(t) € arg max a(—t* + 3t — 2).
acl4,—4]
Since —t% + 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 x;(0) and z2(0) are
positive: hence the two constraints are inactive in ¢ = 2 and A = (A, \g) is
continuous in ¢ = 0. Let us suppose that there exists 7/ > 0 such that for every
t € [0,7") we have

)\2(t) — )\1 (t)(tz + 1) < 0, T (t) >0 and .Tg(t) > 0. (416)
Then (4.11) implies a(t) = —4, for t € [0, 7’). Using the dynamics and the initial

conditions on z; and x5, we obtain

4
zy(t) = gt?’ +6t2—2t+2 and my(t) =2 — 4t.

It is easy to see that x; is positive in [0, 2] and x5 is positive only in [0,1/2). It
gives us that

e in [0,1/2], gy =0, A1 continuous and (by {.12)) Ay () = A4,
e in [0,1/2), pz = 0, A2 continuous and (by (4.13)) A2(t) = 34t + B,
e the point 7' = 71 = 1/2 can be a jump for the function A,

where A and B are constants. Let us study condition v) of the Theorem in
the point 74 =1/2:

1 Ohi (11, x(11)) Ohs (1, x(11))

M () = M(rf) =61 o, + B3 A =B1,
_ Ohy (1, x(T Ohy (11, %x(T
Na(r) = (i) = p KTy gy S LX) _ g,

Since hy is inactive in 71, we have 33 = 0 that confirms the continuity of A in
T1. Since

Vxha(t,x(1)) - g(t, x(t), a(t)) = (0,1) - (=322(t) — q(H)(t), a(t)) = ()

has a discontinuity point in 7y (for ¢ < 7y we know that a(tf) = —4 and in order
to have x5(t) > 0 for ¢ > 7 we have to require a(t) > 0), condition vs implies
that 83 = 0 : hence )2 is continuous in 71. The assumption (4.16) becomes

Ao(t) =M () (> +1) = —At? +34t+ B-A <0  fort€[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

Ao(t) =M ()(#* +1) = —At* + 34t + 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 z-» 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],
Jfg(t) =0 = i?l(t) =0 = .’El(t) = 11/3,

since x1(1/27) = 11/3. In [1/2, 7], since x;(t) > 0 we have py = 0. By (4.12
and the continuity of Ay in ¢ = 1/2, we have A;(t) = A in [1/2, 7]. From (4.17

and (4.11) we have

0 € arg aér[l—afq a(A2(t) — Aq(t)), for t € [1/2,7].

This implies A2(t) = Ag(t) in [1/2,7]. Since Ay is continuous in ¢ = 1/2 and
A2(1/27) =5A/4, we have

Ao(t) = At* + 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 [r, 1], we have to put

A=MET)=M0T)=1 AP+ A= (7)) =Xa(tT) =3t —1:

we obtain A = 1 and 7 = 1. The dynamic and the continuity of z; and zs in
the point 7 = 1 imply

4 23
zo(t) = 4t — 4, and z;(t) = gt?’ — 6t% + 16t — 3 for t € [1,2].

Note that z1(t) > 0 in this final interval that guarantees py = 0. Finally (4.12)
implies g2 = 2t + 1 in [1/2,7]. Hence we obtain the following situation:

Ty Zo a | A Ae || pe2

in[0,1/2) | 33462 —2t+2 |2—4t | —4| 1 |3t—%|0 0
in [1/2,1] L 0 0 | 1 |#+1]0|2t+1

3

in (1,2 | 462 —6t2+16t—22 |4t —4| 4 | 1 |3t—-1]0 0

Let us calculate the function H? of condition vi) in Theorem

HO(t,z1, 0, A}, N3) = E[n}%(M][—)\l(sxg + qa) + Az2q]
(=t +3t—5/4)a ifte€(0,1/2)
= —3z2+ max ¢ 0 ifte[1/2,1]
sl (L2 3t —2)a  ifte (1,2
—3z2 —4(—t*+3t—5/4) ifte€0,1/2)
= { =3z if t € [1/2,1] .
—3zo +4(-t>+3t—2) ifte(1,2]
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Clearly, for every fixed t, the function H° is concave in (zy,z2). Since the
constraints hy and hs and the pay—off function v are linear in z, 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,#1] X R? = R, r > 1, and b = (by,...,b,) :
[to,t1] X R? — R. Let us consider the problem

T@) = [ fea).a0)
z(tg) = a
2() =B (4.18)
By@)= [ byt x(t),#()dt—F; =0 withj=1,....r
| Ottoen. J(x)

where a, 3 and Bj are fixed constants and Aj;;, clearly is defined as
Aiso = {z € C'(to, 11]); z(to) = a, z(t1) = B,Bj(x) =0for1 <j<r}

Since in problem u = &, we have H = Ao f(t,z,u) + Au + v - b : as usual,
we obtain

(PMP) = )\O—au+)\ +v au—O
(adjoint equation) = )\Oa—m + v i —\*.

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, v*) # 0 such that, in [to, 1], we

havdd
ELOi(ta .’E*, ‘T.*a Aga V*) = LOa’;(t: :E*a ‘T.*a Aga V*)a
where Lg is the generalized Lagrangian function Lo : [to,t1] X R2 x R x R” — R
defined as
LO(thai':)‘Oal/) = A0]"(7571"711.;) +v- b(t7m7$)

We remark that, in the “language of optimal control”, the function Lg 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 x 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* € C'. We say that the constraints are reqular in x* if the r functions

ab‘]m(taw 7w*)_b]$(t7m 7'7"*)7 ]:1,...,T
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

Ezample 4.3.1. Consider
1 1 .
/bl(t,z,a’;)dt:/ zz? dt = by
0 0

1 1 .
/ ba(t,x, ) dt = / —txdt = ba
0 0

d
Ebli(t,x, &) = b1 (t, @, &) = &% + 2ai,

Clearly

d
Ebg@ (t,z, &) — baz(t,x, ) = t.

It is easy to see that if we consider the function ] = 0, the constraints are not regular since,
for a1 and a2 constants, we have, for every t € [0, 1],

a1 (abli(t, x], ) — blw(tvx’{,zi‘)> + a» (Ebgi(mx”{,w{) — bgﬂiﬁ,mf,x’{)) =0
& ast =0.

Choosing a1 € R and a2 = 0, the last relation is satisfied. Hence the functions %bm (t,x7, r*1)—
bie(t,*,2*1) and %b%(tw’{,iﬁ) — bag(t,2*,2*1) are not linearly independent.

A similar computation shows that for the function x% defined by x5(t) = t, the constraints
are regular. A

We remark that in the case of only one constraint (i.e. r = 1), such constraint
is regular in z* if

d . .
abz(tax*am*) 7é bw(tax*ax*)
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 Euler equa-
tion for the function b.

We define the Lagrangian function L : [tg,t1] x R? x R” — R by
L(t,x,&,v) = f(t,x,2) + v - b(t,x, ). (4.19)

We have the following necessary condition
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Theorem 4.5. Let us consider with f and b in C?. Let z* € C! be a
minimum (or a mazimum). Moreover, let us suppose that the constraints are
reqular in x*.

Then, there exists a constant multiplier v* such that, in t € [tg,t1], we have

%Li(t,x*,m'*,u*) = L,(t,z*, x*,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].

Ezample 4.3.2. We consider
1

ott | z2dt
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 b1(t,z,%) = x and ba(t,2,%) =
tx, we have

d . .
b1z (2, *5 *) = b1z (2, *7 *)=-1,
g e (b a™, %) —bia (8,07, %)

d . .
Eb%(t,m*,z*) — bog(t,x", %) = —t.

For every x*, the functions %bli(t, x*, 2%) = b1, (t, 2%, 2*) and %bgz‘(t, %, 2% ) —bay (£, 2%, %)
are linearly independent since

a1(—1) +Oé2(—t) =0, Vte [0,1] & a; = a2 =0.

Hence the constraints are regular for every z*.
The Lagrangian is . = &2 4+ v1z + vota; the EU for I is 2% = v1 + vot and the general
solution is

* Vi, V2.3
t)=at+b+ —t>+ —13,
x*(t) a++4 -I-12

with a,b € R. The initial condition and the final condition on the trajectory, and the two
constraints give

0 = b=0
141 12}
1)=0 b+ —+-—==0
z(1) = a+b+ 1 + I
! 1 ! .
/ xdt = T = / (at +b+v1t? /4 +v2t3/12) dt =
0 0
=a/24b+v1/12+12/48 = 1/12
1 1 1
/ trxdt = 0 = / (at® + bt + v113 /4 + vot? /12) dt =
0 0
=a/3+b/24v1/16 4+ v2/60 = 1/20.
Hence a = b = 0, v1 = 4 and v9 = —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* +h, that satisfies the initial and the final conditions and the two integral
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constraints, we have J(z*) < J(z), where J(z) = fl 2 dt. Let © — x* + h : hence

2(0) =27 (0) +h(0) = £(0)=0 (4.21)

s() =2 (1) +h(1) = h(1)=0 (4.22)

/Olacdt:/O (h+z*)dt = % = / hdt =0 (4.23)
1 1 1

/Otmdt:/o Ha' +h)di= o = /Othdt:O. (4.24)

The four previous conditions give
1 .
I(z) — / (@ + )2 dt
0
1 -2 .. :
= / (*” + 22*h 4 h%) dt
0

1 .
= /(ac'*2+2(2t—3t2)h+h2)dt
0

1

1 P .. 1
(by part) = / (2% + h%)dt + 2((2t - 3t2)h(t)} - 2/ (2 — 6t)hdt
0 0 0
1, .. 1 1
by [@.21)) e la (£.22) = 24 h2)dt—4 [ hdt+12 | thdt
Y 0 0 0
1 L.
by @ et @28) = [ @7 +ita
0
1
> / 22 de
0
= J(z").
Hence z* Is a minimum. A

In this note we are not interested to study the sufficient conditions for the

problem ([4.18) (see for example [7]).

