CALCULUS OF VARIATIONS AND OPTIMAL CONTROL THEORY

INSTRUCTOR: DR. CrRISTOPHER HERMOSILLA
LoOUISIANA STATE UNIVERSITY - FALL 2016
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1.1 Motivational example

Consider a rocket at rest on the surface of the Earth at time ¢ = 0. The rocket begins by flying
straight up until it reaches an altitude of h feet within a given time t = T'. We are concerned
with the gas flow strategies that minimize the gas consumption on the interval of time [0, T']

/0 ' u(t)|dt

The equation of motion of the rocket can be modeled via:
E(t) =ut)—g, te€(0,71)

with z(0) = #(0) = 0 and x(T") = h. The natural space to look for minimizers is L'([0,T]),
and so the problem can be formulated as follows

' T T 1
(P) y Llll(l[gTD {/0 |u(t)|dt‘ /0 (T —t)u(t)dt = h + §gT }

However L'([0,T7]) is neither reflexive nor the (topological) dual of another space. This fact
yields to compactness issues that don’t allow to guarantee the existence of solutions to (P).

To overcome the lack of appropriate compactness properties of L'([0,7]) we embed this
space into a larger one, the space of Radon measures M([0,7]). Recall that the Riesz repre-
sentation theorem implies that M([0,7T]) is isometrically isomorphic to the topological dual
to the space of continuous functions C([0,T]). Therefore the relaxed problem is

@t [ o] [ @ - oa =+ o)

ut M (0,71

Problem (75) is well-posed and it can be studied in the light of Convex Analysis. This
theory will allow us to show that:

e (P) has a unique solution and that

2

val(P) = max {y(h + lgTQ)
v R 2

1 1
_ < N ZqT?
t{rﬁ%{(T t)y}_l} 7(h+59T7)

e the solution to (P) is a Dirac delta at ¢ = 0, and in consequence val(P) = val(P).
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1.2 Extended Real-Valued Functions.

In our analysis it will be convenient to consider functions that can take values on the extended
Real line R U {+c0} = (—o00,+400]| and not just on R = (—o0,400). For example, les us
consider the minimization problem on a space X

(1.1) igffo = inf{fo(z) | x € C}

where fo: X — R is the function to be minimized and C' C X is a set of constraints. Let us
define o1 X — RU {400}, the indicator function of the set C, via

0 x e,
lo(x) ==
+oo z ¢ C.
Using the the convention that
" 4 (+00) = (+00) +" =400, V' €R

we check then that
igf fo= iQf(fo +1¢)

In this way, (1.1) can be formulated as an unconstrained problem with an extended Real-valued
function

inf{f(z) | = € X},
where f: X — RU{+o0} is given by f = fy +!¢. This allows to treat problem in an unified
way, by hiding the constraints on the definition of the function to be minimized.

1.2.1 Conventions

Given # € R and functions f,g: X — RU {+o0}, in order to make sense of f +" g we need
to introduce some algebraic rules on R = [—00, +00] that generalize the ones on R. Unless
otherwise stated, we assume:

L. (+o00)+" =" 4 (+00) = 400, V' € RU {+00}.
2. (—o0)+" =" +(—00) = —00, V' € RU{—00}.
3. " - (+00) = (+00) - " = +o0,if " > 0.

4. " - (400) = (+00) - " = —o0,if " < 0.

5. 0-(+00) = (+00) -0 = 0.

6. 400 + (—00) = (=00) + (+00) = +00.

Remark 1.1. In this setting, the sum and product are not continuous in the sense that if
" - "eRand$, e $ € R, then it is not necessarily true that" ,,$, — "$ .

The rules described above allow us to define then

(f+"g)(x) = f(z)+"g(z), VYreX, ¥V €R.
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1.2.2 Basic definitions
Given an extended Real-valued function f: X — R U {+oc}, its effective domain is the set
dom(f):={zr € X | f(z) < +o0}
and its epigraph is the subset of X x R defined via
epi(f) :={(z,2) €e X xR | f(z) < z}.

Most of times we will be interested in a subclass of extended Real-valued function for which
minimization problems are not trivial. A function f: X — RU {400} is called proper if

Jz € X so that f(z) < +o0.

The inPmum of a proper function f is infx f := inf{f(z) | « € dom(f)}. Note that
the infimum of a proper function may eventually be —oo. If that is not the case, that is,
infx f > —oo, we say that f is bounded below

The set of minimizers of f on X is given by

argmin(f) :={z e X | f(x) = igff}

1.3 Convex functions.

Let X be a Real vectorial space. On the one hand, a subset C' C X is called convex if
#r+ (1—-#)yeC, Vr,yeC, V#e|0,1].
On the other hand, a extended Real-valued function f: X — RU{+o0} is called convex if
f#z+ (1 —#)y) <#f(x)+ (1 —#f(y), Va,ye X, V#e|0,1].

Example 1.1. Any affine function or any norm onX is a convex function. Also/! - is convex
if and only if C' C X is convex.

Convex functions and convex sets are related through the following relation
epi(f) is a convex subset of X xR <= f: X - RU{+00} is convex

Furthermore, the class of convex function is closed under positive linear combinations, that is,
if f,g: X - RU {400} are convex functions and " > 0 then f +" g is convex as well.

Example 1.2. Some relevant examples of convex functions Bnare:
o f(x) =ax?®+ bx + c with a > 0.
o f(x)=e" with a € R.

o F(z) = —In(2) + L 0n (2).
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Further properties of convex functions are summarized below.
Proposition 1.1. Let f: X — RU {400} be a convex function.
(i) SupposeY is a vector space. IfA x Y — X is affine then f o A is convex.
(i) If % RU{+o00} - RU {400} is a nondecreasing convex function the¥o f is convex.
(@iii) If (fi)a 1 is a family of convex functions, thenf = sup,, ; f; IS convex.

(iv) SupposeY is a vector space ang : X x Y — RU {+oc} is convex. Then the function
h: X — RU{+o0} given byh(z) = inif/g(x,y) is convex.
y!

The following is a fundamental property about the continuity of convex function.

Theorem 1.1. Let (X, || - ||) be a normed vector space anfl: X — R U {+occ} be a convex
function. Suppose thatf is bounded above on a neighborhooddafm( f), that is,

dzg € dom(f),r >0,M € R, f(zx) < M, Ya € B(zo,7).
Then f is locally Lipschitz continuous onint(dom( f)).
This result has a trivial consequence when X = R"™.

Corollary 1.1. If f: R®* — R U {+oc} is convex and proper, thenf is locally Lipschitz
continuous onint(dom(f)). In particular, if f: R™ — R is convex then it is continuous.

1.4 Lower semicontinuity and minimization

Most of times we will be working with Banach spaces (a complete normed vector space).
However, in order to ensure the existence of solutions to minimization problems, we might
require to consider other topologies on those spaces, such as the weak and weak-& topologies.

1.4.1 Overview on Topology

Recall that a topology 7 on X is a collection of subsets of X, called open sets, that contains
() and X, which satisfies in addition

e U, ;0; € T for any (arbitrary) collection {O;}a; C T.
e (., 0; € T for any finite collection {O;}; C T.

The pair (X, 7) is called a topological space. Moreover, a sequence {z,} N on a topological
space (X, 7)) is said to converge to some z € X if

VYO € T with x € O, 3N € N such that Vn > N, z,, € O.
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Some important examples

Let (X, -||) be a Banach space, let Bx stands for the closed unit ball of X and let X® be
the topological dual of X, that is, the collection of linear continuous functionals z® : X — R
endowed with the norm ||2%||g = sup{(z®, z) | € Bx}, with (2% 2) = 2%(z)

e The strong topologyon X is the collection of subsets O C X having the property
VeeO, 3 >0, {yeX| |lz—y|<'}CO.
A sequence {z,}, N on X converges strongly to z € X if

T, — 2 <= |z,—z|]| —0.
n'# n'#

e The weak topologyn X is the collection of subsets O C X having the property
VeeO, 3% .. 22 eX® 3 >0 {yeX||(aty—2) <", Vi=1,...,n} CO.

A sequence {x,} n on X converges weakly to x € X if
Ln --#( z — <$$, xn) T> <x$,.f13>7 V$$ € X$.
n n

e The weak& topologyon X*® is the collection of subsets O C X® having the property
Vet € O, oy, . e X, 3 >0, (P e X || =2 x)| <", Vi=1,...,n} CO.

