1 Optimization on linear spaces

1.1 Unconstrained optimization

Definition 1. A normed linear space is a vector space X with a real-valued
norm ||z|| which satisfies:

L. ||z|| > 0 for all z € X and ||z|| = 0 if and only if z =0

2.z +yll < lzll + vl

3. [le ]| = laf - [J]
Example 1. The set C|a, b] consisting of all real-valued, continuous functions
on the interval [a,b] € R with ||z| = max |z(t)].
Example 2. The set D|a,b] consisting of all real-valued, continuously dif-
ferentiable functions on the real interval with [|z|| = max |z(t)| + max |z (¢)].

Example 3. The set [, consisting of real-valued sequences {1, z2, ... } with

norm .
00 P
]l = (Z |$i|p>
i=1

Example 4. The set L,[a, b] consisting of real-valued functions on the inter-

val [a,b] € R with norm
b .
lall, = ( / \x<t>|Pdt)

and where we identify functions that disagree only on a set of measure zero.

Example 5. Let X and Y be linear spaces with norms || - ||x and || - ||y,
respectively. Let B(X,Y) be the set of bounded linear operators taking X
to Y with norm
JA]l = sup || Az]ly-
el x

Definition 2. Let X and Y be normed linear spaces and 7' : DeX — Y.
The mapping T is Frechet differentiable at x € D if for every h € X there
exists 67'(x; h) € Y which is linear and continuous in h and satisfies

. NT(x+h)—T(x) = 6T(x;h)||

lim

0
= |2




Proposition 1. If 0T exists, it is unique.

It will be convenient to introduce some additional notation for Frechet
derivatives. For T': X — Y it follows from the definition that d7'(x;h) =
A,h for some bounded, linear operator A, : X — Y. Let B(X,Y) be the
normed linear space of bounded linear operators from X to Y and define
T : X — B(X,Y) as

T'(x)h = 6T (x; h).

We call the mapping 7" the Frechet derivative of the mapping 7.

Definition 3. Let f : 2 — R be a real-valued function on Q C X. A point
xo € 2 is a local minimum of f on  if there exists a neighborhood N C X
containing o such that f(z¢) < f(x) for all x € QN N. The point z is
called a strict local minimum if f(x¢) < f(z) for all x € QN N, x # .

A similar definition holds for maxima. A point is called an extremum if
it is either a maximum or a minimum.

Theorem 2. Let f: X — R be Frechet differentiable on x. Then f has an
extremum at xo inX only if 0 f(xo;h) =0 for all h € X

Proof. If f has an extremum at xo then f(zg+ ah) : R — R achieves an
extrema at o = 0. By ordinary calculus

2 f(zo +ah) =05 =0

O

A point z¢ where § f(zo; h) = 0 for all h € X (or, equivalently, f'(zq) = 0)
is called a stationary point of f. Hence a necessary condition for f to achieve
a local extremum at x is that zy be a stationary point of f.

Remark 1. In the finite dimensional case, we can rewire the Frechet derivative
using the gradient and so if z( is an extrema then Vf = 0. Note that the
gradient of a function is only defined relative to a metric and so we are
implicitly using additional structure in asking that the gradient be zero at
an extrema. This can be avoided by requiring df = 0, where df is a one-form
and hence doesn’t require the notion of a metric.



Example 6 (Euler-Lagrange equations). Let X = Dlt;, t5] and consider
the problem of finding a function z(-) defined on [t1,f3] that minimizes the
cost index

J(z) = /t2 L(z,x,t)dt.

t1

We further assume that the endpoints of the function z(-) fixed.
Let h represent a vector in D[tq, to] that vanishes at the end points. Define

d [* .
d0J(z;h) = — / L(x + ah, & + ah,t)dt

do [y,

a

0
291, 2oL, .
-/ %(x,x,t)h(t)dt*'/tl a5 (@ & 0h(t) dt

Claim 3. ¢J is the Frechet derivative of J : X — R.

We can now compute the necessary condition given by dJ(z;h) = 0.
Integrating equation (1) by parts, we obtain:

b2 2 9L

29I oL,
tl a:i’:

. oL, .
0= : %(x,a:,t)h(t) dt + %(x,x,t)h(t)

_ /: [g—i(x,i,t) - g—é@,i,t)} h(t) dt.

x, &, O)h(t) dt

t1

If this equation is to hold for all admissible A € X then it most follow that

oL oL

_(I7:t7t) - %(

e x,%,t) =0.

These equations are known as the Fuler-Lagrange equations.

Theorem 4. Let f : X — R be twice Frechet differentiable on x and let
x9 € X be a local extrema. Then xq is a local maximum if

f(xo)(h,h) <0 forallheX.