4.3.2 The multiplier v as shadow price

We consider the problem ; let * be a minimum in C? and let us suppose
that the r integral constraints are regular in z*. Theorem [4.5] guarantees that
there exists a constant multiplier v* = (vf,...,v}) such that EU holds for the
Lagrangian L = f+v*-b in z*. Let us show an interpretation of the role of this
multiplier v*. If we define
t1
J(z) = ft,x, &) dt,

to
clearly .J(z*) is the minimum value for the problem (4.18). Since z* satisfy the
constraints we have

r t1 B
> v (/ bj(t,a:*,x‘*)dt—bj> = 0.
to

Jj=1

J(x*) = /tlf(tm T* dt+z / i(t,x*, z*)dt — Zub

to

t1 ~
_ / L(t, 2", 2%, v") di — Z vib; (4.25)
to j=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 * %
07@")  _ / (Lm(t,z*,:i*,u*)&f+L¢(t,z*,x'*,u*)a":v ) dt — v}
Oby, to 0Oby, Oby,
h . d . oz*
(by part) = / (Lm(t,m*,z*,u*) — Lﬂt,m*,m*,u*)) — dt +
to dt 6bk2
. or* t1
+ (Li(t,w*,x*,u*)iv} — . (4.26)
Oby 1,
Since we have z(to) = z*(tg) = «, clearly ‘ggg; (to) = 0; a similar argument
implies gg; (t1) = 0. By |b and since z* is extremal for the Lagrangian, we
have
oJ(x* t1 . d . ox*
(Nx) = / (Lz(t,a:*,:n*,l/*)—Li(t,az*,w*,u*)) ZNU dt — v,
Oby, to de Oby,
= —v.
Finally
oJ(z)
ai)k k>

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

2(0) =0
z(1)=0

1
/ Vi+z2dt=A>1
0

and, for symmetry, let us check solution with z(¢) > 0. For the function b(¢, z, z)
v/1+ &2 of the integral constraint we have

d T [ d?
e — 5 bp = = ==+ )
b dtb 0 = o d = xz(t) t TP +e

with d, e € R and d # £1. Since the unique function that satisfies the previous
relation and the conditions z(0) = z(1) = 0 is the null function, the constraint
is regular since A > 1.

The Lagrangian is L = x+v+v/1 + 22 : since L, = 1, its Euler equation ddL;' =L,
is Ly +c=t,i.e.

VI

Vit+i?

t—c.
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Solving for & we obtain

and hence

?t) === =Ptk = @)=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 [16], [I7]) 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'(Qp). Hence, the net social value is given by

Q
N(Q) = / P(z)dz - C(Q).

We suppose that P is continuous. The problem is to find an optimal path of
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extraction @(t), the solution of

oo

mgx/o N(Q)e " dt
Q(0) = Qo < 5o Qo >0 (4.27)
Qdt =Sy

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") = @ implies

d
— by 1.
dtbQ 7é bQ = 0 7é

We set the Lagrangian L(t,Q,Q',v) = N(Q)e "t +vQ. The continuity of P and
the fundamental theorem of integral calculus give

;tLQ, Lo =  PQ) -C'(Q)=-ve. (4.28)

Hence

(P(@Q) -C'(@)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 ¢-th firm. The problem of the i-th
firm is to maximize

max /OO Ni(Qg)e " dt
QO < S; Q>0
/ Ql at =
where ol
N;(Q:) = Pydz — Ci(Qi) = QiPo — Ci(Qy).

0
EU for the Lagrangian gives

Py — Cl(Q;) = —ve™.

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 ([£.27), where

N(Q) = R(Q) - C(Q).
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EU for the Lagrangian gives
R/(Q) _ CI(Q) — _Vert;

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,t;] x R** — R and ) : R® — R continuous
functions and a € R™ be fixed. We consider the optimal control
t1

J(u) = f(ta X, ll) dt + '(/)(X(tl))

to
x = g(t,x,u) (5.1)
X(to) =
J

L2, T
where ¢y and ¢ are fixed. We recall (see subsection [1.2.1)) that Ct, o denotes
the class of admissible control for « 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(tog) = .
We define the value function V : [tg,t1] x R" = [—00, 00] for the problem ({5.1)

ad]

t1
Vg lép( f(t,x,U)de(X(tl))) o0 o)

—0 ifCre= 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,€) € [t,t1] X R™ and the problem

t1

J(u) = / F(tx,w) di + (x(t))

-
x = g(t,x,u) (5.3)
x(r) =§
max J(u)
uclC, ¢
'If 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 +oo respectively. In subsection [5.5.2] and in example
we will see a min-problem with a value function that admits the value oc.

107
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Remark 5.1. If there exists the optimal control uy, for , then

t1

V(r&) = | [t x7¢,ule) dt+P(xTe(th)),

T

where X7 . denotes the trajectory associated to uj ..

FEzxample 5.1.1. Let us consider the problem

2
min/ (u? +2%)dt
0
t=xz+u (5.4)
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? +22)dt
T = xT+u

z(r) =¢

u >0

has the optimal tern, see (|2.97)),
(0} 627 6, A7) = (0,6e" 77, €(e 7177 — ' 7T)).
Moreover, the value function V : [0,2] X [0,00) — R for the problem (5.4)) is, as in (2.98)),

Ve = [ (g + G0 di= et .

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+¢(><(t1))>=1/1(£)-

uelsy ¢ 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, ;] X R” — [—00, 0] to be the
value function for the problem (5.1).

If in the problem we add a final condition on the trajectory, i.e. x(t1) =
B with B € R" fixed, then the final condition on the value function is

V(ts, B) = 4(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 u;, . and xj, . be
the optimal control and the optimal trajectory respectively. Let us consider the

problem with (7,€) such that xj, (7) = €. Let u} , be the optimal control
for . en

* % -
uf o, =ul,, in [1,11]

and, consequently, X;, o = X7 ¢ in [T, t1].

Proof. Let u* be the optimal control for the problem and T € [to,t1] :
we prove that the optimal control @ € C; x-(+), defined as the restriction of
u* on the interval [7,¢;], is optimal for the problem with € = x*(7). By
contradiction, let us suppose that there exists u € Crx*(r) uf # 1, optimal
for the problem with initial data & = x*(7) and such that

t1

CRx ) dE 4+ &) < [ F(txEut) dE 4+ d(x (), (5.6)

T T

where % and x* are the trajectories associated to @ and uf respectively. We
consider the control u defined by

_ fur(t) forty <t<T,
u(t) = {uﬁ(t) for r <t <t (5.7)

and x be the corresponding trajectory.

Clearly u € Cy; ; hence

t1
Vito,a) = [t x", %) dt + P (x"(t1))
to
T 11
flt,x"a")dt+ [ f(t,x",u")dt +¢(x"(t1))

to T

T i1
ft,x*, u*)dt + f(t,x,u)dt + ¢(x(t1))

to T

T t1
(byB6) < ftx*ut)dt+ [ f(x% ) dt + o (x(ty))
t() T
t1

(by f(t7 X, u) dt + ¢(X(t1))

to
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that is absurd for the definition of value function. Hence such uf 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 and g continuous and
let us suppose that for every (1,€) € [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

0
%(t,x) + réleaéc(f(t,x,v) + ViV (t,x) - g(t,x,v)) =0. (5.8)

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 (5.1)). 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 (5.14). For the Remark [5.1] and for every h > 0 we
have

t1

V(7—7£) = f(taX*vu*)dt+¢(X*(t1))

-
t1

7+h
/ Fxru)di+ [ ftxt ut)dt+ (1) (5.9)

T+h

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, t;]; hence

t1

V(r+h,x*(t+h)) = » Ft,x*,u)dt + (x"(t1)). (5.10)

Equation (5.9), for (5.10), now is

T+h
V(r,§) = / ft,x*,u")dt + V(7 + h,x* (7 + h)). (5.11)
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Now, let us prove that

uelr ¢

T+h
max </ ft,x,u) dt+V(T+h,x(T+h))> =

T+h
/+ Ftx u) A+ Vr +hx*(r+h): (5.12)

by contradiction let us suppose that there exists a control @ € C, ¢ (with asso-
ciated trajectory X) such that

T+h
/ F(L%, @) dE+ V(r + by R(r + b)) >

T74+h
/+ f,x* u*)dt + V(r + h,x" (7 + h)), (5.13)

taking into account that there exists an optimal control u*;j z(r4n) for the
problem ((5.3) with initial point (7 + h,X(7 + h)), then the function uf, defined
by
ub(t) = a(t) for <t <T1+h,
u*T+h 5((7'+h) (t) fOI" T+ h < t < tl ?

is in C, ¢ with associated trajectory x*. Hence and - ) give
t1
£, x5 uf) dt + 9 (xP (1) =

-
t1

T7+h
= / f(t,x,a)dt + F X h g (r40)> W ph g(r k) A+ V(X 1 p x(r4n) (t1))
T T+h
T7+h
>/ ft,x*,u*)dt + V(7 + h,x*(7 + h))
= V(7€)

that contradicts the definition of value function. Hence (5.12)) holds and, by

(5.11)), we obtain
T+h
V(7€) = max </ f(t,x,u) dt+V(T+h,x(T+h))> : (5.14)

Second step: we will conclude the proof. Since V is differentiable, for h
sufficiently small,

V(r+h,x(r+h)) = V(T,X(T))+68—‘;(T,x(7'))(7'+h—7) +
+V V (7, x(7)) - ( (t+h) —x 7'))
- V(e + V(T Oh+ V.V (r,€) - (x(r+h) - ) + o(h),

since x(7) = &€. Then (5.14) and the previous relation give

T+h v
max (/ flt,x,u)dt + E(T,{)h + ViV (1,€) - (X(T +h) — 5) + 0(h)> =0.

uels ¢
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If we divide the two members of the previous relation for A > 0 and we consider
the limit for h — 07, we obtain

T+h
lim { max (%/ ft,x,u)dt + %(T,E) +

h—0t Luel, ¢

+ViV(7,8) - % + o(1))} =0. (5.15)

Now, we note that for a given fixed u € C; ¢ we have that in (5.14))
T+h
/ Ftx,u) dt + V(r + hx(r + 1)) (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 [r, 7 + h] using the dynamics and hence the value of function
Vin (7 + h,x(7 + h)). Hence, for h — 0T, 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 ¢t — f(¢,x(t),u(t)) is continuous in [r,7 + h], for h small:

hence, for the mean value theore we have
inf  f(¢,x(¢ < / ft,x,u)dt < sup f(¢,x(t),u(t))
te[r,7+h] h tel[r,7+h]

Hence, for the continuity in [7, 7 + h],

1 7+h
m f/ flt,x,u)dt = t£T+ F,x(t),u(t)) = f(t,x(r),u(r)). (5.17)

li
h—0t h
Now, since t = g(t,x(¢),u(t)) is continuous in I, we have x € C'(I) and hence

. x(tr+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 (5.15)), using and - gives

max(f(T,X(T),V) + D+ V() (D) =0, (.19)

veU

Using the dynamics, the initial condition x(7) = £ and remarking that 22 (7, &)
does not depend on v, we obtain easily |i 0

2We recall that if ¢ : [a,b] — R is integrable in [a, b], then

inf ¢(t) < bf / P(s)ds < sup o(t);

t€la, b t€(a,b]

moreover, if ¢ is continuous in [a, b], then there exists ¢ € [a, b] such that

/¢> &) a).
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Let us consider the problem (5.1); we define the Hamiltonian of Dynamic
Programming Hyp : [to, 1] X R?™ — (—o00, +0o0] defined by

Hyp(t,x,p) = I‘Eleag(f(t,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

{ %(t,x) + HDP(t;X,VxV(t,X)) =0 for (t,X) S [to,tl] x R" (521)
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 , let us give
the precise statement:

Remark 5.3. Let us consider the problem in the autonomous case (see
) with the assumptions 1., 2. and 3. in the beginning of section. Then

T+h
V(r,€) = max </ f(x,u)dt+V(T+h,x(T+h))>.

For a proof of this result see Theorem 1 in subsection 10.3.2 in [IT].