A sequence {22}, y on X® converges in the weak-& sense to 2* € X® if

xiT;( ¥ = <x2,x>?<m$,az), Vo e X.
n

Closed sets and compactness

A subset C' C X is called closedif X \ C is an open set.

Note that if (X, ]| - ||) is a Banach space, then any weak open subset of X is also a strong
open set. Hence, any weak closed subset is a strong closed subset of X. The converse is true
provided that the set in question is also convex.

Lemma 1.1. Let (X, ||-||) be a Banach space an@ C X be a convex subset. Then C is closed
in the weak topology if and only if it is closed in the strong topology.

A subset K C X is called compactif any open covering of K admits a finite sub covering,
that is, if {O;}a 1 is a collection of open sets of X, then

n
Kc|Joi = 3Fi,...,i, € I suchthat K C | O;,.
T k=1
In finite dimensional spaces, there is a simple criterion for compactness, the Heine-Borel
Theorem that says that
K CR"is compact <= K is bounded and closed.

This criterion holds for infinite dimensional Banach space, however never for the strong topol-
ogy, but for the weak topologies.

Recall that a topological space (X, 7T) is said to be separabléis there is a countable subset
E C X such that F is dense in X, that is, the closure of E agrees with X.
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Lemma 1.2 (Banach-Alaoglu Theorem). The dual closed unit ball
Bx = {1% € X®¥| [2%s < 1)
is compact in the weak& topology onX®. In particular, X is separable, then every bounded
sequence inX® admits a convergent subsequence in the weakense.
Let X®® be the topological dual of X® and let us define J : X — X% via
J(x)(2%) = (2% 2), Vi, € X, Va®* e X°.

The mapping J is called the canonical injection from X into X*® (it is actually an injective
isometry). A Banach space is called reBexiveis J is surjective on X%, that is, X and X*® are
isometrically isomorphic.

Lemma 1.3 (Kakutani Theorem). Let (X, || -||) be a Banach space. ThetX is ref3exive if
and only if By is compact in the weak topology oX. In particular, every bounded sequence
in X admits a weakly convergent subsequence.

The fact that in reflexive Banach spaces compactness implies sequentially compactness is
just a property, but also a characterization of these spaces.

Lemma 1.4 (Eberlein-Smulian). Assume that(X,| - ||) is a Banach space such that every
bounded sequence iX admits a weakly convergent subsequence. ThEnis rel3exive.

For further details and discussions on weak topologies see [1, Chapter 3].

1.4.2 Lower semicontinuous functions

Definition 1.1. Let (X,7) be a topological space. A functiorf: X — RU {400} is called
lower semicontinuous (Isc) on (X, 7) is epi(f) is closed onX x R for the topology7 x 7R,
where 7Ty is the usual topology orR.

Example 1.3. ! is lower semicontinuous on X, 7) if and only if C' C X is closed.

Proposition 1.2. Let f: X — RU{+oc} be a given extended Real-valued function. Thef,
islscon(X,7T)ifand only if {x € X | f(x) <"} is a closed subset ofiX,7) for any " € R.
Furthermore, if z € dom(f), then

V' >0, 30 € T with z € O such thatvy € O, f(y) > f(z) —".
Remark 1.2. Note that f is Isc on (X, T) then

Vee X, x, — 1z, = f(z) <liminf f(z,) = sup inf f(xy).
n"# n" +# n! N k%n

An important result concerning convex functions follows from Lemma 1.1 and Proposition 1.2.
Some basic properties of Isc functions are summarized below.

Proposition 1.3. Let {f;}, ; be a family of Isc functions on( X, 7). Then sup,, ; f; is Isc on
(X, T). Furthermore, if I is bnite, then)_, ; f; andinf; ; f; are Isc functions on(X, 7).

Example 1.4. || - ||s is lower semicontinuous in the weak-topology onX?.

Proposition 1.4. Let (X, ||-||) be a Banach space. Assume thdt: X — RU{+oo} is convex,
then f Isc in the strong topology if and only iff is Isc in the weak topology orX .

Example 1.5. || - || is lower semicontinuous in the weak topology.
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1.4.3 Inf-compactness and existence of minimizers

Lower semicontinuity is an important issue for the existence of minimizers, but it’s not enough.
An additional compactness criterion must be evoke.

Definition 1.2. Let (X,7) be a topological space. A functiorf: X — RU {400} is said to
be inf-compact on (X, 7) if

drg € X, V" < f(xg), {xe X | f(z) <"} has compact closure ofi.X,7)
The following is a general theorem for the existence of minimizers.

Theorem 1.2 (Weierstrass-Hilbert-Tonelli Theorem). Let (X,7) be a topological space and
f: X = RU{+o0} be a proper Isc and inf-compact function oX, 7). Then arg min(f) # 0.

Assume that (X, || - ||) is a normed vector space. A function f: X — RU {400} is said to
be coercive provided that

li = :
wry @)= teo

The following are corollaries adapted to reflexive Banach spaces and dual spaces.

Corollary 1.2. Assume that(X, || -||) is a reRexive Banach space. Let: X — RU{+oc} be a
convex coercive function, which in addition is Isc for the strong topology. Therg min(f) # 0.

Corollary 1.3. Assume that(X, ||-||) is a Banach space. Lef: X® — RU{+oc} be a coercive
function, which in addition is Isc for the weal& topology. Thenarg min(f) # 0.

Example 1.6. Note that (P) can be written as

inf +1!
omt {lllls + e}

with C = {u € C([0,T))* | (u,) ="} for some) € C([0,T]) and " €R. Since C' is weak&
closed onC([0,7])® and || - ||s is Isc for the weak& topology onX®, (P) has a solution.

1.5 Characterization of convex functions

The convexity of a given function is an algebraic criterion, which may be hard to prove some-
times. Some other criteria for continuously differentiable function are stated below. Recall
that if f is differentiable x € X, then its differential at x, denoted by D f(x), is an element of

X*® such that
o 1) = (@) = DF) ()
B0 [

If (X, (-,-)) is a Hilbert space then it is reflexive and furthermore, by the Riesz representation
Theorem, X® can be identified with X, and so, there is a unique V f(z) € X such that

=0

Df(z)(h) = (Vf(z),h), Vhe X.

See [1, Chapter 5] for further discussions on Hilbert spaces and [2, Chapter 1] for definitions
and discussions on Differential Calculus over normed spaces.
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Theorem 1.3. Let (X, (-,-)) be a Hilbert space andf: X — R U {+oo} be a continuously
differentiable function ondom(f), the latter being a nonempty open subset &f. Then the
following are equivalent:

() f: X > RU{+o0} is convex.
(i) Va,y € dom(f), (Vf(z) = Vf(y),z—y)=0.

(i) Va,y € dom(f), f(y) = f(z) + (Vf(x),y — ).

Furthermore, if f: X — RU{+4o00} is twice continuously dfferentiable ondom(f) and X = R
is Pnite dimensional, thenf is convex is and only ifV?f(z) is a positive semi-debPnite matrix
of dimensionn for any x € dom(f).

Example 1.7. The following are relevant examples of convex functions &f#:
o f(x)=3(zx,Az) + (b,x) + ¢, with A€ S}, be R"andc € R.

o f(x)=z| with" >1.

1.5.1 Separation of Convex Sets

We now recall some geometric forms of the Hahn-Banach Theorem. From now on (X, || - ||) is
a Banach space and X?¥ is its topological dual endowed with the norm

|2%[ls = sup{(z®, ) | = € Bx},
with (2% x) = 2%(x) being the usual duality product between X and X¥.
Lemma 1.5 (Hahn-Banach). Let A, B C X be two nonempty convex pairwise disjoint subsets.
(i) If Ais open then there exist:* € X*\ {0} and" € R so that
(%, a) <", Yae A and (2*b)>" Vbe B.

(i) If Ais closed andB is compact then there exist® € X®\ {0}, " € Rand' > 0 so that
(2% a) <" =", Vac A and (2®0b)>" +', Vbe B.

The basic idea of the geometric version of the Hahh-Banach Theorem (Lemma 1.5) is that
disjoint nonempty convex sets can be separated by an hyperplane. If one of the sets is compact
and the other is closed, this can be done in an strict sense. In Figure 1.1 we have sketched a
geometric interpretation of this theorem. The picture on the left shows the separation when
one of the set is open and the picture on the right shows the strict separation of convex sets.
Hahh-Banach Theorem is a consequence of the Zorn’s Lemma; see [1, Chapter 1] for details.

