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Preface

Based on the seminal work of Naum Zuselevich Shor (Institute of Cybernet-
ics, Kiev) in the 1980s [1, 2, 3], the theory of positive polynomials lends new
theoretical insights into a wide range of control and optimization problems.
Positive polynomials can be used to formulate a large number of problems
in robust control, non-linear control and non-convex optimization. Only very
recently it has been realized that polynomial positivity conditions can be for-
mulated efficiently in terms of Linear Matrix Inequality (LMI) and Semidef-
inite Programming (SDP) problems. In turn, it is now recognized that LMI
and SDP techniques play a fundamental role in convex optimization, see e.g.
the plenary talk by Stephen Boyd at the 2002 IEEE Conference on Decision
and Control or the successful Workshop on SDP and robust optimization or-
ganized in March 2003 by the Institute of Mathematics and its Applications
at the University of Minnesota in Minneapolis. For the above reasons, the
joint use of positive polynomials and LMI optimization provides an extremely
promising approach to difficult control problems.

In the last years, several sessions at major control conferences as well as
specialized workshops have been dedicated to these research topics. The in-
vited session Positive Polynomials in Control at the 2003 IEEE Conference on
Decision and Control, organized by the editors of this volume, has shown that
new research directions are quickly emerging, thus pointing out the need for a
more detailed overview of the current activity in this research area. This is the
main aim of the present book. Another important objective of the book is to
collect contributions from several fields (control, optimization, mathematics),
in order to show different views and approaches to the topics outlined above.

The book is organized in three parts.

The first part collects a number of articles on applications of positive
polynomials and LMI optimization to solve various control problems, start-
ing with a contribution by Jarvis-Wloszek, Feeley, Tan, Sun and Packard
on the sum-of-squares (SOS) decomposition of positive polynomials for non-
linear polynomial systems analysis and design [I.1]. SOS techniques are also
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used by Papachristodoulou and Prajna to cope with nonlinear non-polynomial
systems, using algebraic reformulation techniques [I.2]. Hol and Scherer in
[I.3] describe several results on the use of SOS polynomial matrices to de-
rive bounds on the global optima of non-convex bilinear matrix inequality
(BMI) problems, in particular those arising in fixed-order H, design. This
latter problem, traditionally deemed as difficult in the control community, is
approached differently by Henrion [I.4]: with the help of matrix polynomial
positivity conditions, sufficient LMI conditions for scalar fixed-order H., de-
sign are obtained. Gram-matrix representation of homogeneous forms, similar
to the SOS representation, are used by Chesi, Garulli, Tesi and Vicino in
[I.5] to construct less conservative quadratic-in-the-state but polynomial-in-
the-parameter Lyapunov functions for assessing robust stability of polytopic
linear systems. Finally, positivity conditions for multivariate polynomial ma-
trices are obtained by Bliman [I.6] via the Kalman-Yakubovich-Popov (KYP)
lemma, and an application to the design of linear-parameter-varying (LPV)
gain-scheduled state-feedback control laws is described.

The second part of the book is more mathematical, and gives an overview
of different algebraic techniques used to cope with polynomial positivity. Re-
sults of semi-algebraic geometry by Hilbert and Pdélya led Parrilo [4, 5] to
construct converging hierarchies of LMI relaxations for optimization over
semi-algebraic sets, based on the theory of SOS representations of positive
polynomials. Independently, results by Schmiidgen and Putinar were used by
Lasserre [6] to construct similar converging LMI hierarchies, with the help
of the theory of moments. Both Parrilo’s and Lasserre’s approaches can be
viewed as dual to each other. The paper by De Klerk, Laurent and Parrilo
[I1.1] shows equivalence between these two approaches in the special case of
minimization of forms on the simplex. In [I1.2], Lasserre applies the theory
of moments to characterize the set of zeros of triangular sets of polynomial
equations. Namely, it is shown that the particular structure of the problem
allows for the derivation of a simple LMI formulation. Lasserre’s hierarchy
of LMI relaxations has proved asymptotic convergence under some constraint
qualification assumptions, and in particular if the semi-algebraic feasible set
is compact: Powers and Reznick [I1.3] investigate what happens with the pos-
itivity condition of Schmiidgen-Putinar if this compactness assumption is not
satisfied. Finally, in [I1.4] Siljak and Stipanovi¢ follow a different approach to
ensure polynomial positivity. Based on Bernstein’s polynomials, they derive
criteria for stability analysis and robust stability analysis of two-indeterminate
polynomials.

Finally, the third part of the book is dedicated to numerical aspects of
positivity of polynomials, and recently developed software tools which can be
employed to solve the problems discussed in the book. Parrilo in [IIL.1] surveys
a collection of algebraic results (sparse polynomials and Newton polytopes,
ideal structure with equality constraints, structural symmetries) to reduce the
size of the LMI formulation of SOS decomposition of positive polynomials.
Vandenberghe, Balakrishnan, Wallin, Hansson and Roh [III.2] discuss imple-
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mentations of primal-dual interior-point methods for LMI problems derived
from the KYP lemma (positivity conditions on one-indeterminate matrix poly-
nomials). It is shown that the overall cost can be reduced to O(n?), or even
O(n?), as opposed to the O(n%) of conventional methods, where n is the size
of the Lyapunov matrix. In their paper [II1.3], Hachez and Nesterov use the
theory of conic duality to study in considerable detail optimization problems
over positive polynomials with additional interpolation conditions. As a strik-
ing result, they show that the complexity of solving the dual LMI formulation
is almost independent of the number of interpolation constraints, which has
obvious applications in designing more efficient tailored primal-dual interior-
point algorithms. The book winds up with descriptions of recent developments
in two alternative Matlab software currently available to handle positive mul-
tivariate polynomials, using either the SOS decomposition (SOSTOOLS) or
the dual moment approach (GloptiPoly). Prajna, Papachristodoulou, Seiler,
and Parrilo survey in [IIL.4] the main features of SOSTOOLS along with
its control applications, whereas Henrion and Lasserre in [II1.5] describe the
global optimality certificate and solution extraction mechanism implemented
in GloptiPoly.

We believe that the organization of the book into three parts reflects the
current trends in the area, with interplay between control engineers, mathe-
maticians, optimizers and software developers.

October 2004 Didier Henrion
Andrea Garulli
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Control Applications of
Sum of Squares Programming

Zachary Jarvis-Wloszek, Ryan Feeley, Weehong Tan, Kunpeng Sun, and
Andrew Packard

Department of Mechanical Engineering, University of California, Berkeley
{zachary, rfeeley, weehong, kpsun, pack}@jagger.me.berkeley.edu

We consider nonlinear systems with polynomial vector fields and pose two
classes of system theoretic problems that may be solved by sum of squares
programming. The first is disturbance analysis using three different norms to
bound the reachable set. The second is the synthesis of a polynomial state
feedback controller to enlarge the provable region of attraction. We also out-
line a variant of the state feedback synthesis for handling systems with input
saturation. Both classes of problems are demonstrated using two-state non-
linear systems.

1 Introduction

Recent developments in sum of squares (SOS) programming [1, 2] have greatly
extended the class of problems that can be solved with convex optimization.
These results provide a general methodology to find formulations or relax-
ations, solvable by semidefinite programming, which address seemingly in-
tractable nonconvex problems. Many of the problems that are amenable to
SOS programming relate to polynomial optimization or algebraic geometry
and reach back to the original work on global lower bounds for polynomials.
This work is collected and expanded upon in [3].

First, we define the basic tools needed to state the main theorem, the
Positivstellensatz, which leads to the development of our results. We use this
methodology to pose two classes of system theoretic problems for nonlinear
systems with polynomial vector fields. The first class of problems is distur-
bance analysis, which we will show three different ways of quantifying the
effects of disturbances on polynomial systems:

1. bounding the reachable set subject to unit energy disturbance,
2. bounding the peak bounded disturbance that retains set invariance, and
3. bounding the induced Lo — Lo gain.

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 3-22, 2005.
© Springer-Verlag Berlin Heidelberg 2005



4 7. Jarvis-Wloszek et al.

The second class of problems is expanding a region of attraction with state
feedback, and its variant for systems with input saturation. We will illustrate
our methods of solving these problems by presenting two proof of concept
numerical examples. The two classes of problems presented here is a selection
of work done in [4] and [5].

2 Preliminaries

We often use the same letter to denote a signal (i.e. a function of time), as
well as the possible values that the signal may take on at any time. We hope
this abuse of notation will not confuse the reader.

2.1 Polynomial Definitions

Definition 1 (Monomials). A Monomial m, in n variables is a function
defined as mqo(x) = 2 := 27" 25? - - - 20" for o € 2. The degree of a mono-

mial is defined, degmea == | .

Definition 2 (Polynomials). A Polynomial f in n variables is a finite
linear combination of monomials,

f= E CaMa = E Cat®
(6% (6%

with ¢, € R. Define R,, to be the set of all polynomials in n variables. The
degree of [ is defined as deg f := max,, degm, (provided the associated c,, is
non-zero).

Additionally we define ¥,, to be the set of sum of squares (SOS) polyno-
mials in n variables.

¥, = {p € Rn

t
=312, fienn,i:l,...,t} .
=1

Obviously if p € X, then p(x) > 0 Vo € R™.

It is interesting to note that there are polynomials that are positive
semidefinite (PSD) that are not sum of squares. In general, there are only
three combinations of number of variables and degree such that the set of
SOS polynomials is equivalent to the set of positive semidefinite ones, namely,
n = 2;d = 2; and n = 3 with d = 4. This result dates to Hilbert and is related
to his 17th problem.



Control Applications of SOS Programming 5
2.2 Positivstellensatz

In the section we define concepts to state a central theorem from real algebraic
geometry, the Positivstellensatz, which we will hereafter refer to as the P-satz.
This is a powerful theorem which generalizes many known results. For exam-
ple, applying the P-satz, it is possible to derive the S-procedure by carefully
picking the free parameters, as will be shown in Sect. 2.4.

Definition 3. Given {g1,...,q:} € Ry, the Multiplicative Monoid gener-
ated by g;’s is the set of all finite products of g;’s, including 1 (i.e. the empty
product). It is denoted as M(g1,...,gt). For completeness define M(¢p) := 1.

An example: M (g1, g2) = {g¥ 52 | by, ko € 7, ).
Definition 4. Given {f1,..., fr} € Ry, the Cone generated by f;’s is

l
P(fl,...,f,«) = {30"‘231()1 l € Z+,Si S Zn,bi S M(fl,...,f,«)} . (1)
=1

Note that if s € ¥, and f € R,,, then f2s € ¥, as well. This allows us to
express a cone of {f1,..., fr} as a sum of 2" terms. An example: P(f1, f2) =
{s0 +s1f1 +s2fo+s3fifa]s0,...,53 € En}.

Definition 5. Given {h1,...,h,} € Ry, the Ideal generated by hy’s is

I(hl,...,hu) = {thpk Pk ERn} .

k=1
With these definitions we can state the following theorem taken from [6, The-
orem 4.2.2]

Theorem 1 (Positivstellensatz). Given polynomials {f1,..., fr},
{91,.-ygt}, and {h1,..., hy} in Ry, the following are equivalent:

1. The set

fi(z) >0,..., fr(x) >0
zeR" | gi(x) #0,...,9:(x) #0
hi(z) =0,...,hy(x) =0

18 empty.
2. There exist polynomials f € P(f1,...,fr), g € M(g1,...,G¢),
heZ(hy,...,hy,) such that

f+g*+h=0.

When there are only inequality constraints, and they describe a compact re-
gion, this theorem can be improved to reduce the number of free parameters
[7], and with slightly stronger assumptions [8]. These results have been used to
improve bounds on nonconvex polynomial optimization [2] and [9] highlighted
a software package to do so.
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2.3 SOS Programming

Sum of squares polynomials play an important role in the P-satz. Using a
“Gram matrix” approach, Choi et al. [10] showed that p € ¥, if 3Q = 0
such that p(z) = 2*(x)Qz(x), with z(x) a vector of suitable monomials. Powers
and Wormann [11] proposed an algorithm to check if any @ > 0 exists for a
given p € R,,. Parrilo [1] showed that their algorithm is an LMI, and proved
the following extension.

Theorem 2 (Parrilo). Given a finite set {p;}", € Ry, the existence of
{a;}™, € R such that

1=
m

Ppo + Z%Pi € Xy

i=1
1s an LMI feasibility problem.

This theorem is useful since it allows one to answer questions like the following
SOS programming example.

Ezxample 1. Given pg,p1 € R, does there exist a k € R, of a given degree,
such that
Po + kpl S Zn . (2)

To answer this question, write k£ as a linear combination of its monomials

{m;}, k = ijl a;m;. Rewrite (2) using this decomposition

po+kpr=po+ Y a;(m;p)
=1

which since (m;p1) € R, is a feasibility problem that can be checked by
Theorem 2.

A software package, SOSTOOLS, [12, 13], exists to aid in solving the LMIs
that result from Theorem 2. This package as well as [9] use Sturm’s SeDuMi
semidefinite programming solver [14].

2.4 S-Procedure

What does the S-procedure look like in the P-satz formalism? Given symmet-
ric n x n matrices {Ay};-, the S-procedure states: if there exist nonnegative
scalars {/\k};c”:l such that Ag — Z;l A A = 0, then

m

ﬂ {xeR"|xTAkaO}Q{xeR"|xTA0x20} .

k=1

“

Written in P-satz form, the question becomes “is
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{xER”

empty?” Certainly, if the \j, exist, define 0 < @ := Ay — >_;" | Ay Ag. Further
define SOS functions so(z) := 27 Qx, 501 := A1, ..., Som := Am. Note that

2T Az >0,...,2T A2 >0,
—xT Agx >0, 27 Agz # 0

fi= (=2 Aoz)so + > e, (2T Agz) (2T Apz)son
e P (xTAlx, o aT Az, —xTAOx)

and that g := 27 Agz € M(2T Agz). Substitution yields f 4 ¢? = 0 as desired.
We will use this insight to make specific selections in the P-satz formulation
of in Sects. 3 and 4. For the special case of m = 1, the converse of the S-
Procedure is also true [15, Sect. 2.6.3].

Using the tools of SOS programming and the P-satz, we can, after some
simplifications, cast some control problems for systems with polynomial vector
fields as tractable optimization problems. In the next two sections, we discuss
two classes of problems that these techniques are applicable to.

3 Disturbance Analysis

In this section, we consider the local effects of external disturbances on poly-
nomial systems. The following types of disturbance analysis are considered:

1. Reachable set bounds under unit energy disturbances
2. Set invariance under peak bounded disturbances
3. Bounding the induced Lo — L5 gain

3.1 Reachable Set Bounds under Unit Energy Disturbances

Given a system of the form
&= f(z) + guw(x)w (3)

with z(t) € R", w(t) € R™, f € R", f(0) =0, and g, € RI"*"™. We want to
compute a bound on the set of points x(7T) that are reachable from x(0) =0
under (3), provided the disturbance satisfies fOT w(t)*w(t)dt <1, T > 0.

A similar problem is considered in [16], where real quantifier elimination
is used to calculate the exact reachable set for a larger class of dynamical
systems. Our approach only considers convex relaxations of the exact problem,
and as such requires less computation. A comparison of SOS programming and
computational algebra is given in [17] for the case of polynomial minimization.

Following the Lyapunov-like argument in [15, Sect. 6.1.1], if we have a
polynomial V' such that
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V(z) > 0 for all z € R"\ {0} with V(0) =0, and (4)
aV * n n
%(f(a:)—l—gw(x)w)gww for all z € R", w € R™ | (5)

then {z|V(z) < 1} contains the set of points x(7T') that are reachable from
x(0) = 0 for any w such that fOTw(t)*w(t) dt <1, T > 0. We can see this by
integrating the inequality in (5) from 0 to 7', yielding

T
V(2(T)) — V(2(0)) :/0 w(t) w(t)dt < 1.

Recalling V(z(0)) = 0, 2(T) € {x|V(z) < 1}. Furthermore, 2(7) € {z|V(z) <
1} for all 7 € [0, 77, allowing us to relax the inequality in (5) to

ov

o (f(x) + gw(z)w) <w*w Vee{zr|V(r) <1}, Yw e R"™ .

To bound the reachable set, we require a V satisfying these conditions.
Additionally, to achieve a useful bound, the level set {z|V(z) < 1} should
be as small as possible. This is accomplished by requiring {z|V(z) < 1} to
be contained in a variable sized region Pz := {z € R"|p(x) < §}, for some
positive definite p, and minimizing 3 under the constraint that we can find a
V satisfying (4) and (5). Restricting V' to be a polynomial with no constant
term, so that V' (0) = 0, we formulate the problem in the following way, leading
to application of the P-satz.

Vrrel,l}%l’n ﬂ
such that
{2 €R" [ V(2) <0,41(x) # 0} is empty (6)
{z e R" | V(z) < 1,p(z) > B,p(z) # B} is empty , (7)
Vi(z) <1,
reR", )
W (f(2) + gu(@)w) > w*w, o is empty . (®)
w € Rw 8’;

(f (@) + guw(r)w) # w*w

Q|
8

where [y is some positive definite and SOS polynomial that replaces z in the
non-polynomial constraint « # 0. The constraints (6) and (8) make V and V
behave properly, while (7) allows that {z|V(z) <1} C Pg.

Invoking the P-satz, constraints (6)—(8) are equivalent to the constraints
in the following minimization.
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. VeRL, S1,...,8 € 2n
min 3 over

S7yee3510 € Xntny, , ki, ko, ks € Z
such that
s1— Vsg+ l%kl =0, 9)
s3+(1=V)ss+(p—B)ss ,
+(1=V)(p—B)ss+ (p—B)*** =0, (10)
st + a—‘g(f(a:) + guw(z)w) — w*w) sg+ (1 —V)sg

+(1-V) (aa—‘;(f(x) + gu(z)w) — w*w) 510 »

2ks
+(GoU@ + gulehu) - ww) o0, an

Conditions (9)—(11) cannot be directly checked using SOS programming
methods. Therefore we specify convenient values for some of the s;’s and &;’s.
We also restrict the degree of V' and the remaining s;’s. Consequently (9)—(11)
become only sufficient for (6)—(8).

Picking any of the k; = 0, can prevent feasibility. Thus we set all of the k;’s
equal to the next smallest value, 1. If we pick so =1; and s; = §11;, then (9)
looks like the form used to show positive definiteness of a Lyapunov function
n [18]. Additionally, if we pick s; = s9 = 0, and realize that %(f(x) +
guw(z)w) — w*w is not the zero polynomial, we can write (11) in the form of
a “generalized” S-procedure. These choices leave the following problem:

minf over V € R,, S4,55,56 € Ln, 510 € Lntn,

such that
V-lhes,, (12)
—(A=V)si+ (0= B)ss

+(1=V)(p—B)ss + (= B)) € Tu (13)
- ((1 —V)si0 + (g‘;(f(x) + gu(x)w) — w*w)) € Yntn, - (14)

where (12) ensures the positive definiteness of V', (13) establishes {z|V (z) <
1} C Pg, and (14) constrains V < w*w on {z|V(x) < 1}.

Note that some of the decision polynomials enter the constraints in a
bilinear form, which SOS programming cannot handle directly. For example,
n (13), there are bilinear terms such as Vs, and Vsg. Our approach is to
hold one set of decision polynomials fixed while optimizing the other set, then
switching over. This results in an iterative algorithm whereby at any step, the
constraints (12)—(14) can be checked using SOS programming.
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Before presenting the algorithm, two issues deserve mention. First, to use
SOS programming, we must specify the maximum degree of V' and the SOS
polynomials s;. To ensure (12)—(14) might be satisfied, the degree of the poly-
nomials must satisfy

degV =degly
max{deg(V's4); deg(Vpse)} > max{deg(pss);2degp} , (15)
deg s19 > max{deg f;deg(g,w)} — 1.

These constraints are a consequence of the nature of polynomials; e.g. a SOS
polynomial of degree 2 cannot be greater than a SOS polynomial of degree 4
for all z.

The second issue is that the algorithm does not reliably find a feasible
point {V, s4, s5, S6, S10, 8}. Rather it can only improve upon one, by driving
[ smaller. As written, the user must supply an initial Vg that is a component
of some feasible point, though the other components can be determined with
SDPs. Given a Vj satistying (12), an SDP can determine the existence of s4,
s5, and s¢ to satisfy (13). Likewise, a separate SDP can determine the exis-
tence of s19 satisfying (14). Note that a “poor” choice of initial V, may render
(13) and/or (14) unsatisfiable for any choice of 3, s4, s5, S6, S10, although for
a different Vo, (13) and (14) may be satisfied. Heuristics (based on lineariza-
tions) to find suitable initial Vj’s are possible. However, once a feasible point
{V, 34, s5, S6, $10, 3} is found, the optimization will remain feasible and £ will
be at least monotonically non-increasing with every step of the algorithm.
Since we do not have a lower bound on 3, we do not have a formal stop-
ping criteria. Heuristics, such as 3 between each iteration of the algorithm
improving by less than a specified tolerance, is used as our stopping criterion.

Iterative Bounding Procedure

Setup: Specify the maximum degree that will be considered for both V' and
the s;’s, observing the constraints in (15). Set I3 = €Y« for some small
e > 0, and m is the maximum degree of V. Each step of the iteration,
which is indexed by 4, consists of three substeps, the first two subject
to constraints (12)—(14). To begin the iteration, choose a Vj, initialize
V(i=0) — ¥}, and the iteration index i = 1, and proceed to step 1.

1. SOS Optimization:
Minimize 3 over sy, ss, s, and s19, with V' = V=1 fixed, to obtain
sff), sg'), and s%)

2. Lyapunov Function Synthesis:
Minimize (3 over s5 and V, with s4 = sy), S¢ = sg), and s;g = sgz)
fixed, to obtain V@ and ().
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3. Stopping Criterion:
If B4 — 3(=1) ig less than a specified tolerance, conclude the iteration,
otherwise increment 4 and return to substep 1.

In (13), 8 is multiplied by polynomials we are searching over. Therefore
we minimize 3 in substeps 1 and 2 using a line search.

If we restrict ourselves to linear dynamics, & = Az + B,w, and quadratic

Lyapunov functions, V(x) = x*Pz, then (12) becomes P > 0, and with

s10 = 0, (14) becomes

A*P+ PA PB,
B P —1I

Thus (12) and (14) generalize the LMI in [15, Sect. 6.1.1].

3.2 Set Invariance under Peak Bounded Disturbances
Considering again a polynomial system subject to disturbances as in (3),
b= (@) + gule)w.

We can now look at bounding the maximum peak disturbance value such that
a given set remains invariant under these bounded disturbances and the action
of the system’s dynamics.

Let the peak of a signal w be bounded by

[[wlloo == sup lwt)] < Vv
and define the invariant set as
QO ={zeR"|V(zx) <1}

for some fixed V' € R,,, positive definite. We know that if %—Z (f(@)+gw(@)w) <
0 on the boundary of €27 for all w meeting the peak bound, then the flow of the
system from any point in 27 cannot ever leave 1, which makes it invariant.
In set containment terms we can write this relationship as

{r e R",w e R"™

V(z)=1}n{z e R",w e R™

w w < v}
v
- {x eR™,weR™ %(f(a:) + guw(z)w) < 0} (16)

which can be rewritten in set emptiness form as

c R" V(x)—lzo,’y—w*wzo,
' n’ %_Z(f(l') + gw(x)w) >0, = ¢
weRm | o7
(f(2) + guw(x)w) #0
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Employing the P-satz, this becomes
0.+ 510y — ww) + 822 (F(2) + g (@)w)
+ s3(7 — w'w) G (f (@) + gu(2)w)
+ (BE(F@) + gul@w)™ +a(V = 1) =0

with k € Z4, ¢ € Rytn, and so, 51,52,53 € Xpign,-
Using our standard approach of k = 1, we can write the following SOS
constraint that guarantees invariance under bounded w,

= s1(y — w'w) — 5255 (f(2) + gu(x)w)
~ ss(y — ww) 3 (f(2) + gu(@)w)
2
— (G5 (f(@) + gu(@)w))” = a(V = 1) € By, - (17)
Notice that this SOS condition has terms that are not linear in the monomials
of V', and thus there is no way to use our convex optimization approach to
adjust V' while checking this condition. Since (17) in linear in v we can search
for the maximum peak disturbance for which the set is invariant, by searching
over ¢ and the s;’s to maximize v subject to (17). We will need to have the
following degree relationship hold to make (17) possibly feasible
max {deg(s1) + 2, deg(s2 52 (f () + gu(x)w)), deg(qV)}
> max {deg(s3 92 (F(2) + gu (@)w))) + 2, 2deg( 3L (F(z) + gu(a)w))} -
If we set 2(0) = 0, then the invariant set 2y bounds the system’s reachable
set under disturbances with peak less than «. This bound is similar, but less
stringent, than the bound for linear systems given in [15].

The constraint in (17) can result in searching for polynomials with many
coefficients. We can reduce the degree of this constraint by setting

o= (W) +gutonm))

and

i = (GeU@ + aulonw)) s

for i = 1,2,3. This allows us to factor out a (%—Z(f(a:) + gw(x)w))2 term to
get the following sufficient condition:
=510y —w'w) = 8 55(f(x) + gu(z)w)
—33(y — W' w0) G (f (@) + gu(@)w) =1 = G(V = 1) € Bpan,, . (18)

For this simplified constraint (18), the polynomials must satisify this degree
relationship:

max {deg(51) + 2, deg(522%(f(x) + guw(z)w)), deg(gV)}
> deg (83, (f(2) + gu(z)w))) +2. (19)
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Effect of ||w||eo On [|Z]|co

Using the bounded peak disturbances techniques above to find a bound for the
largest disturbance peak value for which €27 is invariant, we can then bound
the peak size of the system’s state to get a relationship that is similar to the
induced Lo, — L4 norm from disturbance to state for this invariant set.

For a given V| we solve the optimization to find the largest v such that
(17) is feasible. Then we can bound the size of the state by optimizing to find
the smallest a such that

QG ={reR"|V(z) <1} C{zeR"|z"z < a}

This containment constraint is easily solved with a generalized S-procedure
following from Sect. 2.4. From this point we know that the following implica-
tion holds

Vz(0) € @1, and [w]e <A = 2]le < Ve,

which provides our induced norm-like bound.

3.3 Bounding the Induced L5 — L2 Gain

Consider the disturbance driven system with outputs,

&= f(x)+ gu(z)w
y = h(z)

with z(t) € R™, w(t) € R™, y(t) € RP, f € R}, f(0) =0, g € R1*™, and
h € R? with h(0) = 0.

For a region, Q; = {z € R"|V(z) < 1} as in Sect. 3.2, that is invariant
under disturbances with ||w||sc < /7, we can bound the induced Lo — Lo
gain from w to y on this invariant set by finding a positive definite H € R,,
and 8 > 0 such that the following set containment holds

{z eR",w e R™w*w <y}N{zeR",weR"™|V(z) <1}
C{zeR"weR™ |2 (f(z) + gu(x)w) + h(z)*h(z) — fw*w < 0} (20)

If we can find a 3, H pair to make (20) hold, then we can follow the steps
from Sect. 3.1 to show that

s0)=0 ad fulw < VT = 2 <G,
2

We can search for the tightest bound on the induced norm by employing a
generalized S-procedure to satisfy (20) and solving the following optimization
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min s.t.
HeR, ﬁ

H-leX,, (21)
— (G (f (@) + gu(@)w) + h(z)*h(z) — fw*w)
—s1(y —w'w) —s2(1 = V) € Xpyn,,
with s1,59 € ¥y yp,, and [ € X, positive definite.
In an effort to make the optimization (21) feasible we will pick the degrees

of s1 and s so that

deg(s1) + 2 > deg (%—Iz(f(a:) + gw(z)w) + h*h) and

deg(s2V) = deg (FL(f () + gu(x)w) +h*h) .

3.4 Disturbance Analysis Example

Consider the following nonlinear system

T, = —x1+ 20 — xlxg
To = —To — x%xz +w
y = [z1 3]" (22)

with z(t) € R? and w(t) € R. Given p(z) = 82% — 87129 + 473, we would
like to determine the smallest level set Pg := {x € R?|p(x) < 3} that con-
tains all possible system trajectories for ¢ < T starting from x(0) = 0 with
fOT w?dt < R, where R is a given constant. Employing the algorithm in Sect.
3.1, we fix s5 = 1 and s¢ = 0 to eliminate the need for a line search in each
substep. We set the maximum degree of V', s4 and sig all to be of degree 4
and initialized the algorithm with Vo (x) = 2? + 22. Figure 1 shows the algo-
rithm’s progress in reducing 3 versus iteration number as well as the trade off
between R and . The insert shows the monotonically decreasing behavior of
our algorithm for R = 1, and after 10 iterations, (3 is reduced to 1.08, which is
a large improvement over the first iteration bound of 3 = 10.79. For increasing
values of disturbance energy R, the size of the reachable set increases, which
is expected.

Using the Lyapunov function V' found in the reachable set analysis for
R = 1, we can bound the peak disturbance such that the set Q; = {z €
R? | V(x) < 1} remains invariant. Using the optimization in (18), we get
lw]lee < /7 = 0.642 by choosing the degree of 31, 52,83 and p to be 6, 2, 0
and 4 respectively. If we start from x(0) € 2 and have ||w||s < 0.642, then
|z]|co < v/ = 0.784. We can also bound the induced L2 — L4 disturbance to
state gain for this system. The maximum degree of H, s, and so are chosen
to be 2, 0 and 2 respectively. Using (21), we get Izll2 <1 41 if we start from

lwll2 =
2(0) = 0, and as long as ||w||. < 0.642.
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Fig. 1. Insert: Algorithm’s progress for R=1, Main: Trade off between R and [

4 Expanding a Region of Attraction with State Feedback

Given a system of the form

&= f(x) + g(x)u (23)

with z(t) € R™, u(t) € R, and f,g n-vectors of elements of R,, such that
f£(0) = 0, we would like to synthesize a state feedback controller u = K(z)
with K € R,, that enlarges the set of points that we can show are attracted
to the fixed point at the origin.

We define a variable sized region as Pg := {z € R"|p(z) < §}, for some
given positive definite p. We then expand the provable region of attraction
by maximizing # while requiring that all of the points in Pg converge to the
origin under the controller K. Using a Lyapunov argument, every point in Py
will converge asymptotically to the origin if there exists K,V € R,, such that
the following hold:
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V(z) > 0 for all z € R"\{0} and V(0) =0, (24)
{z eR"|p(z) < B} C{z eR"|V(z) <1}, (25)
{e € R |V(2) < 1}\{0}
{m eR" Z—Z(f(a:) +g9(x)K(x)) < 0} )

These conditions show that V' is positive definite, Pg is contained in a level
set of V, and % is strictly negative on all the points contained in the level
set aside from x = 0.

The condition that V(0) = 0 is satisfied by setting the constant term to
zero. Enlarging the region of attraction subject to the preceding requirements
can be cast into the following form which is amenable to the P-satz.

(26)

R,
such that
{x e R"|V(x) <0, l1(x) # 0} is empty , (27)
{z e R" | p(z) < B, V(z) > 1, V(z) # 1} is empty , (28)
V@S k@ Ao |
e 5 (f(x) + g(x)K(x)) > 1 empty . (29)

where [, 15 are fixed positive definite and SOS polynomials which replace the
non-polynomial constraints z # 0 in (24) and (26).

Applying the P-satz, the region maximization problem with constraints
(27)-(29) is equivalent to

K, VeR, kiksksc Z+

max 3 over

S1y--.,510 € 2
such that
51— Vsa +12M =0, (30)
s3+ (B —p)sa+ (V —1)s5
+(B=p)(V—=1)ss+(V-1)*2 =0, (31)

s+ (1= V)ss + (G (F +K))so
F =)L + K)o+ B =0 32)

We cannot check (30)—(32) using SOS programming methods, so we will
have to pick values for some of the s;’s and k;’s. We set k1 = ko = k3 = 1 and
pick so = I3 and s; = 8113 to simplify (30). Equation (31) has a (V — 1)2k2
term which we can not directly optimize over using SOS programming, so we
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cast this constraint as an S-procedure (see Sect. 2.4). This is done by setting
s3 = s4 = 0, ko = 1, and factoring out a (V' — 1) term. To simplify (32) we

set s10 = 0 and factor out lo, leaving the sufficient conditions below,

maxf over K,V € R, Sg,88,59 € 2,

such that

V-lhex,, (33)
~(B=pss+(V-1)) €z, (34)
— ((1 — V)Sg + ({;—‘;(f + gK)59 + lg) €, . (35)

Again, the decision polynomials do not enter the constraints linearly, so we
employ an iterative algorithm to solve this maximization. A slight modification
to (35) is needed because for a given Lyapunov candidate function V', searching
over K does not affect 8 at all. An intermediate variable, «, is introduced to
(35) so that we maximize the level set of {x |V (z) < a} that is contractively
invariant under K and use « to scale V' and l5. We will elaborate more in the
control design algorithm.

To initialize the algorithm, set V{ to be a control Lyapunov function (CLF)
of the linearized system. Since Vj is a CLF, (33) is automatically satisfied
and (35) is easily satisfied by scaling Vj. Constraint (34) is also satisfied for
sufficiently small 3. As such, if we can find a CLF for the linearized system,
we would have a feasible starting point for our algorithm. Otherwise, the
algorithm might fail on the first iteration.

For reasons highlighted in Sect. 3.1, the maximum degree of V, K, [1, ls,
and the s;’s must satisfy the following constraints:

degV =degly ,
deg(psg) > deg V',
deg ss > max{deg(fso);deg(gso)} — 1,
deg(Vsg) = degls .

Control Design Algorithm

Setup: Specify the maximum degree that will be considered for both V
and the s;’s. Set Iy =€) x!" for some small € > 0, and m is the maximum
degree of V. Each step of the iteration, indexed by i, consists of three
substeps, two of which also involve iterations. These inner iterations will
be indexed by j. To begin the iteration, choose a Vj that is a CLF of
the linearized system, and initialize V(=9 =V} and 8!(;:0) = 1. Also, set
lg::o) = ey !, where ¢ is the maximum degree of (Vsg). Now set the
outer iteration index ¢ = 1 and proceed to step 1.
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1. Controller Synthesis:
Set V = vi-1, 8&3:0) = sg_l), and the inner iteration index j = 1.
In substeps 1la and 1b, solve the following optimization problem:

maxa over K € R,,, Ss,89 € 2, such that

— <(04—V)88+({;—‘;(f+9K)59+l2) €3y . (37)

(a) Maximize « over sg, K, with sg = ngq) fixed, to obtain K (7).
(b) M(a)ximize o over sg, Sg, with K = KU) fixed, to obtain séj) and
al),
(c) If @) — alU=1 is less than a specified tolerance, set sg) = séj)
35(;) = séj), lg) = lg_l)/a(j), and a = ) and continue to step
2. Otherwise increment j and return to la.
2. Lyapunov Function Synthesis:
Set VU=0) = V(=1 /q() and the inner iteration index j = 1. Hold
sy = sg), Sg = s,(f), and [y = lgi) fixed.
(a) Maximiz(e)ﬁ over sg, with V' = VU1 fixed, subject to (34) to
J
6

obtain s;”’. i.e.

max 3 over sg € X, such that

—((ﬁ—p)56+(V—1)) €x, .

(b) Maximize [ over V, with sg = séj) fixed, subject to (33)—(35) to
obtain V) and g0).

(c) If B — BU=1) is less than a specified tolerance, set V() = V/(7)
and 3 = 30) and continue to step 3. Otherwise increment j and
return to 2a.

3. Stopping Criterion: If () — 501 is less than a specified tolerance

conclude the iterations, otherwise return to step 1.

As in Sect. 3.1, we use a line search to maximize a and 3 in the steps
above.

4.1 Expanding the Region of Attraction for Systems with Input
Saturation

Given a system of the form

&= f(z) + g(x)sat(u) (38)
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where
wif |u] <1

sat(u) := 1if u>1
—1if u< -1

with x(t) € R™, u(t) € R, and f,g n-vectors of elements of R,, such that
f(0) = 0, we would like to synthesize a state feedback controller u = K (z)
with K € R,, to enlarge the set of points which are attracted to the origin.

Again, we define the region to expand as Pz := {x € R"|p(x) < g}, for
some given positive definite p. We want to design state feedback controller
K () to maximize § such that the Ps is a domain of attraction and |u| < 1.
This is accomplished by appending two conditions to (24)—(26):

{zeR"|V(z) <1} C{z eR" | K(z) <1}, (39)
{z eR"|V(z) <1} C{x eR"|K(z)> —1}. (40)
These two equations ensure that |u| = |K(z)| < 1 for all z in the contractively

invariant set {z € R"|V(x) < 1}, so the control action will not hit saturation.
Following the procedure in Sect. 4, we will obtain constraints (33)—(35).
Additionally due to the saturation, we have

((1 CK)-(1- V)slo) X, (41)
((1 YK -(1- V)su) e, . (42)

The control design algorithm for this problem is similar to that proposed in
Sect. 4, with the inclusions of the two additional constraints (41) and (42).

4.2 State Feedback Example
Consider the following nonlinear system:

j?l =Uu
T9 = —T1 + %x:{’ —u (43)

with z(t) € R? and u(t) € R. We are interested in enlarging the domain
of attraction described by the level set P3 := {z € R?|p(z) < B}, where
plx) = %xf + %xlxg + %x%, through state feedback. Using the algorithm
in Sect. 4, we start with randomized Vj(z) that are CLFs of the linearized
system. We set the maximum degrees of V', K, s¢, sg and sg to 2, 1, 2, 2, and
0 respectively.

Figure 2 shows the progress of 8 with iteration number for 10 random Vj.
Out of these 10 random Vj, the largest § achieved is 54.65. Figure 3 shows
the resulting domain of attraction for this case. The corresponding controller
is K = —145.94z1 +12.251725 and V = 0.001(2.38562% +2.108x1 22 + 1.1723).
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Surprisingly, for higher orders of V' and K, we have obtained smaller regions

of attraction. This is likely due to the nonconvexity of the overall control

design algorithm. Although each substep is optimal (i.e., convex), our iterative

approach of breaking the algorithm into substeps is not.
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We can also analyze the disturbance rejection properties of this controller
when the disturbances enter the system additively in the control channel, i.e.
gw(x) = g(x). Using the Lyapunov function V found in the state feedback
design, we can bound the peak disturbance such that the set 2, = {x €
R? | V(x) < 1} remains invariant. Using the optimization in (18), we get
lw]lee < /7 = 31.62 by choosing the degree of 31, 52,83 and p to be 4, 2, 0
and 4 respectively. If we start with 2(0) € €; and have ||w||s < 31.62, then
7)o < Voo = 42.22. We can also bound the induced L2 — Lo disturbance
to state gain for this system by setting h(z) = [z1 22]T. H, s1, and s are all
chosen to be of degree 2. Applying (21), if we start from z(0) = 0, and as long
as ||w]|o < 31.62, we get Iz < 0.99.

w2

5 Conclusions

Our expansion of existing SOS programming results to two classes of system
theoretic questions about nonlinear systems with polynomial vector fields ap-
pears promising. The authors believe that there is a multitude of classes of
system theoretic questions that can be answered by application of SOS pro-
gramming. Work in this area is still in its infancy, and the present classes of
problems considered is documented in [4].

For the two cases where the decision polynomials do not enter linearly, we
resorted to using iterative algorithms. As limited as the two iterative algo-
rithms are, the underlying technique provides opportunities to extend stan-
dard LMI analysis of linear systems to more general polynomial vector fields.
A drawback of the approach is that implementation of each algorithm requires
a feasible starting point. This may be produced by trial and error, or using
established nonlinear design techniques.
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Recent advances in semidefinite programming along with use of the sum of
squares decomposition to check nonnegativity have paved the way for efficient
and algorithmic analysis of systems with polynomial vector fields. In this pa-
per we present a systematic methodology for analyzing the more general class
of non-polynomial vector fields, by recasting them into rational vector fields.
The sum of squares decomposition techniques can then be applied in con-
junction with an extension of the Lyapunov stability theorem to investigate
the stability and other properties of the recasted systems, from which prop-
erties of the original, non-polynomial systems can be inferred. This will be
illustrated by some examples from the mechanical and chemical engineering
domains.

1 Introduction

The analysis of nonlinear systems has always been a difficult task as the
only direct, efficient methodology requires the construction of what is called a
Lyapunov function. The difficulty lies not only in the ‘manual’ construction of
Lyapunov functions but also in the complexity of testing the non-negativity
of the two Lyapunov conditions. Indeed, even if someone was to propose a
high order Lyapunov function, it might not at all be possible to verify the
two conditions that it needs to satisfy: that it is positive definite in some
region around the zero equilibrium and that its derivative along the system’s
trajectories is non-positive.

Recent advances in the areas of semidefinite programming and the use
of the sum of squares decomposition to efficiently check nonnegativity have
allowed an algorithmic procedure for systems analysis, something that was
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not possible before [10, 9]. Despite these advances, this methodology is re-
stricted to systems described by polynomial vector fields whereas physical
systems, the functionality of which is in the focus of many research areas,
seldom have polynomial vector fields. For example, it is a common practice
to use vector fields with non-rational powers to model enzymatic reactions
in biological systems [7]. Also, the model of an aircraft in longitudinal flight
contains trigonometric nonlinearities of the angle of attack and pitch angle,
but in the same equations one usually captures the coefficients of lift and drag
as polynomial descriptions of these variables. In this case the stability analysis
of the closed loop system using the above methodology becomes difficult, as
the same variable appears both in polynomial and non-polynomial terms. The
same is true in the case of analysis of chemical processes, where the temper-
ature appears in the energy equation both as a state and also exponentiated
in Arrhenius law for the reaction rate.

It has been shown in [14] that any system with non-polynomial nonlin-
earities can be converted through a simple series of steps to a polynomial
system with a larger state dimension, but with a series of equality constraints
restricting the states to a manifold of the original state dimension. In some
cases the recasting is ‘exact’, in the sense that the transformed system has
a polynomial vector field with the same dimension as the original system —
consider for example the case

i(t) = cem ),

Setting p(t) = ce~**(!) we get immediately that

B(t) = —ap? (1)

In many cases, recasting increases the state dimension but equality constraints
that arise from the recasting restrict the system to the original manifold. In
particular, the constraints that arise can be either polynomial, or include non-
polynomial terms. Consider for example the case of a simple pendulum

d |0 B w
dt | w —%sin6

where ¢ is the gravitational constant, [ is the length of the pendulum, w its
angular velocity and 6 the angular deviation of the bead from the vertical.
Setting x1 = sinf and z2 = cos# one can easily rewrite the above system as

T Tow
d
—|w | =%
dt

i) —T1wW
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where the constraint 23 + 23 = 1 is a polynomial equality in (z1,z2) that
restricts the 3-D recasted system to the 2-D evolution manifold.

However in some other cases, like the case of aircraft dynamics, the case of
a reactor process, or the case of enzymatic reactions described by Michaelis-
Menten equations these equality constraints are not polynomial, e.g., one
would have recastings of the form z; = sinca, but then z; and « also ap-
pear in the equations. This is one particularly interesting case that we will
explore.

The aim of this chapter is to address stability analysis of non-polynomial
systems through a recasting as described above. We extend Lyapunov’s sta-
bility theorem to handle recasted systems and then use the sum of squares
decomposition to construct Lyapunov functions in the new coordinates. When
mapped back to the original variables, these Lyapunov functions will contain
the original non-polynomial terms.

In Section 2 we review briefly the Lyapunov stability theory for nonlinear
systems and how the sum of squares decomposition can be used to construct
Lyapunov functions. In Section 3 we present the recasting algorithm and ex-
tend the standard Lyapunov theorem to handle the recasted systems. In the
examples section, Section 4, we present the analysis of four systems whose
vector fields contain radical, trigonometric, irrational power, and exponential
terms, which concludes the chapter.

2 Background Material

Systems analysis has been in the focus of research for many years. With the
development of Lyapunov stability theory, the question of assessing stability of
nonlinear systems through the properties of solutions to ordinary differential
equations (ODEs) describing the systems was turned into a problem of the
existence of what is now known as Lyapunov functions. This circumvented
the problem of solving the ODE to prove stability. Nonetheless, no explicit
algorithm was given on how these functions could be constructed.

The Lyapunov conditions require the construction of a positive definite
function that is guaranteed to have non-positive derivative along the trajec-
tories of the system. These conditions are inherently complex, as even testing
non-negativity of a polynomial is NP-hard when the polynomial has degree 4
or higher [8]. A sufficient condition for checking non-negativity of a polyno-
mial p is to check whether it admits a sum of squares decomposition [10]; the
latter is polynomial-time verifiable — it can be tested by solving a semidefinite
programme (SDP).

In this section we give the background material on sum of squares and
Lyapunov function theory that will be used in Section 3.
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2.1 The Sum of Squares Decomposition

We will now give a brief introduction to sum of squares (SOS) polynomials
and show how the existence of an SOS decomposition can be verified us-
ing semidefinite programming [16]. A more detailed description can be found
in [10, 11] and the references therein. We also present briefly an extension of
the S-procedure [17, 3] that is used in the main text.

Definition 1. For x € R"™, a multivariate polynomial p(x) is an SOS if there
exist some polynomials f;(x), i =1... M such that p(x) = Zf\il 12 ().

An equivalent characterization of SOS polynomials is given in the following
proposition.

Proposition 1. A polynomial p(x) of degree 2d is an SOS if and only if there
exists a positive semidefinite matriz Q) and a vector of monomials Z(x) con-
taining all monomials in = of degree < d such that p = Z(z)TQZ(x).

The proof of this proposition is based on the eigenvalue decomposition and
can be found in [10]. In general, the monomials in Z(x) are not algebraically
independent. Expanding Z(z)TQZ(x) and equating the coefficients of the
resulting monomials to the ones in p(x), we obtain a set of affine relations in
the elements of Q. Since p(z) being SOS is equivalent to @ > 0, the problem
of finding a @ which proves that p(x) is an SOS can be cast as a semidefinite
program (SDP). This was observed by Parrilo in [10].

Note that p(z) being an SOS implies that p(z) > 0 for all z € R™. However,
the converse is not always true. Not all nonnegative polynomials can be written
as SOS, apart from three special cases: (i) when n = 2, (ii) when deg(p) = 2,
and (iii) when n = 3 and deg(p) = 4. See [13] for more details. Nevertheless,
checking nonnegativity of p(z) is an NP-hard problem when the degree of
p(z) is at least 4 [8], whereas as argued in the previous paragraph, checking
whether p(x) can be written as an SOS is computationally tractable — it can
be formulated as an SDP, which has worst-case polynomial time complexity.
We will not entail in a discussion on how conservative the relaxation is, but
there are several results suggesting that this is not too conservative [13, 11].
Note that as the degree of p(x) and/or its number of variables is increased,
the computational complexity for testing whether p(x) is an SOS increases.
Nonetheless, the complexity overload is still a polynomial function of these
parameters.

There is a close connection between sums of squares and robust con-
trol theory through Positivstellensatz, a central theorem in Real algebraic
geometry [2]. This theorem allows us to formulate a hierarchy of polynomial-
time computable stronger conditions [10] for the S-procedure type of analy-
sis [17, 3]. To see how we will be using this result say we want to use the
S-procedure to check that the set:
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{p(z) >0 when p;(z) >0fori=1,...,n}

is non-empty. Instead of finding positive constant multipliers (the standard
S-procedure), we search for SOS multipliers h;(z) so that

p(z) — Z hi(x)p;(z) is a SOS. (1)

Since h;(x) > 0 and condition (1) is satisfied, for any = such that p;(z) > 0 we
automatically have p(x) > 0, so sufficiency follows. This condition is at least
as powerful as the standard S-procedure, and many times it is strictly better;
it is a special instance of positivstellensatz. By putting an upper bound on
the degree of h; we can get a nested hierarchy of polynomial-time checkable
conditions.

Besides this, what is more interesting is the case in which the monomials
in the polynomial p(x) have unknown coefficients, and we want to search for
some values of those coefficients such that p(z) is a sum of squares (and hence
nonnegative). Since the unknown coefficients of p(z) are related to the entries
of @ via affine constraints, it is evident that the search for the coefficients that
make p(z) an SOS can also be formulated as an SDP (these coefficients are
themselves decision variables). This observation is crucial in the construction
of Lyapunov functions and other S-procedure type multipliers.

Construction of an equivalent SDP for computing SOS decomposition as
in Proposition 1 can be quite involved when the degree of the polynomials
is high. For this reason, conversion of SOS conditions to the corresponding
SDP has been automated in SOSTOOLS [12], a software package developed
for this purpose. This software calls SeDuMi [15], an SDP solver to solve the
resulting SDP, and converts the solutions back to the solutions of the original
SOS programs. These software packages are used for solving all the examples
in this chapter.

2.2 Lyapunov Stability

Here we concentrate on autonomous nonlinear systems of the form

where z € R™ and for which we assume without loss of generality that f(0) =
0, i.e. the origin is an equilibrium of the system. One of the most important
properties related to this equilibrium is its stability, and assessing whether
stability of the equilibrium holds has been in the center of systems and control
research for more than a century. It was not until just before the turn of
the 19th century that A. M. Lyapunov formulated sufficient conditions for
stability [18] that do not require knowledge of the solution, but are based
on the construction of an ‘energy-like’ function, well known nowadays as a
‘Lyapunov function’. Under some technical conditions, the existence of this
function was later proved also necessary for asymptotic stability [5].
More precisely, the conditions are stated in the following theorem.
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Theorem 1 (Lyapunov). For an open set D C R™ with 0 € D, suppose
there exists a continuously differentiable function V : D — R such that

V(0) =0, (3)
V(z)>0 VzeD\{0}, (4)
oV

a(z)f(z) <0 VzeD. (5)

Then z =0 is a stable equilibrium of (2).

It is unfortunate that even with such a powerful theorem, the problem of
proving stability of equilibria of nonlinear systems is still difficult; the reason
is that there has been no coherent methodology for constructing the Lyapunov
function V' (z).

In order to simplify the problem at hand, let us assume that f(z) is a
polynomial vector field, and that we will be searching for V' (z) that is also a
polynomial in z. Then the two conditions in Theorem 1 become polynomial
nonnegativity conditions. To circumvent the difficult task of testing them, we
can restrict our attention to cases in which the two conditions admit SOS
decompositions. This is the procedure that was originally pursued by Parrilo
in his thesis [10]. For D = R", the conditions in Theorem 1 can then be for-
mulated as SOS program stated in the following proposition, and a Lyapunov
function that satisfies these conditions can be constructed using semidefinite
programming.

Proposition 2. Suppose that for the system (2) there exists a polynomial
function V(z) such that

V(0) =0, (6)
V(z) — ¢(z) is SOS, (7)
- Z—Zf(z) is SOS, (8)

where ¢(z) > 0 for z # 0. Then the zero equilibrium of (2) is stable.

Proof. Condition (7) enforces V' (z) to be positive definite. Since condition (8)
implies that V'(z) is negative semidefinite, it follows that V(z) is a Lyapunov
function that proves stability of the origin.

In the above proposition, the function ¢(z) is used to enforce positive
definiteness of V(z). If V(z) is a polynomial of degree 2d, then ¢(z) may be
chosen as follows:

n d
Bz) =D > €z,

i=1 j=1
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where the €’s satisfy

m
Zeij>'y Vi=1,...,n,
Jj=1

with 7 a positive number, and €;; > 0 for all 7 and j. In fact, this choice of
¢(z) will force V(z) to be radially unbounded, and hence the stability property
holds globally if the conditions in Proposition 2 are met.

3 Recasting and Analysis of Recasted Systems

3.1 Recasting

In this section we present an algorithm that can be used to convert a non-
polynomial system into a rational system. The algorithm is adapted from [14],
and it is applicable to a very large class of non-polynomial systems, namely
those whose vector field is composed of sums and products of elementary func-
tions, or nested elementary functions of elementary functions. What are meant
by elementary functions here are functions with explicit symbolic derivatives
such as exponential (e”), logarithm (Inz), power (z%), trigonometric (sinz,
cosz, etc.), and hyperbolic functions (sinh z, coshz, etc.).
Suppose that the original system is given in the form

Z; = Zaj Hijk(Z)a
j k

where ¢ = 1,...,n; «;’s are real numbers; and z = (z1, ..., 2,). In the above
equation, Fj;x(z) are assumed to be elementary functions, or nested elemen-
tary functions of elementary functions. For the above system, the recasting
algorithm is stated below.

Algorithm 2 (adopted from [14], with some modifications)

1. Letx; = z;, fori=1,....n.

2. For each Fj;i(z) that is not of the form Fyji(z) = 2, where a is some
integer and 1 < ¢ < n, introduce a new variable x,,. Define x, = Fij(2).

3. Compute the differential equation describing the time evolution of x,, us-
ing the chain rule of differentiation.

4. Replace all appearances of such Fiji(z) in the system equations by .

5. Repeat steps 2—4, until we obtain system equations with rational forms.

It is best to illustrate the application of the above algorithm by an example.

Ezample 1. Consider the differential equation

2 = sin(exp(z) — 1) 4+ 41n(2? + 1),
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which we want to recast as a system with rational vector field. We start by
defining z; = z, 22 = sin(exp(z) — 1), and z3 = In(z? + 1). By the chain
rule of differentiation and replacing the appearances of z, sin(exp(z) — 1), and
In(22 + 1) in the resulting equations by x1, x2, and x3, we obtain

T = 9 + 4as,

&9 = cos(exp(z) — 1) exp(z)2
= cos(exp(z1) — 1) exp(z1) (2 + 4x3),
2

21

x1(x2 + 423)
341

T3 =

Notice that the equations for #; and &3 are in rational forms. However, the
equation for @9 is not in a rational form and thus we continue by defining
x4 = cos(exp(z1)—1) and x5 = exp(z1). Using the chain rule of differentiation
again, we obtain

&y = xyx5(T2 + 43),

#4 = —sin(exp(x1) — 1) exp(x1)(z2 + 423)
= —wows5(w2 + 4x3),

&5 = exp(z1) (w2 + 4x3)
= x5(xo + 4dx3).

At this point, we terminate the recasting process, since the differential equa-
tions describing the evolutions of x1, ..., x5 are already in rational forms.

More examples can be found in Section 4.

3.2 Analysis

The recasting process described in the previous subsection generally pro-
duces a recasted system whose dimension is higher than the dimension of
the original system. To describe the original system faithfully, constraints of
the form z,41 = F(x1,...,2,) that are created when new variables are in-
troduced (cf. Algorithm 2) should be taken into account. These constraints
define an n-dimensional manifold on which the solutions to the original dif-
ferential equations lie. In general such constraints cannot be converted into
polynomial forms, even though sometimes there exist polynomial constraints
that are induced by the recasting process. For example:

e Two variables introduced for trigonometric functions such as zo = sinx,
T3 = cosxy are constrained via :rg + x% =1.

e Introducing a variable to replace a power function such as zo = /z1
induces the constraints 23 — z1 = 0, x5 > 0.
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e Introducing a variable to replace an exponential function such as xo =
exp(x1) induces the constraint xo > 0.

We will shortly discuss how both types of constraints described above
can be taken into account in the stability analysis using the sum of squares
decomposition technique.

For our purpose, suppose that for a nonpolynomial system

= f(2) 9)

which has an equilibrium at the origin, the recasted system obtained using
the procedure of the previous subsection is written as

&1 = f1(Z1,T2), (10)
Ty = fo(i1,T2), (11)

where &1 = (21, ..., x,) = z are the state variables of the original system, o =
(Tpg1, -y Tnim) are the new variables introduced in the recasting process, and
f1(Z1,Z2), f2(Z1,Z2) have rational forms.

We denote the constraints that arise directly from the recasting process
by

o = F(Z1), (12)

and those that arise indirectly by

where F, G1, and G5 are column vectors of functions with appropriate dimen-
sions, and the equalities or inequalities hold entry-wise. The reader should
keep in mind that constraints (13)-(14) are actually satisfied only when
ZTo = F(1) are substituted to (13)—(14). Finally, denote the collective de-
nominator of f1(Z1,Z2) and fa(Z1,Z2) by g(Z1,Z2). That is, g(Z1, Z2) should
be a polynomial function such that g(Z1, Z2) f1(Z1, Z2) and g(Z1, T2) f2(Z1, Z2)
are polynomials. We also assume that g(Z1,Z2) > 0 VY(Z1,Z2) € Dy X Do,
since otherwise the system is not well-posed.

Proving stability of the zero equilibrium of the original system (9) amounts
to proving that all trajectories starting close enough to z = 0 will remain close
to this equilibrium point. This can be accomplished by finding a Lyapunov
function V(z) that satisfies the following conditions of Lyapunov’s stability
theorem, Theorem 1. In terms of the new variables ; and Zs, sufficient con-
ditions that guarantee the existence of a Lyapunov function for the original
system are stated in the following proposition.

Proposition 3. Let D1 C R™ and Dy C R™ be open sets such that 0 € Dy
and F(D1) C Dy. Furthermore, define 2,9 = F(0). If there exists a function
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V : Dy x Dy — R and column vectors of functions A1 (&1,%2), Ao(Z1,%2),
01(Z1,22), and o2(Z1,T2) with appropriate dimensions such that

V(0,72,0) = 0, (15)
‘7({%1,{%2) — X{(fl,fz)Gl(fl,.’fg) — O'If({fl,{fg)Gg(.’fl,.’fg)...
> ¢(T1,T2) V(Z1,T2) € D1 X Dy, (16)

— g(Z1,22) (gY (Z1,Z2) f1(Z1,Z2) + gY (%1, Z2) fo(21, $2)>

—A(#1,29)G1 (21, %) — 0F (21, 2)Go(F1, T2)...
>0 V(&,%2) € D1 x Dy,

o1(Z1,%2) >0 V(&1,3) € R™™,

09(Z1,%2) >0 V(&1,3) € R™™™, (19)

for some scalar function ¢(T1,T2) with ¢(T1, F(T1)) > 0 VZ; € Dy \ {0},
then z =0 is a stable equilibrium of (9).

Proof. Define V(z) = V(z, F(z)). From (15) it is straightforward to verify
that (3) is satisfied by V(z). Now, (13)—(14), (16), and (18) imply that

V(Z1,22) = ¢(Z1, 2
2 (Zs(‘%lv j2
Since ¢(z,F(z)) >0 Vz e Dy \ {0} and F(D;) C Do, it follows that V(z) >

0 Vz e Dy )\ {0}, hence (4) is satisfied.
Finally, by the chain rule of differentiation we have

+ M (81, %2)G1 (21, F2) + 0 (21, %2)Ga2(F1, T2)

)
) V(xl,.’tg) € D1 x Ds.

TLEG) = i P A FE) + 5

(2, F(2)) f2(2, F(2)),

and using the same argument as above in conjunction with (13)—(14), (17),
(19), and the fact that g(Z1,Z2) > 0, we see that the condition (5) is also
satisfied.

Since the conditions (3)—(5) are fulfilled by V(z), we conclude that V'(z)
is a Lyapunov function for (9) and therefore z = 0 is a stable equilibrium of
the system.

The above non-negativity conditions can be relaxed to appropriate sum of
squares conditions so that they can be algorithmically verified using semidefi-
nite programming, as discussed in Section 2. This will also lead the way to an
algorithmic construction of the Lyapunov function V. Here we assume that
D1 x Dy is a semialgebraic set described by the following inequalities:

Dy x Dy = {(i’l,{ig) eR" xR™: Gp(fl,{ig) > 0},
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where Gp(Z1,Z2) is a column vector of polynomials and the inequality is
satisfied entry-wise. With all this notation, the sum of squares conditions can
be stated as follows.

Proposition 4. Let the system (10)-(11) and the functions F(z2), G1(Z1, T2),
G2(Z1,%2), Gp(Z1,%2), and g(Z1,T2) be given. Define T = F(0). If there
exists a polynomial function V(fl,ig), column wvectors of polynomial func-
tions A1(Z1,22), Ao(Z1,Z2), and column vectors of sum of squares polynomi-
als 01(Z1,T2), 02(Z1,%2), 03(T1,Z2), 04(ZT1,T2) with appropriate dimensions
such that

V(0,&2,0) = 0, (20)
V(@ &2) — N (&1, 22)G1 (31, %2) — oF (%1, %2)G2(F1, 2)...

— 03T(£1,£2)GD(5:1,5:2) — ¢(Z1,T2) is a sum of squares,  (21)
— g(&1, &) ((gg(jl,jg)fl(i‘l,i‘g) + g;/z(jl,ig)fg(il,ig)>

— )\g(fil,{fg)Gl(i’l,(iz) — Jg(fl,{fg)GQ((il,iﬁz)...

— O'Z(i‘l,i‘g)GD(.il,.ig) is a sum of squares, (22)

for some scalar polynomial function ¢(Z1,T2) with ¢(Z1, F(Z1)) >0 VI, €
D1\ {0}, then z =0 is a stable equilibrium of (9).

Proof. We will show that the above conditions imply the conditions in Propo-
sition 3. Since 01 (%1, T2), 02(Z1,T2) are sums of squares, (18)-(19) automati-
cally hold. It remains to show that (21)—(22) imply (16)—(17). The condition
that (21) is a sum of squares implies that

V(Z1,&2) — A (#1,%2)G1(Z1, B2) — 0] (F1,22)Ga(d1, T2)

> 0T (%1, %2)Gp(d1, F2) + ¢(F1, 72)

Now, for (Z1,Z2) € Dy x Da, we have 03(Z1,22)Gp(Z1,Z2) > 0 and therefore
it follows that for any such (%1, Z2),

V(#1,&2) = M (81, 2)G1 (&1, %2) — 07 (81, F2)Ga(E1,F2) > $(E1,F2),
which is (16). Using the same argument as above, it is straightforward to show
that (17) is also fulfilled.

4 Examples

Here we present four examples. In the first example the vector field of the
system includes a radical term. Such terms appear frequently when considering
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systems with saturation nonlinearities. The second example is a mechanical
system, whose description contains trigonometric terms that appear when
considering the system in cylindric coordinates. The third example shows how
one can analyze non-polynomial vector fields with irrational powers, which for
example appear in models of biological systems. In the last example we analyze
a system that appears frequently in chemical engineering, that of a diabatic
Continuous Stirred Tank Reactor (CSTR) with a single first-order exothermic
irreversible reaction A — B.

4.1 Example 4.1: System with Saturation Nonlinearity

For a general system, finding a global Lyapunov function is difficult, as one
of polynomial form in the variables considered might not exist. However, if
a term is expected to appear in a Lyapunov function, the search can be di-
rected to include that term in the Lyapunov function expression sought, by
changing variables and recasting the system in an equivalent one in terms of
that variable, making use of inequality and equality constraints.

Consider, for example, the system

:tl = T2, (23)
To = —p(x1 + x2), (24)

where the function ¢ is a saturation function of the following form:

p(o) =

o
Vito?