It is clear that the previous result in Theorem [5.2] leads naturally to the
question “when the value function V(r,&) is differentiable”. We will give an
idea with Theorem [5.4

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 (5.1]).
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 and g continuous. Let
W : [to, t1] X R® — R be a C1 function that satisfies the BHJ system m, i.e.

ow
{ O (%) + Hon (6, VW (£,3) =0 V(1) € [to, ] X RY (5 501
W(t1,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 max (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] (5.24)
x(tp) = a. '

Then x* is the optimal trajectory and u*, defined by
u*(t) = w(t,x*(¢)) (5.25)
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is the optimal control for the problem . Finally if, for every (1,&) € [to,t1)X
R™ there exists the solution of the ODE

{x(t) = g(t,x,w(t,x)) in [1,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,

Trx (@) = = max( £ (0),%) + VIV (63" (1) - g(6,% (1), )

= _f(th*(t)vw(tv)(*(t))) - VXW(t)X*(t)) 'g(t,X*(t),’LU(t,X*(t)))
—f(t,x*(t),u"(t)) — VW (t,x*(¢)) - g(¢t,x*(t),u*(t))
—f(t,x*(t),u*(t)) — VW (t,x*(t)) - x*(t) (5.26)

Since W is differentiable, the fundamental theorem of integral calculus implies

[ ,

W (t1,x*(t1)) = W(to, x" (o))

) a
_ ttl %V(t,x*(t)) VLV (X (1)) - %+ (1) dt
(by B20) = - tlf(t,x*(t),u*a))dt. (5.27)

The arguments in the previous lines require some details. The function ¢
W (t,x*(t)) is absolutely continuous since is the composition of the function
W in C' and the absolutely continuous function x*: the absolutely continuity
of t — 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 ¢,

Ot x(t) = —max (£, x(0),v) + VW (1, x(0) - (4, x(1),v))
< —F(Ex(1), (D) ~ VW (1 x(8)) - g(t. (1) u(t)
= F(x(0), u(t) ~ VR (1, x(1)) (1) (5:28)

Again we have

Wt x(t)) — W(to,x(to)) = /tldW(taX(t))dt

dit

0

. 1 aaivzf(tax(t)) + VXW(t,x(t)) . X(t) dt
(by (-28)) < - 1 F(t,x(t), u(t)) dt. (5.29)

to
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We remark that x*(tg) = x(t9) = a; if we subtract the two expressions in (5.27)
and in (5.29)), then we obtain

W (ty,x"(t1)) =W (t1,x(t1)) > — 1 Flt,x*(t),u*(t)) dt+ 1 f(t,x(t),u(t)) dt.

to tO
Using the final condition in (5.22), the previous inequality becomes

tl tl

fx (), 0" @) dt +p(x"(t1)) = [ f(E,x(t), u(t) dt + ¢ (x(t1)),

to to

for every u € Cy, o and x associated trajectory: hence u* is optimal for the
problem .

Now we consider the value function V defined by (5.2). By (5.27), since u*
is optimal for the problem and using and the final condition on the
trajectory

Vito, o) = t1f(t,X*(t),U*(t))dt+w(x*(tl))

F&,x"(t),u*(t)) dt + W(t1,x*(t1)) = W (to, ).

to

Hence the function W in the point (¢o, ) coincides with the value of the value
function V' in (t9, ). Now, if we replace the initial data x(t9) = a in (5.24)
with the new initial data x(7) = &, then the same proof gives V (7, &) = W(r, £).
Hence W is really the value function. 0

At this point let V' be value function for the problem (5.1)), V' regular and
which satisfies the BHJ equation for every (¢,x) € [to,t1] x R™,

ov

S (6% +max(£(6,x,v) + VoV (£,3) - g(t.x,v)) = 0;

moreover, let us consider the function w = w(t,x) that realizes the max in
the previous BHJ equation; then we know that the optimal control is u*(t) =
w(t, x*(t)), i.e.
meal)]c(f(t,x*(t),v) VLV (X (2)) - g(t, x* (t),v)) -
= f(ta X*(t)a U*(t)) + VXV(ta X*(t)) ’ g(ta X*(t)a U*(t))a

for every t € [to,t1]. Essentially we obtain

Remark 5.4. If V is a regular value function which solves the BHJ system
5.21) and if w* is the optimal control (with trajectory x*) for the problem
5.1), we have

%(tax*(t)) + f(6,x7 (), 0" (1) + Vx(t,x"(1)) - g(t,x7 (1), u"(t)) = 0

for every t € [to, t1].
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5.2.3 Affine Quadratic problems

We now consider a very important class of optimal control problems; let

nmx%l”(f@@k+ag5@y+w3muyﬂ+%xaﬂwkaﬂ

uel
% = A(t)x + B(tu + C(t) (5.30)
X(to) =

C ={u:[ty,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 = (z1,22,...,2,) and u = (uy,uz,...,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.

For sake of simplicity, let us consider the case n = k = 1; we looking for a
function

Vt,z) = %sz +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 (5.30): the necessary conditions (5.5) and (5.8)) give
for such choice of V that, for all (¢,z) € [to,t1] x R

1., . 1,
EZx +Wa+Y -; rggﬁ([iQw + Sx+

+§Rv2 + (Zx + W) (Az + Bv + C)} =0,
1 . 1_ .
§Z(t1)1'2 + W(tl)l' + Y(tl) = §P£132,

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®)z+W(t)B(t)
U(t7x) - R(t) 9
an easy computation gives
. B2
Z— ﬁzz +24Z +Q =0, Z(t) =P (5.31)
. B2
W+ <A—RZ>W+S+C’Z:0, W(t1) =0 (5.32)

. B2
Y — ﬁW2 +CW =0, Y(t) =0 (5.33)
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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

Z —ZBR'B'Z+ZA+AZ+Q=0, Z(t)) =P
W+ (A-BR'B'Z))W+S+2C=0, W(t)=0 (5.34)
Y - IW'BR'B'W +W'C =0, Y(t) =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>
veRk \ 2

or all (t,x) € [tg,t1] x R", then
f ’ 7 7
]' !
V(t,x):ixe-%Wx-{—Y

is the value function for the problem .

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 [15]):

Remark 5.6. Let us consider the problem in the linear and homogeneous
case, with the assumption A. and B. Then

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
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problem ([5.1) in the autonomous case, i.e.

t1
max \ F(x,u)dt +(x(t1))

X = g(x, u) (535)
X(to) =«
C ={u:[to,t1] = U C R¥, admissible}

where ty and ¢, are fixed. In all that follows in this section, let us assume that
for the problem ([5.35) 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(x,0) = f(x",u)] < Cllx = x|,
lgx )l <C,  lg(x,u) —g(x', )| < Cllx — x|,
[p(x)] < C, [W(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.

Theorem 5.4. Consider the autonomous problem with the assumptions
1. and 2.. Then the value function V is bounded and Lipschitz continuous, i.e.
there exists a constant C' such that

VroI<C V(& -VE <O (r -7 +1IE-¢€)
for every 7,7' € [tg,t1] and £,&' € R™.

An immediate but fundamental consequence of the previous theorem and of
the Rademacher’s theoremﬂ 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 [5.4[Tn 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 : [1,t] —

U we have that
{5( =g(x,u) in [7,t]
x(r) =¢

3Let us recall this fundamental result

Theorem 5.5 (Rademacher). Let U C R™ be open and let ¢ : U — R™ be Lipschitz contin-
wous. Then ¢ is differentiable almost everywhere in U.

4This proof is as in [IT]; for a proof in the non autonomous case, see for example [T3].
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admits a unique solution in [7,#1], i.e. u is admissible. In fact let us show that
assumptions 4., 4. and 4. in Theorem 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(x,u(t)) — g, u@®)l < Cllx = x'||.

Finally,
lg(x,u(®)ll < C < C+Cli|

for every t € [to,t1], x € R™ and u measurable function. This implies that
Cre # 0 and hence V (7,£) # —oo0.
Second, the boundedness assumption on f and v guarantee that

Vol = | s lf@una+w@uu4
sugi(l V@mN&+W&@D0

< |h-rlC+C<C.

Now let us fix E and E in R™, and 7 € [tg, t1]. For every € > 0 there exists a
control u € C_ ¢ (with trajectory X) such that

V(r,§) —e< [ f(x,u)dt +(X(t1)).

T

It is clear that for this control we have u € C_z (with trajectory X): by the
definition of value function,

Wna—vvixg/Yﬂim—f@ﬁ»w+w@m»—w&m»+e
s/Wﬂam—f&ﬁnw+w&m»—w&mm+e (5.36)

The Lipschitz assumption on g implies that, for a.e. t € [, ],

d o (%(t) — i(t), @X(t) — §X(1))

5 XK@ =x@)) =

<) - x(0)
< | g §—w
= l(0),8(0)) — g(%(0), 8(0)]
< CIR0) - %0

The Gronwall’s inequality (see section or the appendix in [I1]) implies, for
every t € [T, t1],

nﬂn—iamsnﬂﬂ—ivmaw(Lﬂnn)scﬂ%—ay (5:37)
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Hence, using (5.37) and the Lipschitz assumptions, we obtain by ([5.36])

-~

V(8 -V(rE < c/ VIR — Il dt + C [R(t) — F(t)]| + €

IN

et 62+l +
- ol

The same argument with the role of E and E reversed implies V (7, E) -V {(r, Z) <
C HZ — EH + ¢ and hence

V(8 -v(rd <C|E-E|.
Now let us fix € in R", and tg < 7 < T < #;. For every € > 0 there exists a
control u € C ¢ (with trajectory x) such that
t1

V(r€) —e< [ f(x,u)dt+(x(t1)).

T

Consider the function u: [7,t;] — U defined by
u(s) =u(s+7-7), Vs € [T, t1].

It is clear that u € C»¢ with trajectory X such that, since g does not depend on
t, X(s) =x(s+7—7) for s € [T, #1]: hence, by the definition of value function,

t1

V(€ -V(7,§) < f(x,u)dt +(x(t1)) +

T "
- f(x,0)dt —p(X(t)) + €

7

= /tl f(x,u)dt +p(x(t1)) — p(X(t1)) + €

1+7—7

Since f is bounded and ¥ is Lipschitz we obtain
V(7,8) = V(7,8 < |7 = 7|C + ClIx(t1) — x(t1)[| + & (5.38)

since ¢ is bounded we have

lIx(t1) = x(tr + 7 =7)||

t1 ti1+7—7
H£+/ o(x, u) ds—s—/ g(x,u) ds

t1
= ‘ / g(x,u)ds
th+7—7
Clr—7|. (5.39)

IN

Clearly (5.38) and (5.39) give
V(r,€&) —V(7,8) <C|tr—7|+e. (5.40)
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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< | fX0)dt +¢(X(t)).