A function h : X — R is called affine continuous on X if 32% € X® and " € R so that

hz) = (2% z)+", VoeX
Let us define
Fo(X) = {f: X — RU{+o0}|f is proper and f = sup h; with h; affine continuous on X}
i
Note that is f € I'g(X) then f is convex and lsc on X. The converse is true, and it is a
consequence of the Hahn-Banach Theorem.

Theorem 1.4. f € I'y(X) if and only is f is proper convex Isc onX.
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Figure 1.1: Hanh-Banach Theorem

1.6 The Fenchel conjugate

The fact that any proper convex lsc function can be written as the supremum of affine contin-
uous function on X implies that there is at least some 2§ € X® such that

(x¥ x) — f(z) < +o00, VreX

Hence, the supremum of (¥, ) — f(z) over z € X is a Real number, this means that the
function f*: X® — RU {+o0} defined via

f2(2®) = sup{(a® 2) — f(x)}, Va®eX®

z! X

is proper. Furthermore, since X C X% via the canonical injection, then f® € I'o(X®). This
function is very important in convex analysis and it is called the Fenchel conjugateof f.

The following is an inequality that also plays a central role on the theory and it is called
the Young-Fenchel inequality

Ve e X, Va¥ € X%, f(z) + £2(2®) > (2%, 2).

We will study later on some criteria to turn the Young-Fenchel inequality into an equation.

1.6.1 Some properties and examples

Proposition 1.5. Let f € I'y(X), then:
1L."f+$)°%y)="s%%) —$,forany" >0and$ cR.
2. givenzy € X, if g(x) = f(z — x), we haveg®(2%) = 3(2%) + (2%, x).
3. givenzd € X3 if g(x) = f(x) + (2f, z) then ¢%(2®) = f3(2% — ).

9
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Example 1.8. Let p € (1,+00) and consider the functionf : R - RU {400} given by
1
f(z)=—|z|’, VzeR.
p
Letting ¢ € (1,+00) be such thatl = ]1? + é then the Fenchel conjugate of is given by
Fiah) = claflr, Vot e R
Proposition 1.6. Let f : X — R U {400} be a radially dePned function, that is, there is
) :[0,+00) = RU {400} with [0,4+00) Ndom() ) # 0 such that
f@) =) (lzl), vVreX
Then then Fenchel conjugate of is given by
£2a®) =) 2([l«®s), Va® e XP.

Example 1.9. Let p € (1, +o00) and[a, b] C R, recall that if X = L?([a, b]) then X® = L9([a, b])
with ¢ € (1, +o0) being such thatl = % + % Consequently, if

fu) = %HU\!% Vue L([ab]) = fiv)= %HUHZ, Vo € Li([a, b]).

Example 1.10. SupposeX is a Hilbert space and make the identibcatioX’ = X®. Then

f(z) = ||z||* = (z,z) is the uniquef € I'y(X) that satispesf = f*

Example 1.11 (support function). Let C' C X be a nonempty convex closed subset. Then
IS given by
*o(2®) = sup(a® z), Va*e X®

z! C
This mapping is called the support function of’. Furthermore, consider the following cases:
1. If C = {zo} then* . (z%) = (2%, 20).
2. If C =By then*g, (z%) = ||2%|s.
3. If Cis a cone, that is," C C C for any " > 0, then * o(2%) = oo (%) where
C'={2%e X% | vz e, (2% 2) <0}
Is the polar cone toC.
4. If C is a subvector space theho(y) = ! (z%), where
C ={2*eX®|vzeC, (®z)=0}

is the orthogonal subspace t6'.
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Figure 1.2: polar cone on R?

1.6.2 Biconjugate

Let us assume for a moment that (X, || - ||) is a reflexive Banach space, and let us identify X%
with X by means of the canonical injection.

Given f € I'o(X), we define the biconjugateof f, 3 : X — RU {+oc} as the Fenchel
conjugate of f* € To(X?), that is,

f3(x) = sup {(z,2%) — f3(=®)}, VreX
' X!
By the Young-Fenchel inequality we have that % < f. Hence, since by definition f®® is convex
and Isc on X¥, we have that % € I'y(X) provided that f € To(X).

Proposition 1.7. If (X, -||) is a reRexive Banach space anflc I'y(X), then f = f%.

If X is not reflexive (as for instance if X = C([a.b])), the duality product need to be
restraint to a weaker topology. Recall that:

e The weak topology on X is the minimal collection of open sets of X satisfying the
definition of a topology and that makes the maps z +— (2%, x) continuous for any % e X3

e The weak-& topology on X? is the minimal collection of open sets of X® satisfying the
definition of a topology and that makes the maps 2° — (2%, z) continuous for any = € X.

Hence, by endowing X with the weak topology and the dual space X® with the weak-&
topology, we have that the usual duality product is enough to represent all the linear continuous
functions on X and X®. Indeed, on the one hand, by definition of the weak topology on X the
maps z — (2% 2) are continuous for any 2% € X®. On the other hand, it can be proved (see
[1, Proposition 3.14]) that for any linear weak-& continuous map +: X® — R there is a unique
x € X such that

Ha%) = (2% 2), Va®e X®

We say then that X and X% are in duality and then X can be identified with the dual
space of X¥ (endowed with the weak-&), and so the biconjugate is well defined. If we are not
in the reflexive case we might assume that this property holds in whatever it follows.
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1.7 The subdifferential

We now introduce a concept that generalizes the idea of gradient of a function. The defini-
tion suits well to convex function, however the definition doesn’t require the convexity of the
function at hand.

Definition 1.3. Let f: X — RU {+o0} be an extended Real-valued function. A subgradient
of f at z € X is any z® € X® that satisbes

fl@)+ @by —2) < fly), VyeX.
The set of all subgradients of at x, denoted, f(x), is called the subdjerential of f at x.

Remark 1.3. Let us point out that, f(x) is a (possibly empty) convex and closed subset of
X% for any x € X. Furthermore, if f(z) = +oo then, f(x) = (.

Example 1.12. Let us see some examples:
o If f(z)=|z|, for any z € R, then, f(0) = [-1,1].
o If f(z)=\x+!p o(x), forany z € R, then, f(0) =0.
o If f(z)=!¢(x), then,! o(x) is the normal cone toC at = € X, that is,

Ne(z) =, a(z) = {2® e X¥ | («% y —2) <0, Wy e C}.

1.7.1 Properties of the subdifferential
Proposition 1.8. Let f: X - RU {+oco} proper andx € dom(f). Then
e, flr) = [f)+ Pe®) = (2 2)
Moreover, if f € T'o(X) with (X, - ||) being a Banach space in duality witiX®, then
e, flz) = ze, 3d.

The subdifferential of a function enjoy further topological properties when the function is
convex proper and lsc on X.

Theorem 1.5. Let f: X — RU {+oc0} be a convex function and: € X such that f(z) € R
and f is continuous atz. Then, f(z) # 0 and it is a weak& compact subset of(®.

1.7.2 Directional derivatives
Recall that the directional derivatives of a function is

f(ad) = tim T =@

t" 0F t

, VdeX.
This derivative enjoys further structural properties when it is convex.

12
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Proposition 1.9. Let f : X — RU {400} and suppose thaff is bnite atz € X. Then

f(x;d) = inf Gy tdt) — f(m), Vd € X.

t>0

Moreover, d — f*(x;d) is sublinear, and
 f@)={2* e X¥| (% d) < f(2;:d), Vd € X}.
We can characterize the directional derivatives in term of the subdifferential.
Corollary 1.4. Let f € I'y(X) and suppose thaff is Pnite and continuous atr € X. Then
f(r;d) = max (2% d) =*4)(d), Vde X

' #f(z)
Moreover, if X = R", then f is differentiable atz if and only if , f(z) = {2®}.

1.7.3 Application to optimization

Theorem 1.6 (Fermat’s rule I). Let f € T'o(X). Then
r€argmin(f) < 0¢€, f(2)
Furthermore,
arg m)%nf =, 1%0)
which is convex and wea&-compact if f* is bnite and continuous atz® = 0.

Often we are interested in optimization problems with explicit constraint
(P) inf f(2),
The Fermat’s rule can be refined in this context by means of a sum rule for subdifferentials.

Proposition 1.10 (Moreau-Rockafellar Theorem). Let fi, fo € I'o(X). Suppose thatf; is
continuous at somez € dom(f;) N dom(f2). Then

Ve e X, filz)+, folx) =, (fi + fo) (@)
Recall that (P) can be written as

inf {(2) +1o(2)}.