This function has only one equilibrium point, namely the origin. Notice that
for the above memoryless nonlinearity,

@(U):Aa¢(7)dT:\/1+02—1 (25)

is a positive definite function. In fact, we expect terms of the above form to
appear in the Lyapunov function.

First rewrite the above system in a polynomial form, as it has non-
polynomial terms. For this purpose, introduce the following auxiliary vari-
ables:

up = /14 (21 + 22)2,

U9 = 1/u1,
ug = y/1+ a2,
Uy = ]./U3.

Then the equations of motion for the above system become
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T1 = T2,

&y = — (1 + T2)U2,

1 = (x1 + x2)(z2 — T1U2 — T2u2)Us,
Uy = — (21 + ) (T2 — T1Us — Touz)us,
Uz = XT1T2U4,

Uy = —xlxgui.

In addition, we have a number of equality and inequality constraints

u? =1+ (z1 + 12)%,

UiUg = 1,
ui =1+ 2%,
uzuyg = 1,

u; >0, fori=1,2,3,4.
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Now the system is in the form (10)-(11) with Z; = (x1,22) and Ty =
(u1,us2,us, ug). The above constraints correspond to Equation (12). The new
representation allows us to use SOS decomposition to compute a Lyapunov
function for this problem, using Proposition 4. Terms that are nonpolynomial
in x1 and x2, such as us, can be included in the search, and indeed they should
be, as they have the same form as the positive definite function (25). Thus,

for example, we may search for a Lyapunov function of the following form:

2 2
V = a1 + agus + azxy + asx122 + asx3,

where the a;’s are the unknowns, with a1 + as = 0, so that V is equal to zero
at (x1,x2) = (0,0). To guarantee positive definiteness, we require V' to satisfy

(V —e1(ug — 1) — €% — e322) is a sum of squares,

with €1, €2, €3 being non-negative decision variables that satisfy, for example,

€1 +e > 0.1,
€3 > 0.1.

Using this method, a Lyapunov function has been constructed for the

system:

V = —3.9364 4 3.9364us3 + 0.006388927 + 0.010088z 12 + 2.025623

— —3.9364 + 3.93641/1 + 22 + 0.006388927 + 0.010088x 2 + 2.025622.

The level curves of this Lyapunov function are shown in Figure 1.
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Level curves for the Lyapunov function with saturation nonlinearity
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Fig. 1. Global Lyapunov function for the system with saturation nonlinearity. Ar-
rows show vector field, solid lines show level curves of the Lyapunov function.

(e

Fig. 2. The whirling pendulum

4.2 Example 4.2: Whirling Pendulum

Consider the whirling pendulum [4] shown in Figure 2. It is a pendulum of
length [, whose suspension end is attached to a rigid arm of length [,, with
a mass my, attached to its free end. The arm rotates with angular velocity
0q. The pendulum can oscillate with angular velocity 6, in a plane normal to
the arm, making an angle 6, with the vertical in the instantaneous plane of
motion. We will ignore frictional effects and assume that all links are slender
so that their moment of inertia can be neglected.

Using z; = 6, and 2 = ép as state variables, we obtain the following state
equations for the system:

:tl = X2, (26)

. 9. g .
Tg = 92 sinxy cosx; — = sinxy. (27)
P
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The number and stability properties of equilibria in this system depend
on the value of 6,. When the condition

07 < g/l (28)

is satisfied, the only equilibria in the system are (x1,x2) satisfying sinz; = 0,
29 = 0. One equilibrium corresponds to ;1 = 0, i.e., the pendulum is hang-
ing vertically downward (stable), and the other equilibrium corresponds to
x1 = m, i.e., the vertically upward position (unstable). As 9?1 is increased be-
yond g/l,, a supercritical pitchfork bifurcation of equilibria occurs [6]. The
(x1,22) = (0,0) equilibrium becomes unstable, and two other equilibria ap-
pear. These equilibria correspond to cosz; = l,,%’ z9 = 0.

We will now prove the stability of the equialibrium point at the origin
for 0, satisfying (28), by constructing a Lyapunov function. Obviously the
energy of this mechanical system can be used as a Lyapunov function, but
since our purpose is to show that a Lyapunov function can be found using
the SOS decomposition, we will assume that our knowledge is limited to the
state equations describing the system and that we know nothing about the
underlying energy.

Since the vector field (26)—(27) is not polynomial, a transformation to a
polynomial vector field must be performed before we are able to construct a
Lyapunov function using the SOS decomposition. For this purpose, introduce
u1 = sinxy and us = cosxy to get:

:.Cl = X2, (29)

.42 g

To = Gaulug — —Uui, (30)
lp

111 = TaU2, (31)

’[LQ = —T2Uq. (32)

In addition, we have the algebraic constraint
u? +ui—1=0. (33)

The whirling pendulum system will now be described by Equations (29)—(33).
Notice that all the functions here are polynomial, so that Proposition 4 can
be used to prove stability.

We will perform the analysis with the parameters of the system set at some
fixed values. Assume that all the parameters except g are equal to 1, and g
itself is equal to 10, for which condition (28) is satisfied. For a mechanical
system like this, we expect that some trigonometric terms will be needed in
the Lyapunov function. Thus we will try to find a Lyapunov function of the
following form:

V = a173 + asu? + azu3 + agus + as, (34)

= alxg + as sin? xr1 + as cos? xr1 + aqgcosxy + as
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where the a;’s are the unknown coefficients. These coefficients must satisfy
az + a4 +as =0, (35)

for V to be equal to zero at (z1,22) = (0,0). To guarantee that V is positive
definite, we search for Vs that satisfy

V—e(l—ug)— € >0, (36)

where €; and ey are positive constants (we set €; > 0.1, eo > 0.1). Positive
definiteness holds as

e1(1 — up) + 223 = €1 (1 — cos 1) + €223

is a positive definite function in the (x1, x2)—space (assuming all 27 that differ
by 27 are in the same equivalence class).

An example of Lyapunov function for this whirling pendulum system,
found using the sum of squares procedure, is given by

V = 0.3344523 + 1.4615u? + 1.7959u3 — 6.689us + 4.8931.

4.3 Example 4.3: System with an Irrational Power Vector Field

Enzymatic reactions that are described by Michaelis-Menten type equa-
tions [7] usually contain terms with non-integer powers. Here we give an exam-
ple of how such systems can be analyzed. Consider a simple one dimensional
system:

T=a2%-1, xeRy4,

where « is a parameter. The linearisation of this system about the equilibrium
x =1is @ = ax which implies that the system is locally stable for o < 0. Let
us make a transformation y = = — 1 to the above system to put its equilibrium
at the origin:

= (y+1)" - 1. (37)

Further to this transformation, we introduce the transformation z = (y +
1)® — 1 and embed the system into a second order system with a polynomial
vector field and an equality constraint that projects it back to 1-D:

y==z
2:a(z+1)z
y+1
z=(y+1)* -1 (38)

The non-polynomial equality constraint (38) cannot be imposed in the sum
of squares program in a similar manner as before. To proceed with the anal-
ysis, we will try to prove stability of the two dimensional system without the
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equality constraint, but keeping in mind that the system is, at the end of the
day, one-dimensional. We will attempt to prove stability for

a—ap <0 (39)
—y+u <0 (40)
—z4 2z <0. (41)

We set aj, = —0.1 and y; = —0.9. This dictates that z > (y; + 1) — 1 £ 2.
We search for a 4th order Lyapunov function in y, z but we do not require
V to be positive definite in both y and z, by constructing ¢(y,z) in (21)
appropriately. In particular the two Lyapunov conditions become:

V(ya Z5 Oé) - ¢(yv Z) Z Oa
AN AP
ay? 9. =

for «, y, z satisfying (39)—(41), and additionally where

oy, z) = e1y? + eyt + €322 + e42%,

4
> =001, >0, Vi=1,...,4
i=1

The inequality constraints (39)—(41) can be adjoined to the two conditions
and a sum of squares program can be written using SOSTOOLS as in the
previous examples. Indeed, such a Lyapunov function was constructed which
allows for stability to be concluded.

4.4 Example 4.4: Diabatic Continuous Stirred Tank Reactor

Chemical reactors are the most important unit operation in a chemical pro-
cess. In this section we consider the analysis of the dynamics of a perfectly
mixed, diabatic, continuously stirred tank reactor (CSTR) [1]. We also assume
a constant volume - constant parameter system for simplicity.

The reaction taking place in the CSTR is a first-order exothermic irre-
versible reaction A — B. After balancing mass and energy, the reactor tem-
perature T" and the concentration of species A in the reactor C'4 evolve as
follows:

. F B
Ca=1;(Ca, = Ca) ~ koe™ BT Cy (42)
. F AH AB UA
T=—T¢—-T)— —kge RT — T-T; 4
v Ty =T) o, Foe Ca Vpcp( j) (43)

where F'is the volumetric flow rate, V' is the reactor volume, C4, is the con-
centration of A in the freestream, kg is the pre-exponential factor of Arrhenius
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Table 1. Parameter values for the CSTR.

Parameter Units Nominal Value
F/V hr=! 1
ko hr! 97033600
—AH kcal /kgmol 5960
AE kcal /kgmol 11843
pCp kcal/(m?* °C) 500
Ty °C 25
Ca ; kgmol/ m? 10
UAJV  |kcal/(m® °C hr) 150
T; °C 25

law, AFE is the reaction activation energy, R is the ideal gas constant, T is the
feed temperature, —AH is the heat of reaction (exothermic), p is the density,
¢p is the heat capacity, U is the overall heat transfer coefficient, A is the area
for heat exchange, and 7 is the jacket temperature. For the analysis, we use
the values shown in Table 1.

The equilibrium of the above system is given by (Ca,,To) = (8.5636,311.171).
We employ the following transformation: 3 = Cy/Ca, — 1, 22 = T/To —
1; this serves two purposes: firstly it moves the equilibrium to the origin,
and secondly it rescales the state to avoid numerical ill-conditioning. The
transformed system then becomes:

F(C ___am

F /T AH ___AB
dr=— (L —(m+1)) - AHChy | -t (1 +1) -
V \Ty

UA T:
1) - =L
Vpey <(x2 +1) T0>

Note that the system has an exponential term; the recasting will yield an
ABExzy

indirect constraint, as discussed in Section 3. Define the state x3 = e FTo2+1) —
1. Then an extra equation in the analysis would be
AFE
iy = ————=(x3+ 1)&
> RTy(wa + 1)2( 3+ L
under the constraint that z3 > —1.
Then the full system, after we use the equilibrium relationship simplifies
to:
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F _AB
T = _Vxl — koe ETo (1‘1.133 + 11 + .133) (44)
. F AHCy, _AE A
AL Y & - 4
T2 V.’EQ pcpTO o€ 0 (xlxg, +x1 + {E3) Vpcp o ( 5)
AFE
T3 (w3 4+ 1) (46)

" RTo(zz +1)2

This system is now of the form (10)—(11), with Z; = (z1,22) and T2 = z3.
To proceed, we define the set Dy as:

Dy = {(21,72) € R? : |z1] < 71, |22 < 72}

and then define the set Doy as

—AE~yy AE~vo
Dy = {];3 cR: (1‘3 — ¢BRTo(—72+D) — 1)(3;3 — ¢BRTo(2+D) — 1) < 0}

Then the system is ready for analysis as per Proposition 4. For v, = 0.12
and 2 = 0.05 a quartic Lyapunov function can be constructed for the system
described by Equations (44)—(46) using Proposition 4. Here the following ¢(z)
is used:

2

4
G) = > €l + Y es ],
j=1

i=1j=2,4
with

€12+ €14 — 0.1>0
€22+ €24+ €31 +€32+€33+€34—0.1>0.

The level curves of the constructed Lyapunov function are shown in Figure 3.

5 Conclusions

In this chapter we have presented a methodology to analyze systems described
by non-polynomial vector fields using the sum of squares decomposition and a
recasting procedure. Using this recasting procedure, a non-polynomial system
can be converted into a rational form. An extension of the Lyapunov theorem
in conjunction with the sum of squares decomposition and semidefinite pro-
gramming can then be used to investigate the stability of the recasted system,
the result of which can be used to infer the stability of the original system.
Some examples of systems whose vector fields contain radical, trigonometric,
irrational power, and exponential terms have been presented to illustrate the
use of the proposed approach.
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CSTR system
320 T T
~ . — [
Ve R — —
~
8 _ e —
o . —
N\ - _ .
NN s - =
AR\ IS — -
. AR i — — —
315 - A *Us ——
- . o - - —
AN ~of &% - — - -~ —
L33 RN
- NS " - -
SN NS F R
2
g R - - .
= S R
s:~ ~~,,~5¢ —
3
ARAON Rl -
- . S Neey s -
_— — — - - CTRIOON oS -
310 —_— — — - - " XS ‘~é.
- — R
T~
o . ,§:- \ s“
S e I AR
SN 73\ C 3y
~ - .
[ ———— TN
305 — | . I - L
786 7.8 8 8.2 8.4 8.6 8.8 9 9.2
Ca

Fig. 3. Lyapunov function level curves for the system (42)-(43)
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1 Introduction

Recent improvements of semi-definite programming solvers and developments
on polynomial optimization have resulted in a large increase of the research
activity on the application of the so-called sum-of-squares (SOS) technique
in control. In this approach non-convex polynomial optimization programs
are approximated by a family of convex problems that are relaxations of the
original program [4, 22]. These relaxations are based on decompositions of
certain polynomials into a sum of squares. Using a theorem of Putinar [28]
it can be shown (under suitable constraint qualifications) that the optimal
values of these relaxed problems converge to the optimal value of the original
problem. These relaxation schemes have recently been applied to various non-
convex problems in control such as Lyapunov stability of nonlinear dynamic
systems [25, 5] and robust stability analysis [15].

In this work we apply these techniques to the fixed order or structured
'Ho-synthesis problem. H-controller synthesis is an attractive model-based
control design tool which allows incorporation of modeling uncertainties in
control design. We concentrate on Hoo-synthesis although the method can
be applied to other performance specifications that admit a representation
in terms of Linear Matrix Inequalities (LMI’s). It is well-known that an H .-
optimal full order controller can be computed by solving two algebraic Riccati
equations [7]. However, the fixed order Ho-synthesis problem is much more
difficult. In fact it is one of the most important open problems in control
engineering, in the sense that until now there do not yet exist fast and reliable
methods to compute optimal fixed order controllers. As the basic setup we
consider the closed-loop interconnection as shown below, where the linear
system P is the generalized plant and K is a linear controller.

*This researcher is sponsored by Philips CFT

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 45-71, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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Given P, we want to find a controller K of a given order n. (independent of
that of P) such that the closed-loop interconnection is internally (asymptoti-
cally) stable and such that the Hoo.-norm of the closed-loop transfer function
from w to z is minimized.

The resulting optimization problem is non-convex and difficult to solve.
Various approaches have been presented in the literature based on sequen-
tial solution of LMTI’s [9, 2, 8, 20], nonlinear Semi-Definite Programs (SDP’s)
[23, 1, 18], Branch and Bound methods [35] and, more recently, polynomial op-
timization using SOS [14]. In this latter method a so-called central polynomial
is a priori chosen such that a sufficient condition for the H .-performance can
be formulated in terms of a positivity test of two matrix polynomials with
coefficients that depend linearly on the controller variables. This linear de-
pendence allows to find the variables satisfying these positivity constraints
by LMI optimization. The method however depends crucially on the choice
of this central polynomial which is in general difficult. Furthermore this tech-
nique cannot be straightforwardly extended to MIMO (Multiple Input Multi-
ple Output) Hoo-optimal controller synthesis. In contrast, the method to be
discussed below can directly be applied to MIMO synthesis.

The main result of this paper is the construction of a sequence of SOS
polynomial relaxations

e that require the solution of LMI problems whose size grows only quadrat-
ically in the number of states and

e whose optimal value converge from below to the fixed-order H,, perfor-
mance.

The computation of lower bounds allows to add a stopping criterion to the
algorithms mentioned above with a guaranteed bound on the difference of the
performance of the computed controller and the optimal fixed order H, per-
formance. This is important since, except for the branch and bound method,
these algorithms can in general not guarantee convergence to the globally
optimal solution.

A trivial lower bound on the fixed order performance is, of course, the
optimal performance achievable with a controller of the same order as the
plant. Boyd and Vandenberghe [3] proposed lower bounds based on convex
relaxations of the fixed order synthesis problem. These lower bounds cannot
be straightforwardly improved to reduce the gap to the optimal fixed order
performance. For our sequence of relaxations this gap is systematically reduced
to zero.
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After the problem formulation in Section 2, we show in Section 3 how
a suitable matrix sum-of-squares relaxation technique can be directly ap-
plied to the non-convex semi-definite optimization problem resulting from the
bounded real lemma. We will prove that the values of these relaxations con-
verge to the optimal value. Although this convergence property is well-known
for polynomial problems with scalar constraints [22], to the best of our knowl-
edge this result is new for matrix-valued inequalities. (During the writing of
this paper we became aware of the independent recent work of Kojima [24],
that presents the same result with a different proof). This convergence result
is of value for a variety of matrix-valued optimization problems. Examples
in control are input-output selection, where the integer constraints of type
p € {0,1} are replaced by a quadratic constraint p(p — 1) = 0, and spectral
factorization of multidimensional transfer functions to asses dissipativity of
linear shift-invariant distributed systems [26]. Here, our goal is to apply it to
the fixed order H, synthesis problem. Unfortunately, for plants with high
state-dimension this direct technique leads to an unacceptable complexity. As
the main reason, the resulting relaxations involve the search for an SOS poly-
nomial in all variables, including the Lyapunov matrix in the bounded real
lemma inequality constraint. Therefore, the size of the LMI relaxations grows
exponentially in the number of state-variables.

In Section 4 we describe how to overcome this deficiency by constructing
a relaxation scheme without the exponential growth in the state dimension
through two-fold sequential dualization. First we dualize in the variables that
grow with the state dimension, which leads to the re-formulation of the fixed
order synthesis problem as a robust analysis problem with the controller vari-
ables as parametric uncertainty. On the one hand, this allows to apply the
wide spectrum of robust analysis techniques to the fixed order controller de-
sign problem. On the other hand, robustness has to be verified only with
respect to the small number of controller parameters which is the essence of
keeping the growth of the relaxation size in the state-dimension polynomial.

The purpose of Section 5 is to discuss a novel approach to solve robust LMI
problems based on SOS matrices, including a direct and compact description
of the resulting linear SDP’s with full flexibility in the choice of the under-
lying monomial basis. This leads to an asymptotically exact family of LMI
relaxations for computing lower bounds on the optimal fixed-order H .-norm
whose size only grows quadratically in the dimension of the system state. We
will reveal as well that existing results based on straightforward scalarization
techniques fail to guarantee these growth properties.

Our technique is appropriate for the design of controllers with a few deci-
sion variables (such as Proportional Integral Derivative (PID) controllers) for
plants with moderate Mc-Millan degree. In Section 6 we apply the method
to the fixed order Hoo-synthesis problem on two systems: an academic model
with Mc-Millan degree 4 and a model of an active suspension system which
has a generalized plant of a Mc-Millan degree 27.
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2 Fixed-Order H,, Controller Synthesis

Consider the Ho-reduced order synthesis problem with a closed-loop system
described by A(p), B(p), C(p) and D(p), where p parameterizes the to-be-
constructed controller and varies in the compact set P. Compactness can, for
instance, be realized by restricting the controller variables to a Euclidean ball

P:={peR™ [|p| < M}. (1)

In practice, most structured control problems have large state dimension and
few controller variables that enter affinely in the closed-loop state space de-
scription. Suppose the generalized plant of order n admits the state space
description

T T
z | = w |,
Y u

where (-)°! stands for ‘open loop’ and A° € R™*" B9l € R Bgl ¢
]Rnxnzg7 C<1)1 c RP ><n7 CSI c Rpg)(’n,’ D(ljll c R ><7nl’ D<1)12 c R» Xmo and
DS} € RP2*™1_ For simplicity we assume the direct-feedthrough term DS} to
be zero. In Remark 7 we will discuss how our method can be applied to con-
trol problems with nonzero Dg}. Now consider, for instance, a PID-controller

described by

s
s+ 1’

1
k(p) = p1 +p2; + p3

which admits the state space realization

<AK<p>BK<p>> _
Ck(p)| D (p)

and suppose that we want to find the optimal proportional, integral and
derivative gains py, po and p3 respectively. This structure has been used by
Ibaraki and Tomizuka [19] for Ho.-optimal PID tuning of a hard-disk drive us-
ing the cone complementarity method [9]. See also Grassi and Tsakalis [11, 12]
and Grimble and Johnson [13] for H. and LQG-optimal PID-tuning respec-

tively. Interconnecting the plant with the PID-controller yields a closed-loop
state-space representation with matrices

A%+ B§' D (p)C§' Bolc (p)| BY' + BS' Dic () D3}

<g(P)§(p)> _ Bk (p)CS! Ak (p) Bk (p) D3}
(p)|D(p) C5' + D3y D (p)C3' D34Crc (p)| DS + D5 Dic (p) D3

which depend affinely on p. We intend to solve the fixed order H..-synthesis
problem
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inf D C I— A —1B 2 )
it D)+ O)(T ~ A) T BRI

Due to the bounded real lemma we can solve instead the equivalent problem

infimize ~
subject to peP, X e8", X =0 (2)
Beo(X,p,7) <0

where 8™ denotes the set of real symmetric n X n matrices and

A(p)"X + X A(p) XB(p) Cp)"

Boo(X,p,7) : ( B(p)TX . ) + ( ) (C(p) D(p))-
Let tf; denote the optimal value of (primal) problem (2). Due to the bilinear
coupling of X and p, this problem is a non-convex Bilinear Matrix Inequality
problem (BMI). The number of bilinearly coupled variables is §(n + n¢)(n +
ne+ 1) +n, (with n, denoting the number of free controller variables) which
grows quadratically with n. However it has a linear objective and matrix
valued polynomial constraints. It will be shown in the next section that we
can compute a sequence of SOS relaxations of this problem that converges
from below to the optimal value.

3 A Direct Polynomial SDP-Approach

In this section we present an extension of the scalar polynomial optimization
by SOS decompositions [22] to optimization problems with scalar polynomial
objective and nonlinear polynomial semi-definite constraints. We formulate
the relaxations in terms of Lagrange duality with SOS polynomials as mul-
tipliers which seems a bit more straightforward than the corresponding dual
formulation based on the problem of moments [22].

3.1 Polynomial Semi-definite Programming

For z € R™ let f(z) and G(z) denote scalar and symmetric-matrix-valued
polynomials in x, and consider the following polynomial semi-definite opti-
mization problem with optimal value dopt:

infimize f(z)

. 3)
subject to G(z) <0

Since multiple SDP-constraints can be easily collected into one single SDP-

constraint by diagonal augmentation, it is clear that (2) is captured by this

general formulation.
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With any matrix S > 0, the value inf,cgn. f(z) + (S,G(x)) is a lower
bound for dop by standard weak duality. However, not even the maximiza-
tion of this lower bound over S > 0 allows to close the duality gap due to
non-convexity of the problem. This is the reason for considering, instead, La-
grange multiplier matrices S(z) = 0 which are polynomial functions of x. Still
infgerna f(x)+ (S(x), G(x)) defines a lower bound of dqp, and the best lower
bound that is achievable in this fashion is given by the supremal ¢ for which
there exists a polynomial matrix S(z) » 0 such that

f(z)+ (S(z),G(x)) —t >0 for all x € R".

In order to render the determination of this lower bound computational we in-
troduce the following concept. A symmetric matrix-valued ng X ng-polynomial
matrix S(z) is said to be a (matrix) sum-of-squares (SOS) if there exists a
(not necessarily square and typically tall) polynomial matrix T'(z) such that

S(x) =T(z)"T(z).

If Tj(x), j =1,...,q denote the rows of T'(x), we infer

S(z) =) Ti(2)"Tj(2).

Jj=1

If S(x) is a scalar then T;(z) are scalars which implies S(x) = 23:1 T;(z)?.
This motivates our terminology since we are dealing with a generalization of
classical scalar SOS representations. Very similar to the scalar case, every SOS
matrix is globally positive semi-definite, but the converse is not necessarily
true.

Let us now just replace all inequalities in the above derived program for
the lower bound computations by the requirement that the corresponding
polynomials or polynomial matrices are SOS. This leads to the following op-

timization problem:

supremize t

subject to S(z) and f(x)+ (S(z), G(z)) —t are SOS @
If fixing upper bounds on the degree of the SOS matrix S(z), the value of this
problem can be computed by solving a standard linear SDP as will be seen
in Section 5. In this fashion one can construct a family of LMI relaxations for
computing increasingly improving lower bounds. Under a suitable constraint
qualification, due to Putinar for scalar problems, it is possible to prove that
the value of (4) actually equals dopt. To the best of our knowledge, the gener-
alization to matrix valued problems as formulated in the following result has,
except for the recent independent work of Kojima [24], not been presented
anywhere else in the literature.
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Theorem 1. Let d,p; be the optimal solution of (3) and suppose the following
constraint qualification holds true: There exists some v > 0 and some SOS
matriz R(x) such that

r— ||z + (R(z), G(z)) is SOS. (5)

Then the optimal value of (4) equals dopt.

Proof. The value of (4) is not larger than dopt. Since trivial for dopy = oo, we
assume that G(z) < 0 is feasible. Choose any € > 0 and some Z with G(z) < 0
and f(2) < dopt +€. Let us now suppose that S(z) and f(z)+ (S(z), G(x)) —t
are SOS. Then

dopi+ € —1 = f(#) —t = f(&) + (S(2), G(&)) =t > 0

and thus dop, + € > . Since € was arbitrary we infer dgpe > .

To prove the converse we first reveal that, due to the constraint quali-
fication, we can replace G(z) by G(z) = diag(G(x), |z||> — r) in both (3)
and (4) without changing their values. Indeed if G(z) < 0 we infer from
(5) that r — ||z]|> > r — ||z||*> + (R(z),G(z)) > 0. Therefore the extra con-
straint ||z||? —r < 0 is redundant for (3). We show redundancy for (4) in
two steps. If S(z) and f(x) —t + (S(z),G(x)) are SOS we can define the

SOS matrix S(z) = diag(S(z),0) to conclude that f(z) —t + <5’(x),é’(x)>
i? SOS (sAince itAjust equals f(xz) —t+ (S(z), G(x)))A Conyersely suppose that
$(x) = T(2)"T(z) and i()Té(z) = f(z) — t + <S(w),G(x)> are SOS. Par-
tition T'(x) = (T(x) u(z)) according to the columns of G(z). With the SOS
polynomial v(z)Tv(x) = r — ||z||®> + (R(x),G(z)) we infer

t(x)Ti(2) = f(z) —t+ <T ()T (), ( )> +u(@) u(z)(|lz]? - r) =

= f(a) —t+(T(2) G(x)) +u(@)Tu(z)((R(z), G(z)) - v(2)Tv(z)) =

= f(z) =t +(T(x)" ( ) (Z‘)TU(l‘ G(z)) — u(z) u(@)v(z) v(z).
With R(z) = Ry(z)T Ry(x) we now observe that

T
T(x) T(x)
S(x) := T(x)"T(x) +u(z) u(z)R(x) =
() :=T(2)" T(2) +u(z)” u(z)R(z) (u(x)@Rf(m)> (u(m)@Rf(x)>

and

T

(rcria) (rn)
u(z) @ v(x) u(z) ® v(x)

are SOS. Due to f(z) —t+ (S(x), G(z)) = s(x) the claim is proved.

s(x) = t(z)Ti(z) + uw(x) T u(z)v(z)Tv(z)
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Hence from now one we can assume without loss of generality that there
exists a standard unit vector v; with

T 2
v G(z)or = [Jf|” — 7. (6)
Let us now choose a sequence of unit vectors vsg,vs,... such that v;, i =
1,2,...1is dense in the Euclidean unit sphere, and consider the family of scalar

polynomial optimization problems

infimize f(x)
subject to v! G(z)v; <0, i=1,...,N

(7)
with optimal values dy. Since any x with G(z) < 0 is feasible for (7), we infer
dn < dopt. Moreover it is clear that dy < dn1 which implies dy — do < dopt
for N — oo. Let us prove that dy = dopt. Due to (6) the feasible set of (7)
is contained in {z € R" | ||z||* < r} and hence compact. Therefore there
exists an optimal solution zx of (7), and we can choose a subsequence N,
with zy, — . Hence dy = lim,_,o dy, = lim, .o f(zn,) = f(20). Then
do = dopy follows if we can show that G(zo) =< 0. Otherwise there exists a
unit vector v with € := vTG(z¢)v > 0. By convergence there exists some K
with ||G(zn,)|| < K for all v. By density there exists a sufficiently large v
such that K||v; — v||? + 2K |lv; — v| < €/2 for some i € {1,..., N, }. We can
increase v to guarantee v7 G(xy, )v > €/2 and we arrive at

0> viTG(:cNV)vi =
= (v; — U)TG(INV)(UZ' —v)+ QUTG(wNV)(Ui —v) + UTG(xNU)’U >
> —K||lv; — v||* = 2K|jv; — v|| + €/2 > 0,

a contradiction.

Let us finally fix any ¢ > 0 and choose N with dy > dopt — €/2. This
implies f(z) — dopt + € > 0 for all z with v/ G(z)v; <0fori=1,...,N. Due
to (6) we can apply Putinar’s scalar representation result [28] to infer that
there exist polynomials ¢;(x) for which

N
F(@) = dopt + €+ Y _ ti(x) ti(x)v] G(w)v; is SOS. (8)
i=1
With the SOS matrix
T
N t1(x)vf t1(z)vf
Sn(z) := Zviti(x)Tti(x)v;‘F =
- tn(@ply ) \tweph

we conclude that f(x) — dopt + €+ (Sn(z), G(z)) equals (8) and is thus SOS.
This implies that the optimal value of (4) is at least dopy — €, and since € > 0
was arbitrary the proof is finished. [ ]
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Theorem 1 is a natural extension of a theorem of Putinar [28] for scalar
polynomial problems to polynomial SDP’s. Indeed, Lasserre’s approach [22]
for minimizing f(z) over scalar polynomial constraints g;(x) < 0, i =
1,...,m, is recovered with G(z) = diag(gi(z), ..., gm(z)). Moreover the con-
straint qualification in Theorem 1 is a natural generalization of that used by
Schweighofer [33].

Remark 1. It is a direct consequence of Theorem 1 that, as in the scalar case
[32], the constraint qualification (5) can be equivalently formulated as follows:
there exist an SOS matrix R(x) and an SOS polynomial s(x) such that

{x e R"™ | (R(z),G(x)) — s(x) <0} is compact.

3.2 Application to the H, fixed order control problem

The technique described above can directly be applied to (2), except that the
constraint qualification is not necessarily satisfied. This can be resolved by
appending a bounding inequality X < MxI for some large value Mx > 0.
An SOS relaxation of the resulting BMI problem is formulated with

Gl(Xapv’y) = _X7 GQ(XJ%’Y) = Boo(Xap7’y)’
G3(X,p,’)/) =X - MXL G4(X,p,’7) = Hp||2 -M

as follows

supremize: -y 9)
4

subject to: v+ > (Si(X,p,7),Gi(X,p,7)) is SOS
i=1

Si(X,p,v) is SOS, i=1,...,4.

It has already been indicated that this problem is easily translated into a
linear SDP if we impose a priori bounds on the degrees of all SOS matrix
polynomials. However, as the main trouble, this technique suffers from large
number of variables for higher order relaxations, especially when the order
of the underlying system state is large. Since S;, So and S3 are polynomials
in X, the size of the relaxation grows exponentially with the order of the
system. In our numerical experience the size of the LMI problems of the SOS
relaxations grows so fast that good lower bounds can be only computed for
systems with state dimension up to about 4. Therefore it is crucial to avoid
the need for constructing SOS polynomials in the Lyapunov variable X. As
the second main contribution of this paper, we reveal in the next section how
to overcome this deficiency.
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4 Conversion to Robustness Analysis

For translating the nonlinear synthesis problem in (2) to an equivalent ro-
bustness analysis problem, the key idea is to apply partial Lagrange dualiza-
tion [17]: Fix the controller variables p and dualize with respect to the Lya-
punov variable X. We will show that one is required to determine parameter-
dependent dual variables, in full analogy to computing parameter-dependent
Lyapunov function for LPV systems. As the main advantage, this reformula-
tion allows us to suggest novel SOS relaxations that grow exponentially only
in the number of controller (or uncertain) parameters p and that can be shown
to grow only quadratically in the number of the system states, in stark contrast
to the relaxations of Section 3.2.

4.1 Partial Dualization

In this section we need the additional assumption that (A(p), B(p)) is con-
trollable for every p € P. For fixed p = py € P, (2) is an LMI problem in X
and ~:

infimize ~

10
subject to X € §", X =0, B (X, po,v) < 0. (10)

Let us partition the dual variable Z for the constraint Boo (X, p,v) < 0 in (2)

as
71 Z
z="2"" (11)
Ziy Lo
Then the Langrange dual reads as follows:
_ T
supremize s ([0 (pu) Do) | 2 [Clp0) D))

subject to A(po)Z11 + Z11A(po)T + B(po)Ziy + Z12B(po)T =0
TI(ZQQ) S ]., Z t 0.

(12)

Let ¢4 (po) denote the dual optimal value of (12). Note that (12) is strictly

feasible for all pg € P as is shown in Appendix A. This implies tglpt (p) = tgpt (p)

and, as a consequence, it allows to draw the following conclusion. Given any
t € R suppose that the function Z(p) satisfies

e ([cw pw)] 20 [c0) Do) ") =1 (13

A(p)Z11(p) + Z11(p)A(p)" + B(p)Z12(p)" + Z12(p) BT (p) = 0,  (14)
Tr(Zs2(p)) < 1, Z(p) >~ 0, (15)
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for all p € P. Then it is clear that ¢&(p) > ¢ and hence £ (p) > ¢ hold
for all p € P. Therefore t is a lower bound on the best achievable controller
performance. It is thus natural to maximize ¢ over some class of functions Z(.)
in order to determine tight lower bounds on the value of (2). Our construction
allows to show that this lower bound is actually tight if optimizing over matrix

polynomials Z(.).

Theorem 2. Let o, be the optimal solution to (2). Let top: be the supremal t
for which there exists a polynomial matriz Z(p) € S"*™ satisfying (13)-(15)
for all p € P. Then vopt = topt-

Proof. We have already seen that Yopt > topt. Now suppose Yopt > topt 4 € for
some ¢ > 0. For any fixed py € P, the optimal value of (10) and hence that of
(12) are not smaller than ~op¢. Since (12) is strictly feasible there exists Y
(partitioned as (11)) with

1 ([0t) Do) | ¥ [00) 0] ") = /2> ta.

T
Alpo)Y) + Y A(po)" + B(po)Yy + Y5B" (po) > 0,
Tr(Ysy) < 1, YO - 0.

Since the inequalities are strict and P is compact, we can use a partition of
unity argument [29] to show that there actually exists a continuous function
Y (p) such that

([0 o) Y0) [06) D] ) /1> tor, (10

A(p)Y11(p) + Y () Alp)” + B(p)Y12(p)” + Yia(p) BT (p) = 0,  (17)
Tr(Ya2(p)) < 1, Y(p) =0, (18)

for all p € P. Due to the Stone-Weisterstrass theorem about the approxima-
tion of continuous functions by polynomials on compacta, we can even choose
Y (p) to be a matrix polynomial. This allows to conclude topy > topt + €/4, a
contradiction which finishes the proof. [ ]

In actual computations we optimize over functions Z(-) belonging to an
increasing sequence of finite-dimensional subspaces of matrix-valued polyno-
mials. Then the difference of the computed lower bound to the actual optimal
‘H~ performance is non-decreasing. If we restrict the search to a subspace of
degree bounded matrix polynomials, and if we let the bound on the degree
grow to infinity, Theorem 2 guarantees that the corresponding lower bounds
converge from below to the globally optimal H., performance.

We have thus reduced the H., synthesis problem to a robust analysis
problem with complicating variables p and polynomial robustness certificates
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Z(p). In Section 5 we will discuss how (13)-(15) can be relaxed to standard
LMI constraints via suitable SOS tests.

Remark 2. The proposed partial dualization technique is not at all restricted
to fixed-order Ho, optimal control. Straightforward variations do apply to a
whole variety of other interesting problems, such as designing structured con-
trollers for any performance criterion that admits an analysis LMI represen-
tation (as e.g. general quadratic performance, Ho-performance or placement
of closed-loop poles in LMI regions [6]).

Remark 3. We require the controller parameters to lie in a compact set in
order to be able to apply the theorem of Stone-Weierstrass. From a practical
point of view this is actually not restrictive since the controller parameters
have to be restricted in size for digital implementation. Moreover one can ex-
ploit the flexibility in choosing the set P in order to incorporate the suggested
lower bound computations in branch-and-bound techniques.

Remark 4. The controllability assumption is needed to prove that the dual
(12) is strictly feasible for all p € P. Controllability can be verified by a
Hautus test: (A(p), B(p)) is controllable for all p € P if and only if

Pa(\,p) := (A(p) — M B(p)) has full row rank for all A € C, p € P. (19)

This property can be verified by the method described in Section 3. Indeed
suppose K € R is chosen with || A(p)|| < K for all p € P (with ||| denoting the
spectral norm). Then (19) holds true if and only if the real-valued polynomial

Fy(a,b,p) : = |det (Pu(a + bi, p) Pula + bi, p)*)|?
= det (Pu(a + bi, p) Pu(a + bi, p)*)* det (Pu(a + bi, p) Pu(a + bi, p)*)

is strictly positive on [—K, K] x [-K, K| x P. This can be tested with SOS
decompositions, provided that P has a representation that satisfies (5). The
upper bound K on the spectral norm of A on P can also be computed with
SOS techniques.

Remark 5. The utmost right constraint in (14) (Z(p) > 0 for all p € P) can
be replaced by the (generally much) stronger condition

Z(p) is SOS in p.

As we will see in Section 5.6 this may reduce the complexity of our relaxation
problems. Theorem 2 is still true after the replacement, since for any matrix-
valued polynomial Y (p) that satisfies (13)-(15), we can find a unique matrix
valued function R(p) on P that is the Cholesky factor of Z(p) for all p € P.



A Sum-of-Squares Approach to Fixed-Order H.-Synthesis 57

Furthermore R(p) is continuous on P if Z(p) is, because the Cholesky factor of
a matrix can be computed by a sequence of continuity preserving operations
on the coefficients of the matrix [10]. Again by Weierstrass’ theorem there
exists an approximation of the continuous R(p) on P by a polynomial R(p)
such Z(p) := R(p)TR(p) satisfies (13)-(15). The constructed matrix-valued
polynomial Z(p) is indeed SOS.

4.2 Finite-Dimensional Approximation

Suppose that Z; : R +— S"t™1 5 =12 ... N, is a set of linearly indepen-
dent symmetric-valued polynomial functions in p (such as a basis for the real
vector space of all symmetric matrix polynomials of degree at most d). Let us
now restrict the search of Z(.) in Theorem 2 to the subspace

N
Zn=R2(,2) | Z(,2) =Y 2Zi(), 2= (21,...,2n) ERN 5. (20)
j=1

Then (13)-(15) are polynomial inequalities in p that are affine in the coeffi-
cients z for the indicated parameterization of the elements Z(., z) in Zy. With
y = col(t, z), ¢ := col(1,0,,) and

F(p,y) = diag(F11(p, 2) — t, Foa(p, 2), Z(p, 2), 1 — Tr(Z22(p, 2))) (21)

where

Fui(p,2) i=Tr ([c<p> DW)] Z(.2) [C(r) D<p>]T) 7
Fay(p, 2) := Z11(p, 2)A(p) " + A(p) Z11(p, 2) + Z12(p, 2) B(p) " + B(p) Z15(p, 2)"

the problem to be solved can be compactly written as follows:

supremize ¢’y

subject to F(p,y) > 0 forall p e P. (22)
This problem involves a semi-infinite semi-definite constraint on a matrix
polynomial in p only, i.e. not on the state variables. This allows to construct
relaxations that rely on SOS-decomposition for polynomials in p, which is the
key to keep the size of the resulting LMI-problem quadratic in the number of
system states, as opposed to the exponential growth of the size of the LMI-
problem for the direct approach discussed in Section 3.

5 Robust Analysis by SOS-Decompositions

Let us now consider the generic robust LMI problem
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supremize ¢’y

subject to F(z,y) > 0 for all z € R™ with g;(z) <0, i=1,...,n, (23)
where F(z,y) € " and g;(x) € R are polynomial in z and affine in y respec-
tively. The problems (3) and (23) differ in two essential structural properties.
First, (3) is just a semi-definite polynomial minimization problem, whereas
(23) has a linear objective with a semi-infinite linear SDP constraint, where
the dependence on the parameter x is polynomial. Second, in the relaxation
for (3) we had to guarantee positivity for scalar polynomials, whereas (23)
involves a matriz-valued positivity constraint. Despite these structural differ-
ences the relaxations suggested in this section are similar to those in Section 3.

5.1 Scalar Constraints

Let us first consider scalar-valued semi-infinite constraints which corresponds
to F(z,y) being of dimension 1 x 1 in (23). If for some y there exist € > 0 and
SOS polynomials s;(z), i = 1,...,ng, such that

F(z,y) + Zsz(x)gl(x) —€ isSOSin =z, (24)
i=1

then it is very simply to verify that ¢’y is a lower bound on the optimal value
of (23). The best possible lower bound is achieved with the supremal ¢’y over
all € > 0 and all SOS polynomials s;(z) satisfying (24), and we have equality
if G(x) = diag(g1(z), ..., gn,(x)) satisfies the constraint qualification (5). The
proof is a a variant of that of Theorem 1 and is hence omitted.

5.2 Scalarization of Matrix-Valued Constraints

Let us now assume that F(z,y) is indeed matriz-valued. Our intention is
to illustrate why a straightforward scalarization technique fails to lead to
the desired properties of the corresponding LMI relaxations. Indeed define
fv,2,y) == vT F(x,y)v and

hi(v,z) = gi(x) i=1,...,ng, hp,41(v,2) = 1—vT, hpyyo(v, ) = vTv—2.

Then F(z,y) > 0 for all x with g;(z) < 0,7 = 1,...,n,, is equivalent to
f(v,z,y) > 0 for all (z,v) with h;(v,z) < 0,4 =1,...,ny + 2. As in Sec-
tion 5.1 this condition can be relaxed as follows: there exists € > 0 and SOS
polynomials s;(v,z), i =1,...,n4 + 2, such that

ng+2

flo,z,y) + Z si(v,x)hi(v,z) — e is SOS

i=1
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(with exactness of the relaxation under constraint qualifications). Unfortu-
nately, despite f(v,z,y) is quadratic in v, no available result allows to guar-
antee that the SOS polynomials s;(v,z), ¢ = 1,...,n4 + 2, can be chosen
quadratic in v without loosing the relaxation’s exactness. Hence one has to
actually rely on higher order SOS polynomials in v to guarantee that the relax-
ation gap vanishes. In our specific problem, v has 2n-+m1 +1 components such
that the relaxation size grows exponentially in the system state-dimension,
and we fail to achieve the desired polynomial growth in n.

5.3 Matrix-Valued Constraints

This motivates to fully avoid scalarization as follows. We replace (22) by
requiring the existence of € > 0 and SOS matrices S;(z) of the same dimension
as F(z,y) such that

F(z,y) + Z Si(x)gi(z) — el is an SOS matrix in . (25)
i=1

It is easy to see that the optimal value of (23) is bounded from below by the
largest achievable ¢’y for which there exist ¢ > 0 and SOS matrices S;(x)
with (25). It is less trivial to show that this relaxation is ezact which has been
proved in our paper [31]. This is the key step to see that one can construct
a family of LMI relaxations for computing arbitrarily tight lower bounds on
the optimal of (23) whose sizes grow exponentially only in the number of
components of x.

Remark 6. 'We have performed partial dualization (in the high dimensional
variables) in order to arrive at the formulation of (23). It is interesting to
interpret the replacement of the semi-infinite constraint in (23) by (25) as a
second Lagrange relaxation step in the low dimensional variable z. In this
sense the suggested relaxation can be viewed as a full SOS Lagrange dualiza-
tion of the original nonlinear semi-definite program, and exponential growth
is avoided by the indicated split into two steps.

5.4 Verification of Matrix SOS Property

Let us now discuss how to construct a linear SDP representation of (25) if
restricting the search of the SOS matrices Si(x), i = 1,...,n4, to an arbi-
trary subspace of polynomials matrices. The suggested procedure allows for
complete flexibility in the choice of the corresponding monomial basis with a
direct and compact description of the resulting linear SDP, even for problems
that involve SOS matrices. Moreover it forms the basis for trying to reduce
the relaxation sizes for specific problem instances.
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For all these purposes let us choose a polynomial vector
u(z) = col(uy(x), ..., up, ())

whose components u;(x) are pairwise different z-monomials. Then S(z) of
dimension r x r is said to be SOS with respect to the monomial basis u(z) if

there exist real matrices T}, j = 1,...,ny, such that
S(z) =T(2)"T(x) with T(z) =Y Tju;(z) =Y Tj(uj(x) @ I,).
j=1 j=1

IfU=(Ty - - Ty,,) and if P denotes the permutation that guarantees

u

u(z) ® I, = P[I, ® u(z)],
we infer with W = (UP)T(UP) = 0 that
S(z) = [T, ® (@)W © u(2)]. (26)

In order to render this relation more explicit let us continue with the follow-
ing elementary concepts. If M € R™*"" is partitioned into n x n blocks as
(Mjk)jk=1,...r define

TI‘(Mll) e TI‘(MlT)
Trace, (M) = : , :
Te(Myq) -+ Tr(M,..)

as well as the bilinear mapping (.,.), : R™™X"" x R™"*"" — R™" as
(A, B), = Trace,(A” B).

One then easily verifies that [I, @u(z)]"W[I, @u(z)] = (W, I, @ u(z)u(z)T) .
If we denote the pairwise different monomials in u(x)u(z)? by w;(z), j
1,...,ny, and if we determine the unique symmetric Q); with

=

N

u(e)u(a)” = 3" Qo)

we can conclude that

N

S@) = (W1 ®Q;), w;(x). (27)

j=1

This proves one direction of the complete characterization of S(z) being SOS
with respect to u(z), to be considered as a flexible generalization of the Gram-
matrix method [27] to polynomial matrices.
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Lemma 1. The matriz polynomial S(x) is SOS with respect to the monomial
basis u(x) iff there exist necessarily unique symmetric Sj, j =1,..., My, such
that S(x) = Zn S;w;(x), and the linear system

<VV,IT®QJ>T:S]7 j:]-v"'anw» (28)

has a solution W = 0.

Proof. If W = 0 satisfies (28) we can determine a Cholesky factorization of
PWPT as UTU to obtain W = (UP)T(UP) and reverse the above arguments.

|
5.5 Construction of LMI Relaxation Families
With monomial vector v;(x) and some real vector b; for each i =1,2,...,n,
let us represent the constraint functions as g;(z) = bl v;(x),i = 1,2,...,n,.

Moreover, let us choose monomial vectors u;(x) of length n; to parameterize
the SOS matrices S;(z) with respect to u;(x) with W; = 0,4 = 0,1,...,ng,
as in Section 5.4. With vg(z) = 1 and by = —1, we infer

~So(@) S Si@)gi(@) = S (Wi, I @ [wi(@)ui(@)"] ), [ vila)]
=1 =0

:Z iy (I @ [wi(@)ui(2)T]) [bFvi(a)] ),

71

(Wi, I ® ([wi(@)us(@)T) © [BFoi@)]) ),
1=0
S (Wi dy @ ([T @ 7] [us(e)us (@) © (@) ).

=0

Let us now choose the pairwise different monomials
wo(z) =1, wy (x),. .., wn, (x)

to allow for the representations

Ny

ui(@)ui(2)T @ v prwj and F(z,y) =3 A; (g (@), (29)

Jj=0

with symmetrically valued A;(y) that depend affinely on y. Then there exist
¢ > 0 and SOS matrices S;(z) with respect to u;(z), i =0,...,ng, such that

Fl(z,y +Zs z) — el = Sy(z) (30)
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if and only if there exists a solution to the following LMI system:

e>0, W; =0, 1=0,...,ng, (31)

Z Wi, I, @ ([In, @] ] Pio) ), —el =0,  (32)

g

Ai)+ Y (Wi, L@ ([I,, @b | Py) ), =0, j=1,...,ny.  (33)
i=0

We can hence easily maximize ¢’y over these LMI constraints to determine
a lower bound on the optimal value of (23). Moreover these lower bounds
are guaranteed to converge to the optimal value of (23) if we choose u;(z),
i=0,...,n4, to comprise all monomials up to a certain degree, and if we let
the degree bound grow to infinity.

5.6 Size of the Relaxation of LMI Problem

The size of the LMI relaxation for (23) is easily determined as follows.
The constraints are (31), (32) and (33). The condition on the matrices
Wi, i = 0,1,...,n4, to be nonnegative definite in (31) comprises for each
i =0,1,...,n4 one inequality in S+, where (as mentioned earlier in the
text) r and n,,; denote the number of rows in F'(x,y) in (23) and the number
of monomials for the i*" SOS matrix, i = 0,1, ..., ng, respectively. On top of
that (32) adds r? and (33) adds n,r? scalar equation constraints to the LMI
problem.

The decision variables in the LMI relaxation are the lower bound ¢, the
matrices for the SOS representation W; € &+, ¢ = 0,1,...,ng4, and the
original optimization variables y € R™v. Since a symmetric matrix in S"™wi
can be parameterized by a vector in R%T”“i(’"”“i"’l), we end up in total with

g

1
1+n, + 5 ;rnui (rng., +1) (34)

scalar variables in our LMI problem.

This number may be further reduced by using an explicit representation
of the degrees of freedom in W; for each i € {0,1,...,n,} by constructing
a basis for the solution set of the linear constraints (32) and (33). Although
this explicit parameterization may lead to a smaller number of variables, we
consider for simplicity in the remainder of this text the implicit representation
with (32) and (33).

We can further specify the size of the LMI problem for the fixed order Ho,
synthesis problem in terms of the sizes of dynamical system, which will show
that the size of the LMI’s depends quadratically on the number of states. If
P is a ball of radius M described by (1), then it can be described by one
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polynomial inequality such that n, = 1. The number of variables in y is
equal to the dimension of the subspace Zn: n, = N = dim(Zy). Since Z
is a polynomial in p with matrix coefficients in S"*™1 | n, grows at most
quadratically in n. The number r of rows of each sub-block of F'(p,y) in (21)
is

Block‘Fu(p, z) — t‘FQQ(p, z)‘Z(p, 2) ‘1 — Tr(Zaa(p, z))‘

Number of rows‘ 1 ‘ n ‘n + ml‘ 1 ‘

which results in r = 2 4+ 2n 4+ m; rows. This number of rows is reduced by
about 50% to r = 2 + n if we replace the utmost right constraint in (15)
(Z(p) > 0 for all p € P) by requiring Z(p) to be SOS, as we suggested in
Remark 5.

The monomial vectors u;, i = 0,1, should be chosen such that F(-,y) can
be expressed in terms of Sy and S1¢; as in (30) and they will be specified for
the concrete examples in Section 6. Note that n,,, ¢ = 0,1, is independent of
n since u;, 1 = 0, 1, are polynomials in p.

Summarizing, n, grows at most quadratically in n, r grows linearly in n
and n,,, ¢ = 0,1, are independent of n. Equation (34) therefore implies that
the number of LMI variables is indeed quadratic in n.

Remark 7. Although not limiting for unstructured controller synthesis [36],
the assumption Do = 0 on the direct-feedthrough term is usually restrictive
if the controller is required to admit some structure. It is therefore useful to
discuss how a nonzero Dss can be taken into account in our method. For
Doy # 0 the closed-loop matrices are rational functions of p:

Alp) = (Aol + B3'Q(p) Dk (p)C3! B3'Q(p)Cr (p) )
Az (p) Ak (p) + B (p)D22Q(p)Ck (p)
Blp) = ( B! + B3'Q(p) D (p) DS} )
Bk (p)Da1 + Bk (p) D22Q(p) Dic (p) DS}
C) = (€5 + D12Q(p)Dic(p)CS' D12Q(p)Ckc(p) )
D(p) = DY} + D%5Q(p) D (p) D3y
where A (p) := Bi (p)CS' + Bk (p) D22Q(p) Di (p)CS' and

Q(p) := (I — DxpDa) "

This results in rational dependence of the left-hand sides of (13) and (14) on
p, such that we can not directly apply the SOS test. Under the well-posedness
condition that I — Dy (p)Dao is nonsingular for all p € P, we can multiply
(13) and (14) by det(I — Dg(p)D22)?. Since then det(I — Dg(p)Da2)? > 0
for all p € P, the resulting inequalities are equivalent to (13) and (14) and
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polynomial in p. This implies that our problem is a robust polynomial LMI
problem (23) and we can apply the SOS technique. It is easy to see that testing
well-posedness is a robust LMI problem as well.

Remark 8. In a similar fashion we can introduce a rational parameterization
for Z(p). Let Z; : R™ + S"t™1 j =1,2,..., N, be a set of linearly indepen-
dent symmetric valued rational functions in p without poles in P (instead of
polynomials as in Section 4.2). By multiplication of the inequalities (13)-(15)
with the smallest common denominator of Z(p) that is strictly positive for all
p € P, their left-hand side becomes a polynomial of p. We expect such pa-
rameterizations of Z(p) with rational functions to be much better than with
polynomials; in the sense that they generate better lower bounds for the same
size of the LMI problem. Comparison of these parameterizations is a topic for
future research.

6 Application
We present lower bound computations for the fixed order H,, problem of a

fourth order system and a 27*" order active suspension system. The results of
this section have also been published in [16].

6.1 Fourth Order System

We consider an academic example with

-7 4 0 020902 0
-05 -2 0 0]202 O

Al B, | B,

oo | o] 3 4 o5 ofotor o
Hintila il B R N —1—4\0—0.2
C2|D21|Dag

0 —10 =3 0 0\3 4
08 01 0 0030 0

and computed lower bounds on the closed-loop H.-performance of all stabil-

ising static controllers in a compact subset of R2*!. The open loop Hs, norm

is 47.6. We first computed an initial feedback law Kiu; = (—38 —28) ,

which gives a performance of 0.60. We computed bounds for the ball Pp. =

{p € R?| |lp|| < M} with radius M = 1.5 around the initial controller, i.e.
T

K(p) = Kinit + (p1 pg) . Observe that p € P is equivalent to g1(p) < 0

where
91(p) == pi +p3 — M?, (35)
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which is the only constraint on p, such that ny, = 1 in (23). We therefore
optimize over 2 SOS polynomials Sy and S, both of dimension 10 x 10. The
choice of the monomials ug and u; will be discussed below.

The resulting lower bound, the number of variables in the LMI and the
size of the LFT are shown in Table 1 for various degrees in u; and Z. The
monomial vector u; is represented in the table by (I1,ls), i.e. u1(p) = M2 (p)
where M maps the maximal monomial orders [; and [ into a vector containing
all mononials ‘

iy, 0<i<l;, 0<j<l.

In other words M'!2 is the monomial vector
11,1 o
M (p) = (1py 7 . pl pipo p3pa - Dps - S )

The vector (k1, k2) in the table denotes the maximal monomial degrees for Z in
a similar fashion, e.g, (k1, k2) = (2, 1) should be read as the parameterization

N
Z(p,z) = Zo + Y21 % Ej + 2j+ NP1 Ej + 242N Ej + 2j13np1p2 B+
N
+ X051 Zj+anpip2 By + 245N p2 B,

where N = dim(8"*™) = I(n+my 4+ 1)(n+my) and Ej, j =1,..., N, is
a basis for S"*"1. For this parameterization the number n, of variables in
y grows quadratically with n, which is the maximum growth rate of n, as
mentioned in Section 5.6. The monomial vector ug(p) = M99 (p) is chosen
such that the monomials on the right-hand side of (30) match those on the
left-hand side, i.e.

G = [2 —l—ma);{k‘i,Zli}—‘ ’ i=1.2,

where [z] is the smallest integer larger than or equal to x. For instance
the lower bound in the right lower corner of Table 1 is computed with
¢1 = 3,92 = 3 such that up(p) is a monomial vector of length 16.

By a gridding technique we have found an optimal controller p°P' =
T

(1.33 0.69) € P with performance 0.254. From Table 1 it seems that the

lower bound indeed approaches this value for increasing order in both u; and
Z. The best lower bound is t,p = 0.251, which is slightly smaller than the
optimal performance 0.254. The number of variables in our implementation of
the LMI relaxations is shown in Table 2. Each LMI problem has been solved
with SeDuMi [34] in at most a few minutes.

6.2 Active Suspension System

As a second example we consider the control of an active suspension sys-
tem, which has been a benchmark system of a special issue of the European
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Table 1. Lower bounds for 4'" order system, various degrees of Z and S;

(11,12), monomials in wu;
(0,0) (1,1) (2,0) (0,2)
N (0,0  0.15584 0.16174 0.16174 0.16174
_;:) (1,0) 0.20001 0.20939 0.20959 0.20183
'g (1,1) 0.20319 0.21483 0.21331 0.20785
% (2,0) 0.22259 0.2298 0.23097 0.22396
i (1,2) 0.20642 0.22028 0.21886 0.21171
'@i (2,1) 0.22669 0.23968 0.23936 0.22959
ig/ (3,0) 0.22361 0.24000 0.24212 0.22465
(4,0) 0.22465 0.24263 0.24373 0.22504
(2,2) 0.22737 0.24311 0.24298 0.23277
(4,2) 0.22889 0.25047 0.25069 0.23414

Table 2. Number of LMI variables for 4'* order system, various degrees of Z and u

(11,12), monomials in wu;

(0,0) (1,1) (2,0) (0,2)

Ng (0,0) 41 1514 970 1960
= (1,0 220 1528 984 1974
‘5 (1,1) 413 1556 1012 2002
£ (2,0 234 1542 998 1988
i (1,2) 1211 1584 1370 2030
< (2,1 881 1584 1040 2030
£ (3,0 578 1556 1012 2002
(4,0) 867 1570 1026 2016
(2,2) 1253 1626 1412 2072
(4,2) 2547 2920 2706 2981
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Fig. 1. Active suspension system

Journal of Control on fixed-order controller synthesis [21], see Figure 1. The
goal is to compute a low-order discrete-time controller such that the closed-
loop sensitivity and controller sensitivity satisfy certain frequency-dependent
bounds. The system has 17 states and the weights of our 4-block H., de-
sign contributed with 10 states, which add up to 27 states of the generalized
plant. The full order design has closed-loop Hso-norm 2.48. We computed a
5" order controller by closed-loop balanced residualization with performance
3.41. For more details on the fixed order H..-design the reader is referred to
[18]. We computed lower bounds for changes in two diagonal elements of the
state-space matrices of the controller

K(p) = (Ag(P) IB)K>
K K

—78.2 1129.2  173.24 -97.751 —130.36| 6.6086
—1240.9 —-78.2+p; 111.45 125.12 76.16 | 21.445

B 0 0 —6.0294 164.81 +p> 159 | —11.126
0 0 0 —204.56  49.031 | —12.405
0 0 0 —458.3 —204.56| —9.4469

—0.067565 0.19822 —1.0047 —0.069722 0.19324‘0.0062862

where p; and ps are free scalar controller variables. Table 3 shows computed
lower bounds for various degrees in Z and w; and various controller sets
Poan :={p |R"™,|p]| <M}, M € {5,10,50,100}, together with the number
of LMI variables. It is interesting to note that the lower bounds are clearly
better than the bounds computed with the S-procedure in [17]. It is a topic
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Table 3. Lower bounds for suspension system, for various degrees of Z and S and
P balls with various radii.

monomials Radius M of P := {plp € R, |]p|| < M} # LMI variables
Z  w 5 10 50 100 M € {5, 10, 50,100}

(0,0) (0,0)] 3.2271  3.0176 2.2445 1.9790 1719

(1,0) (0,0)| 3.2570  3.0732 2.3975 2.1585 2313

(0,1) (0,0)| 3.2412  3.0468 2.3725 2.2398 2313

of our current research to investigate why and for which type of problems the
relaxations based on SOS decompositions work better than those based on
the S-procedure.

The example illustrates that the lower bound computation is feasible for
larger order systems, although the size of the LMI problems still grows grad-
ually.

7 Conclusions

We have shown that there exist sequences of SOS relaxations whose optimal
value converge from below to the optimal closed-loop H., performance for
controllers of some a priori fixed order. In a first scheme we generalized a
well-established SOS relaxation technique for scalar polynomial optimization
to problems with matrix-valued semi-definite constraints. In order to avoid
the resulting exponential growth of the relaxation size in both the number
of controller parameters and system states, we proposed a second technique
based on two sequential Lagrange dualizations. This translated the synthesis
problem into a problem as known from robustness analysis for systems affected
by time-varying uncertainties. We suggested a novel relaxation scheme based
on SOS matrices that is guaranteed to be asymptotically exact, and that
allows to show that the size of the relaxations only grow quadratically in the
dimension of the system state.

We have applied the method to systems of McMillan degree 4 and 27
respectively. The first example illustrated that the lower bounds indeed con-
verge to the optimal fixed-order Ho-performance value. The second example
showed the feasibility of the approach for plants with moderate McMillan de-
gree, in the sense that we can compute nontrivial lower bounds by solving
LMI problems with about 2300 variables.
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A Proof of Strict Feasibility of the Dual Problem

Let us prove that (12) is strictly feasible for all pg € P. For an arbitrary
po € P, we need to show that there exists some W with

A(po)Wi1 + Wi1A(po)" + B(po)Wiy + WiaB(po)” = 0, (36)
Tr(Was) < 1, W = 0.

Since (A(po), B(po)) is controllable, one can construct an anti-stabilizing
state-feedback gain, i.e., a matrix K such that A(pg) + B(po)K has all its
eigenvalues in the open right-half plane. Hence there exists some P >~ 0 with

(A(po) + B(po)K)P + P(A(po) + B(po)K)" = 0 (37)

and rP also satisfies (37) for any » > 0. Then W defined by the blocks
Wi =rP, ng =rKP and

Was = WHW ' Wia + 7] = r(KTPK + 1)

in the partition (11) satisfies (36) and W > 0 for arbitrary » > 0. The con-
structed W does the job if we choose in addition r > 0 sufficiently small to
achieve Tr(Wag) = rTr(KTPK +1) < 1.
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A general H., controller design technique is proposed for scalar linear sys-
tems, based on properties of positive polynomial matrices. The order of the
controller is fixed from the outset, independently of the order of the plant
and weighting functions. A sufficient LMI condition is used to overcome non-
convexity of the original design problem. The key design step, as well as the
whole degrees of freedom are in the choice of a central polynomial, or desired
closed-loop characteristic polynomial.

