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Abstract

In this paper we study two classical control theory topics: the S-procedure and the
Kalman-Yakubovich-Popov Lemma. Using Fenchel duality one can show that the S-procedure
is lossless for a class of quadratic functions. We apply this result to derive a convex dual
problem for certain optimization problems. Fenchel duality is also used to prove an extended
version of the Kalman-Yakubovich-Popov lemma.
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1 Introduction

The S-procedure is a method of confirming that a hard-to-access inequality holds by showing that
another, stronger result is true. The losslessness of the S-procedure refers to the equivalence of
this “inequality” and the “stronger result”. This equivalence lies behind Lagrangian duality, but
it also has various applications in control theory. We shall demonstrate how the S-procedure can
be used to derive a convex dual problem for a non-convex optimization problem.

The Kalman-Yakubovich-Popov (KYP) lemma has its origins in the stability analysis of non-
linear control systems. There are various different formulations of the lemma, and not all of
them are equivalent. The KYP-lemma is a more general version of the positive real lemma, and
it is closely related to the bounded real lemma.

Generally speaking, the lemma states that the following assertions are equivalent:

(1) The frequency condition holds
(2) There exists a solution to the Lur’e equation

(3) There exists a solution to the corresponding LMI

In this paper we use a relatively uncommon optimization method to establish our results: Fenchel
duality. Although Fenchel duality has many similarities to the more popular Lagrangian duality
— in fact, they can be shown to be equivalent — it in some cases leads to more approachable and
even more general results. The main focus of this paper is on S. V. Gusev’s article The Fenchel
duality, S-procedure, and the Yakubovich-Kalman Lemma [1], in which the author uses Fenchel
duality to find conditions under which the S-procedure is lossless and to prove an extended
version of the Kalman-Yakubovich-Popov lemma.

Chapters 2 and 3 concern convex optimization. We go through the basic definitions and state
and prove both the Lagrangian and Fenchel’s duality theorem. In Chapter 4 we introduce the
S-procedure, and Chapter 5 is dedicated to the Kalman-Yakubovich-Popov lemma.

1.1 Notation

Scalars and scalar-valued functions are denoted by small letters: z € C, f: X — R. Bold small
letters are used for column vectors and vector-valued functions: y = (y1,%2,...,yn)’ € R,
g=1(91,92,---,9m)T : X = R™. Matrices are denoted by capital letters: A € R"*" B € Ck*™,



2 Convex Optimization

2.1 Basic Definitions

This section works as a reminder of basic definitions in the field of convex optimization.

Definition 2.1 (Convex set). A set C' C R"™ is called convex if for all 1, 2 € C and X € [0,1]
the following holds:
Axy + (1 — )\)(132 eC

In other words a set C' is convex if the line segment joining two arbitrary points &1 and x4
in C' is entirely contained in the set. This is illustrated in Figure 1.

Definition 2.2 (Convex and concave function). A function f: C — R is convex if the following
inequality holds for all T1,25 € C and X € [0,1]:

FQOZ+ (1= Nzxe) < Af(x1) + (1= A) f(22)

If the above inequality is strict, the function is called strictly convex. A function g is called
(strictly) concave if —g is (strictly) convex.

Figure 2 gives an illustration of Definition 2.2. It is worth noting that the only functions
that are both convex and concave are the affine functions. It is also good to remember that a
function cannot be convex if its domain C' is not convex (naturally, the opposite is not true; the
convexity of C' does not guarantee the convexity of f).

Definition 2.3 (Epigraph). The epigraph of a function f is a subset of R" ™t defined by:
epi f={(z,y) eR"™ |z € C, yeR, y> f(x)}
Similarly, the hypograph of f is given by

hyp f={(z,y) eR"™ |z € C, yeR, y< f(x)}

(a) (b)

Figure 1: The set (a) is convex; regardless of how we pick x; and o the line
segment joining them lies in (a). As seen above, this is not true for the set (b).
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g(x)
~ b
) /o
\
(a) Convex (b) Concave
hix)
hix)
4 b
[
(c) Neither convex nor concave (d) Both convex and concave

Figure 2: The function f in (a) is convex: all points that lie on the line segment
joining a and b lie above the graph of the function. Similarly, the function g in (b)
is concave since the line segment always lies below the graph. h in (c) is neither
convex nor concave, whereas the affine function in (d) is both.

In R? and R3 the epigraph can be characterized as all points that lie above the graph of the
function. Similarly, the hypograph consists of all points that lie below the function. One way to
define a convex function f is to require that the line segment joining the images of two arbitrary
points &1 and x5 in C lies entirely in the epigraph of the function. Notice that in some literature
the hypograph of a concave function is called the epigraph.

The next proposition establishes an important connection between the epigraph and convex-
ity. It is so fundamental that it is sometimes used as the definition of a convex function.

Proposition 2.4. A function f is convez if and only if its epigraph is convex. Similarly, [ is
concave if and only if its hypograph is convex.

In order to be able to apply our theory more generally, we shall need to distinguish between
different kinds of interiors.

Definition 2.5 (Interior and relative interior). Let C' C R™. The interior (int) of C is given by
all points that are surrounded by a sphere completely contained in C. The relative interior (ri)

consists of all points that lie in the interior of C with respect to the smallest subspace containing
the set C'.

We shall illustrate the difference between the regular and the relative interior with an exmple.

Example 2.6. Let C be the unit disk in R?, that is C' = {(z,y) € R? | 22 +y? < 1}. Its interior
points are the points (z,y) € R? that satisfy the strict inequality 22 + y? < 1. The smallest
subspace is containing C' is R? itself. Hence ri C is the same as int C.
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Consider now the unit disk in R3: D = {(z,y,2) € R? | 22 + y? <1 and z = 0}. This set is
lies on the zy-plane. It has no interior points in R3. The smallest subspace containing D is R2.
Hence the relative interior consists of all points (x,v, z) that satisfy 22 +3? < 1 and z = 0. This
can be considered the same as int C. ¢

Lastly, by a cone we shall mean a cone with vertex at 0 as given in the next definition. Gen-
erally, a cone can have an arbitrary point as its vertex, but in order to simplify our calculations
in the later chapters we shall restrict our attention to this special case.

Definition 2.7 (Cone). A set C is called a cone if & € C implies A\x € C for all A\ > 0 and
x € C. A cone that is convex is called a convex cone.

2.2 Convex Optimization

Convexity is a very useful concept in optimization. There are many reasons for this, the most
important of which being the fact that a local optimum under certain convexity assumptions
becomes a global optimum. Optimization problems are usually expressed in the standard form:

Minimize f(x)

subject to  g;(x) <0 i=1,2,....,m

2.1
hj(x)=0 j=12,...,1 2.1)
el
where f, g; and h; are real-valued functions defined (at least) on a subset C' of R™.
f, the function we wish to minimize, is called the objective function, g;, i = 1,2,...,m are
called the inequality constraints, h;, j = 1,2,...,1 the equality constraints and the set restricted

by the constraints, i.e.
S={zeC|gx)<0,i=1,2,...,m, hj(z)=0, j=1,2,...,1}

is called the feasible region. A point that lies in the set S is called a feasible point and an
optimization problem that can be solved is called feasible.

(2.1) is called convex if the objective function f and the g;’s are convex, h;’s are affine and
C' is convex.

In a way convex optimization problems are the simplest after linear programs. Various
different methods have been developed to solve convex problems. However, merely assuming
that the functions involved are convex or affine is not always enough. Some regularity condition
is usually pressed on the set of constraints. One very common such is given in the following
definition.

Definition 2.8 (Slater’s condition). Consider the optimization problem given by (2.1). Slater’s
condition is said to hold if there exists & € riC such that g;(&) < 0 fori = 1,2,...,m and
hj(i') :O, ] = 172,...7m.

Remark. Constraints satisfying Slater’s conditions are sometimes referred to as

straints”. ¢

‘regular con-

Remark. Due to the vast amount of different applications in which Slater’s condition appears
there are many different versions of the above definition. For instance, a problem may only
have inequality constraints and no equality constraints. Or the inequality constraints may be
expressed in the form g(x) > 0 in which case the regularity condition becomes g(&) > 0. We
shall use the term Slater’s condition even when referring to conditions not strictly speaking
equivalent to the above definition. ¢
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2.3 The Separating Hyperplane Theorem

Definition 2.9 (Hyperplane). A hyperplane is a set determined by an affine function as follows:
H={xeR"|(z,p) =a}
where p € R"/{0} and o € R.

In R? a hyperplane is a line, in R? a plane (hence the word hyperplane). In general, a
hyperplane in R™ has dimension n — 1. What characterizes a hyperplane is that it divides the
space into two separate subspaces.

Suppose C; and Cs are sets in R™. A hyperplane H, as given in Definition 2.9, is said to
separate Cy and Cy if (x1,p) > « for all &1 € Cy and (@2, p) < « for all x5 € Cy. This leads to
the inequalities

sup (@x2,p) < inf (xi,p) (2.2)
25€Cs x1€C
inf <1132,p> S sup <wlap> (23)
x2€Cs x,€C

It can be shown that the above conditions are fulfilled if and only if C; and C5 can be separated.
If both C7 and C5 are contained in the hyperplane H, this separation is called improper,
otherwise it is called proper. We make this distinction because otherwise we would be talking
about “separation” even when the sets involved have inner points in common. If the separation
is proper, then the inequality (2.3) must be strict. It is very straightforward to prove that the
opposite implication also holds, and hence we omit the proof of the following proposition.

Proposition 2.10. [[2], Theorem 11.1] Two nonempty sets C1 and Cs in R™ can be separated
properly if and only if there exists a nonzero vector p € R™ such that

(7’) Sup:c2ec'2 <w2)p> S infmleCl <1717p>
(”) infm2€C2 <iL’2,p> < SUPg, ey <331,p>

What is special for disjoint convex sets is that they can always be separated by a hyperplane.
This is not true in general, as Figure 3 illustrates.

Another important property of convex sets is that the distance to a point outside of the set
can always be minimized to a unique point in the set, as the following theorem states.

Proposition 2.11. [[3], 2.4.1 Theorem| Let C' be a nonempty closed convex set in R™, and let
g € R™ be a point outside of C. Then there exists a unique point & € C' with minimum distance
to y. Furthermore, & is the minimizing point if and only if (g — )T (x — x) <0 for all x € C.

We omit the proof. This result does not hold for non-convex sets: although the distance itself
is always uniquely determined, the point where the minimal distance is attained is not always
unique. See Figure 4 for illustration. We can now prove that a closed convex set and a point can
be separated by a hyperplane.

Proposition 2.12. [[3], 2.4.4 Theorem| Let C' be a nonempty closed convex set in R™, and let
Y € R™ be a point outside C. Then there exists a hyperplane that separates C' and y.

Proof. We have to show that there exists a nonzero vector p € R™ and a scalar o € R such that
(9,p) > o and (x,p) < a for all x € C. This shall establish that the hyperplane {y € R™ |
(y,p) = a} separates the point and the set.
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(a) (b)

Figure 3: (a) The convex sets A and B can be separated. (b) No hyperplane
separates C' and D.

By Proposition 2.11 there exists a unique minimizing point & € C such that
(F-2)"(z-2)<0
for all € C. The result follows by setting p =y —Z # 0 and a = 27 (y — z) = (p, ). |

If the point in question lies on the border of the set, it is more natural to use the word
“support” than “separate”. Hence the following proposition.

Proposition 2.13. [[3], 2.4.7 Theorem] Let C' be a nonempty convez set in R™, and let y € R"
be a point on the border of C. Then there exists a hyperplane that supports C' at y. In other
words, there exists p € R"™ such that p* (z —y) < 0 for every x € c1C.

This result follows quite easily from Proposition 2.12. Note that although we say that the
hyperplane supports C' at g, it technically speaking separates C' and gy and hence this situation
comes under Proposition 2.10. We are now ready to present the Separating Hyperplane Theorem.