Consider the function u : [1,¢;] — U defined by

u(s) = u(s+7—71) forsé€|[r,ty —T+ 7]
u(ty) for s € (t1 = T+ 7,t4]

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,

t1
V(7€ -V(r¢ < | fEu)di+Ex))+
t1

— fx,u)dt —(x(t1)) +€

T

< - / L fou)dt 4 (x(t — 7 4 7)) — p(x(t)) + €

1—T+T1

The same arguments of before, give
V(7,8 - V(€ <Clr—T7| +e. (5.41)

The inequalities (5.40) and (5.41]) guarantee that
V(7,8) = V(r,§)| < Clr -7

and the proof is finished. 0

5.3.1 Viscosity solution

Now if we consider the problem (5.1 with the assumption of Theorem [5.4] such
theorem and Corollary [5.1|guarantee that the value function V' : [to, t]xR™ — R
is bounded and for a.e. (,X) € [to, 1] X R™ exists

<3V(t,x), V.V x)) . (5.42)
ot
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 (£,X), i.e. the relation 2% (£,%) +
Hpx(1,X, V<V (I,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
V i to, t1] x R™ — R with V(t1,%x) = 9(x), for all x € R™.
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We say that V is a viscosity subsolution of BHJ system if whenever
v is a test function in C*®((tg,t1) X R™) such that V — v has a local minimum
in the point (t,X) € (tg,t1) X R™, then we have that

E(i’ X) + Hpp(t,X, Vxo(t,X)) < 0. (5.43)
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 — _ - _
E(t,x) + Hpp(t,X, Vxo(t, X)) > 0. (5.44)
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:

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 (1,X) € (tg,t1) x R™. Then

the two requirements (5.43)- in Definition are equivalent to

Proof. Let us start by proving (5.43)—(5.44)) imply (5.45): let us consider v €

C*>((to,t1) x R™) such that V — v has a local minimum in the point (¢,X) €
(to,t1) x R™; then inequality (5.43)) holds. However, since the function V' — v is
regular and (¢,X) is a minimum point for such function, then

ov _ _ _ ov - _ _
<8t(t’x)’ VXV(t,x)> = <8t(t’x)7 va(t,x)> . (5.46)
Inequality ([5.43]) becomes
O 0.) + Ho (., VaV (7,5)) < 0.

Similar argument proves the reverse inequality and hence ([5.45)).

Now suppose that holds and let us consider v € C™®((tg,t1) x R")
such that V' — v has a local minimum in the point (¢,X) € (to,t1) X R™. Clearly
holds and hence (5.43). Similar argument proves that if we have a local
maximum for V' — v then li is true. 0O

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 .
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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 [I1]).

Theorem [5.4] and Remark [5.2] give that V' is bounded, uniformly continuous
and satisfies the final condition. Now let v € C*((tg,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

@(70750) + max (f (&g, u) + Vxv(70,&) - 9(&o, 1)) < 0. (5.47)

ot uelU
Suppose that (5.47) is not true; then there exists # > 0 and a point u in U such

that
ov

E(TO;EO) + f(507ﬁ) + va(TO:go) ) 9(505 ﬁ) > 6.

The continuity of the functions involved in the previous line implies that there
exists § > 0 such that

ov

for every (71,&) € I5 := {(1,&) € (to,t1) X R" : |7 — 10| + ||€ — &,]] < d}. Since
V' — v has a local minimum in (79, &), we can consider ¢ such that

V(T();EO) - U(T07£0) < V(Ta E) - U(Ta E)? V(Ta £) € Is. (549)

Let as consider the constant control equal to 1, denoting it by u, and let us
consider h > 0, with § > h, such that the solution xg of the problem

{5( =g(x,u) in |1, 70 + h]
x(70) = &

is such that ||xg(t) — &,|| < ¢ for every t € [19, 70 + h]: note that such h there
exists since, using the boundedness assumption on g,

/ " gxa(s),8(s)) ds

[¢]

Ixa(®) — ol = ‘ <HC,  VEE [roo+ .

Hence by (5.49)), we have

Vit + h,xg(m0 + h)) — V(70,%x5(70)) >

> v(10 + h,xq (70 + h)) — v(70, X1 (70))
T0+h d

- / (s, xa(s)) ds

0

To+h v
_ / %@,xﬁ(s))wxv(s,m(s))-g<Xa(s),ﬁ<s>>ds (5.50)

Now Remark [5.3] implies that

To+h
V(r,€) > / F(xa(s), T(s)) ds + V(7o + h, xa(ro + b)).

70
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The previous inequality and (5.50)), taking into account (5.48)), give

T0+h O
0 > / <8t(s,xa)+f(xa,ﬁ)+vxu(s,xﬁ).g(xﬁ7ﬁ)> ds

T0+h
/ 0ds = 6h :

0

v

this is impossible and 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 (7, &,) € (to,%1) X R™: we have to prove that

ov
3¢ (70:€0) + max ((§o, u) + Vxv(70,&) - 9(€o, 1)) > 0. (5.51)
Suppose that (5.51)) is not true; then there exists 6 > 0 such that
ov

&(Tmfo) + f(&g,u) + Vxv(10,&p) - 9(&p,u) < —6

for every u € U. The continuity of the functions involved in the previous line
implies that there exists § > 0 such that

0 7,€) + F1&w) + V(. €) g€ ) < 8 (5:52)

for every u € U and (1,€) € Is, with I; as before. Since V — v has a local
maximum in (79, &,), we can consider § such that

V(T07£O) - U(TO)EO) > V(Ta E) - U(Ta E)) V(Ta £) € I&' (553)

Let us consider h > 0, with § > h, such that for every control u the solution x,
of the problem
{)’( = g(x,u) 1in [r9, 70 + h]
x(70) = &
is such that ||xu(t) —&,|| < d for every t € [19, 79 + h]: such h exists again for the
boundedness assumption on g. Hence, for every control u, by (5.53), we have

Vit + hyxu(m0 + h)) — V(70,Xu(10)) <
< (1o + h,xu(10 + h)) — v(70, Xu(70))
To+h d
= /T Ev(s,xu(s)) ds

0

To+h /5,

= / (at(s,xu(s)) + Vxv(s,xu(s)) -g(xu(s),u(s))> ds  (5.54)
To

Now Remark [5.3] implies that there exists a control @ such that

T0+h
V(70,&0) < / f(xa(s),t(s))ds + V(10 + h,xa(10 + h)) + %h

70

The previous inequality and (5.54)), taking into account (5.52)), give

To+h
0 < [T (Grxe) + Txa ) + Varloxa) glxa)) ds+ 5

0

To+h
/ —6ds + on = _on :
. 2 2

IN
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this is impossible and V' is really a viscosity supersolution. 0

Let us give an example in order to show what can happen:
Ezample 5.3.1. Let us consider

0 92 2

max/ DT g4 a0y
_1 4

T=u

lul <2

:U(—l) =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.
We are looking for a function V : [-1,0] x R — R that satisfies the BHJ equation and
the final condition (5.5):

oV oV
a(t,m) + Hpp (:v, a(t,m)) =0 Y(t,z) € [-1,0] x R (5.55)
V(O,I) = |I‘ Vr e R
where
Hop(w,p) = Hpr(p) = max hp(u)
and )
o) = DT

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 maxy,c[o,2]} hp(u). It is easy to see that, for u > 0,
hy,(u) > 0 if and only if w < 2p — 2. Hence we obtain

0 if[p| <1
w(p) = q 2|p| -2 f1<|p| <2
2 if2 < |p|
-1 ifpl <1
Hpp(p) = § »° —2/p| if1<|p| <2
2lp| —4 if 2 <|p|

Let us prove that
V(t,x) =t + |z (5.56)
is a viscosity solution of . 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 (£,%) € (—1,0) x R with T # 0, our V' is C! in such point and (we recall
Remark [5.7 for the “regular” of V) we obtain

Now, if we consider (¢,Z) € (—1,0) X R with T = 0, formally we obtain

%(E,E)-I—HDP (%g@) =1+ Hpp (%(@) .

Let us use the definition of viscosity solution in details. If a function v is in C°° such that
(t,x) — V(t,z) — v(t,z) = t + |z| — v(t,z) has a local minimum in (t,0), this implies thatE]

E—U(E,O) <t+ |£U| —U(t,J}), V(ta$) € B(G:O):‘g): (5'57)
for some ¢ > 0. In particular setting « = 0 in (5.57)) we necessarily have for v that
t—v(t,0) <t—w(t0), Vi € B(t,¢) :

5We denote by B(y,r) a ball of center y € R* and radius r > 0.



126 CHAPTER 5. OC WITH DYNAMIC PROGRAMMING

taking into account that g—g(f, 0) exists, then the previous relation implies

v - t,0) — v(Z,0 t—1
0y = lim WBO =0 oyt (5.58)
at t—% t—t gt t—1
Now setting t = in (5.5 i h -
ow se 71ng 71n 5.57) we require X \(E, 0)41x]
’U(t,l‘) < ’U(t, 0) + “T|7 Vz € B(0:5)§
taking into account that g—;(f, 0) exists, then the -
previous relation implies (see the picture) X=>N(t,x]
v Z
2, 0)‘ <L (5.59) b
or
. %
=
X

Hence and (5.59) give that

ov - ov -
—(,0)+ H —(,0) ] <1-1=0
60+ o (20(00)) <
and condition of Definition [5.1] is satisfied: hence V is a viscosity subsolution of (5.55).
Now if a function v is in C* such that (t,z) — V(t,x) —v(t,z) = t + || — v(¢, z) has a local

maximum in (t,0), this implies that

t— U(E,O) >t+ |$‘ - U(t,it), V(t7$) € B((E,O),E), (5'60)
for some £ > 0. Setting t =1 in we require for v that
v(,2) > v(f,0)+|2|, Vo€ B(0,e);

taking into account that g—;(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 Theoremguarantees that V' in is the value function. Now let us
solve our initial problem. Clearly, for x # 0, we have

wit,z) = (%(t,@) = @(£1) = 0.

Hence
z=w(t,z)=0 te[—-1,0]
:U(—l) =1
gives z*(t) = 1: note that x*(t) > 0. Hence the optimal control is u*(t) = w(t,z*(t)) = 0.
JAN

5.4 More general problems of OC

Let us consider the problem
¢ T
J(u)= [ f(t,x,u)dt + (T, x(T))
to
x = g(t,%x,u)
x(tg) = &
(T,x(T) eT

max J(u
L (u),

(5.61)

with a closed control set U C R¥, with the target set 7 C (tg,oc) x R” and the
class of admissible control defined by, for (7,&),

Cre = {u ([, T] = U C R*, u measurable, 3! x

with x = g(t,%,u) ae., x(r) = €, (T,x(T)) € T}.
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Let us consider the reachable set for the target set 7 defined by
R(T) = {(1,€) € [to,00) x R" : Cr¢ # 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 C R(T).

We define the value function V' : [tg,00) X R™ — [—00, 0], essentially, as in
(5.2): it is clear that such value function in the set ([to,00) x R™) \ R(T) is
equal to —oo.