1 Introduction

This paper is a continuation of our research work initiated in [8], where a
linear matrix inequality (LMI) method was described to design a fixed-order
controller robustly stabilizing a linear system affected by polytopic structured
uncertainty. A convex LMI approximation of the stability domain in the space
of coefficients of a polynomial was obtained there, based on recent results on
positive polynomials and strictly positive real (SPR) functions. As explained
in [8], the key ingredient in the design procedure resides in the choice of a
central polynomial, or desired nominal closed-loop characteristic polynomial.

Paper [8] focused only on polynomial polytope stabilization, which we
believe is an interesting research problem, but remains obviously very far
from an actual engineering design problem. So in this paper we try to build
upon the ideas of [§] to derive a more practical controller design methodology.
Standard design specifications are formulated in the frequency domain, on
peak values of Bode magnitude plots of (possibly weighted) system transfer
functions, this is the so-called H, optimization framework surveyed e.g. in
[11].

The main characteristics of our approach, and its contribution with respect
to existing work in the area are as follows:

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 73-85, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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The order of the controller is fixed from the outset, which overcomes the
standard limitation of state-space H., techniques that the order of the
controller must be at least the same as the order of the plant. Note that,
as a consequence, with our techniques using weighting functions does not
entail increasing the controller order;

We use convex optimization over positive polynomials and SPR rational
functions, just as in [4, 16, 3]. The main distinction is that we do not use
the infinite dimensional Youla-Kucera parametrization of all stabilizing
controllers as in [4, 16, 3], or analytical (stable) rational functions in Ho,
[6], so that it is not necessary to resort to model reduction techniques to
derive a low-order controller;

As in our previous work [8], all the degrees of freedom in the design pro-
cedure are captured in the choice of the so-called central polynomial, or
desired closed-loop characteristic polynomial. Note however that, contrary
to the design procedure of [13] or [18], the central polynomial will not
necessarily be the actual characteristic polynomial, but only a reference
polynomial around which the design is carried out. Influence of the cen-
tral polynomial on closed-loop performance is generally easy to predict. A
general rule of thumb is that open-loop stable poles must be mirrored in
the central polynomial, completed by sufficiently fast additional dynam-
ics. This is in contrast with the recent work in [14], where fixed order Ho,
controller design is carried out with the help of Nevanlinna-Pick interpola-
tion, but the influence of design parameters (the so-called spectral zeros)
cannot be easily characterized.

Complementary features of our approach are as follows:

We can enforce LMI structural constraints on the controller coefficients.
For example, we can enforce the controller to be strictly proper, or a
PID. We can also minimize the Euclidean norm of controller coefficients if
suitable;

Contrary to standard H., techniques, there are no assumptions on open-
loop dynamics, presence of zeros along the imaginary axis, properness of
weighting functions etc.;

Continuous-time and discrete-time systems are treated in a unified way,
as well as pole location in arbitrary half-plane or disks;

Finally, here is a list of current limitations of our H,, design technique:

As in [8], we use a sufficient convex (LMI) conditions that ensure closed-
loop specifications, possibly at the price of some conservatism. We are not
aware of any reliable method for measuring the amount of conservatism of
our method, even though the many numerical examples we have treated
seem to indicate that the approach generally performs at least as well as
other design techniques;

Contrary to well-established state-space H., techniques, the numerical
behavior and performance of LMI or semidefinite programming solvers
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on these optimization problems over polynomials is still unclear. In the
conclusion we mention some research directions and some recent references
focusing on this important issue;

e Similarly to standard H,, techniques, our design technique is iterative,
and a trial-and-error approach cannot be avoided to choose appropriately
the central polynomial.

2 Problem Statement

The scalar H,, design problem to be solved in this paper can be formally
stated as follows, based on Kucera’s algebraic polynomial formulation [10].

Problem 1. Given a set of polynomials n¥(s), d¥(s) for i = 1,2,..., k =
1,2,..., as well as a set of positive real numbers v*, seek polynomials z;(s) of
given degrees such that

s)zi(s)

Hdes ) <~k k=1,2,... (1)

’ oo

In the above inequalities

[Slloc = sup |S(s)]
s€dD

denotes the peak value of the magnitude of rational transfer function S when
evaluated along the one-dimensional boundary 9D of a given stability region

"Tdyy dis ] [1
11 @12 < O}
To do2 | | s

of the complex plane, where the star denotes transpose conjugate and Hermi-

tian matrix
| din di2
dig da2
has one strictly positive eigenvalue and one strictly negative eigenvalue. Stan-
dard choices for D are the left half-plane (d11 = 0, d12 = 1, daa = 0) and the
unit disk (d;; = —1,dj2 = 0, d2s = 1). Other choices of scalars dy1, di2 and
dso correspond to arbitrary half-planes and disks.
The above H, design paradigm covers all the standard frequency domain
specifications arising in scalar control problems. For example, in the feedback

system of figure 1 the sensitivity of the control system output z to disturbances
v is characterized by the sensitivity function

1
D={seC:
s
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Fig. 1. Standard feedback configuration.

g— 1 _aw
B 1+§% ~ax+by

where plant polynomials a and b are given, and controller polynomials x and
y must be found, see [11]. As shown in [4], robustness of the closed-loop plant
to model uncertainty may be characterized by the complementary sensitivity
function

by

T=1-5=
ax + by

which is also the closed-loop system transfer function. As recalled in [2], sim-
plified yet sensible design specifications for a control law can be formulated
as

[Slloe <75,  [T]loo <7

where typical values of yg range between 1.2 and 2.0 and typical values of yp
range between 1.0 and 1.5. This H, control problem, as well as many others,
can be formulated using the general paradigm proposed above.

3 H, Design Technique

Dropping for convenience the dependence on polynomial indeterminate s and
index k, the H,, design inequality of problem 1 on polynomials x;

HZ 5T

> diy <7

o0

can be written equivalently as

v+ st diz; MGT

YO diwi) = 32 niwi

where Re denotes the real part of a complex number. In the above inequalities
it is implicit that polynomial indeterminate s describes the stability boundary,
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so that all the polynomials are frequency-dependent complex numbers when

s € 0D.
In order to simplify notations, define

n= ’y(z diz;) + Z n;x;, d= ’y(z diz;) — Z NiTi (3)
and notice that strict positive realness requirement (2)

d+d*

n 1(n n*) RenRed+ImnImd
Re — = — = 5
d 2 lldll3

is equivalent to the geometric argument condition

1 1
cos (n, d) = RenRed+ImnlImd 50
(P P

or
™

2
where (n,d) denotes the angle between complex numbers n and d.

Now introduce an auxiliary polynomial ¢, referred to as the central poly-
nomial for reasons that should become clear later on.

(n, d)| < (4)

Lemma 1. Geometric condition (4) is equivalent to the existence of a central
polynomial ¢ such that

s s
ol <5 1dal<]

or equivalently
2cos?(n,c) > 1, 2cos*(d,c) > 1. (5)

Proof: Suppose first that polynomial ¢ exists such that inequalities (5)
are satisfied. Geometrically, it follows that the angle between n and d never
exceeds /2, which is inequality (4). Conversely, just choose ¢ = n + d as a
valid central polynomial, and then inequalities (5) hold. ]

Lemma 2. Inequalities (5) hold if and only if

Red*cIm d*e
Im d*c Re d*¢

Ren*cIm n*c]

Im n*c Ren*c

where = 0 means positive semidefinite.
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Proof: The first inequality in (5) can be written explicitly as
2(RenRec+ImnImec)? > (Re’*n + Im?n)(Re?c + Im?c)
or equivalently
(RenRec+ImnImc)? > (RenIme—Imn Rec)?

Using a Schur complement argument, this can be reformulated as a 2-by-2
positive semidefiniteness constraint

RenRec+ImnImcRenlme—ImnRec

Ren*cIm n*c]
=

RenIme—ImnRecRenRec+Imnlme Im n*c Ren*c

The second matrix inequality in (6) is obtained similarly. O
Defining the 2-by-2 polynomial matrices

_|n(s) 0 o) = d(s) 0
N(S)_l 0 n(s)]’ D()_l 0 ds)

; C(S)Z[

inequalities (6) can also be written as
N*(s)C(s) + C*(s)N(s) =0, D*(s)C(s)+C*(s)D(s) =0 (7)

for s € OD. Inequalities (7) are positivity conditions on polynomial matrices .

Controller parameters, i.e. coefficients of polynomials z;(s), enter linearly
in polynomials n(s) and d(s), as well as in polynomial matrices N(s) and
D(s). So it means that as soon as central polynomial ¢ is given, positivity
conditions (7) are linear in design parameters. Positivity conditions on poly-
nomial matrices depending linearly on design parameters can be formulated
as LMIs as follows.

Let

N=|NoNi- N;|, D=[DyDi - Ds|, C=[CoCi Cs

denote matrix coefficients of powers of indeterminate s in polynomial matrices
N(s), D(s) and C(s) respectively, where ¢ is the highest degree arising in
polynomials n(s), d(s) and ¢(s). Define

Iy 0

Ir 0
0 Iy
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as a matrix of size 40-by-2(d + 1), together with the linear mapping

aP bP

H(P)=0IO"(H® P)II =1I"
b*P cP

where square matrix P has dimension 26 and ® denotes the Kronecker prod-
uct. Then the following result is a corollary of lemma 2 in [7].

Lemma 3. Given polynomial matriz C(s), polynomial matrices N(s) and
D(s) satisfy positivity conditions (7) if and only if there exist matrices
P, = P} and Py = P} such that

N*C 4+ C*N — H(P,) =0, D*C+C*D— H(Py) > 0. (8)

Repeating this argument on all the frequency domain specifications (1),
we obtain the following central result:

Theorem 1. Given polynomials n¥(s), d¥(s), positive scalars v* and central
polynomials c*(s) for k = 1,2,..., there exist polynomials x;(s) solving Huo
design problem 1 if problem (8) is feasible for each index k. This is a convex
LMTI problem in coefficients of polynomials z;(s).

Based on the discussion of [8], central polynomial ¢ plays the role of a target
closed-loop characteristic polynomial around which the design is carried out.
In particular, setting the degree of central polynomial ¢ also sets the degree of
polynomials n and d in (3), as well as the degree of controller polynomials ;.
Sensible strategies for the choice of central polynomial ¢ are discussed in [8],
but a general rule of thumb is that open-loop stable poles must be mirrored
in the central polynomial, completed by sufficiently fast additional dynamics.

Note finally that, since LMI (8) is a sufficient condition to enforce Ho,
specifications (1), generally these specifications will be satisfied with a certain
amount of conservatism, i.e. v* is always an upper bound on the actual Ho,
norm in (1) achieved by feedback.

4 Numerical Examples
The H, design technique of theorem 1 has been implemented in a documented
Matlab 6.5 m-file available at

www.laas.fr/~henrion/software/hinfdes

that will be included to the next release 3.0 of the commercial Polynomial
Toolbox [15] for Matlab. An alternate code that does not require the Polyno-
mial Toolbox can be obtained by contacting the author.
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The numerical examples were treated with the help of Matlab 6.5 run-
ning under SunOS release 5.8 on a SunBlade 100 workstation. Operations on
polynomials were performed with the Polynomial Toolbox 2.5 [15]. The LMI
problems were solved with SeDuMi 1.05 [17] with default tuning parameters,
interfaced with SeDuMi Interface [12].

4.1 Optimal Robust Stability

Consider the optimal robust stability problem of section 11.1 in [4], where the
open-loop plant in figure 1 is given by
b s—1

a  (s+1)(s—05)

and we seek a controller y/x minimizing v under the following weighted Ho,
constraint on the closed-loop transfer function

s+0.1 by
WT| oo = .
IWTleo "( s+1 ) (ax‘?by>‘Lm e

The following Matlab code seeks a first order controller for vz = 1.9:

a = (s+1)*(s-0.5); b = (s-1); gammaT = 1.9;
c = (s+0.1)*(s+1)"2x(s+3); % central polynomial

Imi = hinfdes([],’init’,[1 1]); % seek first order controller
1mi = hinfdes(1mi, (s+0.1)*[0 b], (s+1)*[a b],c,gammaT); % H-inf spec
out = hinfdes(lmi,’solve’); % solve LMI

x = out(1); y = out(2);

Central polynomial ¢ is the key design parameter, and together with upper
bound ~r they capture the whole degrees of freedom. Roots in ¢ are just an
indication on where closed-loop poles should be located: generally, roots of
characteristic polynomial ax + by will be located around roots of ¢, but they
may also differ significantly due to structural constraints. The H,, design pro-
cedure then consists in iteratively playing with the roots of ¢, while lowering
upper bound 7.

In table 1 we show different choices of roots for ¢, denoted by o(c) (4
roots = 2 for the open-loop system, 1 for the weighting function, 1 for the
controller), together with actual poles of closed-loop transfer function 7' (3
roots) denoted by o(az+by), upper bounds 7 and the actual weighted norms
IWT| ~ achieved by the computed controllers. Each design requires about 1
second of CPU time on our computer.

We can see that a good strategy is to start with a central polynomial
with all its roots in —1, and a loose upper bound on 7. Decreasing ~r,
some closed-loop poles move away from —1, which gives indications on how
to move roots of the central polynomial. At the bottom of the table, we
can see that by allowing a very fast root in the central polynomial, vy can
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Table 1. Optimal robust stability. Roots of central polynomial, characteristic poly-
nomial, Hs upper bound and achieved H.-norm.

o(c) o(az + by) 1 [WT|leo
1111 —1.044+1.08,-0.230 2.9 2.11
-1-1-1,-0.1  —0.731 +£i0.566, -0.118 2.3 1.74
2-1-1,-0.1  —1.133+£i0.586, -0.114 2.1 1.54
-3,-1,-1,-0.1 —1.383 £i0.642, -0.0932 1.9 1.47
-10,-1-1-0.1  -6.775, -1.063, -0.1059 1.8  1.31
-500,-1,-1-0.1  -1700, -0.992, -0.103 1.7 1.21

be decreased significantly close to the theoretical infimum of 1.20. Yet the
closed-loop system also features a very fast pole, and the resulting controller
y/x = (—2046.2 — 2039.7s)/(3744.0 4 s) results impractical.

A good tradeoff here is indicated in boldface letters in table 1, where a
weighted Hoo-norm of 1.47 is achieved with the first-order controller

y —3.0456 — 3.2992s
x 5.6580 + s

Note however that the sensitivity function has very poor norm [|S = 1-T'|| 0 =
13.1, due to the fact that no specifications were enforced on S. As a result, the
above controller can be very sensitive to perturbations, or fragile, as pointed
out in [9)].

A more sensible design approach would then enforce an additional H,
specification on S, such as

ax

H <7s
oo

for some suitable value of vg. However, as shown in [1], for this numerical
example the ratio between the unstable open-loop pole and zero is small so
there is no controller that will give a reasonably robust closed-loop system.
Adding a line to the above Matlab code to enforce an additional spec-
ification on ||S||~, we obtain (after about 2 seconds of CPU time) with
c(s) = (s+1)*(s+100), 7 = 4 and vs = 4 the following first-order controller

y  —873.30 —816.37s

r 12024 +s
producing ||S||ec = 3.44 and [|[WT||s = 2.24.

4.2 Flexible Beam

Consider the flexible beam example of section 10.3 in [4]. The open-loop plant
in figure 1 is given by
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b —6.4750s2 + 4.0302s + 175.7700
a  5st 4+ 3.5682s3 + 139.502152 4+ 0.0929s

For the closed-loop plant to approximate a standard second-order system with
settling time at 1% of 8 seconds and overshoot less then 10%, the following
frequency domain specification on the weighted sensitivity function is enforced

in [4]:
s2+12s+1 ax
‘ ( s(s+1.2) ) <aa: + by)

Suppose we are looking for a second-order controller. The open-loop plant
has poles 0, —0.6660 - 10~3, and —0.3565 =+ 5.270, and the weighting function
has poles at 0 and —1.2. The central polynomial must mirror open-loop stable
poles, so an initial choice of central polynomial features roots —0.6660 - 103,
—0.3565 £ 45.270, —1.2 plus two roots at —10~2 corresponding to the open-
loop plant integrator and the weighting function integrator, plus two roots
at —1 (arbitrary) corresponding to the controller poles. With this choice of
central polynomial and vg = 5 the H,, LMI problem is solved in 15 seconds
but the resulting step response is too slow.

After a series of attempts, an acceptable step response was obtained with
the roots o(c) = {—0.6660-1073, —10~2, —0.356541i5.270, —0.1, —1, -1, —1}
corresponding to the central polynomial ¢(s) = 0.1858-10~440.3000-10"1s+
3.1785% + 37.335% + 94.065% + 90.50s° + 33.4555 + 3.82457 + s8. With v5 =5
function hinfdes returns the controller

”WS”oo: <7s-

‘ oo

y 07748910~ +0.16572 - 10~ s + 0.36537s>

x 0.41025 - 10— + 1.0437s + s2

producing
[S]loe =127, [|T]| = 1.01

and a step response with settling time at 1% of 11.3 seconds and overshoot
of 4%. Bode magnitude plots of S and T are given in figure 2, and the step
response is shown in figure 3. Note that a similar performance was obtained
in [4] with a controller of eighth order.

5 Conclusion

We have proposed an iterative H., design technique where all the degrees
of freedom are on the choice of a central polynomial, or desired closed-loop
characteristic polynomial around which the design is carried out. Contrary to
most of the existing H., optimization techniques, the order of the controller is
fixed from the very outset, independently of the order of the plant or weighting
functions. Our H, design method is based on results on positive polynomial
matrices and convex optimization over LMIs . As a result, it could be easily
implemented in a Matlab and SeDuMi framework.
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Fig. 2. Flexible beam. Bode magnitude plots of S and T'.

We believe that a promising research direction may be the study of numer-
ical properties (computational complexity, numerical stability) of algorithms
tailored to solve the structured LMI problems arising from the theory of pos-
itive polynomials and polynomial matrices. As shown in [5], the Hankel or
Toeplitz structure can be exploited to design fast algorithms to solve Newton
steps in barrier schemes and interior-point algorithms. Numerical stability is
also a concern, since it is well-known for example that Hankel matrices are ex-
ponentially ill-conditioned. Alternative polynomial bases such as Chebyshev
or Bernstein polynomials may prove useful.
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Robust stability analysis of state space models with respect to real parametric
uncertainty is a widely studied challenging problem. In this paper, a quite gen-
eral uncertainty model is considered, which allows one to consider polynomial
nonlinearities in the uncertain parameters. A class of parameter-dependent
Lyapunov functions is used to establish stability of a matrix depending poly-
nomially on a vector of parameters constrained in a polytope. Such class,
denoted as Homogeneous Polynomially Parameter-Dependent Quadratic Lya-
punov Functions (HPD-QLFs), contains quadratic Lyapunov functions whose
dependence on the parameters is expressed as a polynomial homogeneous
form. Its use is motivated by the property that the considered matricial un-
certainty set is stable if and only there exists a HPD-QLF. The paper shows
that a sufficient condition for the existence of a HPD-QLF can be derived in
terms of Linear Matrix Inequalities (LMIs).

1 Introduction

Establishing robust stability of a system affected by parametric uncertainty is
a challenging problem that has been addressed since long time [1, 2]. Typical
state space uncertainty models considered in the literature include interval
matrices and polytopes of matrices. While satisfactory results have been ob-
tained for special classes of interval matrices (see [3, 4] and references therein),
the problem of assessing robust stability of generic polytopes of matrices is
computationally hard.

A standard way to tackle the problem is to formulate sufficient conditions,
based on the existence of a common Lyapunov function for all the matrices
in the polytope. Common quadratic Lyapunov functions (see e.g. [5]) provide
a viable solution, because their existence can be checked via the solution

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 87-101, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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of a system of Linear Matrix Inequalities (LMIs), that are special convex
optimizations [6]. On the other hand, it is well known that the existence
of a common Lyapunov function is strictly related to the circle criterion of
absolute stability theory [7], and therefore the resulting sufficient condition
can be quite conservative.

In recent years, several techniques involving parameter-dependent quadratic
Lyapunov functions have been proposed in order to reduce conservatism
[8, 9, 10, 11]. Most of these techniques employ quadratic Lyapunov func-
tions that depend linearly on the uncertain parameters. In [12], a new class of
parameter-dependent quadratic Lyapunov functions has been introduced, for
which the dependence on the uncertain parameters is expressed as a polyno-
mial homogeneous form. Such class, denoted as Homogeneous Polynomially
Parameter-Dependent Quadratic Lyapunov Functions (simply abbreviated as
HPD-QLFSs), has been shown to provide less conservative sufficient condition
for the stability of a polytope of matrices, with respect to linearly parameter-
dependent Lyapunov functions.

In this paper, a more general uncertainty model is considered, which al-
lows one to consider polynomial nonlinearities in the uncertain parameters.
The aim of the paper is to show that HPD-QLF's can be used to study robust
stability of matrices depending polynomially on uncertain parameters con-
strained in a polytope. The main motivation for using this class of Lyapunov
function, is that it is rich enough to provide a complete answer to the ro-
bust stability problem. Specifically, it turns out that the considered matricial
uncertainty model is stable if and only if there exists a HPD-QLF.

It is worth remarking that the potential of homogeneous polynomial forms
for the analysis of control systems has been recognized since long time (see
e.g., [13, 14]). In recent years, homogeneous forms gained a renewed interest,
motivated by the strong connection with semidefinite programming and con-
vex optimization techniques [15], which made it possible to exploit them for
solving several problems (see e.g. [16]).

The paper is organized as follows. The robust stability problem is formu-
lated in Section 2. A complete parameterization of homogeneous matricial
forms is provided in Section 3: this is essential in order to formulate sufficient
conditions for positivity of such forms in terms of LMIs. The main contribution
of the paper, i.e. the sufficient condition to determine the sought HPD-QLF,
is given in Section 4. The case of continuous-time systems is treated in detail,
while the extension to the discrete-time case is briefly sketched. Numerical ex-
amples are provided in Section 5 and concluding remarks are given in Section
6.

2 Problem Formulation and Preliminaries

The following notation is adopted in the paper:

e 0,,0,,xn: origin of R™ and of R™*";
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Ry: R™\ {0,};

I,,: identity matrix n X n;

A’: transpose of matrix A;

A >0 (A >0): symmetric positive definite (semidefinite) matrix A;
A ® B: Kronecker’s product of matrices A and B;

A

SV([p17p27 .. apq]l) = [p%ap%a . apg]/'

Consider the continuous-time state space model

#(t) = A(p)a(t), (1)

where 2 € R™ is the state vector, and p = [p1,p2, . ..,pq]" € R is the uncertain
parameter vector which belongs to the set

q
PZ{pERq: > pi=1, pi>0,z’=1,2,...,q}. (2)

i=1

The matrix A(p) is assumed homogeneous in p of degree r, that is

Ap) = E plf - 'pff Ay, (3)
i120,...,ig>0
i1+...+iq:T

where A;, ., € R"*™ are given real matrices. Consider the set of matrices
defined as

A= {A(p) e R™™: pEP}. (4)
The problem we address can be stated as follows.
Robust stability problem:

Establish if the set A in (4) is Hurwitz, i.e., A contains only Hurwitz
matrices.

It is worth observing that the uncertainty model (4) is fairly general, as it
encompasses also families of matrices A(p) whose dependence on p is polyno-
mial (not necessarily homogeneous). Indeed, for any polynomial matrix

Ap)= > pit-pir A, (5)
1120,...,ig>0
i1+ Fig<r

let us define the homogeneous polynomial matrix A(p) such that

q T—i1—...—1q4
Alp) = Z (ZM) Py 'pff Ay iy (6)

i1>0,..., ig>0 =1
i14...Fig<r
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It turns out that A(p) = A(p) for all p € P: therefore, there is no loss of
generality in considering A(p) as a homogeneous matricial form in p.

The key step for addressing the robust stability problem formulated above
is the construction of a Homogeneous Polynomially Parameter-Dependent
Quadratic Lyapunov Function (simply abbreviated as HPD-QLF)

Um(x§p) = x/Pm(p)a:, (7)

where P,,(p) € R™ ™ is a homogeneous matricial form of degree m, i.e., a
matrix whose entries are (real ¢g-variate) homogeneous forms of degree m.
Let us introduce the following important property of HPD-QLFs.

Lemma 1. The set A is Hurwitz if and only if there exists a HPD-QLF
v (25 p) such that

Pn(p) >0
Vp e P. (8)
A'(p)Pm(p) + Pm(p)A(p) <0

Proof. Sufficiency is obvious. Regarding the necessity, let us suppose that A
is Hurwitz. Let Ey, (p) = EJ,(p) be any homogeneous matricial form of degree

m
m such that Eg(p) > 0 Vp € P, and let us consider the Lyapunov equation
A'(p)P(p) + P(p)A(p) = —Em(p). (9)

The solution is a rational matricial function P(p) = P'(p) > 0 Vp € P,
whose entries have homogeneous numerators of degree m and the same de-
nominator d(p), such that d(p) > 0 Vp. Hence, one can write P(p) as
P(p) = d Y(p)Pm(p). Then, it clearly follows that P,,(p) satisfies (8) (in
particular, A'(p) P (p) + P (p)A(p) = —d(p) Em(p)).- u

Remark 1. A result analogous to that of Lemma 1 can be easily obtained
for discrete-time systems.

Remark 2. From the proof of Lemma 1, an upper bound on the de-
gree m of the homogeneous matricial form P, (p) defining the HPD-QLF
can be derived. In particular, by choosing E;(p) = Ep constant, one has
m < grn(n+1).

3 Parameterization of Homogeneous Matricial Forms

In order to give sufficient conditions for the existence of a HPD-QLF, it is use-
ful to introduce a suitable parameterization of homogeneous matricial forms.

First, let us recall the Complete Square Matricial Representation (CSMR)
of homogeneous scalar forms, which provides all possible representations of a
homogeneous polynomial form of degree 2m in terms of a quadratic form in
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the space of the monomials of degree m (see [17] for details). Let wa,(p) be
a homogeneous form of degree 2m in p € R?. The CSMR of wa,, (p) is defined
as
/
Wam (p) = ptm™ (W + Lm(a))p{m}

where:

- pimb e R7(¢™) is the vector containing all monomials of degree m in p;
- Wy, € Rol@m)xalam) jg g suitable symmetric matrix;

- a € R (@™ g g vector of free parameters;

- L, («) is a linear parameterization of the set

Lo = {Lm =L : ptYLptm =0 Vpe Rq}.

The quantities o(g, m) and opar(g, m) are given respectively by ([17])

+m —1)!
o) = G ()
Oparam) = 0 (g m)lo (g, m) +1) = (g, 2m). ()

Similarly to what has been done for scalar forms, one can introduce the
CSMR for homogeneous matricial forms. Let Ca,,(p) € R™*™ be a homoge-
neous matricial form of degree 2m in p € R?. Then, Cs,,(p) can be written
as

Comlp) = (p™ & 1) Co (4™ @ 1,) (12)

where C,, € Rrol@m)xna(am) g 4 guitable matrix (denoted hereafter as a
SMR matrix of Ca,(p)). Such a matrix is not unique and, indeed, all the
matrices Cy, describing Co,,(p) are given by

Coo+Upy, U €U, (13)
where

u {U 7 Rno’(q, )Xna(q,m):

({m}®1) ({m}m):onxn vpeRq}. -

Lemma 2. The set Uy, in (14) is a linear space of dimension

u(q,m,m) = %n{a(q,m)[na(q, m) + 1] — (n+ 1)o(q, 2m)}. (15)

Proof. Set U,, is a linear space since Z1,Zy € Uy = 21721 + 22725 €
Up V21,22 € R. Now, let us observe that no(q,m)(no(q,m) + 1)/2 is the
number of entries of a symmetric matrix of dimension no (g, m) x no(q, m),
while n(n + 1)o(q,2m)/2 is the number of independent terms (and, hence, of
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constraints) of a homogeneous n x n matricial form of degree 2m in ¢ vari-
ables. -

Let Uy, (), o € RU&™™) e a linear parameterization of U,,. The CSMR. of
Caom (p) is hence given by

Com(p) = (p{m} @ In)/ ( _m + Um(a)) (p{m} ® In) . (16)

4 Robust Stability Analysis via HPD-QLF's

In this section, sufficient conditions for robust stability are provided in terms
of LMIs. The aim is to find a HPD-QLF as in (7), such that P,,(p) satisfies
(8) in Lemma 1. The first condition to be satisfied is the positive definiteness
of the HPD-QLF matrix P,,(p) within the set P, i.e. the first inequality in
(8). In this respect, a parameterization of positive definite matrices P,,(p) is
provided next, in Section 4.1. The second inequality in (8) will be dealt with
in Section 4.2.

4.1 Parameterization of Positive Definite HPD-QLF Matrices

The following result exploits a basic property of homogeneous forms to give
an alternative characterization of the positivity of Py, (p).

Lemma 3. The condition
P,(p) >0 VpeP (17)

holds if and only if
Pr(sv(p)) >0 Vp € Ry (18)

Proof. Being P,,(p) homogeneous in p, one has that (17) is equivalent to
P, (kp) > 0 for all p € P and for all positive x, and hence to P,,(p) > 0 for
all p in the positive orthant (i.e., such that p; > 0,7 =1,...,¢, and p # 0,).
The latter condition can be equivalently expressed as in (18). |

Remark 3. Notice that Lemma 3 still holds if the parametric uncertainty
region P is replaced by any set of the form {p: p; > 0,i=1,...,¢; ||plle =7},
for any norm || - ||, and positive 7.

Observe that P, (sv(p)) can be written as

/o

Pu(sv(@) = (b7 @ 1) S (1 @ 1,) (19)
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for some suitable matrix S,, € S,, where

S = {S'm =9/ € Rro(@m)xno(gm) . (p{m} ® In)l o (p{m} ® In) does not
contain entries plf pgz . pff with any odd ij} .

(20)
From the definition of S,,, an alternative way to write (19) is

Pon(sv(p)) = T (fsv(@) ™ @ 1, ) (21)

where T_m e R™*no(am) g g suitable matrix. Hence, due to Lemma 3, one has
that if S, in (19) is positive definite, then the matrix

Po(p) = Tin (p{m} ® In>

is positive definite for p € P.

In order to increase the degrees of freedom in the selection of P, (p), it is worth
noticing that matrix Sy, in (19) is not unique. The next lemma provides a
characterization of the set S,,.

Lemma 4. The set S, is a linear space of dimension
1
stg,n,m) = gn{otgm) ot m) +1] = (n+ Dog,2m) — o, m)] }. (22)

Proof. The set S,, is a linear space since Z1,Zs € Sy = 2121 + 2025 €
Sm Vz1,22 € R. Now, let us observe that no(q, m)(no(q,m) + 1)/2 is the
number of entries of a symmetric matrix of dimension no(g, m) x no(q, m),
while n(n + 1)(o(q,2m) — o(q, m))/2 is the number of independent terms
(and, hence, of constraints) containing at least one odd power of a homoge-
neous n X n matricial form of degree 2m in ¢ variables. [ |

Let S,,,(3), B € R*@™™) be a linear parameterization of Sy,. Clearly, this
induces a corresponding linear parameterization T,,(3) of matrix T, in (21).
Hence, one can choose the family of candidate HPD-QLF matrices

Po(pi B) = Tn(8) (P @ 1,) (23)

which depends linearly on the parameterization § of S,,. Following the above
reasoning, one has the next result, which is the key step for the formulation
of the sufficient condition for solving the robust stability problem.

Lemma 5. Let S,,,(3) belong to Sy, in (20). If Sy (3) > 0, then

P, (p;8) >0 VpeP.
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4.2 LMI-Based Sufficient Conditions for Robust Stability

In the following, a sufficient condition for the solution of the robust stabil-
ity problem is provided. To this purpose, let us introduce the homogeneous
matricial form of degree m + r

Qmir(0; 8) = —A'(p) P (p; B) — P (p; B)A(p) (24)

and the related homogeneous form Q,,+,(sv(p); 3), which can be written as

/ —

Qm+r(sv(p): B) = (p{m+r} ® In) Rypir(B) (p{erT} ® In) ) (25)

where R, 4, (3) € Rro(@mtr)xno(@m+r) jg any SMR matrix of Q,, 1, (sv(p); 3).
The following result yields the sought sufficient condition.

Theorem 1. The set A in (4) is Hurwitz if there exist a nonnegative integer
m, and parameter vectors o € RUGmm47) qnd 3 € R8@™™) sych that

Snz(ﬁ) >0
RmH’ (B) + UerT (@) >0

where Sy (B) € S, Upmir(a) € Umar, and Ry, (B) is defined by (24)-(25).

Proof. First, let P, (p; 5) be defined as in (23). Then, from (26) and Lemma
5 one has that P, (p;3) > 0 Vp € P, and hence the first condition in (8)
holds. Second, let us observe that R, ,(3) + Uiy (a) is the CSMR matrix of
Qm+r(sv(p); B) in (25). Hence, (26) implies that Q.+, (sv(p); ) > 0 Vp € R{.
From Lemma 3 it turns out that Q.,+-(p; 5) > 0 Vp € P and, therefore, A is
Hurwitz. |

(26)

The inequalities (26) form an LMI feasibility problem with s(q,n,m) +
u(g,n,m + r) free parameters. The size of the matrices is no(q, m) for the
first inequality and no(q, m+r) for the second one. The solution can be com-
puted by using efficient convex optimization tools, like [18, 19].

A question that naturally arises is whether there exists a relationship be-
tween the families of HPD-QLFs of degree m and m + 1. The following result
clarifies that, if the sufficient condition of Theorem 1 is satisfied for m, then
it is satisfied also for m + 1.

Theorem 2. Let m be a nonnegative integer. If there exist parameter vectors
a € RUanm+1) gnd B € R3@™™) sych that (26) is satisfied, then there exist
parameter vectors & € RUemmtr+1) gng 5 ¢ Re@mm+1) gych that

Sm+1(8) >0

_ A (27)
Rm+r+1(6) + U7n+r+1(65) >0
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Proof. From the proof of Theorem 1 we have that, Vp € P, P, (p;3) > 0
and Q1 (p; B) > 0. Define now Py, 11(p) = Pn(p; 8) Yi_, pi. It follows that
P7n+1(p) > 0Vp € P and Q7n+r+1(p) = Qm—i—r(p;ﬁ) Zgzlpi > 0Vp e P.
This means that vy, 41(z;p) = 2’ Pry1(p)x is a HPD-QLF of degree m + 1
satisfying the condition of Lemma 1.

Let us show now that Py, 11(sv(p)) admits a positive definite SMR matrix, that
is there exists 3 such that S,,;1(3) > 0. Let K,, 1 be the matrix satisfying

p@p™ = Kpppt™ ™ vp e RO

Then,

Prs1(sv(p)) = (X1 p3) (01 @ L) Sn(B) (0 @ 1)
=p'p (p'™ @ I,) $,.(8) (p'™ @ 1,,)
= (pep™eL) (I, ©5.08) (pop™ o 1,)

= p{m+1} @ In)/ (Km+1 ® In)/ (Iq ® ‘gm(ﬂ)) (Km+1 ® In)
p{m+1} ® In)

p{m'H} & In)/ _m+1 (p{m+1} ® In)
(28)
where
S7n+1 - (K7n+1 ® In)l (Iq ® Snz(ﬁ)) (Km+1 ® In)-

From (28), it is clear that Smi1 € Smy1, and hence there exists B such that
Sm+1(8) = Sm1. Moreover, since Sjn(ﬁ) > 0 and K,,11 is a matrix with full
column rank, it follows that S, +1(3) > 0.

Let us show now that Q,,+-+1(sv(p)) admits a positive definite SMR matrix.
Following the same development as in (28), one gets

/o ~
Qm+r+1(SV(p)) = (p{"H_TJrl} ® In) R7n+r+1(6) (p{"H_TJrl} ® In) (29)

where

R7n+r+1(5) - (Km—i-r—i-l ® In)/ (Iq ® (Rm—i-r(ﬁ) + U7n+r(a))) (K7n+r+1 & in)j

30
Since Ryir(8) + Upar(a) > 0 it follows that Rm+r+1(ﬂ~) > 0. There-
fore, Qm4r+1(sv(p)) admits the positive definite SMR matrix Ryyr+1(3) +
Unmtri1(@) with & = 0y(g,n,m+r+1), and (27) holds. [ |

Remark 4. The proposed technique can be applied also to discrete-time
systems x(t + 1) = A(p)z(t), where A(p) belongs to the set in (4). An LMI-
based sufficient condition similar to (26) can be obtained by observing that
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2r
Pu(p) — A'(p) P (p)Alp) (Z m) — A'(p)Pan(p)A(p)

and the right term is a homogeneous matricial form of degree m + 2r that can
be parameterized as

Qm+2r(p; B) = (Zm) — A'(p) P (p; B)A(p)-

Then, the sought sufficient condition is obtained by following the same rea-
soning that has led to Theorem 1. A result analogous to Theorem 2 can also
be derived.

5 Numerical Examples

In this section, some numerical examples are presented to illustrate the pro-
posed technique for robust stability analysis of uncertain systems.

5.1 Example 1

The first example is deliberately simple, in order to show how the LMIs in-
volved in the sufficient condition are generated. Consider the problem of com-
puting the robust parametric margin p* defined as

p* = sup {p € R: A(6) is Hurwitz for all § € [O,p]}

—1-1 0 -7 0 6
+0 + 62 )
4 —1 -13 3 14 -2

The equivalent matrix A(p; p) is computed by setting = pp; and converting
the so-obtained polynomial matrix in p; in a homogeneous one with respect
to p = [p1,p2]" as described in (5)—(6) where ps = 1 — p1. In particular, we
have

where

A(0) =

-1 —1—"T7p+6p?
A(p;p) = pi ) )
4—13p+14p° —1+3p—2p
-2 —2-T7p -1 -1
+p1p2 + 13
8—13p —2+3p 4 -1

with ¢ = n = r = 2. Note that the solution of the above problem amounts to
solving a one-parameter family of robust stability problems addressed in the
paper, namely one for each fixed value of p.
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Consider first the case m = 0, which means that a common Lyapunov

function is sought for all the matrices of the polytope A (in other words,
the Lyapunov function does not depend on the uncertain parameter). The
sufficient condition in Theorem 1 involves the matrices

— Q1 Qg

0 a9
g 0

2005 Qg
ag 0
0 0

— Q2 — Oy

0 0 0
0 0 ag
5o(8) = [51 52] . Do) = 0 ar 23
B2 B3 —a 0 ay
—as 9 0
—ay — a4 —as — Qg
7y 1 00 0 0]
roor3 0 0 0 O
sz): 0 0 rgy 5 0 O
0 0 rs ¢ 0 O
0 0 0 0 77 rg
100 0 0 rg 7o
where
r1 =281 + (—8 + 26p — 28p%) 3
ro = (14+7p —6p%)B1 + (2 — 3p +2p°) B2 + (—4 + 13p — 14p*) 33
r3 = (24 14p — 12p%)B2 + (2 — 6p + 4p°) 33
ry =401 + (—16 4 26p) 52
rs = (2+7p)B1 + (4 —3p)B2 + (=8 + 13p) 55
76 = (4 + 14p) B2 + (4 — 6p) 53
r7 = =201 — 802
rs = 01+ 282 — 4033
rg = 203 4+ 203.

The number of free parameters is u(2,2,2)+s(2,2,0) = 9 and the lower bound
of p* is p],,_q; = 0.22591.
By using higher values of m we find:

Py = 0.76480, with u(2,2,3) + 5(2,2,1) = 22;

Pimzy = 13005, with u(2,2,4) + s(2,2,2) = 43.

It turns out that the lower bound for m = 2 is tight, i.e. szzz} = p*. This

is verified by the fact that A(p?m:ﬂ) is marginally Hurwitz. The HPD-QLF
matrix corresponding to szzz} is
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P;(p) = pi

1 0.0928 —0.7400 0.1072 5 | 0.4849 0.0370
P1p2 +p3 .
0.0928 0.0086 0.1072 1.1183 0.0370 0.2322

5.2 Example 2

Consider the problem of computing the robust parametric margin p* defined
as

p" = sup {p eR: A(6,06,) is Hurwitz for all 0 = [0;, 6] € p@}
where the set © is chosen as in Figure 1 according to
@:{HGRQZ 91+92§1, 9120}

and

A(01,05) =

09

08

07

06

05

02

04

03

02

01

0 01 02 03 04 05 06 07 08 09 1

01
Fig. 1. Set O©.

The equivalent matrix A(p;p) is computed by setting 6; = pp; and
0> = pp2 and converting the so-obtained polynomial matrix in pi,ps in a
homogeneous one with respect to p = [p1, p2,p3]” where p3 =1 —p; — pa. We
hence have ¢ =3 and n =r = 2.

By using Theorem 1 we find:

®  Plm—oy = 0.09825 (u(3,2,2) + s(3,2,0) = 36);
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Pimry = 0:38279 (u(3,2,3) + 5(3,2,1) = 138);

It turns out that the lower bound for m = 2 is tight, i.e. p7,_,, = p*. This
has been verified in the following way. Define the degree of stabiiity

5(0) = — max {8?(/\) : A is an eigenvalue of /1(9)} , (31)
where R(\) denotes the real part of A. Figure 2 shows the plot of §(#) along

the hypotenuse of p?m:2} O, i.e. the segment

p*7rl:
0(n) = [ {0 i+

" ‘| (1_77)7 ne [Oa]-]
p{7n:2}

0.7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 2. Degree of stability §(6) along the hypotenuse of the set p},,_,, ©.

6 Conclusions

The class of HPD-QLF's has been shown to be a viable tool for assessing robust
stability of uncertain linear systems. By expressing the dependence of the
Lyapunov function on the uncertain parameters as a polynomial homogenous
form, it is possible to formulate sufficient conditions in terms of LMI feasibility
tests, which are less conservative with respect to conditions derived for linearly
parameter-dependent Lyapunov functions.
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Ongoing research concerns the application of HPD-QLFs to systems in

which the uncertain parameters are allowed to be time-varying with a known
bound on the variation rate, and to the evaluation of robust performance in
control systems. Another topic of interest is the comparison of HPD-QLFs
with a class of Lyapunov functions in which also the dependence on the
state vector is expressed as a homogeneous polynomial form (not quadratic).
Whether such class can provide less conservative conditions with respect to
HPD-QLFs, for different uncertainty models, is still an open question.
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We study here the static state-feedback stabilization of linear finite dimen-
sional systems depending polynomially upon a finite set of real, bounded,
parameters. These parameters are a priori unknown, but available in real-
time for control. In consequence, it is natural to allow possible dependence of
the gain with respect to the parameters (gain-scheduling).

We state two main results. First, we show that stabilizability of the class
of systems obtained for frozen values of the parameters, may be expressed
equivalently by linear matrix inequalities (LMIs), linked to certain class of
parameter-dependent Lyapunov functions. Second, we show that existence of
such a Lyapunov function for the linear parameter-varying (LPV) systems
subject to bounded rate of variation of the parameters with respect to time,
may be in the same manner expressed equivalently by LMI conditions. In
both cases, the method provides explicitly parameter-dependent stabilizing
gain. The central arguments are linked to the existence of a decomposition
of some symmetric parameter-dependent matrices as sum of positive definite
terms.

1 Introduction

Linear parameter-varying (LPV) systems have recently received much atten-
tion, in connection with the gain-scheduling control design methodologies, see
[5, 12] for recent surveys and bibliography on the subject. LPV systems are
linear systems that depend upon time-varying real parameters. The latter are
not known in advance, but may be used in real-time for control purposes.
However, they are usually constrained to lie inside a known bounded set.
The issue of checking the stabilizability and determining a parameter-
dependent stabilizing gain for every frozen admissible value of the parameters,
is already a difficult task. As an example, a coarse application of the Lyapunov-
based synthesis techniques available for linear systems is impossible, as it leads
to solve an infinite number of linear matrix inequalities (LMIs). At this point,

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 103-117, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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two types of methods are usually used (see the recent works [14, 7] on LPV
systems): either the controller gain is first computed for a bunch of parameter
values, and then interpolated between the nodes of this grid (but the stability,
and possibly performance, results are not guaranteed between the nodes); or
the solution of the parameter-dependent LMIs involved is sought for with
prespecified dependence with respect to the parameters, usually constant or
affine (at the cost of adding conservatism). Of course, the stabilization issue
is still more complicated when the parameters are time-varying.

In this paper, we show that, in principle, for linear systems depending
polynomially upon finite number of bounded parameters, the determination of
parameter-dependent stabilizing gain may be achieved without conservatism.
More precisely, we state two main results (Theorems 1 and 2 below), whose
contribution may be summarized as follows.

1. The stabilization of all the systems obtained for constant values of the
parameters in the admissible hypercube is equivalent to the existence for
the closed-loop system of a quadratic Lyapunov function polynomial with
respect to the parameters. For fixed value of the degree, the coefficients of
this polynomial may be found by solving a LMI.

2. The existence of a similar quadratic Lyapunov function (depending in the
same way upon the parameters) for the corresponding LPV system with
restricted rate of variation of the parameters, is also equivalent, for fixed
degree, to the solvability of a LMI.

3. In both cases, a parameter-dependent stabilizing gain is deduced from the
solution of the LMIs.

The originality of the results presented here lies in the nonconservative na-
ture of the LMI conditions proposed. They constitute a systematization of the
approaches based on parameter-dependent Lyapunov functions. Further work
should consider dynamic controller synthesis and performace verification.

Effective use of the results given here is subordinate to powerful LMI
solvers. A general idea for reducing the computation complexity consists in
performing first a subdivision of the admissible parameter set in subdomains
and applying the results presented below on these smaller regions. The present
paper provides a stage towards such a hybrid control (with switches according
to the parameter values), which in principle could lead to sensible diminution
of the (off-line) computational burden, but whose study is out of our scope
here.

The paper is organized as follows. The problem is presented in Sect. 2.
Notations are provided in Sect. 3. The result on systems with frozen parame-
ters (Theorem 1) is stated in Sect. 4. The results on systems with parameters
with bounded derivative (Theorem 2) is stated in Sect. 5. Elements of proof
are displayed in Sect. 6. Some technical results related to the computations
involved are gathered in Appendix.
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2 Problem Statement

We consider here the issue of state-feedback stabilization for the class of linear
systems
&= A(o(t))z + B(o(t))u . (1)

In (1), the matrices A € R"*"™ B € R"*P are supposed to be polynomials
of partial degree (at most) k with respect to the components of a vector

o def (01,...,0m) of m real parameters.

We are interested in the design of stabilizing static state-feedback for (1),
under the assumption that V¢ > 0, o(t) € [—1;+1]™. In the special case where
the components of o are constant (& = 0), this is equivalent to find, for any
o € [-1;+1]™, a gain K (o) such that A(o)+ B(0o)K (o) is Hurwitz. This leads
to study the following property.

Property 1. There exist mappings P : [—-1;4+1]" — §", N : [-1;4+1]" —
RP*™ such that, Yo € [—1;+1]™

P(0) > 0,, A(0)P(c) + P(0)A(6)” + B(o)N(0) + N(6)TB(o)T < 0,..

In this formula, 8™ represents the set of symmetric matrices of size n x n.
Property I is equivalent to the stabilizability of (1) for every admissible choice
of the parameters.

As is well-known, the previous condition, guaranteeing stability for the
frozen parameter systems, is not enough to guarantee stability of the systems
with time-varying parameters. An attempt to extend the previous ideas to sta-
bilization of LPV systems with parameters having variation rate constrained
by |6;| < 0; a.e., i =1,...,m, leads to the following interesting issue.

Property II. There exist mappings P : [-1;4+1]" — 8", N : [-1;+1]™ —
RP*™ P differentiable, such that, Vo € [—1;4+1]™, Vo; € [—0i; 04],

P(0) > 0,, A(0)P(0)+P(0)A(0)" +B(0)N(0)+N(0)" B(0)" =Y 0 agg)

i=1

< Op.

Property I1 is equivalent to the existence of a quadratic Lyapunov function
depending regularly upon the present values of the parameters. This property
is thus a priori stronger than the stability of the systems (1) attached to every
admissible trajectories of the parameters.

3 Notations and Preliminaries

e The matrices I, 0y, Opxp are the n x n identity matrix and the n x n and
n X p zero matrices respectively. The symbol ® denotes Kronecker product, the
power of Kronecker product being used with the natural meaning: M°® =1,

mre € pre-ve ® M. Key properties are: (A ® B)T = AT @ BT, (A ®
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B)(C® D) = (AC ® BD) for matrices of compatible size. The transpose and
transconjugate of M are denoted MT and M*. The unit circle in C is denoted
as the boundary 0D, and the set of positive integers N. Diagonal matrices
are defined by diag. Also, the set of symmetric real (resp. hermitian complex)
matrices of size n X n is denoted S™ (resp. H").

Last, we introduce some spaces of matrix-valued polynomials. R"*"[o]
(resp. 8"[o]) will denote the set of polynomials in the variable o € R™, with
coefficients in R™*™ (resp. 8™). We shall also consider in the sequel the set,
denoted R™*™[z, z], of polynomials in z and z, z € C, with coefficients in
R"™*™. The sets S"[z, z], H"[z, z| are defined similarly.

e We now introduce specific notations. For any [ € N, for any v € C, let

1

v
Yl def e 2)

Ul_l

This notation permits to manipulate polynomials. Notice in particular that,
for a free variable z € C™, the vector (z,[fl] X ® zgl]) contains exactly the ™
monomials in z1, ..., 2z, of degree at most [ — 1 in each variable.
Using this notation, any element M (z) in RP*"[z, Z] may be represented
as
Mz =Ele - ellen)yMEle --0ller,). (3)

In this formula, for given [ € N, the matrix M; € R'"P*™" is unique, in the
sense that: M(z) =0 for all z € C™ iff M; = 0. Independently of minimality,
the matrix M is called the coefficient matriz of this representation of M (z),
I — 1 its degree.

In the sequel, we shall use the following change of variables (1> = —1):

¢ [=1L+1" — (D)™, 0 = z = p(0)

(4)
where z; dZEfJ,;—i—i\/l—Uiz,i: 1,....,m.

Basically (see the developments below), changing o in z will permit to use
Kalman-Yakubovich-Popov lemma, “replacing” the free variables z; by matrix
multipliers in the parameter-dependent LMIs appearing in Properties I and
I In particular, for z in the range of ¢, ¢ H(z) = #52. When z = (21,..., 2m)
covers (9D)™, 22 varies in the whole set [—1;41]™.

Generally speaking, for M defined as in (3) and the change of variable ¢
as in (4), M(¢(0)) is a polynomial in o; and /1 — o, i = 1,...,m. Among
these polynomials, some will be of particular interest here, those leading to
polynomials in the o; only. It may checked easily that these are the polynomi-

Bi

’
. . . g = Bi =
als whose coefficients in the monomials [[,_, 2"z " and [[,_, ,, 2%
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are equal when {«a;,a}} = {f;, 5]} for any ¢ = 1,...,m. Indeed, up to fac-
torization by powers of |z;|? (which is equal to 1 on D), those polynomials
are functions of z; + Z; = 20; only. This property corresponds to matrices
M; € RU"PXI"n i (3) having a particular mirror block structure, those per-
taining to the set

RE™ S (0L € RPN Vsl € 00,01 — 1),
(a,, @ Ren ® Ip)TMl(ea;n ® - ®eq ® Ip) depends only upon the sets

{alva/l}v"'v{o‘mva;n}} )

f
where we put eg de (01><a 1 le(l_a_1)>'

The definition of Rf\;"’lm is such that M, € Rf\;"’lm iff M(p(0)) is poly-
nomial in o € [—1;+1]™, for M(z) defined by (3). The subset of those maps
M (z) of RP*™[z, z] such that M (p(o)) is polynomial in o € [—1;+1]™, will
be denoted R: 1"z, z]. Also, we define SY, [z, ] def R "z, 2] N 8™z, 2].

Let us point out to the reader, that some technical results linked to the
matrix transformations induced by operations on polynomials, are gathered
in Appendix.

e We finally define some matrices. For [,I’ € N, let jl/,l, jl/,l € RXUH) pe
defined by

> def ~ def
Jl/7l :e (Il 0l><l’)’ Jl’,l :e (lel’ Il) . (5)

A key property of these matrices is that, Vo € C, for v/} defined previously,
ol = jz',zv[“rl/], ool = jlf,w[““l/] . (6)

Last, define L; € R by:

4 Constant Parameters

In the case where the parameters o are constant, it turns out that Property
I is fulfilled if and only if it is fulfilled for certain P(c), N(o) depending
polynomially upon o (see also [2]). This naturally introduces as new variables
the degree [ — 1 of the polynomials, and the coefficient matrices of P and N.
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It turns out moreover, that, for given [, the coefficients may be found out by
solving an LMI. This permits to find in an explicit way stabilizing controllers,
as functions of the parameter o.

Theorem 1. The following assertions are equivalent.

(i) Property 1 is fulfilled.

(ii) There exists (P(c), N(0)) € 8™[o] x RP*"[o] fulfilling Property 1.

(iii)There exist an integer | € N, 2 matrices P, € 8" "R} ™ N € REX™ "
and 2m matrices QF, € SU=Dm , Q% € S(k” l)m 7+1(k“)1 n
i1=1,...,m, such that the system (8) of2 LMIs is fulfilled, where Ryy; =
Ry (P, Ny) € SFHO™n s the coefficient matriz of R(z) defined in (9),
corresponding to P(z), N(z) with coefficient matrices Py, Nj.

7

Oymp, < P+ Z ( ET 1z+1)® ® Ili—ln) Ql p ( 1(Tln 1z+1 ® Ili—1n>

Z ( 177 11 ® j1,171 ® Ili—ln) Ql i ( 1(Tzn 1l)® ® j1,171 ® Ili—ln) , (8a)

Ok+ymn >Rk+l+2( Ja® ®I(k+l)""1n) le( I ®I<k+z>i—ln>
i=1

m
—Z( 1k+l 1®J1k+l 1®I(k+l)L 1n) Q“( 1k+l 1®J1k+l 1®I(k+l)L 171)7

(8b)

Moreover,
e given a solution of LMI (8), for P(z), N(z) having coefficient matrices

P, Ny, P(9(0)), N((0)) fulfil Property 1, and K (o) “ N (g(0)) Plp(e))
s a stabilizing gain, rational in o;

e if LMI (8) is solvable for the value l of the index, then it is also solvable
for any larger value.

The matrices J,.J have been defined earlier in (5). Details for a system-
atic computation of the matrix Ri4; and of the gain K (o) may be found in
Appendix.

Theorem 1 offers a family of relaxations of Property I. These conditions
are less and less conservative when the index [ increases. Asymptotically, the
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conservatism vanishes, as solvability of (8) for certain [ is also necessary to
have Property I.
Notice that the two inequalities in (8) correspond respectively to the con-

ditions 3
z2+z

P(2

) >0,

and

z—;—i):A(z—;—z z—|2—2 z;—f z;—Z)T
for all z € (0D)™. Elements of proof of Theorem 1 are provided in Sect.
6, but we briefly indicate here how to prove that feasibility of (8) implies
Property I. Right- and left-multiplication of (8a) by (27[9 ® @ zgl] ® I,,) and
its transconjugate yields, using (6) repeatedly:

R( )P(2)+P(2) A )T +B( IN(2)+N(2)TB( <0,

0 <(Glo oLy PEle o)+ (1-|xP)
i=1
X (27[5171] ® . ® Zil_l] ® Zyll ® e ® Zgl] ® In)*QlI:)l
x (g el el w0l o),
from which one deduces, putting |z;| = 1:

def

Vze (D)™, P(2) € (w00 L)PEle -0 ® L) >0, .

Applying similar argument on (8b) with (zy[,]z—H] ® - ® zyﬁ_l] ® I,)) leads to

vz € (D)™, R(z) & I+ g. . 0P o) Ry (. 0 sr,) < 0, .

It is now evident that solvability of (8) gives rise to a solution (P, N) of
Problem I of degree I —1 in z, z, and K (o) as defined in the statement appears
as a stabilizing gain, for every admissible value of the parameters.

Remark that, writing the positive right-hand side of, say, (8a) as UT AU
with UT = U~! and A = diag{4;}, the previous computations show that, for
any z € (0D)™,

I™n

Pl =Y 4 (Ve e el o)
1=1

(3

(Velle- el en)
which thus appears as a sum of squares of matrix-valued polynomials.

Incidentally, stabilizability of a pair (A, B) is equivalent [4, §7.2.1] to the
existence of a definite positive matrix P such that AP + PAT < BB”. This
corresponds to the choice N = — %BT in the LMI: AP+PAT+BN+NTBT <
0. Similarly, it may be checked that, replacing in (9) the matrix N(z) by
—%BT(%), provides a simpler stabilizability criterion. Another particular
case is B(o) = 0, which provides a robust stability criterion, see also [1].
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5 Time-Varying Parameters with Bounded Variation

Contrary to the constant-parameter case, when Property II is fulfilled, there
is probably no necessity for existence of a parameter-dependent Lyapunov
function of the kind exhibited in Theorem 1. See however related results in
[8, 9, 10]. But it is worth noting that, for given degree, the existence of such
a Lyapunov function may be expressed without loss of generality as a LMI
problem, in a way similar to what was done for Property I in Theorem 1.
Analogously, stabilizing controllers are then found explicitly as functions of

o(t).

Theorem 2. The following assertions are equivalent.

(i) There exists (P(c),N(0)) € 8™[o] x RP*"[qg] fulfilling Property II.

(ii) There exist an integer | € N, 2 matrices P, € 8" nRL™" N, €
Rﬁj”’lm, m matrices Qf’; € SU=D"" T G m, and 2™ matri-
ces Qlﬁ’” € SEH=DTTT RN G — 1 m, € {=1,1}™ such that
the system (10) of (2™ +1) LMIs obtained for all n in {—1,1}™ is fulfilled,

where Ry+; = Ri+1(P, Ni) has the same meaning than in Theorem 1 and

OP(pla))| .

5 k+D)™n ; :
P € SEED" " s 4 coefficient matriz of the map z — Doi o=zt

U F(m—1 T F(m—1
O < By + Z (Jl(,l—1+1)® & Ili—ln) Qle ( 1(,1—1H)® & Ili—ln)
=1

(m—1 ¥ T ~(m—i v
- Z (Jl(,l_f)® ® J1i-1® Ili—1n> Qi (Jl(T_l)® ®J1i-1® Ili—1n> ; (10a)
i=1

Okstymn > Rir + Y midiPryri

i=1

m ] T ,

zim—i+1)® R, 3 —i+1)®
+ Z (Jl(,k-&-lz—l) ® I(k+l)’7—1n> M’I (Jl(,nl;b—i-l—l) & I(k+l)’?—1n>

i=1

¢ F(m—1 2 T Mm—i -~
—Z (Jl(,kﬂ),@f @ J1 k-1 ® I(}H»l)’i*ln) f{" (Jl(’,ﬁl),? @ J1 k-1 ® I(/Hz)ifln) ;
i=1
(10b)
Moreover,

e given a solution of LMI (10), for P(z), N(z) having coefficient matrices
P, Ny, P(¢(0)),N(p(0)) fulfil Property 11, and, for any absolutely contin-
uous o such that o(t) € [-1;41]™, &(t) € [[;~,[—0i;+0:] almost every-
where,
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K(o(t) © N(p(o ) Pp(o(t) !

is a stabilizing gain, rational in o(t);
e if LMI (10) is solvable for the value | of the index, then it is also solvable
for any larger value.

The LMIs in Theorems 1 and 2 differ only by the presence of the terms in
PkH’i in (10b). The latter correspond to the derivative terms 2 ( ) appearing
in the inequality in Property II. See Appendix for details on the computatlons

6 Elements of Demonstration

We only give here indications for proving Theorems 1 and 2. Application of
the same techniques may be found in [3, 1], under more detailed form.

6.1 Sketch of Proof of Theorem 1

1. The equivalence between (i) and (ii), i.e. the fact that P, N in Property
I may be supposed polynomial without loss of generality, is consequence of a
result on existence of polynomial solutions for LMIs depending continuously
upon parameters lying in a compact set, see [2].

2. Take now (ii) as departure: there exists (P,N) € SIT;,{ [z, 2] x REF" [z, 2], with
coefficient matrices P; € S HR?VIX"J , N, € sz\;"’l for a certain integer [,
such that, Vz € (D)™, (z[l] ®-- ®zm ®I,)* P, (zm ® - ~®z[l] ®I,) >0, and
(M. @I ) R (i e 0 ®1,) < 0,, for Repi (P, N)
defined as in the statement. The proof con81sts in achieving joint reduction
of these two inequalities to the LMIs in (8). For simplicity, we expose this
procedure for one inequality only, the first one. For ¢ = 0,...,m, qenote
(P;) the property: 3 € N, EIQL1 e HU=D"n HQP € H(l D ,
V(Zig1s- .-, 2m) € (D)™~ % such that (11) holds

(z[l] ®- ®Z[Z]1®I ) ]31+Z<j1(7 1]“) ® - 1n> Qz;( 177 1H1) ®Ilf’1n>

_Z<J1(l B PART I 1”) Ql]( e 1®Il,-,1n>

X(Z%@"'@z[l] ® I )>Olin. (11)

Property (Py) is the part of (ii) devoted to P, whereas (P,,) is just (8a).
We indicate in the remaining, how to establish that (P;) < (P;41) for any
1=0,...,m—1.
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Remark that
Mool o) =cle o, oL, @ L0

and

(2 1[411 @ liin) = < i —1 )
ziv1 (Lg—1yiin — 2ip1(Fio1 @ Iiy)) (fio1 © L)

with
5 det (01x<z_1) 0 ) [, det ( 1 )
Liv o O0p—1yx1 O-1)x1

Applying discrete-time Kalman-Yakubovich-Popov lemma (see [13, 11]
and the statement in the complex case for the continuous-time case in
[6, Theorem 1.11.1 and Remark 1.11.1]) yields equivalence of (P;) with:

3 e N3QF, € HUTVT L 3QF € HUTDTTTITI Wiz, zm) €
(OD)m—i-t, EIQl];H(ziH, ey zm) € HUDE guch that:

0git1, < (ZLZJ ®--® Zz[llg by Ili+1n) B

+ Z (Jl(T 1J+1)® ® Ilj_1n> Ql J ( 1(77 1j+1)® & Il.i—1n>
7j=1

- Z ( 1(m N® @ Jii-1® L- 1n) QzI,Jj (jl(Tflj)(g) ®Jii-1® Ilffln)

< (M o0l 0 fin)

N T ~p o . T ~p .
+(J1,l71 ® fﬁn) Qrit1 (Jl,lfl ® Izin)—(JLlA ®Lin) Qiipr (J11-1®@ Liy)
(12)

3. Using again the result in [2], in+1(zi+2, ..y Zm), solution of a LMI with
parameter in (D)™ "~ may be chosen polynomial in its variables and their
conjugates. Let [ — 2 be its degree. If [ < I, then in+1(zi+2,...,zm) =
(o 1@ @2 @ T Qi (e T @ @ 25 @ g1y, for a
coefficient matrix Qﬁiﬂ e HU=V"n 1f ] > [, it may be shown that, up to
an increase of [, the degree may be supposed the same, so same formula holds
(see [3, 1] for similar arguments).