Theorem 2.14 (Separating Hyperplane Theorem). [[2], Theorem 11.3] Let C; and Cs be nonempty
convex subsets of R™. The sets C1 and Cy can be separated properly if and only if riC1NriCy = @.

:E.
-

(a) (b)

Figure 4: (a) The smallest distance between C' and y is attained only at z. (b)
The smallest distance to the set D is attained both at Z; and at Z».
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Proof. Let C; and C5 be nonempty convex sets such that ri C7 NriCy = @, and consider the set
C=C—Cy={x1 —x2 | &1 € C1, x5 € C3}. Tt is easily seen that C is convex and that

riC =riC; —1iCy (2.4)

from which it follows that 0 ¢ riC by the assumption riC; NriCy = @. If 0 & clC, then
by Proposition 2.12 the point 0 and clC' can be separated by a hyperplane. If 0 € clC there
exists a hyperplane that supports clC at 0. Hence 0 and C' can be separated properly and by
Proposition 2.10 there exists a vector p € R™ such that

0 < inf (x,p) = inf (x;,p)— sup (xa, 2.5

< bl (@,p) = il (z1,p) = sup (22,p) (2:5)

0 < sup (xz,p) = sup (x1,p)— inf (x2,p) (2.6)
zeC x,€Cy z2€C2

Applying Proposition 2.10 on the above inequalities gives us the desired result: the sets Cy and
C5 can be separated properly.

Proving the opposite implication is straightforward: if C7 and Cy can be separated properly,
then the inequalities (2.5) and (2.6) hold and it follows that 0 ¢ C. By (2.4), we then get
riC1; NriCy = &. The proof is now complete. |

2.4 Lagrangian duality

Although we in this paper mainly use Fenchel duality we also state and prove a much more
common duality theory, namely Lagrangian duality. Or more precisely, we prove a weaker version
of the Lagrangian duality theorem. Denote g = (g1, g2, ..., 9m) and h = (hq, ho, ... k).

Theorem 2.15 (Lagrangian duality theorem). Let f : R®” - R andg; :R" - R,i=1,2,...,m

be convex functions, let h; : R™ = R, 5 =1,2,...,1 be affine, and let C be a convex subset of R™.
Suppose that Slater’s condition holds (see Definition 2.8). Then the following equality holds:
inf f(z)= sup inf {f(z) +p g(z)+q h(z)}
g(z)<0 (p,q)eR™! zeC
h(x)=0 p>0
zcC -

We shall prove the above theorem without the equality constraints. Before we proceed, let
us note that the following always holds true:

inf f(z)> swp it {f(x) +p g(@)+q"h(x)} (2.7)
g(x)<0 (pq)eR™+ TEC
h(x)=0 ’ p>0

xzeC -

This relation is called weak duality.
Consider the following assertions:

(I) ¢(x) > 0 for all € C such that g;(x) <0,i=1,...,n.

(IT) There exists p; > 0,4 =1,...,m such that for all & € C' we have

o(x) + Zpigi(w) >0
k=1
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We shall now attempt to construct conditions under which these statements are equivalent. The
discussion here is a combination of the proof of Lemma 6.2.3 in [3] and [[4], page 391-392].
It is easily seen that the assertion (II) implies (I). To prove the converse, suppose that (I)
holds. Denote
¢(x)

91(x)
Qx) = | 92(@) (2.8)

Im ()

and consider the following set:
D = {(a,b) cR™" |a <0, b<0}

It follows from the assumption (I) that the sets Q(C) and D are disjoint. Let us claim that a
hyperplane separates these sets. Then by Proposition 2.10 there exists a nonzero vector (u,v) €
R™*! such that
inf up(x) +vlg(x)) > sup (ua+vTb
(as(m),g(w))emm( (@) (@) (a,b)eD( )
Since @ and b in D can be made arbitrarily small, this only makes sense when (u,v) > 0. Hence
we have sup(, p)ep(ua + vTb) = 0 and the following inequality holds for each = € C:

up(z) +v'g(z) >0 (2.9)

Now, (2.9) translates to assertion (II) whenever u > 0. The result follows by setting p = v/u.
So the case u = 0 must be impossible. Suppose, to get a contradiction, that u = 0. Now, if
Slater’s condition holds then there exists an & € ri(C) such that g(Z) < 0. From (2.9) we get

'uTg(i) >0

Since v > 0 and g(x) < 0 this is only possible when v = 0. But this contradicts the choice of
(u,v). Hence u > 0 under Slater’s condition.

So, in order for (I) and (IT) to be equivalent we need to consider whether the sets Q(C) and
D can be separated and if we can choose u to be nonzero. When the set Q(C) is convex the

(a) Q(C) is convex. (b) ©(C) is not convex.

Figure 5: We wish to separate D and ©(C) by a hyperplane. A sufficient condition
is the convexity of Q(C).
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Figure 6: If Q(C) takes values from the negative a-axis then the only separating
hyperplane is the a-axis itself. If Slater’s condition holds this is not possible: a
convex set that contains points from the negative a-axis and the second quadrant
must intersect with D. If Q(C) is not convex it may contain points from the nega-
tive a-axis and from the second quadrant. However, this means that a hyperplane
cannot separate (C) from D.

existence of the separating hyperplane is self-evident (see Theorem 2.14). In the case when Q(C)
is not convex, this is not guaranteed as is illustrated in Figure 5. Notice though that Q(C) does
not have to be convex for a separating hyperplane to exist.

Now suppose that the only separating hyperplane is such that v = 0. As illustrated in Figure
6 this means that there exists an & such that f(Z) < 0 and g(&) = 0. To ensure that this
unfortunate situation does not occur it is sufficient to suppose that there exists 4 such that
g(y) < 0; that way a hyperplane cannot separate 2(C') and D which is a contradiction. Observe
again that Slater’s condition is not a necessary condition.

The convexity of Q(C) is trivial in the case when all the functions and sets involved are
convex. Hence the next lemma.

Lemma 2.16. [[3], Lemma 6.2.3] Let ¢ : R® - R and g; : R* - R, i =1,2,...,m be convex
functions, and let C be a convex subset of R™. If Slater’s condition is fulfilled, then (I) and (II)
are equivalent.

Using the above lemma, we can prove Lagrangian duality theorem.

Proof of Theorem 2.15 without equality constraints. Denote

a = inf T
y(m)SOf( )
xzcC
By Slater’s condition the problem is feasible and hence o < oo. If a = —o0, the theorem follows

from weak duality (2.7). Hence we can assume « to be finite. We shall now find a vector p such
that infzec{f(x) + pTg(x)} > a; this shall establish equality in (2.7). Let

p(x) = f(w) —
and consider the following statement:

¢(x) > 0 for all x € C such that g;(x) <0,i=1,...,n.
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By the choice of «, this is trivially true. Also, the function ¢ is convex. It follows from Lemma
2.16 that there exists p > 0 such that

¢(x) +p'g(z) >0
for all x € C. Going back to f, we get
f(x)+pTg(z)>a
Taking the infimum gives us the desired expression. The proof is now complete. |

Notice that in the above proof we only use the convexity of f and g to show that the assertions
(I) and (II) are equivalent. It should therefore not come as a surprise that Lagrangian duality
can be applied to certain non-convex optimization problems.

Theorem 2.17. [[5], Theorem 3.1] Let X =R or X =C, f : X - R and g : X" — R™.
Let ¢(x) = f(x) — «, where a is any real scalar. Suppose that the assertions (I) and (II) are
equivalent regardless of how we pick a. Then the following duality result holds:

inf x) = sup inf z) +pTg(x 510
1B @) = 5 I8l @) + 57 (2.10)
me n

where the supremum is attained. Conversely, if the relation (2.10) holds and the supremum is
attained, then (I) and (II) are equivalent regardless of how we pick .

The implications of the above theorem shall be discussed in more detail in Chapter 4.

10



3 Conjugate Functions and Duality

Duality is not really a method of solving an optimization problem. Instead its main purpose is
to convert the original problem (the primal problem) to another, hopefully more approachable
optimization problem (the dual). It often happens that the dual does not have any constraints, or
the constraints are significantly simpler than those of the primal problem. Solving unconstrained
optimization problems is a lot easier; it often suffices to differentiate the objective function.
Another application which we shall see later on is using duality to prove other results. Statements
of the form “the following systems are equivalent” are especially approachable. Also, it is fairly
common to come across a new problem that is easier to solve numerically.

3.1 Modifications and Generalizations

So far, and generally in optimization, we have used real-valued functions defined on a subset of
R™. In Fenchel duality this leads to unnecessarily cumbersome notation. Luckily, there is an easy
way to come around this restriction. In a regular optimization problem one wishes to minimize
a function f: C — R, where C is a subset of R". If we redefine f as

f0<x>={f;) ﬁi;g 2R

then we get an extended real-valued function defined on the entire R™. We use the notation
R = RU {#£o00} to denote the extended real line. Naturally, fo has the same minimum as f.
Another important observation is that a function defined in this fashion is convex if and only if
the original function is convex. This can be seen by considering the inequality a convex function
must by definition fulfill:

foQx1 + (1 = Nz2) < Afo(xr) + (1= A) fo(z2)

If &1 € C or x5 ¢ C, then the right-hand side equals infinity and since there is nothing greater
than 400, the inequality must hold everywhere.
The extension is useful for convex functions, but it does not give desired results if f is concave.
The inequality
JoAwy + (1 = A)w2) = Afo(1) + (1 = A) fo(m2)

immediately leads to problems: we would require the left-hand side to be +o00, which does not
have to be true. The problem can be solved by replacing +oco with —oo. Hence a concave
function is extended to the entire real space by setting fo(x) = —oco for « & C.

The notation fy was only introduced to make the definition rigorous and shall not be used
to distinguish between real-valued and extended real-valued functions.

Now that the domain is R™, it is natural to give a name to the original domain.

11



3.1 Modifications and Generalizations

epi(f) epi(f)

(a) (b)

Figure 7: Consider a convex function f which at a point makes a jump to +oo.
Whether or not f is closed depends on how it behaves at the point of discontinuity.
The function in (a) is closed whereas the one in (b) is not.

Definition 3.1 (Effective domain). The effective domain of a convex function f : R™ — R is
given by
dom f = {x e R" | f(x) < +o0}

The effective domain of a concave function g : R* — R is defined as the effective domain of —g,
that is
domg = {x e R" | g(x) > —o0}

Notice that if f never takes the value —oo, then the effective domain is the largest domain
where the function is real-valued. The same goes for —g. Hence the next definition.

Definition 3.2 (Proper function). A convex function f is called proper if it satisfies the following
two conditions:

(i) The effective domain of f is nonempty
(ii) f(x) > —oco for all x € R™
Similarly, a concave function g is proper if it fulfills the following conditions:
(i) The effective domain of g is nonempty
(ii) g(x) < +o0 for all x € R™
A function that is not proper is called improper.

The functions we have derived are discontinuous at the borders of their effective domains.
This is not really a problem but these functions must behave in a certain way at points of
discontinuity, as will be seen in the next section.

Definition 3.3 (Closed function). A convex function f is called closed if its epigraph is a closed
set. A concave function g is closed if its hypograph is closed.

The above definition is illustrated in Figure 7. A little loosely we may say that a closed
function attains the “lesser value”. In some publications the term lower semi-continuous is used
instead of closed — although the definitions look quite different it can be shown that these two
concepts are equivalent for proper convex functions.

Notice that all continuous functions are closed.

12



3.2 Conjugate functions

| ay)

Figure 8: The largest difference between the line xy and the function f is a — b.
This is equal to 0 — a(y) = —a(y).

3.2 Conjugate functions

Before we can formulate the Fenchel dual problem we must introduce the concept of conjugate
functions. We illustrate the conjugate functions in the univariate case in order to get a better
intuition on the subject.