Theorem 1.7 (Fermat’s rule II). Let f € I'o(X) and C' C X be a nonempty convex closed
subset. Suppose there existsc int(C') such that f is Pnite atz. Then, = € C is a solution to
(P) if and only if
0e, f(x) + Nc(.T)
or equivalently
32% €, f(x) suchthat(z®y—2z) >0, VyeC.
Besides of the sum rule, the subdifferential satisfies some composition rules. The following

result is of particular interest for the duality theory we want to develop later.

Proposition 1.11. Let A: X — Y be a continuous linear function andf € T'y(Y'), where
(Y,|-|) is another Banach space. Suppose thgtis continuous at somey € dom(f), then we
have that

, (foA)(z) =A% f(Az), VYzeX.

13



CONVEX ANALYSIS AND OPTIMIZATION FaLL 2016

1.8 Duality in convex optimization

We start now the most relevant part of this introduction to convex analysis, the theory of
duality. Let us start with a familiar case studied in linear optimization.

Example 1.13. Consider the optimization problem
(Pr) min{(c,z) | Az <b, = >0}

wherec € R", b € R™ y A is a matrix of dimensionm x n. Then, the dual problem of(P,) is
(Dy) min{(b,y) | Ay > —c,y >0}
The duality theory in linear programming says:

e duality is symmetric, that is, the dual of (D) is (Pp).

e val (Py)+val(Dy) > 0 (weak duality); recall that that by conventiontoco+ (—oo) = +oc.
e If val (P,) is Pnite, thenval (D) is also Pnite andval (P)+val (D) = 0 (strong duality).

Something similar can be said for general convex optimization problem, that is for
(P) inf{f(z) | z € X}
where (X, || - ||) is a given Banach space in duality with its dual X® and f € I'y(X).

Definition 1.4. Consider another Banach spacgY;, || - ||) also in duality with its dual Y®. A
function ) € I'y(X x Y®) is called a perturbation off if

) (z,0) = f(z), VrelX.
By the Young-Fenchel inequality, for any perturbation function of f we have that
) (2,0) +) %(0,y) >0, Ve X, yeY.
It follows then that
val (P) + élnyf/) %0,y) >0

Thus, a natural way to define a dual problem to (P) using a perturbation of f is via

(D) inf{) *(0,9) |y € Y}
Problem (D) is called the dual problem to (P) associated with the perturbation ) . Therefore,

weak duality always holds true
val (P) +val (D) >0

Example 1.14. The perturbation
) (x,y$) = (c,z) + gy (Az — b — y$) + o (2), VzeR", y® e R™.
provides the dual problen{D,) related to (P).

Remark 1.4. The fact that) € I'o(X x Y?¥) and the spacesY and Y are both in duality with
their respective dual spaces, imply that the biconjugaté® is well debPned and agrees wibh.
Consequently, duality debPned in this way is symmetric, that is, the dual problem(af)

(DD) inf{) ¥(2%% 0) | 2*® € X%}
can be identibed with(P) via the canonical injectionz — (-, z).

14
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1.8.1 Strong duality

We have already seen that weak duality always holds. Let us now focus on the strong duality,
that is, we seek for criteria in order to get

(1.2) val (P) +val (D) =0

Let us introduce the primal value function associated with the perturbation ) via
-(y%) = inf) (z.9%), WyPeYd.

In a similar way we define the dual value functionvia

(2% = in}f/) (2% y), va®e X%
y!

It’s clear then that - (0) = val(P) and . (0) = val (D). Moreover, these two functions are
convex, but not necessarily proper or lower semicontinuous. Furthermore, we have that

-3() =) (0,y), and .3%z)=) (z,0), Vre X, yevY.

Theorem 1.8 (Duality theorem). Let ) € I'o(X x Y?¥) be a perturbation function for (P).
Suppose there is € X such thaty® — ) (x,y®) is Pnite and (strongly) continuous aty® = 0.

e If - (0) = —oo then dual problem(D) is infeasible.

e If - (0) > —oo then (1.2) holds and, v(0) # 0 is the set of minimizer of (D).
Remark 1.5. By the symmetry of duality, an analogous theorem can be stated for the dual
problem, characterizing in particular the solution(s) to the primal problem. Note that the
solution to the dual problem is unique if the primal value function is fierentiable. The solution
in this case isV- (0).
Remark 1.6. In the preceding theorem, since® — ) (z,4®) is continuous with respect to the
norm topology onY®, then the set of minimizer of (D) is a nonempty bounded closed and
convex subset of'.

Optimal solutions to primal and dual problems can be characterized as follows.

Theorem 1.9 (optimality conditions). Let ) € I'((X x Y¥) be a perturbation function for
(P). Let x € X andy € Y. Then the following statements are equivalent

(i) « solves(P), y solves(P) and (1.2) holds.
(i) (0,y) €,) (x,0) or equivalently(z,0) €,) %(0,y).
(i) ) *(0,y) +) (x,0) = 0.

15
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1.8.2 Fenchel-Rockafellar’s duality Theorem

In this final part we study a duality theorem that will allow us to solve completely the example
at the introduction. We look in particular a way to provide qualification condition for strong
duality and existence of solutions in terms of the original data, and not the perturbation
function.

Let X and Y be two Banach spaces in duality with their dual spaces. Let A : X — Y®
be a linear continuous mapping, f € I'o(X) and g € To(Y®). We are concerned with the
optimization problem

(Fo) inf{f(x) + g(Az) | v € X}
We can associate to (F) the dual problem

(Do) inf {f*(=A%) + () |y € Y}
via the perturbation function ) (z,y%) = f(z) + g(Az + ).

Theorem 1.10 (Fenchel-Rockafellar’s duality theorem). Suppose that /) and (D,) are given
as above, wheré&X and Y are two Banach spaces in duality with their dual spaced,: X — Y®
is a linear continuous mapping,f € I'y(X) and g € Ty (Y®).

e If val(F) € R and 0 € int(dom(g) — Adom(f)), then (Dy) has a solution.
e If val(Dy) € R and 0 € int(dom(f®¥) — A*dom(¢*)), then (P,) has a solution.

In either case we have strong duality, that iszal (F) + val (Dy) = 0. Moreover, the following
are equivalent:

1. z solves(Fy), y solves(Dy) and val () + val (Dg) = 0.

2. Extremality relations: f(z) + f*(—A%)) = (z, —A%) and g(Az) + ¢*(y) = (AZ, 7).
3. Euler-Lagrange equations:—A%j ¢, f(z) and g €, g(Ap).

A consequence of the Fenchel-Rockafellar’s duality theorem is the following result.

Corollary 1.5. Let X be a Banach space in duality wittkX®. Let M C X be a given vector
subspace and//' be its orthogonal space, that is,

M ={*ec X% (% 2) =0 VeeM).
Hence, givenz® € X3

inf [|2® = 2¥(|s = sup{(z®,z) [ € M, ||| < 1}.
' M

Furthermore, the inbmum is attained atz® € M . Also, z, € M attains the maximum if and
only if (2* — 2% z) = ||2° — 2®||s| z|
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Appendix

A.1 Sketch of Proposition 1.11’s proof

The inclusion A%, f(Az) C, (f o A)(x) is rather simple, so we skip it and focus on other one.
Given that f is continuous at some T € dom(f), we have that int(dom(f)) # 0. Further-
more, we have that

int(dom(f)) C {(5,#) €Y x R| f(y) < #}.
Therefore, given z € X and 2% €, (f o A)(z), the set

S ={(Az, f(Az) + (2%, 2 — 1)) €Y xR | 2 € X}

can be separated from int(dom(f)). Indeed, both sets are convex and nonempty, and moreover
if (y,#) € S Nint(dom(f)), then for some z € X we must have that y = Az, # = f(Ax) +
(2% 2z — x) and

F(A2) = [y) < # = f(A2) + (2%, = — )
But, this inequality is not possible because ® € , (f o A)(x). Hence, S Nint(dom(f)) = () and
by Hahn-Banach, there are 4® € Y® and " € R (no both zero at the same time) so that

WPy +"# <@L +"# Yy #) €int(dom(f)), (7.#) € S.