At this point, the last two terms in inequality (12) have been transformed
in:
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. T B X
(Fur@hn) (e 0l @ Iom) QFin
X (Zr[fz_l] ®- - ® Z}lgzl] ® I(l—l)lm> (juq ® Izin)
- T - -1 *
- (Jl,l—l & Il’n) (Zy[”fm 1 Q- ® Z,L[+2 ] ® I(lfl)l/"n> Qf{,-&-l
% (27[711—1] R ® Zl[:_;l] ® I(l_l)li"> (jl,l—l ® Ili") R
for a certain matrix inH e HU-D"Un,
4. Some matrix intervertions in the last two terms of the previous formula
finally yields equivalence between (P;) and (P;1).
5. The assertion that solvability of (8) for index [ implies the same property
for every larger index, is proved using the same techniques than the one evoked
(but not displayed) in point 3., to increase the size of the solution.
6. Last, the same argument is applied to (8b), with detail variations. Appli-
cation to (8a) and (8b) has to be done together, because of the coupling term
P,. Due to the fact that solvability of (8a), resp. (8b), for a value [ of the

index implies solvability for every larger value, taking a value for which both
inequalities are solvable yields equivalence of (ii) and (iii).

6.2 Sketch of Proof of Theorem 2

The demonstration is copied from the demonstration of the previous Theo-
rem. Due to the affine dependence upon the p; in Property II, it is enough
to consider only the extremal values +p;. It is hence required that: 3l &
N, 3P € 8", AN, € RE™ vy € {-1,1}™, ¥z € (D)™, (M ®

ol eonyPEle 0wl eln) <0, and e .. @ g

I,)* (RkJrl +3, Ui@ikarl,i) (zL’iH] ® - ® zng] @ I,) < 0p.
The argument then essentially follows the proof of Theorem 1. One has

to check carefully that the process of increase of the degree (point 3. in Sect.
6.1) still works.

A Appendix on Polynomial Matrices

We give here details on the computations necessary for systematic use of
Theorems 1 and 2. It is explained in Sects. A.1 and A.2 how to compute
Ry+1(Py, Ny), that is how to determine the coefficient matrices of the terms in
(9). Then in Sect. A.3 are provided formulas for explicit computation of K (o)
as a function of o, that is of P(¢(0)) and N(¢(0)) for P(z), N(z) defined
by their coefficient matrix P, IV;. Last, the computation of the term Pk+l,i in
(10) is explained in Sect. A.4.

We first extend the notations defined in (5). For [,I’ e N, [ < I, a =
0,1,...,1', define J, ;o € RI*UH) by



114 P.-A. Bliman

def
Ja v = (0l><a I le(l’—a)) .

~ ~ ’
Then Jy; = Jor, Jyi = Jo g, and ool = Jo ol

A.1 Representation of Polynomial Matrices

A rather natural representation for a matrix-valued polynomial M : R™ —
RP*™ (such as A(o) and B(o)) of degree | — 1 is

M@)=M(ole -2d'el,), (13)

for a certain, uniquely defined, matrix M; € RP*!™" From this, one should
be able to deduce the coefficient matrix of the map M ( 2'52), in order to apply
Theorems 1 and 2. The effect of the corresponding change of variable (4) is

summarized by Lemma 1.

Lemma 1. Let M; € RP*I"™  then M, ((Z’"+Z*" )[l] e ® (“‘5721)[[] ®In> =

(zlg S ® zy] ® Ip)*Ml(zﬂ ® - [l] ® I,), where the matriz M; €

R’ILIX"’ is given by the formula M, def Zo<a <i- 1(Jam1,1-1® - ®@Ja; 1,1-1®

LYTM|(Kia,, @ ® Ko, ® I,), in which, by definition, the i-th line

of the matriz K, € R™! is equal to 271 (C’Z:ll Ci72...CY,0... O),
def Al

Cia - al(i—a)!”

Proof. K;, defined in the statement is such that Vv € C, (“‘2”’)[1] —
Zla_:lo 170‘Kl7av[l]. Thus,

) N N
Mz((Z;Zm> ®--~®(21;Z1> ®In>

= > A i (Kie, © @ K 6 e o L)
0<a; <l—1

The conclusion then follows from the fact that Vo € C, v® = voolll =
Jo1,-101, s0 v = U[l]*Jg}ufr

A.2 Products of Polynomial Matrices

Solving the LMIs in Theorems 1 and 2 necessitates to be able to express the
coefficient matrix Ry of R(2) defined in (9), given the coefficient matrices
P, N; of P(z), N(z). This in turn necessitates to express the coefficient ma-
trix of a product of matrix-valued polynomials, as function of the coefficient
matrices of the factors. This is the goal of Lemma 2.
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Lemma 2. Let 1,1l € N, and M(z), M'(z) with coefficient matrices M; €
RPxETn gl e RETXETa Then, M"(z) has coefficient matriz M},
where 1" = 1 +1' — 1 and M], def Y o<az<i-to<at<ir—1 (Jar 11r-1 @ < ®

1<i<m
Ja/l,l,l’71®Ip)TMl(Jam,l,l71®' c@Jar,1,-191) T (Jar 1019 ®Jay 1,1-1®
In)Ml/'(Jam,l’,l—l K- ® Jal,l’,l—l ® Iq)'

Proof. One has, Vv € C,

-1
1 T 1], [1'] —a' 7T
ol = E UaJa,Lz_u oyl = E v Ja,1,1—1Ja’,l,l/—1 )
a=0

0<a<i—1,
0<a/ <t/ —1

and the proof is achieved by using the fact that vepll'l = Jml/,l_lv[l"’l/_l],

sal [ 14+ —1]% T
ol = ol ]Ja,,“,_l.

A.3 Formulas Attached to the Inversion of the Map ¢

Once the LMI (8) or (10) has been solved successfully (for a given 1),
one has to express explicitly P(¢(0)) and N(p(o)) to obtain the gain
K(0) = N(p(o))"tP(p(0)), departing from the coefficient matrices P, N,
of P(z),N(z). This is done with the help of the following result.

Lemma 3. Let N(z) € RE[" [z, 2] with coefficient matriz N, € Rf\;"’lm, Then,

N(@(a)) = Z Pai—o (01) - Pay—al, (Um)

X (Jar, 10-1 @+ @ Jar 1021 @ Ip)Ni(Jap 1,11 @ @ Jay 1,1-1 @ )",

where by definition, the polynomials ps are such that, for any ¢ € R,
cos(ag) = pa(cos ).

The coefficients of the p,, are easily found, allowing effective use of the previous
result. For example, cos 2¢ = 2 cos? ¢—1, cos 3¢ = 4 cos® ¢p—3 cos ¢, so po(0) =
1, pi(o) = o, pa(o) =202 — 1, p3(0) = 40® — 30, and so on.

Forming, from the maps p,, the matrices T | € R'*! such that Yo €
{-(l—=1),...,0,...,1 =1}, V¢ € R, cos(ap) = Tl,|a‘(cos¢)[l], the formula
in Lemma 3 writes under matrix form as in (13), with M, replaced by
Zog_ail,agngl (Jar, 11-1®@ -+ ® Jay11-1 @ Ip)Nl(ng,l,l—lTl’\anﬁain\ ®---®

N
T
Jal,l,l—lTl,lal—a’ll ® In)~

Proof. As a direct consequence of the definition, N(z) is equal to
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7 7
& _am,
E zf“zl Lo Z,o;lmzm (Jo/ 1,1-1® - ® JO/lefl ® Ip)Nl

moly
0<a;,a’<l—1
¢ k2
i=1,..., m

X (Jam 10-1 @+ ® Jay 1,021 ® In)"

Taking into account the fact that |z;| = 1,7 =1,...,m and that N; € Rf\;"’lm,
the previous expression is equal to

morty

’ ’
—Q =Q
E 23° %" 2 T (Jag, 1121 © - @ Jag 1021 ® )N,

’ —al
Ogai,aigl—l,ul_al
i=1

X (Jo 11-1 Q-+ @ Jay 1021 ® L)+
Z (Z?17a1+2111*a1)25422;2 - -Z%M'E%m(n]a’ 11—1®@ - ®J o 11-1®IL,)N,

moT) 1=
0<a;,a!<l—1
< S

al<a'1, i=1,..., m

X (Jap 101 @ @ Jay 10-1® I)T.

Introducing the functions p; as defined in the statement, this is also equal to

’ ’
Qg S 5%m
E Pay—a (01)25° 25" o 20 Zn™ (Jar, 1,1-1 @ -+ ® Jay 1,01 @ Ip) N

104

Ofai,aggl—l

i=1,..., m

X (Jam.,lyl*l ® T ® J()él,l}l*l ® In)T7

because o7 = Re z1. The result follows by induction on m.

A.4 Differentiation of Polynomial Matrices

Lemma 4 below permits to express the coefficient matrix of the terms
85—;;'”0:@ in Property II as function of the coefficient matrix of P(z).
Notice that the formula therein provides directly the derivatives as a poly-
nomial of degree k + 1 — 1 (instead of | — 2), ready to be added to the term
A(o)P(o) + P(o)A(o)T + B(o)N (o) + N(o)T B(o)T in the matrix inequality
in Property II, which has precisely the same degree.

Lemma 4. Let M (o) def Ml(ay[g ®-® ng] ® I,). Then, for any nonnegative

. o ~ . ~ def (m—1i
integer k, mgé ) — Mk+l7i(0£§+l]®- . -®U£k+l]®ln), with My < Ml(J,g’l )®®

LiJyi ® j,gffl)@) ® I,).

[0
Proof. Indeed, 81};[0(:7) = Ml(m[ﬁ ® - ® 8;7"’1_ ® Ul[lll ® - ® Ugl] ® I,) =

MI™ P oLl VeL)le -0 ol,) =Myl e - ®
O'ngrl] ®In)
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On the Equivalence of Algebraic Approaches to
the Minimization of Forms on the Simplex
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We consider the problem of minimizing a form on the standard simplex [equiv-
alently, the problem of minimizing an even form on the unit sphere]. Two
converging hierarchies of approximations for this problem can be constructed,
that are based, respectively, on results by Schmiidgen-Putinar and by Pdlya
about representations of positive polynomials in terms of sums of squares. We
show that the two approaches yield, in fact, the same approximations.

1 Introduction

1.1 Representations of positive forms on the simplex

We counsider the problem of minimizing a form (i.e., homogeneous polynomial)
p of degree d on the standard simplex; that is, the problem of computing

Pmin := min p(x) s.t.z € A:= {.ﬁE]Ri |Zx1:1} (1)
i=1

The polynomial

px) :=pla?, ... 22)
is an even form of degree 2d and problem (1) can be reformulated as the
problem of minimizing p on the unit sphere:

Pmin = min p(x) st.x €8 := {xE]R”|fo:1}. (2)

i=1
Equivalently, this is the problem of finding the maximum scalar ¢ for which
p(z) —t >0 Ve € S; equivalently, p(x) — t[jz[?*! > 0 Vo € R™. (3)

*Supported by the Netherlands Organization for Scientific Research grant NWO
639.032.203.

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 121-132, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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Here, ||z||* = 3_7, z7. Hence, lower bounds for the optimum value can be
obtained by replacing the condition (3) by some stronger conditions. Instances
of such stronger conditions are given below, for any integer r > 0:

(B(x) — tal®®) ll2]*" € R, [X]

(4)
(B(x) — tllal*) > € 2 ()
(6)
(7)

p( ) —te Rev 2(r+d)[X] + (1 - ||£L’||2)IR[X] 6

pla) =t € X5, 4 q) + (1= llz|*)R[X]
+ X]

Here, R[X] denotes the set of polynomials in the n variables 1, .., z,,, R_, |
is the set of even polynomials with nonnegative coefficients, X2 is the set of
polynomials that are sums of squares, and a subscript 2(r + d) indicates the
bound 2(r + d) on the degree. (See section 1.2 for definitions and notation.)
Note that, in (4), one could replace R/, [X] by RT[X], since the polynomial
is even by construction.
Condition (4) can be equivalently reformulated in terms of the initial poly-
nomial p as

7

" d
x)—t <Z %) (Z xz) e R7[X]. (8)

One can also reformulate condition (5) in terms of the original polynomial p,
using the following result of Zuluaga et al. [16].

Proposition 1 (Zualaga et al. [16]). Let p be a form of degree d and p(zx) :=

p(z?,...,22) the associated even form. Then,
pEN? = plx)= Z (Hmz> pr, where p; € X?
IC{1,....,n} \i€l

|I|=d mod 2
and py is a form of degree d — |1
The following implications obviously hold:
(4)=(6)=3), (6)=(7)= ).

Each of the conditions (4)-(7) permits to formulate a hierarchy of lower bounds
for pmin depending on r. For instance, the (linear) bound:

pg) :=max ts.t. (4) (or (8)) holds, 9)
and the (semidefinite) bound:

p") := max ¢ s.t. (5) holds. (10)
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Obviously,
(T) < p(T+1) (r) < p(r-i-l)7 p(LT) < p(r) < Prin. (11)

Asymptotic convergence of the bounds p(Lr) t0 Pmin as r goes to infinity, follows
from the following theorem of Pdlya about representations of positive forms
on the simplex. .

Theorem 1 (Pélya [10]). Let p be a form which is positive on the standard
simpler A ={x € R" | Y , x; = 1}. Then there exists an r € IN such that

(Z ac) e RT[X].

Two other hierarchies of lower bounds can be defined analogously, using (6)
and (7), and they satisfy the analogue of (11). Their asymptotic convergence
t0 pmin follows from the following theorem of Schmiidgen (or its refinement
by Putinar) about representations of positive polynomials on compact semi-
algebraic sets.

Theorem 2. Let F' be a semi-algebraic set of the form:
F={zeR"|pi(x) >0,...,pr(x) >0}, where p1,...,pr € R[X].

(i) (Schmiuidgen [15]) If F' is compact, then every polynomial which is pos-

itive on F' belongs to Z (sz> X2
}

IC{1,....k} \iel
(i) (Putinar [13]) Assume that F is compact and that there exists a polyno-
mial pg € X2 +p1 X% +. . .+prX? for which the set {z | po(z) > 0} is compact.
Then every polynomial which is positive on F belongs to X?4p1 X% +. . .+pp X2,

Corollary 1. Every polynomial which is positive on the unit sphere belongs
to X%+ (1 =30 2?)R[X].

This idea of constructing hierarchies of bounds for optimization over semi-
algebraic sets, based on real algebraic results about representations of positive
polynomials, has been explored by several authors.

In particular, Pdlya’s result led Parrilo [8, 9] to introduce hierarchies of
conic relaxations for the cone of copositive matrices. These relaxations were
used by De Klerk and Pasechnik [6] for approximating the stable set problem
in graphs, and by Bomze and De Klerk [1] for constructing a PTAS for the
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minimization of degree 2 forms on the simplex. Hierarchies of conic relaxations
were introduced, more generally, for the cone of positive semidefinite forms,
in particular, by Faybusovich [2] (who also gives estimations on the quality of
the approximations) and by Zuluaga et al. [16]. These relaxations have been
used in the recent paper by De Klerk, Laurent and Parrilo [5] for giving a
PTAS for the minimization of a form of degree d on the simplex.

On the other hand, Putinar’s result led Lasserre [7] to define converging
hierarchies of semidefinite bounds for the approximation of polynomials on
(special) compact semi-algebraic sets.

The main contribution of this paper is to show that these two approaches,
based on Pdlya’s and Schmiidgen-Putinar’s theorems, are in fact equivalent,
when applied to the problem of minimizing a form on the standard simplex
(or, equivalently, minimizing an even form on the unit sphere). More precisely,
we prove the following result in Section 2, showing that the assertions (4) and
(6) (resp., (5) and (7)) are equivalent.

Theorem 3. Let p be a form of degree d and let p(x) = p(x2,...,22) be the
associated even form of degree 2d. For every integer r > 0, consider the linear

bound p(LT) (defined by (9)) and the semidefinite bound p") (defined by (10))
for the minimum value pmin of p over the standard simplex. Then,

p({) <" < Punin,

n d n r
t st | plx)—t (Z xf) Zx?) € RT[X]

Py’ = max
i=1 i=1 . (12)
=max t st p(x) —t e RS 5, [X]+ (1 - Zﬁ) R[X],
i=1
n d n r
p") =max t s.t. |p(x)—t <Z xf) (Z xf) S
i=1 i=1 (13)

We conclude with a ‘negative result’ in Section 3, concerning representa-
tions of polynomials positive on the unit sphere, namely

q622+<1—2x§>22<:>q622.
=1

Compare this to the representation p € X2 4+ (1 — >, 22)R[X] in Corollary
1 that holds for any p positive on the unit sphere.
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1.2 Notation

The following notation will be used throughout the paper.

R[z1,...,x,], also abbreviated as R[X], is the set of polynomials in n
variables. Write p € R[X] as )  N» Paz®, Where 2 1= z{" ---z0m. Then,
Paz® is a term of p if po # 0; o := >°1" | o is the degree of the term poz®,
and the degree of p is the maximum degree of its terms. A polynomial p is a
form if all its terms have the same degree; p is an even polynomial if a1, ..., au,
are even for every term p,z® of p.

R4[X] is the set of polynomials with degree < d; R [X] is the set of
polynomials with nonnegative coefficients: p = > pox® with po > 0 for all
a; Re, [X] is the set of even polynomials: p = > po2®®. Moreover, ]R; [X]:=
R*[X]NRq[X], R, [X] = R[X] N Reo[X], RS, 4[X] == RS, [X] N Ra[X].

X2 is the set of polynomials that can be written as a sum of squares
of polynomials: p = >, f2 for some f; € R[X], and X2 := X% N Ry[X].
Obviously, RY, [X] C X2,

ev

2 Pédlya’s and Putinar’s Theorems Give the Same
Bounds for Optimization on the Simplex

We prove here a slightly more general version of Theorem 3, which holds for
forms of even degree. We begin with some preliminary results.

Proposition 2. Let q be a form of even degree 2d > 2. The following asser-

tions are equivalent:
o (3247) e )
i=1

g € P+ (1— [z*) RIX] (15)

where P stands for R, [X] or X3

ev,2(r+d) (r+d)"

Proof. Suppose first that (14) holds. Then, the polynomial

f(@) = q(x) (Z w2>
i=1

belongs to P and

f(@) = q(z) (1 -1+ Zm2> =qlx)+ Y <:)q(x) (Z:ﬁ - 1) :
=1 s=1

i=1

which implies that
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r n s—1
«m:fwwwrﬂw%EZC%uWEZﬁ—Q
=1

s=1

and, thus, (15) holds.
Suppose now that (15) holds; that is,

q(z) = s(x) + (1 — [[z]*)r(x)
where s € P and r € R[X]. Then, ¢ (ﬁ) =5 (ﬁ) and, thus,

x

q(x)||x||2r =35 ( ) Hx||2<r+d) for all z € R" \ {0}. (16)

]

In what follows, we show that

ey i= s (5 ) s

]

is a polynomial belonging to P. This implies that the polynomial ¢(z)|z||*"
coincides with f(z) (by continuity) and, thus, belongs to P, which shows that
(14) holds.

Suppose first that P = IR;),Q(H_d) [X]. Then, s(z) = 3|, <,1a Sa22®, with
all so > 0. Therefore, f(z) = > /<4a 8022 ||z]|2r+=1eD | which is an even
polynomial with nonnegative coeflicients and, thus, belongs to P.

Suppose now that P = ZS(T e We begin with observing that one can
assume that each term of s has an even degree. To see it, write s = sg +
s1, where each term of sy (resp., of s1) has even (resp., odd) degree. Then,

so(—x) = so(z) and s1(—z) = —s1(x) for all . As ¢ is a form of even degree,
q(—z) = q(x) for all z. In view of (16), this implies that s(—x) = s(z) for all
x with ||z|] = 1. Therefore, s;(z) = 0 and, thus, s(x) = so(z) for all z with
lz]] = 1. Hence, one can replace s by sg in the definition of f.

As s e ES(TM), write

s=Y (s0)°, 50 =+ v

Y4

where sy are polynomials of degree < r + d, uy consists of the terms of sy
whose degree has the same parity as r 4+ d, and vy := sy — ug. Thus,

5= Z:(ug)2 + (ve)* + ZZuwg.
¢

14

As each term of s, (ug)?, and (v)? has even degree, while each term of uyv, has
odd degree, we deduce that Y, upve = 0, implying that s = 3 ,(ue)? + (ve)?.
Therefore,
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gt = (g 11?7+ = 32 (e (57 ) e o) o (o () )

Observe now that ug (ﬁ) lz||" ¢ = po(x) and v, (ﬁ) lz||7 9 = ||z||1be(2)
where ¢, and 1), are polynomials in z. Indeed, say, us(z) = Y__ usox®. Then,
oy (ﬁ) 2]+ is equal to 3°, w2 |2||"T4712l, which is a polynomial in x

since all r 4+ d — |a| are even integers. Analogously for v,. This shows that

2) =Y wu(@)?+ Y de(@)* (Y a?)
¢ ¢ i=1
belongs to P, thus concluding the proof.

Lemma 1. Let g be a form of even degree 2d and let t be a real number. The
following assertions are equivalent:

q(x) = tll=]*" € P+ (1 - Zﬁ) R[X] (17)

=1

qglx) —teP+ (1 — iﬁ) R[X], (18)

=1

where P stands for R [X] or X2

ev,2(r+d) 2(r+d)-
Proof. If (17) holds, then g(z) — t||z[|*! = s+ (1= Y1, 2?) r, where s € P
and r € R[X]. Therefore, q(z) — ¢t = s + (1 > a?)r 4+t ([|z]2? - 1).
Now, [|z][?¢ =1 = (X1, )d —1= (2", 27 — 1)u(x), for some polynomial
u. Therefore, (18) holds.

Conversely, if (18) holds, then g(z) —t = s+ (1 — Y1 | ?) r, where s € P
and r € R[X]. Then, q(z) —t|z|?*? = s+ (1 = >/, @) r—t (||=[|* — 1) and,
thus, (17) holds. 1

Theorem 4. Let g be a form of even degree 2d, qmin the minimum of q(x)
over the unit sphere, and r > 0 an integer. Then,

QE‘T) S q(r) S Gmin, where

q(LT) :=max t s.t. |qlx)—t (i J;f) (Zx ) € RJ [X]

n
=max t s.t q(z )—te]Rer(Hd) (1—2%?)
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n d n r
") :=max t st |q(z)—t (Z xf) (Z x?) c 52
i=1 i=1

N (20)
_ 2 2
=max t st g(z)—te iy, ,+|1- le> R[X].

i=1

Proof. Follows directly from Proposition 2 (applied to the form g(z) —t||=||??)
and from Lemma 1. 1

Therefore, Theorem 3 follows from Theorem 4 applied to the (even) form
q(z) == p(x).

We have formulated in Theorem 4 two bounds for the minimum of a form
q of even degree on the unit sphere: a linear bound q(LT) and a semidefinite
bound ¢(") using, respectively, representations in terms of even polynomials
and sums of squares of polynomials. At that point, one should point out that
the hierarchy of linear bounds is interesting only when ¢ is an even form.
Indeed, if the form ¢ is not even, then q(LT) = —oo for all » > 0; this follows
from the following facts.

Lemma 2. A polynomial p € R[X] is even if and only if

p(x1, ... xn) =p(—x1,22,. .., 2n) = ... =p(T1, ..., Tp_1, —Tp). (21)

Proof. Necessity is obvious. Conversely, assume that (21) holds; we show that
p is even. For this, let p; be the sum of the even terms of p and set ¢ := p—p;.
Then, ¢ = ) ¢ox® where a has some odd component whenever g, # 0. As
p1 is an even form, it satisfies (21) and thus ¢ too satisfies (21). We show that
q = 0, which implies that p = p; is even. For this, write ¢ = ¢1 + g2, where
Q1= 2 gjay oaa da®®. Then, q(z) = q(—z1,22,..., 2n), (=21, 22, 7n) =
—q1(), g2(—1,T2,...,2n) = g2(); hence,

@ (z) + @2(x) = (=21, 22, ..., 2n) + @2(—21, 22, ..., 2n) = —q1(x) + q2(),

which implies that ¢;(z) = 0. From this follows that ¢, = 0 whenever a; is
odd. The same reasoning applied to the other coordinates shows that all g,
are equal to 0. 1

Corollary 2. Given p € R[X], the polynomial p(x)(> 1, x3)" is even for
some r > 0 if and only if p is even. 1

3 A Negative Result

Let us now turn to the question of existence of a stronger type of decomposi-
tion. Let ¢ be a form of even degree 2d which is positive on the unit sphere.
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Then, g(x) > 0 for all x € R" \ {0}. In particular, ¢ is positive on the unit
ball F:={z € R" | 1 - Y1 27 > 0} except at the origin where it is zero.
One may wonder whether an extension of Putinar’s result might still hold,
permitting to conclude that

n
ge X+ <1—Zx$> 22, (22)
=1

Scheiderer [14] has recently investigated such extensions of Putinar’s result
(see Corollary 3.17 in [14]).

Proposition 3 (Example 3.18 in [14]). Let p € R[X] be a polynomial for
which the level set
K :={x e R"|p(z) >0}

is compact. Let ¢ € R[X] be nonnegative on K. Assume that the following
conditions hold:

1. q has only finitely many zeros in K, each lying in the interior of K.
2. the Hessian V?q is positive definite at each of these zeroes.

Then q € X2 + pX?2.

Unfortunately, in the case where K is the unit ball and ¢ a positive semidef-
inite form of degree at least 4, this theorem does not apply (since the Hessian
of ¢ is zero at the origin). In fact, one can show that in this case such a de-
composition (22) exists only when ¢ itself is a sum of squares.

Proposition 4. Let q be a form of degree 2d. Then,
ge X+ (1—Zx$> 3?2 e—=qe 32
i=1

Proof. The ‘if” part being trivial, we prove the ‘only if’ part. Assume that
q=f+ Q=" 22)g, where f,g € X?% we show that ¢ € X2 Write
f=>,ffandg=7>", gi. Let s > 0 be the largest integer for which each term
of fo, gi has degree > s; that is, fo(x) = Zla\zs fo.ax®, gr(x) = Z\alzs Jk,aT™
for all £, k and at least one of the polynomials f,, gr has a term of degree s.
Define f; as the sum of the terms of degree s in f; and f; := f; — f;; then,

filz) = Z foax®, fi(x) = Z fe.ax®.

|a|=s |a|>s+1
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Analogously, define
ngaxvgk Z gk:our

la|=s || >s+1

We have that

q=q +q, whereq =Y (f)*+> ()
4 k

0 —2ng +2Zg;g§;+2( 2+ (91)? - (Zm?)g
¢ k =1

Therefore, ¢; is a (nonzero) form of degree 2s, while each term of ¢o has degree
>2s+ 1. If s < d—1, then ¢ is a form of degree 2d > 2s + 2, which implies
that ¢; = 0, a contradiction. Hence, s > d and, in fact, s = d. From this
follows that go = 0 and, thus, ¢ = ¢1 is a sum of squares. 1

4 Conclusion

We conclude with some comments on the computational implications of The-
orem 4 where we showed that

n d n r
¢") = max t s.t. q(z) —t (Z xf) (Z x?)
i=1 i=1
n
=max t s.t. q(z) —t € ES(Hd) + (1 - 2%2) R[X
i=1

The first representation of ¢(") corresponds to various relaxations intro-
duced in the literature for different special cases of the problem

@min = min ¢(z) st.ze S = {x € R" | Zx? = 1} ) (23)

i=1
by
1. De Klerk and Pasechnik [6] for obtaining the stability number of a graph;

2. Parrilo [9], Bomze and De Klerk [1], Faybusovich [2], and De Klerk, Lau-
rent and Parrilo [5] for minimization of forms on the simplex.

The difficulty with these approaches up to now was that — once an exact
relaxation was obtained — it was not clear how to extract a globally optimal
solution of problem (23).
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The second representation of ¢(") in Theorem 4 corresponds exactly to the
dual form of the SDP relaxation obtained by applying the general methodol-
ogy introduced by Lasserre [7] to problem (23).

The approach of Lasserre [7] has now been implemented in the software
package Gloptipoly [3] by Henrion and Lasserre.

The authors have also described sufficient conditions for the relaxation
of order r to be exact, and have implemented an algorithm for extracting
an optimal solution if it is known that the relaxation of order r is exact.
The extraction procedure only involves linear algebra on the primal optimal
solution of the relaxation; see [4] for details.

Theorem 4 therefore shows how to apply the solution extraction proce-
dure implemented in Gloptipoly to the relaxations studied by De Klerk and
Pasechnik [6], Parrilo [9], Bomze and De Klerk [1] and Faybusovich [2].
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1 Introduction
Consider an ideal I := (g1,...,gn) C R[z1,...,z,] generated by polynomials

{9:}1~y C Rlz1,...,2y,]. Let us call G := {¢1,...,9n} a polynomial set and
let a term ordering of monomials with =1 < o ... < x, be given.

We assume that the system of polynomials equations {g;(z) = 0, i =
1,...,n} is in the following triangular form,
gi(z) = pi(z1,...,zim)z] + hi(z1,...,2) i=1,...,n (1)

by which we mean the following :

- (i) 2; is the main variable and p;(z1,...,2;—1)z;® is the leading term of
Gi-

- (ii) for every i = 2,...,n, every zero in C™ of the polynomial sys-
tem G;_1 := {g1,...9i—1} is not a zero of the leading coefficient ini(g;) :=

pi(x1,...,xi1) of g;.

The set G is called a triangular set. From (i)-(ii), it follows that [ is a zero-
dimensional ideal. Conversely, any zero-dimensional ideal can be represented
by a finite union of specific triangular sets (see e.g. Aubry et al. [1], Lazard
[10]). For various definitions (and results) related to triangular sets (e.g. due
to Kalkbrener, Lazard, Wu) the interested reader is referred to Lazard [10],
Wang [6] and the many references therein; see also Aubry [2] and Maza [11]
for a comparison of symbolic algorithms related to triangular sets.

For instance, there are symbolic algorithms that, given I as input, generate
a finite set of triangular systems in the specific form g;(x) = z; — f;(z1) for all
1 =2,...,n. Triangular sets in the latter form are particularly interesting to
develop efficient symbolic algorithms for counting and computing real zeros
of polynomials sets (see e.g. Becker and Wormann [4] and the recent work of
Rouillier [12]).

We here show that a triangular polynomial set G as in (1) has also sev-
eral advantages from a numerical point of view. Indeed, it also permits to

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 133-150, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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define multivariate Newton sums, the multivariate analogue of Newton sums
for univariate polynomials (which can be used for counting real zeros as in
Gantmacher [7, Chap. 15, p. 200]). Namely, we show that :

(a) With a triangular system G as in (1) we may associate moment matri-
ces M,(y) depending on the (known) multivariate Newton sums of G (to be
defined later) and on an unknown vector y. The condition M, (y) = 0 for some
specific p = o (meaning M, (y) positive semidefinite) defines a unique solu-
tion y*, the vector of all moments (up to order 2p) of a probability measure
©* supported on all the zeros of G in C". As a consequence, a polynomial of
degree less than 2p is in /T if and only if its vector f of coefficients satisfies
the linear system of equations M, (y*)f = 0.

(b) Moreover, given a set

K :={zeC"|w(z1,...,2n,21,...20) >0, j=1,...m} C C",

defined by some polynomials {w;} in C[z,Z] (which can be viewed as a semi-
algebraic set in R?"), one may also check whether the zero set of G is contained
in K by solving a convex semidefinite program for which efficient software
packages are now available. The necessary and sufficient conditions state that
the system of LMI (Linear Matrix Inequalities)

M, (y) = 0; My (wy) =0 i=1,...,m,

for some appropriate moment matriz M, (y) and localizing matrices M, (w;y)
(depending on the Newton sums of G) must have a solution, which is then
unique, i.e. y = y* with y* as in (a). In fact, it suffices to solve the single
inequality M,,(y) »= 0 which yields the unique solution y*, and then check

afterwards whether M, (w;y*) = 0, for all i = 1, ..., m. For an introduction to
semidefinite programming, the interested reader is referred to Vandenberghe
and Boyd [14].

The basic technique that we use relies on a deep result of Curto and
Fialkow [5] for the K-moment problem.

2 Notation, Definitions and Preliminary Results

Some of the material in this section is from Curto and Fialkow [5]. Let P,
be the space of polynomials in Clz1,...,2ns,21,...,25] (in short C[z,Zz]) of
degree at most r € N. Now, following notation as in Curto and Fialkow [5], a
polynomial 6 € C|z, 7] is written

N Iy

in the usual basis of monomials (e.g. ordered lexicographically)

. 2
1,21, o 20, 21y ooy 2y 215 2122, - - - (2)
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We here identify 0 € C[z,z] with its vector of coefficients 0 := {0,3} in the
basis (2).

Given an infinite sequence {yng} indexed in the basis (2), we also define
the linear functional on C|z, Z]

0 — /1(9) = Zeaﬁyaﬁ = Zeaﬂyal7---70‘717[317“~75n'
a,B a,f

2.1 The Moment Matrix

Given p € N and an infinite sequence {y.g} let M,(y) be the unique square
matrix such that

(My(y)f,h) = A(fh) Vf,heP,

(see e.g. Curto and Fialkow [5, p. 3]).
To fix ideas, in the two-dimensional case, the moment matrix M (y) is
given by
1 yoo10 Yooo1 Y1000 Yo100
Y1000 Y1010 Y1001 Y2000 Y1100
M, (y) = | Yo100 Yo110 Yo101 Y1100 Y0200
Yoo10 Y0020 Yoo11 Y1010 Yo1i10
Yooo1 Yoo11 Yooo02 Y1001 Yo101

Thus, the entry of the moment matrix M, (y) corresponding to column 7%28
and row 2727 is Ya4~.34n, and if y is the moment vector of a measure ; on
C™, then

M) f) = A(fP) = / fPdu >0 VieP, 3)

which shows that M, (y) is positive semidefinite (denoted M (y) = 0).

2.2 Localizing Matrices

Let {yap} be an infinite sequence and let 8 € C[z,z]. Define the localizing
matrix M, (fy) to be the unique square matrix such that

(My(0y)f.9) = A0Fg) Vi g€ Pp (4)

Thus, if 0(2,2) = >_ 5 005z 2" and M, (y)(i,j) = Y,y then

Mp(0y)(i,5) =Y Baplartr.pin- (5)
af

For instance, with z — 6(z,%) := 1 — Z121, M1(0y) reads
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1 —%1010 Y0010 — Y1020 Y0001 — Y1011 Y1000 — Y2010 Y0100 — Y1110
Y1000 — Y2010 Y1010 — Y2020 Y1001 — Y2011 Y2000 — Y3021 Y1100 — Y2110
Y0100 — Y1110 Y0110 — Y2020 Y0101 — Y1111 Y1100 — Y2110 Y0200 — Y1210
Y0010 — Y1020 Y0020 — Y1030 Yoo11 — Y1021 Y1010 — Y2020 Y0110 — Y1120
Yooo1 — Y1011 Yoo11l — Y1021 Yooo2 — Y1012 Y1001 — Y2011 Yoi01 — Y1111

It follows that if y is the moment vector of some measure g on C", supported
on the set {z € C"|6(z,%Z) > 0}, we then have

(M (69) 1, 1) = A@|f?) = / Olf2du > 0 VfeP, (6)

so that M,(0y) = 0.

2.3 Multivariate Newton Sums

With 21 < xs, ... < x,, and given a fixed term ordering of monomials, consider
a triangular polynomial system G = {g1,...,9,} as in (1), that is,

gi(z) = pi(z1,...xic1) x" + hi(z1,...,2;) =0 Vi=1,...n (7)
(with p; € R), and the p;’s are such that for all i = 2,3,...n,
gr(2) = 0VE=1,....i—1= pi(2) # 0. (8)

For each i = 1,...,n, pi(z1,...,x,—1)x;" is the leading term of g;. In the
terminology used in e.g. Wang [6, Definitions 2.1], G is a triangular set.

In view of the assumption on the g;’s, it follows that G has exactly
s = [[}_,ri zeros {z(i)};_; in C" (counting their multiplicity) so that
I={g1,...,9n) is a zero-dimensional ideal and the affine variety V¢(I) C C*
is a finite set of cardinality sg < s.

For every o € N™ define s, to be the real number

S S
S = 5T D 20) = 30 a2 () (9)
i=1 =1

which we call the (normalized) a-Newton sum of G by analogy with the
Newton sums of a univariate polynomial (see e.g. Gantmacher [7, p. 199]).

Remark 1 Note that the Newton sums s, depend on G and not only on the
zeros {z(i)} because we take into account the possible multiplicities.

Proposition 1. Let the g;’s be as in (7)-(8) and sq be as in (9). Then each
Sa S a rational fraction in the coefficients of the g;’s and can be computed
recursively.

For a proof see §5.1.
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Example 2 Consider the elementary example with G := {2? + 1, 2122 + 22 +
1}. Then, s, is just the usual (normalized) i-Newton sum of x1 +— 27 +1. And

for instance, it follows that sg1 = 0, sp2 = 0. Similarly, s11 = —1/2, s91 = 0,
S99 = 1/2, ete ...
Interestingly, given a polynomial ¢ € R[x1,...,x,], Rouillier [12, §3] also

defines extended Newton sums of what he calls a multi-ensemble associated
with a set of points of C™. He then uses these extended Newton sums to
obtain a certain triangular representation of zero-dimensional ideals.

3 Main Result

In this section we assume that we are given a polynomial set G := {g1,...,9n}
in the triangular form (7)-(8).

3.1 The Associated Moment Matrix

The idea in this section is to build up the moment matrices (defined in §2.1)
associated with a particular measure p* on C™ whose support is on all the zeros
of the polynomial set G. That is, let {z(i)} be the collection of s := H?:1 Tj
zeros in C™ of G (counting their multiplicity) and let p* to be the probability

measure on C" defined by

ut o= 5_125Z(i). (10)
i=1

where §, stands for the Dirac measure at the point z € C".
By definition of y*, its moments [ z*du* are just the normalized a-Newton
sums (9). Indeed,

S
Sq 1= /z“du* = 5_122(2')“. (11)
i=1
If we write
Ynp = /EO‘ZB dp* o, eN", (12)

we have
Sa = y:o = ySom y:ﬁ = y;a Oé,ﬁ e N"™. (13)
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3.2 Construction of the Moment Matrix of p*

With p* as in (10) let {s4,y; 5} defined in (11)-(12) be the infinite sequence
of all its moments.

We then call M,(1*) the moment matrix associated with p*, that is, in
M, (y) we replace the entries yoo Or Yoo by So and the other entries y5 by
Ynp- By Proposition 1, the entries s, are known and rational fractions of
the coefficients of the polynomials g;’s. They can be computed numerically
or symbolically. On the other hand, moments Yap do not have a closed form
expression in terms of the coefficients of polynomials g;’s.

Therefore, we next introduce a moment matrix M,(x*,y) obtained from
M, (1) by replacing the (unknown) entries y 5 by variables yag and look for
conditions on this matrix M,(u*,y) to be exactly M,(p*). For instance, in
the two dimensional case, the moment matrix M (u*,y) reads

1 s10 so1 s10 So1
510 Y1010 Y1001 S20 S11
Ml(,u*ay) = | Sot Yoi10 Yoio1 Si1  S02
$10 S20 S11 Y1010 Yoi1io
S01 S11 S02 Y1001 Yoio1

(with 4 = Ya0 = Yoa). Moreover, from the definition of p*, we may impose
M, (p*,y) to be symmetric for all p € N, because Yop = Yho for all o, 3 € N”
(see (13)).

As G is a triangular polynomial system in the form (7)-(8), I = (g1,...,gn)
is a zero-dimensional ideal. Therefore, let H := {hq,...,hy} be a reduced
Grobner basis of I with respect to (in short, w.r.t.) the term ordering already
defined (e.g. the lexicographical ordering z7 < za-+- < x,). As I is zero-
dimensional, for every i = 1,...n, we may label the first n polynomials h;

of H in such a way that x:/ is the leading term of h; (see e.g. Adams and
Loustaunau [3, Theor. 2.2.7]).

Proposition 2. Let G be the triangular polynomial system in (7)-(8) (with
some term ordering), and let H = {hy,..., hm} be its reduced Grébner basis

(with le the leading term of h; for alli=1,...n).
Let u* be the probability measure defined in (10). For every «, 3 € N™ let

Yng = /E("zﬁ dp*. (14)

Then, for every v,n € N", y3, is a linear combination of the y;’s with
ap, Bi <7 for alli=1,...n, that is,

y:;'y = Zuaﬁ(nﬁ)yg,a aivﬂi < 7’2 Vi = ]-7 s T (15)
a,f

for some scalars {uag(n,7)}.
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Proof. Let H = {hi,...,hm} be the reduced Grobner basis of I w.r.t. the

term ordering, with 1’: the leading term of h; for alli=1,...n < m.
For n,v € N", write

zn—qu 2+ ar(2) zv—zvz 2) + 0,(2),

for some polynomials {¢,, ¢} and {vy,v;} in Rlzq,...,n], that is, 27 (resp.
27) are reduced to q,(z) (resp. v,(z)) w.r.t. H. Due to the special form of H,
it follows that the monomials z* of g, vy satisfy o; < r} for all i =1,...,n.
Hence,

an(2)vy(Z) = Zuag(n,’y)?"z’g a,Bi<r, Vi=1,...,n
for some scalars {uqs(n,7)}. Therefore, from the definition of p*,
Yoy = / 2" dpt = / (Z% z) +qy(z )) (ivi(Z)hi(Z) +v»y(2)> dp*
i=1
/ an(z)v Zuaﬁ / 2% dp

:Zuaﬁ n77)yaﬁ7 a’iaﬂi<ri VZZl,,n
a,B

The y;,5’s with oy, Bi < 1}, correspond to the irreducible monomials x®, P
with respect to the Grobner basis H, which form a basis of R[z1, xa, ..., z,]/]
viewed as a vector space over R. In fact, in view of the triangular form (7)-(8),
the Grobner basis H of I w.r.t. to the lexicographical ordering x1 < ... < x,
is such that 7} = r; for all i = 1,...,n and H has exactly n terms (Rouillier
[13)).

In view of Proposition 2, we may redefine the moment matrix M,(u*,y)
in an equivalent form as follows:

Definition 3 (Construction of M,(u*,y)) Let H = {hi,...,hn} be a re-

duced Grobner basis of I w.r.t. to the given term ordering (with xz the leading
term of h; for all i = 1,...,n < m).

The moment matrix M,(u*,y) is the moment matrix M, (y) defined in
§2.1 and where :

- every entry Yao Or Yoo of M,(y) is replaced with the (known) a-Newton
sum s, of G.

- every entry Y., in M,(y) is replaced with the linear combination (15) of
{Yap} with a;, 8; <7 foralli=1,...,n

Thus, in this equivalent formulation, only a finite number of variables y,3
are involved in M, (p*,y), all with o, 8; <7} foralli=1,...,n
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Remark 4 The above definition of M, (1*, y) depends on the reduced Grébner
basis H of G, whereas the entries s, only depend on the the g;’s.

Example 5 Let
G = {2 + 21, (23 +3)23 — 2wl + (2 — 21 — Dag — a1 + 1}
Then,
H = {a:f + x1; 623 — 32303 + daox? — 3woxy — 229 — 23 — 31 + 2},
and, for instance, denoting “—” the reduction process w.r.t. H,
z5 — (32325 — 4292% + 32921 + 229 + 27 + 321 — 2)/6,
and as z{ — —2z%, we have

Y4003 = (—3y2022 + 4Y2021 — 3Y2011 — 2Y2001 — Y2020 — 3Y2010 + 2Y2000)/6,

and the latter expression can be substituted for every occurrence of y4003-

Theorem 6. Let G be a triangular polynomial system as in (7)-(8) and let
{sa} be the Newton sums of G in (9). Let My(p*,y) be the moment matriz
as in Definition 3, and let ro = 22?:1(7"; —1). Then :

(i) For all p > ro, My(1*,y) = Mp(p*) if and only if M,(p*,y) = 0.

(ii) For allp > ro, rank(M,(p*)) = rank(M,,(p*)), the number of distinct
zeros in C" of the polynomial system G.

(i) Let f € Clz,Z] be of degree less than 2p. All the zeros in C™ of the
polynomial system G are zeros of f if and only if

M, (") f = 0. (16)

In particular, a polynomial f € Rlxy,...,z,] of degree less than 2p is in VI
if and only if (16) holds.

The proof is postponed to §5.2.

Remark 7 (a) Theorem 6(i) also states that for all p > rg, M,(u*,y) = 0 has
a unique feasible solution, namely the vector y* of moments of the probability
measure p*, truncated up to order 2p. In particular, solving M,,(u*,y) = 0
provides the vector y* of all moments of p*, truncated up to order 2rg. One
then gets all the other moments {y; 3} by (15) in Proposition 2.

(b) Theorem 6(iii) has an equivalent formulation as follows. Let f € C[z, Z]
be of degree at most 2p and let f be its reduction w.r.t. H, the Grébner basis
of G defined in Proposition 2. Then the condition M,(u*)f = 0 is equivalent

to M, f = 0.
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(c) Given a reduced Grébuer basis H of I, the condition M., (p*,y) = 0 in
Theorem 6(i) is equivalent to the same condition for its submatrix ]T/.I'\TO (1*,y)
whose indices of rows and columns in the basis (2) correspond to indepen-
dent monomials {z*} which form a basis of R[x1,...,2,]/I, their conjugate
{z*} and the corresponding monomial products Z*z%. Indeed, the positive
semidefinite condition on the latter is equivalent to the positive semidefinite
condition on the former.

Example 8 Consider the trivial example G := {2?+1} so that V¢ (I) = {£i}.
Then the condition M,,(1*,y) = 0 (see Remark 7(b)) reads

1 0 0 Y11

= 0 -1 0

MQ(M ay) = 0 y_li Y11 0 07
Y11 0 0 1

which clearly implies y11 = 1 = [ zz du*. Moreover,

o~

rank(My, (1", y)) = rank(My, (1", y)) = 2= [Ve(I)].

Similarly, let G := {22 + 1,2122 + 1} so that Ve(I) = {(i,—i), (—i,1)}.
We have ry = 2 and with the lexicographical ordering z1 < xo, H := {2% +
1,29 — x1} is a reduced Grobner basis of I. Hence, in the moment matrix
Mo (1%, Y) €Very Yo, asp: 8, 1S replaced with Yo, 48, 0,a0+8,,0- Moreover, we only
need to consider oy, 31 < 1. Therefore, we only need to consider the monomials
{#1, 22,71, %2, 2171 } and and in view of Remark 7(b), the (equivalent) condition

—

M., (p*,y) = 0 reads (denoting y1010 = ¥)

10 0 0 0wy
0Oy y —1-10
0Oy y —1-10
0-1-1y y 0| — 7
0-1-1y vy O
y 0 0 0 01

which implies y = 1 = [ Z1 21 du*. Moreover,

—

rank(M, (1", y)) = rank(My, (1", y)) = 4 = [Ve(I)|.

3.3 Conditions for a Localization of Zeros of G

Let w; € Clz,Zz],i = 1,...m, be given polynomials and let K C C™ be the set
defined by
K:={zeC" wi(z,z) >0, i=1,...,m} (17)
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(which can be viewed as a semi-algebraic set in R?"). We now consider the
following issue :

Under what conditions on the coefficients of the polynomials g;’s are all
the zeros of the triangular system G contained in K?

Let M,(w;y) be the localizing matrices (cf. §2.2) associated with the poly-
nomials w;, for all i = 1,...,m. As we did for the moment matrix M,(u*,y)
in Definition 3, we define M, (u*, w;,y) to be the localizing matrix M, (w;y)
where the entries yg, and y,o are replaced with the a-Newton sums s,, and
where all the y,, are replaced by the linear combinations (15) of the {yas}
with oy, 3; <7} for all i = 1,...,n. Accordingly, M,(1*,w;) is obtained from
M, (w;y) by replacing y with y* as in Proposition 2.

Theorem 9. Let G be the triangular system in (7)-(8) and let M., (1*,y) be
as in Theorem 6. Then, all the zeros of G are in K if and only if

M, (", w;) = 0, 1=1,...,m. (18)

Equivalently, all the zeros of G are in K if and only if the system of linear
matriz inequalities

M, (", y) =0; M., (0" wi,y) =0 i=1,....,m (19)

has a solution y.

Proof. The necessity is obvious. Indeed, assume that all the zeros of G are in
K. Let p* be as in (10) and let y* := {sq,y, 5} be the infinite sequence of
moments of p*. Then, of course, M,(x*) = 0 and

My (p*,w;) = My(wiy*) =0 i=1,...,m,

for all p € N, is a necessary condition for u* to have its support in K. Thus,
y == {y}z} is a solution of (19).

Conversely, let y be a solution of (19). From Theorem 6(i) {sq,yag} is the
moment vector of p*, that is, {yas} = {y(*w} for all o, 3 with «;, 8; < 75,
for all : = 1,...,n. Then, all the other y; 5 can be obtained from the former
by (15). Therefore, and in view of the construction of the localizing matrices
My (p*,w;,y), we have

Mp(ﬂ*»wi»y) = Mp(lu*vwivy*) = Mp(ﬂ*»wi)~

Moreover, using the terminology of Curto and Fialkow [5] (see also the proof
of Theorem 6), all the moment matrices M,(n*,y) = My(p*) (p > 7o)
are flat positive extensions of M, (u*,y) = M. (n*). As M, (", w;,y) =
M, (p*,w;) > 0, it follows from Theorem 1.6 in Curto and Fialkow [5] that
w* has its support contained in K. Hence, as p* is supported on all the zeros
of G, all the zeros of G are in K.
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4 Conclusion

We have considered a system G of polynomial equations in triangular form
and show that several characterizations of the zeros of G may be obtained
from positive semidefinite (numerical) conditions on appropriate moment and
localizing matrices. In particular, the triangular form of G permits to define
the analogue for the multivariate case of Newton sums in the univariate case.

5 Proofs

5.1 Proof of Proposition 1

Proof. The proof is by induction. In view of the triangular form (7)-(8), the
zero set of G in C" (or, equivalently, the variety Vi (I) associated with I)
consists of s := H?Zl r; zeros that we label z(7), ¢ = 1,...,s, counting their
multiplicity.

In addition, still in view of (7)-(8), any particular zero z(i) € C™ of G can
be written

Z(’L) = [Zl(il), ZQ(il,iQ), ey Zn(il, e ,Z'n)],
for some multi-index 41 < 71,...,4, < 1y, and where each z(i1,...,7) € Cis
a zero of the univariate polynomial = +— gg(21(i1),...,2k-1(i1,...,0k—1), )

(where multiplicy is taken into account).
Therefore, for every a € N, the a-Newton sum y, defined in (9) can be
written

SYa = Zz(i)o‘ = Z 21(2'1)(“22(2'1,2'2)@2 -~-Zn(i1,...,in)a”.

=1 11 <Py <Tp
Let us make the following induction hypothesis.
Hy,. For every p,q € Rlzq, ..., xx]

p(z1(i1) , 2k (1))
q(z1(i1), zk(ik))

Z Paz1 (i)™ "'Zk(ik)ak
Z S en )T i) 1)

s a rational fraction of coefficients of the polynomials g;’s, i =1,... k.

Observe that (20) is a particular case of (21) in H,.
We first prove that H is true. Let p,q € R[xl] and

Z Zk pkzl
Zk kal

with {z1(j)} being the zeros of x1 — g¢1(z1), counting their multiplicity.
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Reducing to a common denominator, S(p, q) reads

P(Zl(l), e ,Zl(’l"l))
Q(Zl(l), .. .,,21(’1“1))7

for some symmetric polynomials P, Q of the variables {z1(j)} and whose co-
efficients are polynomials of coefficients of p, g.

Therefore, by the fundamental theorem of symmetric functions, both
numerator P(.) and denominator )(.) are rational fractions of coefficients
of ¢1 (polynomials if ¢y is monic). Thus, H; is true and we can write
S1(p,q) = upg(91)/vpg(g1) for some polynomials g, vy, of coefficients of
g1. The coefficients of wu,q, vy, are themselves polynomials of coefficients of
the polynomials p, q.

Next, assume that H; is true forall 1 < j <k, thatis: forall j=1,...,k
and p,q € Rlzq,...,zj],

S(p,q) =

Si(pyq) = upg(g15- -, 95)/Vpg(91,-- -+ 95) (22)
for some polynomials g, vpq of coefficients of the polynomials g1,. .., g;.
We are going to show that Hy; is true. Let p,q € R[z1,...,254+1] and

)ak+1

Z Z pa21 ) i ..Zk"‘l(ilv”-aik—kl

7,k+12 Gaz1(i1)® - Zpg1 (in, ooy 1)@t

Sk1(p,q) =

Sk+1(p, q) can be rewritten as

Skr1(p,q) = Z [ (23)

Clyeeey ’L‘k
”“f Sa Pz (01)0 -+ 2, oy i) % 21 (G, ey g, )R
Z QaZ1 zk(ilw"7ik)akzk+1(i17"'7Z'k7j)ak+l

In (23), the term

Tkzﬂz po‘zl ! k(zlv"'7ik)akzk+1(i17'"7Z.k7j)ak+1
Z thzl k(Zh"'7ik)akzk+1(i17'"7ik7j)ak+1

can in turn be written as

A = ]3(216-%1(7317"'72:167]:)), (24)
q('zk-‘rl(lh e 7”67.7))

j=1

for some univariate polynomials p, ¢ € R[x] of the variable zg1(41,. .., k, j),
which is a zero of the univariate polynomial
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x = grr1(z1(i1), .oy 26(in, ooy ik), @),

and whose coefficients are polynomials in the variables z1(i1), z2(i1,142),. ..,
2k (i1, ..., k). In view of Hy

A — g (gh+1)
U5 (gr+1)

for some polynomials w4, v54 of the coefficients of gj1.

The coefficients of the polynomials 4, v54 are themselves polynomials of
coefficients of p,q and of 21(41),...,2k(i1,...,4). Hence, substituting for A
n (23) we obtain

20 Ualgrt1)z1 (i) -+ 2, - i)
S ,q) = - _
k+1(P; ) “Z S Valgrs1)2z1 (1) - 2 (g, - oy ig)
= Sk(U(gk+1), V(gr+1))
for some polynomials U,V € R|x1, ..., 2] whose coefficients are polynomials

of coefficients of gg1.

We next use the induction hypothesis Hy by which Si(U(gk+1), V(9k+1))
is a rational fraction fuv(g1,...,9%)/huv(g1,...,gk) of coefficients of the
polynomials g1, ..., gx. As the coefficients of fy v, hyy are themselves rational
fractions of coefficients of gr41 we finally obtain that

u; (gl7 cee 7gk+1)
Sk-’rl (p7 Q) = f)q )
qu(gh e 7gk+1)
that is, a rational fraction of coeflicients of the polynomials g1, ..., gr+1. Hence

Hj.y1 is true, and therefore, the induction hypothesis is true.

Now Proposition 1 follows from H,, and the expression (20) for the -
Newton sum y,. That the {y,} can be computed recursively is clear from the
above proof of the induction hypothesis Hy.

5.2 Proof of Theorem 6
Proof. (i) Let p > rg be fixed, arbitrary, and write

M, (1*,y) | B

My(p*,y) = - -
B |C

B(.,j)
C(.,J)
B(1, ) is a monomial 27Z" for which ~; > r} or n, > r}, for at least one index
i or k. By Proposition 2

Consider an arbitrary column [ } . By definition of the moment matrix,
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27z = Zuag(n,'y)éazﬁ a, B <ri,Yi=1,...,n, (25)
o,

for some scalars {uqs(n,7)}, so that, from the construction of M,(u*,y), we
have

B(L,4) = Yny = Y _ tap(n:7)Yas

.8
= wap(0, 7)Mo (1, y) (1, jas),
@B

where jos is the index of the column of M, (1*, y) corresponding to the mono-
mial %27, Next, consider an element B(k, j) of the column B(.,j). The el-
ement k of M,(u*,y)(k,1) is a monomial 2PZ? and from the definition of
M,(1*,y), we have B(k, j) = Yntq,v+p- Now, from (25) we have

2PFI75T — Z Uap (1, ’y)z’gﬂjzaﬂ,
o,
which implies
Yntav+p = Z Uap (1, 7)Ya+q,6+p;
o,
or, equivalently,
B(k7 J) = Z Uap (777 V)MTO (kv jaﬁ)-
o,

The same argument holds for C(., ). Hence,
B, . M,y (", ) )
{C} () = > tap(n,7) { ‘%/ y)} (7) Vi,
o,

which, in view of M,(y*,y) = 0, implies that
rank(Mp(p”,y)) = rank(M, (1", y)).

As p > ro was arbitrary, and using the terminology of Curto and Fialkow [5],
it follows that the matrices M, (u*,y) are flat positive extensions of M, (u*,y)
for all p > rg. This in turn implies that indeed, the entries of M, (u*,y) are
moments of some rank(M,, (u*, y))-atomic probability measure p.

We next prove that p = p*, i.e., the condition M,,(u*,y) = 0 determines
a unique vector y = y* that corresponds to the vector of moments of p*, up
to order 2rg.

Given the Grobner basis H = {h;}/, of I = (g1,...,9n) (already consid-
ered in the proof of Proposition 2), let h; € C[z, Z] be the conjugate polynomial
of hy, i.e., hi(2,Z) = hi(Z) for all i = 1,...,m. We first prove that

My(hiy) = 0; My(hiy) =0, i=1,...,m, peN, (26)
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where M, (h;y) (resp. M,(hy)) is the localizing matriz associated with the
polynomials h; (resp. h;).

By Proposition 2, recall that any entry v, of M,(u*,y) is replaced by a
linear combination of the y,g’s with «;, 5; < rf for all i = 1,...,n. This linear
combination is coming from the reduction of the monomials {z%},enn with
respect to H; that is, let us call J the set of indices § corresponding to the
irreducible monomials z? w.r.t. H. Then, the reduction of z* w.r.t. H yields

m

2% = qu(z)hl(z) + Z ug(a)z?  denoted 2 — Z ug(a)2”,

BedJ BeJ

and similarly,

m

2 =) ai(@hi(z) + Y us(@)z”  denoted 2% — Y ug(a)z’.

i=1 peJ peJ

From this, we obtain (see the proof of Proposition 2)

A7 = (Y up()2” | [ D usm)F® | = D was(n )z, (27)

BeJ BeJ a,BeT

for some scalars {uqg(n,7)}, and thus, the entry v, of M,(1*,y) is replaced
with Za,ﬁeJ U (N, ¥)Yas, Or, equivalently,

Uy — Y Uap(m,7)Yap = 0. (28)
a,Bed

So let p € N be fixed, and consider the entry M, (h;y)(k,1) of the localizing
matrix M, (h;y). Recall that M,(y)(k,1) = ygc for some ¢,{ € N, and so,
M, (hiy)(k,1) is just the expression Z?2¢h;(z) where each monomial Z%27 is
replaced with y,s; see (5). Next, by definition, 22¢h; — 0 foralli = 1,...,m.
Therefore, when y is as in Definition 3 (that is, when (28) holds), writing

z® 2%h; = E Uy 2127 — 0,
n,yEN?

and using (27)-(28), yields

My (hiy)(k,1) = Z Z UnyUap(n,7) | Yap = 0.

a,fed \n,yeN"

Recall that p € N, and k,[ were arbitrary. Therefore, when y is as in Definition
3, we have M,(h;y) = 0 (and similarly, M,(h;y) = 0), for all ¢ = 1,...,m,
and all p € N. That is, (26) holds.
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Hence, let 11 be the r-atomic probability measure encountered earlier (with
ro= rank( o (1, y))), and let {z(k)};_, € C™ be the r distinct points of
the support of u, that is,

u:iukéz(k), zr:uk—l; O<ug, k=1,...,m

with de the Dirac measure at e.

For every 1 < i < r, let ¢; € C[z,Z] be a polynomial that vanishes at
all z(k), k # i, and with ¢;(2(4),2(7)) # 0. Let p > degq;. Then for all j =
1,...,m, we have (denoting also ¢; as the vector of coefficients of ¢; € C|z,Z])

0 = (g, Mp(h;y)ai) /|qz 2,2)[hi(2) pldz) = wilai(2(0), 2(0)) [y (=(0)),

and so, hj(z;)=0forall j=1,....,m
As this is true for all 1 <4 < r, it follows that

hj(z(1)) =0, i=1,...,r; j=1,...,m,

that is, 4 has its support contained in G. Therefore, with {z(4)};°, being the
distinct zeros in C™ of G,

S0 S0
/j‘:Zuz(sz(z)v Zui: 1, w20, i=1,...,n,
i=1 i=1

for some nonnegative scalars {u;}, whereas p* = s~ '3 |6, (counting

their multiplicity) or p* = 377, v;0,(;) for some nonnegative scalars {v;}.
Remember that by definition of the matrices M, (u*) and M, (1*, y), their

entries {sq} (corresponding to the Newton sums) are the same. That is,

saz/zaduz/zadu*, a; <r;—1, j=1,...,n

Now, we also know that s is less than the number of independent mono-
mials {zﬁm} (w.r.t. H) which form a basis of R[z1,...,z,]/I (with equality
if I =+/T). Therefore, if u # p*, we have

S0

Z:(uz — vi)z(i)ﬁm =0, j=1,...50, with u# v,
i=1

which yields that the square matrix of the above linear system is singular.
Hence some linear combination {A;} of its rows vanishes, i.e.,

Z)\Z BB =0, Vk=1,...,s0,
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in contradiction with the linear independence of the {zﬁ(])}. Hence u = v,
which in turn implies g = p*. So it follows that M, (u*,y) > 0 has only one
solution, namely y = y*, the (truncated) vector y* of moments up to order
2rg, of the probability measure p*.

Finally, this implies that sg = r = rank(M,,(pu*,y)) = rank(M,,(u*))
because by Curto and Fialkow [5, Theor. 1.6], the number of atoms of p = u*
is precisely rank(M,, (©*,y)). This also proves that M, (u*,y) = M,,(u*) and
thus, (i) and (ii).

To prove (iii), consider a polynomial f € C|z,z] of degree less than 2p with
coefficient vector in the basis (2) still denoted f. It is clear that if f(z(i)) =0
foralli=1,...,s¢ then

0 — /|f|2du* = (M (i) f. ).

which in turn implies M,(p*)f = 0. Conversely,

My()f = 0= 0 = (My(u)f. ) = / P e,

which in turn implies f(z) =0, p*-a.e.