So, let us consider a differentiable convex function f of one variable. Fix y € R and choose
a real number a(y) so that the line xy + a(y) is tangential to f. Notice that a tangent of slope
y does not always exist, but when it does exist it is uniquelly determined because f is a convex
function. The distance between f and the tangent is trivially 0 at a point of intersection xg:

zoy + a(y) — f(wo) =0

or equivalently
—a(y) = zoy — f(xo)
Now, say that we begin with the expression zy — f(x) without knowing z¢ and wish to determine
how large a(y) is. Not so surprisingly, there is a very straightforward way to recover a(y): as
illustrated in Figure 8, the maximal value of zy — f(z) must equal —a(y).
Hence we may determine a(y) by taking the supremum over all x:

—a(y) = sup{zy — f(x)}

z€R
The above expression is so important it deserves a name of its own.

Definition 3.4 (Conjugate functions). Let f : R" — R. The conjugate convex function f* :
R™ — R of f is defined by
f*(y) = sup {(z,y) — f(z)}

xcR"

Similarly, the conjugate concave function f, : R — R of f is given by

fe(y) = inf {(x,y) - f(z)}

xeR™

13



3.2 Conjugate functions

Figure 9: If the function is not convex, there may be multiple points where the
tangent has the same slope. We choose the greater value and hence loose all
information about the other value. In this picture we have f.(y) = —b > —a.

The convex conjugate function sometimes goes under the name Legendre-Fenchel transfor-
mation because it generalizes the Legendre transformation. We shall in Section 3.4 give a more
general form of Definition 3.4. Right now we stick to the real case to avoid confusion.

Since most functions we shall consider later on are defined on the entire R™, the terms “inf,”
and “sup,” shall from now on refer to infgzerr and sup,cpn, respectively. We also use the
convenient notations sup{@} = —oo and inf{@} = +o0.

The function

F7@) = () (@) = sup{(z,y) - [*(2)}

is called the biconjugate of f. f.« is defined in the same manner, and if it is clear from the
context, it shall also be referred to as the biconjugate.

The aim of formulating a dual problem is to find another problem with the same optimal
solution. If one is lucky, this other problem is more approachable than the original problem.
With this in mind, the next step is to ask when does f** = f hold?

Let us look a little closer at Definition 3.4. Notice that although we required f to be dif-
ferentiable and convex in the introduction, we do not mention these things in the definition.
As we saw earlier, when f is convex and differentiable, the conjugate transformation returns
information about the tangent with slope y. But even if a tangent with slope y does not exists,
the conjugate convex function is well-defined.

In the case when f is not convex, it may happen that speaking of the tangent with slope y is
not possible; there might be several tangents with the same slope. In this case, only one of the
tangents is used, as illustrated in Figure 9. The conjugate convex transformation is well-defined
for non-convex functions, but it does not preserve all information. It seems that the relation
f = f* cannot hold if f is not convex. Let us now apply the conjugate transformations on a
convex function.

Example 3.5. Consider the function f(x) = z2. It is easy to verify that f is a convex function.

14



3.2 Conjugate functions

ay)

Figure 10: The conjugate convex function exists although the tangent does not.

The conjugate convex function can be calculated by finding the zero of the first derivative:

* 2 1 1 ? y2
f*(y) =sup {zy — }=§y~y— V) =7

It is hard to say anything about this function by just looking at it, so let us proceed to calculating
the biconjugate of this function:

1 1
f*(x) = sup {xy - y2} =x-22— - (22)? = 2?
” 4 4
We have come back to the original function and hence the relation f = f** holds true. It is
natural to wonder what the conjugate concave function looks like. Some simple calculations yield

fely) = igf {xy - x2} = —00

The conjugate concave transformation completely destroys the function and consequently, it is
not possible to recover the original function by applying the conjugate concave transformation
on the above expression. ¢

A little loosely we may say that the conjugate convex transformation is suitable for convex
functions, and the concave transformation for concave functions. In fact, f* is always convex,
regardless of f, and similarly f, is always concave.

We required f to be differentiable in the introduction in order to justify the use of the term
“tangent”. However, non-differentiable points are not a problem, as illustrated in Figure 10.
Interestingly though, the slope y is a subgradient to f at the points where f and the “tangent”
intersect. More information about subgradients can be found for instance in [[3], Section 3.2].

Example 3.6. Let us redefine the function from the previous example as

x? if
f(x):{ fx>0

+oo <0

15



3.2 Conjugate functions

We observe that f is convex but its epigraph is not closed. Is the conjugate transformation useful
for functions that are not closed? We have

1,2 .
* = S — = S — 2 = Zy lf y Z 0
() bgp{wy f(x)} sup {zy — 2*} {0 £y <0

After some calculations we get the biconjugate:

P (2) = {x2 ifx>0

+oo fax<0

The function f and its biconjugate take different values at * = 0. Hence the relation f = f**
does not hold. ¢

Notice that the biconjugate in the previous example is closed. It seems that we must require
f to be closed if we wish to have f** = f. Why is that? Well, consider Figure 11. At the
point where the function makes a jump, we choose the “lower” point, because it gives a greater
—a(y)-value. In fact, both the convex and the concave conjugate function are always closed.

L

Figure 11: At a point of discontinuity there are two different “tangents”. Since
the conjugate convex function is defined by means of supremum, we choose the
greater value. Hence we pick f.(y) = —b > —a in the picture.

Finally, a convex function is improper only when it is identically equal to —oo in its effective
domain. Such functions lead to problems but are luckily of no interest. Based on the previous
examples, the reader should be confident that the following theorem holds.

Theorem 3.7 (Conjugacy Theorem). [[6], Proposition 7.1.1 ¢)] If f is a closed proper convex
function, then f = f**. If g is a closed proper concave function, then g = G-

For all  and y we have

[ (y) =sup{(z,y) — f(@)} = (=, y) — f(®)
from which it follows that the inequality

(x,y) < f(z)+ f(y) (3.1)
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3.3 Fenchel’s Duality Theorem

holds for all  and y. Similarly we get

(,y) = f(x) + f«(y) (3.2)

The identities (3.1) and (3.2) are called Fenchel’s inequalities and they will come handy later
on.
Finally, let us apply the conjugate transformation to a couple of “real-world”-examples.

Example 3.8 (The Indicator Function). [[6], Example 7.1.2] Consider the indicator function of

the set C:
0 fxeC
Io(x) := )
+oo fxgC

Interestingly, the indicator function is a proper convex function if and only if C' is a nonempty
convex set. Furthermore, I is closed if and only if C is. Its conjugate convex function is given
by
16(y) = sup{(z, y) — lo(x)} = sup (@, y) = Vo(y)
x xzeC
This function is called the support function of the set C. The special case in which C' is a convex
cone, U (y) becomes the indicator function of the polar cone of C.

Notice that there is nothing that dictates that the indicator function should be defined by
means of +oo; if we wish the indicator function to be concave we may simply let it take the
value —oo outside C'. Then the support function would be defined by means of infimum. We
shall use the words “indicator function” and “support function” in both cases if there is no risk
for confusion. ¢

Example 3.9 (Differentiable functions). [7] In the special case in which f is a differentiable
convex function, calculating the conjugate is straightforward. The expression (x,y) — f(x) is
concave in x and therefore attains its maximum at the zero of the gradient. So if for every
y € R” the equation y — V f(2) = 0 has a solution & = s(y) then we simply get

[ (y) = sgp{<w7y> — f(x)} = (s(y),y) — f(s(y))

In this case the conjugate transformation and the Legendre transformation coincide. ¢

Remark. One way to interpret the conjugate transformation is as a collection of non-vertical
half-spaces (i.e. sets of the form {x € R" | (p,x) < a}) containing epi f. It is generally true
that a closed set is convex if and only if is an intersection of closed half-spaces. As is seen in the
figures of this section, the conjugate function determines for every y a half-space that contains
the epigraph. The epigraph is the intersection of all such half-spaces if and only if f is a proper
closed convex function. ¢

3.3 Fenchel’s Duality Theorem

The Fenchel dual problem was originally formulated by Werner Fenchel and therefore carries his
name. Since the dual problem is defined by means of the conjugate transformations the term
“conjugate duality” is also frequently used.

The primal problem for Fenchel duality looks slightly different from (2.1):

Minimize  f(z) — g(x)
subject to x € C

17



3.3 Fenchel’s Duality Theorem

Here f : R® — R is a convex and g : R* — R is a concave function, and C is a subset of
R™. Actually we often drop the constraint: we may simply define f or —g to be infinitely large
outside of C'. The problem above is a convex optimization problem: the sum of two convex
functions is convex.

The main idea behind Fenchel duality is the observation that minimizing the difference be-
tween f and g is equal to maximizing the difference between tangents of same slope. In other
words, minimizing f — g is under certain restrictions equivalent to maximizing g, — f*.

So let us consider the problem of maximizing g. — f*. By the definition of the convex
conjugate, we get:

sup{g.(y) — f*(y)} = sup {igf{@, y) —g(@)} —sup{(z,y) — f(fv)}}
Yy Yy x
= sup {inf{(z,y) — g()} + i /(@) ~ (@0} |
As is commonly known, the relation
inf ¢(z) + inf (x) = inf{p(z) + ¢ ()} (3.3)

does not hold in general. But when it does hold, the expression sup, {g.(y) — f*(y)} becomes
infz{f(x) — g(x)} as desired. Fenchel duality essentially gives us conditions under which the
equation (3.3) is true.

There are many different versions of Fenchel’s Duality Theorem. Below we give a simple real
version and then reformulate it in the following section.

Theorem 3.10 (Fenchel’s Duality Theorem). [[2], Theorem 31.1] Let f : R® — R be a proper
convez function and g : R™ — R a proper concave function. Then we have

inf{f(z) - g(x)} = st;p{g* (y) — f(y)}

if one of the following conditions hold:
(i) ri(dom f) Nri(dom g) # @
(ii) f and g are closed, and ri(dom f*) Nri(dom g.) # @

Under (i) the supremum is attained, under (i) the infimum is attained. If both (i) and (ii) hold,
both the supremum and infimum are finite.

Proof of Theorem 3.10. Pick any x, y € R™. By Fenchel’s inequalities (relations (3.1) and (3.2)),
we have for all * and y in R” that

f@)+ () = (=, 9) > g() + 9.(y)

By rearranging the terms we gain

f(x) —g(x) > g.(y) — f*(y)

and hence

nf{f () - g(@)} > sup{g.(y) -/ (w)} (3-4)

This is called weak duality. Set @ = inf{f(x)—g(x)}. If &« = —o0, then (3.4) forces the supremum
to be —oo too and hence the theorem holds. Let us now assume that o > —oo.
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3.3 Fenchel’s Duality Theorem

Suppose that the condition (i) is true. Then o < oo and hence « is finite. We shall now find
a vector y such that g.(y) — f*(y) > «; this shall establish equality in (3.4). By Proposition 2.4
the sets A = epi(f) and B = hyp(g(x) + «) are convex. On the other hand,

ri(epi(f)) = {(x, 2) € R"™ | & € ri(dom f), f(x) < z < oo} (3.5)
as can easily be verified (for the proof, see [[2], Lemma 7.3]). Since
a=inf{f(z) - g(x)} < f(=) - g(z)

holds for every @ € R™, we have f > g + «. Hence the set (3.5) and hyp(g(z) + «) are disjoint
and by Theorem 2.14 we can separate them properly with a hyperplane, call it H.

If H were vertical, then its projection on R™ would separate the sets A and B properly, which
would contradict (i). Hence H is not vertical and we can characterize it by an affine function

h(fl)) = <:13,y> - B
Since H separates A and B, we have

f(z) > (z,y) — B> g(x) +a

for all x € R™. From these inequalities we can deduce that
B = sup{(z,y) — f(x)} = f*(y)

and also
a+p <inf{{z,y) - g(x)} = g.(y)

and hence a = a+ 8 — < g.(y) — f*(y). This is the desired expression.
If (ii) holds, the result follows from Theorem 3.7. [ |

Remark. The reason we assume that f and g are proper functions is to avoid undefined situa-
tions like co — c0. O

Remark. The fact that the infimum is attained under the condition (ii) and supremum is
attained under (i) may seem a little unintuitive. As an example, take the following functions:

f(z)=e"
g(z) = —e

x

As seen in Figure 12, the difference f — g gets smaller and smaller as  tends to —oo.