Evaluating at y = § = Az, # > f(Az) = #, we get that " < 0 and so by normalizing, we can
assume that " = —1 and y® # 0. Thus, letting # — f(y) we get

(A.3) Why) = fly) < (4° Az) = f(A) = (%2 —a), Yy edom(f), 2 € X.
On the one hand, evaluating (A.3) at y = Az and z = x £ d for some d € X \ {0}, we get that
(A% —a%,d) = 0,
from where we get that 2® = A%®. On the other hand, evaluating (A.3) at z = x we get that
f(Az) + (y®y — Az) < f(y), Vy € dom(f),

from where we get that y® € , f(Az) and so 2° € A%, f(Az), which completes the proof.
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Optimal control theory

1.1 Introduction

In this part of the course we are concerned with optimal control problems, which are in simple words,
Calculus of Variation problems with an additional dynamical constraints of the type

(1.1) x(t) € F(x(t)), a.e. t €[0,T].

Here F : R" = R" is a given set-valued map or multifunction, that is, F(x) C R”" with F(x) possibly
being the empty set. This set-valued maps is called dynamics.
We recall that a Calculus of Variation problems consists in minimizing a certain functional

T
J(x) = /0 L(t,x(), (1))t + £(x(0), x(T)).

over AC|0,T], the space of all the absolutely continuous arcs x : [0,7] — R”. The functional in
question is composed of two parts, an accumulative cost given by a function L: [0, 7] x R" x R” — R
called Lagrangian and an end-points cost { : R" x R" — RU{+oo}.

Essentially, an optimal control problem consists in minimizing the functional J(x) over all x €
AC|0,T] with the additional dynamical constraint (1.1).

1.1.1 Dynamical systems
It’s common to find in the literature (1.1) written as a controlled ordinary differential equation
(1.2) x(t) = f(x(2),u(?)), u(t)eUae. tel0,T],

where U C R™ is a given nonempty set known as the control space, u: [0,T] — U is called a control
or input and f : R" x R™ — R" is also referred to as dynamics function. The arc x : [0,T] — R" is
also usually called state of the control system.

Notable examples of controlled vector field are listed below:

e Linear systems:
x(t) = Ax(t) + Bu(r), forae.r€0,T].

where A and B are given Real-valued matrices of dimension n x n and n x m, respectively

e Control-affine systems:
x(t) = fo(x(2)) +iui(t)f,-(x(t)), u(t) = (ui(t),...,un(t)), forae.te|0,T].

1
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Differential inclusions vs. Differential equations

A relation between (1.1) and (1.2) can be established via
F(x)=f(x,U):={veR"| JuelU, v= f(xu)}.

Indeed, if x € AC[0, T] is a solution to (1.2) associated with u : [0,T] — U, and since

Fx(t),u(t)) € F(x,U), ae.t€[0,T]

then x € AC|0,T] is also a solution to (1.1). The converse is not straightforward and requires further
developments and some assumptions on the dynamics. The following result is known as the Filippov
Measurable Selection Theorem (for a proof see [2, Theorem 2.3].

Lemma 1.1 (Filippov). Suppose ¢ : R x R™ — R" is continuous and v : R — R" is a measurable
function. Suppose U C R™ is a compact set such that v(t) € 0(t,U) for a.e. t € [0,T]. Then, there
exists a measurable function u : [0,T] — U such that

x(t) = o(t,u(t)) a.e. t €[0,T].

The following result implies that, essentially, the formulation as differential inclusion and the
formulation as controlled ordinary differential equation of a dynamical system are equivalent.

Theorem 1.1. Let U C R™ be a compact set and [ : R" x U — R" be a continuous function. Let
x € AC[0,T] be a solution to (1.1) with F(x) = f(x,U). Then there exists a measurable function
u:[0,T] — U such that (1.2) holds.

Proof. 1t’s enough to use the Filippov Measurable Selection Theorem with

v(t) =x(t) and  O(t,u) = f(x(t),u).

The Gronwall’s Lemma

Another important property of trajectories of dynamical systems is that the growth of their norm can
be estimated if the dynamics has linear growth, that is, there exists ¢y > 0 such that

sup{v|| ve F(x)} <cr(1+x|), VxeR"
Proposition 1.1. If F : R" = R" has linear growth, then any solution of (1.1) satisfies
x(t) —x(s)] < () = 1) (|x(s)|+1), forany 0<s<t<T.

Furthermore,
(1)] < cpeSi(|x(0)|+ 1), forae. te€][0,T].

2
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1.1.2 Particular optimal Control problems

In optimal control, the velocity of the trajectory has an indirect impact on the the cost to be mini-
mized. It’s the control parameter that plays the main role. We now introduce several types of optimal
control problem. Note that in any case a Calculus of variation problem is recovered by the trivial
dynamical constraint

x(t) =u(t), forae.rel0,T].

Lagrange problem: For 7 € (0, +o0), minimize

T
/O L(x(t), u(r))dt

over all measurable function u : [0,7] — U and x € AC|0, T| such that (1.2) is satisfied and for
xo,x7 € R" given we also have x(0) = xo and x(T') = xr.

e Bolza problem: For T € (0, +o), minimize

[ 2oy uteyyan +x(r)

over all measurable function u : [0,T] — U and x € AC[0, T] such that (1.2) is satisfied, with
x(0) = xo for some xy € R”" given.

e Mayer problem: For T € (0,+-o0), minimize g(x(T')) over all x € AC[0,T] such that (1.1) is
satisfied, with x(0) = x¢ for some xp € R” given.

e Infinite horizon problem: For a discount factor A > 0, minimize

/O 7 MU0, ulr))dt

over all measurable function u : [0,4e0) — U and x € AC[0,+e0) such that (1.2) is satisfied,
with x(0) = xq for some xo € R” given.

e Minimum time problem: Given target S C RY, minimize T > 0 such that x(T) € S over all
x € AC[0,T| such that (1.1) is satisfied, with x(0) = xq for some xo € R" given.

1.1.3 Existence of solutions

Let us now turn our attention into some conditions that ensure the existence of minimizers of an
optimal control problem. Let us focus on the Bolza problem. A fundamental assumption required is
the convexity of a certain augmented dynamics

(Ho) VxeR", {(vr)eR"xR| ueU, v= f(x,u), L(x,u) <r}is convex

This assumption is satisfied in some recognizable cases. For example this is the case if U is a
convex set of R, the dynamical system is control-affine and the Lagrangian is a convex with respect
to the control (u +— L(x,u) is a convex function).

In order to prove the existence of solution of an optimal control problem, we need to use some
classical compactness theorem of Functional Analysis, which we recall by the sake of completeness.

3
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Lemma 1.2 (Ascoli-Arzela). Let I be an interval of R and C(I) denote the space of continuous
functions from I to R" supplied with the topology of uniform convergence on compact subintervals
of I. Then a bounded sequence {x,} C C(I) has a subsequence that converges uniformly on compact
subintervals of I provided it is equicontinuous, that is,

Ve>0,30>0,Ve,sel, [t—s| <8 = |x,(t)—xu(s)|<e, VneN

Lemma 1.3 (Dunford-Pettis). Let I be an interval of R, u be a measure on I and L' (I, du) denote the
equivalence class of du-integrable functions from I to R". A bounded sequence {x,} C L' (I,du) has
compact weak closure on L' (I1,du) if and only if it is equi-integrable:

Ve > 0,38 > 0, VA C I measurable, u(A) <8 — / X, (2)|du(t) <€, VneN
A

and for any € > 0 there is A C I measurable with u(A) < +oo such that
/ (D) ]da(r) <&, VneN
A

Theorem 1.2. Suppose that (Hy) is satisfied. Assume in addition that

o U C R™ is nonempty and compact.

o f:R"xXR™— R"is continuous, with x — f(x,U) having linear growth.

o L:R"xR"™ — R is continuous.

o g:R" — RU{+oo} is lower semicontinuous.
If the Bolza problem is feasible, then there is an optimal control that solves the Bolza problem.
Proof. Let us sketch the main steps in order to prove Theorem 1.2.

1. Using Gronwall’s Lemma and the fact that the Bolza problem is feasible, we have that the
value of the Bolza problem

V= xeAig[gﬂ {/OTL(x(t),u(t))dt+g(x(T)) Ju:[0,T] — U s.t. (1.2) holds and x(0) :xo}

is finite, and so, we there is a minimizing sequence {x,,u, } such that each x,, € AC[0,T| with
x(0) = x9, each u,, : [0,T] — U is measurable, x,(t) = f(x,(),u,(t)) for a.e. t € [0,7T] and

/OTL(xn(t),un(t))dt +8(xu(T)) =V asn— +oo

2. Using Gronwall’s Lemma and Ascoli-Arzela theorem, we prove that {x,} is relatively compact
on C[0,T].

3. Then, using Gronwall’s Lemma and Dunford-Pettis theorem, we prove that {%,} is relatively
weakly compact on L' ([0, T],dt).
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4. We combine step 2 and 3 to show that ther& isAC[O, T] such that, up to a subsequence,
Xn " X uniformly on[0,T]andxg! Xiweakly onL([0, T],dt).