Finally, let f € R[zy,...,2,]. Recall that /T = I(Vc(I)) where Ve (I)
={2(4)}2,, that is, f € VT if and only if f(2(i)) = 0 for alli = 1,...,s0. In
view of what precedes, f € /T if and only if M,(p*)f =0.
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1 Introduction and Notation

Given a semialgebraic set K C RY determined by a finite set of polynomial
inequalities {g1 > 0,...,gx > 0}, we want to characterize a polynomial f
which is positive (or non-negative) on K in terms of sums of squares and the
polynomials g; used to describe K. Such a representation of f is an immediate
witness to the positivity condition. Theorems about the existence of such rep-
resentations also have various applications, notably in problems of optimizing
polynomial functions on semialgebraic sets.

In case K is compact, Schmiidgen has proved that any polynomial which
is positive on K is in the preorder generated by the g;’s, i.e., the set of finite
sums of elements of the form s.g7" ... g.", e; € {0,1}, where each s, is a sum of
squares of polynomials. Putinar has proved that, under certain conditions, the
preorder can be replaced by the quadratic module , which is the set of sums
{so+s191 + -+ skgr}, where each s; is a sum of squares . Using this result,
Lasserre has developed algorithms for finding the minimum of a polynomial
on such compact K, which transforms this into a semidefinite programming
problem.

What happens when K is not compact? Scheiderer has shown that if K
is not compact and dim K > 3, then Schmiidgen’s characterization can never
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hold, regardless of the g;’s chosen to describe K. Kuhlman and Marshall
settled the case where K is not compact and contained in R; the answer
here depends on chosing the “right” set of generators for K. In this paper
we consider some variations on these themes: we look at some canonical non-
compact sets in R? which are products of intervals and at some stronger and
weaker versions of positivity.

We introduce some basic notation. Let S = {g1,...,gs} denote a finite set
of polynomials in R, := R[x1,...,2,], and let

K =Ks=[){acR"| f(a) > 0}.

J

Write > R? for the set of finite sums of squares of elements of R,,; clearly,
any o € > R? takes only non-negative values on R". We shall say that an
element of > R2 is sos. The preorder generated by S, denoted T, is the set
of finite sums of the type > ogi' ... g5 where o is sos and ¢; € {0,1}. That
is, a typical element of Ts has the shape

oo (1)

i€l

where the sum is taken over all non-empty I C {1,...,s}, and each o_ is
sos. An important subset of the preorder is the quadratic module, Mg, which
consists of sums in which ). ¢ < 1 for each summand. That is, a typical
element of Mg has the shape

S
oo + Z OkGk-
k=1

Clearly, Mg C Tg, and if s > 2, then inclusion is formally strict. However,
there can be non-trivial equality. For example, if S = {1 —z,1+ z}, then the
identity

(1+a)(1—2) = (@) (1+a)+ (@) 1-2) (1)

shows that (1 + z)(1 — x) is already in Mg, so Mg = Tg for this case.

Various notions of positivity. For K C R™ and f € R,,, we write f > 0
on K if f(x) >0forallz € K and f >0 on K if f(z) > 0 for all z € K. We
consider a stronger version of positivity which considers positivity at “points
at infinity”. (This definition appeared in [13, Ch. 7], in the context of moment
and quadrature problems.)
For = (x1,...,2,) € R", write (z,1) for (z1,...,2,,1) € R"™! and let
= (z,1) € S" c R*L

|(z, 1)]




Polynomials Positive on Unbounded Rectangles 153

Suppose K C R" is a closed set. Let K* = {z* | z € K} and let K* be the
closure of {z* | z € K}. For example, if K = R?, then K* consists of the
Northern Hemisphere, and K* is the Northern Hemisphere plus the equator.

Suppose p € R, of degree d and let p* € R,, ;1 be the homogenization of

p, ie.,

* o .d T Tn
P(X1, - Tpg1) =Ty D (er»l’.“’xn«I»l) .
For x € R™, let @, g(z1,...,2,) = (1 + S0, 22)¥2 = |(x,1)|%. Tt follows
from homogeneity that

p(x) = p*(2,1) = Ppa(x)p™ (7). (2)

We say p is projectively positive on K if p* is positive on K*, and write
p > 0 on K. Clearly, p > 0 on K = p > 0 on K. A simple example
shows that the converse is false: Let K = R? and p(z,y) = 22y + 1, so that
p*(x,y,2) = 22y%> + z*. Then p > 0 on K; but p*(1,0,0) = 0, so p is not
projectively positive on K. Observe that K* is compact, and so if p > 0 on
K, then p* achieves a positive minimum on K *.

Proposition 1. Suppose K C R"™ is closed and p € R of degree d.

(1) There exists ¢ >0 so that p—c Py, q > 0 on K iff p>> 0 on K.
(i1) If K is compact, then p >0 on K iff p >0 on K.
(iii) If (x1,...,xpns1) € K*\ K*, then 2,41 = 0.

Proof. By (2), we have p* > ¢ > 0 on K* if and only if
p(x) = Ppa(z)p* (™) > ¢ Py a(x).

for x € K, proving (i). For (ii), it suffices to show that p > 0 on K implies
p>> 0 on K. Since @, 4 is bounded (say, by M) on the compact set K, p > ¢
on K implies that p* > ¢/M on K*. Finally, suppose

(N) (N)

(xla"'axn-i-l)zlvh_{noo(xl ""axn+1)7
where (x§N), . .,J;Eﬁr)l) € K* and z,41 > 0. Then xﬁﬁ)l >0 for N > Ny, and

for each such N,

T W
xgw)l ‘r’I(’L+)1

belongs to K. Since K is closed, the limit is in K, and by retracing the
definition, we see that (z1,...,z,41) € K*.

Fix S, and let K = Kg, M = Mg and T = Ts. We consider six properties
of S:
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x) f>0on K= feT
M f>0omK=feM
xx) f>0on K= feT
)y f>0onK=feM
wxkx) f>0onK=feT

k) f>0on K= feM

*

(
(
(
(
(
(

There is an immediate diagram of implications:

f f f

(eex)ar = () = (%)

In case s = 1, the two rows of properties coalesce; if K is compact, then the
last two columns coalesce.

We summarize what is known about these properties: Schmiidgen’s The-
orem [16] says that if K is compact, then (xx) holds, regardless of the choice
of S. Also, when K is compact, Putinar [12] has shown that (sx)a; holds iff
M contains a polynomial of the form r — Y 2? for some non-negative 7.

On the other hand, Scheiderer [15] has shown that if K is not compact
and dim K > 3, or if dim K = 2 and K contains a two-dimensional cone, then
(##) fails. (Observe that K contains a two-dimensional cone iff K* contains
an arc on the equator of the unit sphere.) The proof is non-constructive. The
case of non-compact semialgebraic subsets of R has been settled completely by
Kuhlmann and Marshall [3]. They show that in this case, (%) and (xxx) are
equivalent and hold iff S contains a specific set of polynomials which generate
S (what they call the “natural set of generators”). They also show that () s
and (x#x); are equivalent, and only hold in a few special cases.

In general, (x*x) will not hold, even in the compact case. An easy example
is given by S = {(1 —2?)3} , in which case Kg = [~1,1] but 1 — 2% & Ts. See
[17] for details on this example.

The authors [10] previously considered two special cases in R, in which
K = [-1,1] or [0,00). (It is easily shown via linear changes of variable that
the case of closed intervals in R reduces to one of {[—1,1],[0,00),R}.) For
each of these intervals, (s*%)s has been long known, for the “natural set of
generators”. Hilbert knew (and saw no need to prove) that if f(z) > 0 for
x € R, then f is a sum of (two) squares of polynomials; this corresponds
precisely to Tp. If we take S = {1 + z,1 — z}, so that K = [—1,1], then
Bernstein proved (x*) in 1915. On the other hand, if S = {1—22}, then Fekete
proved (xxx) (some time before 1930, the first reference seems to be [8]). The
authors showed as Corollary 14 in [10] that if S is given and K = [0, o0), then
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e+ x € Ts for all € iff S contains cx for some ¢ > 0. In other words, (xx) fails
for the (non-compact) set [0, c0) unless the natural generator is included.

In view of the foregoing, this paper considers products of intervals in the
plane. There are, up to linear changes and permutation of the variables, six
cases of products of closed intervals in the plane, and we take the natural set
of generators:

Ko=[-1,1] x [-1,1] So={l—z,14+z,1—y,1+y};
Ky =[-1,1] x [0,00) Si={1-z,1+2x,y}

Ky =[-1,1] x (—o0,0) Sy ={1—a,1+z};

K3 =[0,00) x [0, 00) S3 ={z,y};

Ky =[0,00) X (—00,00) Sy ={z};

K5 = (—00,00) x (—00,00) S5 = 0.

Since Ky is compact, f > 0 and f > 0 are equivalent and (*x) holds.
By the Putinar result, (xx); holds in this case as well. Scheiderer recently
showed [15] that (xx) holds for Ky. Thus all but the possibly (x * %)y, hold
hold for K.

All properties fail for K35, by classical results of Hilbert and Robinson. K3
and K4 contain two-dimensional cones, so Scheiderer’s work implies that (sx)
fails for them; we shall present simple examples in the next section. In fact,
we will show that (x) does not hold in these cases. Thus all properties fail for
K3 and K4.

Finally, we consider K; and Ky. We show that (#x)a; does not hold for
K7 and that (%) holds for K. It is still an open question whether or not ()
holds for K4 or K.

Projective positivity and optimization. Recently, there has been inter-
est in using representation theorems such as those of Schmiidgen and Putinar
for developing algorithms for optimizing polynomials on semialgebraic sets.
Lasserre [4] [5] describes a method for finding a lower bound for the mini-
mum of a polynomial on a basic closed semialgebraic set and shows that the
method produces the exact minimum in the compact case. Marshall [6] shows
that in the presence of a certain stability condition, the general problem can
be reduced to the compact case, and hence can be handled using Lasserre’s
method. It turns out that Marshall’s stability condition is intimately related
to projective positivity.

Definition 1 (Marshall). Suppose S = {g1,...,9s} C R, and f € R,, is
bounded from below on Kg. We say f is stably bounded from below on Kg if
for any h € R,, with degh < deg f, there exists € > 0 so that f — eh is also
bounded from below on Kg.
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Theorem 1 (Marshall). Suppose S is given as above and f is stably bounded
from below on Kg. Then there is a computable p > 0 so that the minimum of
f on Kg occurs on the (compact) semialgebraic set Ks N {z | p—||z||* > 0}.

We now interpret Proposition 1 in terms of projective positivity.

Proposition 2. Given S = {g1,...,9s}, [ € R,. Then f >0 on Kg implies
f is stably bounded from below by 0 on Kg.

Proof. By Proposition 1, f > 0 iff there is ¢ € R so that f — c¢®(n,d)(z) > 0
on Kg. Given h € R,, with deg h = d, then there is some N > 0 and € > 0 such
that ep(x) < ¢®(n,d)(zx) for ||x|| > N. Then f—ep > 0on KgN{z | ||z|| > N}
and this implies f — ep is bounded from below on Kg.

Thus for applications to optimization, projective positivity is the “right”
notion of positivity to consider. As Marshall remarks in [6]: “In cases where
f is not stably bounded from below on Kg, any procedure for approximating
the minimum of f using floating point computations involving the coefficients
is necessarily somewhat suspect.”

2 The Plane, Half Plane, and Quarter Plane

In the section we consider the semialgebraic sets K3, K4, and K5 with gen-
erators S3, Sy, and S5. As stated above, it has been shown that (xx) holds
neither for K5 (Hilbert) nor for K5 and K, (Scheiderer). In this section, we
will construct explicit examples showing that (%) does not hold, which implies
(+x) does not hold.

First we consider polynomials f € Ry := R = R[z,y] which are non-
negative in the plane and review some results about when they are in X R2.
We shall use the standard terminology that p is psd if p > 0 on R? and p is pd
if p > 0 on R? In 1888, Hilbert [2] gave a construction of a non-sos polynomial
which is psd on R?. This construction was not explicit, and the first explicit
example was found by Motzkin [7] in 1967. R. M. Robinson simplified Hilbert’s
construction [14]; we will use this example to construct the counterexamples
in this section:

Q(x,y,z) :x6+y6+26—(x4y2+x2y4—|—J;422+x224+y422+y224)+3x2y222.

For a > 0, let Qu(z,y,2) = Q(x,y,2) + a(z? + y* + 22)3, then since Q is
psd, Q, is also pd for a > 0. It is shown in [14] (and the observation really
goes back to [2]) that the cone of sos ternary sextic forms is closed. Since
@ does not belong to this cone, it follows that for some positive value of a,
Q. is not sos. In fact, the methods of [1] can be used to show that @, is
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pd but not sos for a € (0,1/48); we omit the details. Let ¢, (z,y) € Rlz,y]
be the dehomogenization of @Q,, then for 0 < a < 1/48, ¢, is pd and not
sos. As already noted, K} is the Northerm Hemisphere plus the equator, and
4} = Qq, hence g, > 0 on K5 and g, is not in T5. Thus (x) does not hold for
Ks.

Note that @ is even in x and so we can consider f(z,y) = ¢.(/,y), so
that f(2%,y) = qa(z,y). Then f*(2*,y,2) = Qu(w,y, 2), hence f*(z,y,2) >0
for x > 0. It is easy to see that K is the quarter sphere plus half the equator;
thus f > 0 on K4. But if f € Ty, then there exist sos o; so that

f(xvy) = O'O(x’y) + .130'1(.13,(7;).

If we replace 2 by 22 above, we obtain

Qal,y) = f(a?,y) = oo(a?,y) + 2?01 (2?, y).

This implies that @, is sos, a contradiction.
A virtually identical argument shows that gq(y/z,\/y) > 0 on Kj for
a > 0, but does not belong to T5.

3 Non-compact Strips in the Plane

Before we discuss K; and K3, we make a detour to K = [—1, 1]. There are two
natural sets of generators for K. Let Sy = {1 — 2,1+ 2} and Sy = {1 — 22}.
Then clearly Kg, = Kg, = K and Mg, = Ts,, because |S2| = 1. As remarked
earlier, (1) implies that Mg, = Tgs,; finally, Ts, C Ts, is immediate and

1+x)?2 (1-2?)

1+ =
=Ty Ty

3)

shows the converse. Thus it does not matter whether one takes S; or Se (or
M or T) in discussing [—1, 1].

What do (1) and (3) have to say in the plane? First, for Ko, we might take
either S; or Ss above as the set of generators, keeping in mind that the set
of possible o’s is taken from > R3, rather than Y R? as above. Then, once
again M and T are not affected by the choice of generators and M = T'. For
K71, we similarly have from (3) that Ty _,2 ) = Tq1_0 142,y and Myy_g2 4y =
M1—z142,y}- However, in this case, T' # M. In fact, y(1 —x), which evidently
is an element of Ty _; 14, ), does not belong to M1 _, 141491 = M{1_s2 4}

Theorem 2. Suppose S = {f1(x),..., fm(2),y} is such that Kg = K. Then
for every f(x) € Rlz], we have g(x,y) = f(z) +y(l —x) € Mg. In particular,
(%) pr does not hold for S.
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Proof. We show that that there cannot exist an identity

9(z,y) = f(x) +y(1 — ) = oo(z,y) + Z oi(@,y)fi(x) + oms1(z,y) -y, (4)

where the o;’s are sos. Suppose (4) holds, and let
I={ac0,1) | [] fila) # 0}

I is the interval [0, 1) minus a finite set of points. Fix a € I. Since (a,y) € K1,
it follows that f;(a) > 0. Consider (4) when z = a:

fla) +y(l —a)=00(a,y) + Zaz‘(avy)fi(a) +omt1(a,y) -y (5)
i=1

Each o;(a,y) is sos, and hence psd, and so as a polynomial in y has leading
term c;y>™, where ¢; > 0. Let M = maxm,;. Then the highest power of y
occurring in any term on the right hand side of(5) is y?>™ or y?M+!, with
positive coefficient or coefficients, and so no cancellation occurs. In view of
the left hand side, this highest power must be y'. It follows that M = 0, so
that each o;(a, y) is a constant. Writing o;(z,y) = 3_; A7 j(z,y), we see that,
deg, A; j(a,y) = 0 for a € I. Suppose now that deg, A; j(v,y) = m;; and

write
mi,;

,ny Zszk 7

We have seen that B; j(a) = 0 for a € I if £ > 1. Any polynomials which
vanishes on I must be identically zero, hence B; j x(z) = 0 for k¥ > 1. Thus
m;; = 0 and each A, ;(x,y) is, in fact, a polynomial in x alone, so that
oj(z,y) = og;(x). Therefore, (5) becomes

J(@) +y(1 - @) = oola +Zag 2) + Yo ().

Taking the partial derivative of both sides of this equation with respect to vy,
we see that 1 — z = 0,41 (). This contradicts the assumption that o1 is
SOS.

Let f(x) = e for some € > 0. Then g(x,y) = e+y(1 — ) is positive on K1,
but g € M, thus (xx),s fails for K. Observe, however, that if we take either
of the standard generators for K, then

(L-2) | y(1-2?
2 * 2

g(@,y)=e+y(l—z)=€+y- €Ts.

This shows that T's # Mg in this case. (The preceding construction works for
any polynomial f which is positive on [—1,1].)
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Proposition 3. Let K = Ky = [-1,1] X R and suppose f € Rx,y]. The
following are equivalent:

(i) f >0 on K;
(ii) f >0 on K and f*(0,1,0) > 0;
(iii) f > 0 on K and the leading term of f as a polynomial in y
is of the form cy?, where ¢ € R and d = deg f.

Proof. 1t is not too hard to see that K * consists of the intersection of the unit
sphere with the set of (u,v,w) satisfying |u| < w and w > 0. Then (i) =
(ii) is clear since (0,1,0) € K*. Suppose that (ii) holds. Let d = deg f and
write f = Fy + -+ + F4, where F; is the homogeneous part of f of degree
i, so that f*(z,y,2) = Z?:o 2477 F;(x,y). Then f*(0,1,0) = F,4(0,1), which
implies F;(0,1) > 0. Hence Fy(z,y) must be of the form cy.

Finally, suppose that (iii) holds. We need to show that f(u,v,w) > 0 for
(u,v,w) € S? with |u| < w. If w = 0, then v = 0 and (u,v,w) = (0,1,0);
recall that f(0,1,0) > 0 by hypothesis. If w > 0, then (u, v, w) is in K*, hence
(u/w,v/w) € K. Since f(u/w,v/w) > 0, we have f*(u,v,w) > 0.

Our final result is that («) holds for Ks. The proof uses an idea from [9]: For
g(z,y) > 0 on K, fix y = a and look at the one variable polynomial g(z,a).
This is positive on [—1,1], a compact set, so we have representations of each
g(z,a) in Ty, C R[z]. We “glue” these together to form a representation of
g(x,y) in Ts. )

As in [10], for f(z) € R[z] of degree d, we define f(z), the Goursat trans-
form of f, by the equation

flo) =+ a's (152).

We collect some easy results from [10] about the Goursat transform:

Lemma 1. If f(z) € R[z] of degree d, then
1. d~egf < d with equality iff f(—1) # 0;
2.f=2'f; ) )
3. f>0on[-1,1] iff f >0 on [0,00) and deg(f) = d.

We also need a quantitative version of an old result, proved as [10, Theorem
6]. This is stated using the improved bound for Pélya’s Theorem from [11].

Proposition 4. Suppose f(x) = Z?:o a;x" € Rlx] and

A=min{f(z) | -1 <2z <1} >0.
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Let f(x) = Z?:o a;(1 — )/ (1 + )" = Z?:o bz’ and let
L(f) :== max{|b;| | i = 0,...d}.

Finally, let

N(f) = WD)

If N > N(f), then the coefficients of the polynomial (1+z)N f(x) are positive.

Theorem 3. Given N,d € N, there exist polynomials C; € Rlzg,..., x4,
0 < i < N +d, with the following property: If f(x) = Zf:o a;xt € Rlx] is
positive on [—1,1] and N > N(f), then Ci(ao,...,aq) >0 and

f(z) = Z Ci(ag, ... aq)(1+z)4(1 — z)Ntd-1,

Proof. Write
N+d

(L+a)Nf=" b, (6)

Jj=0

where b; > 0 for all j. ‘
For 0 < j < N+d, let ¢;(to, ..., tq) be the coefficient of 27 in the expansion

of
d . .
(1+x)N th(l — ) (1 +2)%7
§=0
clearly each ¢; € Rlto, ..., tq], and by construction, b; = ¢;(ao, ..., aq).

Now apply the Goursat transformation to both sides of (6) to obtain

N+d
NI =3 " by (1 — ) (14 2) N+,
§=0
Setting C; = 2*(N+d)cj, we have that Cj(a1,...,aq) > 0 for all j and f =
> Cj(ag, ... aq)x’.

Ezample 1. For linear polynomials the proposition is easy. Suppose f(z) =
ayz+ag > 0 on [—1,1], then we can find a representation of the form specified
with NV = 0. In this case, we have

f(z) = Colag,a1) - (1 —z) + Ci(ag,a1) - (1 — ),

with Co(to,t1) = 3to — 5t1 and C(to, t1) = 5to + 5t1. Note that f(z) > 0 on
[—1,1] implies immediately that C;(ao,a1) > 0.
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Suppose we are given g > 0 on K. For each r € R, define g,(x) € Rx]
by gr(z) = g(x,r) and note that g,.(z) > 0 on [~1,1] for all r. Let L, denote
L(g,) and let A\, = min{g,(z) | -1 <z < 1}.

Lemma 2. Suppose g > 0 on Ky. Then there is u > 0 such that

T

<u

e

for all r.

Proof. This is similar to [9, Prop. 1]. Let d = deg, g and m = deg, g, and
write

gz, y) =D hi(z)y".
=0

Since g > 0 on Ky, by Proposition 3, the leading term in ¢ as a polynomial
in y, hy,(x), is actually a positive real constant c. For each i, 0 <i <m — 1,
there is M; > 0 such that h;(z) < M; for x € [—1,1]. Then, on [—1,1],

m—1
gr(x) > cr™ — Z Mjrd > wr™

j=0

for some positive constant w and |r| sufficiently large. In other words, for
sufficiently large |r|, we have A\, > wr™.

Now write g(x,y) as a polynomial in x: g = Z?:o k;(y)x'. Then deg k; (y) <
m for all i, by assumption. This means that the coefficients of g, (z) are O(|r|™)
as |r| — oo. The coefficients of g, (z) are linear combinations of the coefficients

of g-(x), so the same is true for g.(z). From this is follows that

L, wrm
Ar

wrm™

for some constant w’ and |r| sufficiently large and the result is clear.

Theorem 4. (%) holds for Ko: If g > 0 on Ky, then g € Ts.

d(d—1
%u, so that we can apply

Proof. Let u be as in the lemma and set N =
Proposition 3 to each g, with this N.

For i = 0,...,N +d, let C; € Rltg,...,tq] be as in the proposi-
tion. Writing g(x,y) = Z?:o ei(y)z?, define Pi,...,Pysn € Rly] by P; =
Cji(eo(y),---,eqa(y)). Then the conclusion of Theorem 3 implies that

d+N

g(z,y) = Y Pi(y)(1 —2)' (L + )N+ (7)
§=0
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For each r» € R and each j, we have Pj(r) = Cj(eo(r),...,eq(r)) and then,
since {eg(r), ..., eq(r)} are the coefficients of g,, it follows from the conclusion
of Proposition 3 that P;(r) > 0; that is P; > 0 on R for all j. Thus, each P;(y)
is a sum of two squares of polynomials and, plugging sos representations of
the P;’s into (7) yields a representation of ¢ in T5.

Ezample 2. Let g(x,y) = y?> — zy + y + 1, then for each r € R,
gr(x)=—re+@*+r+1)>0

n [—1,1]. By the above, we have, for each r, the representation
Lo Lo
9r = 5(7" +2r+1)(1—2)+ i(r +1)(1+2)
Then Cy(y) = y?+2y+1 = (y+1)? and C; (y) = y*+1 yields the representation

o(e,) = S+ 120 —2) + 5P + D)1 +2) €Ty
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1 Introduction

Stability of two—dimensional polynomials arises in fields as diverse as 2D digi-
tal signal and image processing ([11], [7], [18]), time—delay systems [14], repet-
titive, or multipass, processes [24], and target tracking in radar systems. For
this reason, there have been a large number of stability criteria for 2D poly-
nomials, which have been surveyed and discussed in a number of papers ([13],
[22], [9], [4], [5], [21]). In achieving the maximal efficiency of 2D stability tests,
the reduction of algebraic complexity offered by the stability criteria in [26]
has been useful. Apart from some minor conditions, the criteria convert sta-
bility testing of a 2D polynomial to testing of only two 1D polynomials, one
for stability and the other for positivity.

Due to inherent uncertainty of the underlying models, it has been long
recognized that in practical applications it is necessary to test robustness
of stability to parametric variations [27]. Almost exclusively, the 2D robust
stability tests have been based on the elegant Kharitonov solution of the
stability problem involving 1D interval polynomials ([6], [2], [23], [16], [31]).
In the context of 2D polynomials, the solution lost much of its simplicity
resulting in numerically involved algorithms. This fact made the testing of
2D polynomials with interval parameters difficult, especially in the case of
multiaffine and polynomic uncertainty structures.

The purpose of this paper is to present new criteria for testing stability
of 2D polynomials with interval parameters, which are based on the criteria
of [26] and the positivity approach to the interval parametric uncertainties
advanced in [29]. An appealing feature of the new criteria is the possibility of
using the efficient Bernstein minimization algorithms ([19], [8]) to carry out
the numerical part of the positivity tests. Furthermore, the proposed formula-
tion can handle the polynomic uncertainty structures having interval param-
eters, and can be easily extended to systems with time—delays along the lines
of [14].

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 165-177, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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2 Stability Criterion

Let us recall the stability criteria [26] for a real two—variable polynomial
S et W
§=0 k=0

where s,z € C are complex variables, and for some j, %k the coefficients A,
and h,,; are not both zero. We are interested in stating the conditions under
which polynomial h(s, z) satisfies the stability property

h(s,2) #0, se€C® n zeC, (2)

where C¢ is the complement of C_ = {s € C: Re s < 0}, the open left half
of the complex plane C.
As shown by Ansell [1], property (2) is equivalent to
h(s,1) # 0, Vs € C2 (3a)
h(iw,z) #0, Vze CZ (3b)

To test (3a) we can use the standard Routh test (e.g., [17]). To verify (3b)
we follow Ansell’s approach and consider the polynomial ¢(z) = h(iw, 2),

9= e, (4)
k=0

where .
C = Z hjksj (5)
j=0
and s = iw. With ¢(z) we associate the symmetric m x m Hermite matrix
C = (c¢jx) with elements ¢ defined by (e.g., [17])
‘ J
k=2(=1D)UEN(—1)Re (¢m—r116m—j—kre) » (5 + k) even
=1
(6)
Cjk = 2 (JJrk Z eIm Cm £41Cm—j— kJrZ) ’ (.7+k) odd

<.

where the overbar denotes conjugacy and j < k. We recall that C' > 0 if and
only if ¢(z) = 0 implies z € C_. Since C' = C(iw) is a real symmetric matrix,
we define a real even polynomial

g(w?) = det C(iw) (7)

and replace w? by w to get a polynomial g(w).
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We also define a polynomial

f(s) = h(s,1) (8)
and state the following [26]:

Theorem 1. A two-variable polynomial h(s,z) has the stability property (2)
if and only if

(i)  f(s) is C_—stable.
(ii) g(w) is Ry—positive.
(i1i) C(0) is positive definite.

Condition (i) means that f(s) = 0 implies s € C_, while condition (ii) is
equivalent to g(w) > 0 for all w > 0.

In stability analysis of recursive digital filters (e.g., [11], [7]), it is of interest
to establish necessary and sufficient conditions for a polynomial A (s, z) to have
the stability property

h(s,2) #0, {se€K’} n{zec K"}, (9)
where K = {s € C : |s| = 1} is the unit circle, and K® = KUK?Y is the closure
of KY={seC:|s| <1}.

By following Huang [10], one can show that (9) is equivalent to
h(s,0)#£0, VsecK° (10a)

h(e™,z) # 0, vz € K. (10b)

Condition (10a) means that the new polynomial
f(s) = s"h(s™",0) (11)

has all zeros in the open unit circle K, that is, f(s) is K’-stable. To test
condition (10b), we consider

d(z) = 2"h(e™, 27 1) (12)

which we write as a polynomial
m
d(z) = dp2*, (13)
k=0

with coefficients

n
dk = Z hjﬂn_ksk, (14)
7=0

and s = e,
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With the polynomial d(z) we associate the Schur-Cohn m X m matrix
D = (d,i,) specified by
j —_ —
dji, = Z(dmfj+€dmfk+€ —dj_edp—y), (15)

l=1

where j < k (e.g., [12]). The matrix D(e™) is a Hermitian matrix and we
define , 4

g(e™) =det D(e"), (16)
where ¢(+) is a self-inversive polynomial.

We state the following [26]:

Theorem 2. A two-variable polynomial h(s,z) has the stability property (9)
if and only if

(i) f(s) is K'-stable.
(i) g(z) is K—positive.
(iii) D(1) is positive definite.

Positivity of g(z) on K, which is required by condition (ii), can be verified
by applying the methods of [25].

Finally, we show how the mixture of the two previous stability properties
can be handled using the same tools. The desired property is defined as

h(s,z2) #0, {s€C°}n{zec K"} . (17)
By following Ansell [1], one can show that this property is equivalent to
h(s,0) # 0, Vs € C< (18a)
h(iw,z) #0, VzeK° (18b)
In this case, the polynomial d(z) is defined as
d(z) = z™h(iw, 27 '), (19)

which is used to obtain the polynomial g(-) via equations (13)—(16). From
(18a), we get the polynomial

f(s) = h(s,0), (20)
then define I = {z € C: Re z = 0} and arrive at [26]:

Theorem 3. A two-variable polynomial h(s, z) has the stability property (17)
if and only if
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(i)  f(s) is C_—stable.
(i) g(z) is I-positive.
(i) D(0) is positive definite.

We note that I-positivity of g(z) can be reformulated as R -positivity
(see [28]).

3 Uncertain Polynomials

We are now interested in studying stability properties of uncertain two—
variable polynomials with polynomic uncertainty structures. A polynomial
h(s,z;p) is given as

h(s,zip) =YY hjk(p)s’ 2", (21)

§=0 k=0

where hji(p) are polynomials themselves in uncertain parameter vector p €
R". We assume that p resides in a box

P={peR": pelp,prlker}. (22)

We want to obtain the robust versions of stability properties defined in the
preceding section. In the case of (2), for example, we are interested in testing
the robust property

h(s,z;p) #0, {se€C}n{zeC.}n{peP} (23)

To accommodate the uncertainty in h(s, z;p) we define the polynomial
families F = {f(-,p) : p€ P}, G={g(-,p) : p € P} and state a straightfor-
ward modification of Theorem 1.

Theorem 4. An uncertain two-variable polynomial h(s,z;p) has the robust
stability property (23) if and only if

(i) F is C_-stable.
(1) G is Ry —positive.
(i1i) C(0,p) is positive definite for all p € P.

Robust versions of the remaining two stability properties of the preceding
section can be tested by Theorem 4 wvia bilinear transformation in pretty
much the same way D-stability was tested in [29]. We also note the structural
similarity of Theorem 4 with theorems on robust SPR properties [30], which
motivates the work presented next.
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Condition (i) in Theorem 4 obviously means that all zeros of f(s,p) lie
in C_ for all p € P. To establish this type of robust stability via polynomial
positivity, we define the magnitude function

n

f(s,p) = F(s,0)f(s,0) = D> ar(p)aj(p)s's’ (24)
=0

k=0

where overbar denotes conjugation. We note immediately that the magnitude
function f(s,p) = |f(s,p)|? is nonnegative for all s € C. This obvious fact is
essential in the following development.

Let us form a family F = {f(-,p) : p € P} and use the result of [29] to
conclude that the family F is C_—stable if and only if the corresponding family
F is I-positive, and f(s,p’) is C_-stable for some p’ € P. Furthermore, from
(7) it follows that positivity of det C'(0;p) is included in testing condition (ii)
of Theorem 4. This means that to test condition (iii) of Theorem 4, it suffices
to verify that C(0;p”) is positive definite for some p” € P. We finally arrive
at

Theorem 5. An uncertain two-variable polynomial h(s, z;p) has the robust
stability property (23) if and only if

(i) Fis Ry —positive and f(s;p’) is C_—stable for some p’ € P.

(i) G is Ry —positive.

(111) C(0;p") is positive definite for some p” € P.

Ezxample 1. To illustrate the application of Theorem 5, let us use the two—
variable polynomial from [31],

h(s,z;p) = h11(p)sz + h1o(p)s + ho1(p)z + hoo(p) , (25)
where
hll(p) =0.9— 0.1])1 — 0.3p2
th(p) =0.8— 0.5]91 + 0.3p2 (26)
hOl (p) =1+ 0.2]91 + 0.3]32
hoo(p) =1.640.5p; — 0.7ps
and
P={peR? p; €[-0.3,04], pz €[0.1,0.5]} . (27)
To test condition (i) we compute the polynomial
f(s;p) = (1.7 —0.6p1)s + 2.6 + 0.7p; — 0.4ps (28)

and note that, in this simple case, we do not need to compute the correspond-
ing magnitude function f(w;p). Robust C_—stability of f(s;p) follows directly
from positivity of its coefficients. Indeed,
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1.7—0.6p; > 1.46 (20)
2.6+ 0.7p1 — 0.4py > 2.19
for all p € P.

Since the matrix C(iw; p) is a scalar, condition (iii) is included in condition
(i) which is satisfied because

g(w;p) = (1 +0.2p1 + 0.3p2)(1.6 + 0.5p1 — 0.7p2)
(0.9 —0.1p1 — 0.3p2)(0.8 — 0.5p1 + 0.3p2)w (30)
> 0.4473w + 1.0670

is obviously R —positive.

Our analysis is elementary when compared to the stability testing proce-
dure of Xiao [31], which involves extensive computation required by the Edge
Theorem.

Let us consider more complex examples which will require the use of Bern-
stein’s algorithm.

Ezxample 2. A two—variable polynomial is given as

h(s,z;p) =s22% 4 ha1(p)s*z + h1a(p)s2? + hao(p)s?

(31)
+ ho2(p)2® + h11(p)sz + hio(p)s + ho1 (p)2z + hoo(p)
where
hzl(p) =3-m
hao(p) = p1p2
h11(p) = 3p1p2 — Pip2
ho1(p) = 6 — 5p1 + 3pa — p1pa + i
(32)
hi2(p) = p1p2
ho2(p) =2 —p1 +p2
h1o(p) = piv3
hoo(p) = 2p1p2 — Pip2 + P1p3
and
P:{p€R2: P1 S [172]7 p2€[172]} (33)
The polynomial f(s;p) is computed as
f(s:p) = (4= p1 + p1p2)s® + (4p1p2 — Pip2 + pips)s (34)

+8 — 6p1 + 4pa + p1p2 + T — pip2 + P13
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The corresponding minimizing polynomial
f(s) =4s* +4s+4 (35)
is obtained by minimizing each coefficient using Bernstein’s algorithm. Obvi-

ously, F is C_-stable since f(s) has positive coefficients.

Next, we compute

c(z;p) = c2(p)2® + c1(p)z + co(p) (36)

ca(p) =2 — p1 + p2 — w? +ip1pow
c1(p) = 6 — 5p1 + 3p2 — p1p2 + Pt — 3w? + prw? +i(3p1p2 — Pip2)w  (37)
co(p) = 2p1p2 — Pip2 — prpew?® + ipipiw .

In this case, the 2 x 2 matrix C(iw;p) turns out to be a diagonal matrix

C(iw;p) = diag {c11(iw; p), co(iw;p)} (38)

and conditions (ii) and (iii) of Theorem 5 reduce to positivity of the coefficients

c11(iw; p) = e (w?; p)
= (3= p1)w' + (=12 + 10p1 — 6ps + 2p1p2 — 2p}
+3pips — pipy)w® + 12 — 16p1 + 12ps — 10pip2
+ 77 + 3p5 — p1p5 + 2pTp2 — pi
Cos(iw; p) = Caa(w?; p) (39)
= (3pip2 — Pip2)w* + (—12p1pa + 10p3ps — 6p1p3
+2pTp3 — 2pips + 3pip3 — pip3)w?
+12p1p2 — 16pTps + 12p1ph — 10pTp3 + Tpips + 3p1p
— Pp3 + 2pips — pips -
By using Bernstein’s minimization algorithm we compute the minorizing

polynomials [29] and establish positivity of the two polynomials ¢11 (iw; p) and
o2 (iw; p) by obtaining the minima

meigl ¢11(w;p) =1.3724 at pp =2, pa=1, w=0.1715
P

weR

40
meigl Coo(w;p) =3.1185 at p1 =2, pa=1, w=0.2487. (40)

weR Y

Positivity of the minima implies robust stability property (25) for the
polynomial A(s, z;p) of (31).
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4 Time—Delay Systems

Our objective in this section is to show how the tools presented in this chapter
can be applied to test robust stability of linear systems of the retarded type
described by a differential-difference equation

a2 (¢t ni: f: 2Dt —kr)=0 (41)

=0 k=0

where 7 > 0 is a fixed delay. The coefficients h,,(p) are polynomials in the
uncertain parameter vector p € RY which belongs to a box P.

It is well known [3] that for a fixed parameter p, a system (41) is stable if
and only if the corresponding quasipolynomial satisfies the following property:

n—1 m

h(s,e™™%;p) =s" + Z Z hix(p)s’e ™™ #£0, Res > 0. (42)

7=0 k=0

The system is robustly stable if (42) holds for all p € P.
The following theorem is a straightforward robustification of a theorem by
Kamen ([14], [15]):

Theorem 6. System (41) is robustly stable independent of delay if

h(s,z;p) #0, {seC:}in{zeK}n{peP}. (43)

This condition is also necessary if
h(0,z;p) 70, {zeK}n{peP}. (44)

To test condition (43) we first use the bilinear transformation

1+iw
R wh K\{-1
D kol w € R when z € K\{-1} (45)
-1, z=—1
to define the polynomials
= ) 1+iw
h ) ; =(1- nlh ’ 3
(5,w3p) = (1= i) (s, s 25p) "

f(sip) = h(s,—1;p) .

Then, by following Ansell’s approach [1], we consider the polynomial ¢(s; p) =
h(s, iw; p),

c(sip) =D ¢;(p)s’ (47)
j=0
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where
n
7 K
cj(p) = Z hijk(p)(iw)" . (48)
k=0
With ¢(s;p) we associate the symmetric n x n Hermite matrix C' = (c¢jx)
having elements c;;, defined in (6), and obtain the polynomial
9(w?p) = det C(iw;p) . (49)
Finally, with polynomials f(s;p) and g(w?;p) at hand, we can imitate

Theorem 5 to state the following:

Theorem 7. System (41) is robustly stable independent of delay if

(i) F is Ry positive and f(s;p') is C_—stable for some p' € P.
(i) G is Ry —positive.
(i1i) C(0;p") is positive definite for some p"” € P.

It is obvious that condition (44) of Theorem 6, which is included in (45),
can be tested via positivity as well.
To illustrate the application of Theorem 7 let us use the following:
Ezample 3. A time—delay system (41) is given as
2P (1) + poaV(t = 7) + pra(t —7) + 2V () + L+ pip3)a(t) =0 (50)
with the uncertainty box
P={pcR®: p, €[-05,05], psc[-0.50.5]}. (51)
From (50), we compute the associated quasipolynomial
h(s,z;p) = s + (pas +p1)z + s + 1+ pipj (52)
and test first the necessity of condition (43) by checking condition (44). Since
h(0,2;p) = prz + 1+ pip3 (53)

and 1+ p1p3 > |p1|, we conclude that (44) is satisfied. This implies that
condition (43) is necessary and sufficient for robust stability of system (50),
and we proceed to compute the polynomial

f(sip) =8+ (1 —pa)s+1—pi +pip3 . (54)

To test robust stability of this polynomial we do not need to construct the
family F. It suffices to check positivity of each coefficient, which we do by
using the Bernstein algorithm. The resulting minorizing polynomial
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f(s) =5>+0.55+0.5 (55)

implies robust stability of f(s;p), that is, condition (i) of Theorem 7 is satis-
fied.
For testing condition (ii) we need the polynomial

h(s,iw;p) = (1 — iw)s® + [1 4+ pa + (—1 + pa)iw]s
14 p1+pipi 4 (=1 +p1 — pipd)iw .

Using equations (47)—(49), we compute

g(w;p) = 4(1 — p1 — 2ps + 2p3 + 2p1p2 — 2p1P3 + 1Py )w’
+8(1 — 2pT — p3 + p1p3 — p1py)w (57)
+4(1 4 p1 + 2p2 + 2p1pa2 + P2 + 2p103 + 2p1P3 + prpd.

By applying the Bernstein algorithm to each coefficient of g(w;p), we obtain
the minorizing polynomial

g(w) = 0.625w* + 1.25w + 0.375 , (58)

which is clearly R —positive, and (ii) of Theorem 7 is satisfied.

Finally, the matrix of condition (iii) is computed as C'(0,0) = 215, where
15 is the identity matrix of dimension 2, and robust stability independent of
delay of system (50) is established with respect to the uncertainty box P in
(51).

5 Conclusions

We have shown how stability of 2D polynomials and quasipolynomials with
interval parameters can be tested via polynomial positivity. To test stability
of polynomials with multiaffine and polynomic uncertainty structures, posi-
tivity of only two interval polynomials is required. A remarkable efficiency of
the proposed stability criteria is due to their suitability for applications of
Bernstein’s expansion algorithms.
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We present an overview of several different techniques available for exploit-
ing structure in the formulation of semidefinite programs based on the sum
of squares decomposition of multivariate polynomials. We identify different
kinds of algebraic properties of polynomial systems that can be successfully
exploited for numerical efficiency. Our results here apply to three main cases:
sparse polynomials, the ideal structure present in systems with explicit equal-
ity constraints, and structural symmetries, as well as combinations thereof.
The techniques notably improve the size and numerical conditioning of the
resulting SDPs, and are illustrated using several control-oriented applications.

1 Introduction

From an abstract computational viewpoint, the branch of mathematics best
suited to deal with a large fraction of the robustness analysis and synthesis
problems of control theory is real algebraic geometry. This discipline takes as
one of its main objects of study the solution set of polynomial equations and
inequalities over the reals, the so-called semialgebraic sets.

While a significant part of the computational algebra literature has dealt
extensively with the development of algorithmic tools for the manipulation
of semialgebraic sets (for instance, see [2, 15]), their use within the control
community has been sporadic (a few examples being [1, 9, 12]). Undoubtedly,
good motives for this are the demanding computational requirements of purely
algebraic methods. These, in turn, seem to be a necessary consequence of the
inherent hardness of the underlying problems, as well as a side effect of the
strict requirements on an exact computational representation of the solution.

For good practical reasons such as the ones mentioned, the main tools of
the control community have been slanted much more towards purely numerical
computation. The resounding success of convex optimization based approaches
to many control problems [4, 5] is but just one illustration of this phenomenon.

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 181-194, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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It is our viewpoint that there is much to be gained from bringing these two
nearly separate mindsets together. In this direction, in [17] we have recently
introduced a computational framework based on sum of squares (SOS) de-
compositions of multivariate polynomials, that enables the use of semidefinite
programming (SDP) towards a full characterization of the feasibility and solu-
tions of polynomial equations and inequalities. This combination of concepts
from convex optimization and computational algebra has not only proven to
be extremely powerful in several control problems such as computation of
Lyapunov functions for nonlinear systems [17, Chapter 7], but also through
new applications in very diverse fields, such as combinatorial optimization and
quantum mechanics.

Despite the theoretical elegance of the sum of squares techniques, it is
clearly the case that for efficient practical performance in medium- or large-
scale problems, it becomes necessary to take a deeper look at the inherent
structure of the problem at hand. This is the motivation of the present work,
where we identify and isolate several abstract algebraic properties of a poly-
nomial system that are amenable to be exploited through the SOS/SDP ma-
chinery. While other algebraic techniques can (and do) exploit certain kinds
of structural features, our results show that the flexibility of convex optimiza-
tion allows in this case for a much higher degree of customization. Throughout
the paper, the main ideas of each approach are outlined in a concise way for
obvious space reasons, and are illustrated with simple, but representative ex-
amples.

A deeper issue related to these ideas, is the extent to which algebraic
properties of the input polynomial system are inherited by the corresponding
infeasibility certificates. The results in [10], for instance, show that symmetries
in the input data induce similar symmetries in the solution of the SDPs, and
this property can be successfully exploited. We will see a concrete instance of
this in the examples in section 7.

A description of the paper follows: in Section 2 we give an overview of the
basic SOS/SDP methods in the simplest case, that of dense polynomials. In
Section 3 we present the simplifications that are possible when the polynomials
at hand are sparse, in the sense of having “small” Newton polytopes. In the
following section we illustrate the reduction in the number of variables and
SDP size that are possible when equality constraints are present, by working
on the quotient ring. In Section 5 we discuss the case of symmetries, to finally
conclude with a few comments on the possibilities of combining the different
approaches and a control-oriented example.

2 The Basic SOS/SDP Techniques

We present next a brief description of the main ideas behind the use of semidef-
inite programming in the computation of sum of squares decompositions, as
well as its use in the certification of properties of basic semialgebraic sets. We
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refer the reader to [17, 19] (and the references therein) for a more thorough
introduction of the SOS/SDP machinery and applications, as well as to the
related work in [16, 13, 6].

An obvious sufficient condition for non-negativity of a polynomial is the
existence of a representation as a sum of squares of other polynomials. The
connections between sums of squares and non-negativity have been exten-
sively studied since the end of the 19th century, when Hilbert showed that in
the general case these two properties are not equivalent. The work of Choi,
Lam, and Reznick [7] presented a full analysis of the geometric structure of
sums of squares decompositions, and the important “Gram matrix” method
was formally introduced, already implicitly present in several of the authors’
earlier works. A parallel development focusing on the convex optimization side
appears in the early work of Shor [24]. Recently, new results and the use of ef-
ficient techniques based on semidefinite programming have given new impulse
to this exciting research area.

Consider a multivariate polynomial F(x) for which we want to decide
whether a sum of squares decomposition exists. As we will see, this question
is reducible to semidefinite programming, because of the following result:

Theorem 1. A multivariate polynomial F(x) is a sum of squares if and only
if

F(x) =u"Qu, (1)
where u is a vector whose entries are monomials in the x; variables, and Q)
s a symmetric positive semidefinite matrizx.

An efficient choice of the specific set of monomials u will depend on both the
sparsity structure and symmetry properties of F'. For the simplest case of a
generic dense polynomial of total degree 2d, the variables u can always be
taken to be all the monomials (in the variables x;) of degree less than or equal
to d. Since in general the variables u will not be algebraically independent,
the matrix @ in the representation (1) is not unigque. In fact, there is an
affine subspace of matrices @ that satisfy the equality, as can be easily seen
by expanding the right-hand side and equating term by term. When finding
a SOS representation, we need to find a positive semidefinite matrix in this
affine subspace. Therefore, the problem of checking if a polynomial can be
decomposed as a sum of squares is equivalent to verifying whether a certain
affine matrix subspace intersects the cone of positive definite matrices, and
hence an SDP feasibility problem.

Ezample 1. Consider the quartic form in two variables described below, and
define u = [22,y2, zy] 7.
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F(x,y) = 22" + 223y — 2%y* + 5¢°

22 T 2
q11 912 913 x

= y2 qd12 g22 923 y2

ry q13 423 933 ry

= quzt + qooyt + (g33 + 2q12) 2%y

+2q132°%y + 2go37y?

Therefore, for the left- and right-hand sides to be identical, the following linear
equalities should hold:

gi1 =2, @ =05, gq33+2q2=-1, 2¢q3=2, 2q3=0. (2)

A positive semidefinite ) that satisfies the linear equalities can then be
found using semidefinite programming. A particular solution is given by:

2-31

1 [2-31
=|-3 50| =L"TL, L=— ,
Q L o5 \/5{0 13}

and therefore we have the sum of squares decomposition:
Lo o 2 2, 1.9 2
F(x,y) = E(Zx —3y" +ay) + E(y + 3zy)°.

O

While polynomial nonnegativity is an important property per se, the
strength of the SOS/SDP ideas is that the same machinery can be extended
to the much larger class of semialgebraic problems, i.e., those that can be
describe with a finite number of polynomial equalities and inequalities.

The key result here is a central theorem in real algebraic geometry, usually
called Positivstellensatz and due to Stengle [3], that gives a full characteri-
zation of the infeasibility of systems of polynomial equations and inequalities
over the reals. The theorem states that if a system of polynomial inequalities
is infeasible, then there exists a particular algebraic identity that proves (in
an obvious way) that this is the case.

Ezample 2. Here is a very simple example (taken from [21]) to illustrate the
idea of Positivstellensatz certificates. Consider the system:

f=xz—9>+3 >0, h=y+a24+2=0. (3)

We want to prove that the system is inconsistent, i.e., there are no (x,y) € R?
that satisfy (3). By the Positivstellensatz, the system {f > 0, h = 0} has no
solution, if and only if there exist polynomials s1, s2,t; € R[z,y| that satisfy
the following:
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s1+s2-f+ti-h = -1, where s; and s3 are SOS. (4)

Sufficiency of this condition should be obvious: evaluating the expression
above at any candidate feasible point of (3) yields a contradiction, since the
left-hand side would be nonnegative, while the left-hand side is negative. Pos-
sible values of the polynomials certifying the inconsistency of the system are:

81:§+2(y+%)2+6(x—%)2, sg =2, 3 =—6.

It can be easily verified that these polynomials satisfy the identity (4), and
therefore prove the inconsistency of the system {f >0, h = 0}.

Positivstellensatz refutations are purely algebraic certificates of emptiness,
for which the verification process is immediate (compare this with SOS decom-
positions as “easy” certificates of nonnegativity). The reason why this relevant
in the context of this paper, of course, is because given a degree bound, we
can compute these refutations using semidefinite programming [17, 19]. To
see this in our example, notice that condition (4) is affine in the polynomial
unknowns s;, and therefore can be naturally combined with the Gram matrix
procedure described earlier.

Clearly, once we have a way to address emptiness of semialgebraic sets in
a computationally attractive way, there are many problems that fall into this
domain through more or less obvious reformulations. Particularly important
are standard optimization problems (by considering the emptiness of sublevel
sets), set intersections, set propagation under nonlinear mappings, etc.

3 Sparsity

In the general dense case, multivariate polynomials can have a very large
number of coefficients. It is well-known, and easy to verify, that a dense poly-
nomial in n variables of degree d has (";d) coefficients. Even for relatively
small values of n,d this can be a very large number. Nevertheless, most of
the higher degree polynomials that appear in practice usually have a lot of
additional structure. Just like most large-scale matrices of practical interest
are sparse, a similar notion is appropriate in the polynomial case.

For standard matrices the notion of sparsity commonly used is relatively
straightforward, and relates only to the number of nonzero coefficients. In
computational algebra, however, there exists a much more refined notion of
sparsity. This notion is linked to the so-called Newton polytope of a polynomial,
defined as the convex hull of the set of exponents, considered as vectors in R"™.

Example 3. Consider the polynomial p(z,y) = 1 — 2% + zy + 4y*. Its Newton
polytope New(p) is the triangle in R? with vertices {(0,0), (2,0), (0,4)}.
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Newton polytopes are an essential tool when considering polynomial arith-
metic because of the following identity:

New(g - h) = New(g) + New(h),

where + is the Minkowski addition of polytopes.

Sparsity (in this algebraic sense) allows a notable reduction in the compu-
tational cost of checking sum of squares conditions. The reason is the following
theorem due to Reznick:

Theorem 2 ([23], Theorem 1). If F =" g2, then New(g;) C +New(F).

1
2
Ezxample 4. Consider the following polynomial, taken from the SOSTOOLS
[22] manual:

F=(w*+1)*+ Dy + 1) +1) + 2w + 32 + 4y + 52.

The polynomial F has degree 2d = 16, and four independent variables (n = 4).
A naive approach, along the lines described earlier, would require a matrix
of size (";d) = 495. However, the Newton polytope of F' is easily seen to
be the four-dimensional hypercube with vertices at (0,0,0,0) and (4,4, 4,4).
Therefore, the polynomials g; in the SOS decomposition of F' will have at most
3% = 81 distinct monomials, and as a consequence the full SOS decomposition
can be computed by solving a much smaller SDP.

4 Equality Constraints

The Positivstellensatz refutations approach, discussed earlier, attempts to find
certificates of infeasibility of systems of polynomial equations and inequalities.
When explicit equality constraints are present in the problem, then some
notable simplifications in the formulation of the SDPs are possible. We explore
these ideas in this section.

Let I be the ideal defined by the equality constraints, and define the quo-
tient ring Rlx]/I as the set of equivalence classes for congruence modulo 1.
Then, provided computations can be effectively done in this quotient ring,
much more compact SDP formulations are possible. This is usually the case
when Grébner bases for the ideal are available or easy to compute. The first
case usually occurs in combinatorial optimization problems, and the latter
one when only a few constraints are present (we illustrate this through an
example in Section 7.1).

For concreteness, consider the problem of verifying a nonnegativity condi-
tion of a polynomial f(z) on a set defined by equality constraints g;(x) = 0
(i.e., an algebraic variety). Let {b1,...by} be a Grdobner basis of the corre-
sponding polynomial ideal I := (g;(x)); see [8] for an excellent introduction
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to computational algebra and Grobner basis methods. It is easy to see then
that the two statements

f(z)+ Z Xi(z)gi(z) s a sum of squares in R[z]

and
f(z) is a sum of squares in R[z]|/T

are equivalent, and both are sufficient conditions for the nonnegativity of f
on the variety defined by g¢;(z) = 0.

Therefore, we only need to look at sum of squares on quotient rings. This
can be done by using exactly the same SDP techniques as in the standard
case. There are two main differences:

e Instead of indexing the rows and columns of the matrix in the SDP by
the usual monomials, we have to use the so-called standard monomials
corresponding to the chosen Grobner basis of the ideal I. These are the
monomials which are not divisible by any leading term of the polynomials
b; in the Grobner basis.

e All operations are performed in the quotient ring, i.e., we take normal
form of the terms after multiplication.

Ezample 5. Consider the problem of verifying if the polynomial F' = 10—xz2—y
is nonnegative on the curve defined by G := 22 + 4% — 1 = 0 (the unit circle).
According to our previous discussion, a natural starting point is to define the
ideal I = (G), and to check whether F' is a sum of squares in R[z, y]/I. We
choose a simple graded lex monomial ordering. Therefore, we pick a partial
basis of the quotient ring (here, we take only {1, z,y}) and write:

T
1 q11 12 913 1

10—x2—y= T q12 q22 q23 x
Yy q13 423 933 Yy
= q11 + qo2® + q339° + 2q107
+2q13Y + 2q237Y

= (11 + as3) + (q22 — ¢33)2° + 2q10%
+2q13y + 2qa37y mod I.

Equating coefficients, we obtain again a simple SDP. Solving, we have:

90-3] 1 730 -1
o000 |=17L, L=— 6 |
Q _%01 \/§|:00@]

and therefore
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Fig. 1. The polynomials F' and (3 — %)2 + % y? take exactly the same values on
the unit circle % + y? = 1. Thus, F is nonnegative on the feasible set.

35
= mod 1,

_ Y2
10-2>-y=(3-2
= —y=( )+ 56

6
which shows that F' is indeed SOS on R[z,y]/I. A simple geometric inter-
pretation is shown in Figure 1. By the condition above, the polynomial F'
coincides with a SOS on the set defined by G = 0, and thus it is obviously
nonnegative on the variety.

Even though in the worst case Grébner bases can be computationally
troublesome, for many practical problems they are often directly available,
or relatively easy to compute. A typical example is the case of combinatorial
optimization problems, where the equations defining the Boolean ideal z?—1 =
0 are already a Grobner basis. Another frequent situation is when the ideal is
defined by just one equality constraint, in which case the defining equation is
again obviously a Grobner basis of the corresponding ideal.

An advantage of the ideal-theoretic formulation is the ease by which struc-
tural results can be obtained through basic algebraic notions. For instance,
in [18] it is shown that a certain finite convergence property holds for all
zero dimensional radical ideals, generalizing earlier results by Lasserre [13] on
boolean programming.

5 Symmetries

Yet another useful property that can be exploited in the SOS/SDP context is
the presence of structural symmetries. While in some cases this mirrors the
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underlying structure of existing physical systems, these features can also arise
as a result of the chosen mathematical abstraction. In this regard, symmetry
reduction techniques have been explored in several different contexts related
to control theory, with dynamical systems [11] and geometric mechanics [14]
being two prominent examples.

In our earlier work [10], these symmetry ideas are explored in the SOS/SDP
framework using a dual approach that combines group representation and
invariant theory. Here we focus on the former class of methods, and sketch the
details in the remainder of this section. A particularly interesting application
is the optimization of symmetric polynomials via SOS methods. In [17, 21],
and based on [24], an SDP-based algorithm for the computation of a global
lower bound for polynomial functions is described. When the polynomial to be
minimized has certain invariance properties, then the theory described here
can be fruitfully applied.

There are several advantages in exploiting symmetries:

e Problem size. The first immediate advantage is the reduction in problem
size, as the new instance can have a significantly smaller number of vari-
ables and constraints.

e Degeneracy removal. In symmetric SDP problems, there are repeated
eigenvalues of high multiplicity, that are difficult to handle numerically.
These can be removed by a proper handling of the symmetry.

e Conditioning and reliability. Symmetry-aware methodologies have in gen-
eral much better numerical conditioning, and the resulting smaller size
instances are usually less prone to numerical errors.

The starting point in [10] is the definition of a general class of SDPs that
are invariant under the action of a symmetry group. As a direct consequence
of convexity, it is shown there that the solution of the SDP can always be
assumed to lie in the fized point subspace of the group action. Using Schur’s
lemma of representation theory, it is possible to show that in the appropriate
symmetry-adapted basis, the matrices in the fixed-point subspace will have
a block-diagonal structure. This reduces the original problem to a collection
of smaller coupled SDPs, each block corresponding to an “isotypic compo-
nent,” and cardinality equal to the number of irreducible representations of
the group that appear nontrivially. This allows for a notable reduction in both
the number of decision variables and the size of the SDPs to be solved.

Ezample 6. Again, we illustrate the techniques with a specific example, this
time taken from [10, Example 5.4]. This polynomial has an interesting dihedral
symmetry, and is given by:

r(z,y) =2 +yf —aty? —y'a® —at —yt —2? — 2 + 3%+ 1. (5)
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This polynomial has the symmetry of the 8-element dihedral group Dy, with
the actions on R? generated by:

d:= (xvy) - (—y,x), §:i= (‘r’y) - (y,x)

We are interested in finding a SOS decomposition of r. Using the standard
approach discussed earlier, we would need to solve an SDP of dimensions 10 x
10. Using the methods discussed, a symmetry-adapted basis for the isotypic
components can now be obtained, obtaining the corresponding basis vectors:

By = {1,2 +y*} By = {2* —y°}
By =1 Bi = {z,2°, zy*}
Bz = {zy} B2 = {y,y* ya*}.

Using this basis, and after symmetry reduction, the resulting SDPs are much

simpler:
1 C1 >0
Cc1 Co | —

1—402—403—464 20

—1—62—203 2 0
—1—201 C3 Cq

c3 1 cs >0,

Cy4 Cs —1- 265

so we have reduced the problem from one 10 x 10 SDP to four coupled smaller
ones, of dimensions 2,1,1,3 respectively, which are considerably easier to
solve. Solving these small SDPs, it is easy to obtain the final decomposition:

3825 <x2 +y? 89)2

"(*.9) = 1596 2 64

2 2
5 5
+ (x3 —yir — 896) + (y3 — 2%y — 8y) .

6 Combination of Techniques

A most appealing feature of the techniques described is the large extent to
which they are mutually compatible. For instance, it is possible to combine
very successfully sparsity and symmetry reduction techniques. For a particular
polynomial arising from a geometric theorem proving problem, for instance,
this combined use allowed the reduction from a very difficult 1001 x 1001 SDP,
to a collection of fourteen coupled SDPs of dimensions ranging from 2 x 2 to
11 x 11), much more manageable computationally [20].
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Table 1. Algebraic structures and SOS properties

Standard Equality constraints Symmetries
polynomial ring R[x] quotient ring R[z]/I invariant ring R[z]¢
monomials (deg < k) standard monomials isotypic components

o7 = Lo (TR AR Hilbert series Molien series
Finite convergence Block diagonalization
on zero dimensional ideals

In Table 1 we present a summary of the different concepts and techniques
discussed earlier. Several of these complexity reduction techniques are already
included in the currently available version of SOSTOOLS [22], and the rest
will follow soon.

7 Examples

In this section we present an example of a control-oriented problem, where
several of the techniques are applied.

7.1 Domain of Attraction of a Lyapunov Function

This problem has been analyzed in [17, Section 7.3], where it has been shown
how use sum of squares techniques in the computation of positively invariant
subsets.

Specifically, the problem analyzed there was to find bounds on the largest
sublevel set of a Lyapunov function V' that is positively invariant. This can
be done by solving the optimization problem:

V(z,y) =0
(z,y) # (0,0)

Since the minimization problem is constrained to the algebraic variety
defined by the single equation V = 0, we can easily work in the corresponding
quotient ring. Let’s see this in the concrete example analyzed in [17], taken
from [25, Example S7].

Y := inf V(z,y) subject to { (6)

x,yeR”

Example 7. Consider the vector field given by:

T=—-xc+y
y=0.1r—2y—z?—0.12°
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and the Lyapunov function V(x,y) := 22 + y2. The system has three fixed
points, at (0,0), (=5 + v/6, -5+ V/6).

A Grébner basis of the ideal I generated by V = 0 is given by the single
polynomial {1022 — 112y + 20y? + 10yz? +y23}, which is just a scaled version
of V. The leading monomial, using a graded lex monomial ordering, is yz>, so
a basis for the quotient ring is given by the monomials {z*, y* zy*, 22y* k >
0}.

To obtain a bound on the minimum of (6), we can find the largest value
of v that satisfies

(V(z,y) —v)(z* +y?) is a sum of squares in R[z,y]/I.

Any value of « verifying the condition above gives a lower bound on g, as is
clear by evaluating the expression on any candidate feasible solution.

Taking as a partial basis of the quotient ring the monomials {z, y, 22, vy, y?, yz°},
we obtain a 6 x 6 SDP that provides the exact answer, namely v ~ 7.111.