The solution to the primal problem is hence 0 but the infimum is not attained. This happens
although the condition (i) holds. It is easily seen that the only common point for dom f and
dom g is 0, which is not an interior point of either set. Hence (ii) does not hold. ¢

Remark. Although the Fenchel dual and Lagrangian dual problems look very different they
can in fact shown to be equivalent. For the proof, see [8]. This does not mean that one of the
problems is redundant. There are applications in which Fenchel duality is more suitable than
Lagrangian duality, and vice versa. ¢
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Sfx)

g(x)

Figure 12: We have inf,{f(z) — g(z)} = 0. Although dom(f)Ndom(g) # @ holds
true, the infimum is not attained.

3.4 Different Forms of the Duality Theorem

In the previous section we introduced the Fenchel primal and the associated dual problem. There
are, however, other ways to define the primal problem. We dedicate this section to talking about
possible modifications and generalizations.

The first thing we note is that a regular optimization problem consists of more than merely
the objective function. The problem often requires that some constraints are fulfilled. There is an
easy way to smuggle in linear constraints to Fenchel duality. Consider the following optimization
problem:

Minimize f(x)
subject to Az <0

where f : R® — R is convex and A is a real m x n matrix. If we let g : R™ — R be defined by

0 if Az <0

. (3.6)
—o0o if Az >0

g(Azx) = {

then we can write

inf f(z)=inf{f(z) - g(Az)}

Az<0

This looks like a problem suitable for Fenchel duality. In fact, we may assume that g is any
proper concave function. The above is a good illustration of how duality is used; a complicated
problem is converted into a couple of unconstrained problems that are either trivial or can be
solved by simple differentiation.

Theorem 3.11. [[2], Corollary 31.2.1] Let f : R — R be a closed proper convex function and
g :R™ — R a closed proper concave function. Suppose that A is a real m X n matriz. Then we
have

inf {f(x) — g(Az)} = sup {g.(y) — [ (A"y)}
xeR™ yeR™
if one of the following conditions hold:
(i) There exists an x € ri(dom f) such that Az € ri(dom g).

(ii) There exists a y € ri(dom g,) such that ATy € ri(dom f*).
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3.4 Different Forms of the Duality Theorem

Under (i) the supremum is attained, under (ii) the infimum is attained. If both (i) and (ii) hold,
both the supremum and infimum are finite.

Remark. In the special case (3.6) the condition (i) translates to Slater’s condition (see Definition

2.8). ¢
The above theorem can be taken one step further.

Theorem 3.12 (Extended Fenchel Duality). [[9], Theorem 2] Let f : R™ — R be a closed proper
convez function and g : R™ — R a closed proper concave function. Suppose that A is a real
m X n matriz and let b € R™, ¢ € R™. Then we have

inf {f(z) — g(c— Az) +b" x} = sup {h.(ATy —b) — f*(y) + "y}
xeR” yER™

if one of the following conditions hold:
(i) There exists an x € ri(dom f) such that ¢ — Az € ri(dom g).
(ii) There exists a y € ri(dom g,) such that ATy — b € ri(dom f*).

Under (i) the supremum is attained, unless the common value is —oo. Under (ii) the infimum
is attained, unless the common value is co.

The second thing that can be made more general is the domain of definition. There is
nothing that really dictates that f and g should be defined on R™. It is more common to assume
that f,g : X — R, where X is a finite-dimensional real vector-space. The problem that arises
from changing the domain of definition for f and ¢ is that the domains of definition for their
conjugates are also affected. The reason is that the definition of the conjugate function includes
scalar product. In order for us to be able to define (x,y) properly, the notion of dual space must
be introduced.

Definition 3.13 (Dual Space). Let X be a finite-dimensional real vector space. The dual space
of X is denoted by X' and it consists of all linear maps from X to R.

Example 3.14.
(a) Consider the case X = R™. A linear functional from R™ to R is given by an 1 X n matrix C:

CxrelR for all x € R

Hence the dual space is R1*". However, the scalar product of two n-vectors  and c is
usually defined by means of transpose: (¢, x) = ¢’@. Therefore, we generally identify R**™
with R™ and say that R™ is the dual of itself.

(b) Counsider the case X = R™*™. A linear functional can be expressed by means of the scalar
product of two real matrices: trace. Given an m X n matrix C' we can write:

(C,X)=tr(CX) eR for all X € R™"*™

Hence the dual space of R™*™ ig R™*", {

Theorem 3.15. Let X be a finite-dimensional vector space and let f: X — R be a proper convex
function and g : X — R a proper concave function. Then we have

inf {f(@) —g(x)} = sup {g.(y) — f*(¥)}
xEc yex’

if one of the following conditions hold:

21



3.4 Different Forms of the Duality Theorem

(i) ri(dom f) Nri(dom g) # @
(i) f and g are closed, and ri(dom f*) Nri(dom g.) # @

Under (i) the supremum is attained, under (ii) the infimum is attained. If both (i) and (ii) hold,
both the supremum and infimum are finite.

In addition to the theorems in this section, there are plenty of other conditions under which
Fenchel duality holds. Banach spaces are discussed in [10]. There is even a discrete version of

the theorem involving discrete convex functions and sets that are not only suitable for the cause
but also arise in practical applications. See [[11], Theorem 8.21] for the discrete Fenchel-Type

duality result.
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4 The S-Procedure

We start by defining the S-procedure. Let ¥ = Ror X =Cand f,g1...,9m : X™ — R. Consider
the following two assertions:

Sy f(x) > 0 for all x € X" such that g;(x) >0,i=1,...,n.
So: There exists p; > 0,4 =1,...,m such that for all z € X" we have

f(®) - Zpigi(w) >0
k=1

Regardless of how we choose our functions, Sy always implies S;. The opposite implication, on
the other hand, is not always true. In some cases it is easier to show that S holds, and using
So to verify S is called the S-procedure. The equivalence of S; and Sy is called the losslessness
of the S-procedure.

We have already seen one special case in which the S-procedure is lossless. According to
Lemma 2.16, S; and S5 are equivalent when f and —g are convex. We shall in this chapter
establish other conditions under which these assertions are equivalent. Although these conditions
shall involve certain convexity assumptions we shall not directly require f and —g to be convex.
By Theorem 2.17 this gives rise to a class of non-convex optimization problems that can be solved
using regular methods.

It is quite common to express the S-procedure by means of equality constraints:

St: f(x) >0 for all ® € X™ such that g;(x) =0,i=1,...,n.
Sh: There exists p; € R, 4 = 1,...,m such that for all x € X™ we have

f@) = pigi(z) >0
k=1

Also, strict inequalities come up frequently:

St f(x) > 0 for all nonzero € X™ such that g;(x) >0,i=1,...,n.
SY: There exists p; > 0,4 =1,...,m such that for all x € X™ we have

f@) = pigi(z) >0
k=1

Remark. In Lagrangian duality the condition g(x) < 0 is more common, whereas in papers
concerning the S-procedure the form g(x) > 0 is more frequently used. As mentioned before, this
creates an ambiguous situation concerning the term “Slater’s condition”. By Slater’s condition
we shall mean the existence of an & such that g(z) > 0, g(z) < 0 or g(z) = 0, depending on the
constraints we use. ¢
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4.1 Preliminaries

4.1 Preliminaries

So far we have mainly considered functions defined on a real set. From now on our theory will
also be applicable on the complex case. However, the notion of symmetric matrices and matrix
transpose do not give desired results. Instead we need to generalize these terms to suit our
purpose. Let X =R or X = C.

Definition 4.1 (Hermitian matrix). A complez-valued n x n matriz A is called Hermitian if
each entry a;; is the complex conjugate of the entry aj;, that is if

Aij = Qji
foralli=1,2,...,nand j=1,2,...,n.
It follows from the above definition that the diagonal entries of a Hermitian matrix are real.

Definition 4.2 (Conjugate transpose). The conjugate transpose of a complez-valued n x m
matriz A is defined as the complex conjugate of the transpose of the matriz: A* = AT

In the real case, the conjugate and the regular transpose coincide, just like Hermitian and
symmetric matrices do. Also, the conjugate of a Hermitian matrix is the matrix itself. Most rules
that apply for the regular transpose work for the conjugate transpose as well. An interesting
consequence of the above definitions is that for any Hermitian n x n matrix A the expression
x* Az is real for all @ € C". This is essentially the reason we do not use regular transpose for
complex-valued matrices. This also means that the following definition makes sense.

Definition 4.3. A Hermitian matriz A € X™*" is called positive semidefinite if for every x € X"
the following inequality holds:
x*Ax >0

We denote A > 0. If the equality is taken only at * = 0, then A is called positive definite,
and we write A > 0. A Hermitian matriz B is called negative (semi)definite if —B is positive
(semi)definite.

We shall use the following notations:

S" The set of symmetric real matrices of size n

St The set of positive semidefinite symmetric real matrices of size n
Sty Positive definite symmetric real matrices of size n

H™ Hermitian matrices of size n

HY Positive semidefinite Hermitian matrices of size n

Functions defined by means of Hermitian matrices have a special name.

Definition 4.4 (Quadratic Form). A function f : X™ — R is called a quadratic form if there
exists a Hermitian matriz F € X™*", a vector u € X™ and a real scalar v € R such that

f(x)=x"Fer+2Reu’z +v
forallex e X™. If u =0 and v =0, then f is called a homogeneous quadratic form.

Quadratic forms possess certain highly desirable qualities. For instance, it is very easy to
determine whether a homogeneous quadratic form is convex. We simply have
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f(x) =x*Fx is convex << F is positive semidefinite

Furthermore, f is strictly convex if and only if F' is positive definite.

In some publications quadratic forms are always assumed to be homogeneous. The reason is
simple: one can always derive a homogeneous quadratic form from a regular quadratic form. It
is easily seen that

% * . N F u) [z
f(x) =x"Fz +2Re(u a:)JrvRe((w 1) <u* U) <1>)
Furthermore, it follows from the fact that Re(u*x) is linear that
f(x) = x*Fx + 2Re(u*x) + v is convex < F is positive semidefinite

A linear matrix inequality (LMI) is an expression of the form

A=F+) 2G>0 (4.1)
i=1
where the matrices F', G; € X™*"™ are Hermitian and = = (z1,22,...,2,) € X™. Here the

inequality means that A is positive definite. Naturally, other inequalities rise in applications, not
only “<”.

Linear matrix inequalities are common in both optimization and control theory. Various
problems that arise in these fields can be transformed into standard statements involving LMI’s,
see [12] for a more thorough discussion. That is why there are various different, seemingly useless
results concerning LMI’s.

Notice a strong connection between LMI’s and quadratic forms: the inequality (4.1) holds if
and only if the homogeneous quadratic form f(x) = x*Ax is strictly convex.

4.2 Dynamical Systems

A dynamical system is usually expressed as a differential equation. The state vector x(t) =
(z1(t), z2(t),...,xn(t)) describes the state in which the system is in at a given time ¢. Its
derivative gives the rate of change at different points in time:

= i(l) = %:c(t) = f(t2(t), ult)

The variable ¢ is often absorbed from the calculations. It is common to study an initial value
problem with x(0) given, often z(0) = 0. The input vector w(t) = (u1(t), ua(t), ..., um(t)) tells
us what we can do at a given point in time to get desired results. A dynamical system is called
linear if f is linear in @ and wu.

Stability analysis is one of the most fundamental areas in control theory. A dynamical system
is called Lyapunov stable at a critical point & = 0 if all the trajectories are bounded. It is called
Lyapunov asymptotically stable if the trajectories converge to zero. A system can be shown to
be asymptotically stable if there exists a Lyapunov function V (x,u) such that V(x,u) > 0 and
V(x,u) <0 for all (x,u) # 0. What the Lyapunov function looks like depends on the problem
at hand, so a general form including all cases is hard to construct. Quite often, however, one
comes to ask if the function can be chosen to be homogeneous quadratic.