5. We use GronwallOs Lemma, Dunford-Pettis theorem and the factishatiformly continuous
onB(xo, (e%F T # 1) (|xo|+ 1)) $ U in order to prove thafL(x,, us) } weakly converges, passing
into a subsequence if necessary, to some funcetioh*([0, T], dt).

6. The next step consists in showing that therevare co{x,} andr,! co{L(Xn,un)} such that
vp(t) " X(t) andr,(t) " r(t) fora.e.t! [O,T].

7. We now debPn&(x) = {(v,r)! R"$ R| %! U, v= f(x,u), L(x,u) & r}, and show that
(x(t),r®)) ' F(x(t)), fora.e.t! [0,T]
To do this, we useHj), the previous step and the fact that
(Xn(t), L(xn(t),un(t))) ! F(xn(t)), fora.e.t! [0,T]
8. Using the FilippovOs Measurable selection theorem, we get that there are measurable functions
u:[0,T]" Uand§:[0,T]" [O,+ ) such that
X(t) = f(x(t),u(t)) and r(t)# g(t)= L(x(t),u(t)), fora.et! [0,T]

9. Finally, the conclusion is reached by using the lower semiconitnuityasfd the fact that the
function constantly equal to 1 belongsli([0, T],dt), and so

)
/ L(n(t), un(t))) dt " / (dt as n" +eo.
0

1.1.4 Value functions and Hamilton-Jacobi equations

The Value Function is the mapping that associates the initial data of the problem with the minimal
cost-to-go of the optimal control problem. For the optimal control problems we have introduced, it
takes the following forms:

e Bolza problem:

]
8(1,E) = inf { /1 L(x(t), u(t)) dt + g(x(T))

x! AC[t,T]

%u:[t, T]" U s.t. (1.2 holds andk(t) = F,}

e Mayer problem:

(1,8) = y A{Q[ft T]{g(x(T))| x satispes].1) andx(t) = &}

e Infinite horizon problem: For adiscount factor A > O,

8(8) = inf { /0 L), u() dt

x! AC[O,+ o)

%u :[0,+00)" U s.t. (L.2) holds andk(0) = i}

e Minimum time problem: For a targe' RN,

T5(8) = . Ai(rzl[fO’T]{T | x satisbes¥.1), x(T) ! Sandx(0) = &}
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BellmanOs Dynamic programming principle

The interest in studying the value function of an optimal control problem lies in the potentiality of
computing this mapping before solving the optimization problem. The most powerful tool for doing
so is the Hamilton-Jacobi (HJ) approach, which is a technique based on a functional equation known
as theDynamic Programming Principle (DPPhis methodology dates from the 19500s and was

prst studied by Bellman and his coauthors.
This equation has different forms based on the issue at hand:

¥ Bolza problem: forany! ! [0,T]andh! [0, T" !]
! " it
' ien wu:[l,1+h# Ust (1.2

V(L= e L@ ) dte VO b )R e

¥ Mayer problem: forany! ! [0,T]andh! [0, T" !]

V(,"y=inf  {V('+ hx(! + h))| xsatisPesi.1) andx(!) = "}
Xt ACI, !+ h

¥ Inbnite horizon problem: for any! ! [0,+#)
I " #
o wu:[0,1]# Ust (1.2

Veg= it e L, u)dts € SVeq)tct G e

¥ Minimum time problem: forany! ! [0, TS(")]
$ %

TSC)= ot e T | xsatisbesi) andx(0) = *

The main advantage of this method is that essentially, the Value Function is the unique mapping
that veribpes the DPP and therefore, the idea is to bPnd an equivalent formulation of this optimal-
ity principle in terms of a partial differential equation called tHamilton-Jacobi-Bellman (HJB)
equation The corresponding HJB equations for the value functions given above are as follows:

¥ Bolza problem:
V(LX) + H(X&\V(t,X)= 0, $t! (0,T), V(T,x) = g(x)
where the Hamiltonian is given by

H(x,y) := sup"%f(x,u),y&" L(x,u)}.
u' U

¥ Mayer problem:
V(LX) + H(X &V (t,X)= 0, $t! (0,T), V(T,X) = g(x)
where the Hamiltonian is given by

H(xy) == sup{"%v,y&.
v F(X)

6
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¥ Inbnite horizon problem:
'V(X)+ H(x," V(X)) = 0

where the Hamiltonian is the same as for the Bolza problem.
¥ Minimum problem:
1+ H(X" T(x)= 0, x" int(domT)\ S T(x)=0, #x" S
where the Hamiltonian is the same as for the Mayer problem.

Let us point out that value functions are rarely differentiable, and consequently, solutions to
the HJB equations need to be understood in a weak sense. The most suitable framework to deal
with these equations is thédscosity Solutions Theoiptroduced by Crandall-Lions in 1983. This
methodology is based on two semisolution concepts, namelyisbesity supersolutioandsubso-
lution, respectively. The theory provides existence and uniqueness for a much more general class of
fully nonlinear Hamilton-Jacobi equations, not necessarily related to an optimal control problem).

In order to introduce the ncl)tion of viscosity solution, we introduce the viscosity subdifferential:

$O)! B(X) %y, % x&,
x|

e
#wWE(X):= vy R"“Q}'Qf

and the viscosity superdifferelntial:

#'$09:= y" RM |imsup$(x)! $(x) 1%y, %! x&

0
ns. el X (

Debnition 1.1. A continuous functio® : %$ R is said to be a viscosity solution of a Hamilton-
Jacobi equation
H(x,"$ )= 0, x" %

if it is a viscosity supersolution, that is,
H(xy)" 0, X" % #y" #/3$(x)
and if it is a viscosity subsolution, that is,
H(x,y) ( 0, x" %, #y" #'$(x)
Proposition 1.2. Suppose that
¥ U) R™is nonempty and compact.

¥ f:R"™ R™$ R"is continuous, with *$ f(x, u) Lipschitz continuous, uniformly on"uU.

¥L:R"™ R™$ Randg:R"* R™$ R are continuous.
Then the value function of the Bolza problem is a viscosity solution of the corresponding HJ equation.

Let us point out that the dePnition of a viscosity solution to a HJ equation is sometimes stated in
terms of test functions. This is due to the following proposition.

Proposition 1.3. Lety" R". Theny' #,$(x) at x" dom$ if and only if there exists a continuous
function&: R"$ R differentiable at x such thd®& (x) = y and$! & attains a local minimum at
x. Similarly, y* #/$(x) at x" dom$ if and only if there exists a continuous functi@ R"$ R
differentiable at x such thd& (x) = y and$ ! & attains a local maximum at x.
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1.2 Fully convex Bolza problem problems

The discussion now is centered about the fully convex case, that is, the Lagrangian end-point-cost
are assumed to be convex. This means in particular that the functional to be minimized is convex.
It is worthy to mention that we are now adopting the same formulation as in Calculus of variations,
that is,L(x,V) instead of a control formulation. For this reason, we assunf®"! R"" R#{+!}

and! : R"! R"" R#{+!} belong to the clas$, that is, they are convex proper and lower
semicontinuous functions.

1.2.1 Primal problem and implicit constraints

Given a Lagrangiah : R"! R"" R#{+! } and an end-points cost R"! R"" R#{+!}, we
are concerned with the Bolza problem:

!
(Po) Minimize OT L(x(t),X(t))dt+ ! (x(0),x(T)), overallx$ AC[O,T].

By allowing L to take inbnite values, we are handling implicitly constraints over the state of
system. Indeed, let us debPne

(1.3) X={x$R"| WS$SR", L(x,v)<+!} and F(X):={v$R"| L(x,v) < +!}.

In a similar way, by allowind to take inPnite values, we are handling implicitly constraints over
end-points of the system. In this case we debne debne

(1.4) A={(a,b)$R" R"| I(ab)< +!}.
Note the for any feasible arc foP{), we must have that
(1.5) Xt)$ X, &$[0,T], X(t)$ F(x(t)), fora.et$[0,T] and (x(0),x(T))$A

The implicit constraints of the Fully convex Bolza problem at hand satisped some basic structural
conditions, which we summarize below.