8 Conclusions

Sum of squares based techniques, while still at the early stages of their de-
velopment, have already shown an unprecedented flexibility and strength in
solving many interesting problems in systems and control theory and related
fields.

For their continuing success beyond the many current practical applica-
tions, it will be necessary to extend the size of the problems that can be re-
liably solved. While encouraging progress is continuously being made on the
SDP solvers front (particularly with alternatives to interior-point methods),
there is much to be gained from understanding their rich underlying algebraic
structure. It is our hope that the results presented here make a convincing
argument for the ideal suitability of the language and tools of computational
algebra for this task.
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We discuss fast implementations of primal-dual interior-point methods for
semidefinite programs derived from the Kalman-Yakubovich-Popov lemma, a
class of problems that are widely encountered in control and signal process-
ing applications. By exploiting problem structure we achieve a reduction of
the complexity by several orders of magnitude compared to general-purpose
semidefinite programming solvers.

1 Introduction

We discuss efficient implementations of interior-point methods for semidefinite
programming problems (SDPs) of the form

minimize ¢Tx + Zﬁ:l Tr(QrPr)

BT P, 0

(1)

P
subject to +inM;ﬂ~ = Np, k=1,...,L.

i=1

The optimization variables are x € R? and L matrices P, € S™*, where S™
denotes the space of symmetric matrices of dimension n x n. The problem
data are ¢ € R?, Qi € 8™, A, € R™ ™ B, ¢ R™ ™ N[, € S"+1mk
and N, € 8" 1™k 1If n;, = 0, the kth constraint is interpreted as the linear
matrix inequality (LMI) >>7 | #; My; = Ni. The SDPs we study can therefore
include arbitrary LMI constraints. At the end of this section we will list several
assumptions made about the problem data. The most important of these
assumptions is that (Ay, By) is controllable for k =1,..., L.

D. Henrion and A. Garulli (Eds.): Positive Polynomials in Control, LNCIS 312, pp. 195-238, 2005.
© Springer-Verlag Berlin Heidelberg 2005
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We refer to SDPs of the form (1) as KYP-SDPs, and to the constraints in
the problem as KYP-LMIs, for the following reason. The Kalman-Yakubovich-
Popov (KYP) lemma states that the semi-infinite frequency domain inequality

{@uifr%TUWVﬂJ}M*B]>& wER, 2)

where A € R"*" does not have imaginary eigenvalues, holds if and only if the

strict LMI
{ATP + PA PB

BTP 0

with variable P € S" is feasible. Moreover, if (A, B) is controllable, then the
nonstrict frequency domain inequality

{W _IA)_lBrM [W —;‘”‘13] -0, weR  (3)

}+M>O

holds if and only if the nonstrict LMI

ATP + PA PB
BTP 0

}+M>o (4)

is feasible (for a discussion of these results from a semidefinite programming
duality perspective, see [11]). The KYP lemma forms the basis of some of
the most important applications of SDPs in control; see, for example, [8, 42,
26, 39, 38, 31, 12, 29].

The constraints in the KYP-SDP (1) have the same general form as (4),
with M replaced with an affine function of the optimization variable x. If
Qr =0, the KYP-SDP is therefore equivalent to the semi-infinite SDP

min. ¢Tx
jwl — Ap) " 'By | jwl — A,)"'B
st U@ Ik) My - N [ U Ik) =0, (5
k=1,...,L,
with variable z, where My (z) = Y-7_, x; My;. More details and examples,

including some applications in which Qj # 0, are given in §2.

KYP-SDPs are difficult to solve using general-purpose SDP software pack-
ages [44, 47, 3, 18, 9, 13, 24, 48]. The difficulty stems from the very high num-
ber of optimization variables (p+ >, n(nr +1)/2). Even moderate values of
ng (say, a few hundred) result in very large scale SDPs, with several 10,000
or 100,000 variables. This is unfortunate, because in many applications the
variables Py are of little intrinsic interest. They are introduced as auxiliary
variables, in order to convert the semi-infinite frequency-domain constraint (3)
into a finite-dimensional LMI (4).
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For this reason, several researchers have proposed alternatives to standard
interior-point methods for solving KYP-SDPs. These methods include cutting-
plane methods (such as the analytic center cutting-plane method) [41, 32, 33,
34, 25|, interior-point methods based on alternative barrier functions for the
frequency-domain constraint [32], and interior-point methods combined with
conjugate gradients [28, 29, 52, 20].

In this paper we examine the possibility of exploiting KYP-SDP prob-
lem structure to speed up standard primal-dual interior-point methods of
the type used in state-of-the-art solvers like SeDuMi [44, 45] and SDPT3 [47].
Straightforward linear algebra techniques will allow us to implement the same
interior-point methods at a cost that is orders of magnitude less than the cost
of general-purpose implementations. More specifically, if ny = n, my = 1 for
k=1,...,L, and p = O(n), then the cost per iteration of a general-purpose
solver grows at least as n® as a function of n. Exploiting structure will allow
us to reduce the complexity per iteration to n3. Similar results have previ-
ously been obtained for dual barrier methods applied to special classes of
KYP-SDPs, for example, KYP-SDPs derived for discrete-time FIR systems
[6, 22, 25]. The results in this paper can be viewed as an extension of these
techniques to general KYP-SDPs, and to primal-dual interior-point methods.

Outline of the Paper

The paper is organized as follows. In §2 we give an overview of applications, il-
lustrating that KYP-SDPs are widely encountered in control. In §3 we present
some basic facts about SDPs, SDP duality, and primal-dual interior-point
methods for solving them. In §4 we explain in more detail the computations
involved in solving KYP-SDPs using general-purpose software, and justify our
estimate of an order n% complexity per iteration. We also describe a dual refor-
mulation of the KYP-SDP which can be solved at a cost of roughly O(n?) per
iteration, using general-purpose software. In §5 we describe techniques that
exploit additional problem structure and result in a complexity of roughly
O(n?®) per iteration, for either the primal or dual formulation. The relation
between the methods discussed in §4 and §5 is illustrated in Table 1. The
results of some numerical experiments are described in §6. In §7 we discuss ex-
tensions of the techniques in §4 and §5, to problems with multiple constraints

Table 1. Relation between the methods in §4 and §5, and estimates of their com-
plexity per iteration (for KYP-SDPs with L =1, n1 =n, m1 = 1, p = O(n)).
|Primal formulation Dual formulation
General-purpose[  O(n®) (§4.1) O(n?) (84.2)
Special-purpose | O(n®) (85) 0(n?) (85)
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(L > 1), and KYP-LMIs for multi-input systems (mj > 1). Conclusions and
some suggestions for future research are presented in §8.

The paper also includes several appendices. Appendix A provides addi-
tional background on semidefinite programming, and a detailed summary of
the primal-dual interior-point of [46]. The other appendices contain proofs of
results in the paper, and discussion of relaxed assumptions.

Assumptions

We will assume that the pairs (Ag, Bi), k = 1,..., L, are controllable. Con-
trollability implies that the linear mappings Ky : 8™ — S™ ™% defined
by

AP+ PAy PB
Ku®)= | prp g

have full rank (see §4.2). In addition, we assume that the matrices Mj; are
such that the mapping

(Pl,Pg,...,PL,J)) — diag(ICl(Pl)—l-./\/ll(a:),...,ICL(PL)—i—ML(m)) (6)

has full rank, where My (z) = >°%_; 2; My;. In other words, the lefthand sides
of the constraints in (1) are zero if and only if P, = 0, k = 1,...,L, and
z =0.

In fact these two assumptions can be relaxed. Controllability of (A, Bx)
can be replaced with stabilizability, provided the range of Q) is in the control-
lable subspace of (A, By); see Appendix D. Moreover, a problem for which (6)
does not have full rank, can always be converted to an equivalent reduced or-
der problem for which the full rank assumption holds; see Appendix E.

Throughout the paper we assume that the problem data and parameters
are real. The generalization to complex data should be straightforward.

Notation

The space of symmetric [ x [ matrices is denoted S'. For X € 8!, svec(X)
denotes the I(I + 1)/2 vector containing the lower triangular elements of X:

svec(X) = (T11, %21, -+, T1, T225 -5 T2, -+ o, TI—1,1—1, TL,1—1, T11)-

The space of symmetric block-diagonal matrices with block dimensions [,
.., Iy is denoted S" x 8% x ... x S If X; € S, ..., X, € S, then
diag(X,..., X) denotes the block-diagonal matrix with Xy, ..., X, as its
diagonal blocks.

The space of Hermitian [ x [ matrices is denoted H'. For A € S' (A € H'),
A > 0 means A is positive semidefinite, and the set of positive semidefinite
symmetric (Hermitian) matrices of dimension [ is denoted Sl+ (Hl+) Similarly,
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A = 0 means A is positive definite; S{F 4 and HlJr 4 are the sets of positive
definite symmetric, resp. Hermitian, matrices.

The Hadamard (componentwise) product A o B of two matrices A, B of
equal dimensions is defined by (A o B);; = ai;b;;. The i¢th unit vector is
denoted e;.

2 Applications of KYP-SDPs

While the form of the KYP-SDP (1) and the KYP-LMIs (2) and (3) may ap-
pear very special, they are widely encountered in control and signal processing.
We give a representative list of applications along with a brief description.

2.1 Optimization Problems with Frequency-Domain Inequalities

As we already noted, a KYP-SDP (1) with an objective that does not depend
on the variables Py (i.e., Qr = 0), is equivalent to an optimization problem of
the form (5), in which we minimize a linear cost function subject to frequency-
domain inequalities (FDIs) of the form

Hy(w,z) =0 weR. (7)
Here Hy, : R x RP — H™ is defined as

(jwI — Ag) "By |”
I

(jwI — Ap) ™' By

Hk(wvx) = I

(Mp(z) = Ni)
Below we list a number of applications of problems with FDI constraints. It is
important to note that in these applications, z is usually the design variable
that we are interested in; the matrix P in the SDP formulation is an auxiliary
variable, introduced to represent an infinite family of inequalities (7) as a
single matrix inequality.

Linear System Analysis and Design

A well-known convex reformulation of the problem of linear time-invariant
(LTT) controller design for LTT systems is via the Youla parametrization; see
for example [7]. The underlying optimization problem here is to find x such

that
T(s,x) = Ti(s) + Ta(s <Z z;Qi(s ) (s),

satisfies a number of affine inequalities for s = jR, where T; and @; are given
stable rational transfer function matrices [7, 26, 39]. These inequalities are
readily expressed as FDIs of the form (7).
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Digital Filter Design

This application involves the discrete-time version of the FDI (7). The stan-
dard digital filter design problem consists of designing

T(z,x) = Z z;Ti(2),

where T; : C — C are given transfer functions, and z is to be determined so
that G(z,z) satisfies certain constraints. When T;(z) = 2%, we have a finite-
impulse response (FIR) design problem. The constraints can be magnitude
constraints of the form

|T(e??, )| < U(e?), 6 € [0,2m), (8)
or phase constraints
/T (e, 2) < R(e7?), 6 € [0,27), (9)

Extensions where T; are more general filter banks, and when T; are matrix-
valued transfer functions are immediate [10]. Other variations include optimal
array pattern synthesis [51].

When U(e’?) and tan(R(e??)) are given (or can be approximated) as ra-
tional functions of 7%, it is straightforward to express constraints (8) as the
unit-circle counterparts of inequalities (7).

Other types of filter design problems include two-sided magnitude con-
straints

L() < |T(, ) <U(),  6€0,2m),
and no phase constraints. These constraints can be expressed as linear FDIs
via a change of variables; see [50, 5, 6, 14, 21].

Robust Control Analysis Using Integral Quadratic Constraints

Robust control [54, 23] deals with the analysis of and design for control system
models that incorporate uncertainties explicitly in them. A sufficient condition
for robust stability (i.e., stability of the model irrespective of the uncertainties)
can be unified in the framework of integral quadratic constraints (IQCs). The
numerical problem underlying the IQC-based robust stability conditions is
the following [38, 31, 12]: Find # € R™ such that for € > 0 and for all w € R,

[T(§w>]* Tjeo.2) {T g‘w)} < oI, (10)

where T : C — C™*™ is a given real-rational function, and IT : C x R? —
C?mX2™ ig a linear function of z for fixed w, and is a real-rational function of
w for fixed z. Clearly, (10) corresponds to a special instance of (3).

Multiple FDIs of the form (10) result with more sophisticated (and bet-
ter) sufficient conditions for robust stability with the IQC framework; see for
example [17, 30].
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2.2 Linear-Quadratic Regulators
Consider the continuous-time dynamical system model
&= Ax + Bu (11)
with initial value z(0) = 29, A € R™™", B € R™™, z(t) € R", and u(t) €
R™. Assume that (A, B) is controllable.
Riccati Equations

Define the cost index .
J:/ [”3] M[ﬂdt (12)
0 u U

_ Q S n+m
M = { ST p| € S
with R > 0. It is well-known (see, e.g, [53]), that the infimal value of J with
respect to u(-) subject to (11) and such that lim; .. z(t) = 0 is, whenever it
exists, given by zl Pxg, where P € S solves the KYP-SDP

where

maximize ad Pxg
ATP+ PA PB
BTP 0

(13)

subject to [ } + M = 0.

The optimal u(-) is given as a state feedback u(t) = —R~Y(PB + S)Tz(t).
Here we see an application where the variable P is of intrinsic interest and
appears in the objective. For this special case, of course, the optimal P can
be found by solving an algebraic Riccati equation

ATP+ PA+Q— (PB+ SR Y (PB+5)=0,

and very efficient methods based on the real ordered Schur form of an associ-
ated matrix pencil are available. The computational complexity of these meth-
ods is in the order of n3. However, numerical experience have shown that for
certain ill-conditioned algebraic Riccati equations the KYP-SDP-formulation
is not ill-conditioned. In some cases it can therefore be beneficial to solve
algebraic Riccati equations via the SDP formulation. Moreover, slight gen-
eralizations of the above problem formulation require the solution of general
KYP-SDPs. An example is given next.

Quadratic Constraints

Define the cost indices
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00 T
€T €T .
Ji_/o [u} M; {u}dt, i=0,...,p (14)

where M; € S"*™. Consider the constrained optimization problem

minimize Jy
subject to J; <¢;, i=1,...,p (15)
(11) and limseo 2(t) =0

with respect to u(-). The optimal value to this problem, whenever it exists, is
given by zl Pz, where P solves the KYP-SDP

maximize zl Pxo—clz
T
subject to [A I;;_PPA POB] + Mo+ > M =0 (16)

z; >0, i=1,...,p

(see [8, page 151]). The optimal wu(-) is given as a state feedback u(t) =
—RI(PB + S)Tx(t), where

g »
[.SQT R] = Mo+ > a;M;.
=1

Here we see an application where both the variables P and x are of intrinsic
interest. Moreover, we have multiple constraints, some of which only involve
x.

2.3 Quadratic Lyapunov Function Search
Consider the continuous-time dynamical system model
T = f(x,u,w,t), z=g(z,u,w,t), y = h(z,u,w,t) (17)

wherez : Ry = R", v: Ry - R™, w: Ry — R"™, 2: Ry — R™,
and y : Ry — R". x is referred to as the state, u is the control input,
w is the exogenous input, z is the output of interest and y is the measured
output. Models such as (17) are ubiquitous in engineering. (We have presented
a continuous-time model only for convenience; the statements we make are
equally applicable to discrete-time models.)

A powerful tool for the analysis of and design for model (17) proceeds via
the use of quadratic Lyapunov functions. Suppose that for some P € S,

the function V' (v) 2 T P satisfies

d
EV(x,t) < 0 along the trajectories of (17), (18)
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then all trajectories of model (17) go to zero. For a number of special in-
stances of system (17), the numerical search for Lyapunov functions results in
feasibility problems with KYP-LMI constraints; see, for example, [8]. As an
example, consider the system

T = Ax + Byp, q= qu + Dypp; p= A(t)Q7 ||A(t)|| <1, (19)

where A : Ry — R™*™. The existence of a quadratic Lyapunov function
such that dV (z,t)/dt < 0 holds along the trajectories of (19) is equivalent to
the following KYP-LMI:

ATP+PA+CIC, PB,+CID,,
P =0, =< 0. (20)
(PBP + CqTqu)T —(I— DZ}qu)
If (A,C,) is observable, the inequality P > 0 is implied by the second LMI,
which is a (strict) KYP-LMI.
Variations of this basic idea underlie a very long list of recent results in
systems and control theory that lead to KYP LMIs; the following list is by no
means comprehensive:

e Robust stability of norm-bound systems with structured perturbations
(15, 43, 8.
Robust stability of parameter-dependent systems [19, 8].
H., controller synthesis [2].
Gain-scheduled controller synthesis [40, 1, 49].

3 Interior-Point Algorithms for Semidefinite
Programming

3.1 Semidefinite Programming
Let V be a finite-dimensional real vector space, with inner product (u, v). Let
A:V—Sh xSk x... xSz, B:V—R"

be linear mappings, and suppose ¢ € V, D = diag(D;, Ds,..., D) € 8" x
s X SlL, and d € R" are given. The optimization problem

minimize (c,y)
subject to A(y) + D =<0 (21)
B(y)+d=0

with variable y € V is called a semidefinite programming problem (SDP). The
dual SDP associated with (21) is defined as
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maximize Tr(DZ)+d'z
subject to A*YV(Z) + B2(2) +¢=0 (22)
Z =0,

where

A8l xSl Ly, B LRV

denote the adjoints of A and B. The variables in the dual problem are Z €
S" x ... x 8" and z € R". We refer to Z as the dual variable (or multiplier)
associated with the LMI constraint A(y) + D =< 0, and to z as the multiplier
associated with the equality constraint B(y) + d = 0.

3.2 Interior-Point Algorithms

Primal-dual interior-point methods solve the pair of SDPs (21) and (22) si-
multaneously. At each iteration they solve a set of linear equations of the
form

—WAZW + A(Ay) = (23)
AN(AZ) + B (Az) = rqy (24)
B(Ay) = rpri, (25)

to compute primal and dual search directions Ay € V, AZ € Shtx ... x Sl
Az € R". The scaling matrix W and the righthand side R in these equations
are block-diagonal and symmetric (W, R € Slx ... x SlL)7 and W is positive
definite. The value of W, as well as the values of the righthand sides R, 74y,
and 7y, change at each iteration, and also depend on the particular algorithm
used. We will call these equations Newton equations because they can be
interpreted as a linearization of modified optimality conditions. We refer to
appendix A, which gives a complete description of one particular primal-dual
method, for more details. Primal or dual interior-point methods give rise to
equations that have the same form as (23)—(25), with different definitions of
W and the righthand sides. In this paper we make no assumptions about
W, other than positive definiteness, so our results apply to primal and dual
methods as well.

Since in practice the number of iterations is roughly independent of prob-
lem size (and of the order of 10-50), the overall cost of solving the SDP is
roughly proportional to the cost of solving a given set of equations of the
form (23)—(25).

3.3 General-Purpose Solvers

In a general-purpose implementation of an interior-point method it is assumed
that V is the Euclidean vector space R® of dimension s = dim V), and that A
and B are given in the canonical form
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S
A(y) = wiF;,  B(y) =By.
i=1

The matrices F; € S x 82 x ... x 82 and B € R"** are stored in a sparse
matrix format.

The equations (23)—(25) are solved by eliminating AZ from the first equa-
tion, and substituting AZ = W~1(A(Ay) — R)W ! in the second equation.
This yields a symmetric indefinite set of linear equations in Ay, Az:

AW AAYW ) + B (Az) = rqu + AW IR (26)
B(Ay) = Tpri- (27)

Using the canonical representation of A and B, these equations can be written
as

HBT][Ay| [rautg

B 0 Az | Tpri ’

Hyy=Te(EW'F,WY, dj=1,...,s
g =Te(EW'RW™Y), i=1,...,s.

where

If the SDP has no equality constraints, the equations reduce to
ANVW LA AYW ) = rqy + AW LRW L), (28)

i.€.,
HAy =Tdut9-

The matrix H in this system is positive definite and almost always dense, so
the cost of solving the equations is (1/3)s3. This is only a lower bound on
the actual cost per iteration, which also includes the cost of forming H. Even
though sparsity in the matrices F; helps, the cost of constructing H is often
substantially higher than the cost of solving the equations.

4 General-Purpose SDP Solvers and KYP-SDPs

In this section we use the observations made in §3 to estimate the cost of solv-
ing KYP-SDPs with general-purpose interior-point software. For simplicity we
assume that L = 1, n;y = n, m; = 1, and consider the problem

minimize ¢’z + Tr(QP)

ATP+ PA PB
BTP 0

29
subject to { (29)

:| + Zle xiMi t N7
where A € R"™", B € R", with (A, B) controllable. The extension to prob-
lems with multiple inputs (m > 1) and multiple constraints (L > 1) is dis-
cussed in §7.
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In §4.1 we first make precise our earlier claim that the cost of a general-
purpose solver applied to (1) grows at least as n®, if p = O(n). In §4.2 we
then describe a straightforward technique, based on semidefinite programming
duality, that reduces the cost to order n?.

4.1 Primal Formulation

We can express the KYP-SDP (29) as

minimize ¢’z + Tr(QP) (30)
subject to K(P) + M(z) = N

where .
ATP+ PA PB

This is in the general form (21), with V = S™ x R?, and
y=@Pz), c¢=(Qyq, D=N, APz)=-KP)- M)
The adjoint of A is A4 (Z) = — (K*4(Z), M*4(Z)), where

Tr(M, Z)
K*(z)=[AB|Z ! +[10]Z 4l M*i(Z) = :
0 BT’ :
Tr(M,Z)
The dual problem of (32) is therefore
maximize Tr(NZ) (32)
subject to K2 (Z) =Q, M*i(Z)=q
Z =0,

with variable Z € 8"

A general-purpose primal-dual method applied to (30) generates iterates z,
P, Z. At each iteration it solves a set of linear equations of the form (23)—(25)
with variables Ax, AP, AZ:

WAZW + K(AP) + M(Az) = Ry (33)
K*(AZ) = Ry (34)
MMI(AZ) =7, (35)

for some positive definite W and righthand sides Ry, R2, 7. These equations
are solved by eliminating AZ, reducing them to a smaller positive definite
system (28). The reduced equations can be written in matrix-vector form as

mne ][]
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The blocks of the coefficient matrix are defined by the identities

Hyy svec(AP) = svec (K*(W T K(AP)YW 1))
Hyy Az = svec (K* (W' M(Az)W 1))
Hyp Az = MW M(Az)W ).

The exact expressions for the righthand sides ry, 72, and the positive definite
scaling matrix W are not important for our present purposes and are omitted;
see Appendix A for details.

The coefficient matrix in (36) is dense, so the cost of solving these equations
is (1/3)(n(n + 1)/2 + p)® = O(n®) operations if we assume that p = O(n).
This gives a lower bound for the cost of one iteration of a general-purpose
interior-point solver applied to (29). The actual cost is higher since it includes
the cost of assembling the matrices Hq1, Hyo, and Hoo.

4.2 Dual Formulation

A reformulation based on SDP duality allows us to solve KYP-SDPs more
efficiently, at a cost of roughly O(n?) per iteration. The technique is well
known for discrete-time KYP-SDPs with FIR matrices [22, 16, 4, 6], and was
applied to general KYP-SDPs in [52].

The Reformulated Dual

The assumption that (A, B) is controllable implies that that the mapping K
defined in (31) has full rank, i.e., K(P) = 0 only if P = 0. To see this, we can
take any stabilizing state feedback matrix K, and note that K(P) = 0 implies

|:I:|T|:ATP+PAPB:| [I

K BTP 0 K} =(A+BK)"P+ P(A+ BK) =0,

and hence P = 0. It follows that the nullspace of XY (a linear mapping from
S"*! to 8™) has dimension n + 1. Hence there exists a mapping £ : R" ™' —
S™*! that spans the nullspace of 2

K2(Z) =0 <= Z = L(u) for some u € R™*
S = K(P) for some P € 8" <= £*4(S) = 0.

Some practical choices for £ will be discussed later, but first we use this
observation to derive an equivalent pair of primal and dual SDPs, with a
smaller number of primal and dual variables.

The first equality in the dual SDP (32) is equivalent to saying that Z =
L(u) — Z for some u, where Z is any symmetric matrix that satisfies

K(Z2)+Q =o0.
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Substituting in the dual SDP (32), and dropping the constant term Tr(NZ)
from the objective, we obtain an equivalent problem

maximize L£*U(N)Tu

subject to L(u) = Z (37)
ML) = g+ M(2)

with variable « € R™"*!. This SDP has the form (21) with V = R" ™!, y = u,
Alu) = =L(w),  B(u) = M*V(L(w)),

and ¢ = —L*U(N), D = Z,d = —q — M*(2).
The dual of problem (37) is

minimize (g + M?*4(Z2))Tv — Tr(Z5)
subject to £241(S) — L2 (M(v)) + L2(N) =0 (38)
S =0,

with variables v € R? and S € S"*'. Not surprisingly, the SDP (38) can be
interpreted as a reformulation of the original primal problem (30). The first
constraint in (38) is equivalent to

S — M(v) + N = K(P) (39)

for some P. Combined with S = 0, this is equivalent to K(P) + M(v) = N
Using (39) we can also express the objective function as

(g + M*Y(Z) T —Tx(28) = ¢Tv+ Tr((/\/l(v) - 8)Z)
=q v+TY(N Z) — Te(PK*(2))
=q¢"v+Te(NZ) + Tr(PQ).

Comparing this with (30), we see that the optimal v in (38) is equal the
optimal z in (30). The relation (39) also allows us to recover the optimal P
for (30) from the optimal solution (v,.S) of (38).

In summary, the pair of primal and dual SDPs (37) and (38) is equivalent
to the original SDPs (30) and (32); the optimal solutions for one pair of SDPs
are easily obtained from the solutions of the other pair.

Newton Equations for Reformulated Dual

A primal-dual method applied to (37) generates iterates w, v, S. At each
iteration a set of linear equations of the form (26)-(27) is solved, which in
this case reduce to

LAWL( AW Y) + L2V M(Av)) = R (40)
MY(L(Av)) = r (41)
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with variables Au € R"™!, Av € RP. (Again, we omit the expressions for W,
R, r. In particular, note that W is not the same matrix as in §4.1.) In matrix

£5][2]-[1]

where H and G are defined by the identities
HAu= LYW L(Au)W ™), GAv = L2 (M(Av)).

The number of variables in (42) is p+n + 1.

Computational Cost

We now estimate the cost of assembling the coefficient matrix in (42), for a
specific choice of L. To simplify the notation, we assume that the Lyapunov
operator AX + X AT is invertible. This assumption can be made without
loss of generality: Since (A, B) is controllable by assumption, there exists
a state feedback matrix K such that A + BK is stable (or, more generally,
Ni(A+BEK)+ M\ (A+BK)* #0, fori,j =1,...,n). By applying a congruence
to both sides of the LMI constraint in (29) and noting that

_ [(A+BK)"P+ P(A+ BK) PB

e R e

0 I BTP 0 K1
we can transform the SDP (29) to an equivalent KYP-SDP

minimize ¢z + Tr(QP)
(A+ BK)'P+ P(A+ BK)A PB

subject to [ BTp 0

:| +Zf:1 xiMi t Na

where - .
~ I K 10 - I K I0
vl Jaeli] [0 ]
We will therefore assume that the matrix A in (29) is stable.
It is then easily verified that K24 (Z) = 0 if and only if Z = £L(u) for some

u, with £ defined as
n+1

L(u) = Z w; Fy,
i=1

where

| Xe . 100
FZ—[eZTO}, i=1,...,n, Fn+1—[02]. (43)
and X;, i =1,...,n, are the solutions of the Lyapunov equations

AX; + X; AT + Bel +¢,BT = 0. (44)



210 L. Vandenberghe et al.

With this choice of L, the coefficient matrices H and G in (42) can be ex-
pressed as

Hjj =Te(EW'E,WY), di=1,...,n+1, (45)
Gijer‘I‘(FiMj), i=1,...,n+1, j:].,...,p. (46)

To estimate the cost of this approach we assume that p = O(n). The
method requires a significant amount of preprocessing. In particular we have
to compute the solutions X; of n + 1 Lyapunov equations, which has a total
cost of O(n*). The matrix G does not change during the algorithm so it can
be pre-computed, at a cost of order pn? if the matrices M; and X are dense
(i.e., O(n*) if we assume p = O(n)). In practice, as we have seen in §2, the
matrices M; are often sparse or low-rank, so the cost of computing G is usually
much lower than O(n?).

At each iteration, we have to construct H and solve the equations (42).
The cost of constructing H is O(n?). The cost of solving the equations is O(n?)
if we assume p = O(n). The total cost is therefore O(n*), and is dominated
by the cost of pre-computing the basis matrices X;, and the cost of forming
H at each iteration.

5 Special-Purpose Implementation

We now turn to the question of exploiting additional problem structure in a
special-purpose implementation. As should be clear from the previous section,
the key to a fast implementation is to solve the linear equations that arise
in each iteration fast. This can be done for either the primal or the dual
formulation described in §4. We will see that these two approaches lead to
methods that are almost identical, and have the same complexity.

5.1 Reduced Newton Equations

In §4 we noted a large difference in complexity between solving the original
KYP-SDP (29) and solving the reformulated dual problem (37). The differ-
ence is due to the different dimension and structure of the Newton equations
in each iteration, and the way in which special-purpose codes handle those
equations. In a custom implementation, the distinction between the two for-
mulations disappears: the equations (33)-(35) that arise when solving the
primal formulation can be solved as efficiently as the equations (40)—(41) that
arise when solving the dual formulation.

Solving Newton Equations via Dual Elimination

To show this, we describe an alternative method for solving (33)-(35). As
in §4.2, let £ : R""' — 8" be a linear mapping that spans the nullspace of
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K24, Let Zy be any symmetric matrix that satisfies K24 (Zy) + Rg = 0. The
equation (34) is equivalent to saying that

AZ = E(Au) - ZO
for some Au € R"!. Substituting this expression in (33) and (35), we obtain
WL(Au)W + K(AP) + M(Az) = Ry + W Z;W
M(L(Au)) =7+ M*Y(Z).

Next we eliminate the variable AP, by applying £24 to both sides of the first
equation, and using the fact that £2¥((AP)) = 0 for all AP:

L2YWLAYW) + L2V (M(Az)) = L2 (R + W ZoW) (47)
MY(L(Au)) = 7+ M*V(Z). (48)

This is a set of n + p + 1 linear equations in n + p + 1 variables Au, Ax. In
matrix form,

[H G} [Au] _ [cadj(Rl + WZW) (49)

GT 0 Az r+ Madj(Zo) ’
where H and G are defined by the identities

HAu = L2Y(WL(Au)W), GAzx = L2V (M(Ax)).

Since £ has full rank, the matrix H is nonsingular, so the equations (49) can
be solved by first solving

GTH'GAx = GTH ' LRy + WZyW) — r — M (Z,)
to obtain Az, and then computing Au from
HAu = L2Y(Ry + WZyW) — GAx.

After solving (49), we can compute AZ as AZ = L(Au). Given AZ and Az,
we find AP by solving

K(AP) = Ry - WAZW — M(Ax),

which is an overdetermined, but solvable set of linear equations.
We will refer to (49) as the reduced Newton equations.

Computational Cost

We now estimate the complexity of solving the reduced Newton equations.
Note that (47)-(48) have exactly the same form as (40)—(41), with different
values of W and the righthand sides. In particular, our discussion of the
complexity of solving (40)—(41) also applies here.
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We work out the details assuming the Lyapunov operator AX + X AT is
invertible. If this is not the case, the equations (33)—(35) can be transformed
into an equivalent set

TWTT(T-TAZT " NTWTT + TK(AP)TT + TM(A2)TT = TR, TT
KN TTT-TAZT'T) = Ry
MA(TTTTAZT'T) =,

i) ]

where

0 I 0 I

and K is a stabilizing state feedback matrix. Replacing AZ with a new variable
AS =T"TAZT™ !,
gives

- - A+ BK)TAP + AP(A + BK) APB P -
1=1

B 0 B
'I‘I'(M1AS)=T“ Z'Zl,...,p,

where W = TWTT, ]\Zfi = TMiTT, Rl = TR;TT. These equations have
the same structure as the original equations (33)-(35), with A replaced by
A+ BK.

If we assume that AX + X A7 is invertible, we can choose £ as in §4.2:
L(u) = Z?:Jrll u; F; with the matrices F; defined as in (43). If the matrices X;
are pre-computed (at a total cost of O(n?)), then the cost of constructing the
coefficient matrix H in (49) is O(n*). The cost of computing G is O(pn?) if
we assume the matrices X; are known, and we do not exploit any particular
structure in M;. The cost of solving the equations (49), given H and G, is
O(n?) if we assume p = O(n).

s 1) 4]

Comparison with Dual Method

The above analysis demonstrates that a custom implementation of a primal-
dual method for solving the original KYP-SDP (29) can be as efficient as a
primal-dual method applied to the reformulated dual (37). Both methods are
based on eliminating dual variables, either in the original dual SDP, or in the
Newton equations. In fact, if we use the same mapping £ in both methods,
the reduced linear equations are identical. However, a custom implementation
offers three important advantages over a general-purpose primal-dual method
applied to the reformulated dual.
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e In a custom implementation we can avoid the need to compute and store
the basis matrices F; (or X;), which are required in the dual formulation
(see §5.2 for details). These matrices X; are the solution of n Lyapunov
equations of order n. For large n, they are expensive to compute and store.

e Additional problem structure can be exploited in a custom implementa-
tion. Two methods that achieve an O(n®) complexity per iteration are
described in §5.2.

e In a custom implementation, we can make a different choice for the map-

ping £, which is used to eliminate dual variables, in each iteration.
For example, in §4.2 we pointed out that state feedback transformations
preserve the KYP structure in the SDP, while in §5.1 we made a similar
observation about the Newton equations. Of course, these two viewpoints
are just different interpretations of the same property. We can first use
state feedback to transform the SDP and then derive the Newton equa-
tions, or we can write down Newton equations for the original SDP and
then apply a state feedback transformation. Both transformations result
in the same equations. However the second viewpoint opens the possibility
of selecting a different state-feedback matrix K in each iteration, in order
to improve the numerical stability of the elimination step.

5.2 Fast Construction of Reduced Newton Equations

We now examine two methods that allow us to construct the matrices H and
G in (49) fast, in roughly O(n?) operations.

Diagonalizable A

Suppose A is stable (or equivalently, a state feedback transformation has been
applied as described in §5.1, to obtain equivalent equations with a stable A).
We make the same choice of £ as in §5.1, i.e., L(u) = Z?jll u; Fy, with F;
defined in (43).

In appendix B we derive the following expression for the matrix H in (49):

T

H - [%1 8] 12 Wi] [Hy 0] +2 [f{f ] (Wi Wis ]

Wia

2WaooW + 2
+ 2Wao W + [sz

] [War Wz | (50)

where
(Hy)ij = Te(X; Wi X;Wha), Hy = [ X1Wip XoWis -+ X, Wia]  (51)

and

W= [Wu Wm]

Wa1 Waa
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with Wy; € S™*". Similarly,

G1 Mo Moo -+ My
G=2 g | 1112 02, 2

[ 0 } + {Mmz M99 -+ My 22
where

G\ = [YiBY:B--- Y,B],

Y; is the solution of

AY; + ;AT + M1 =0,
and M; 11 € 8", M, 12 € R" are the 1, 1- and 1, 2-blocks of M;. Formulas (50)
and (52) show that the key to constructing H and G fast (i.e., faster than in
O(n*) and O(pn?®) operations, respectively), is to compute the matrices Hy,
Hs, and GG fast.

A simple approach is based on the eigenvalue decomposition of A. Our
assumption that (A, B) is controllable implies that is possible to find a linear
state feedback matrix K so that A+ BK is stable and diagonalizable [35]. As
mentioned in §5.1, we can transform the Newton equations into an equivalent
set of equations in which the matrix A is replaced by A+ BK. We can therefore
assume without loss of generality that A is diagonalizable.

Let A = Vdiag(\)V ! be the eigenvalue decomposition of A, with V' €
C™ ™ and X\ € C™. It can be shown that the matrices H; and Hy defined
in (51) can be expressed as

H, =2Re ((V*T((E‘WH) o (EWi)T)+ V(Wi o (EWHE*)T)) V71>

(53)
Hy = —V(X* diag(W12))V " — V diag(E W)V ! (54)

where o denotes Hadamard product, X € C™*" is defined as

1

2= ij=1,...,n,

Y = Y diag(V~'B)*, Wi = V*W1,V, Wiy = V*Wi,, and V is the complex
conjugate of V. The above formulas for H; and Hs can be evaluated in O(n?)
operations, and do not require pre-computing the basis matrices X;. We refer
to appendix C for a proof of the expressions (53) and (54).

There is a similar expression for G:

G =V [(Ml 0o X)WV*B (Myo X)V*B --- (Mo E)V*B} :

where ]\Z = V‘le,uV_*. The cost of computing J\z can be reduced by

exploiting low-rank structure in Mj ;. Given the matrices M;, Gy can be
computed in O(n?p) operations.
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A in Companion Form

In this section we present an O(n?) method for solving the Newton equations
when A is an n x n ‘shift matrix’ and B = e,,:

010--- 0 0
001---0 0
A=|iiiil, B=11). (55)
000---1 0
000--- 0 1

KYP-SDPs of this form arise in a wide variety of LMI problems in robust
control [27]. The method is also useful for handling matrices A in companion
form: in order to solve the Newton equations for a KYP-SDP with

0 1 O 0 0

0 0 1 0 0
A= : : Do J B=1:1,

o o0 0 --- 1 0

—a1 —ay —as -+ —ap 1

we can first apply a state feedback transformation with
K = [al as -+ an],

as explained in §5.1, and then solve an equivalent set of equations in which A
is replaced with the shift matrix A + BK.
With A and B defined as in (55), the equations (33)—(35) reduce to

WAZW + [Aopg} + {8 AOP] +zp:AxiMi — R (56)
=1
[01] Az [é} L [10]Az m R (57)

We can follow the method of §5.1, with £ : R"*' — S§"™! defined as
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us 0 us 0 Uk+1 i
0 —Uu2 0 —Uus 0 T Uk+1 0
ug 0 us 0 Ug 0 Uk+2
0 —Uus 0 —Uy 0 T Uk+2 0
L(u) = . , n =2k
Ul 0 Uk+1 0 Uk+2 * - 0 Uk
0 —Uk+1 0 —Uk+2 0 — U2k 0
Luk+1 0 upy2 0 wupgr -+ 0 ugpga
[ (51 0 u9 0 us © Uk+1 0 i
0 — U2 0 —us 0 0 —Uk+2
us 0 us 0 Ug © Uk+2 0
0 —us 0 U4 0 0 —Uk+3
L(u) = , n=2k+ 1.
0 —upy1 0 —wugpyp2 O 0 —uggy1
Uyt 0 upgo 0 wupyz o ugppr O
0 —ugye 0 —ugys O 0 —uggyo |

In other words, the even anti-diagonals of L(u) are zero. The elements on
the odd anti-diagonals have equal absolute values and alternating signs. The
nonzero elements in the first row and column are given by wu.

To obtain efficient formulas for the matrix H in (49), we represent £ as
L(u) = Y0 wiFi, where

@%k:{

(=1)7 T j+ k=2
0 otherwise.

We also factor W as W = Zz;l vl (for example, using the Cholesky fac-
torization or the eigenvalue decomposition). The i, j-element of H is

n+1n+1
Hij = rI‘I'(FzWFJW) = Z Z(vlTFivk)(v,szvl).
k=1 1=1

Next we note that for v,w € R""1,
Z (1) vjwy

j+k=2i
min{n+1,2i—1}

>

k=max{1,2i—n—1}
(’U * (Dw))zifl s

where D = diag(l,—1,1,...), and v * (Dw) denotes the convolution of the
vectors v and Dw. Therefore,

UTFZ‘U)
(=) wpvgy,

(vlTFlvk, vlTngk, . ,vlTFnHUk) = E(v; * (Dvy))
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where
1000---00
0010---00
— o . ER(TL+1)X(27L+1).
0000---01

Using this notation we can express H as
n+1n+1
H=E (Z > (v (Dog)) (v (Dvl))T> ET.
k=1 I=1

This expression can be evaluated in O(n?®) operations using the discrete
Fourier transform (DFT). Let Wppr € CCntDx(n+1) b the first n + 1
columns of the DFT matrix of length 2n + 1, i.e., Wpprv is the zero padded
(2n + 1)-point DFT of a vector v € R""!. Let

Vi = Wprr Uk, Vi, = Wppr Doy, k=1,....,n+1,

be the DFTs of the vectors vy and Duvj. Then

1 n+1n+1 ~ B
H = G PWoer (Z S (Vo V) (Ve o V)" ) Wopr 7
k=1 l=1

1 n+1 . n+1 ~
R ((ZW[*) ° (Z W)) o
=1 k=1

The matrix in the middle is the Hadamard product of the (2n 4 1) x (2n+4 1)
matrix ), Vkvk* with its conjugate transpose, so the cost of evaluating this
expression is O(n?).

The matrix G in (49) has elements

Gij:rI‘I‘(FiMj), i=1,....n+1, 57=1,...,p,

and is easily computed in O(n?p) operations, since only O(n) elements of F;
are nonzero. For sparse or low-rank M; the cost is even lower.

6 Numerical Examples

In Table 2 we compare four algorithms, applied to randomly generated KYP-
SDPs of the form (29), with dimensions n = 25, 50, 100, 200, and p = n. Each
problem was constructed so it is strictly primal and dual feasible. (However
the algorithms were started at infeasible starting points.) The execution times
listed are the CPU times in seconds on a 2GHz Pentium IV PC with 1GB of
memory. All times are averages over five randomly generated instances.
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Table 2. Computational results for the general-purpose SDP solvers SeDuMi and
SDPT3 applied to KYP-SDPs with dimensions n = p = 25,...,200, applied to
the original problem (‘Primal’), and to the reformulated dual SDP (‘Dual’). T}, is
the time in seconds required for preprocessing, and consists mainly of the cost of
computing an explicit basis for the solution set of the dual equality constraints. T
is the solution time per iteration, excluding preprocessing time.

SeDuMi (primal)|SDPT3 (primal)| SeDuMi (dual) | SDPT3 (dual)
n |#itrs Ty F#itrs T Ty |#Fitrs| Ts | Ty |#itrs| Ty
25| 10 0.3 8 0.8 0.1 | 12 |0.04| 0.1 9 10.06
50| 11 8.1 9 4.9 1.1 11 03| 1.1 9 10.26
100 11 307.1 8 107.2 214 14 33214 10 |14
200 390.7( 12 |30.9(390.7| 10 |15.3

The first method, SeDuMi (primal), solves the SDP (29) using the general-
purpose solver SeDuMi (version 1.05R5) [44]. The second method, SDPT3
(primal), solves the same problem using the general-purpose solver SDPT3
(version 3.02) [47]. Both solvers were called via the YALMIP interface [36].
We skip the last problem (n = 200), due to excessive computation time and
memory requirements. The numbers Ty are the CPU times needed to solve
each problem, divided by the number of iterations.

The other methods, SeDuMi (dual) and SDPT3 (dual), solve the reformu-
lated dual problem (37), for the choice of basis matrices described in §5.1. In
addition to the number of iterations and the time per iteration Ty, we also
give T}, the preprocessing time required to compute the parameters in the
reformulated dual problem (37). This preprocessing step is dominated by the
cost of of solving the n 4+ 1 Lyapunov equations (44).

The results confirm that the cost per iteration of a general-purpose method
applied to the primal SDP (29) grows much more rapidly than the same
method applied to the reformulated dual problem (37).

Table 3 shows the results for a second experiment with randomly generated
KYP-SDPs of dimensions n = 100, ..., 500, and p = 50. Again, all values
are averages over five problem instances. The data in the column KYP-IPM
are for a customized Matlab implementation of the primal-dual interior-point
method of Tiitiincii, Toh, and Todd [46, 47], applied to the dual problem, and
using the expressions (53) and (54) to compute the coefficient matrix of the
reduced Newton equations. The preprocessing time for this method includes
the eigenvalue decomposition of A and the computation of the matrix G in
the reduced system (42). The table shows that the preprocessing time and
execution time per iteration grow almost exactly as n3.

For the same set of problems, we also show the results for SeDuMi applied
to the reformulated dual problem. To speed up the calculation in SeDuMi, we
first transform the dual problem (37), by diagonalizing A. This corresponds
to a simple change of variables, replacing Z with V1 ZV~* and 7 with V~1Z.
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Table 3. Results for KYP-SDPs of dimension n = 100,..., n = 500, and p = 50.
The first method is a customized Matlab implementation of a primal-dual method
as described in §5, using the formulas (53) and (54). The second method is Se-
DuMi applied to the reformulated dual SDP (37), after first diagonalizing A. The
third method solves the same reformulated dual SDP using SDPT3, without the
diagonalization of A (except in the preprocessing).

KYP-IPM SeDuMi (dual) | SDPT3 (dual)
n | Tp |#itrs| Ty | Ty |#itrs| Ts T, |#itrs| T
100| 1.0 9 [06]05] 12 1.5 |36 | 12 [1.3
200( 8.3 9 (4735 13 | 244 |44.4| 13 |13.8
300(28.1 | 10 |16.7{11.7| 12 |155.3 (194.2| 14 |77.7
400( 62.3 | 10 |36.2|26.7| 12 |403.7
500({122.0| 10 |70.3|51.9| 12 |1068.4

We then eliminate the (1,1)-block in the dual variable as in the SeDuMi (dual)
method of Table 2, which gives a problem of form (37), with complex data
and variables. Since A is diagonal, the basis matrices X; are quite sparse and
easier to compute (at a cost of O(n?) total). Despite the resulting savings, it

is clear from the table that the execution time per iteration grows roughly as
4

n*.

The third column (SDTP3 (dual)) gives the results for SDPT3 applied to
the reformulated dual problem. Since the version of SDPT3 we used does not
accept complex data, we only used diagonalization of A in the preprocessing
step, to accelerate the solution of the Lyapunov equations (44). Results are
reported for the first three problems only, due to insufficient memory. As for
SeDuMi, the results show an O(n?)-growth for the solution time per iteration.

7 Extensions

In this section we discuss some extensions of the techniques of §4 and §5 to
the general problem (1).

7.1 Multiple Constraints
Consider a KYP-SDP with multiple constraints,

minimize 72 + Zﬁzl (QrPr)
subject to Kp(Py) + My(x) = N, k=1,...,L,

where ), : 8™ — 8™ *1 and M, : RP — 8™ ! are defined as

AT P, + P, A, PyB P
Ki(Py)=|"" gngk ¥ ko F ) My (z) = Z%Mm
’ i=1
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We assume (Ay, By) is controllable for &k = 1,..., L. The Newton equations
that need to be solved at each iteration take the form

WkAZka—I—ICk(APk)—I—Mk(AJ)) = Ry ks k=1,...,L
KiY(AZy) = Rawg, k=1,...,L
L
S M (AZy) =,
k=1

with variables AP, € 8™, Az € RP, AZ;, € S™ 1. The values of the positive
definite matrix Wy, and the righthand sides change at each iteration. As in the
single-constraint case, we solve the Newton equations by eliminating some of
the dual variables, and expressing AZ;, as

AZy, = Li(Aug) — Zy,

where £, : R™ ™1 — 8™+ parametrizes the nullspace of /Czdj, and Zj, satis-
fies
/CZdJ(Zk) + Rdu,k =0.

We then apply L’Zdj to both sides of the first group of equations and obtain
LEVW Ly (Aug)W) + L2 (My(Az)) = L2Y( Ry + Wi 21, Wi),
fork=1,...,L, and

L L
STOMII(Lp(Au)) =+ Y MEY(Z).

k=1 k=1

In matrix form,

H, 0 - 0 Oy Auy ;C?dJ:(Rpri,l + W1?1W1)
0 Hy--- 0 Gy Auo L:ng(Rpri’Q + WaZoWs)
IR | = : - (59
OT OT H% GL AUL ,Czdj(RprLL""WLZI:\WL)
GTaf...GT 0 | | Az g, MEY(Z))
To solve these equations we first solve
L L i )
> GIH Gz =—r—)" (M;dJ(Zk) — GTH'L2Y(Ry, + WkaWk))
k=1 k=1
(60)

for Az, and then solve

HyAug = L2 (Rywi g + Wi ZkWy) — Gpdz, k=1,...,L,
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to determine Auy. As in the single-constraint case, the cost of this method
is dominated by the cost of forming the coefficient matrices Hy and Gy, the
coefficient matrix of (60), and the cost of solving this system. The matrices
Gy, can be pre-computed. Assuming ny = O(n) for k = 1,..., L, the cost of
forming Hy, is O(n*), or O(n?) if we use one of the methods of §5. Assuming
p = O(n), the cost of forming and solving the equations (60) is O(Ln?).
Overall, the cost increases linearly with L.

7.2 Multivariable Systems

The extension to systems with multiple inputs (m > 1) is also quite straight-
forward, although the formulas get more involved. The Newton equations in-
clude constraints

T T
adj A 1 I A
/Ck”(AZk)=[Bﬂ AZk[O]+|:O:| AZk|:B:|=Rpri7k, k=1,...,L.

By representing AZ, as
AZk = Ek(Auk) - Zk

where £ : R™M™etme(met)/2 o gmitne o can obtain reduced Newton
equations of the form (59). If m) < ny this offers a practical and efficient

alternative to standard general-purpose methods.

8 Conclusion

We have described techniques for exploiting problem structure in interior-
point methods for KYP-SDPs, a class of large-scale SDPs that are common
in control applications. The method is very effective if the SDP includes one or
more inequalities with large state space dimension, and a relatively small num-
ber of inputs. Preliminary numerical results illustrate that a special-purpose
interior-point implementation based on these techniques can achieve a dra-
matic gain in efficiency compared with the best general-purpose solvers.
Several open questions remain.

e There is considerable freedom in choosing the mapping £, used to eliminate
a subset of the dual variables. The representation used in §5.1, for example,
is parametrized by a state feedback matrix K. It is not clear how this choice
affects the numerical stability of the method.

e The main idea in our approach is to use direct linear algebra techniques to
solve the Newton equations in an interior-point method fast. This allows
us to speed up the computation, without compromising the reliability and
speed of convergence of a primal-dual interior-point method. It seems likely
that other common classes of SDPs in control can benefit from similar
techniques.
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A Primal-Dual Interior-Point Method for Semidefinite
Programming

In this appendix we review the definition and key properties of the semidefinite
programming problem (SDP). We also describe a primal-dual method for
solving SDPs.

A.1 Optimality Conditions

We first state a few basic properties of the pair of primal and dual SDPs (21)
and (22). We will express the (primal) SDP (21) as
minimize (¢, y)
subject to A(y)+ S+ D=0
B(y)+d=0
S =0,

(61)

where S € 8" x ... x S'F is an additional variable.
The duality gap associated with primal feasible points y,S and a dual
feasible Z is defined as
Tr(SZ).

It is easily verified that
Tr(SZ) = (c,y) — Tr(DZ) — d* 2

if y,S5, 7,z are primal and dual feasible. In other words the duality gap is
equal to the difference between the objective values.

If strong duality holds, then y, S, Z, z are optimal if and only if they are
feasible, i.e.,

S =0, Aly)+S+D =0, B(y)+d=0, (62)

and _ _
Z=0,  AN(Z)+B¥(z)4+¢=0, (63)

and the duality gap is zero:
SZ =0. (64)

The last condition is referred to as complementary slackness.
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A.2 Algorithm

We briefly describe an infeasible primal-dual interior-point method for solving
the pair of SDPs (61) and (22). Except for a few details, the method is the
algorithm of [46, 47], which has been implemented in the state-of-the-art SDP
solver SDPT3.

We assume that the mapping (A, B) has full rank, i.e., A(y) = 0 and
B(y) =0 imply y = 0. We define m =13 +lo +---+ 1.

Outline

The algorithm starts at initial y, z, S, Z satisfying S > 0, Z = 0 (for example,
y=0,2=0,5=1,7=1). We repeat the following five steps.

1. Evaluate stopping criteria. Terminate if the following four conditions are
satisfied:

[A(y) + S + D|| < €feas max{1, || DI}

1B(y) + d|| < €feas max{1, ||d]|}

| A*Y(Z) + B*V(2) + ¢l| < €teas max{L, [|c[|}
Tr(SZ) < max{eaps, —€re1(C, y), €rat(Tr(DZ) + dT 2)},

where €feas, €abs, €rel are given positive tolerances, or if a specified maxi-

mum allowable number of iterations is reached. Otherwise go to step 2.
2. Compute the scaling matriz R. The scaling matrix is a block-diagonal

matrix, and defines a congruence that jointly diagonalizes S~! and Z:

RTS™'R =diag(\)™',  RTZR = diag()\) (65)

where A € R, .
3. Compute the affine scaling directions Ay*, AS*, AZ?* Az?, by solving
the set of linear equations

(=]
D

H(AZ*S + ZAS*
AS? + A(Ay®

Aadj (AZa) 4 Badj(AZa
B(Ay*

— diag(\)?

—(A(y)+ S+ D)

= —(A(Z) + B*Y(2) + d)
—(B(y) +d),

vvvv
N TN N TN
o
3

D
©

where H is defined as
1
H(X) = 5(RTXR—T + RIXTR).

4. Compute the centering-corrector steps Ay©, AZ¢, AS° by solving the set
of linear equations
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H(AZSS + ZAS) = pul — H(AZ*AS?) (70)
ASC+ A(AyS) =0 (71)
AM(AZ) + BV (A°) =0 (72)
B(Ay®) =0 (73)

The coefficient p is given by

u:
m

Tr(SZ) (Tr((S + aASY)(Z + ﬁAZa))>5
Tr(SZ2) ’

where

a = min{1,sup{a | S + aAS* > 0}}
0 =min{l,sup{f | Z + BAZ* = 0}}

and ¢ is an algorithm parameter. Typical values of § are § = 1,2, 3.
5. Update the primal and dual variables as

y = y+ady, S = S+aAS, Z = Z+BAZ, 2 := 2404z,

where Ay = Ay®* + Ay®, AS = AS* + AS®, AZ = AZ* + AZ°, Az =
Az 4+ Az¢, and

= min{1,0.99sup{a | S + aAS > 0}}
= min{1,0.99sup{f | Z + BAZ = 0}}.

o
|

=@
|

Go to step 1.

Discussion
Starting Point

The method is called infeasible because it does not require feasible starting
points. The initial values of y, z, S, Z must satisfy S >= 0 and Z > 0, but
do not have to satisfy the linear equations A(y) + S+ D =0, B(y) +d = 0,
A(Z) + B2di(z) + ¢ = 0.

The update rule in Step 5 ensures that S > 0, Z > 0 throughout the
algorithm. If started at a feasible starting point, the iterates in the algorithm
will remain feasible. This is easily verified from the definition of the search
directions in Steps 3 and 4.

Termination

If we start at feasible points, the iterates satisfy A(y) + D + S = 0, B(y) +
d =0, A24(Z) + B*i(z) + ¢ = 0 throughout the algorithm, so the first
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three conditions are automatically satisfied. If we start at infeasible points,
these conditions ensure that at termination the primal and dual residuals
Ay)+ D+ S, B(y) +d, A*Y(Z) + B2 (2) + c are sufficiently small. A typical
value for €geqs is 1078,

At each iteration, we have S > 0, Z > 0, and hence Tr(SZ) > 0. The
fourth condition is therefore satisfied if one of the following conditions holds:

° Ti‘(SZ) < €abs
e (c,y) <0and Tr(SZ) < eell{c,y)]
o Tr(DZ)+dTz>0and Tr(SZ) < ;a(Tr(DZ) + dT 2).

Assuming y, S, z, Z are feasible, the first of these conditions implies that the
duality gap is less than €,ps, and therefore

<Ca y> —P* S €abs) d* - ’I‘I‘(DZ) - dTZ S €absy

i.e., the absolute errors between the primal and dual objective values and
their optimal values p* and d* are less than e,ps.
If either the second or the third condition holds, then

(e,y) — p* - d* —Tr(DZ) —d"z
S < el .
|p*| |d*|

< €rel,

i.e., we have determined the optimal values with a relative accuracy of at least
€abs. Typical values of €aps, €rel AT €aps = €re1 = 1078,

Scaling Matrix

The scaling matrix R is efficiently computed as follows. We first compute the
Cholesky factorization of S and Z:

S=ILLT, Z=LyL%,

where Ly and Lo are block-diagonal with lower-triangular diagonal blocks of
dimensions my, ..., my. Next, we compute the SVD of LI L;:

LT, = Udiag(\)V7,

where U and V are block-diagonal with block dimensions Iy, ..., Iy, UTU = I,
VTV = I, and diag()) is a positive diagonal matrix of size m x m. Finally,
we form

R = L,V diag(\)~'/2.
It is easily verified that RTS™'R = diag(\)~! and RTZR = diag()\).
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Search Directions

The definition of H and the definition of the affine scaling and centering-
corrector directions may be justified as follows. The central path for the
pair of primal and dual SDPs (61) and (22) is defined as the set of points
(y(p), S(n), Z(p)) that satisfy S(u) = 0, Z(u) > 0, and

Aly(p) +S(p)+D =0,  Bly(p)+d=0
AN (Z(n)) + BN (2(n) + ¢ =0 (74)
Z(n)S(p) = pl,

for some p > 0. In the limit for p — 0, these equations reduce to the op-
timality conditions (62)—(64). Central points with parameter p have duality
gap Tr(S(u)Z(p)) = mu. Most interior-point methods can be interpreted as
damped Newton methods for solving a symmetrized version of the central-
path equations (74), for a decreasing sequence of values of p.

A unified description of different symmetric formulations of the central
path was developed by Zhang [55], who notes that positive definite matrices
S, Z satisfy SZ = pl if and only if there exists a nonsingular matrix P such
that

1

5(PTZSP*T + P71SZP) = ul.
The algorithm outlined above uses P = R defined in Step 2 (known as the
Nesterov-Todd scaling matrix), but many other choices are possible.

Using Zhang’s parametrization, the central path equations can be ex-
pressed as

H(Z(p)S (1)) = pd
S(p) + Aly(p) + D =0
AN Z () + BNz + ¢ =0
B(y(n)) +d = 0.
The Newton directions at some y, Z > 0, S > 0 are obtained by linearizing
these equations and solving the linearized equations
H(AZS + ZAS) = ul —H(ZS)
AS + A(Ay) = —(A(y) + S+ D)
AV(AZ) + B (Az) = —(A*Y(Z) + B*(2) + ¢)
B(Ay) = —(B(y) + d).

-3
ot

~ =
(0¢) (=)
S N N N

o~ o~ o~ o~

We can now interpret and justify the search directions defined in Steps 3,
4, and 5 as Newton directions. We first note that, if we choose R as in Step 2,

H(ZS) = %(RTZSR*T + R™1SZR) = diag()\)?,



Interior-Point Algorithms for Semidefinite Programming Problems 227

so the Newton equations (75)—(78) reduce to

H(AZS + ZAS) = ul — diag(\)? (79)

AS + A(Ay) = —(A(y) + S+ D) (80)
AMN(AZ) + B (Az) = — (A (Z) + B*(2) 4 ¢) (81)
B(Ay) = =(B(y) + d). (82)

Comparing this system with the sets of equations (66)—(69) and (70)—(73),
we see that, except for the term H(AZ*AS?), these equations are identical
to the Newton equations. More precisely, if we delete the term H(AZ*AS?),
the solution (79)—(82) is given by Ay = Ay® + Ay®, AS = AS* + ASC,
AZ = AZ>+ AZ°, Az = Az? + AzC.

A distinguishing feature of the predictor-corrector method is that the New-
ton equations are solved in two steps, by solving the two sets of linear equa-
tions (66)—(69) and (70)—(73) separately, instead of solving a single set of
equations (79)—(82). This strategy has proven to be very successful in primal-
dual methods for linear programming [37], and offers two advantages. The
first, and most important, advantage is that it allows us to select the value
of u adaptively. In the algorithm described above, this idea is implemented
as follows. In Step 3 we compute the affine scaling direction, i.e., the limit of
the Newton direction for p — 0. In Step 4, we first assess the ‘quality’ of the
affine direction as a search direction, by computing the ratio

Tr((S + aAS*)(Z + BAZ®))
Tr(S2) ’

where we take a = 1, § = 1 if possible, and otherwise take the maximum «
and f that satisfy S + aAS? = 0, resp. Z + BAZ? = 0. The ratio n gives the
reduction in Tr(SZ) that we can achieve by using the affine scaling direction.
If the ratio is small, we assume the affine scaling direction is a good search
direction and we choose a small value of yu; if the ratio 7 is large, we choose
a larger value of p. Choosing u = 1° Tr(SZ)/m means that we select the
Newton step for central points y(u), S(n), Z(p), with

Tr(S(n)Z(p) = n° Tr(SZ).

The second advantage of solving two linear systems is that we can add a
higher-order correction term when linearizing the equation H(Z(u)S(u)) =
ul. In Newton’s method we linearize this equation by expanding

H(Z + AZ)(S + AS)) = H(ZS) + H(AZS + ZAS) + H(AZAS)
and omitting the second-order term, which yields a linear equation
H(ZS)+ H(ZAS + AZS) = ul.

The combined directions, AZ = AZ* + AZ°, AS = AS* + AS®, used in the
predictor-corrector method, on the other hand, satisfy
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H(ZS) + H((AZ* + AZ)S + Z(AS* + AS)S) + H(AZ*AS?) = pl,

which includes part of the second-order term, and can therefore be expected
to be more accurate.

We conclude by pointing out that the two sets of linear equations (66)—
(69) and (70)—(73) only differ in the righthand side, so the cost of solving both
systems is about the same as the cost of solving one system.

Step Size

After computing the search directions, we update the variables in step 5. We
use different step sizes a and 3 for the primal and dual variables. If possible,
we make a full step (o = 1, 8 = 1). If this is unacceptable because it results
in values of S and Z that are not positive definite, we decrease o and/or (3,
and make a step equal to a fraction 0.99 of the maximum steps that satisfy
S+ aAS =0and Z+ BAZ = 0.

A.3 Solving the Newton Equations

When applied to an SDP that is primal and dual feasible, the predictor-
corrector method usually converges in 10-50 iterations. As a rule of thumb,
the overall cost of solving the SDP and its dual is therefore equal to the cost
of solving 10-50 linear equations of the form

H(AZS + ZAS) = D, (83)

AS 4+ A(Ay) = Dy (84)
AN(AZ) + B*(Az) = D3 (85)
B(Ay) = Dy. (86)

It can be shown that these equations have a unique solution if (A4, B) has full
rank [46, p.777].

The Newton equations can be simplified by eliminating AS. Using the
definition of R in (65), we first note that equation (83) can be written as

(RTAZR+ R ASR™T)diag(\) + diag(\)(R"'ASR™T + RTAZR) = 2D;.