Remark 2. This gives a sufficient condition for an extrema to be a local
maxima. For a function f(z) defined on R™, the matrix of derivatives f” is
called the Hessian.



1.2 Optimization with equality constraints

We now consider the problem of minimizing a functional f : X — R subject
to a finite number of equality constraints, g;(x) = 0,7 = 1,...,m where each
g; + X — R is a Frechet differentiable function.

Definition 4. Let ¢g; : X — R, ¢ = 1,...m be a Frechet differentiable
function. A point zy € X satisfying g;(z9) = 0, ¢ = 1,...,m is a reqular
point if ¢\ (xo), ..., q.,(xo) are linearly independent.

Theorem 5. If zq is an extremum of f : X — R subject to g;(xo) = 0,
1=1,...,m and if xg 1s a reqular point of the g;, then

df(xo;h) =0 for all h such that 0gi(zo;h) =0,i=1,...,m.

Proof. [Finite dimensional case] Choose coordinates z = (§,n) € R"™™ x R™
such that [g—gz] is full rank. By the implicit function theorem, ¢;(&,n), i =
L,...,m gives n; = ¢;(&) locally. Infinitesimally, we have

ERIIEIRG 2)

o€

5%

(by differentiating g(¢,7) = 0). Now, if 29 = (&, 70) is an extremum on
g(&,m) =0 then f(&) = f(&, ¢(€)) has an extremum at xy. Thus
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Equations (2) and (3) imply that
O0f(xo;h) =0 for all A such that 0gi(zo;h) =0,i=1,...,m.

O

For the infinite dimensional proof, one needs a version of the implicit func-
tion theorem on normed linear spaces plus an approximation result whichs
shows that locally ker ¢’ approximates the constraints (see Luenberger). Note
that Luenberger only proves the implicit function theorem for Banach spaces.



Example 7 (Local version in finite dimensions).

Let (x,y) represent a point in the linear space and write the function to be
minimized as real-valued function f(x,y) and the constraints as a vector-
valued equation g(x,y) = 0. We assume that = and y have been chosen such
that % is full rank. Then a necessary condition for x( to be an extremum is

that . .

of _(99\" (99\ 08 _

oy dy ox or
Remark 3 (Euler-Lagrange equations, revisited). In the derivation of the
Euler-Lagrange equations in Example 6, we restricted the end points of the

function to be fixed. This gives a constrained optimization problem by im-
posing the constraints:

gi(w) = x(t1) — 20 =0 ga(x) = x(te) — 25 =0

Using Theorem 5, we see that in fact choosing functions A which vanish at
the endpoints is precisely choosing the set of h such that dg(x; h) = 0.

Theorem 6. If zq is an extremum of f : X — R subject to g;(x) = 0,
1=1,...,m then there exist scalars \; € R such that

h(z) = f(z) + Z Aigi(z)

has a stationary point at xg.
Proof. Homework exercise O

Example 8. Let z(t) € R be a curve on the interval [—1,1] which is zero
at its endpoints. We wish to maximize the integral of x, subject to the
constraint that the “length” of the curve in the ¢-z plan is [ [PICTURE]:

1 1

max/ x(t)dt subject to / v+ 1ldt=1.
-1 -1

Using Theorem 6, we seek to maximize, for some fixed A to be determined

J(x) = /_1 <x+/\\/j:2+ 1) dt.

1



Applying the Euler-Lagrange equations,
doJ o0J \ d x 1—0
dtoi Oxr  TdtViz+1

and hence )
T 1
VETT A
This gives us a differential equation which the optimal solution must satisfy,
in addition to the boundary and length constraints. It can be shown that in

this case the answer is given by
(x—z)2+(t—t)*=7r?
where the constants x, t1, and r are chosen to satisfy the end conditions and
length constraint.
Corollary 6.1. If xq is an extremum of f subject to constraints g; then
[+ Xigi = 0.

This corollary roughly corresponds to the geometric picture that the
derivative of the cost function be aligned with the “normal” to the constraint
surface. [PICTURE]

Theorem 7. If xy is an extremum of f subject to g(x) = 0 where g : X —Y
then there exists a \g € Y* such that (zo, o) is a stationary point for H :
X xY* — R given by

H(z,A) = f(x) + (A g(x)).

Note that in this version we do not require that Y be finite dimensional.
This relies on the infinite dimensional version of Theorem 6 (see Luenberger,
Section 9.3).

Proof. A stationary point of H satisfies

SH — {51{} _ {6]“(:6) —l—)\ég(x)}

OhH| g9()
]

Remark 4. Note that in the case where X and Y are finite dimensional, the
conditions for a stationary point give n + m equations in n + m unknowns.