We shall soon investigate the most basic linear system there is: @ = Ax. Before proceeding
we need a couple of definitions.
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Definition 4.5 (Kronecker product). Let A € C*"*P and B € C™*4. The Kronecker product of
these matrices is given by
allB e almB

A® B =

amB ... apmB

If A e C"™™ and B € C™*™ we can define their Kronecker sum:
AoB=(I,®A) +(BI,)

If the eigenvalues of A and B are \;, i =1,2,...,n and u;, it = 1,2,...,m, respectively, then the
eigenvalues of their Kronecker sum are simply

)\1+M177)\1+,u'm7 )\2+M177)\2+Mm7 )‘n+/1“177>\n+;um (42)

For the proof, see [[14], Theorem 13.16]. Note that neither the Kronecker product nor the sum
is commutative.

Definition 4.6 (Spectrum). The set of eigenvalues of a matriz A is called its spectrum and is
denoted by Sp A.

Example 4.7. [15] Consider the following dynamical system:
T = Az

where A € R"*™ and & € R"™. A Lyapunov function for the above system can be assumed to be
of the form
V(z) =2"Px >0

As mentioned before, the above inequality holds when P € ST . To determine whether Vs
negative definite, consider:

V(z) =& Px 4+ 2" Pi = 27 AT Pz + 2" PAz = 27 (ATP + PA)x < 0
Hence a Lyapunov function exists if and only if the system
ATP+PA<0 PeS},
is feasible. Indeed, we can pick any ) > 0 and solve the equation
ATP+ PA=-Q (4.3)

If a solution P € St exists then V must be a Lyapunov function.
Let us define the operator “vec” by stacking the columns of a matrix on top of each other:

P11
P12

Pin
p21

vec(P)

pnn
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Then (4.3) takes the form
(A® AT)vec(P) = [(I, ® A) + (AT @ I,,)] vec(P) = vec(Q)

It follows that a unique solution P € 8™ to (4.3) exists if and only if the Kronecker sum A® A7 is
nonsingular. This happens when all the eigenvalues of the sum are nonzero. Since A is a square
matrix, it has the same eigenvalues as A”. By (4.2) a solution exists if and only if A + u # 0 for
all A\, u € Sp A.

We know that the eigenvalues of a real matrix come in complex conjugate pairs, meaning that
if A\=a+1ib € Sp A then A\* = a —ib € Sp A. Hence we only have to assume that the conjugate
pairs are never equal. Therefore, a solution P € S™ exists if and only if A + A* = 2Re A # 0 for
all A\ € Sp A. This argument is valid even if some eigenvalues happened to be real. Furthermore,
it can be shown that P is positive definite exactly when Re(\) < 0 for each A € Sp A. ¢

Remark. The function AT P4+PA is called the Lyapunov operator, the expression A” P4+PA < 0
Lyapunov’s inequality and AT P + PA = —@Q Lyapunov’s equality. ¢
The fact that the system in the above example is stable when all eigenvalues of A have

negative real parts is so important that such matrices have earned a name.

Definition 4.8 (Hurwitz). A matric A € C"*" s called Hurwitz if all its eigenvalues have
negative real part. It is called antihurwitz if all the eigenvalues have positive real part.

Multiplying Lyapunov’s inequality by —1 and setting F' = — A gives us the system
F'P+PF>0 P>0

Since the eigenvalues of —A are the negatives of the eigenvalues of A it follows that the above is
solvable if and only if F' is antihurwitz.
a is enough to determine a dynamical system, but in some cases an output vector is included
in the calculations:
Y= y(t) = h(t,:c(t),u(t))

We shall consider systems of the following form:

= Ax + Bu

4.4
y=Cx+ Du (44)

Here © € X", u,y € X™, A € X" B e X" C € X™*™ and D € X™*". To study
stabilization of a system, one often requires it to be controllable. By this we mean that using the
input vector we can, given any initial state, always force the system into another state under a
finite amount of time. We say that the pair {A, B} is controllable.

One way to show that a pair is controllable is by showing that the controllability matriz

(B AB A2B --- A"'B)

has full row rank.

Another important assumption is that the system is observable. We are quite handicapped
if the output vector does not tell us everything we need to know about the state of the system.
One can show that the pair {A, C'} is observable by showing that the observability matriz

C
CA
CA?

cAn-?
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4.3 Special Case: Farkas Lemma

has full row rank.

Example 4.9 (Sector constraint). [17] Consider the dynamical system (4.4) with D = 0. Let
us assume that the system is real. Suppose that the so-called sector constraint holds:

o(y,u) = (By —u)" (u—ay) >0

where a and (8 are real numbers that satisfy a < .
In order to find out whether the critical point (x,u) = 0 is stable let us seek for a quadratic
Lyapunov function of the form V(z,u) = V() = 7 Pz > 0. The derivative of V' becomes:

V(z,u) = & Px + ' P& = (Ax + Bu)" Px + 2" P(Ax + Bu) =
=27(ATP + PA)x + " B"Px + 2" PBu+u” -0-u =

ATP 4+ PA PB\ (=
— T T
= (= “)< BTP O>(u)<0

The inequality must be satisfied for all (x,u) # 0 that satisfy the sector constraint: o(y,u) =
o(Cx,u) > 0. Let us define f(x,u) = —V(x,u) and

g(x,u) = 20(Cx,u) = 2(BCx — u)" (u — aCx) =
= 2apxTCTCx +2(a + Bz’ CTu — 2u”u =

— (2" uT) <—(;ﬁfg;(}0 (8 +_65)CT) (z)

We can now reformulate the existence of a quadratic Lyapunov function as
f(x,u) > 0 for all (x,u) # 0 such that g(x,u) >0

This is equivalent to S7'. We shall later see that in this case the S-procedure is lossless since f
and g are quadratic. Hence a quadratic Lyapunov function exists if and only if there exists p > 0
such that f 4+ pg > 0 for all (z,u) #0. ¢

4.3 Special Case: Farkas Lemma

Farka’s Lemma is a very well-known result from convex optimization and it is closely related to
the S-procedure. Farka’s Lemma states that if A is a real m X n matrix and b a real m-vector,
then only one of the following systems has a solution:

(i) There exists € R” such that Az > 0 and b” x < 0.
(ii) There exists y € R™ such that ATy = b and y > 0.

What Farka’s Lemma says about convex cones is not that interesting. Instead it is very useful
when proving other results in convex optimization. Proving Farka’s Lemma using Fenchel duality
is very straightforward. This is not surprising since both of them follow from the Separating
Hyperplane Theorem.

Let us begin by rewriting the lemma. Farka’s lemma is true when the following assertions
are equivalent:

(i)* Az > 0 implies b’ x > 0.

(ii)* There exists y € R™ such that ATy = b and y > 0.
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4.4 Relation to Fenchel duality

The assertion (i)* is equivalent to requiring that

inf blz >0
Ax>0

It is easily seen that the equality holds by noting that & = 0 is included in the set of points
fulfilling (i)*. In fact, since the feasible set defines a convex cone it follows that the infimum is
either 0 or it is —oo; no other case is possible.

Let f(x) = b" x and
0 if Az >0
g(Az) = . B
—oc0 ifAx <0

Then f is a proper convex and g a proper concave function. Hence we can apply Theorem 3.11
on the following optimization problem:

. T . .
b bre = inf {f(x) —g(Ax)}

We get
0 ifATy=0b
oo otherwise

FH(ATy) = Slal,p{(ATwTw B bTw} _ {

and
0 ify>0
(y) =inf {yT Az — g(Az)} = inf {yTAz) = =
9-(y) lfrllw {y 4 )} AlilZO {y } {—oo otherwise
Keeping in mind that sup{@} = —oco we obtain

nf {f(z) - g(Az)} = Sup {g:(y) — [*(ATy)} = sup b{O}

If (ii)* holds, then the supremum is attained and equals 0. This in turn implies that (i)* holds.
If (ii)* does not hold, then the supremum is —co and hence the infimum is also —co. From this
it follows that (i)* is not true. Hence (i)* and (ii)* are equivalent.

4.4 Relation to Fenchel duality

The S-procedure is connected to duality in a very similar way as Farka’s lemma: The statement
S1 is equivalent to

inf{f(x) | gi(x) >0, i=1,2,...,m, x € X"} >0

In fact, the assumptions we shall press on f and g shall force the infimum to be either zero or
—oo as in the proof of Farka’s lemma. The objective of this section is to find a dual problem
that can be associated with S5. Notice that unlike with Farka’s lemma, we cannot directly apply
Fenchel duality to the above problem because the domain is not necessarily real.

Consider the following optimization problem:

Minimize  f(x)
subject to g(x) € D
zel
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4.4 Relation to Fenchel duality

where C' C X™ and D C R™. In order to connect the above problem to assertion Ss, let us
consider all points p € R™ that satisfy the following inequality

p191(x) + p2ge(x) + - - + pmgm(x) = (p,g(x)) < f(x) (4.5)

for all & € C. Denote the set of such p’s by P. Notice that unlike in S, we are not interested
in the signs of p;’s at this stage. The infimum taken over the right-hand side must naturally be
larger than the supremum over the left-hand side. Hence

inf f(x)= inf inf f(x)p > in% sup (p,y)

g(z)eD yeD | g(x)=y YE€D pep
zcC xzecC
We also have
inf su > sup inf
Juf, sup (p,y) > sup Il (p,y)

Keeping in mind how a support function is defined (see Example 3.8) we write Up(p) =
infyep (p,y) and get

inf f(x)> sup Up(p) (4.6)
g(z)eD peP
xzcC pedom ¥ p

In the next theorem we establish conditions under which the equality holds.

Theorem 4.10. [[1], Theorem 1] Let X = R or X = C. Suppose that C is a nonempty subset
of X™, D a nonempty convex subset of R™ and let f : X — R and g : X" — R™. Denote
Ox) = (f(x),g(x)). Suppose further that Q(C) a convexr cone, and that

ri(D) Nri(g(C)) # @ (4.7)
Then the following equality holds:
inf f(z)= s Up(p) (4.8)
g(z)eD pePNdom ¥

xeC

where W p(p) is the support function of the set D and P is the set of vectors satisfying (4.5). If
in addition we have
PNndom(¥p) # @ (4.9)

then the supremum is finite and attained.

Remark. This theorem holds even in the case where the functions are defined on a set of
matrices X"™*™. R™ in the definition of g may be replaced by any finite-dimensional real vector
space ), in which case D is a subset of ). ¢

Proof. Define ¢ : R™ — R by
o(y) = nf{f(z) [z € C, g(x) =y}
and Ip : R™ — {—00,0} by

0 ifyeD
Ip(y) { y

—o00 ity¢gD

We notice that the set {x € C | g(x) = y} may be empty for some y, in which case we use the
convention ¢(y) = inf @ = +o0.
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4.4 Relation to Fenchel duality

The function ¢ is convex since Q(C') is convex. The indicator function Ip of the convex set
D is a proper concave function. The effective domains of ¢ and I are easily calculated:

dom(¢) = g(C)
dom(Ip) =D

from which it follows that
ri(dom(¢)) Nri(dom(Ip)) = ri(g(C)) Nri(D) # @ (4.10)

as assumed in the theorem. And most importantly, we get

o3 f@) = inf (6y) - In(y)} (4.11)

We wish to apply Fenchel’s duality theorem on the right-hand side. However, we first have to
consider the case in which ¢ is improper. If ¢ is an improper convex function, that is we have
¢(y) = —oo for some y € R™, then the convexity of ¢ forces the function to attain the value
—oo everywhere in the relative interior of the domain of ¢. By (4.10) there exists a point that
lies both in the effective domain of ¢ and in the effective domain of Ip. The first set only giving
function value —oco and latter set 0, it follows from (4.11) that

inf f(z) =inf{¢(y) — In(y)} = —o0

The inequality (4.6) forces the supremum of ¥Up(p) to be —oo, and hence the equality (4.8)
holds.