We have the following generalization of the necessary condition of Theorem

(see [13]):

Theorem 5.7. Let us consider the problem with f, g and v be contin-
uous. 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 (7,€) € int(R(T)\T) there
exists the optimal control for the problem with initial data x(7) = &. Then
we have that

{ %(t’x) + Hyp(t,x,ViV(t,x)) =0 V(t,x) € int(R(T)\T) (5.62)
V(t,x) = (t,x) V(t,x) e T

where Hy,,(t,x,p) is defined as in @)

A sufficient conditions for the problem (5.61)) holds and it is a modification
of Theorem [5.3} note that for this problem the final time is not fixed.

Theorem 5.8. Let us consider the problem with T closed. Let V :
[tg, 0) X R™ — [—00,00] be a function in Ct(int(R(T)\ T)) and such that is a
solution of the system .

Let (1,&) be in int(R(T)\ T) and let u* : [7,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 (X)) + F(t,x" (1), 0" (1)) + ViV (2, x"(2)) - g(t,x" (1), u"(2) = 0, (5.63)
for every t € [t,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 [13] (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(t;) = B8 where t; is the final and fixed time, and 8 € R"
is fixed: for such example, we will prove that V achieves the value co and hence
the regularity of V is very delicate !!!

6Let us emphasize two remarks: first, (5.63)) implies that u* (t) realizes the max in the BHJ
equation in (5.62)) in the points (¢,x*(¢)), i.e. using the usual notation u*(¢) = w(t,x*(1));
second, the line ¢ — (¢, x*(¢)) lies in R(T).
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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.

5.5 Examples and applications

Example 5.5.1. Let us considef’| the problenf’

1

max/ (x —u?)dt
0

T=u

z(0) =2

We are looking for a function V' : [0,1] x R — R that satisfies the BHJ equation and the
final condition ((5.5)):

a—v—kmax(va?—kva—v) =0

ot vER ox
av , BV
= §+$+111)1€aﬂ}g(7v +v£) =0 (5.64)
V(1,2) =0, Vz € R (5.65)

We obtain the max in ( when v = %/2 : hence the function w(t,z) defined in | is,
in this situation,
10V
w(t,z) = —— (¢, x). (5.66)
2 Oz

In (5.64) we obtain

v 1/8V 2
—(t - —(t =0.
) ot (5a)

Using the suggestion and with easy calculations we obtain that the solution is

1 d, d?
V(t,g) = ——t3 + —t? — —t + dz — xt +g.
(bo) = -t gt - pthde—atty
The condition (5.65)) implies that
1 1, 1 1
V(t,e) = ——t3+ —t> — ~t+x—axt+ —. 5.67
(t, ) T + 1 1 +z—axt+ T (5.67)

The optimal control is defined by : using and (5.67]) we obtain

19V 11—t
() = w(t,z"(t)) = =——(t, 2" (t)) = —.
w () = wite ) = L 0 (et 1) = -
The dynamics and the condition z(0) = 2 give z*(t) = (2t — t2)/4 + 2. A

"In the example we solve the same example with a variational approach.

8Suggestion: In order to solve = + A(%—i)2 + %—f = 0 with A constant, we suggest to find
the solution in the family of functions

F={F(t,z)=at® + bt> + ct + dz + fat + g, with a,b,c,d, f,g constants}.
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Ezample 5.5.2. Let us considef?| the problen{']

2
min/ (u? + x2) dt
0
T=x+u
xz(0) = xo
u >0
We are looking for a function V : [0,2] X R — R that satisfies the BHJ equation (5.8) and the

final condition :

v . 9 5 OV _
E+v€%l,go)(v +x +%($+v))70:>
ov 9 ov . 5 OV
—_— —_— —_— =0 5.68
T e P, +v€%l,r;o)(v + 5% (5.68)
V(2,2) =0, Vz € R (5.69)

The point v that realizes the min in is given by the function w(t,x) defined in :

19V 20 OV
_Llovy £V (¢, 0
wlt,z)=q 292 (t:) : 3‘”}( @) < (5.70)
0 if 5o (t,x) >0
xr
We note that (5.69) implies
oV
—(2,2) =0, VzeR
[0k
Let us assume that there exists a point 7 € [0,2) and an interval I C R such that
)%
a(t, z) >0, Y(t,x) € (1,2] x I (5.71)
Condition (5.70)) implies that in (7,2] X I we have w(t,x) = 0 and the BHJ equation (5.68) is
v , AV
T, L (t,z) = 0.
8t( )+ +a78$( x)
Using the suggestion to looking for a function V(x,t) = x2G(t) we obtain
G'(t) +14+2G() =0 = Gt)=ae ?-1/2, Vo €R
= V(t,z)=2%(ece”? = 1/2), Va €R
The condition implies that
22
V(t,z) = ?(64_2t —1). (5.72)

Since by we have
WV _ _ 42t .
() =21 M) >0 i (4,2) € 10,2 x [0,00),
z
all these last arguments hold if we put I = [0, 00) in the assumption (5.71)). Hence the function
V defined in ((5.72)) satisfies the BHJ equation in [0, 2] X [0, 00) and the final condition. Hence
the optimal control for every initial data of the trajectory in [0,2] x [0,00) is defined by (5.25):
using we obtain
u*(t) = w(t,z) = 0.
The dynamics and the condition x(0) = zo > 0 give the candidate to be the optimal trajectory,
ie. o*(t) = moel.
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
2%
Oz
9n 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 m%—i +Am2+%—f =0and :Ug—l;—&—Am?—&—B(g—i)?—&-%—f =0
with A, B constants, we suggest to find the solution in the family of functions

F = {F(t,x) = x2G(t), with G function}.

(t,z) <0, Y(t,z) € (1',2) X (—00,0) (5.73)

Second suggestion: the case xo < 0 is difficult ...
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Condition (5.70)) implies that in (7',2) x (—00,0) we have w(t,z) = — %Y (t,z)/2 and the BHJ
equation (5.68)) is

av s 1[0V 2av _

a(t,m) +z° - 1 (E(t,xo + xa(t,z) =0.

Using the suggestion to looking for a function V (t,z) = 2>G(t) we obtain
G'(t) = —1 — 2G(t) + G2 (¢).

!

z
To solve this Riccati differential equatio we consider the new variable G = —— obtaining
z

242 —2=0

and hence
2(t) = cle(ﬁfl)t + 0287(ﬁ+1)t, with c¢1, c¢a constants (5.74)
!
2
The condition ¢ ,de. V(2,2) = —222 ((2)) =0 for all @ < 0, implies 2'(2) = 0, hence
z
241
c1 = f+ 674\502.
V21

Noticing that the choice of the constant cy is irrelevant to construct G, putting ca = v/2 — 1,
by (5.74) we obtain the function

(1) = (V2+ 1)eV2mDE=VE 4 (/5 _ 1)~ (V2HDE (5.75)
and hence s .
= 2t _ V2(4—t)
Vitz) = —o? 2D g2 S . (5.76)
Z(t) (V2 + 1)Vt 4 (V2 = 1)eV2(4=1)
It is easy to verify that
oV eVt _ gV2(4-1)
—(t,x) = —2x <0 if(t,z) €[0,2) X (—00,0
o5 %) (V2 +1)eV? + (V2 — 1)eV2(4-1) (1) € 10,2) < ( )

that is coherent with assumption (5.73)); hence these last arguments hold. Using and
(5.76]) we obtain
106V Z'(t) eV2t _ oV2(4-t)
A P A R (5.77)
2 0x z(t) (V2 + 1)eV2t 4 (V2 — 1)eV2(4-0)

In order to find z*, we have to solve the ODE (5.24]

[

w(t, ) =

Z(t)
Z(t)

&(t) = z(t) + w(t, z(t)) = =(t) (1 +

z(0) = xo.

) in [0,2]

From the previous system we have

[io-f(5ens = o

HTet us consider the Riccati differential equation in y = y(t)

Y =P+ Qy+ Ry’

where P = P(t), Q = Q(t) and R = R(t) are functions, we introduce a new variable z = z(t)
putting

Z/

Yy—=—>7
Rz
and solve the new ODE. In the particular case where P, @ and R are constants, we obtain
the new ODE

2 — Q7 + PRz =0.
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with k and k constants. Using the condition x(0) = zo we obtain that the unique solution of

the ODE is

2 (1) = 29 20 ot = g (VEH D 4 (V2 = 1)e2C 0

0] V2 )+ (Ve Det?

and is the optimal trajectory (for g < 0). The optimal control is defined by (5.25), i.e. using
the previous expression of * and
* * Z (t) t e\/it — eﬁ(47t>
u (t)=w(t,z () =r0=—=€ = a0
(0 = wta” () = 20 25 R B S v

is the optimal control for the problem .
As conclusion, we have that the value function of the problem is

%(th -1) for ¢ € [0,2] x (0, 00)
_Jo forz =0
Vi(t,z) = ‘ B E—t) r T
—z? for t € [0,2] x (—o0,0)

(V24 1)eV2t 4 (V2 — 1)eV2(4-1)

The optimal control and the optimal trajectory of initial problem are

0 for xg > 0
* _ V2t _ ,V/2(4—t)
u*(t) = { e e
x for xog < 0
(VI + (VZ- 1)t ’
zoet for xg > 0
a*(t) = { 20 (V24 1)eV? + (V2 = 1)eV20-0) for a0 < 0
(V2+1)+ (V2 - 1)etv?

A

The next example gives an idea of what happens in a situation where the optimal
control is discontinuous.

Ezample 5.5.3. Let us conside the problem

2
max/ 2z — 4u)dt
0

T=z+u
z(0)=5
0<u<?2
We are looking for a function V : [0,2] x R — R such that
v v
—_— 2z — 4 —_— =0
¥ o v )
v oV ov
= — +2 — ——4)=0 5.78
o " x+xam+ur§[%§]v(am ) (5.78)
V(2,2) =0, Vo €R (5.79)

Clearly the max in 1 depends on the sign of (%—‘; - 4). Let us suppose that V is differ-
579

entiable: condition ( guarantees that

)%

—(2,2) =0, Vz € R;
ox

12In the example we solve the same problem with the variational approach.
9

13Suggestion: In order to solve Az + ma—i + %—f = 0 with A constant, we suggest to find
the solution in the family of functions
F = {F(t,x) = ax + bre" ' + ¢, with a,b,c constants}.