Lemma 1.4. X and A are nonempty convex sets, R"! R"is a proper convex set-valued map,
that is,

#HE(X)+(1' #HF(Y) ( F#x+(1' #)y), & y$R", #$][0,1],

its images are convex subsetdR¥fanddom(F) = X.

1.2.2 Examples

The convexity assumptions may seem rather restrictive. However, they are enough to treat a large
range of problems. Let us now present some examples to illustrate the scope of the theory we want
to develop.
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1)

2)

Linear-Quadratic problems: The main feature of these problems is that the functional to be
minimized is an arbitrary quadratic function and the dynamical constraint is a linear system.

LetU! R™be a convex closed nonempty set and consider some ma&ieg®,S" Mxn,
R" MpgmandB" Mum, with P, Q, R and S being positive semi-debnite. The Linear-
Quadratic problem is

Minimize over allx" AC[O, T] the functional:
T
# % o (FPx(1),x(t) %8 FRUt), u(t)%dt + %(SIQX(O),X(O)%' $SXT), x(T)%,
i subject to the dynamical constraint:
S x(t)= A)x(t)+ B)u(t), ut)" U, foraet” [0,T].

(PLo)

Under these circumstances, the accumulative cost is
1 .
L(x,V) = ESIPxx%L |poJ{$?u, u% v= Ax+ Bu}
u

and the dynamics is
F(X) = Ax+ BU.

Optimal problem with mixed-convex cosntraints: In a control problem, the dynamical con-
straint may also be written in an implicit form. For example, suppose we are concerned with

!
Minimize OT Lo(x(t),X(t))dt+ 1o(x(0),x(T)),

(Pmix) over allx" ACI[0, T] that satisbes

P Li(x(t),%(t)) &0, 'i=1,...,k fora.e.t" [0,T]
Li(x(0),x(T)) &0, "j=1,...,1

3+

We recover the formulation as a Calculus of Variation problem by setting the dynamics as

F(x):={v" R"| Lix,&O, 'i=1,...,k},
and the Lagrangian as: % |
L(x.V) = Lo(x,v) ifv F.(x)
+1 otherwise

Furthermore, the end-points cost is given explicitly by
l={(ab)" R"#R"| Ij(ab) &0, 'j=1,...,1}.

9
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1.2.3 Dual problem

This fully convex framework we are concerned with yields naturally to a duality theory. We can
associated a dual problem withy] by conjugate operation. The dual problem is

by

(Do) Minimizelo M(y(t), ¥(t)) dt + m(y(0),y(T)), overally! AC[O,T],

where the LagrangiaM : R"" R"# R${+! } and an end-points cost: R"" R"# R${+!}
of the dual problem are given by

(1.6) M(y,w) := LAwy) and m(q,b) := '%q,&b)

Given that the Lagrangian and end-points cost of the primal problem are assumed to be proper convex
lower semicontinuous function, it is not difbcult to see that it also hmMdeandm are proper convex
lower semicontinuous functions.

By symmetry, this formulation considers implicitly constraints over the state of system. Indeed,
the state constraints and dynamics of the dual problem are

(1.7) Y={y!'R"|'w! R", M(yyw)< +!} and G(y):={w! R"| M(y,w) < +! }.
and the end-points constraint is
(1.8) B:={(a,b)! R"™ R"| m(a,b) < +!}.
Likewise for the primal problem, any feasible arc f@x] satisbes as well
(1.9) y)''y, (t! [0, T], ¥(t)! G(y(t)), fora.e.t! [0,T] and (y(0),y(T))! B
Moreover, the symmetry between primal and dual problem can be take further to provide analo-
gous structural properties for the implicit constraints. Lenimbcan be reformulated for the dual

problem in the following terms.

Lemma 1.5.Y and B are nonempty convex sets, RS ! R"is a proper convex set-valued map with
convex images andom(G) = Y.

On the other hand, thanks to the Young-Fenchel inequality, forxany AC[O, T] feasible for
(Po) and Do), respectively, we have

T T
o LX) dt+H(x(0),x(T)+ - M), YD) dt+ m(y(0),\(T)) ) 0.

Thus, with the conventiom! &! = &! +! =+ 1 | the primal and dual problem satisfy the weak
duality property:

(1.10) val(Py) + val(Do) ) O

10
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1.2.4 Lower semicontinuity properties of the functional

Considert :R"! R"" R#{+"} and#:R"! R"" R#{+"}. We denote by ¢:AC[0,T]"
R#{+" } the functional debned via
|
C T
J (2 = L (z(t),(t))dt+ #(z(0),z(T)), $z%AC[0,T]
0

Note that), ; andJy m are the functionals to be minimized iRy) and o), respectively.
Note that we can make the following identiPcati&C[0, T] & RN L1[0, T], this is because an
arcx:[0,T]" R"belongs toAC[O, T] if there isv %L such that

X(t) = x(0)+ .Otv(s)ds $t %[0, T].

Proposition 1.4.1f ! :R"l R"" R#{+"} and#:R"! R"" R#{+"} are proper convex and
lower semicontinuous functions. Then the functiona JAC[O, T]" R#{+" } is convex and lower
semicontinuous with respect to the strong and weak topologies i AC

Note that the presence of possible state and end-point constraints may preclude the properness of
the functionals. This is the case, if one of the two problems (primal or dual) is not feasible.

1.2.5 Duality of the inPmum

Let us now turn our attention into condition in order to ensure the strong duality property between
(Po) and Do), that is

(2.12) val(Py) + val(Dg) = 0

SinceAC[0, T] can be identiped witR"! L[0, T], the topological dual oAC[0, T] can be iden-
tibed withR"! L" [0, T] with the duality product:
|
. T .
" x(a,p)( =)x0),ax+ )X(t), p(t)*dt, $x%AC[O,T], (a,p) %R"! L [0,T]
0

In order to debPne a perturbation to study the relation between the primal and dual problem, we
introduce further notation: Consider: R"! R"" R#{+"} and#:R"! R"" R#{+"}, we
denote byt ¢:AC[0, T]! R"! L' [0,T]" R#{+"} the functional debned by

% s(za,p):= IOT! (z(t)+ p(t),Ht))dt+ #(z(0)+ a,z(T)), $z%AC[0,T], (a, p) %R"! L [0,T]

and the corresponding value function

& #(a,p)= X%(ig[foﬂ%! #(xa,p), $(ap) %R"! L [0,T]

Hence % and%w m are perturbation for the primal and dual problems because

val(P) = &.,(0,0) and valDo) = &w.m(0,0)

11
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Proposition 1.5. We have that
Lm0, = J1(x) and !{,(¥(0),¥)= Jum(y) "xy#AC[O,T]

Moreover, if! |, and! v m are proper and lower semicontinuous &1$ L [0, T] for the weak®
topology, then

Ium@p)=J (ap) and ! (ap)=dym@p "(@p#R"$L .

The proof of the preceding result relies on a much general property. [tOs worthy to mention that
here we are assuming thiat andL" are in duality, that isL. is endowed with the weak topology
andL” with the weak® topology.

Lemma 1.6. Let f# #o(R"$ R") and 1% py,p2 % +" . Then, the functional¢l: LP[0, T]$
LP2[0,T]& R' {+"} debned via

11($, 9 = Ot f($(t),%t))dt, " ($,%# LPO,T]$ LP?[0,T]

is convex proper and lower semicontinuous, and its Fenchel conjugate is given by
|
ot
() (V)= lp(uv) = (ult),v(t))dt, "(u,v)# L%0,T]$ L%2[0, T]
0

1 1 _ 1 1 _
h + +
where Pt o land o 1.

Remark 1.1. Note thatval(Po) = J ,(0,0) and val(Do) = J; ,(0,0). Hence, if any of the value
functions is proper and lower semicontinuousRM$ L™ [0, T] for the weak* topology, ther(1.11)
holds. In general, if neither value function satispes this property, we only have that

Twm(0,0)= val(Py) and T, (0,0) = val(Dy),

wheref is the weak* lower semicontinuous envelop of a functionR"$ L' [0,T]& R' {+"},

that is,
I n #

f(a,p)= inf liminf f(ag, ps)» {(2s, Ps)} s#s is anet such thatas, ps) ¢ (ap
The proof of the preceding result also relies on some classical theorem for integrals, which we

recall by sake of completeness.

Lemma 1.7 (Dominated convergence theorenhet f:[0,T] & R and{ f,} be a sequence of func-
tions in L1[0, T] such that

¥ fo(t) & f(t) fora.e. on[O, T].
¥ [fa(t)] %g(t) for a.e. on[0, T] for some g# L1[0, T].
Then f# L0, T]and f, & finLY[0,T].