Let us now assume that ¢ is a proper convex function. By (4.10) and Theorem 3.15 the
following equality holds:

inf {¢(y) — Ip(y)} = sup {Ip.(p) — ¢"(p)}

yeR™ pER™

By (4.10), the supremum is attained for some p. Let us now calculate the conjugate functions.
We have already seen in Example 3.8 that the conjugate of the indicator function is the support
function: Ip,(p) = ¥p(p).

Computing ¢* is not as straightforward. We shall divide the calculations in two cases: (i)
p & P and (ii) p € P.

(i) Suppose that p ¢ P. Then there exists an @y € C such that
(p,g(o)) — f(x0) =0>0
Since Q(C) is a cone there exists &y € C for any A > 0 such that
(p,g(xr)) — f(®2) = (P, Ag(T0)) — Af(@0) = A

We now get

b«(p) = ﬁ&ﬂn y) —o(y)} > it;%{m Ag(xo)) — Af(xo)} = +oo

and hence ¢, (p) = oo for all p & P.
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4.5 S-Procedure for Homogeneous Quadratic Forms

(ii) Suppose now that p € P. Then

¢«(p) = sup ¢ (p,y) — inf f(x)
yeRm xeC
g(z)=y

Since ¢(y) = +o0o whenever an & € C such that y = g(x) does not exist, we can ignore
such points and simply write

o.0) = sup {p.gta) - __ ot ()}

zeC z€C:g(z)=g(x)

By the choice of p, we always have f(z) > (p,g(z)) and hence

sw { () -t )} < suplip.g(a) - () =0
zeC z€C:g(z)=g(x) zeC

since C' is nonempty. Since Q(C) is a cone, we have 0 € c1 Q(C). Hence the equality must
hold and we get ¢.(p) =0 for all p € P.

Combining (i) and (ii) we see that ¢* disappears from the calculations and we simply get

sup {Ip.(p) —¢"(p)} =  sup  Wp(p)
pER™ pe PNdom (¥ p)
Hence the equality (4.8) holds.
Furthermore, if the condition P N dom(¥p) # @ holds, then the supremum must be larger
than —oo, which, combined with the above discussion, means that ¢ cannot be improper. As we
saw earlier, the supremum is attained when ¢ is proper. The proof is now complete. |

4.5 S-Procedure for Homogeneous Quadratic Forms

One frequently used condition under which the assertions S; and S are equivalent is that the
functions involved are homogeneous quadratic (together with some additional requirements).
This means that the assertion Sy transforms into a linear matrix inequality. That is very conve-
nient since various numerical and explicit methods have been constructed to solve problems of
that form.

The earliest result of the losslessness of the S-procedure is due to Finsler. In [18] he proved
that if 7 Bx = 0 implies that 27 Az > 0, then A + pB is positive definite for some real p.
Yakubovich was the first to formulate the S-procedure in abstract terms. Like Finsler, he only
proved the result for m = 1. The proof Yakubovich used can be found for example in [4]. The
idea is very similar to the discussion is Section 2.4. Yakubovich uses a result that states that
when f and g are homogeneous quadratic, then Q(R"™) is a convex set.

Using Theorem 4.10 we can easily show the following result.

Proposition 4.11. Let X =R or X = C. Let f : X" — R and g : X" — R™ be quadratic
functions determined by

fl®)=x"Fx
gi(x) = x*G;x 1=1,2,....m

where F,G1,...,Gp € X™*™ are Hermitian matrices. Denote Q(x) = (f(x),g(x)) and suppose
that Q(X™) convex. Also, suppose that Slater’s condition holds. Then the S-procedure is lossless,
that is, S1 and So equivalent.

32



4.6 Quadratic Duality

Proof. Let D = {y € R™ | y < 0}. It is easily seen that D is a convex subset of R™. Q(X") is
a cone because f and g are quadratic. We wish to apply Theorem 4.10. In order to do that, we

must show that the condition
ri(D)Nrig(X") # @

holds. This is true when there exists a « € X™ such that g(x) < 0, i.e. when Slater’s condition
holds.
We now get from Theorem 4.10 that

inf x) = sup inf (p, 4.12
g(@zof( ) sup Inf (p.y) (4.12)
zEX"
The infimum is easily calculated:
0 ifp>0
inf (p,y) = -
y>0 p.y) {oo otherwise

And hence (4.12) gets the form

g(x)>0 —o0o otherwise

. {O if there exists p > 0 in P
inf f(x) =
zeX™

If a suitable p exists (S2) then all f(z)-values are greater than or equal to zero whenever g(x) > 0
(S1). On the other hand, if the infimum on the left-hand side equals zero (S7), then a suitable
p exists (S2). [ |

Considering the labor behind Theorem 4.10, the above proof cannot really be considered more
elegant than the one found for instance in [5]. The latter is analogous to the proof of Lemma
2.16. Instead, the results of this section can be used in quadratic programming,.

4.6 Quadratic Duality

Suppose that f: X" - R and g : X" — R™ are homogeneous quadratic functions determined
by

fl®)=x"Fx

gi(x) = x*G;x 1=1,2,...,m

where F' and the G;’s are Hermitian matrices. Consider once again the following optimization

problem:
Minimize  f(x)
subject to g(x) € D (4.13)
reX”
This is a special case of the class of a quadratically constrained quadratic programs (QCQP)
with the exception that the functions involved are assumed to be homogeneous quadratic instead

of merely quadratic.
The next proposition follows from Theorem 4.10.
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4.6 Quadratic Duality

Proposition 4.12 (Quadratic Duality). Let f and g be homogeneous quadratic and denote
Qx) = (f(x),g(x)). Suppose that QU(X™) convex. Let D C R™ be conver. If

ri(D) Nri(g(X™)) £ @ (4.14)

then we have the following duality relation:

inf x) = sup inf (p,
g(m)ﬁDf( ) ,,JliyeD“’ Y)
zeXxX™

What we have done is that we have translated the original non-convex problem to a convex
one; the set P can easily be shown to be convex. Notice that Slater’s conditions is replaced by
the more general regularity condition (4.14).

Now pick two real m-vectors a and B such that —co < a < 8 < oo. If in the above
proposition we set

D={yeR"|[a<y<pg}

then we get the following duality relation:

acoln)< fa) = pep {a<nz}f<ﬁ P y>}
zeX™
Consider the sum (p,y) = p1y1 + pay2 + - + PmYm. When p; > 0, then p;«; is smaller than
piffi. When p; < 0, then the opposite holds. If 5; = oo for some i, then the infimum simply
becomes —oo if p; < 0. Since we are interested in the supremum, we may ignore such points and
assume p; to be nonnegative when ; = co. We now get:

inf  f(z)= sup Z Do + Z s (4.15)
A pek >0 .<0
zeX™ p; >0 when B;=+o00 pi> pi

In the special case 8 = oo this expression can be simplified to

inf x) = su ,Q
aSg(w)Sﬁf( ) peII3 P
TeX™ p>0

Hence the problem 4.13 for D = {y € R™ | y > a} has the following dual problem:

Maximize (p, )

subject to F — Zp,;Gi >0 (4.16)
i=1
p=>0

As mentioned before, this is a convex optimization problem, and it is a standard problem in the
theory of LMI’s. It is simply a question of maximizing a linear function over a convex set, and
there are effective numerical methods for solving this kind of problems. The Lagrangian dual
problem

xrxeXxXn
i=1

Maximize inf {x*Fx — (*Gix — ;) p >0
{ 2_ il ) } (4.17)

subject to p >0
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4.6 Quadratic Duality

is not quite as approachable. Also, it is not that straightforward to find the Lagrangian dual
problem in the general case (4.15) where the entries of 3 are allowed be finite. Summing up we
may say that the result derived using Fenchel duality has certain advantages compared to the
Lagrangian version and also it applies to a wider circle of quadratic optimization problems. For
further discussion on how to solve (4.15), see for instance [12] or [3].

We have so far seen the broad uses the convexity of Q(C') implies. Unfortunately, finding and
proving conditions under which this set is convex is quite laborious. In the real case, the easiest
and perhaps the most useful result can be found in [19]. It is the following:

If m =1, then Q(C) is convex for all symmetric matrices F' and G.

This result cannot be generalized to m > 1. Instead, one has to construct special cases. The
simplest condition for X = C is the following:

If m = 2, then Q(C) is convex for arbitrary Hermitian matrices F', Gy and Ga.

For the proof, see [20]. This result cannot be generalized, either.
In addition to the ones mentioned above, several other conditions for the convexity of Q(C)
have been derived. See [21] for more thorough discussion.
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5 Kalman-Yakubovich-Popov Lemma

As mentioned in the introduction, the Kalman-Yakubovich-Popov (KYP) lemma states that
certain assertions are equivalent. We start by giving an example from passivity analysis and
then generalize the result thus gaining a standard form of the KYP-lemma. After that we
generalize the result even further in order to state and prove the extended version of the lemma
that Gusev established in [1].

We shall only consider the real case since the complex case leads to certain cumbersome
definitions.

5.1 Standard Form of the Lemma

Example 5.1 (Passive systems). [22] Consider the following real dynamical system including
an output vector:

t=A B
T T+ Du (5.1)
y=Cx

Let us investigate the storage function V(t) associated with the system. The storage function

can be assumed to be quadratic: V(x) = 17 Pz > 0. From (5.1) we obtain:

0=a— Az — Bu
0=a"Pi — 2" PAx — " PBu
uly = xTPi — 2" PAx — (7 PBu)” +u'y

uw'y=a2"Pi —x"PAx —u" BT Pz +u'Cx

(5.2)

The derivative of V(x) is

o dV(®) 1. (ST TS P S
V(x) = ” 7§w Pm+§m Pz = 53: Px +§w Px =x'Px

Integrating the last equation of (5.2) between 0 and a positive real number ¢ with respect to
time gives us the relation

/ w(s)Ty(s) ds =V (1) — V(0) — % / 2(s)T(PA+ AT P)a(s) ds—
0 0 (5.3)

- /Otu(s)T(BTP —C)x(s) ds

Let us claim that the last term simply disappears. Then we get the so-called dissipation equality:

(c) (d)

(a) (b)
T//(?) = m+ %/0 T (s)(PA+ AT P)x(s) ds+/0 u(s)Ty(s) ds
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5.1 Standard Form of the Lemma

A system that satisfies the above equation along its trajectories is called dissipative. There is a
very intuitive physical interpretation of the above equation. The term (a) on the left-hand side
tells us how much energy there is at time ¢. This energy depends on (b) the initial energy, (c) the
absorbed energy and (d) the energy that is produced externally. The term (c) is never positive,
and hence if the last term in (5.3) disappears we get the dissipation inequality:

V() ~V(0) < / w(s)Ty(s) ds

If the above holds then the system is called passive, meaning that it does not produce energy via
the input-output process. Returning to the infinitesimal form gives us:

2Pz <u'Cx
and hence
227 P(Ax 4+ Bu) — 2u”Cx = 2T (AP + PA)x + 22" (PB — C")u =
_(A"P+PA PB-C"\ _, (5.4)
“\BTP-C 0 -

It can be shown that the above has a solution P € 8%, if and only if there exists an H € R(ntm)xn

such that r " or
P+ P PB — B T
(BTP—C 0 )__H "

for some P € 8T . So if the system (5.1) is passive then the above equation and the LMI (5.4)
are feasible. To show that the opposite implication holds, set H = (LY W). Then the above
becomes

(5.5)

BTP-C 0 wtirt wtw

From this we get B P — C' = 0 and hence the last term in (5.3) disappears which leads to the
dissipation inequality.