To solve Ax + x‘g—i + B%—I; + %—f + C = 0 with A, B,C constants, we suggest to find the
solution in the family of functions

F ={F(t,x) = ax + bt + ce™! + dwe™? + f, with a,b,¢,d, f constants}.
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hence let us suppose that there exists T € [0,2) such that
%

%(t,m) < 4, V(t,z) € (1,2] x R (5.80)
The function w(t,x) defined in (5.23) here is
w(t,z) =0 (5.81)
and becomes
8V(t x) +2m+m8v(t z)=0
ot ox " T
Using the suggestion, an easy computation gives
Vt,x) = =2z +bze ! + ¢, v(t,x) € (1,2] X R. (5.82)

In particular, for t = 2, the function V must satisfy the condition :
V(2,z) = —2x + bre™ 2 + ¢ =0, Ve,
this implies ¢ = 0 and b = 2¢2. Hence, by we obtain
V(t,z) = —2x + 2ze~t, 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:
oV

a—(tﬂ:) =242t <4 Y(t,z) € (1,2] xR
x
implies T = 2 — log 3. The function V is
V(t,x) = 20>t = 1), fort € (2 —1og3,2]. (5.83)
The control candidates to be optimal is defined by (5.25): using (5.81]) we have
u*(t) = w(t,x"(t)) = 0, for t € (2 —log3,2].
Now let us suppose that there exists 7/ € [0,2 — log 3) such that
oV
—(t,z) > 4, fort ¢ [7',2 —log3). (5.84)
z

If we consider the function w(t,z) defined in (5.23)), we have
w(t,r) =2, fort € [7',2 —log3) (5.85)
and the BHJ equation in is

1% oV 12)%
—(t,z) + 20+ z—(t,x) + 2—(t,x) — 8 = 0.

ot ozx ox
Using the suggestion we obtain
V(t,2) = —2x + 12t 4+ 2de™" + dwe™! + f. (5.86)
The function V' is continuous: hence, by and (5.86]), we have
lim V(t,z) = lim Vit,z) —
t—(2—log 3)t t—(2—log 3)~

= 4o =-22+12(2—log3)+ 6de”2 +3dze 2 + f
for every x € R. Hence d = 2¢% and f = 12(log 3 — 3). We obtain by that
V(t,z) = —2x + 12t + 4e®> 7 + 2ze® 7t 4 12(log 3 — 3), fort € (7,2 — log 3].
Let us check that such result is coherent with the assumption :
oV

ai(t7l7):72+2827t>4 > t<2—log3.
T

This implies that 7/ = 0. Hence we obtain
V(L z) = 2¢(e?7t — 1) + 12t + 4e27t +12(log3 — 3) fort € [0,2 — log 3]
T 2z(e?7t - 1) fort € (2 —log3,2]
and it is easy to verify that V' € C1. The control candidate to be optimal is given by (5.25
that, using , Is
u*(t) = w(t,x"(t)) = 2, for t € [0,2 —log 3).
We obtain ([2.49), i.e.
(1) = 2 if0<t<2—1log3,
V0 ifr2—log3<t<2.
Finally, we have to show that we are able to obtain the trajectory associated to this control:
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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5.5.1 A problem of business strategy II
Let us recalﬂ the problem [1.1.2] formulated with ([1.3):

T
max/ (1—w)zdt
yEC 0

x(a):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 z(t) denotes the quantity of good product (at time #,) it is reasonable in
V(1,€) 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

ot vefo,1] ox
V(T,z) =0 vV >0 (5.88)

ov + max ((1 —v)r + qu) =0 V(t,z) € [0,T] x R (5.87)

As in subsection we are able to check that z(0) =a >0and 2 = uz >0
imply that z(t) > «, for every ¢t € [0,T]. Hence we have > 0 and the BHJ

equation in (5.87) becomes
ov ov
— ——1]] =0 v(t 0,7] x RT. (5.89
o +ate max o (S -1 =0, (t,2) € [0,T] < B*. (5.8
Hence, if ¥ — 1 > 0, then we obtain the max in (5.89) for v = 1; on the other
hand, if %—‘; — 1< 0, then the max in 1} is realized for v = 0.
Now we note that equation (|5.88)) gives (T, x) = 0, for all z > 0. Hence it is
reasonable to suppose that there exists a point 7 € [0,7") such that

2—V(t,x) <1, for all t € [1,T]. (5.90)
z

With this assumption, equation (5.89) in the set [r,T] gives

ov
e +z=0 = V(t,z)=—xt+g(x),
where g : R — R is a differentiable function. Using (5.88]), we are able to show
that
Viz,T)=—2T +g(z) =0 = g(z) = zT.

Hence
Vit,e)==(T —t), V()€ [r,T] x(0,00)

and %—‘; =T —t, for all t € [1,T]. Since the previous arguments hold in the
assumption (5.90),i.e. T —¢ < 1, for the time 7 we have

7 =max{T —1,0}.

141n 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, 7] x (0,00) — R definited by V (¢, z) = z(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 = zf=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' : [0,7] x (0,00) — R
in [T —1,T] x R is defined by

Vt,z) =x(T —t)

and satisfies BHJ and the final condition. We have to construct V in [0,7 —
1] x (0, 00).
For the continuity of V' (we recall that we suppose V differentiable) we have

V(T -1,z) ==, for all = > 0. (5.91)

» Let u]s su(ppos that there exists 7/ < T — 1 such that 2¥(¢,z) > 1 in
7', T — 1] x (0,00). Hence

ov ov

A solution of this PDE is given bym V(t,z) = are~* with a € R. By condition
(5.91) we have V(¢,z) = ze T 1in [/, T — 1] x R.

We remark that % =e Tl > 1if and only if t < T — 1 : hence we are able
to chose 7/ = 0. Hence the function V' : [0,T] x (0,00) — R defined as

_fzem*TTY for (t,x) € [0,T — 1) x (0, 00),
Vit.z) = {a:(T —t)  for (t,z) € [T —1,T] x (0, 00).

15For 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 [r',T —1] x (0, 00).

Hence oV
1) = EJra?:O = V(t,z) = —zt+ h(z),

where h : R — R is a generic differentiable function. Relation (5.91) guarantees that for all
z € R
V(z,T)=—aT + h(z) == = h(z) = T.
Hence we obtain that V(t,2) = (T — ¢) for (¢,z) € [7/,T — 1] X (0,00) : clearly we have
%—‘; =T — t and condition %—m(tw) < 1 is false. Hence 7’ does not exist.
e Now, let us suppose that there exists 7/ < T'—1 such that %—Z(L z) = lin [7,T—1]x(0, 00).

Hence
ov v
— =1and 1i = —4z=0 = V(z)=—-zt+ki(z) (5.92)
oz ot
ov

e 1 = V(o) =z+k(t) (5.93)
T
where k1, k2 : R — R are differentiable functions. Clearly (5.92) and (5.93)) are in contradic-
tion: hence 7' does not exist.

16 A not expert reader in PDE will be convinced by checking that the function V = aze~
satisfies the equation %—‘t/ + x%—‘; =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 (5.23)) (i.e. in ): in our situation we obtain, taking
into account w(t, z*(t)) = u*(t),

1 if0<t<T-1, 1 if0<t<T-1,
w(t,x):{? ift=T-1, = u*(t):{? 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 [2.5.2]

2*(t) = ael for0<t<T -1,
aeT! 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® + Bx) dt
v Jo

z(T)=B
u>0

where T'> 0, 0 < A < B are all fixed constantsE

We are looking for a value function V' : [0,7] x R — [—o00, 00]. The target
set T is the set {(7T, 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
& =u > 0 give that z(T) = B is impossible: hence C;¢ = . Second we note
that (7,€) # (T, B) implies Cp¢ = (). Hence the effective domainﬂ of V is the
set ([0,T) x (—o0, 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

17In the mentioned subsection we solve the same model with the variational approach.
18Suggestion: to solve the PDE Cxz + D(%—‘;)2 + E%—‘t/ = 0 with C, D and E constants, we

2
suggest to consider the family of functions F(¢t,z) = a(t — T)3 +b(x + B)(t — T) + c(wt_f%) ,
with a, b, ¢ non zero constants.

¥Let f : @ — [~00,00] be a function with Q@ C R7?; 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

T T
V(r,B) = min / (au2+ﬂm)dt:/ BBdt = BB(T —1.)

u€Cr B

We study the points of the effective domain with ¢ < B. The Bellman-
Hamilton-Jacobi equation is

ov . s OV \
wr + fx + min <av + 83;”) =0 (5.94)

The min in (5.94) depends on the value —2¥(¢,z)/(2a): more precisely
v

y=ov Vv

y y
y=oav Ky yEavA Ty
e / \ / \ -K/2a y
! v v T
_K/z% \.&_/‘

The cases %—‘;(t, z) <0, %—‘;(t, z)=0 and %—‘;(t,x) > 0.

Hence the function w(t, z) defined by (5.23) is

0 if 2Y(t,2) >0

wita)={ v GG Z,

(5.95)

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 z(T") = B imply that v = 0 in [r,T] is impossible:
hence the previous assumption (5.96) cannot be true for every ¢. In the set
where (5.96)) is satisfied, (5.94) gives

ov

E-I—ﬂx:();

(t,z) > 0. (5.96)

hence
V(t,z) = =Bzt + F(z), (5.97)

for some function F. However since for the optimal control we have u*(t) =
w(t,z*(t)) = 0, in the set where 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 (—oc, B] such

that

g—‘;(t,x) < 05 (5.98)

In this set (5.94)) gives

1 1 [0V\?
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the suggestion and some easy calculations gives that

Vit,z) = 4870[(75 —-T)% - g(x-i-B)(t—T) —a

satisfies BHJ. Clearly we have to guarantee that (5.98)) holds, i.e.

(z — B)?

— (5.99)

ov B (z — B)
%(t,az) = —5( -T)—2a

=T <0

This implies

B 2
z < 4a(t T)* + B.

Since we are looking for a continuous value function, in the point where it is
finite, equations 1} and 1} along the line x = —%(t —T)? + B, ie.

t=T—2,/%E=2) sives

8

—ﬂx(T—2 a(BB_x)>+F(x)—
P e ap o faBo) @B
= ~6a i + f(z + B) 3 + ; TB[;“”)

and hence, with a simple calculation, F'(z) = Tz + %\/aB(B —x)3. By (5.97)
we have 4
V(t,z) = Bz(T —t) + 3 af(B — z)3. (5.100)

Since for this function we require that assumption (5.96) holds, we note that
ov B N

We obtain that

(o0 if0<t<Tandz>B
00 ift=T and ¢ # B
0 ift=Tandz=B8B
Vit,z) =4 BT —t)+3V/aB(B —2)° if0<t<T, z<B
ande—%(t—T)2+B
L t-TP-S@+B)(t-T)—a®=8 if0<t<T, 2<B
L and v < —2(t-T)*+B

Now let us construct the trajectory solving the ODE

{3} =w(t,x) forte0,2]
z(0)=A

In order to do that we have that (5.95) becomes

{o if0<t<T, s <Bandz>—L(t—T)*+B
w(t,z) =

a4
ﬁ(t—T)—FI:? ifo<t<T, x<Bandx<—£(t—T)2+B

4o t 4o
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Let us define T = max <T -2 a(BB_A) , 0> . We have
i=w(t,z)=0 fortel0,T)
z(0)=A

Hence x(t) = A for every ¢ € [0,T]. Now we have to solve the linear ODE

z—B 153 ~
ot (t=1) forte(T,T]

z=w(tx)=

z(T)=A

The general solution is

o) = el ro | [(L-m)- Bp) el midtars

oo ([ )

B AT
= Zpe_ (22 B+T 101
ottt k) + B+ Th (5.101)

where k is a constant (note that x(7") = B). It is clear that this solution exists
in all [T,T] and hence z is really the optimal path.

e Now let us consider the case T > 0,ie. T > 2 % : the condition
2(T) = A in (5.101) gives, with a tedious calculation,
k= Bl _ M
4o Q '
Hence for 1 =1 — 2 a(B[;A) we obtain
0 ifo<t<r 0 fo<t<r
ur(t) = ;(t—T) itr<t< daT()= ﬁ(t—r)2+A ifr<t<T
a Q

e Now let us consider the case T = 0,ie. T'< 2 a(Bﬁ_A) : the condition
z(0) = A in gives
p=-2-4
T
Then
u*(t) = ﬁt do(B - 4) - T and z*(t) = £t2+ da(B - 4) - ’8T2t+A

2a 4aT 4o 4aT



5.5. EXAMPLES AND APPLICATIONS 139

Ezxample 5.5.4. Consider the previous model in the particular case T = B = 2, a = 1, and
S = 4. More precisely we consideﬂ

(v +4x) dt

8 8

8
A~

vxeel

<E
=]
=
oS

e

where A < 2.