Lemma 1.8(FatouOs Lemmal)et{ f,} be a sequence of functions if[Q, T] such that §(t) ) 0 for
a.e. on[0,T]. Then

P P

i ol
. Irllgjlr.l'f fn(t)th)I#]@mf . fn(t)dt.

12
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1.2.6 Duality gap

Let us now provide a criterion in order to make at least one of the value functions of the perturbed
problems to be lower semicontinuous@R! L' [0, T] for the weak! topology.
Suppose thdty g is Pnite and bounded above on the set

{(a,p)" R"! L'[0,T]| |a# &+ $p# m@h 1< %

for some%> Oand(@ @ " R"! L' [0,T]. Thisis for example the case#f is locally Lipschitz con-
tinuous with respect to the brst variable. Then, given'thag is convex, the function is continuous
everywhere ofR"! L' [0, T] for the norm

$(a p)$= |al+ $p3.

The weak topology on the normed sp&te[0, T],$45, 1) can be identiPed with the weadkiopology
onL' [0,T] (as topological dual of 1[0, T]). Now, let us recall i X, $&$) is a normed space, then a
convex function orX is lower semicontinuous for the strong topology if and only if it is for the weak
topology. This in consequence means that'thg is weak! lower semicontinuous o' [0, T].

The following case is an example of an optimal control problem, where there is duality gap, that
is,

val(Py) + val(Dg) > 0

Example 1.1.1f L(x,V) = &g+1)(X) and "(a,b) = a, thenval(P) = 0. However, in this case
M(Y,W) = &1 @1 oY, W) and n{a, b) = &1,0)1(a,b), then(Do) is not feasible andal(Dg) =+ ! .

1.2.7 Optimality conditions

The duality condition can be expressed in terms of the a generalized version of the Euler-Lagrange
equation and a transversality condition. We recall that the classical Euler-Lagrange equation found
in mechanics and in classical Calculus of Variations is

V(O # i (X X(D) = 0
If we sety(t) = ' \# (X(t),X(t)), then the Euler-Lagrange equation takes the form
(W), y(1) " (# (x(t),X(t))

In the fully convex setting we expect to work with subdifferentiable Lagrangian rather than with
smooth ones. For this reason the Euler-Lagrange equation need to be understood in a weaker sense.

Debnition 1.2. An arcy" AC|[0, T]is called an extremal of problem
inf _ Jx 5(2)

2 AC[0,T]

if there is another arc § ACI[O, T] (called co-extremal ofgls associated withg) such that the
generalized Euler-Lagrange equatisrsatisped:

(1.12) (H(t), p(t)) " *# (&), H1), ae.t" [0,T]
as well as theransversality condition
(1.13) (p(0),# p(T)) " '$ (d0),HT))

13
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Similarly as done for abstract convex optimization problem, the optimality conditions provided
by the duality theorem say that the co-extremals are in indeed optimal solution to the dual problem.

Theorem 1.3. Consider two arcgw! AC[0, T]. Then, the following are equivalent:
1. wis an extremal for problertPy) with ybeing a corresponding co-extremal.
2. wis an extremal for problerfDg) with being a corresponding co-extremal.

3. wsolveqP), ysolveqdDy) and the strong duality properi§d.11) holds.

1.2.8 Hamiltonian system

The optimality conditions can also be written in terms of a generalized Hamiltonian systems, derived
from the generalized Euler Lagrange equation. In classical Calculus of Variations

(" Y1), X(1) ! ! H(X(1), y(1)

The Hamiltonian of the problems at hand have the form

H(x,y) := sup{#,v$" L(x,v)},

vl RN

This function is seldom differentiable, so we need as well to understand the Hamiltonian systems in
a weaker sense. Note that this function is convexfor anyx Pxed and concave for anyy bxed,
we might say that the Hamiltonidt : R"%R" & R' {+ " } is aconcave-convex function

In order to extend the notion of a Hamiltonian system to this nonsmooth setting, we introduce the
following partial subdifferential for concave-convex Hamiltonkdn

HH(xY) = {w! R"[H(zy) ( H(xy)+ #v,z" x§ )z! R"}
HH(xY) = {v! R"|H(xy)+ #,z" y$( H(x,2), )z! R"}

That is,#:H is the negative of subdifferential of the convex functiot& " H(x,y) and#H is the
subdifferential of the convex function*& H(x,y).

It turns out that the optimality conditions for an at¢ ac to be a solution ofRy) involves the
existence of an adjoint agd ac, which turns out to be an optimal solution @), and in such case,
both arcs are characterized as a solution of the generalized Hamiltonian system

(1.14) ") ! AHX(E),y(t) and i) ! AH(x(t),y(t), aet! [0,T]
Proposition 1.6. Consider two arcgw! AC[0, T]. Then, the following are equivalent:

1. The pair(gy satisbes the generalized Hamiltonian systéhs).

2. wsatisbes the generalized Euler-Lagrange equdtiot?) for L with yas co-extremal.

3. ysatisbes the generalized Euler-Lagrange equdtioh?) for M with @as co-extremal.

14
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The Hamiltonian formulation of the optimality conditions are useful because it turns the quest of
optimal trajectories into the study of the existence of solution to a differential inclusion:
Let us consider the set-valued mapR"! R"! R"! R"debned via:

Fxy) == {(v" w) #R" R"|w# "xH(x,y), v# "yH(x,y)}

1tOs not difbcult to see that a péiry) satisbes the generalized Hamiltonian syste®4 if and
only if itOs a solution to the differential inclusion

(1.15) (X(t), ¥(1)) # 1 (x(t), y(1))

We see also that(x,y) is a convex set for anfx,y) # R"! R". Itis also compact and nonempty
wheneverH is continuous; because itOs essentially made of two subdifferentials. Bésalss,
satispes (on the interior of the domainHbf a continuity property for set-valued maps callguzper
semicontinuity

Debnition 1.3. A set-valued map : R™! RMis called upper semicontinuous a#R™ if for any
open seD$ RMthat containd (2), there is#> 0 such that (2 $ Ofor eachz# B(z#).

The fact that is upper semicontinuous on the interior of the domaihkl a$ a direct consequence
of the following result for subdifferential of convex functions.

Lemma 1.9. Let f# ! o(R"), then for any ¥ int(dom(f)) and any$> 0 there is#> 0 such that
"f(y)$ "f(X)+ B(O,Y,  W#B(XH.

Under these circumstances, a general theorem for existence of local solution to the differential
inclusion (L.15 can be invoked.

Proposition 1.7 ([1, Theorem 2.1.3]) Supposé : R™! RMis upper semicontinuous on a neigh-
borhood of g# R™ with nonempty, convex and compact images. Then there exis3 Juch that

Kt) # ! (1))
has a solution z[0,T] & R™ with Z0) = z,.

1.2.9 Maximum principle

Let us now illustrate the relation with tHeontryagin Maximum principland the fully convex ap-
proach we have taken. For this purpose, let us pick up the notation introduced originally for optimal
control problems, with explicit dependence on the control. For simplicity we consider the Lagrange
problem with Pxed end-points, that is:

|

-
Minimize %U(X(t), u(t))dt
0
over all measurable functiam: [0, T] & U andx# AC[O, T] such that
X(t) = Ax(t)+ Bu(t), u(t)# U a.e.t#][0,T],

is satisbPed, witlx(0) = xo andx(T) = x1 be given.
The Hamiltonian of the problem is the same that appeared when we discussed the Hamilton-
Jacobi equations, that is,
H(x,y) = rllJ;%x{'Ax+ Bu,y(" %(x,u)}

15



FULLY CONVEX OPTIMAL CONTROL THEORY SPRING 2016

Theorem 1.4. Consider two arcgw! AC[O, T] and a measurable functiaa: [0, T]" U. Assume
that U# R™is nonempty convex and compact. Furthermore, assumedt®et xo, T) = xt and

Ht) = Adt)+ Bat), fora.e.t! [0,T].

Then the following are equivalent:

¥ The pair()gy satisbes the generalized Hamiltonian systéhis4)

¥ The maximum principle is satisbed:

H(dt), (1)) = A1) + Buft), Wt)% & (A1), «(t))

Moreover, if! is differentiable with respecto to x, then

W(t) = &A y(t)+ " ! (dt),@t)), fora.e.t! [0,TI.

16
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