We have now found two different ways to determine whether a system is passive. To find a
third one, let us consider the transfer function H : C — H™ of the system. The transfer function
is defined as the ratio between the output y and input w. It can be shown to be equal to

<ATP+PA PB—CT> _ _< LLT Lw >

H(s)=C(sl, — A)™'B

Notice that if we have the initial condition 2(0) = O then the dissipation inequality takes the
form fotu(s)Ty(s) ds > 0. Let us define

(s) u(s) 0<s<t
ur(s) =
T 0 otherwise

It follows from Parseval’s theorem and some other manipulations that we can write

/0 u(s)Ty(s) ds = % 700 Re(H (iw)) |ur(w)]? dw

If Re(H (iw)) > 0 for every w € R, then the right-hand side of the above equation is nonnegative
and the system is passive. The opposite implication also holds. Hence the system (5.1) is passive
if and only if the transfer function satisfies the following:

ReH(iw) >0 forall weR (5.6)
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5.1 Standard Form of the Lemma

For a more thorough discussion, see the proof of Theorem 2.6 in [22]. Summing up, one can show
passivity by using any of the conditions (5.4), (5.5) or (5.6). O

Remark. We have not taken into account all necessary details in the above example, such as
assumptions on controllability and the poles of the transfer function. ¢

The equivalence of the three conditions that guarantee passivity of the system in Example 5.1
is essentially what the Kalman-Yakubovich-Popov Lemma looks like. But since similar results
arise in other applications it is not desirable to restrict our attention to this special case.

Set
ATP+PA PB

vy = (Vg ) 5.7

and pick any matrix G € 8"*™. Consider the system
N(P)-G=-HTH PeS* HeRm™xm+m) (5.8)

This is known as the Lur’e equation. It is easily seen that (5.5) is a special case of the above.
The only difference is that P is not assumed to be positive definite. This follows from other
assumptions that we do not wish to include in the general form of the KYP-lemma. The Lur’e
equation is feasible if and only if the following linear matrix inequality is feasible:

N(P)-G<0 Pes" (5.9)

This expression is the “associated LMI” that was mentioned in the introduction. There are
results involving strict inequalities, but we shall only discuss the semidefinite case.

The third equivalent system usually included in the KYP-lemma is the so-called frequency
condition. In Example 5.1 it was (5.6). Let I" be the set of purely imaginary numbers. It then
follows from (5.6) that the system (5.1) is passive if and only if:

HA+H\)*>0 forall AeTl

However, this expression is not good since it is defined by means of the matrix C. Instead we
want to have a condition expressed by means of G in order to connect the frequency condition
to the general case (5.8). We get

HMN+HW\* =CW\, — A 1B+ ((\I, - A7 'B)*ct =

() )-

A1 * A1
_ (()Jn IA) B> G(()Jn IA) B> -

Notice that A must be chosen so that Al, — A is invertible. This inconsistency rises from the
fact that we were not very exact in example 5.1. The above expression is well-defined as long as
no A € I'' is not an eigenvalue of A, that is SpANT = &.

Returning to the general case the frequency condition with arbitrary G € S®™™ takes the

form 1o\ * 1
(()\In - 4) B) . ((Mn e B> >0  forall\eT (5.10)

We are now ready to present the KYP-lemma.
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5.2  Generalizations

Lemma 5.2 (KYP-Lemma). [24] Suppose that the pair {A, B} is controllable and that the
condition Sp(ANT) = @ holds. Pick any matriz G € S"*™. Then the systems (5.8), (5.9) and
(5.10) are equivalent.

Example 5.3 (Positive real lemma and ARE’s). Sometimes the Lur’e equation is given as a set

of equalities. The system
& = Az + Bu

y=Cx+ Du

can be shown to be passive in and only if there exists P = PT > 0 and H € R > satisfying
the following Lur’e equation:

(5.11)

ATP+PA PB-C* T
(BTP—C —D—DT>__HH

Setting H = (LT W) gives us the following equations:

A"P+PA=-LL"
PB-CT=-LW
D+DT =wTw
The feasibility of the above system of equations is equivalent to the transfer function H(s) =
C(sl, — A)~'B + D fulfilling (5.6). This result is a special case of the KYP-lemma and it often
goes by the name positive real lemma.

Another interesting point is that the Lur’e equation (5.11) has the same solutions as the
following algebraic Riccatti equation:

—~PA-ATP-(C-B"P)'(D+D")y"'(C-BT"P)>0

assuming that D + DT > 0. ¢

5.2 Generalizations

We shall now start generalizing the definitions from the previous section. Remember that so far
we have used I' = iR. In his article [25] Churilov shows that the KYP-lemma holds in the case
in which I is a circle on the complex plane or any line vertical with the imaginary axis. We let
T" to be defined by means of a real 2 x 2 matrix © such that det © < 0 in the following manner:
Consider the function p(A) = (A 1)© (A 1)* defined on C. Then

Fr={\eC|pN) =0} (5.12)
By setting A = a + bi we obtain
AT\ 011 12\ (A" _
o me()-0 0 52) (7)-
= 0110 4 0116 + 20015 + 022 =0

If 617 = 0 then T is a line parallel with the imaginary axis. If § # 0 then it is a circle centered at
a = —012/611, b = 0 and with radius 6%,/6%, — 022/611. The assumption set on the determinant
of © guarantees that the radius is positive. I' divides the complex plane into two disjoint sets:

Q5 ={AeCle() >0}

z (5.13)
0g = {AeC ) <0}
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5.2  Generalizations

Now, assume that two matrices M and N in R™*("t™) are given. Consider the function A :
H ™ 5 S™ given by

AS)= (M N)(©®S5) (]]‘\ﬁ) (5.14)

To see that A really is real-valued, see the proof of Lemma 5.4 in the appendix. In the case

m=0, M =A and © = (1) (1)) we simply get the Lyapunov operator: A(S) = AS + SAT.

Therefore (5.14) is called the generalized Lyapunov operator. The adjoint operator of (5.14) is

given by
N(P)=(M" NT)@©"®P) (%) (5.15)

and it is a function from S™ to S™™,
Suppose now that m > 0 and consider the following system:

-1
S (zﬁ) 20 Sp (M (éﬂ) ({;)) cox (5.16)

We are interested in the case in which (5.16) is feasible.
To understand how the above definitions are connected to those made in the previous section,
consider the following special case:

0= ((1) (1)> N = (I, 0) (5.17)

This special case has certain advantages toward the general form. We shall see that there always
exists a transformation that allows us to express our function in the form (5.17). If we denote

M= (A B) (5.18)

where A € R"*"™ and B € R™*™ then we obtain

o= () (2 D) )-

P ATP\ (A B
:<0 BTP> <1n o)z (5.19)
_(A"P+PA PB
~\ B'P 0

This expression is consistent with our previous definition of the adjoint operator, see equation
(5.7). Also, we get

A(S)= (M N) (g, g) (%;) = NSMT + MSNT =0 (5.20)

If © is given in this standard way we get

o= (A 1) (‘1) é) <A1> — A+ A" =2ReA
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5.2  Generalizations

Hence T is simply the imaginary axis. QJ@S therefore contains all complex numbers with positive
real part and Qg those with negative real part. If we use (5.18) it follows from condition (5.16)

that
o () ()0 m(E )(6)-

— (A+BK* ») (I(;l) — A+ BK*

Hence the feasibility of (5.16) translates to the existence of matrices K* € R™*™ such that
A+ BK~ is Hurwitz and A + BK ™ is antihurwitz. This is equivalent to assuming that the pair
{A, B} is controllable.

We shall now present some auxiliary result needed in the next section.

Lemma 5.4. If (5.16) is feasible, then A(S}™™) = S™.
Lemma 5.5. Suppose (5.16) is feasible. Then

(a) If the matriz S € SYH™ solves the equation A(S) = 0 then there exists vectors
z; €CM™ i =1,2,... ,n+m solving A(z;2}) =0 such that

n+m

*
S = E ZiZ]
i=1

(b) Let
Ay ={z € C"™ | A(zz*) = 0}
Ay ={z € C"™™ | (AN — M)z =0 for some X\ € I'}
Then A1 = cl As

The proofs can be found in the appendix.

We shall now prove a duality result for matrices. As was mentioned in the remark following
Theorem 4.10, the result holds even for matrices. Since the scalar product for matrices is defined
as trace, the support function in the theorem takes the form:

Up(P) = éyelthr(SP)

Theorem 5.6. Let D be a nonempty closed convex set in S™. Suppose that (5.16) is feasible.
Then we have the following duality relation:

inf tr(GS)= sup Yp(P)
sesytm Pedom ¥p
A(S)eD A'(P)-G<0
where A is given by (5.14). If there exists P € dom ¥ satisfying
N(P)-G<0
then the supremum attained.

Proof. Pick f(S) = tr(GS), g(S) = A(S) and C = ST in Theorem 4.10. The condition (4.7)
holds by Lemma 6.3 and Q(S_T‘m) is a convex cone because the mappings f and g are linear.
If there exists P € dom ¥ p satisfying A'(P) — G < 0 then (4.9) is fulfilled and the supremum is
attained. ]
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5.3 Extended Version

5.3 Extended Version

We are now ready to prove a more general version of the celebrated Kalman-Yakubovich-Popov
Lemma.

Theorem 5.7. [[1], Theorem 3] Let M, N € R™(+™) qnd © € S? such that det © < 0. Suppose
that that (5.16) is feasible. Then for any G € S"™™ the following statements are equivalent:

(1) (Lur’e equation) There exist P € 8™ and H € R™* (™) sych that
N(P)-G=-H"H (5.21)
(2) (Corresponding LMI) There exists P € 8™ such that

N(P)=G<0

(3) (Frequency condition) For every z € C**™ for which there exists a X € T such that
(AN — M)z =0

the following inequality holds:
z2*Gz >0

(4) For every z € C"™™ such that A(zz*) = 0 we have

2*Gz >0

(5) For all S € ST™™ that satisfy A(S) = 0 we have

tr(GS) > 0

(6) There exist Q € 8™ such that
inf tr(GS) > —o0

Sesytm
A(S)=Q

(7) If D is a bounded closed convex nonempty set in 8™ then the following duality result holds:

inf tr(GS)= sup Yp(P) (5.22)
Sesytm pPes™
A(S)eD A(P)-G<0

where the supremum is attained.

Proof. We shall show the implications (1) = (2) = (3) = (4) = (5) = (6) = (7) = (1).

The implication (1) = (2) is self-evident.

To show (2) = (3), suppose that (2) holds and pick 2z € C*"*™™ for which the equality
ANz = Mz holds for some A € I'. Then we get

AMzz*)= (M N)©wzz*)(M N)' =(Mz Nz)6(Mz Nz)’
=Nz(A 1)e(A 1)"(Nz)*=0
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5.3 Extended Version

The last equality follows from the definition of I, see equation (5.12). Using the above, we get
=0
—_—
z2"Gz = tr (Gzz") = tr (Gzz") — tr PA(zz") = tr (Gzz" — PA(zz"))
where P € 8™ is a matrix satisfying (2), that is G — A’(P) > 0. We then obtain
2*Gz =tr (Gzz* — N (P)zz*) = tr (G — N'(P))zz*) = 2* (G — A'(P))z > 0

as desired.

(3) = (4) follows directly from Lemma 5.5 (b).

We shall now prove the implication (4) = (5). Suppose that P € ™™ fulfills A(P) = 0.
By Lemma 5.5 (a) we can express P as a sum

n+m
P = Z z;z}
i=1
where z; € C*"™™ 4§ = 1,2,...,n + m solve the equation A(zz*) = 0. Using general rules for
trace and the condition (4) we get
n+m n+m n+m
tr(GS) = tr (G Z zizf> = Z tr(Gz;z}) = Z z;Gz; >0
i=1 i=1 i=1

This completes the proof of the implication.

(5) = (6) is trivially true: it suffices to choose @ = 0.

To show (6) = (7), suppose that (6) holds for some @ € S™. The duality relation (5.22)
follows directly from Theorem 5.6 and the fact that dom ¥ p = §™ since D is bounded. It remains
to show that the supremum is attained.

Consider the set {Q}. We have

Vioy(P) = S}Eg tr(SP) = tr(QP)

Notice also that dom W5y = S™. It now follows from Theorem 5.6 and the assertion (6) that

—oco < inf tr(GS)= sup tr(QP)
Sesyt™ pPest
A(S)=Q A'(P)-G<0

In the above we see that there must exist a symmetric P that satisfies A’(P) — G < 0. Again,
by Theorem 5.6 this implies that the supremum is attained.