In this case we obtain that

e ifo<t<2andz>2
0 ift=2andx #2
0 3 ift=2andx =2
42(2 — 1) + —+/(2 — 2)3 fo<t<?2, <2
Vi =g T EVER - .
and x> 2 — (t — 2)?
1 —2)2
g(t—2)3—2(m+2)(t—2)—% F0<t<2, z<2

and x < 2 — (t —2)?

Here 7 = 2 — +/2 — A and the optimal trajectory is

e (A fort €[0,7]
I(t)*{(t_T)Z_s_A ertE(ﬂQ}

The optimal control is given by
u*(t):{O for t € [0, 7]

2(t—7) fort e (r,2]

In the figure, the domain of the value function V, i.e. the set [0,2] x R:

208uggestion: to solve the PDE Cxz + D(%—‘;)2 + E%—‘; = 0 with C, D and E constants, we
212
suggest to consider the family of functions F(t,z) = a(t — 2)% 4 b(z + 2)(t — 2) + c%,

with a, b, ¢ non zero constants.
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e in the yellow subset of dom(V'), i.e. the

set
[0,2] x (2,00) U ({2} x (—0,2))

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);

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;

in the points (t,x) of the blue line, i.e.
such that = = 2 — (t — 2)2, we have
9V.(t,¢) = 0. This blue line divides the
set [0,2] X (—o00,2), in two regions:

o E‘)n the upper, we have %—‘;(t, x) >

o in the lower, we have %—Z(t,m) < 0;

-2

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 II: the proof

Let us consider the problem

J(u) = t 1f(t,x,u)dt

% = g(t.x, ) .
n )9: x (5.102)
max J(u),

ucCip,a

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\, A" (1)),

for all ¢ € [tg, t1], obtained via a variational approach;

ov
ot vel

e the BHJ equation (5.8]) of theorem [5.1

—(t,x) + max(f(t,x,v) + ViV (t,x) -g(t,x,v)) =0, 1}

for all (t,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+\-g;
moreover u* is defined as the function that, for every ¢, associates the value of
v such that realizes the max in (2.2). Taking into account (5.23), the function
that, for every (t,x), associates the value v that realizes the max in is given
by the function w(t,x); such function allow us to define the optimal control, as

in (5.29),
u*(t) = w(t, x*(t)). (5.103)

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 ((5.102) at the variation of the
initial data & :

Theorem 5.9. Let x;, , be the optimal trajectory, A; . be the optimal multi-
plier for the problem with initial data x(to) = «; for the same problem,
let V' be the value function, differentiable and which solves the BHJ system
5.21)). Then

ViV (X, a(8) = Ay (0), (5.104)

for every t € [to, t1].

The equation (5.104)) implies that for a given (7,&) € [to,t1] X R™ on the optimal
trajectory oy, o, i.e. Ty o(T) =§

Almmmmeeee 2

we obtain

ViV(1,8) = A, o(7).
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 (5.102) and let x* = x; , be the optimal trajectory. We will prove
that if we define the function A : [tg,#1] — R™ as

A(t) = ViV (t,x*(1)), (5.105)

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 gives that the value of V' (¢1,x) does not vary if one modifies
X: hence, by the definition of A, we have

A(tl) = va(tl,X*(tl)) = 0 .
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the tranversality condition is proved.
Remark [5.4] gives, for every fixed ¢,

DX W) = =10 (0,0 (1) = TV (0,3 (0) - g0, 3" (1), 0" (1)
= —f(t,x*(w,u*(t))—é(ﬁ;(t,x*(t»gk<t,x*<t>,u*(t>>).
Considering a derivative with respect to ; we have
s 0 0) = gL @)+
-3 (g o 0 o (w0 +
+g—;;(t, *(t))gz’;(t,x*(t),u*(t))) (5.106)

Since V is in C?, the theorem of Schwartz and a derivative with respect to the

time of ([5.105|) give

MO = 0+ Y gt ()40
Oy E108) = —5(tx )00 (0) +
-3 (G e ) e x (000 +
g (6 (). ()52 (0 (0).(0)) +
+ Z o, (X (0) (1)
(by dynamics) = —i{”j(tm*(t),u*(ww

k=1
(by GI0D) = — L (13" (1), u' (1) +
—Z)\k(t)%(t,x*(t),u*(t)). (5.107)
k=1 J

Hence the function A solves the ODE
A(t) = =A(t) - Vig(t, x* (1), 0" (t)) — Vx f (£, X" (), u*(¢))
A(t1) =0

that is exactly the ODE (2.23) in the theorem of Pontryagin. The uniqueness
of the solution of such ODE implies A = A*. The relation ((5.107) is the adjoint
equation. 0O
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5.7 Infinite horizon problems

Let us consider the problem, for r > 0,

J(u) = /OOO e " f(x,u)dt
x =g(x,u) (5.108)
x(0) = &

J
Jnax (a)

If we consider the value function V' : [0,00) X R" — [—00,00] of this problem,
the BHJ equation is

%(t’x) + 13135‘ (efrtf(x,v) + ViV (t,x) -g(x,v)) =0, V(t,x)€][0,00)xR"
(5.109)

where U C RF is, as usual, the control set. We remark that

V(r,§) = max /Ooe*”tf(x,u)dt

uclC, ¢

o
= e 7 max/ e ") f(x,u) dt
UEC.,-,e T

(o0}
(withs=t—7) = e max / e~ f(x,1)ds.
ﬁGCo@ 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: [r,00) = U, with u(t) = u(r +t), is such that u € C,¢. Essentially, the
classes of functions C,¢ and Cop¢ contain the same object. 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 functionP!| V¢ : R — [—o0, 0]
as

[e.0]
V() = max [ e f(x,u)dh
uECo)g 0
hence
Ve(x) = eV (t,x). (5.110)
From (5.109) we have

—rVe(x) + max (f(x,v) + VVx)-g(x,v)) =0, vx € R™. (5.111)

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—o00

21We remark that V¢ depends only on x and hence V«V¢(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.

w(x) € arg max (f(x,v) + VVi(x) - g(x,V)), (5.112)

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.

{igi)::gat.’x’wc(x)) i lfo, ] (5.113)

Then x* is the optimal trajectory and u*, defined by (5.25)), i.e.
u*(t) = w(t,x"(t)), (5.114)

is the optimal control.
Ezxzample 5.7.1. Let us conside

o0
min/ e "t ax? 4 bu?) dt
0
T=u
I(O) =x9 >0
a,b fixed and positive

The current value function V¢ = V°(x) must satisfy (5.111)), i.e.
—rV¢ + min (az? + bv? + (V°)'v) =0
vER
= V4 az?+ mi]{é (b0? + (V) v) = 0. (5.115)
veE

The function v — bv? + (V) v is, for every fixed z, a parabola; since b is positive
wé(z) = —(V°) /(2b). (5.116)
Hence becomes
4brVe — dabx® 4 [(VE)']? = 0. (5.117)

We looking for the solution in the homogenous polynomials on x of degree two, i.e. as the
functions V¢(x) = Az?, with A € R : replacing this expression in the (5.117) we have

. . —br + %% F dab
AbrAz? — daba® + 4422 =0 — A2 fbrA—ab=0 =—> Ai:’ﬁfm.

From the problem it is clear that the current value function V¢ and the value function V =
Vee~"t are non negative: hence we consider only Ay, i.e.

—br +Vb2r2 + 4ab
VC(JE) — %x? (5.118)
and, from we have
c br — v/b2r2 4 4ab
w(zr) = ——mM .

2b

221n the example we solve the same example with the variational approach.
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In order to find the optimal trajectory, the ODE (5.113) is

{ I(t) _ brfx/b2r2+4abm(t)

2b

and its unique solution is

25 () = Ioe(br—\/b2r2+4ab)t/(2b)

(5.119)
The (5.114)) gives us the optimal control
br —Vb2r2 + 4ab /2,2
ut(t) = wo(a* (1)) = @Ioe(br m)t/(%)'
A

Consider the problem ([5.108). Using theorem it is very easy to see
that the interpretation of the current multiplier is similar: recalling (3.102) and
(5.110)), i-e.

Al =€ and V(t,x) = e "V(x),
then (5.104) gives, dropping the apex tg, c,

Remark 5.8.
VVEx*(t) = Az(t),

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.

Ezample 5.7.2. Let us consider [

o © .
min/ e " ax? 4 bu?) dt
0
T=u
z(0) =20 >0
a,b fixed and positive

We want to verify the relation in Remark [5.8}
The solution of example and example give (see (3.111)), (3.112)), (5.118) and
(5119))

(1) = goe (P VIRrIHaab)t/ 2b),
A (t) = 20 (m - br) o(or=V/oPr2dab) e/ (26)

C

Ve(a) = —br +Vb2r2 4+ 4abx2.
2
Clearly these equations give
c(g* ave . . eon—br VI T+dab
YVt (1) = (@) = 207 (0 T T = ).

A

23In the example and in example |5.7.1| 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 » = 0. In particular

Remark 5.9. Let us consider the problem

uECo,a
x =g(x,u
x(0) = «

max /0 T ) dt
)

Then we value function does mot depend directly by t, i.e. V(t,x) = V(x).
Moreover the BHJ equation is

151&)]( (f(x,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 f/ (x'Qx + 2x'S + u'Ru) dt

uclo, o 0

x=Ax+ Bu+C

x(0) = &
where the matrices Q, S, R, A, B and C are constants. Moreover we assume
@ <0 and R < 0. Then the value function is of the type

1
V(t,x)=V(x) = §XIZX +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 [1.1.5] formulated with (1.6]) with

a utility function

1
Ue) = =¢",
Y

where v is fixed in (0, 1): this is a commonly used utility function, of so called
HARA typd®¥] Our problemf]is

*1
max/ ZveT0t dt
. o 7
T=rr—c
113(0)21170>0
z>0
c>0

(5.120)

241n 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.
25Note that here we remove from the model the assumption lim¢_; oo z(t) = 0.
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We will show that two situations occur depending on the fixed constants r, v
and d: the case 0 < ry < § and the case 0 < § < ry.

A generalization of this model is the fundamental Merton model that we will
introduce in subsection B.7.3l

The case § > rv : the current value function V¢ = V¢(x) must satisfy ((5.111)),
ie.