The general solution of the homogeneous equation (D7 = 0) is AS =
—~RRTAZRRT. A particular solution is AZ = 0,

AS =2R(Dy o G)RT
where G;; = 1/(\; + A;). All solutions of (83) can therefore be written as
AS = —RRTAZRR" 4+ 2R(D; o G)R”

Substituting in (84) gives an equivalent set of linear equations
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~WAZW + A(Ay) = D (87)
AN (AZ) + B (Az) = Ds (88)
B(Ay) = Dy (89)

where W = RRT, D = Dy — 2R(D; 0 G)RT.
A general-purpose SDP solver like SDPT3 solves (87)—(89) by eliminating
AZ from the first equation, which yields

ANW LA AW Y + BM(Az) = D3 + AW IDW ) (90)
B(Ay) = Da, (91)

and solving for Ay and Az.

B Derivation of (50) and (52)

B.1 Expression for H
Let H € S"™*! be defined as
HlJ:rI‘I'(FlWFJW), Z,jzl,n—Fl,

where
X; e; . 00
E’:[GT Ol}’ i=1,...,n, Fn+1:[02],

i
and X; € S". To simplify the expressions for H we first note that if we
partition W as

W= [Wn W12:| ’

Wi Was
with Wy € Sn, Wi € Rn, and Woy € R, then

WE, = W1 X; + Wigel Wllev',:| 7

) — o 0 2W12
WHXi + Wagel Wihe; i=1.nm WFy = { ] .

0 2Wso

The leading n x n block of H is given by

H;; = 'I‘I‘((WnXi + ngeiT)(Wqu + ngef)) + ezTWn(Xqu + ejWQQ)
+ (WSXz + WQQ@Z)WHEJ' + GZWQWSEJ'

= 'I‘I‘(WHX@‘WHX]') + QB?WHX]'WH + 2W£X¢W11€j + QWQQB;IWHBJ'
+ 2€ZTW12W126J‘

fori,5 =1,...,n. The last column is given by

H; 1 = 2(WihX; + Wosel )\ Wia + 2e] WioWas
= 2W17;X1W12 + 4(€?W12)W22
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fori=1,...,n, and
2
Hypi1ny1 = 4Wa.

In summary,

H 0 W HT
=1 [ v s

Wi W12:| P [le

2W.
e [Wng Was Was

| (W wea]

where

(Hl)ij :’IY(XiW11XjW11), i,j:l,...,n
Hy = [ X1 Wiy XoWig -+ X, Wia].

This proves (50).

B.2 Expression for G
Let G € R™*P be defined by

Gij = Tr(F; Mj), i=1,....,n, j=1,...,p.
We will partition M, as

M1 Mj a2
M. = 75 J5
! [MjT,u Mj,zz}

with Mj’u € S". We have
Gij :'I‘I‘(XiMle)-i-Qe;Mj’lg, 1= 1,...,7L, Gij :2Mj722.
From this it is easy to see that

G =2 YiBY2B --- Y};B] P |:M1,12 M9 -+ Mp 12

o 0 --- 0 My 20 Moo -+ My 00

with Y is the solution of AY; + Y;AT + M; 11 = 0.

C Derivation of (53) and (54)

Let X (v) be the solution of the Lyapunov equation
AX (v) + X(v)AT +vBT + BvT =0,
e, X(v) = ZZ':l v; X;. The matrices H; and H satisfy
v Hiv = Tre(X ()W X (v) W1, Hov = X (v)Wiy

for all v.
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C.1 Expression for H;

First suppose A is diagonal, A = diag(\), with A\ € C". Define ¥ € H"*" as
1
21] = —,
A + )\j

The solution of diag(\)Y + Y diag(\)* + Gw* + wG* = 0, where G € C", is
given by

ij=1,...,n.

Y(w) = —(Gw" +wG") o X. (92)
Therefore, for general S € H("+1)X(”+1),
Tr(Y (w)SY (w)S) = Tr(((Gw* + wG™) o X)S((Gw™ + wG™) o X)5)
= Tr(Dg X D% SDe YD S) + Tr(Dg D% S Dy SDES)
+ Tr (D, ¥ D5SDe Y D;,S) + Tr(Dyy X DS D, XD S)
where D, = diag(z). Now we use the property that for A, B € C"*",

n n
Tr(D,AD,B) ZZ Aijy;Bji = 27 (Ao BT)y.

This gives
Tr(Y (w)SY (w)S)
= w*((SDcX) o (SDcX)")w +w*(S o (YDESDeX) T w
+wl (ZDESDeX) o ST)w 4wl (YDES) o (YDES) T w
= 2Re(w? (X DES) o (XDES)T)w) + 2Re(w* (S o (Y DESDeX)T)w). (93)

Now suppose A is not diagonal, but diagonalizable, with AV = V diag(\).
The solution of AX + X AT 4+ BvT +vBT =0 is given by

X(v)=VY (Vo) v+
where Y (w) is the solution of
diag(\)Y + Y diag(\)* + V'Bw* + wBTV ™ =0
Therefore, for Wi, € S+,
Tr(X (0)W X (0)Why) = Te(Y (V') VWL VY (Vo) VA, V),

so we can apply (93) with w =V ~1v, S = V*W;V, G = V!B, and
Tr(X (v)W11 X (v)Wi1)
=2Re(vT V(¥ diag(V ' B)* VW1, V) o (£ diag(V ' B)*V*Wy, V)TV 1)

+2Re(vTVTH(VFWLV) o (X diag(V B V* W,V diag(V ' B)£)T)V~1w).
In conclusion,
Hy =2Re(V T (2 diag(V'B)*'V*Wi V) o (£ diag(V ' B)* VW, V)T) V)

+2Re(V ™ (VW11 V) o (£ diag(V ' B)*V*Wy, V diag(V'B) X)) V1.
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C.2 Expression for H,
With Y (w) defined as in (92), and s € C",

Y(w)s = —((Guw* + wG*) o X)s

=—-DgXD;s—D,XDgs

= —-DgXDsw — DX D¢s

= —DgXDyw — diag(X' D¢ s)w.
To determine H, we apply this expression with s = V*Wiy, G = V~1'B, and
w=V-"lu

X (0)Wia = VY (V) V* Wiy
= —Vdiag(V'B) X diag(V* W)V v
— V diag(X diag(V "' B)* V*Wi2)V v,

Therefore,

H, = —V diag(V ' B) X diag(V*W)V '~V diag(¥ diag(V ' B)*V* W)V 1.

D Non-controllable (A, B)

In this appendix we discuss how the assumption that (Ag, By) is control-

lable can be relaxed to (Ag, By) stabilizable, provided the range of Q is in

the controllable subspace of (A, Bi). For simplicity we explain the idea for

problems with one constraint, and omit the subscripts &, as in (29). We define

M(z) =3P | x;M;— N;, and assume the problem is strictly (primal) feasible.
Let T be a unitary state transformation such that

i |:A1 Az 5(‘;1

= =TT AT B=
0 AJ ’ {

|- 51

where (A, B;) is controllable and Aj is Hurwitz. Note that

TT 0] [ATP+PAPB][TO0] [ATP+ PAPB
01 BTP 0 01| BTP 0

where P = TTPT. Let

= P, Py = [ Qm} T
P: ~ ~ s = ~ ~ :T T
[PS PZ} “ 1T2 Q2 Q
and let ~ ~ B
My Mz M3 S
~ ~ ~ T 0 TO0
M= | ML, M, Moz | = 0 I] M(z) [0 I]'

My MI; M;
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Then it holds that (29) with strict inequality is equivalent to

minimize qT(E + T‘I‘(le) +2 'I‘I‘(ngplg) + T‘I‘(Qgpg)
PA; + AT Py P1A12 + P12A2 + A1 P12 p131

subject to * P12A12 + Py Ay + A12P12 + A P, P1231
* * 0 (94)
My Miz Mg
+ M12 MQ M23 > 0
M M23 M,?,

By the Schur complement formula the above constraint is equivalent to
151;11 + 121,{151 Plél /\;11 /\;113

ST 75 7 | 70
Bl P1 0 M13 M?,

and

1517;;112 + PyAs + 121{21612 + 215152 + Mz

PiAp + P12A2 + AT Py + Mis]" [PLA; + ATP1 + My PiBi+ Mys |
B Py + ME, BT P, + M7, M

" PiAyy + P Ay + AT Pry + M, <0
Bf Pz + M3, '

Now by our assumption that the range of ) is in the controllable subspace
of (A,B), we have Q2 = 0 and Q12 = 0. Then Py, and P, only appear
in the latter matrix inequality. This shows that it is possible to partition
the optimization problem into one problem of the original form for which
(211,31) is controllable involving the variables x and Py, and a feasibility
problem involving ]512 and 152. Notice that feasible 1512 and ]52 can be found
by solving a Lyapunov equation for P,. Hence all results presented in this
article extend to the case when (A, B) is stabilizable. Notice however that
there does not exist strictly dual feasible Z if (A, B) is not controllable.

E Linear Independence

In this appendix, we relax the assumption that the mapping (6) has full rank.

E.1 Change of Variables
Consider the constraint in (29) which can be written as

T . .
AP - [PA+A PPB} sz {Mu Mm} . [Nl NIQ}

BTP MYy, My, N{; No
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Let P; solve
ATPi+ PA=My;, i=1,....p

and let Mlg,i = Mlgﬂ‘ — PZ‘B, 1= ]., ey D Then with
B P
P=P-> uaP,
i=1

it holds that the above LMI is satisfied for P = PT and some z if and only if
P and z satisfy

o p Th p L
AP = [PA+A PPB] e

BTpP 0
=1
where ~
~ 0 M, 1:|
Mi = ~ ’ .
|:M1T2,i My,

Hence it is no loss in generality to assume that the LMI constraint is of a
form where the M; ;-entries are zero. The objective function is transformed
to G' x4+ Tr QP, where §; = ¢; + Tr QP;. We remark that this structure of the
constraint is inherent in certain applications such as IQCs as they are defined
in the Matlab IQC-toolbox. Moreover, notice that we could have defined the
change of variables slightly differently using an affine change of variables such
that N would also have had a zero 1,1-block. However, the notation would
have been more messy, and it would also complicate the presentation in what
follows.

E.2 Linear Independence

The full rank property of A(P, z) is needed for uniqueness of the solution of
the Newton equations. In this subsection we show that a sufficient and more
easily verified condition is that A is Hurwitz and M;, i = 1,. .., p, are linearly
independent. We make use of the specific structure developed above to show
that A(P,z) = 0 implies (P, z) = 0. By the change of variables in the previous
subsection, A(P,z) = 0 is equivalent to A(P,z) = 0. In the 1,1-position this
equation reads

PA+ATP =0
and since A is Hurwitz it follows that P = 0. This implies that
p ~
Z J,‘q;Ml =0
i=1

and since M;, i = 1,...,p, are linearly independent it follows that = = 0. By
the definition of the change of variables it is now true that (P,z) = 0. We
remark that the above proof easily extends to the general problem formulation
in the introduction.
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E.3 Linear Dependence

In case M;, i = 1,...,p, are linearly dependent, then either the objective
function is not bounded from below, or the problem can be reduced to an
equivalent problem with fewer variables for which M;, i = 1,...,p, are linearly
independent. To this end define

M = [svec(]\Zfl) svec(My) - - svec(Mp)] .

Apply a singular value decomposition to M:

~ T
M =U[5 0] [%T]

where X has full column rank. Define a change of variables for x via
T = - VlT x
=% = vy
Now clearly Mz = Mz, where M = UX;. Therefore we can rewrite the
constraint in the variables Z; and with a set of linearly independent matrices,

M;, given by the inverse symmetric vectorization of the columns of M. The
part of the primal objective function involving = can be written as as

T T VlT T ~ T -
cr=c [VlVg] VT T =C1 1+ Cy T2
2

where ¢; = Vch, Co = VQTC. Since Zs is not present in the constraint the
objective function is bounded below only if

EQZ‘/QTCZO

Hence, this is a necessary condition for the optimization problem to have a
solution. Therefore either the problem is not bounded below or there is an
equivalent problem involving fewer variables for which M;, i = 1,...,p are
linearly independent.

The cost of the above operation is O(n?), where we assume that p is O(n).
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Optimization problems over several cones of non-negative polynomials are
described; we focus on linear constraints on the coefficients that represent in-
terpolation constraints. For these problems, the complexity of solving the dual
formulation is shown to be almost independent of the number of constraints,
provided that an appropriate preprocessing has been performed. These results
are also extended to non-negative matrix polynomials and to interpolation
constraints on the derivatives.

1 Introduction

Non-negative polynomials are natural objects to model various engineering
problems. Among the most representative applications are the filter design
problems [1, 2, 5]. Recently, self-concordant barriers for several cones of non-
negative polynomials have been proposed in the literature [12]. They are usu-
ally based on results dating back to the beginning of the 20th century [10].
Indeed, these cones and their properties were extensively studied by several
well-known mathematicians (Fejér, Riesz, Toeplitz, Markov, ...), as testified
by their correspondences and papers.

Nowadays, convex optimization techniques allow us to efficiently treat
these cones, which are parametrized by semidefinite matrices [13, 16]. Al-
though general semidefinite programming solvers could be used to solve the
associated problems, the inherent structure of these polynomial problems must
be exploited to derive much more efficient algorithms [1, 6, 7]. They are based
on the matrix structure that shows up in the dual problem. In particular,
solving the standard conic formulation on cones of non-negative polynomials
using the dual matrix structure has been studied in [6].

In this chapter, we consider particular conic formulations, of which the
linear constraints are interpolations constraints. Indeed, natural linear con-
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straints on the coefficients of a polynomial are obtained as interpolation con-
ditions on the polynomial or its derivatives; each of them has an unambigu-
ous interpretation. We show that the associated optimization problems can
be solved very efficiently in a number of flops almost independent of the poly-
nomial degree. Moreover, these formulations have some interesting properties
that are worth pointing out.

In Section 2, we remind the reader of the characterization of non-negative
scalar polynomials using the cone of positive semidefinite matrices. This step
is of paramount importance before formulating the conic convex problems of
interest, i.e., minimizing a linear function of the coefficients of a non-negative
polynomial subject to interpolation constraints, see Section 3. Under mild as-
sumptions, these problems can be solved very efficiently as described in Section
4. Although non-negative matrix polynomials can also be characterized using
positive semidefinite matrices, closed formulas and nice interpretations are
more difficult to obtain. Section 5 shows how to extend our previous results
to this new setting. In Section 6, interpolation constraints on the derivatives
are considered. Although we could have started this paper with the general set-
ting (non-negative matrix polynomials with general interpolation constraints),
this general approach and the associated notation would have shadowed most
of the basic ideas underlying our results.

Notation

The optimization problems considered hereafter are assumed to be stated
in terms of appropriate scalar products defined over the space of complex
matrices. For any couple of matrices X and Y, let us set their Frobenius
scalar product as follows

m n

(X,Y)r = Re(Trace XY™) = Rez in,jyi,j, (1)

i=1 j=1

where {;;}:; and {y;;}:; are the scalar entries of the matrices X and Y,
respectively. Both matrices must have the same dimension m x n, but they are
not necessarily square. The above definition can thus be applied to vectors.
Since this scalar product induces the Frobenius norm, i.e. || X||% = (X, X)p,
it is called the Frobenius scalar product. It also follows from the definition
that

(X,Y)r = (Re(X),Re(Y)) + (Im(X), Im(Y"))

where (-,-) stands for the standard scalar product of matrices, i.e. (X,Y) =
Trace XY ™*. Positive semidefiniteness of a matrix Y is denoted by Y = 0. The
sets of positive semidefinite real symmetric and complex Hermitian matrices
(of order n) are denoted by S;" and H,', respectively. The column vector
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with s = x or z, is often used to represent a polynomial by its coefficients. The
(block) diagonal matrix defined by the (block) vector y is denoted by diag(y).
The complex unit is written as i, i.e. i = —1. The elements of the canonical
basis are written as {ey }x, i.e. I, = [eo . en_l] is the identity matrix of size

n. (Z) is the binomial coefficient #k‘)‘k'

2 Non-negative Polynomials

Let us summarize a few facts about non-negative polynomials. First of all,
the characterization of such polynomials depends on the curve of the complex
plane on which they are defined. These curves are typically the real axis R,
the unit circle e® or the imaginary axis iR. Optimization problems on the
latter curve are not considered in what follows; they can be reduced in a
straightforward manner to optimization problems on the real line. The set of
non-negative polynomials on any of these three curves is clearly a convex cone
K, ie.
K4+4KCK, aKCK, Va>0

In this article, this special structure is used to formulate various optimiza-
tion problems in conic form, based on interpolation constraints. Let us now
examine the cones of interest and their duals.

2.1 Real Line

Denote the cone of polynomials (of degree 2n) non-negative on the whole real
line R by

2n
Ke = {p e R :p(z) =) pra’ > 0,Vz € R}
k=0
and define the inner product between two real vectors p = [po, e pgn] r and
T . .
q= [qo, . qgn] by (p, ¢)r = Ziio Prqr = (p,q). As a direct consequence

of Markov-Lukdcs Theorem , the cone Kg can be characterized as follows [12].

Theorem 1. A polynomial p(x) = Ziio pre® is nmon-negative on the real
axis if and only if there exists a positive semidefinite symmetric matric Y =
{Wij i =0 such that (yi; =0 for i or j outside their definition range)

Di = Z vij, fork=0,...,2n. (2)
i+j=k

Remark 1. Identities (2) can be rewritten as p(z) = (Y, (z), m, (2)).
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Remember that the dual cone K is defined by
K ={s e R*"*': (p,s)x >0, VpeKe}.

Let H(s) be the Hankel matriz defined by the vector s € R?"+1 ie.,

80 81 ... Sn
51
H(s)= |~ (3)
So2n—1
Sp *t S2n—1  S2n

Then the cone dual to Kg is characterized by H(s) = 0, i.e.,
K ={s e R*"" . H(s) = 0}.

The operator dual to H(-) allows us to write (2) as p = H*(Y"), which means
that
pr = (Y,H(ex)), k=0,...,2n.

Let us now interpret the primal and dual objects. Given p € int g, there
exists a positive definite matrix Y such that p = H*(Y) and such that its
inverse is a Hankel matrix, say Y = H(s) ! [12]. Remember that any positive
definite Hankel matrix H(s) admits a Vandermonde factorization [3]

Y=l = H(s) = V diag({p:}-p) V7 (4)

where p; > 0,Vi and V' is a nonsingular Vandermonde matrix defined by the
nodes {z;}7 g, i.e.

1 ...1
Xo ... Tp

vV=|. Ul (5)
xp ...l

Let LT be the inverse of V, i.e. LTV = n+1- 1t is well known that the rows
of LT are the coefficients of the Lagrange polynomials {l;(z)}?, associated
with the distinct points {x;}7 :

lz(xj) = <L61j,7'('n($j)> = 52‘]‘, 0 < i,j < n,

where §;; is the Kronecker delta. Therefore, we obtain an explicit expression
of the positive definite matrix Y in terms of the Lagrange polynomials

Y = Ldiag({p:}{—o)L"" (6)

This representation is equivalent to the decomposition of p(x) as a weighted
sum of n + 1 squared Lagrange polynomials
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n

pla) =Y pla:)(ls(@)*.

=0

To see this, we plug expression (6) into the identity p(z) = (Ym,(x), 7, (x)),
which can subsequently be rewritten as

p(z) = (L diag({p:}i2 )L m(@), (@) = D pilLese] LT, mo(@)ma(2))
i=0

= pil(Leima(@)? = Y pilli(2))”
i=0 i=0

As {l;(x)}, are the Lagrange polynomials associated with the points {z;}}" ,
it is straightforward to check that p; = p(x;), Vi.

2.2 Unit Circle

On the unit circle, the non-negative polynomials of interest are the trigono-
metric polynomials. Remember that a trigonometric polynomial of degree n
has the form

Z ay, cos(kf) + by sin(k9)], 6 € [0, 27]. (7)
k=0

where {ai}}_, and {by}}_, are two sets of real coefficients. Without loss of
generality, we can assume that by = 0.
If we define the complex coefficients {py}}_, as

pr=ag +ibg, k=0,....n

the pseudo-polynomial
n
p(z) = (0,7 (2))r =Re(Y_prz*), [2[ =1, (8)

evaluated on the unit circle is equivalent to trigonometric polynomial (7).
Therefore, we can use either (7) or (8) to represent the same mathematical
object.

Denote the cone of trigonometric polynomials (of degree n) non-negative
on the unit circle by

Ke={peRxC": (p,mn(2))r >0,z =¢"6€0,2m)}

. T
and define the inner product between two vectors p = [po, ceey pn] eRxC"

and ¢ = [qo, e qn]T € Rx C" by (p,q)c = (p,q)r. As a direct consequence
of Fejér-Riesz Theorem , see e.g., [15, Part 6, Problems 40 and 41], this cone
can be characterized as follows [12].
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Theorem 2. A trigonometric polynomial p(z) = (p, 7y (2))F s non-negative
on the unit circle if and only if there exists a positive semidefinite Hermitian
matriz Y = {y; j}i ;—o such that (y;; = 0 for i or j outside their definition

range)
oYii, k=0
Di = szgfoy 5] (9)
2> Yy, k=1,....n

Remark 2. As before, identities (9) can be rewritten using the vector m,(2),
ie. p(z) = (Y (2), m(2)).

By definition, the cone dual to K¢ is the set of vectors s € Rx C" satisfying
the inequalities
(p,s)c 20, Vpe Kc.

Let T'(s) be the Hermitian Toeplitz matrix defined by the vector s € R x C™,
i.e.,

S0 gl cet Sp
S1
T(s)=1].. . (10)
. 51
Sn, S1 S0

Then the cone dual to K¢ is characterized by T'(s) = 0, i.e.
Ke={seRxC":T(s) > 0}.

The operator dual to T'(-) allows us to write (9) as p = T*(Y'), which means
that
pr =Y. 1), k=0,...,n

where the matrices {7 }_ are defined by the identity T'(s) = £ >, (Tksk+
TkTEk),Vs eR x C™.

As before, a better understanding of the primal and dual objects is ob-
tained by considering the decomposition of p(z) € int K¢ as a weighted sum
of squared Lagrange polynomials.

3 The Optimization Problem

The problem of optimizing over the cone of non-negative polynomials, subject
to linear constraints on the coefficients of these polynomials, has already been
studied by the authors in a wider framework [6]. Remember that this class of
problems is exactly the standard conic formulation introduced in [13]. In this
section, we now focus on the particular case of scalar polynomials constrained
by interpolation constraints. The consequent structures of the primal and dual
problems lead to efficient algorithms for solving such problems.
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3.1 Real Line

Several important optimization problems on the real line can be formulated
as the following primal problem

min (c, p)
s.t. {(ai,p) =bi, 1 =0,...,k—1, (11)
pEICRv

where the matrix of constraints A = {a;}*=} € R¥*(7+1) is a full row rank
matrix. Clearly, the constraints Ap = b are linear constraints on the coef-
ficients of the polynomial p(xz) = Z?ZO p;xt whereas the constraint p € Kp
is semi-infinite. Note that the number k of linear constraints must satisfy
1 <k <2n+ 1. Moreover, if k = 2n + 1, (11) is clearly not an optimization
problem.

From a computational point of view, the problem dual to (11) has a con-
siderable advantage over its primal counterpart. It reads as follows

masx (b, )
s.t. s+ Zi:ol a;y; = c, (12)
s € Kg.

Since its constraints are equivalent to H(c — ATy) = 0, the Hankel structure
allows us to solve this dual problem efficiently [6].

Using Theorem 1, the primal optimization problem (11) can also be recast
as a semidefinite programming problem :

min (H(c),Y)
s. t. (H(al),Y> = bi, ) :0,...,]{)— ].,
Y esyt

Let us now focus on interpolation constraints. Clearly, an interpolation
constraint on a polynomial p is a linear constraint :

p(xi) = (p, man(@i)) = bs.
Assume that all linear constraints of (11) are interpolation constraints, i.e.
(ai,p) = (man(z;),p) =b;, i=0,....k—1. (13)
Then the dual problem (12) is equivalent to

max (b, y)
s.t. H(c) — Yimg yiH (man (1)) = 0.

As the Hankel structure satisfies

H(ma, (7)) = Wn(x)ﬂ'n('r)Tv Vz € R,
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we finally obtain the following formulation

max (b, y)

s.t. H(c) — V diag(y)VT =0, (14)
where the Vandermonde matriz V is defined by the nodes {zo,...,zr_1}, i.e.
1 ... 1
o .. Thk—1

V:

Ty .. Ty
Assumption 1. The components of vector b are strictly positive.

Remark 3. Since we work with non-negative polynomials, this assumption is
not restrictive. If there exists an integer ¢ such that b; = 0, one can factorize
p(x) as p(x) = p(x)(z — x;)? and rewrite the optimization problem using the
polynomial p(z).

3.2 Unit Circle

Several important optimization problems on the unit circle can be formulated
as the following primal problem

min (¢, p)c
s.t. {aj,p)c =bi, i =0,..., k=1, (15)
p € Kc,

with linearly independent constraints. From a computational point of view,
the problem dual to (15) has again a considerable advantage over its primal
counterpart. This dual problem reads as follows

mas {b,y)
s.t.s+ Zi:ol yia; = ¢, (16)
s € Kg.

As in the real line setting, one can use the Toeplitz structure of its constraints
to get fast algorithms. Using Theorem 2, the primal optimization problem
(15) can be reformulated as the semidefinite programming problem

min (T'(c),Y)
s.t. (T(a;), Yy =b;,1=0,....,k—1,.
+1
Y e HyT.
An interpolation constraint on the trigonometric polynomial p corresponds
to
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n

p(0:) = [ax cos(kb:) + by sin(k6;)] = b; > 0, 6; € [0,27],
k=0

and is equivalent to the linear constraint
(aisp) = p(z:) = (p,ma(z)) = bi, 2 = e, (17)
Note that the identity
T(m2n(2)) = ma(2)mal(2)", Vze€T,

holds for the Toeplitz structure. If all linear constraints of (15) are interpola-
tion constraints, the dual can therefore be written as

max (b, y) (18)
s.t. T(c) — Vdiag(y)V* = 0,
where the Vandermonde matriz V is defined by the points {zo, ..., 2zk-1}, i.e.
1 ... 1
z0 c Rk—1
V pm—
2y .20y

As before, we make the next non-restrictive assumption.

Assumption 2. The components of vector b are strictly positive.

4 Solving the Optimization Problem

In this section, we focus on problems with interpolation conditions, see (13)
and (17). We discuss the interpretation of the so-called “strict feasibility”
assumption in our context of polynomials. Then we give the explicit solution
of three particular optimization problems (one interpolation constraint, two
interpolation constraints, property of the objective function). In the general
setting, we show that solving the dual problem can be done very efficiently,
provided that strict feasibility holds.

4.1 Strict Feasibility

The standard assumption on the primal and dual problems is the so-called
“strict feasibility” assumption. This assumption is necessary in order to prop-
erly define the primal and dual central-paths and thus to solve our pair of
primal and dual problems [11]. Moreover, it ensures that the optimal values
of both problems coincide, which is an important property to solve our class
of problem efficiently.
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Assumption 3 (Strict feasibility). There exist points p € int K, § € int £*
and § € R¥ that satisfy the following linear systems

(ai,p) =b;, 0<i<k-—1,

As mentioned in Table 1, the interiors of the primal and dual cones are
characterized in terms of polynomials and structured matrices, respectively.
However, our particular problem classes allow us to further discuss the inter-
pretation of the previous assumption. More specifically, we shall see that some
information about strict feasibility of our problems is known in advance.

Table 1. Interiors of primal and dual cones

K=Kgr K= Kc

p € int K |p(t) > 0,Vt € R and p2p, > 0| p(z) >0,V|z|=1

s €int K*| H(s) is positive definite |T(s) is positive definite

Real Line

First, we analyze strict feasibility of the primal constraints. If the number of
interpolation points is less or equal to n + 1, i.e. £k < n + 1, it is clear that
there exists a strictly positive polynomial p such that Ap = b. Assume that
k' =mn+1 and let {l;(z)}7, be the set of Lagrange polynomials of degree
n associated with the interpolation points. By definition, these polynomials
satisfy the identities

li(xj) = 0i5, 0<4,j<m,

where d;; is the well-known Kronecker delta. The polynomial
plx) =Y bili())?
i=0

clearly satisfies all our interpolation constraints and belongs to int Cr. For
the case k < n+ 1, we can add n + 1 — k “extra” interpolation constraints
and check that the (original) primal problem is always strictly feasible. If the
number of interpolation points is strictly greater that n 4+ 1, we cannot say
anything in advance about primal strict feasibility.

Let us now analyze strict feasibility of the dual constraints. Because of the
structure of our interpolation constraints, the interior of the dual space is the
set of vectors s = ¢ — ATy such that
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H(s)=H(c— ATy) Zym’n z3) 7 (2:)T = 0.

If K > n+1, we conclude from this inequality that there always exists s = ¢ —
ATy € int K. Another simple situation arises when ¢ € int Kf, i.e H(c) = 0.
Then the dual problem is always strictly feasible. For instance, this situation
occurs when minimizing the integral of the polynomial p(z) on a finite interval
Ic (—OO,-i—OO) :

(c,p):/ dx—Zpl/ z'dr),

subject to interpolation constraints. This situation is frequent in practice and
one easily checks that ¢ € int /Cf in this case. Indeed, the inner product (c, p)
is positive for all non-zero p € Kg.

Remark /. If the dual problem is strictly feasible, one can always reformulate
the problem in order to ensure that c € int Kf.

We have summarized our discussion on Figure 1. Let us point out a re-
markable property of our class of problems, which is clearly exhibited on this
figure. If the number of constraints is equal to n 4+ 1, both primal and dual
problems are strictly feasible and this property is independent of the data.
Except for this particular case, there usually exists a trade-off between strict
primal and dual feasibility.

Unit Circle

Using exactly the same argument, one can show that the primal problem is
always strictly feasible if the number of interpolation constraints is less or
equal to n + 1. As in the real line, there exists a trade-off between strict

| Strict dual feasibility if ¢ € int * |

| Generic strict dual feasibility |

| Generic strict primal feasibility |

1 n+1 2n-+1

Y

Fig. 1. Generic strict feasibility as a function of the number of interpolation con-
straints
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feasibility of the primal and dual constraints unless £ = n + 1. If ¢ € int K¢,
i.e T(c) > 0, the dual problem is always strictly feasible.

Therefore, the largest class of interpolation problems on non-negative poly-
nomials (degree 2n or n, in the real line or unit circle setting, respectively) for
which strict feasibility holds and does not depend on the interpolation points,
satisfies the following assumption.

Assumption 4. The number k of interpolation constraints is less or equal
to n + 1 and the objective vector ¢ satisfies H(c) = 0 (real line setting) or
T(c) = 0 (unit circle setting), i.e. ¢ € int IC*.

From now on, we focus on problems that fulfil this assumption. First, we
consider several problems for which explicit solutions are easily computed
from the data.

4.2 One Interpolation Constraint

Real Line

Suppose that one wants to solve the primal problem
min{{c,p) : p(Z) = b,p € Kr}.

The dual problem reads as follows

max by
s.t. H(c) = ymp (Z)[m (2)] T

Without loss of generality, the scalar b is assumed to be equal to 1. Therefore,
the optimal value of this problem
1
(H(c) 'mn(z), mn(2))

is equal to the optimal value of y. Using Assumption 4, the optimal vector p
is thus given by

H(C)ilﬂ-n(f)
H(C)_lﬂ'n(i‘)v ﬂ-n(i‘» '

p=H"(qq"), q= <
One can check that

p(z) = (T2n(2), 1) = (70 (2)mn (@), 0¢7) = ((7n(2),0))* = 1,

e — (H(e). aaT — ! :
< 7p> <H( )7qq > <H(C)_17Tn(j:)aﬂ-n(i‘)>

As p is feasible and the corresponding objective value (¢, p) is equal to the
dual optimal one, the polynomial p(x) = (p, 72, (2)) is optimal.
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Unit Circle
Let us now solve the primal problem

min{(c,p) : p(z) = (p, T (2))r = b,p € K¢} (19)
As in the real line setting, both primal and dual optimal solutions are com-
puted explicitly by making use of Assumption 4. They are equal to :
1
T(c) " 'mn(2), mn(2))
_ T 'm(®)
EROCRENCENEIN

Y=

p="T"(qq"),

Ezample 1 (Moving average system, [14]). Let h[n] be a discrete time signal
and H(el“) be its Fourier transform. The function |H(e*)|? is known as the
energy density spectrum because it determines how the energy is distributed
in frequency. Let us compute the signal that has the minimum energy

2rE = [H(e“)|*dw
and satisfies |H(el%)| = 1.

This is exactly an example of the problem class (19). Since p(elv) =
|H(e*)|? is a trigonometric polynomial, f:r p(el“)dw = po. The vector ¢ that
defines the objective function is thus equal to ¢ = [1,0,...,0]7 = ey. The
interpolation constraint is obviously defined by z = 7, (¢!’) = ¢ and b = 1.

Therefore, the optimal primal solution is given by

n,...,17
= T* * = .
P (¢q"), «q i
and the corresponding Fourier transform H(el“) can be set to

n

iw 1 —iw
H(e ):Zn+1e :

=0

Note that |H(e'*)|? is an approximation of a low-pass filter, see Figure 2. The
corresponding signal is exactly the impulse response of the moving average
system :

1
——, 0<k<n+1,
hlk] = { ntL’ o "
0, otherwise.

Since convolution of a discrete signal x[n] with h[n] returns a signal y[n] such
that
1 n
ylk] = > alk =1

n+1 =

y[n] is the “moving average” of x[n].
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Normalized frequency

Fig. 2. Energy density spectrum (|H(e!“)|? — n=7)

4.3 Two Interpolation Constraints

Before investigating problems with two interpolation constraints, we need to
solve explicitly a 2-dimensional semidefinite programming problem.
Proposition 1. Let by,b; € intRy and o,y € R and g € C. The optimal

value of the optimization problem

max boyo_-i— biy1

o[22 o] )

s reached at the optimal point

b b
Yo =a — mh/i, Y1 =" — |ﬁ|\/§

and it is equal to boc + by — 2|8]v/bobs .

Proof. The constraints are equivalent to
2
B S,
@ —%Yo
Maximizing the linear function byyo+b1y1 on this 2-dimensional convex region
is straightforward (see Figure 3). Clearly, the system of equations

P _w I
(a—yo)? b’ a—yo

a—yo 20, Y=y —

provides us with the optimal point (yo,y1)- O



Optimization Problems over Non-negative Polynomials 253

Fig. 3. Feasibility region of (20) with o = 3,8 = (1 +1)/v/2 and y = 2

Real Line

If the number of interpolation constraints is equal to 2, the dual problem (12)
is given by

max (b, y)
s.t. H(c) = yoTl'n(-TO)['/Tn(IO)]T + ylﬂn(ﬂcl)[ﬁn(ml)]T )

Equivalently, the dual constraint can be recast as
0 T
H(c) — [mn(wo) mn(21)] {y(;) yl} [Tn(20) mn(21)]” = 0.

Let us define the matrix My (¢; g, 21) by

(H (c) ™ mn(20), mn(0)) (H(€) ' (a1), w0 (20))

My (€m0, 1) = [<H<c> w(@0), T (21)) (H (€)™ o (1), (1))

If diag(y) is positive definite at the optimum, then the previous linear matrix
inequality can be recast as

My (¢; o, :cl)*l = diag(y).

Indeed, this reformulation follows from the Schur complement formula. Oth-
erwise, our hypothesis on the objective function, ¢ € int £f, can be used so
as to obtain the same reformulation. We delay the proof of this fact to the
general setting, see Proposition 3.
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Consequently, Proposition 1 allows us to solve our dual problem explicitly :

Yo = m l(H(c)_lwn(%)aﬂn(%» — [(H ()~ (o), mn (21))] Z(ﬂ 7
Y1 = m [(H(C)lﬂn(xO)vﬂn(x0)> - |<H(C)717rn(x0),7rn(x1)>| Z_(l)‘| 7

with det(Mp) = det(Mp(c; 2o, x1)).
Our primal optimization problem can also be solved explicitly. To see this,
define the vector v = [vl vg]T as the solution of the linear system

oo atzoma o] 1] =[]

where o € {—1,+1} is the sign of (H(c) ™', (z0), 7, (21)). Then the vector

p="H"(qq"), g¢=H()" [ma(z0) m(21)] {(1) 2] [zﬂ

defines a non-negative polynomial p(z) = ({g, 7,(x)))? that satisfies p(x¢) =
bp and p(x1) = by. Indeed, we have

bt -

Moreover, the inner product (c,p) is equal to the optimal dual value : the
vector p is thus optimal.

Unit Circle

As in the real line setting, the dual problem can be rewritten as

max (b, y)
s.t. Mr(c; 20,21) 7" = diag(y)

where

[T T (20), Ta(20)) () 1), T (20)
MT("“O““‘& Lt (20)s T (1)) (T(€) " n(21), T ]

The optimal dual solution is now equal to

Yo = m (T(e) 'mn(z1), m(21)) — (T() "m0 (20), T (21)) | Zb);] ’
Y1 = m <T(C)_17Tn(20)77rn(20)> - |<T(C)_1ﬂ-n(zo)’ﬂ-n(21)>| l;_(l)‘| ’
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with det(M7) = det(Mr(c; 20, 21)). Let us define the vector [vg vl]T as the
solution of the linear system

po] et s ) 1] =[]

where o is equal to e—iarg(T(e) " mu(21),mn(20)) | The vector

s -1 e e ]9

corresponds to a trigonometric polynomial p(z) = |q(2)|? that satisfies our
interpolation constraints and such that (c,p) = (b,y). This vector p is thus
the (primal) optimal one.

4.4 More Interpolation Constraints (k < n + 1)

If Assumption 4 holds and k < n + 1, the previous analysis can always be
carried out. We first focus on the unit circle setting and show the connection
with spectral factorization of trigonometric polynomials. The real line problem
is then solved using a similar methodology. Let us start with two preliminary
results.

Preliminary Results

Proposition 2. Let C ¢ intH} be a positive definite matriz and V =
Wo

[VO V1] e C" ™ be a nonsingular matriz. If the matric W = {W is the
1
, ) . - , WoVo WoVi| |10
(left) inverse of V with compatible partitions, i.e. {leo lel} = {O I}’

then we have

(VO V)™ = W OW; — WL CWE (WoCWE) ™ WoOW1.

Proof. Let us apply the well-known Schur complement identity

G =lal A [F sl [577] s o

to the matrix product

WO — [WOCWJ WOCWf‘] .

WiCWE WiCWy

Clearly, we obtain that
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. _ 1 0
wews = [(chwm(wocwo*)—l 1]
WoCW§ 0 I (WOCWS‘)A(WOCWF)
0 Wi /Wol |0 I

with Wy /Wy = W1CW; —(W1CWE)(WoCWg) ~H(WoCW). Because the ma-
trix WCW* is nonsingular (by assumption), we have

WOW)! = [I —(WOCWS‘)l(WOCWf)]

0 I

wocwy o ]! I 0
0 Wl/WO —(chwg)(WOCWJ)_ll ’

Hence, the lower right block of the identity

*—1 *1—1
(WCW*) ! = VeV = {VO ¢ o Vl]

V'l*c—l‘/o V'I*Cf—lv'l
is exactly equivalent to
VICTIVY = (W OWy — (WCWE)(WoCWe) ™ H(WoOW)) L.

O

Proposition 3. Let C € int H"} be a positive definite matriz and Vi € Cnxk
be a matriz with full column rank (k < n). Then the linear matriz inequality

C = Vidiag(y)Vy (21)

s equivalent to
(VirC~'vi) ™! = diag(y). (22)

Proof. If k = n, the proof is trivial. Indeed, both inequalities (21) and (22)
are congruent. This congruence is defined by the nonsingular matrix V;~*. If
k < n, Proposition 2 must be used. Let V; € C"*("=%) he a matrix such that
V = [Vp V1] € C"™*" is nonsingular. The (left) inverse of V is denoted by

W = [go} . If the rows of W are partitioned according to the partition of V',
1
we have
| WoVo WoVi| |10
WV = [leb lel] = [0 I] :

The linear matrix inequality (21), which can be rewritten as

C - Vo Vi] [8 diag(y)] [m -0,
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is thus equivalent to

[;Vfﬂ cws wil - [8 diag(y)] =0 (23)

by congruence. Because WoC'W{ is positive definite by assumption, the pre-
vious inequality is equivalent to positive semidefiniteness of its Schur comple-
ment in (23),

WICWT — (W1CWg ) (WoCW)~H(WoCWY) = diag(y).

We complete the proof by making use of Proposition 2. a

Unit Circle
Remember that the optimization problem of interest is

min (¢, p)r
s. t. <p,7l’n(Zi)>]R:bi,i:(),...,k—L (24)
p € Kc.

If the non-negative trigonometric polynomial p(z) is written as a square by

making use of an arbitrary spectral factor ¢(z), i.e. p(2) = |q(2)|? or p =
T*(qq™), the primal optimization problem can be rewritten as
min (7'(c)q, q) (25)

st (¢, () = Vb, i=0,... k-1,
where {0;}%7] is a set of phases.
Define the vector o by o; = vbie',i = 0,...,k — 1 and the matrix My
by
Mr(c; 20,y z5—1) = [Tn(z0) -+ Tn(2-1)]"
T(c)™" [mnlz0) -+ Tnlzr-1)] .
As a function of o, the optimal solution of (25) is equal to
q="T(c)" [mn(20) -+ Tn(2k-1)] Mr(c; 20,...,21-1) " "0 (26)

and the corresponding optimal value is

<T(C)Qa Q> = <MT(C; 205 - Zk*1)7107 U>'

Remark 5. A direct consequence of (26) is that our spectral factor ¢(z) is
decomposed as a sum of “Lagrange-like” polynomials :

k—1
q(z) = <Q7 7771(2)>(C = Zeiaqujli(Z)
=0

where 1;(z;) = di;, Vi, j.
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Finally, the optimal solution of problem (25) is obtained by minimizing
over the vector o,

min (Mr(c; 20, ..., 2x—1) ‘o, 0) (27)

s. t. |Ui|2:bi7 iZO,...,k—l.

If m > 2, an explicit solution is difficult to obtain easily from this new formu-
lation. However, we can solve the semidefinite relaxation of problem (27) :

min <M51(zo, ce 2h—1), X)),
s.t. diag(X) = b, (28)
X e HE,

where diag(X) is the vector defined by the diagonal elements of X. In gen-
eral, a quadratic problem of the form (27) is Np-hard to solve, see the Ap-
pendix. Nevertheless, the particular structure of the quadratic objective func-
tion yields an extremely interesting result.

Theorem 3. If Assumption 4 holds, relaxation (28) of quadratically con-
strained quadratic problem (27) is exact.

Proof. Using standard convex duality theory, the dual of problem (28) is

max (b, y) (29)
s.t. Myt (z0,...,25-1) = diag(y),
which is exactly the dual of the original problem (24) :
max (b, y) . (30)
s.t. T(c) = [mn(20) - .. mn(2k—1)] diag(y) [mn(20) - .. Tnlzr-1)] -
To see this, we define the matrix V; as Vi = [77”(20) Wn(zk_l)] and we

apply Proposition 3 with C' = T'(c). Because the (dual) constraints of (29)
and (30) are equivalent, both problems are identical.

By assumption the original problem (24) has no duality gap. Since both
problems (24) and (28) have the same dual, the relaxation has also a zero
duality gap. This last observation completes our proof. a

The optimal coefficients p can be obtained from the solution X of (28) via
the identity
p=T"(T(c)"ViMy XMz 'V T(e)™)

where V] = [wn(zo) Wn(zk,l)] and My = Mry(c; 20, - - -, 2k—1)- To see this,
note that
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(c,p) = (T(c), T(c) " VAMp ' XMz 'ViT(c)™")
T(c) " ViM X MV 1)
ViT(c) " ViMp ' XMt 1)

=
=
=
= (X, M)

»

and that, for all 7,

Real Line
Remember that the optimization problem of interest is
min (¢, p)
S.t. (p, o () = b, 0 =0,...,k—1,. (31)
p € Kg.
If we use any complex spectral factor ¢(x) of our unknown polynomial p(x) =
|q(x)|? as a variable, the previous analysis can be carried out in the real

line setting. It leads exactly to the same formulae provided that the following
substitutions are performed :

1. T'(¢) is replaced by H/(c);

2. the interpolation points {21}5;01 are replaced by {z; f;ol;
3. the matrix Mr(c; 20, - - ., 2zK—1) is replaced by its “Hankel counterpart”
[MH(C; Loy - - ,a:k_l)]ij = Wn(a?i)*H(C)_lﬂ'n(xj).

Let us summarize the most important steps. First, the primal optimization
problem (31) is reformulated as

.t {q, mn(2:)) = Vbiel%, i =0,... k-1,
which is equivalent to

min (My(c;xo, ..., 25-1) ‘o,0)

s. t. |Ui|2:bi7 iZO,...,k—l. (33)

In practice, this last optimization problem is solved using the following relax-
ation
min <M§1(x0, ey Te—1), X)),
s.t. diag(X) = b, (34)
X e HE.
As before, the structure of quadratic problem (33) leads to an exact
semidefinite relaxation.
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Theorem 4. If Assumption 4 holds, relaxation (34) of quadratically con-
strained quadratic problem (33) is exact.

Proof. Using standard convex duality theory, the dual of problem (28) is

max (b, y) (35)
s.t. My (zo,...,m5-1) = diag(y),
which is exactly the dual of the original problem (31) :
max (b, y) . (36)
s.t. H(c) = [mn(x0) ... Tn(zr—1)] diag(y) [mn (o) ... mn(ze—1)] .
To see this, we define the matrix V7 as V; = [7‘1'”(20) Wn(zk,l)] and we

apply Proposition 3 with C' = T'(¢) and V;. Because the (dual) constraints of
(35) and (36) are equivalent, both problems are identical.

By assumption the original problem (31) has no duality gap. Since both
problems (31) and (34) have the same dual, the relaxation has also a zero
duality gap. This last observation completes our proof. O

Complexity

The complexity of solving relaxation (34) or (28) is only a function of the
desired accuracy € and the number of interpolation constraints k. If Assump-
tion 4 holds and if the original problem has been pre-processed, it can be
solved in a number of iterations that does not depend on the degree n. In-
deed, solving the dual problem (35) or (29) using a standard path-following
scheme requires O(ﬂlog %) Newton steps. At each iteration, computing the
gradient and the Hessian of a barrier function of the type

fly) = —logdet(M~" — diag(y))

requires O(k3) flops. Note that the pre-processing can be done via fast Hankel
or Toeplitz solvers, see [9].

4.5 Still More Interpolation Constraints (m > n + 1)

If the number of interpolation constraints is strictly greater than n + 1, strict
feasibility of the primal problem depends on the data. Therefore, a general
procedure that solves efficiently the primal problem and uses the structure of
the interpolation constraints is not likely to exist. Indeed, the primal problem
might be infeasible ! Let us illustrate this fact by a simple example.

Ezxample 2. Consider the set of polynomials of degree 2n = 4, non-negative
on the real line, and four interpolation points = [—2,—1,1,2]. The vector
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b=11,1,1,1] gives a strictly feasible primal problem. Indeed, the polynomial
p(z) = L(z* — 52% + 7) satisfies our interpolation constraints and belongs
to int Cr. If the vector b is equal to [1, 10,1, 1], the polynomial family that
satisfies our interpolation constraints is p(z; A) = T((A — 7)a* + 623 + (29 —
5A)x? — 24z + 4)), A € R. If p(z; \) belonged to int g, A would be greater
than 7. As p(%;)\) = ﬁ(—?ﬁl)\ — 3255),VA > 0, these data correspond to
an infeasible primal set. . .

Of course, the dual structure can still be exploited to try reducing the
computational cost. For instance, consider a problem on the unit circle with
m > n+ 1 interpolation constraints. Clearly, the corresponding Vandermonde
matrix V' can be divided into a nonsingular square Vandermonde matrix Vj
and a rectangular one V;

V= [VO V1], det Vj # 0.

If the dual vector is divided accordingly, the dual constraint can be recast as
T(c) = Vo diag(yo) Vs + Vi diag(y1) V. Since Vp is nonsingular, it is equivalent
to

Vo 'T()Vy * = Vg 'Vidiag(yy) Vi)V ™ = diag(yo).

Therefore, an appropriate preprocessing leads to the following dual constraint
C — Vdiag(y1)V* = diag(yo).

Since the Toeplitz structure of the dual is lost, the resulting algorithm cannot
use the underlying displacement operator nor a divide-and-conquer strategy to
evaluate the gradient and the Hessian of the self-concordant barrier function.
This strategy will thus be slower than the one designed in [6]

4.6 Property of the Objective Function

If H(c) or T(c) is not positive definite, the corresponding dual problem can
sometimes be solved explicitly.

Real Line

If the vector ¢ is such that H(c) can be factorized as

ia, v 4
H(e) = [v w] | go(A >diag%wﬂ [VVVT} 0

where V' € R¥*("+1) is the Vandermonde matrix defined by the interpolation
constraints and W € R("+1-k)x(n+1) i5 sych that [V W] is full rank, one can
easily compute an explicit solution of the optimization. From a theoretical
point of view, there exist vectors ¢ such that the proposed factorization does
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not exist. From a computational point of view, it may also be difficult to
compute accurately.
The dual constraints now reads as follows

diag(Av - y) 0
0 diaghw)| =%

If diag(\,) is not positive semidefinite, the dual optimization problem is in-
feasible and the primal problem is unbounded. Otherwise, the solution is ob-
tained by setting the dual variables y; to their upper bounds, i.e. y = A,. This
provides us with either a lower bound or the exact value of the optimization
problem, depending on whether the problem has a duality gap.

Unit Circle

The same factorization technique can be applied to T'(c), i.e.

7(e) = [v w] | HeE) diag%w)] [I‘Af,] (38)

and leads to the same results and drawbacks.

5 Matrix Polynomials

In this section, we show that most of the previous results still holds in the
context of non-negative matrix polynomials. As before, these non-negative
polynomials could be defined on the real line, on the imaginary axis and on
the unit circle. To avoid redundancies, we only consider the cone of matrix
polynomials non-negative on the real line, which is again denoted by K,

2n
0= P(z)=)» Pua” VzeR;  P.=P €R™,Vk. (39)
k=0

Theorem 1 can then be extended to the matrix case [6].

Theorem 5. A matriz polynomial P(x) is non-negative on the real axis if
and only if there exists a positive semidefinite symmetric block matrix Y =
{Yij 3 j—o such that (Yi; =0 fori or j outside their definition range)

P, = Z Yij, fork=0,...,2n. (40)
itj=k

As shown in [6], the dual cone is the set of Hermitian matrix coefficients
S = [So S1... Szn] such that the corresponding block Hankel matrix
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SO Sl R Sn
Syt
H(S)=|" , (41)
Sn e SQn—l SQn
is positive semidefinite, i.e. Kf = {S: H(S) = 0}.

5.1 The Optimization Problem

Using matrix interpolation constraints, our optimization problem (11) could
be extended to
min (C, P) = 327" (Cy, Py)
s.t. P(z) = S0t o Prat = By i =0,...,k—1. (42)
P(z) =0, Vz € R

where {Bi}f;(} is a set of positive definite matrices. Its dual is readily seen to
be equal to
max (B,Y) = 22 (B, Vi)
s. t. S€+Z1 OxeY Cy, £=0,. . (43)
H(S) =0,

5.2 Strict Feasibility

As before, primal strict feasibility holds if the number %k of matrix interpolation
constraints is less or equal to n + 1. To see this, consider n + 1 distinct inter-
polation points {x;}? , and the associated Lagrange polynomials {L;(z)},
of degree n. These polynomials are defined by the identities

Lj(aci) = 6ijIm7 0< i,j <n.

Then the polynomial

n n

P(z) = Li(z)P(xi)Lf (x) = Y Li(2) BL] (x)

i=0 i=0
can be rewritten as
P(z) = (Ldiag({ P(z:) };= )L I (), T ()

where L is nonsingular, diag({P(z;)}*=}) is positive definite and IT,(z) =
() @ I, By construction, we see that P(z) € int Kg and P(z;) = B, Vi.
Since the dual constraints (43) are equivalent to

S
=

H(C) = Hn(%)xnn(xz)Tv
the dual is strictly feasible if & > n + 1.
Let us state the matrix counterpart of Assumption 4 for future use.

I
o
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Assumption 5. The number k of interpolation constraints is less or equal to
n+ 1 and the objective block vector C' satisfies H(C') > 0.

Hereafter, we focus on problems satisfying this assumption.

5.3 One Interpolation Constraint

Let us consider a matrix interpolation problem with one constraint :

min (C, P)
s.t. P(z) = Yo" Pt =B > 0, .
P(z) =0, Vz eR

Without loss of generality, B is assumed to be the identity matrix, i.e. B = I,,.
Using the dual matrix variable Y, the dual problem reads

max (I,Y)
s.t. H(C) = II,(2)Y I, (z)"

Because H(C') > 0, a standard Schur complement approach shows that the
optimal dual variable is

Y = [[,(2)" H(C) " I (2)] "
The spectral factor
Q = H(C)™ I () [I(z)" H(C) " I (2)] 7
allows us to compute the optimal primal variable P
P(z) = Qx)Q(z)" ifandonlyif P =H"(QQ").

It is easy to check that this value of P is optimal, i.e.

2n

(C.P) =) (Ce, P) = (H(C)Q, Q) = (L, [I1,(&)T H(C) L (2)] ") = (L,Y)
£=0

and
P(z) = I,(2)"QQ*I1,,(z) = I, = B.

5.4 More Interpolation Constraints

If the number of matrix interpolation constraints is less or equal to n + 1, we
can again use an arbitrary spectral factor to get an efficient algorithm, the
complexity of which mainly depends on k and m.

Indeed, let Q(z) be an arbitrary spectral factor Q(z) of our unknown
polynomial P(z), i.e P(z) = Q(x)Q(z)*. Then the optimization problem can
be rewritten as
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min (H(C)Q, Q)
s.t. Q(z;) zzzonwf :Bil/QUi,i:O,...,k—l

where {Ui}f;(} is a set of unitary matrices, i.e. U U; = I, Vi.
If the definition of My is adapted to the matrix case,

[MH(C, xo,. .. ,{Ekfl)]ij = Hn(xz)*H(C)flﬂn(xJ),
then the optimal solution of (44), written as a function of

Uy

is equal to
Q=H(C) " [In(xo) -+ Hy(i—1)]
My(Csao, ..., wp_r)” diag({B/*}-U.

As in the scalar case, the optimal solution of the original problem is obtained
via the quadratic optimization problem

min (diag({B)/*}-= )My (C; o, ..., 2p_1) "  diag({B}*}= U, U)

4
s.t. UfU =1, i=0,...,k—1 (45)
The associated semidefinite relaxation is
min (My(C;zo,...,15-1) 1, X)
X e H’fk
where X;; is the ith m x m diagonal block of X. Its dual is given by
max (B,Y) (47)

s.t. My (Csxo, ..., xp_1) "1 = diag({Vi}F=))

and is equal to the dual of the original problem. Therefore, we could proceed
as before to obtain the following theorem :

Theorem 6. If Assumption 5 holds, relaxation (46) of quadratically con-
strained quadratic problem (45) is exact.

Provided that the original problem has been pre-processed, solving the
dual problem (47) does not depend on the degree 2n of P(z). This result is
similar to the scalar case. As Assumption 5 guarantees that strict feasibility
holds, we obtain an efficient algorithm to solve our problem class.
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6 Interpolation Conditions on the Derivatives

In this section, we present the straightforward extension of our previous results
to interpolation conditions on the derivatives. We only consider the scalar case
to keep our equations as small as possible.

6.1 Real Line

In the real line setting, interpolation constraints on the derivatives are formu-
lated as

¥4
PO (2;) = (p, w5 (1)) = bi
(£)
2

where 75, () is the component-wise ¢th derivative of g, (-). Such constraints
will be called “interpolation-like” constraints.
If all the linear constraints of (11) are interpolation-like constraints, i.e.

(ai,p) = () (2:),p) = bi, i=0,....k—1,
the dual problem (12) reads now as follows

max (b, y)
s.t. H(c) — Zf:_ol yzH(ﬂéfl)(xl)) = 0.

Let us now prove that H (Wéi)(xz)) has a special structure.

Proposition 4. Let £ > 0. Then
N
4 r -
HE ) =Y () 0@ @) veer )
r=0
and the rank of this matriz is min{¢,2n — £} + 1.
Proof. Since H (2, () = m,(z)m,(x)T and H(-) is a linear operator, equation

(49) is a direct consequence of the chain rule. The rank condition originates
from the fact that 7r,(1"+1)(x) =0. O

This proposition allows us to improve the formulation (48) of the dual
problem. First of all, assume that the interpolation points are distinct and
that ¢; < n,Vi. Let us define a block diagonal matrix

A(y) = diag({Ao(y); - -, Ak-1(¥)})

where A;(y) is a (¢; + 1) x (¢; + 1) matrix defined by
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4
;

Using the above proposition, the dual problem can be written as

max (b, y)

s.t. H(c) = VAy)VT =0, (50)

where V is the non-square confluent matriz

V= (200) ... 7 (o) | ... | 7 (@) .. 7 ()] -

If the interpolation points are not distinct or if there exists at least one
index ¢ such that ¢; > n, the matrix V' and the block-diagonal matrix A(y)
must be redefined in order to get a dual problem similar to (50). Because the
appropriate reformulation is evident, but cumbersome, it has been omitted.

If H(c) > 0 and the numbers of rows of V' is greater than its number of
columns, the dual constraint (50) is easily recast using Proposition 3 :

(VTH(e)"'V)™ = Ay).

The complexity of solving the dual problem (50) depends mostly on the di-
mension of A(y). That is, an appropriate preprocessing tends to eliminate the
dependence on the degree 2n. Because primal strict feasibility cannot be guar-
anteed from the knowledge of k, we cannot guarantee that the semidefinite
relaxation is exact.

6.2 Unit Circle

In the unit circle setting, interpolation constraints on the derivatives, p(‘) (0;) =
b;, are equivalent to the linear constraints

P (z) = (FiN)“p, ma(20)) = (p, (iN)ma(z)) = b, z =€ (51)

where N = diag(0,1,...,n).
If all linear constraints of (15) are interpolation-like constraints, i.e.

<ai7p> = <p7 (IN)&T(TL(ZZ» :bi7 Zi:eieia i:O7"'ak_17
the dual problem (16) reads now as follows

max (b, y)

6. T(0) = Y g (V) (20)) = 0 (52)

Note that T((iN)%m,(z)) has a special structure.
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Proposition 5. Let £ > 0. Then

Y4
TN n(2)) = (f) (NY 700 (2)[(AN)E "0 (2)] (53)

r=0

and the rank of this matriz is min{¢,n} + 1.

Proof. Since T'(7,(2)) = mn(2)mn(2)*, %(ﬂn(zﬂzzeie) = iN (7 (2)],=ei0) and
T(-) is a linear operator, it is straightforward to check equation (53). O

Assume that the interpolation points are distinct and define the block
diagonal matrix

Ay) = diag({Ao(y); - - Ak-1(¥)})

as before. Using the above proposition, the dual problem can be written as

max (b, y)
s.t. T(c) — WAy)W* = 0.

where W is the non-square matrix

W = |(iN)°7O(2),..., (N)a 7l (2)] ... |

(AN 7O (2 1), ..., (iN)fk—lwgk—ﬂ(xk,l)} .

If ¢; < 1,Vi, the matrix W is the product of a confluent Vandermonde matrix
V and a diagonal scaling D, i.e. W = VD. If T(c) = 0 and the numbers of
rows of V' is greater than its number of columns, the complexity of solving
the reformulated dual problem

max (b, y)
s.t. (WT(c)"*W) L = A(y),

depends mostly on the dimension of A(y). That is, an appropriate prepro-
cessing tends to eliminate the dependence on the degree n. However, primal
strict feasibility cannot be guaranteed from the knowledge of k so that the
exact semidefinite relaxation cannot be certified in general.

7 Conclusion
Conic optimization problems on several cones of non-negative polynomials,

with linear constraints generated by interpolation-like constraints, are studied
in this chapter. They naturally induce semidefinite programming problems
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min (C, X)
s. t. <Ai,X>=biz'=1,...,m (54)
X=0

with low-rank matrices {4;}7,. Conditions which guarantee that strict fea-
sibility holds are investigated, see Assumption 3 and the associated discus-
sion. Using Proposition 3, the associated dual problems can be reformulated
efficiently; the complexity of solving the reformulated duals is almost inde-
pendent of the primal space dimension. Finally, new classes of quadratically
constrained quadratic programs with exact semidefinite relaxation are de-
scribed.

Appendix

The proof presented in Appendix is based on ideas of A. Nemirovskii.

Proposition 6. Let A = A* be a Hermitian matriz of order 2n+ 1. Then the
quadratic optimization problem

min (Az, z)

s.t. |zl =1,i=0,...,2n (55)

is NP-hard.

Proof. Let {a;}?, C Z be a finite set of integers. Checking whether there
exist {z;}, C {—1,+1} such that the equality

2n
Zail'qj =0 (56)
=0

holds is related to the subset sum problem [4, SP13] and is thus NP-complete.
Let {z,}2", C C be a finite set of complex numbers of modulus one and
define the quadratic functions

Py(2) = |20 — z20—1* + |220-1 — 200* + |20 — 220]?, £=1,...,n.

Assume that zg is equal to 1 without loss of generality. Then the optimization
problem

max{z Py(2) : |z| = 1,Vi}
=1

can be solved explicitly, see Figure 4. Note that the inequality

n

n
max{) | Po(z) =) ae(zae1 = za042) [ ¢ |2i] = 1,Vi}
=1

£=0

< max{z Py(z2) : |zi| = 1,Vi}
=1
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is

10

0.8

0.6

0.4r

Fig. 4. Solution of max{P,(z) : |z;| = 1, Vi}

tight if and only if Problem (56) is solvable. Since its left hand side is an

instance of (55), this quadratic problem is hard to solve. O
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In this chapter we present SOSTOOLS, a third-party MATLAB toolbox for
formulating and solving sum of squares optimization problems. Sum of squares
optimization forms a basis for formulating convex relaxations to computation-
ally hard problems such as some that appear in systems and control. Currently,
sum of squares programs are solved by casting them as semidefinite programs,
which can in turn be solved using interior-point based numerical methods.
SOSTOOLS helps this translation in such a way that the underlying compu-
tations are abstracted from the user. Here we give a brief description of the
toolbox, its features and capabilities (with emphasis on the recently added
ones), as well as show how it can be applied to solving problems of interest in
systems and control.