Example 9. Rework example from Luenberger.



1.3 Minimum norm problems on Hilbert spaces

Definition 5. A pre-Hilbert space is a linear vector space X together with
an inner product mapping X x XtoR and satisfying the following properties:

Proposition 8. The inner product on a pre-Hilbert space satisfies the fol-
lowing properties:

~

Nzl = Az, z) is a norm

2. [z, y)| < |lz| |||, with equality if and only if v = Ay ory = 0.
3. (z,y) =0 forallye X — x=0.

4o Nz +yllP + o = yll® =2/l + 2[lyll* (parallelogram law).

5. (x,y) is continuous in x and y

Example 10. The set Ls[a,b] consisting of real-valued functions on the in-
terval [a,b] € R with inner product

o) = [ wtowte dt)é

and where we identify functions that disagree only on a set of measure zero.

Example 11. The space of real-valued polynomial functions on [a,b] with
. b
inner product (z,y) = [ x(s)y(s) ds.

Definition 6. In a pre-Hilbert space X, two vectors z,y € X are orthogonal
(written x L y) if (z,y) = 0. A vector x is orthogonal to a set S (written
x L S)ifx L sforeachseS.

Proposition 9. If z L y then ||z + y||*> = ||=[]* + ||y||*.



Theorem 10. Let X be a pre-Hilbert space, M a subspace of X, andxz € X a
given vector. If there exists a vectormg € M such that ||x—my|| < ||z—m|| for

allm € M then myg is unique. Furthermore, mg € M s a unique minimizing
vector in M if and only if (x —my) L M.

Proof.

Necessity. By contradiction. Let m € M be a vector which is not orthogonal
and assume WLOG that ||m|| = 1 and (z —mg, m) = d. Let m; = mg + dm.
Then ) )
[z = ma|l® = [(z = mo) — om]|
= ||z — mg||* — 2(x — mqg, Sm) + &
= [l = mo|* = 6* < ||z — mol*,
which is a contradition.

Sufficiency. Let mg be such that (z —mg) L M and let m € M. Then
lz = ml* = [lz — mq + mo — ml|* = & — mol|* + Imo — ml*

and mg is minimizing.

Uniqueness. Suppose mg and my are both minimizing. Then (mo—my() L M
= my—my=0. O

Definition 7. A pre-Hilbert space H is complete if every Cauchy sequence
in H converges to a point in H. A Hilbert space is a pre-Hilbert space which
is complete.

Theorem 11 (Projection theorem). Let M be a closed subspace of a
Hilbert space H. Given any x € H, there eixsts a unique mg € M such that
|z —mol| < ||x —m]| for all m € M. Furthermore, mg € M is a unique
minimizing vector in M if and only if (x —mg) L M.

Proof. (Sketch) The only thing that has to be proven is the existence of the
minimizer. Roughly, since M is a closed subsapce of a Hilbert space, M is
a Hilbert space. Now construct a Cauchy sequence m; such that ||m; — z||
converges to § = inf ||x — m||. Therefore, m; approaches my € M and by
continuity of the norm, ||z — m/|| = §. For more details, see Luenbuerger. [



Example 12. Consider the (trivial) problem of finding a point on a line
through the origin which is closed to a given point in R? [PICTURE]. For
this problem, X = R?,

M = {(m,am) : m € R} r = (r1,3) €R

and we wish to minimize || — m/||. Applying the projection theorem

[i; _ lej ' {az} = (x1 — ma)m + a(xy — ma)m.

Using the fact taht my = am; on M, we can solve to obtain

e — 1 T + axs
07 1+ a2 |a(z) + axs)

Example 13. To see why we need the structure of a Hilbert space for this
theorem, let X = R?, ||z|| = max|z;|, and M = {(),0) : A € R}. If we seek
to find the mininum on M from the point (2, 1) we see that this point is not
unique.

Theorem 12. Let X be a normed linear space, x € X be a given point, and
let d € R denote the distance from x to a subspace M. Then

d= inf [z —m| = max (x,z%)
meM |x*||§1
z*eMt

and if the infemum is achieved for some mg € M then (x*,x —mg) =0 (i.e.,
X* and x — my are aligned).



2 Optimal Control of Discrete Time Systems

2.1 Discrete-time, finite-horizon problems

Consider a discete time, nonlinear control system of the form

x, € R"
Tir1 = f(xka Uk, k) ug € R™
k=0, N—1

with initial condition xy = z¢ and (desired) final condition zy = z¢,. We
assume that f is smooth in each of its arguments. If f is independent of k,
we say that the system is time invariant.