—0V°¢ 4+ max <1U’Y + (V' (rz — v)> =0
v>0 \ 7y

1
= =V 4+ (V) 'rz + max <v” - (VC)I’U> =0. (5.121)
vz Y
Now, since for definition
c *1 —ot :
V¢(€) = max —cve " dt with z(0) = &,
¢ Jo 7
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 ((5.112)),
1
we(z) = [(V¢)']7T = arg max (v'y - (Vc)'v> (5.122)
v>0 \ 7y
and the BHJ equation for V¢ (5.121) becomes

~

1-—
-6V0+(Vﬂ%m+~f;1KVﬂﬂ7j==Q Vo 2 0.

In order to solve the previous ODE, let us consider a function of the type
Veé(x) = Ax”, x>0,

where A is a positive constant (coherent with the assumption (V)" > 0) : we
obtain

1- )
—0Az"Y + Ayrz” + 77[7Aac"_1]7f1 =0, vz > 0.
Y

An easy calculation, together with the assumption § > rv, gives

1/1-9\""
A:( 7) > 0.
vy \6—nr

Now (5.122) implies that the function w in Theorem is given by (recalling
the we(z) = w(t, z))

5—
wh (@) = (V)] = T
In our contest, the ODE (5.113]) becomes
r—20
= T
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r—39
Its solution is z*(t) = wpeT~"' : let us note that the condition z*(t) > 0 is
satisfied. Hence Theorem [5.3] guarantees that z*,

X o 8 —r rs, 1 1=\ 4
c*(t) = w(z*(t)) = zo eT™" and V(t,x)=— e Prta’,
1—9y vy \d—r
for every z > 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

= vVt >0
z(t) 1—7~ =

i.e. in the optimal plain the ratio between consumption and wealth is constant.

The case § < rv : 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™, for t > 0 : let us show that this control is not admissible. The dynamics
and the initial condition on the wealth give

i =rx— Ae™
z(0) = zo

and its solution is z4(t) = e"(zg — At) : note that the condition z(t) > 0 is
satisfied for ¢t < xo/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):

o
A (5.123)

rt
cA(t):{Ae for 0 <t <

0 for t > %2

The dynamics and the initial condition give now

[ (zg— At) for0<t<
mA(t)_{O fort > %

Hence, for every initial wealth zy > 0 and for every A > 0, the control ¢4 given

by (9.123) is admissible and

Zo
A

>
1
Ve(xg) =V(0,29) = Sup/ ZcveT 0t dt
c Jo 7
o0

1
> lim —cle %t dt
A0t 0 Yy
zo/A
= lim ’ ﬁe(wf‘;)t dt
A—0t 0 'y
mo/A A’y
lim —dt = o0,
A0t 0 Yy

v

where, using the assumption, we use the fact that e(?"~%* > 1 for every ¢ > 0.
Hence V¢(zg) = oo, for every xzg > 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
[21]), 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 [18], [13], [12] for details).

In this model, the stock portfolio consists of two assets:

e the price p; = p; (¢) for the “risk free” asset changes according to p; = rp1,
i.e.
dp, = rpy dt, (5.124)
where r is a positive constant;
e the price ps = po(t) for the “risk ” asset changes according to

dps = spa dt + opo dBy, (5.125)

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

0<r<s.
According to (5.124) and (5.125)), the total wealth x = z(¢), evolves as
dz = [r(1 — w)x + swx — ¢ dt + wro dBy, (5.126)

where ¢ = ¢(t) is, as in (5.120)), 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 (5.126)), then we obtain the dynamic in problem ([5.120).
Again, we have a HARA utility function for the consumption to maximize,

in the sense of the expected value since w, x and c are all random variables:

hence we obtain
Ly
max[E </ c—e_ét dt>
(c,w) 0 ’Y

dz = [r(1 — w)z + swx — c]dt + wzo dB; (5.127)
.Z'(O) =x9>0

c>0

0<w<1

with 7 constant in (0,1).

5.7.4 A model of consumption with log—utility IT

We solvg®| the model presented in the example [1.1.5] formulated with (L.6), in
the case § > r and with a logarithmic utility function U(c¢) = log ¢. The current

value function V¢ = V¢(z) must satisfy (5.111)), i.e.
=6V + max(Inv+ (V) (rz —v)) =0
v2>0

= =0V + (V9)'re + max (Inv — (V°)'v) = 0. (5.128)

v>0

2611 subsection we solve the same problem with the variational approach.



150 CHAPTER 5. OC WITH DYNAMIC PROGRAMMING
Now, since for definition
[ee]
Ve = / e %Incdt 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

wt(z) = = argmax (Inv — (V) v) (5.129)

1
(Ve)y
and the BHJ equation for V¢ (5.128)) becomes

=0V 4+ (V)'re —In[(V9)']-1=0, Vz > 0. (5.130)

In order to solve the previous ODE, let us consider a derivative with respect to
z of it; we obtain

(VC)II
(vey

—5(VEY + (V) 'ra + (Vo) — =0, Vz>0.

Now suppose that (V¢)' is a homogeneous polynomial of degree k in the variable
z,i.e. (V) = Az* with A constant. Then we obtain

1
—6Ax* + krAz® + rAsk — k; =0, Vz > 0;

for k = —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 (5.130) we obtain

s <1n(§w) n B) n g +1In(dz) — 1 =0, Vo >0,

that implies B = 5%, i.e.

0 0

We don’t know if it’s the general solution for the BHJ equation (5.128)), but
sure it is a solution. Now ([5.129) implies that

w(z) = 0.
In our contest, the ODE (5.113]) becomes

{25020

Ve(z) = ! <ln(6a:) + 1= 5) . Vz>0.

Its solution is x(t) = zoe(™ * : let us note that the condition z(¢) > 0 and
lim;_, o 2(t) = 0 are satisfied. Hence Theorem [5.3]| guarantees that

<1n(6ac) + M) , Y >0,1t>0,

o0t
c(t) = dxoel™ 0 and V(t,z) = 3

]

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 [28]), for a fixed final time 7" > 0,

T
J(u) = / e F(t,x,m) db + e T (T))
x = g(t,x,u) (5.131)
x(0) = «
e T

where 7 > 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(t,x,u) + e TVY(2) - g(t,x, ). (5.132)

It is easy to see that for the new functional J we have

/ftxu

:/ —”f(txu)dt+e‘TT/ Vi (x(t)) - g(t, x,u) dt

0

= /Te’“tf(t,x,u)dt+e’“T/ Mdt

J(u)

dt
J(u) — e Ty(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 V) is

_%(t X) = 15168[1}( (f(t,x,v) + Vx‘/}(t,x) ~g(t,x,v))
= Tmas (£ 9) + (TP 00) 4TIV glt V)

and the final condition is V(T, x) = 0. Let us define

Ve(t,x) = et (V(t,x) + eﬂ“%(x)) : (5.133)

we obtain

c

—rVe(t,x) + 8;;
VAT, x) = (x)

(t,x) + max (ft,x,v) + V<V(t,x) - g(t,x,v)) =0, (5.134)
(5.135)
It is clear that
arg max (A(t x,v) + V,J/}(t,x) -g(t,x,v)) =

= argmax(£(t,%,v) + VaV(6%) - g(t,x,V) ).
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It is easy to see that, given an optimal control u* for the initial problem ({5.131)),
we have by (5.132) and (5.133)

Vet x*(t))

et (V(t,x*(t)) + e*TTw(X*(t)))
T ~
= et </t f(s,x*, u*)ds + e’"%(x*(ﬂ))
T
_ / 70 f(s,x", u") ds +
T
+e (Tt (/t Vi (x*) 'g(sax*,u*)d8+¢(X*(t))>

T
= / e f(s,x* ) ds 4+ e " Ty (x*(T)).

t

Hence V°(t,x*(t)) is the optimal discounted (at time t) value or, in analogy

with (5.110), the current value function for (5.131). The equation (5.134) 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 = Qa, SO k=1— ak, where 1 is gross investment, that
is, gross additions of capital. The cost of gross additions of capital at rate 2
is proportional to 2. 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 [0,7] :

T
rnax/ e " (pk? — 0n?) dt + me T k(T)?
0

k=1—ak
k(0) =ko >0
1€ 1

where a, 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¢ =V<(t, k),

Cc

8Vt' + max (pk2—0v2+(v—ak)av > =0,

Vit vel ok

V(T k) = mk2.

27If_aL stock k decays at a constant proportionate rate 8 > 0 and if it is not replenished,
then k(t)/k(t) = —8. Since the solution of this ODE is k(t) = k(0)e™#%, we sometimes say
that the stock k decays exponentially at rate j.
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Let us assume that V¢(t, k) = ¢(t)k?; we obtain
—(2a + 1) qk® + ¢'k* + pk* + max (—ov? + 2kqu) =0,
¢(T) ==

The assumption on I implies that

kq
= —ov? + 2kqu) = = 5.136
1 = argmax (—ov® + 2kqu) S ( )
and the BHJ now is, after a division by k2,
e
¢ =-p+Q2a+r)g- b (5.137)

In order to solve this Riccati equation in ¢ (see the footnote in example [5.5.2)
with the condition ¢(T") = 7, let us introduce the new variable z = z(t) with

!

q:oz—, z(T) =o0, z'(T) = .
z

This implies ¢' = UZHZ;# and, by (5.137)),

z”—Q(a—i—f)z'—}—Bz:O.
2 o

Let us set, by assumption, § = \/(a +1/2)2 — p/o > 0 : hence
2(t) = ola+5+0)(t=T) (61 T 028—29(t—T)) _
This implies
2 (t) = elat5H0)(E=T) (01 (a + % + 9) +e (a n g _ 0) 6—29(t—T))
and conditions z(T) = o, 2'(T) = 7 allow us to determinate the two constants
¢ and ¢y :

7r—(a+g—0)a (a+g+9)a—7r
= Cy = .
26
Condition (5.136]) gives, for every ¢ € [0, T], that the candidate to be the optimal
!

z
investment (i.e. control) is 1 = kq/o and using ¢ = 0z’/z we obtain ¢+ = k—. If
z

we substitute this expression of 2 in the dynamics we obtain

li 1 '
E=k>_—ak = /dk:/(z—a> At + ¢
z k z
= k=zfe ™

with ¢ and f constants. The initial condition on the capital gives

k(t) = Z’zg)

and hence the optimal path of investment is given by

W (t) = Z]zg)eatz'(t) = leg)e(zw)t (01 (a n g -|-0) Yo (a_l_ % _ 9) 672%)

2(t)e
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running cost, ]

solution of ODE, [7]
switching curve,
switching point,

target set, [} [127]

theorem
Arrow, 20]
Euler, 22]
Mangasarian, [19]
Pontryagin, [T1] [I7] (0]

time optimal problem, [66]
linear,

trajectory, [5}
optimal, [9]

transversality condition, [T1]
Halkin counterexample, [76]
in calculus of variation, 24} [78]
in time optimal problem, [66]
infinite horizon problem, [76]

TC, [T

with fixed final time, 7]
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