It remains to show that (7) = (1) holds. As was seen above, the condition (7) implies that
there exists a P satisfying A’(P) — G < 0. This in turn implies (1). |

Remark. There is also a similar result involving only strict inequalities. ¢

Remark. We have taken away some components from the original formulation of condition (7).
The reason is that proving the complete version requires using results from the strict version of
the lemma. As the components are consequences of the given duality relation, it is really not
necessary to include them.

The missing items state that there exist P* € S™ such that:

argmax{tr(P) | P € 8", A'(P) — G <0} = {P"}
argmin{tr(P) | P € 8", N'(P)-G <0} ={P"}
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5.3 Extended Version

Also, any matrix P € 8™ that satisfies the condition A’'(P) — G < 0 also fulfills
P -<pP<pPt

Furthermore, there exists H* € R”™*("+™) guch that the pairs (P, H) and (P, H™) satisfy
the Lur’e equation (5.21). ¢
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6 Appendix: Proofs

Transformation

In this section we state and prove a proposition that shall simplify the proofs of Lemmas 5.4 and
5.5 significantly. We show that there always exists a transformation that allows us to express ©

and N in the special form (5.17).

Consider a transformation 7~ determined by two nonsingular matrices IT € R?*2 and T €

R(+m)x(n+m) guch that
or =1tem T
(Mr Np)=(M N)IX® L) (oT")
Furthermore, a vector z € C"* and a matrix F € RO hecome
zr=Txz
Fr =TF
The matrices G and S in S"*™ that define the function A are be given by
Gr={THr'ar!
Sy =T8TT
and the function A itself by

A7(P)= (M7 Nt)(©7® P) (%%)

Set p(v, ) = (v 1) O (v u)*. This function becomes:
prv,w) = (v p)Or (v p)’
(vr pr)=( w0
The above conditions lead to the following relations:

tr(GS7) = tr(GS)
Ar(S7) = A(S)
pr(vrnr) = p(v; 1)

We shall need the following two lemmas:

Lemma 6.1. For any F € CT™)>" the following two conditions are equivalent:

(a) det(NF) #0 and Sp[(NF)"'MF] C Q%
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(b) det(NF) #0 and det(vNF — uMF) # 0 for all £p(v,u) <O0.
Lemma 6.2. Let F € R"t™)*n  [f Br = TF then
viNtFr — pr My Fr = det(IT)(vNF — uMF)
Similar result holds for any vector z € C"*t™,
Proof. Remember that it is generally true that
(A® B)(C® D) =AC ® BD

if the matrices involved have suitable dimensions. Notice also that the following equality holds:
(_’“T> = det(INIT! (_“)
vr v

vr NPy — prMrFr = (Mr Nr) <<_V/;T) ® In+m) Fr=

We now get

— det(Il) (M N) (I1® Ly 1)l @ TV <H1 (‘j) ® In+m> TF =

—det(Il) (M N)([IeT™) <H1 (V“) ® In+m) TF =

= det(IT) (M N) (HH—1 (‘I/“) @T—1> TF =
= det(IT)(vNF — uMF)
The proof for z is almost identical. |

Proposition 6.3. If (5.16) is feasible, there exists a transformation T determined by two non-
singular matrices T € R?*? aqnd T € RO+ (n+m) that satisfy the conditions (6.1) — (6.5) such
that we can express © and N in the form

o7 = G é) (6.7
Ny = (I, 0)

Furthermore, the matrices ©1, My and N salisfy the condition (5.16).

Proof. We can always write

=1 ((1) (1)) n’ (6.8)

T 712

for some invertible II =
21 T22

> € R2*2, This gives us the desired transformation for ©:
_ -1 T _ =i (O 1\ g7 -1y _ (0 1
Or=1I"60II"")" =1 H(l 0 Im (I = 1 0

We shall now construct two transformations 77 and 7> and determine 7 as a combination of these.
The variables associated with transformation 77 shall have subscript 1, and those associated with
T2 will be marked by 2.
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Now consider 77 given by II; = Il and T} = I,,+m. As we saw above, we get ©1 = <(1) é)

and by (6.1) we gain

M, = (7T21N+7T11M)
Ni = (meaN + w12 M)

Furthermore, from (6.5) we get the relations
(i m) =@ o

pi(v,p) = (v n) <(1) é) (;) = 2Re(vp")

Let F* be solutions to (5.16). Define H* € R("+m)xn and K+ ¢ R(ntm)xm py

() o v

() () = () o -

It follows from

_(NHE= NK=\ (I, 0 (69)
- <FiHi FiKi) - <0 Im>
that NH* = I,,. This, together with the fact that
N\ /(I
Sp (M (Fi> (5)) =Sp(MH*) c O
allows us to use Lemma 6.1. Hence
det(vNH* — uMH*) #0  for all + p(v,u) <0 (6.10)
Using (6.8) we get that p(maa, —m12) = 0 and hence
det((moaN + maM)HE) = det(N H*) # 0 (6.11)
We also get from the equation (6.9) that
(ﬁ) (H* K*)= (Nléli N}fi) (6.12)

Equation (6.11) implies that the right-hand side of (6.12) is nonsingular and hence we obtain
det (1{_,\1) # 0. We can therefore define matrices H € R®"+™*" and K € R*+m)xm by the
relations

(1) = )

Combining the above with (6.12) yields H¥ = H*(N;H*)~!. Keeping in mind that 7' = I,, 1,
we now get from Lemma 6.2 that

det(vy Ny HE — py My HE) = det(vNHE — M H) det(IT) det (N, HE) 1
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We already know that the determinants of IT and (N; H*)~! are nonzero. From(6.10) and (6.6c)
we get that det(vy Ny Hi — pg My HiY) # 0 whenever +p; (v1, 1) < 0. Remember that T is simply
the imaginary axis whenever © is of the standard form (5.17). Since Ny Hf = I,, in the same
way as in (6.9) it follows from Lemma 6.1 that

Sp(M, FE) c C* (6.13)
Ny
-
by © = 0102 and T = T1T5. Then ©7 and Ny are of the desired form (6.7). Also, we get

My = M;T~ . It remains to show that (5.16) holds for these matrices.
Consider F7j5 = F*T~!. Then

N\ _ Ny -1
det <F7:|—:) = det <Fi> det(T7") #0

-1
N- I
+ T n
Hr = (F¢> (o)

We the get MTH7j5 = M, H and the result follows from (6.13). |

Let now 73 be given by Il; = I and Ty = < and consider the transformation 7 determined

Let us choose

Lemma 5.4
Let us first note that it follows from the relation (6.6b) that
A(S) = AT(ST) = NTSTM$ + MTSTN$

A matrix plus its Hermitian conjugate is a real symmetric matrix, from which it follows that the
right-hand side is real symmetric. Hence the choice of codomain to A is justified.

Let @ € 8™ be given. By Lemma 6.3 and the relation (6.6b) we may restrict our attention
to the special case (5.17). We shall show that there exists S € ST such that A(S) = Q. This
shall prove the lemma.

Let F* be matrices that fulfill the condition (5.16). If we set

w= () (%)

then the condition (5.16) implies that M H~ is Hurwitz and M H* antihurwitz. Notice that

NH* = (I, 0) (I%i())_l (I(;L) = (I, 0) (I*” I) (%) = I, (6.14)

Since Q is symmetric we may express it as a sum Q = QT + Q~ where QT > 0and Q~ < 0. As
seen in Example 4.7 and the discussion following it, the Lyapunov equations

(MHE)P + P(MH*)* = Q* (6.15)

have solutions P* in 8%. Let S = HYPY(H*)*+ H-P~(H~)* € S{™™. The result follows by
inserting S in (5.20) and using relations (6.14) and (6.15). The proof is now complete.
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Lemma 5.5
In order to show the result we need the following two lemmas from [24]:

Lemma 6.4. Let N and M be complex matrices of the same size. Then FG* + GF* =0 if and
only if there exists a matriz U such that UU* =1 and F(I +U) =G —U).

Lemma 6.5. Let x,y € C" and y # 0. Then xy* + yx* = 0 if and only if there exists a € R
such that x = iay.

To show that (a) holds, suppose that S solves the equation A(S) = 0. By Lemma 6.3 and
the relation (6.6b) we can again restrict our attention to the special case (5.17). We get from
(5.20) that

A(P) = NPMT + MPNT = NPY2(MPY%)T + MPY2(NPY?)T =0
By Lemma 6.4 there exists a matrix U such that
NPY2(I1+U)= MPY*(I -U) (6.16)
The condition UU* = I means that U is unitary, and hence there exists 0; € R, u; € C"*™,

j=1,2,...,n+ m such that Enﬂn uwjuf = I and U = Z;Hlme jujul. If we set z; = PY/%u,;

then we obtain Zj 1 %j%j = P as desired. Let us now show that
A(z; ]) Nzj(Mz;)*+Mz;(Nz;)*=0
We have
Nzj(1+¢e%) = NPY?u;(1+¢%) = NPY2(I 4+ U)u; =
= MPY*(I - U)uj = Mz;(1— ")

Applying Lemma 6.4 once again gives the desired result. We have now proved the first part of
our lemma.

To show (b) it is not sufficient to consider the case (5.17). The reason is that whether or
not Ay is compact depends on the nature of I'. Let 7 be a transformation as in Lemma 2.9 and
suppose that z € C"*™ ¢ A;.

Consider the point z7 = T'z. We shall show that the equation

(vr Nt — prM7) 27 =0 (6.17)
is satisfied for some p7, vy € C such that

+ |v 0
lur |+ lvr| # * (6.18)
o1 (v1, pr) = 2Re(purry) =0
If Nyz+ = 0, then we may choose p7 = 0 and vy = 4. Suppose that Nyz+ # 0. We have
0= A(22") = Ar(272%) = Nrzr(Mz7)" + Mr27(N7T27)" =0

Set € = Nyzy and y = Myz7. By Lemma 6.5 there exist an a € R such that Re(a) > 0 and
Mz = iaNz. Hence the points pr = 1 and vy = ai satisfy (6.17) and the conditions (6.18).
By the Lemma 6.2 we get from (6.17) that

(VN —uM)z=0 (6.19)
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Here p and v are determined by the relation (6.5). The relations (6.18) translate directly to

lul +[v] # 0

) =0 (6.20)

Pick any v, u satisfying the equations (6.19) and (6.20). We shall now show that z € cl Ay. There
are two cases to consider: (1) u # 0 and (2) pu = 0.

(1) If i # 0 then the result follows by inserting A = v/ in (6.19). The condition p (v, ) =0
implies that p (A, 1) = ¢(A) = 0 and hence A € I'. This means that z € A,.

(2) Suppose that u = 0. We get from (6.19) that

p(.0)= (v 0)6 (VO> — (v 0) (gi zlz) (”0> -

From this it follows that 6;; = 0, otherwise we would have |u| 4 |v| = 0, a contradiction. As
mentioned earlier, this implies that I" is a line in C and not a circle. Hence we can find a
sequence {\;}$2; C I' such that lim; ,o A; is +00 or —oc.

We shall now construct a sequence {z;}2, C C"™™ in A, that converges to z. Let F~

satisfy (5.16) and consider
_ N I,
= () ()

In the same way as in (6.14) we get NH~ = I,,. From (5.16) we also obtain
det(M\;I, — MH™) #0, 1=1,2,...
Let us now construct the sequence {z;}5°, by setting:
zi=z+H (M, —MH ) 'Mz
Then we get

ANiNz; — Mz; = \il,(\I, — MH ) *Mz -~ Mz~ MH (AN, - MH ) 'Mz =
=Nl — MH)NI, —MH ) "Mz~ Mz=Mz—-Mz=0

Hence each z; belongs to As. The result follows by noting that

lim 2z, =z + H™ lim (M, - MH ) 'Mz =2

11— 00 11— 00

since lim;_ o0 (M\il,, — MH )" Mz = 0. The proof is now complete.
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