We consider a general cost function of the form

N-1
J(z,u) = Z L(zk, ug, k)
k=0

where L is a smooth function, possibly depending on time k. The optimal
control problem is to find a control u; and associated state x; that steer the
system from z¢ to 2%, and minimize J(x,u).

Example 14 (Minimum fuel problems). To minimize the size of the
input, choose

N-1
ung(@,u) = Y ]|
k=0

Weighted norms and time-varying weights can also be used.

Example 15 (Minimum energy problems).
N-1
Jme (T, u) = Z zr Qg + ui Ryug
k=0
where @, > 0 and R, > 0. Typically @ and Ry are constant, leading to a
time-invariant cost function.

An important variation of this problem, to be studied in Section 2.3, is
to remove the endpoint constraint and instead add the desired endpoint to
the cost function. This leads to a cost function of the form

N-1
jme(x, u) = x%SxN + Z xf@km‘k + ukauk
k=0

10



and xy free.
Example 16 (Minimum time problems). For many problems, we wish
to get to the endpoint as quickly as possible, and hence we choose

N-1

It (2, 0) = Z 1=N.

k=0
This problem is ill-posed unless we also constrain the inputs to be bounded,

typically by requiring |uy ;| < M; for all i, k. We shall defer solution of this
problem until Section ?7?.

The discrete-time, finite horizon problem is a finite-dimensional optimiza-
tion problem on the space

X = RnXN X Rmx N
—— ——
states inputs

with constraints
go(x,u) = x09 — xg =0

Gre1(2, u) = Tppr — f(@p, we) =0
gy(z,u) =2y — 2% = 0.
A necessary condition for (z*,u*) € X to be a solution is that
(a) 0J(z;n) = 0 for all n such that dg(z;n) = 0; or
(b) There exist a lambda* € RV *! such that J'(z,u, A) = J(z,u)+>" AN, 9%
has a stationary point at (z*, u*, \*).

Taking the differential of J', we have

— g g

oL
dJ' = Z(a_mk dxy, + — duk Z M50, dry + /\k+1a dug) + gridArt1,

which we can rewrite as

2

-1
oL 0
(ax Angl agk> dxk =0
0

)\%dﬂ?]\[ =0

-1
oL )
(au + Ak“ag’f) duy, = 0

0

i

2

i

Tpr1 — f(xg, u, k) =0

11



The boundary conditions require that dxy and dx are both identically zero
(this is encoded in the first two equations). We are left with a two point
boundary value problem (PDE) which we must solve.

To convert the solution to a more useful form, we define the Hamiltonian
function as

H($k7uk7 )\k:a k) = L(.Ik,Uk, k) + Az+lf($k7uk7 k)

and the cost function becomes

=2

-1
J/(ZL',U, )‘) = H(I()vanO) + (H(xkauk’) _)‘zxk)
1

el
Il

(after a shift of indices). The condition that d.J’ = 0 can now be written as

OH
Th+1 = a)\—k+1 = f(xkyulw k) (4>
_OH 9L, Of
)\k—a—xk _a—mk—i_)\kﬂa—m (5)
_OH oL . Of
0= auk N 8uk k+1 Guk (6>

Equations (4) and (5) describe the evolution of the state x and costate .
Equation (5) is also called the adjoint system. Equation (6) is called the
stationarity condition and can be solved (under some regularity assumptions)
for uy.

2.2 Linear Quadratic Regulator: fixed final state

Consider now the special case of a linear discrete time system
Try1 = ApTy + Bruy,

(note that we are not assuming that the system is time invariant). We
consider a cost function of the form

N-1

Jx,u) = Z zp Qg + ui Ryug.
k=0

12



Applying the general conditions, we obtain

Tpr1 = Arxy + Bruy
Mo = Qrzr + A Npy1
0 = Ryug + B At

Solving the last equation for uy,
u, = R Bif A

we get a solution for the optimal input sequence and optimal state sequence
in terms of the costate sequence. Combining equations, the system has the

form
Thy1| A —BR'BT Tk
AL Q AT Akt1
Note that this equation evolves backwards and forwards in time and that it

is still a two point boundary value problem: x, and xx are given.
In the case when A is nonsingular (e.g., A is hyperbolic), we can write

T = Ailkarl + AilBRilBT/\kJrl
and the system becomes

Te| At A-'BR'BT Tht1
A o QA_l AT+QA_1BR_1BT )\k+1

which evolves purely backwards in time. Again, xy and z are given, turning
this into a two point boundary value problem.

2.3 Linear Quadratic Regulator: free final state

13