1 Introduction

There has been a great interest recently in sum of squares polynomials and
sum of squares optimization [34, 1, 31, 17, 18, 13, 11], partly due to the fact
that these techniques provide convex polynomial time relaxations for many
hard problems such as global, constrained, and Boolean optimization, as well
as various problem in systems and control. The observation that the sum
of squares decomposition can be computed efficiently using semidefinite pro-
gramming [17] has initiated the development of software tools that facilitate
the formulation of the semidefinite programs from their sum of squares equiv-
alents. One such a software is SOSTOOLS [24, 25, 26], a free third-party
MATLAB?* toolbox for solving sum of squares programs.

A multivariate polynomial p(z1, ..., ,) = p(x) is a sum of squares (SOS),
if there exist polynomials f1(z),..., fm(z) such that

1A registered trademark of The MathWorks, Inc.
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pla) = 3 1) (1

It follows from the definition that the set of sums of squares polynomials in
n variables is a convex cone. The existence of an SOS decomposition (1) can
be shown to be equivalent to the existence of a positive semidefinite matrix
Q such that

p(z) = 2" (2)QZ (), (2)

where Z(x) is the vector of monomials of degree less than or equal to deg(p)/2,
i.e., its entries are of the form z® = z{* ... 2%, where the o’s are nonnegative
integers and a3 + ... + a, < deg(p)/2. Expressing an SOS polynomial as a
quadratic form in (2) has also been referred to as the Gram matrix method
[1, 20]. The decomposition (1) can be easily converted into (2) and vice versa.
This equivalence makes an SOS decomposition computable using semidefinite
programming, since finding a symmetric matrix ¢ = 0 subject to the affine
constraint (2) is nothing but a semidefinite programming problem.

It is clear that a sum of squares polynomial is globally nonnegative. This
is a property of SOS polynomials that is crucial in many control applications,
where we replace various polynomial inequalities with SOS conditions. How-
ever, it should be noted that not all nonnegative polynomials are necessarily
sums of squares. The equivalence between nonnegativity and sum of squares
is only guaranteed in three cases, those of univariate polynomials of any even
degree, quadratic polynomials in any number of indeterminates, and quar-
tic polynomials in three variables [31]. Indeed nonnegativity is NP-hard to
test [12], whereas the SOS conditions are polynomial time verifiable through
solving appropriate semidefinite programs. Despite this, in many cases we are
able to obtain solutions to computational problems that are otherwise at the
moment unsolvable, simply by replacing the nonnegativity conditions with
SOS conditions.

A sum of squares program is a convex optimization problem of the follow-
ing form:

J
Minimize Y w;c; (3)
j=1
subject to
J
aio(z) + Zai,j(aj)cj is SOS, for i =1, ..., I, (4)
j=1

where the c;’s are the scalar real decision variables, the w;’s are given real
numbers, and the a; j(x) are given polynomials (with fixed coefficients). See
also another equivalent canonical form of SOS programs in [24, 25]. While
the conversion from SOS programs to semidefinite programs (SDPs) can be
manually performed for small size instances or tailored for specific problem
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SOSTOOLS
SeDuMi/
SDPT3
SOSP SDP
Solution Solution
SOSTOOLS

Fig. 1. Diagram depicting relations between sum of squares program (SOSP),
semidefinite program (SDP), SOSTOOLS, and SeDuMi or SDPT3.

classes, such a conversion can be quite cumbersome to perform in general. It is
therefore desirable to have a computational aid that automatically performs
this conversion for general SOS programs. This is exactly what SOSTOOLS
is useful for. It automates the conversion from SOS program to SDP, calls
the SDP solver, and converts the SDP solution back to the solution of the
original SOS program (see Figure 1). The current version of SOSTOOLS uses
either SeDuMi [35] or SDPT3 [37], both of which are free MATLAB add-ons,
as the SDP solver. The user interface of SOSTOOLS has been designed to be
as simple, as easy to use, and as transparent as possible, while keeping a large
degree of flexibility.

In addition to the optimization problems mentioned above (a related re-
cent software in this regard is GloptiPoly [8], which solves global optimization
problems over polynomials, based on the method in [11]), sum of squares poly-
nomials and SOSTOOLS find applications in several control theory problems.
These problems include stability analysis of nonlinear, hybrid, and time-delay
systems [17, 15, 23, 14], robustness analysis [17, 15, 23], estimation of domain
of attraction [17, 33], LPV analysis and synthesis [39], nonlinear synthesis
9, 28, 27], safety verification [22], and model validation [21]. Other areas in
which SOSTOOLS is applicable are, for instance, geometric theorem proving
[19] and quantum information theory [2].

In Section 2, we present the main features of SOSTOOLS and point out
improvements that have been made in the user interface, custom-made func-
tions, and modularity with respect to the choice of semidefinite programming
solver. Some control oriented application examples will then be provided in
Section 3. In particular, we will consider nonlinear stability analysis, paramet-
ric robustness analysis, analysis of time-delay systems, safety verification, and
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nonlinear controller synthesis. We show how sum of squares programs corre-
sponding to these problems can be formulated, which in turn can be solved
using SOSTOOLS.

2 SOSTOOLS Features

It has been mentioned in the introduction that the main purpose of SOS-
TOOLS is to efficiently transform SOS programs of the form (3)—(4) into
semidefinite programs (SDPs), which can then be solved using an SDP solver.
The solution is then retrieved from the solver and translated into the orig-
inal polynomial variables. In this way, the details of the reformulation are
abstracted from the user, who can work at the polynomial object level.

Polynomial variables in SOSTOOLS can be defined in two different ways:
as a symbolic object through the use of the MATLAB Symbolic Math Tool-
box, or as a custom-built polynomial object using the integrated Multivariate
Polynomial Toolbox. The former option provides to the user the benefit of
making use of all the features in the Symbolic Math Toolbox, which range
from simple arithmetic operations to differentiation, integration and polyno-
mial manipulation. On the other hand, the Multivariate Polynomial Toolbox
allows users that do not have access to the Symbolic Math Toolbox to use SOS-
TOOLS. Some basic polynomial manipulation functions are also provided in
this toolbox.

To define and solve an SOS program using SOSTOOLS, the user simply
needs to follow these steps:

1. Initialize the SOS program.

. Declare the SOS program variables.

. Define the SOS program constraints, namely Eq. (4).
. Set the objective function, namely Eq. (3).

. Call solver.

. Get solutions.

S T W N

We will give a short illustration of these steps in Section 2.1. However, we
will not entail in a discussion of how each of these steps is performed nor the
SOSTOOLS commands relevant to this. A detailed description can be found
in the SOSTOOLS user’s guide [25].

In many cases, the SOS program we wish to solve have certain structural
properties, such as sparsity, symmetry, and so on. The formulation of the SDP
in this case should take into account these properties. This will not only reduce
significantly the computational burden of solving it, as the size of the SDP
will reduce considerably, but also it removes numerical ill-conditioning. With
regard to this, provision has been taken in SOSTOOLS for exploitation of
polynomial sparsity when formulating the SDP. The details will be described
in Section 2.2.
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The frequent use of certain sum of squares programs, such as those corre-
sponding to

e finding the sum of squares decomposition of a polynomial,
e finding lower bounds on polynomial minima, and
e constructing Lyapunov functions for systems with polynomial vector fields

are reflected in the inclusion of customized functions in SOSTOOLS. Some of
these customized functions will be discussed at the end of the section.

2.1 Formulating Sum of Squares Programs

In the original release of SOSTOOLS, polynomials were implemented solely
as symbolic objects, making full use of the capabilities of the MATLAB Sym-
bolic Math Toolbox. This gives to the user the benefit of being able to do
all polynomial manipulations using the usual arithmetic operators: +, -, *, /,
~; as well as operations such as differentiation, integration, point evaluation,
etc. In addition, it provides the possibility of interfacing with the Maple® sym-
bolic engine and the Maple library (which is very advantageous). On the other
hand, this prohibited those without access to the Symbolic Toolbox (such as
those using the student edition of MATLAB) from using SOSTOOLS. In the
current SOSTOOLS release, the user has the option of using an alternative
custom-built polynomial object, along with some basic polynomial manipula-
tion methods to represent and manipulate polynomials.

Using the Symbolic Toolbox, a polynomial is created by declaring its
independent variables as symbolic variables in the symbolic toolbox and
constructing it in a similar way. For example, to create the polynomial
p(x,y) = 22% + 32y + 4y*, one declares the variables 2 and y by typing

>> syms X y
and constructs p(z,y) as follows:
>> p = 2%x72 + 3kx*ky + 4xy~4

In a similar manner, one can define this polynomial using the Multivari-
ate Polynomial Toolbox, a freely available toolbox that has been integrated
in SOSTOOLS for constructing and manipulating multivariate polynomials.
Polynomial variables are created with the pvar command. Here the same
polynomial can be constructed by declaring first the variables:

>> pvar X y

Note that pvar is used to replace the command syms. New polynomial objects
can now be created from these variables, and manipulated using standard
addition, multiplication, and integer exponentiation functions:

>> p = 2%x72 + 3*X*y + 4*y”4

A registered trademark of Waterloo Maple Inc.
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Matrices of polynomials can also be created from polynomials using horizon-
tal/vertical concatenation and block diagonal augmentation. A few additional
operations exist in this initial version of the toolbox such as trace, transpose,
determinant, differentiation, logical equal, and logical not equal.

The input to the SOSTOOLS commands can be specified using either
the symbolic objects or the new polynomial objects. There are some minor
variations in performance depending on the degree/number of variables of
the polynomials, due the fact that the new implementation always keeps an
expanded internal representation, but for most reasonable-sized problems the
difference is minimal.

For an illustration, let us now consider the problem of finding a lower
bound for the global minimum of the Goldstein-Price test function [5]

flx) = [1+ (z1 4+ 22 + 1)%(19 — 1421 + 322 — 1425 + 62129 + 322)]...
o [30 + (221 — 322)*(18 — 3221 + 1227 + 4875 — 362122 + 2723)].

The SOS program for this problem is

Minimize —v,
such that
(f(x) —~) is SOS.

It is clear that any value of v for which f(z) — v is an SOS will serve as a
lower bound for the polynomial, since in that case f(x) — 7 is nonnegative.
By maximizing vy (or equivalently, minimizing —v), a tighter lower bound can
be computed.

In this example, the SOS program is initialized and the decision variable
~ is declared using the following commands (assuming that we use the poly-
nomial objects)

>> pvar x1 x2 gam;
>> prog = sosprogram([x1; x2],gam);

The function f(z) is constructed as follows

>> f1 = x1+x2+1;

>> £2 = 19-14%x1+3%x172-14%x2+6*%x1*x2+3*%x272;

>> f3 = 2%x1-3%x2;

>> f4 = 18-32*%x1+12%x172+48*x2-36*%x1*x2+27*x272;

>> f = (1+£17°2%£2) % (30+£372%f4) ;

Then the SOS program constraint “f(z)—~ is SOS” and the objective function
are set, and the SOS program is solved using the following commands

>> prog = sosineq(prog,f-gam);
>> prog = sossetobj(prog,-gam);
>> prog = sossolve(prog);
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The optimal lower bound is then retrieved by
>> gam = sosgetsol(prog,gam) ;

The result given by SOSTOOLS is v = 3. This is in fact the global minimum
of f(x), achieved at 1 = 0, zo2 = —1. The same example can also be solved
using the customized function findbound as follows

>> [gam,vars,xopt] = findbound(f);

2.2 Exploiting Sparsity

The complexity of computing a sum of squares decomposition for a polynomial
p(x) depends on two factors: the dimension of the independent variable 2 and
the degree of the polynomial. As mentioned previously, when p(z) has special
structural properties, the computation effort can be notably simplified through
the reduction of the size of the semidefinite program, removal of degeneracies,
and better numerical conditioning.

The first type of simplification can be performed when p(z) is sparse. The
notion of sparseness for multivariate polynomials is stronger than the one com-
monly used for matrices. While in the matrix case this word usually means
that many coefficients are zero, in the polynomial case the specific vanishing
pattern is also taken into account. This idea is formalized by the concept of
Newton polytope [36], defined as the convex hull of the set of exponents, con-
sidered as vectors in R™. It was shown by Reznick in [30] that Z(z) need only
contain monomials whose squared degrees are contained in the convex hull of
the degrees of monomials in p(x). Consequently, for sparse p(z) the size of the
vector Z(z) and matrix ) appearing in the sum of squares decomposition can
be reduced which results in a decrease of the size of the semidefinite program.

Since the initial version of SOSTOOLS, Newton polytopes techniques have
been available via the optional argument ’sparse’ to the function sosineq,
and in the new release, the support for sparse polynomials has been improved.
SOSTOOLS takes the sparse structure into account, and chooses an appro-
priate set of monomials for the sum of squares decompositions with the con-
vex hull computation performed either by the native MATLAB command
convhulln (which is based on the software QHULL), or the specialized ex-
ternal package CDD [3]. Special care is taken with the case when the set of
exponents has lower affine dimension than the number of variables (this case
occurs for instance for homogeneous polynomials, where the sum of the de-
grees is equal to a constant), in which case a projection to a lower dimensional
space is performed prior to the convex hull computation.

A special sparsity structure that appears frequently in robust control the-
ory when considering, for instance, Lyapunov function analysis for linear sys-
tems with parametric uncertainty (see Section 3.2), is called the multipartite
structure (see [26] for a definition). Such a structure also appears when con-
sidering infinitely constrained linear matrix inequalities (LMIs) of the form:
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J
Minimize ijcj
j=1
subject to
J
Ag(x) + ZAj(x)cj =0 VxeR",

Jj=1

where the ¢;’s and w;’s are again the decision variables and given real numbers,
respectively, and the A;(x)’s are given symmetric polynomial matrices. By
introducing a new set of indeterminates y, defining p;(z,y) = y7 A;(z)y, and
replacing the positive semidefiniteness condition Ag(x) + > A;j(x)c; = 0 by
sum of squares condition

J
pla,y) =po(z,y) + > _pj(z,y)e; is SOS, (5)

Jj=1

obviously the original LMIs can be computationally relaxed to an SOS pro-
gram (a positive semidefinite matrix A(z) for which yTA(z)y is an SOS is
called an SOS matrix in [4]). The resulting polynomial (5) has the multipar-
tite structure (in this case it is actually bipartite): its independent variable
can be naturally partitioned into two sets x and y, where the degree of the
polynomial in x can be arbitrary, and the degree in y is always equal to two.
What distinguishes this case from a general sparsity, is that the Newton poly-
tope of p(x,y) is the Cartesian product of the individual Newton polytopes
corresponding to the blocks of variables. Because of this structure, only mono-
mials of the form x®y; will appear in the monomial vector Z(z,y). The current
version of SOSTOOLS provides a support for the multipartite structure via
the argument ’sparsemultipartite’ to the function sosineq, by computing
a reduced set of monomials in an efficient manner.

To illustrate the benefit of using the sparse multipartite option, consider
the problem of checking whether a polynomial matrix inequality

F(zx)=FT(z) =0 VeeR"

holds, where F' € R[z]™*™. A sufficient test for positive semidefiniteness of
F(z) is obtained by showing that the bipartite polynomial y” F(z)y is a sum
of squares (equivalently, showing that F'(z) is an SOS matrix). We denote the
degree of F by d. For various values of (m,n,d), the sizes of the resulting
semidefinite programs are depicted in Table 1.

2.3 Customized Functions

The SOSTOOLS package includes several “ready-made” customized functions
that solve specific problems directly, by internally reformulating them as SOS
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Table 1. Sizes of the semidefinite programs for proving F(z) = 0, where F €
R[z]™*™ has degree d and z € R™, with and without the sparse multipartite option.

,d) ‘Without multipartite option‘With multipartite option

8
S

15 x 15, 90 constraints 9 x 9, 36 constraints
21 x 21, 161 constraints 12 x 12, 60 constraints
21 x 21, 161 constraints 12 x 12, 60 constraints
28 x 28, 266 constraints | 16 x 16, 100 constraints
35 x 35, 279 constraints 18 x 18, 90 constraints
53 x 53, 573 constraints | 24 x 24, 150 constraints
59 x 59, 647 constraints | 30 x 30, 210 constraints
84 x 84, 1210 constraints | 40 x 40, 350 constraints
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programs. One of these functions is findbound, a function for finding a lower
bound of a polynomial, whose usage we have seen at the end of Section 2.1.
In the new version, these customized functions have been updated and sev-
eral new capabilities have been added. For instance, the customized function
findbound, which previously could only handle unconstrained global polyno-
mial optimization problems, can now be used to solve constrained polynomial
optimization problems of the form:

minimize f(x)
subject to g;(z) >0, i=1,...M
hj(.lﬁ) = O7 j = 1, ...,N.

A lower bound for f(z) can be computed using Positivstellensatz-based relax-
ations. Assume that there exists a set of sums of squares o;(x)’s, and a set of
polynomials \;(x)’s, such that

f(z) —v =00(x) + Z)\j(x)hj(x) + Zgi(x)gi(x)+
+ Z Oy s (2) iy (1) gy () + - -+ (6)

11,12
then it follows that v is a lower bound for the constrained optimization
problem stated above. This specific kind of representation corresponds to
Schmiidgen’s theorem [32]. By maximizing v, we can obtain a lower bound
that becomes increasingly tighter as the degree of the expression (6) is in-
creased.

Another new feature can be found in the customized function findsos,
which is used for computing an SOS decomposition. For certain applications,
it is particularly important to ensure that the SOS decomposition found nu-
merically by SDP methods actually corresponds to a true solution, and is not
the result of roundoff errors. This is specially true in the case of ill-conditioned
problems, since SDP solvers can sometimes produce in this case unreliable re-
sults. There are several ways of doing this, for instance using backwards error
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analysis, or by computing rational solutions, that we can fully verify symboli-
cally. Towards this end, we have incorporated an experimental option to round
to rational numbers a candidate floating point SDP solution, in such a way to
produce an exact SOS representation of the input polynomial (which should
have integer or rational coefficients). The procedure will succeed if the com-
puted solution is “well-centered,” far away from the boundary of the feasible
set; the details of the rounding procedure will be explained elsewhere. Cur-
rently, this facility is available only through the customized function findsos,
by giving an additional input argument ‘rational’. On future releases, we
may extend this to more general SOS program formulations.

3 Control Applications

We will now see how sum of squares programs can be formulated to solve
several problems arising in systems and control, such as nonlinear stability
analysis, parametric robustness analysis, stability analysis of time-delay sys-
tems, safety verification, and nonlinear controller synthesis.

3.1 Nonlinear Stability Analysis

The Lyapunov stability theorem (see e.g. [10]) has been a cornerstone of non-
linear system analysis for several decades. In principle, the theorem states that
a system & = f(x) with equilibrium at the origin is stable if there exists a
positive definite function V' (z) such that the derivative of V' along the system
trajectories is non-positive.

We will now show how the search for a Lyapunov function can be formu-
lated as a sum of squares program. Readers are referred to [17, 15, 23] for more
detailed discussions and extensions. For our example, consider the system

. 3 2
i -7 — x%x3
To| = —T9 — X1T2 , (7)
. 3w3 2
T —x3 — + 3xix
3 3 m§+1 13

which has an equilibrium at the origin. Notice that the linearization of (7)
has zero eigenvalue, and therefore cannot be used to analyze local stability of
the equilibrium. Now assume that we are interested in a quadratic Lyapunov
function V(x) for proving stability of the system. Then V(x) must satisfy

V —e(z? + a2+ 23) >0,
oV oV ov
——i — — @9 — —d3 > 0. 8
0x1 e 0xo 2 O3 s = ( )
The first inequality, with € being any constant greater than zero (in what
follows we will choose € = 1), is needed to guarantee positive definiteness of
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V(). We will formulate an SOS program that computes a Lyapunov function
for this system, by replacing the above nonnegativity conditions with SOS
conditions. However, notice that @3 is a rational function, and therefore (8)
is not a polynomial expression. But since 22 + 1 > 0 for any z3, we can just
reformulate (8) as

ov ov ov
2 ov.,. ov. OV, >0
(z3 +1) ( axlxl 02 T o2 xg) >0

Next, we parameterize the candidate quadratic Lyapunov function V(z) by
some unknown real coefficients ¢y, ..., cq:

Vix) = clx% + cox1T0 + 0333% + .+ (3633?)),
and the following SOS program (with no objective function) can be formulated

Find a polynomial V(z), (equivalently, find ¢q, ..., cg)
such that
V(z) — (2% + 22 + 22) is SOS,

oV oV oV
2 _Yr Y. Y. I
(x5+1) ( xlxl s To s xg) is SOS.

In this example, SOSTOOLS returns V (z) = 5.54892% + 4.1068x3 + 1.7945x%
as a Lyapunov function that proves the stability of the system.

3.2 Parametric Robustness Analysis

When the vector field of the system is uncertain, e.g., dependent on some un-
known but bounded parameters p, robust stability analysis can be performed
by finding a parameter dependent Lyapunov function, which serves as a Lya-
punov function for the system for all possible parameter values. Details on
computation of such Lyapunov functions can be found in [15, 39].

We will illustrate such robustness analysis by considering the system:

d X1 —P1 1 -1 X1
% X9 =|2- 2p2 2 -1 X9
z3 3 1 —pipa| |23

where p; and py are parameters. The region in the parameter space (p1,p2)
for which stability is retained is shown in Figure 2. Operating conditions for
this system are p; € [p1,p1] and pa € [p2, Pz], where p;,; are real numbers
and p; < P;. We capture this parameter set by constructing two inequalities:

a1(p) £ (p1 — p1)(p1 — P1)
p

<0
as(p) = (p2 — p2)(p1 — p2) < 0.

[I>
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We assume that the nominal parameter value is (2.7, 7), which is the center of
the rectangular regions shown in Figure 2. The robust stability of this system
will be verified by constructing a Lyapunov function. We look for a parameter
dependent Lyapunov function of the form V' (z;p) that is bipartite: quadratic
in the state z and any order in p. To ensure that the two Lyapunov inequalities
are satisfied in the region of interest, we will adjoint the parameter constraint
a;(p) < 0 multiplied by sum of squares multipliers g; ;(z;p) to the two Lya-
punov inequalities, using a technique that can be considered as an extension
of the S-procedure [40]. In this way, the search for a parameter dependent
Lyapunov function can be formulated as the following SOS program:

Find V(z;p), and ¢; ;(z,p),

such that
2
V(wp) = lzl* + > a1 (s p)ai(p) is SOS,
j=1
) 2
= V(@ip) = |z* + > q2.j(z;p)ai(p) is SOS,
j=1

gi,j(z;p) is SOS, for 4,5 =1, 2.

In this case, the Lyapunov function candidate V' (z;p) and the sum of squares
multiplier g; ; (z, p)’s are linearly parameterized by some unknown coefficients,
which are the decision variables of our SOS program. We choose the ¢; j(x, p)’s
to be bipartite sums of squares, quadratic in x and of appropriate order in p.

When the Lyapunov function V(z;p) is of degree zero in p, we can prove
stability for p; € [2.19,3.21] and py € [6.47,7.53]. When V(x;p) is affine in p,
then we can prove stability for p; € [1.7,3.7] and p2 € [5.16, 8.84]. When it
is quadratic in p, we can prove stability for the maximum rectangular region
centered at the nominal parameter value, i.e., p1 € [1.7,3.7] and ps € [5,9].
See Figure 2.

This example also illustrates the benefit of exploiting the bipartite struc-
ture. In the case of quadratic parameter dependence, if the bipartite structure
of the conditions is not taken into account then the dimension of the vector
Z(x;p) corresponding to a non-structured V(z;p) is 279; taking into account
the bipartite structure this number is reduced to 90.

3.3 Stability Analysis of Time-Delay Systems

The stability analysis of time-delay systems, i.e., systems described by func-
tional differential equations (FDEs), can be done by constructing appropriate
Lyapunov certificates, which are in the form of functionals instead of the well
known Lyapunov functions that are used in the case of systems described
by ordinary differential equations (ODEs). This difference is due to the fact



SOSTOOLS and Its Control Applications 285

Parameter region and stability certificates

++ Vindependent of p
— - Vaffineinp
+=+ Vsecond order in p
[ Stability region Bl

Py

Fig. 2. The full stability region (shaded) and the regions for which stability can
be proven by constructing bipartite Lyapunov functions using SOSTOOLS. Bigger
regions require higher order certificates, which nonetheless can be easily computed
because of their structure.

that the state-space in the case of FDEs is the space of functions and not an
Euclidean space [7].
Consider a time delay system of the form:

where z; = z(t +6), 0 € [—7,0] is the state. In order to obtain stability
conditions for this system, we use the Lyapunov-Krasovskii functional:

V() = aola(t)) + /_ /_ a1(0, €, 2(8), (t + 0), (t + £))dode +

/_T /+9 dcda*/_T /ﬁ ¢))d¢de (10)

where by a1 (0, &, (t), x(t40), (t4+&)) we mean a polynomial in (6, £, z(t), z(t+
0),z(t+&)). In the case in which the time delay system is linear, of the form

&(t) = Aoz(t) + Ayz(t — 7) = f(x4), (11)

the above functional (10) resembles closely the complete Lyapunov func-
tional presented in [6] and we can further restrict ourselves to specially struc-
tured kernels, i.e., the polynomial a; need only be bipartite - quadratic in
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(x(t), z(t+0),z(t+&)) but any order in (6, ). The polynomials ag and ag are
also quadratic in their arguments. There is also a symmetric structure that
should be taken into account:

ar(0,&,x(t),z(t +0),x(t + &) = ar1(&0,2(t), x(t + &), x(t + 9)).

Here we present the Lyapunov-Krasovskii conditions for stability for concrete-
ness:

Theorem 1 ([6]). The system described by Eq. (11) is asymptotically stable
if there exists a bounded quadratic Lyapunov functional V() such that for

some € > 0, it satisfies
V(we) 2 el|lz(t)]? (12)

and its deriwative along the system trajectory satisfies
V(z) < —ella(®)]?. (13)

The Lyapunov-Krasovskii conditions for stability can be satisfied by im-
posing sums of squares conditions on the kernels of the corresponding con-
ditions. There are also extra constraints that have to be added, in the sense
that the kernels need to be non-negative only in the integration interval:

g1(0) =600+71)<0
92(§) = &(E+7) <0.
Such constraints can be adjoined to the Lyapunov conditions as in the previous
example. This yields the following SOS program:
Find polynomials ag(z(t)), a1 (0, &, x(t),z(t + 0),z(t + £)), az(x(()),e > 0
and sums of squares ¢; ;(6,§, z(t), z(t +6),z(t +§)) for i,j = 1,2
such that
ao(a(t)) — el is SOS,

2
a1 (0,8, x(t), z(t +0),(t + &) + >_ q1,;9; is SOS,

=1

as(x(¢)) is SOS,

d(ia(g)f(xt)+72£aé)f(xf) 2o - 26a1+
+7a1(0,&, 2(t), 2(t),z(t +§)) — Tar (—7,&, 2(t), (t—T) et+O)+ L,
+7a1(0,0,2(t),z(t +0), 2(t)) — Ta1 (0, —7,z(t), 2(t +0),z(t — 7))+
+27a(x(t)) — Taz(x(t +0)) — Taz(x(t +§))

2
—elz||® + Z 2,595 is SOS.
j=1

The first three conditions guarantee positive definiteness of the functional (10)
and the last condition guarantees negative definiteness of its time derivative.
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Table 2. The maximum delay Tyq for different degree polynomials a1 in 6 and &
corresponding to the example in Section 3.3.

Order of polynomial a in 6 and £| 0 ‘ 1 ‘ 2 ‘ 3 ‘ 4 5 6
T 4.472]4.9735.421]5.682/5.837|5.993[6.028

In order to keep the symmetric and sparse structure in the corresponding sum
of squares conditions we have to make a judicious choice for the multipliers
Qij-

As an example, consider the following time delay system:

il(t) = —2(E1(t) — xl(t — 7') é f1
ij(t) = —0.933‘2(t) — Z‘l(t — T) — J,‘Q(t — T) 2 f2,

The system is asymptotically stable for 7 € [0,6.17]. The best bound on 7
that can be obtained with a simple LMI condition is 7 € [0, 4.3588] in [16].
More complicated LMI conditions that yield better bounds and which are
based on a discretization procedure can be found in [6]. Using the Lyapunov
functional (10) we get the bounds given in Table 2, where we see that as the
order of a with respect to € and £ is increased, better bounds are obtained
that approach the analytical one.

The symmetric structure and sparsity of the kernels should be taken into
account in the construction of the functionals, as this not only reduces the size
of the corresponding semidefinite programs but also removes numerical errors.
This can be done using the ’sparsemultipartite’ feature in SOSTOOLS.
The construction of Lyapunov functionals can also be extended to uncertain
nonlinear systems where delay-dependent and delay-independent conditions
can be obtained in a similar manner [14].

3.4 Safety Verification

Complex behaviors that can be exhibited by modern engineering systems make
the safety verification of such systems both critical and challenging. It is often
not enough to design a system to be stable, but a certain bad region in the
state space must be completely avoided. Safety verification or reachability
analysis aims to show that starting at some initial conditions, a system cannot
evolve to an unsafe region in the state space. Here we will show how safety
verification can be performed by solving an SOS program, based on what is
termed barrier certificates. See [22] for detailed discussions and extensions.
For example, let us consider the system (from [22]),

i'l = T2,

. 14
To = —x1 + gxl — T2,
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Fig. 3. Phase portrait of the system in Section 3.4. Solid patches are (from the left)
X, and Xp, respectively. Dashed curves are the zero level set of B(x), whereas solid
curves are some trajectories of the system.

whose safety we want to verify, with initial set Xy = {z : gx,(z) = (z1—1.5)%+

—0.25 < 0} and unsafe set X, = {z : gx, (z) = (z1+1)?>+(22+1)?—0.16 <
0}. Here we will find a barrier certificate B(x) which satisfy the following three
conditions: B(z) <0 Vx € Xo, B(x) >0 Ve X, and xl—f— xg <0.
It is clear that the existence of such a function guarantees the safety of the
system, and the zero level set of B(x) will separate an unsafe region from all
system trajectories starting from a given set of initial conditions. By using the
higher degree S-procedure and replacing nonnegativity by SOS conditions, we
can formulate the following SOS program:

Find B(z), and o;(x),
such that — B(x) — 0.1 + oy (x)gx, () is SOS,
B(z) — 0.1+ o2(x)gx, (z) is SOS,
0B

0B
_87‘%1 1+8721‘QISSOS

o;(x) is SOS, for i =1, 2.

In this example, we are able to find a quartic barrier certificate B(x) proving
the safety of the system, whose zero level set is shown in Figure 3.
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3.5 Nonlinear Controller Synthesis

For a system & = f(x) + g(x)u, where f(x) and g(x) are polynomials, appli-
cation of the SOS technique to the state feedback synthesis problem amounts
to finding a polynomial state feedback law v = k(x) and a polynomial Lya-
punov function V(z) such that V(z) — ¢(z) and —9¥(f(z) + g(z)k(z)) are
sums of squares, for some positive definite ¢(x). Yet the set of V(z) and k(x)
satisfying these conditions is not jointly convex, and hence a simultaneous
search for such V(z) and k(x) is hard — it is equivalent to solving some bilin-
ear matrix inequalities (BMIs). Because of this, a dual approach to the state
feedback synthesis based on density functions [29] has also been proposed,
which has a better convexity property. The idea in this case is to find a den-
sity function p(z) and a controller k(x) such that p(x)f(z)/|z| is integrable
on {r € R":|z| > 1} and

V- (p(f +gk)](x) >0 for almost all z. (14)

If such p(z) and k(x) can be found, then for almost all initial states x(0) the

trajectory z(t) of the closed-loop system exists for ¢ € [0,00) and tends to

zero as t — oo. See [28] for details. It is interesting to note that even if the

system is not asymptotically stabilizable, it is sometimes possible to design a

controller which makes the zero equilibrium almost globally attractive.
Consider for example the system (taken from [28]).

iy = —6x1205 — xire + 203,

To = Tau,

whose zero equilibrium is not asymptotically stabilizable, since any state with
29 = 0 is necessarily an equilibrium. Using the following parameterization

a(z) c(x)

p(z) = W; p(z)k(z) = W?

the positivity of p(z) and the divergence condition (14) can be formulated as
the following SOS program:

Find a(z) and ¢(z),
such that
a(x) — 1 is SOS,
bV - (fa + gc) — aVb - (fa+ ge)](x) is SOS,

where b(x) = 22 + 3. For a = 3, we find that the SOS conditions are fulfilled
for a(z) = 1 and ¢(z) = 2.2292% —4.8553x3. Since the integrability condition is
also satisfied, we conclude that the controller u(z) = 223 = 2.2292? —4.8553x2
renders the origin almost globally attractive. The phase portrait of the closed
loop system is shown in Figure 4.
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Fig. 4. Phase portrait of the closed-loop system in Section 3.5. Solid curves are
trajectories; dashed line is the set of equilibria.

4 Conclusions

In this chapter we have presented some of the features of SOSTOOLS, a
free MATLAB toolbox for formulating and solving SOS programs. We have
shown how it can be used to solve some control problems, such as nonlinear
stability analysis, parametric robustness analysis, stability analysis of time-
delay systems, safety verification, and nonlinear controller synthesis. Future
improvements to SOSTOOLS will incorporate symmetry reduction and SOS
over quotients, e.g., to handle the case where an SOS decomposition is sought
for a polynomial p(z) that is invariant under the action of a finite group.
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GloptiPoly is a Matlab/SeDuMi add-on to build and solve convex linear ma-
trix inequality (LMI) relaxations of non-convex optimization problems with
multivariate polynomial objective function and constraints, based on the the-
ory of moments. In contrast with the dual sum-of-squares decompositions of
positive polynomials, the theory of moments allows to detect global optimality
of an LMI relaxation and extract globally optimal solutions. In this report, we
describe and illustrate the numerical linear algebra algorithm implemented in
GloptiPoly for detecting global optimality and extracting solutions. We also
mention some related heuristics that could be useful to reduce the number of
variables in the LMI relaxations.

1 Introduction
Consider the global optimization problem

p* = min, go(x) (1)
st.gi(z) >0, i=1,2...,m

where the mappings g; : R" — R, 1 =0, 1,...,m are real-valued polynomials,
that is, g; € R[z1,...,2,] for all ¢ = 1,...,m. Depending on its parity, let
deg g; = 2d; — 1 or 2d;, and denote d = max; d;. Define

vg(z) = [1 T Ty ... Ty, x% T1T9 ... T1Tp x% ToTg ... xi . xlf . xﬂT
(2)
as a basis for the space of polynomials of degree at most k.
A polynomial g € R[z1,...,z,] can be written
v g(x)= Y gax”
N
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where
« aq a2 [e7%%

=zt ag? e ay
is a monomial of degree |a| = 7" | ;.

Following the methodology described in [12], we define for (generally non-
convex) problem (1) a hierarchy {Q} of (convex) LMI relaxations

p;; = miny Za (go)oéya
Qk s.t. Mi(y) =0 (3)
Mi—q,(giy) =0, i=1,2,....,m

where

each decision variable y, of y = {y,} corresponds to a monomial z®,

M, (y) is the positive semidefinite moment matriz of order k, and

M4, (y) is the positive semidefinite localizing matriz of order k — d; as-
sociated with the polynomial g;, for all i =1,...,m.

Solving the sequence {Qy} of LMI relaxations (3) of increasing orders
k=d,d+1,..., it is proved in [12] that under some mild assumptions on
the polynomials {g;}, we obtain a monotone sequence of optimal values pj,
converging asymptotically to the global optimal value p* of the original opti-
mization problem in (1), i.e. p; T p* as k — oco. Experimental results reveal
that in practice pj is very close to p* for relatively small values of k. In addi-
tion, in many cases the exact optimal value p* is obtained at some particular
relaxation Qy, that is, p* = pj. for some relatively small k.

GloptiPoly is a user-friendly Matlab/SeDuMi add-on to build and solve
these LMI relaxations , see [10] and

www.laas.fr/~henrion/software/gloptipoly.

In this report we describe the algorithm used in GloptiPoly to detect whether
the global optimum p* in (1) has been reached at some LMI relaxation Qy, in
(3), i.e. whether p}; = p* for some index k. We also describe how to extract
(one or several) global minimizers z* € R™ to original problem (1), given a
solution y* of the LMI relaxation Qy, in (3).

Note that there exist a dual approach to build hierarchy of LMI relaxations,
based on real algebraic geometry and sum-of-squares (SOS) decompositions of
positive polynomials [16]. In contrast with the theory of moments which works
in the space of measures on the primal space of solutions z € R", the SOS
approach rather works in a (dual) space of polynomials, to obtain certificates
ensuring validity of bounds on the objective function. As a result, and so far,
in the latter approach there is no sufficient condition to check whether the
exact optimal value is obtained, and no solution extraction mechanism.

In section 2 we state an algebraic condition ensuring global optimality of an
LMI relaxation, and we describe the numerical linear algebra algorithm used
to extract globally optimal solutions. In section 3 we mention some heuristics
based on this algorithm that can used to reduce significantly the number
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of variables in the LMI relaxations. Finally, in section 4 we comment on a
numerical behavior of GloptiPoly on unconstrained minimization problems.
Mlustrative numerical examples are inserted throughout the text.

2 Extracting Globally Optimal Solutions

2.1 Global Optimality Condition

Let y* be an optimal solution of the LMI relaxation Q in (3) (of order k). A
sufficient rank condition ensuring global optimality of the LMI relaxation is

rank My (y*) = rank My_q(y"). (4)

This condition can be checked numerically with the help of the singular value
decomposition [8]. Note however that the rank condition (4) is not necessary,
i.e. the global optimum p* may have been reached at some LMI relaxation of
order k (i.e., p* = py), and yet rank My, (y;) > rank My_q(yj)-

That condition (4) is sufficient to ensure that p* = py, is a consequence of a
deep result of Curto and Fialkow [6]. In our present context, if condition (4) is
true, then by Theorem 1.6 in [6], y* is the vector of moments of a rank My, (y*)-
atomic measure supported on the feasible set K = {z € R"|g;(z) > 0,4 =
1,...,m}.

In the important special case where the feasible set K can be writen

K = {xGR"| gz(x)ZO,z:L,n, gn+](x)207]:137m}7

and the polynomial ideal I = {g1,...,gn) C R[z1,...,x,] is zero-dimensional
and radical, then condition (4) is guaranteed to hold at some index k. For
instance this is the case for boolean (or 0-1) optimization problems, and more
generally, bounded discrete optimization problems. For more details the in-
terested reader is referred to [13, 14, 15, 17].

2.2 Extraction Algorithm

Assume that the LMI relaxation Qf in (3) has been solved, producing a vector
y*. Assume further that the rank condition (4) is satisfied. Then the main steps
of the extraction algorithm can be sketched as follows.

Cholesky Factorization

As condition (4) holds, y* is the vector of a rank M (y*)-atomic measure
supported on K. Hence, by construction of the moment matrix My (y*), we
have

Mi(y") = ka(x*(j))(vk(x*(j))T =V (vT
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where
r = rank My (y™) (5)

and
Ve = [on(a™ (1)) vp(@*(2) -+ va(a* ()]

where vg(7) is as in (2), and {2*(j)}}_; are r global minimizers of (1).
Extract a Cholesky factor V' of the positive semidefinite moment matrix

My (y*), i.e. a matrix V' with r columns satisfying
My(y*) =VVT. (6)

Such a Cholesky factor can be obtained via singular value decomposition, or
any cheaper alternative [8].

Matrices V' and V* span the same linear subspace, so the solution ex-
traction algorithm consists in transforming V' into V* by suitable column
operations. This is described in the sequel.

Column Echelon Form

Reduce matrix V' to column echelon form

1

x
01
001
TTT

000---1

by Gaussian elimination with column pivoting [8]. By construction of the
moment matrix, each row in U corresponds to a monomial z,, in polynomial
basis v. Pivot elements in U (i.e. the first non-zero elements in each column)
correspond to monomials xg,, j = 1,2,...,r of the basis generating the r
solutions. In other words, if

T
w=[rg Tp, ... 2] (7)
denotes this generating basis, then it holds
v=Uw (8)

for all solutions = z*(j), 7 =1,2,...,r.
In summary, extracting the solutions amounts to solving polynomial sys-
tem of equations (8).
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Solving the Polynomial System of Equations

Once a generating monomial basis is available, it turns out that extracting
solutions of polynomial system of equations (8) amounts to solving a linear
algebra problem.

As pointed out to us by Monique Laurent, this fact has been rediscovered
many times. It is called Stickelberger theorem in textbook [19], and it is
credited to Stetter and Miiller in [4], see also the recent work [9]. The method
can be sketched as follows.

Multiplication Matrices

For each first degree monomial x;, i = 1,2,...,n extract from U the r-by-
r multiplication matrix NN; containing coefficients of monomials z;xg,, j =
1,2,...,7 in generating basis (7), i.e. such that

Nw=xw, =12, ...,n. (9)

Common Eigenvalues

As shown in [19], the entries of solutions z*(j), j = 1,2,...,7 are common
eigenvalues of multiplication matrices N;, i =1,2,...,n.

In order to compute these eigenvalues, we follow [4] and build a random
combination of multiplication matrices

n
N=> XN,
i=1
where the \;, i = 1,2,...,n are non-negative real numbers summing up to

one. Then, compute the ordered Schur decomposition [8]
N = QrQT (10)
where

Q= [fh qz - qr]

is an orthogonal matrix (i.e. ¢7 ¢; = 1 and ¢l'q; = 0 for i # j) and T is upper-
triangular with eigenvalues of N sorted increasingly along the diagonal.
Finally, the i-th entry «}(j) of 2*(j) € R™ is given by

i) =q Nigj, i=1,2,....n, j=1,2,...r (11)
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2.3 Example

Consider the non-convex quadratic optimization problem [12, Ex. 5]

p* = min, —(z1 —1)? — (21 — 22)? — (22 — 3)?
st.l—(x1 —1)2>0

1—(1‘1—1‘2)2 ZO

1— (29 —3)2>0.

Applying the first (k = 1) LMI relaxation we obtain p; = —3 and
rank M (y*) = 3.
With the second (kK = 2) LMI relaxation we obtain p5 = —2 and

rank M (y*) = rank Ms(y*) = 3. Rank condition (4) ensures global opti-
mality, so p* = p5 = —2.
The moment matrix of order k = 2 reads

1.0000 1.5868 2.2477 2.7603 3.6690 5.2387

1.5868 2.7603 3.6690 5.1073 6.5115 8.8245

Ma(y®) = 2.2477 3.6690 5.2387 6.5115 8.8245 12.7072
2\ 2.7603 5.1073 6.5115 9.8013 12.1965 15.9960
3.6690 6.5115 8.8245 12.1965 15.9960 22.1084

5.2387 8.8245 12.7072 15.9960 22.1084 32.1036

and the monomial basis (2) is
_ 2 21T
va(x) = [1 T1 T2 X T1x2 xz]

The Cholesky factor (6) of the moment matrix is given by

—0.9384 —0.0247 0.3447
—1.6188 0.3036 0.2182
—2.2486 —0.1822 0.3864
—2.9796 0.9603 —0.0348
—3.9813 0.3417 —0.1697
—5.6128 —0.7627 —0.1365

V:

whose column echelon form reads (after rounding)

1

01

001
-230
—422
—605

U:

Pivot entries correspond to the following generating basis (7)

w=[1 =z x]"
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From the subsequent rows in matrix U we deduce from (8) that all the
globally optimal solutions = satisfy the polynomial equations

23 = -2+ 31
T1To = —4 + 221 + 229
x% = —6+ bxs.

Multiplication matrices (9) of monomials 1 and z2 in generating basis w are
readily extracted from rows in U:

010 001
Ny =1|-230], Ny=|-422
—422 —605

Then choose e.g.

0 0.6909 0.3091
N = 0.6909N7 4 0.3091 N, = | —2.6183 2.6909 0.6183
—4.6183 1.3817 2.9274

as a random combination of matrices N7 and N,. The orthogonal matrix in
Schur decomposition (10) is given by

0.4082 0.1826 —0.8944
@ = | 0.4082 —0.9129 —0.0000
0.8165 0.3651 0.4472

From equations (11), we derive the 3 optimal solutions

2.4 Numerical Stability

As shown in [8], all the operations of the solution extraction algorithm are
numerically stable, except the Gaussian elimination step with column pivot-
ing. Practical experiments with GloptiPoly however reveal that ill-conditioned
problem instances leading to a failure of Gaussian elimination with column
pivoting are very scarce. This experimental property of Gaussian elimination
was already noticed in [8].

2.5 Number of Extracted Solutions

In virtue of relation (5), the number of solutions extracted by the algorithm is
equal to the rank of the moment matrix. Up to our knowledge, when solving
an LMI relaxation there is no easy way to control the rank of the moment
matrix, hence the number of extracted solutions.
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If there is no objective function in problem (1), by default GloptiPoly
minimizes the trace of the moment matrix. As a result, its rank is indirectly
minimized as well. Note however that, in constrast with trace minimization,
rank minimization under LMI constraints is a difficult non-convex problem.
Practical experiments reveal that low rank moment matrices are preferable
from the numerical point of view: they ensure faster convergence to the global
optimum. See also example 3.1 for an illustration of the impact of the trace
minimization heuristic on the number of extracted solutions.

3 Applications of the Extraction Algorithm

When rank condition (4) is not satisfied, then we still can attempt to apply
the extraction algorithm described in section 2. If the algorithm is successful
and returns feasible solutions reaching the relaxed optimal value p}, then by
definition of the relaxation Qp, these solutions are global minimizers. This
is the topic of section 3.1. Unfortunately, this heuristic does not work sys-
tematically, and extracted solutions can be infeasible, as illustrated with a
counterexample in section 3.2.

If the algorithm is not successful, the column echelon form of the Cholesky
factor of the moment matrix may contain useful information that can some-
times be exploited to reduce significantly the number of variables, hence the
computational burden, in subsequent LMI relaxations. This heuristic is de-
scribed in section 3.3.

3.1 Rank Condition Non Satisfied but Global Optimum Reached

Even though rank condition (4) is not satisfied, the extraction algorithm can
be applied successfully, as shown by the following example.

Trace Minimization Heuristic

With the help of this example we also return to the comments of section 2.5
on the number of extracted solutions and the trace minimization heuristic.
Consider the polynomial system of equations [4, Ex. 5.2]

423 -1=0
23+ 2+ x3)r102+ 23 —1=0
3 —2=0.

There is no objective function to be minimized, so as indicated above
GloptiPoly solves the LMI relaxations by minimizing the trace of the moment
matrix.

Applying the least order (k = 2) LMI relaxation we obtain rank M7 (y*) = 4
and rank Ms(y*) = 7, so global optimum cannot be ensured via rank condition

(4).
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With the third LMI relaxation (K = 3) we obtain rank M;(y*) =
rank Ma(y*) = rank M3(y*) = 2, so rank condition (4) ensures global op-
timality.

From the extraction algorithm we derive the two globally optimal solutions

0.5826 —0.8128
2 (1) = | —0.8128 | , 2*(2)= | 0.5826
—1.4142 —1.4142

Now replacing the minimum trace LMI objective function in GloptiPoly
with a zero objective function, the third LMI relaxation returns rank M (y*) =
4 and rank Ms(y*) = rank M3(y*) = 6, so rank condition (4) cannot ensure
global optimality.

However, by applying the extraction algorithm, we are able to extract 6
solutions

[—0.8128] [ 0.5826 0.0000
(1) =] 0.5826|, 2*(2)=|-08128|, z*(3)=| 1.0000 |,
| —1.4142 | | —1.4142 —1.4142
1.0000 ] 0.0000 1.0000
z*(4) =] 0.0000 |, z*(5)= |1.0000|, *(6)= |0.0000
| —1.4142 | | 1.4142 1.4142

thus proving global optimality of the LMI relaxation.

3.2 Infeasible Extracted Solutions

When rank condition (4) is not satisfied, it may happen that solutions ex-
tracted by the algorithm are infeasible for the original optimization problem.
Since solutions are extracted from a convex LMI relaxation, they may be
feasible for a subset of the original constraints only.

Example

We consider the polynomial systems of equations arising from a test for nu-
merical bifurcation, originally described in [11] and listed in problem collection
[2]:
533‘? — 61‘?])2 + xlxé +2x123 =0
—22879 + 20223 + 2103 = 0
22 + 23 = 0.265625.

This system has 8 distinct real solutions.

The lowest order (k = 5) LMI relaxation yields rank M;(y*) = 3 and
rank Ms(y*) = rank M5(y*) = rank My(y*) = rank M5(y*) = 4. Since d = 5,
rank condition (4) cannot ensure global optimality.
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The extraction algorithm on moment matrix Ms(y*) returns 4 solutions

0.3653 0.3653
a*(1)= | —0.3636 | , 2*(2)=| 0.3636 |,
~0.0153 —0.0153
—0.3653 —0.3653
2*(3) = | —0.3636 | , 2*(4)=| 0.3636
—0.0153 —0.0153

These solutions satisfy the second and third equations of the original problem,
but not the first equation. Indeed, since the solutions are extracted from a
convex relaxation of the original problem, they may be infeasible for a subset
of the original constraints.

Proceeding with the 6th order LMI relaxation, we obtain rank M;(y*) = 2
for all 4 = 1,2,...,6, hence ensuring global optimality. The two extracted
solutions are

~0.2619 0.2619
c*(1)=| 04439, 2*(2)=| 0.4439
—0.0132 —0.0132

3.3 Reducing the Number of LMI Variables

Suppose that at the LMI relaxation of order k, equation (8) holds for the solu-
tions to be extracted, i.e. some monomials in standard basis (2) are expressed
as linear combinations of monomials of generating basis (7).

If constraints of the original optimization problem become redundant
when replacing linearly dependent monomials with combinations of generating
monomials, then this results in a reduction of the monomial basis over which
subsequent LMI relaxations are built. A similar idea is used in 0-1 quadratic
problems to reduce the number of variables in successive LMI relaxations, see
[14].

In summary, application of the reduction algorithm at earlier LMI relax-
ations — at which global optimality cannot be ensured with rank condition
(4) — may result in a significant reduction of the problem dimensions. This
can be seen as a (heuristic) alternative to the (systematic) algebraic reduction
techniques of [7].

Example with Continuous Variables

Consider the following non-convex quadratic optimization problem suggested
by Etienne de Klerk and Radina Dontcheva:
p* = min, —(z1 —1)? — (22 — 1)? — (23 — 1)?
st.1— (23 —1)2>0
1= (2s—1)2>0 (12)
1-— (363 — 1)2 Z 0

whose global optimum is p* = —3.
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At the first (k = 1) LMI relaxation, the 4x4 moment matrix M;(y*) has
rank 4, so obviously no solution can be extracted. However, we obtain pj = —3,
so the global optimum is reached.

When k = 2, we have rank M;(y*) = 4 and rank My(y*) = 7, and the
column echelon form of the Cholesky factor of the 10x10 moment matrix
My (y™*) is given by

1 -

01

001

020
U=1]00001

000001

002000

0000001
10002000 |

in the monomial basis (2)
T
va(z) = [1 1 Ty I3 x% T1Ty T1T3 x% ToT3 xg]
Pivot entries in matrix U correspond to the following generating basis (7)
T
wx)=[1 x1 x2 x3 T2 T123 T2T3]

which has 7 monomials.
From the rows in matrix U we deduce from (8) that solutions x to be
extracted satisfy the polynomial equations

z? =21
.13% = 233‘2 (13)
.13:2;) = 233‘3.

The extraction algorithm fails however, because third degree monomials are
missing in U to build multiplication matrices (9).

Note however that when substituting monomials as in (13), constraints of
the original problem (12) become redundant since 1 — (z; —1)? = —z? +2x; =
0 > 0, for i = 1,2,3. We can therefore replace monomials x? with 2z; and
remove constraints in the next LMI relaxation.

So when k = 3, instead of having a basis (2) with 20 monomials of degree 3,
we can use only 8 monomials to build the third LMI relaxation — with respect
to the previous basis of the second LMI relaxation, the only new element is
the third degree monomial z1zox3. Using 8 monomials instead of 20 reduces
significantly the computational burden when solving the LMI relaxation. A
further reduction is achieved since redundant constraints can be removed and
the third LMI relaxation does not feature any localizing matrix.
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When applying the reduction algorithm on the moment matrix Ms(y*) of
rank 8, we obtain that monomial x;x2x3 belongs to the generating basis. Mul-
tiplication matrices are readily obtained, and the 8 expected globally optimal
solutions are extracted

0

1T
1
1T
1T

N NN ONDN
1

O N OO N

0
0
0
0
2

Example with Discrete Variables
Consider the Max-Cut problem

min _%Zi<j wij(l —1‘1;.13]')
s.t. x; € {—1, +1}

in the case of a complete K5 graph with adjacency matrix

01111
10111
W=111011
11101
11110

The first (k = 1) LMI relaxation yields pj = —6.25 and rank My (y*) =

When k = 2 we obtain p5 = —6.25 and rank M (y*) = 5, rank My (y*) =1

When k = 3, we get pi = —6 and rank M;(y*) = 5, rank Ms(y*) =1
rank Ms(y*) = 20. The extraction algorithm returns
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o -
0 1
0 0 1
0 0 0 1
00 0 0 1
0 0 00 01
0 000 0 01
00 0 0 0 0 01
00 0 0 0 0001
0o 0 0 000 O0O0O0T1
00 00 0 O0O0OTO0OO0O01
00 00 O0OO0OO0OTO0OO0OTO0OTO0OT1
U— 00 00 O0OO0OO0OTO0OO0OTO0OTO0OTQO0T1
o000 O0O0O0OO0OO0OO0OTO0OTQO0TQO01
0o 0 0 0 O0O0O0OO0OO0OO0OO0OO0OTO0OTO0I1
-2 00 00 0-1-1-1-1-1-1-1-1-1
00 00O0OO0OO0OO0ODO0OTO0OO0OO0OO0OTQO0OTO0OT1
00 00O0OO0OO0OO0OO0OTO0OO0OO0OSO0OTO0OSO0OT®O0O1
o 00 0O0O0O0O0OO0OO0ODO0OTO0ODSO0OO0OO0OO0OTQO0OTO0OT1
o 00 0O0O0O0OO0OO0ODO0OO0ODTO0OO0OTOSO0OTO0OTO0OTO0I1
o 00 0O0O0OO0OO0OTO0OO0OO0OO0OOTOTOTOTOTQO0OTQO0OT1
0-2-1-1-1-1 0 0 0 00O OO 0 O0-1-1-1-1-1
0-1-1-1-1 0 0 0O 0OOOOOOO-1-1 0-1 0
0-1-1-1 0-1 0 0 0O OO OOOO0O-1 0-1 0-1
01010O0O0O0OO0OO0OO0OO0OOOSOTI1ITO0OQO0OT11
0110 000O0OO0OO0GCO0OOO0OOOT1T1 10 0]

so that linearly dependent monomials in polynomial system of equations (9)
are as follows

Tyly = -2 — T1Tg — X1X3 — X1T4 — T1X5 — T2X3 — T2L4 — L5 — T3T4 — T35
T1X2X3 = T4
T1XX4 = T1X2T3
T1X2X5 = T1X2T4
T1Xx3T4 = T1X2T5
L1355 = T1X3T4

T1X4T5 = —21‘1 — T2 — X3 — T4 — X5 — T4ly5 — T1L2L3 — X1X2XL4 — T1X2X5 — T1L3T4
TaX3T4q = —T1 — T2 — X3 — T4 — T4T5 — T1T2T3 — T1T2X5
LoX3xs = —T1 — X2 — L3 — X5 — LTydy — L1L2L4 — T1T3X4

ToTyTs = X1 + T3 + TaTs + L1025 + L1234
T3T4T5 = X1 + T2 + TaT5 + T1T2T3 + T1T224.

From these relations, fourth degree monomials can be expressed in gener-
ating basis (7)
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T1292374 = ( = (425)74 = T35

T1227375 = ( ) (razs)rs = 4

T1X2T4X5 = (JC1$2$4)$5 = ($1$2$3)$5 = (954305)334 =I5

T1T3T4T5 = (JC1$3$4)$5 = ($1$2$5)$5 = T1T2

Tox3T475 = (T2W374)T5 = (—21 — T2 — T3 — Ty — T4T5 — T1T2X3 — T1T2T5)T5
= —I1T5 — Toks — T3T5 — T4L5 — 2T4 — T1X2

and the only fifth degree monomial readily follows
L1X2X3X4T5 = ({E1$2£C3.’E4).’E5 =1.

At this stage, it is useless to proceed with higher order LMI relaxations since

no more linearly independent monomials of higher degree can be produced.
Consequently, the global optimum p* = p5 = —6 has been reached and 20

globally optimal solutions can be extracted from the above matrix U.

4 A Remark on the Numerical Behavior of GloptiPoly

Finally, we want to comment on a nice and surprising behavior of GloptiPoly
that we observed on some examples of unconstrained minimization.

In the case of unconstrained global minimization, that is when K is R™,
only one LMI relaxation is useful, namely My (y) if deggo = 2k or 2k — 1.
Indeed,

*

(a) either go — p
(b) g0 —p*

Therefore there is no need to try relaxations with orders higher than k.
However, in case (b) it may be worthy to still try higher order relaxations! In-
deed, because of the numerical inaccuracies involved in the solving procedure,
one may obtain convergence in a finite number of steps to a value and min-
imizers, very close to the exact value and the exact minimizers respectively!
Let us try to explain why.

If the space of polynomials  — g(x) = Y gax® is equipped with the
norm [|g|| = >_, |gal, then the cone X, of SOS polynomials is dense in the set
of polynomials nonnegative over the multidimensional box [—1,1]", see e.g.
[1].

Therefore, consider a nonnegative polynomial gg that is not SOS, and
assume that g has a global minimizer z* € [—1,1]™ with go(«*) = p*. Then,
one may hope that an SOS polynomial g, close to go (i.e., with ||gr — gol| < €)
will provide a global minimizer close to z*. Observe that for all = € [-1, 1],

is SOS and then p; = p*, or
is not SOS and then pj ;, =p; <p*forall j=1,2,...

(63

l9(x) = go(@)] = | [(gr)a = (90)a] 2°] < llg — goll < e.

However, one does not know how to construct such a sequence of SOS poly-
nomials {g} with ||gr — go|| — 0.
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But let us see how GloptiPoly behaves on the following well-known exam-
ple of a non-negative polynomial which is not SOS, namely the polynomial
obtained by dehomogenization of Motzkin’s form:

1
go(w) = o5 +airs(af + a3 — 1).
27
This polynomial is nonnegative (p* = min, go(x) = 0 attained at |z1| = |x2| =

v/3/3) but is not SOS.

e The least order (k = 3) LMI relaxation is unbounded, returning no useful
information. In principle one should stop here; we have detected that gg
is not SOS.
when k = 4 the LMI relaxation is unbounded too.
when k = 5 the LMI relaxation returns pf = —0.4036 and all the moment
matrices have full rank (in GloptiPoly we use a relative threshold of 1073
to evaluate the numerical rank of a matrix)

e when k = 6 the LMI relaxation returns p§ = —0.08241 and all the moment
matrices have full rank

e when k = 7 the LMI relaxation returns ps = —0.01675 and all the moment
matrices have full rank

e when k£ = 8 the LMI relaxation returns an almost zero optimum p§ =
3.022-1071% and rank M; (y*) = 3, rank M»(y*) = rank M3(y*) = 4, thus
proving global optimality.

The moment matrix of second order reads

1.0000 0.0000 0.0000 0.3333 0.0000 0.3333
0.0000 0.3333 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.3333 0.0000 0.0000 0.0000
0.3333 0.0000 0.0000 0.1111 0.0000 0.1111
0.0000 0.0000 0.0000 0.0000 0.1111 0.0000
0.3333 0.0000 0.0000 0.1111 0.0000 0.1111

My (y*) =

from which we readily extract the four globally optimal solutions

oo [-05773 cov [ 05773
T =\ _gsrr3|r @)= —0.5773}
w oy | 05773 o [0.5773

7(3) 05773]7 TH = 0.5773]

From the dual LMI [12, 16], we can obtain the SOS decomposition

Za ) +er(z) ~ go(z) on[-1,1)7

where
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e polynomials ¢;(z) and r(z) are normalized such that their coefficient vec-
tors have unit Euclidean norm,

e £<107% < a?, i.e. positive scalar parameter ¢ is less than a given thresh-
old, and positive scalar coefficients a? in the decomposition are greater
than the threshold,
deg ¢;(x) < 8, since GloptiPoly solved the eighth LMI relaxation,
there are 32 (!) terms in the SOS decomposition.

The above SOS decomposition is approximate in the sense that parameter ¢
is small, but non-zero. It turns out that in GloptiPoly numerical inaccuracy
(roundoff errors) helped to find a higher degree SOS polynomial gg close to
Motzkin polynomial on [—1,1]2.

Thus, everything looks like if in the solving procedure of the dual relaxation
Q;; (see [12] for notations) the constraints

<X7 BOé> - (90)(17 |CK| S zka
are replaced automatically by
<Xa Ba> = (go)a + €a, la‘ < Qk’

with appropriate small perturbations {e, }, chosen by the solver!
In a similar vein, it can be useful to add a redundant constraint of the
type
gi(w) = R* —||z]3 > 0,

and consider the optimization problem min{go(x) | g1(x) > 0}, to obtain guar-
anteed convergence of the successive associated LMI relaxations.

Now consider problem (1) where go(z) is the above Motzkin polynomial
and g, (z) is the above radius constraint with R = 1 (to include the 4 global
minima). With GloptiPoly we obtain already at the third LMI relaxation the
SOS decomposition

6 2
90(w) = 3 alg(w) + 0r(x) Y biri(a)

with only 6 and 2 terms such that deg ¢; < 3 and deg r; < 2, respectively.

5 Conclusion

Solution extraction is straightforward when the moment matrix has rank-one:
in this case the solution vector is equal to the first order moment vector.
When the moment matrix has rank greater than one, we have proprosed in
section 2 a systematic extraction procedure, implemented in version 2.2 of the
GloptiPoly software.
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The extraction algorithm is applied when moment matrices satisfy rank
condition (4), in which case it is always successful and yields globally optimal
solutions. However, as pointed out in section 3, when the rank condition is
not satisfied, a heuristic consists in applying the extraction algorithm anyway.
Either the algorithm is successful and we are done (see section 3.1) or the
algorithm fails, but still some information can be exploited to reduce the
number of variables in subsequent LMI relaxations (see section 3.3). Note
however that these ideas are not currently implemented in GloptiPoly.

Note finally that an incomplete extraction procedure was sketched in [3] in
the case of LMI relaxations for polynomial systems of equations, and partly
motivated us to devise a more general algorithm. A specific extraction proce-
dure was also described in [18, Section 5] in the case of quadratic optimization
problems with one (possibly non-convex) quadratic constraint, or one linear
constraint jointly with one concave quadratic constraint.
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