STABILITY OF INTERCONNECTED SECTOR-BOUNDED SYSTEMS, WITH
APPLICATION TO DESIGNING OPTIMIZATION ALGORITHMS

Saman Cyrus

A dissertation submitted in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

(Department of Electrical & Computer Engineering)

at the

UNIVERSITY OF WISCONSIN-MADISON

2021

Date of final oral examination: 01/08/2021

The dissertation is approved by the following members of the Final Oral Committee:
Laurent Lessard, Associate Professor, Electrical and Computer Engineering
Victor M. Zavala, Associate Professor, Chemical and Biological Engineering
William A. Sethares, Professor, Electrical and Computer Engineering
Xiangru Xu, Assistant Professor, Mechanical Engineering



© Copyright by Saman Cyrus 2021
All Rights Reserved



To my parents, Simin Moslehi Mosleh Abadi and Homayoun (AhmadAli) Sirous
and my brothers Ashkan and Peyman



ii

ACKNOWLEDGMENTS

First and foremost, I would like to thank my adviser Professor Laurent Lessard. If it wasn’t for Laurent’s
constant support and help, finishing this PhD would’ve been impossible. All these years, not only Laurent
has been a great teacher and a spectacular mentor for me, he has also been my friend who I really appreciate
in my life.

I would also thank my committee members, Professor Victor Zavala, William Sethares, and Xiangru Xu
for their useful comments and feedback.

Last but not least, I want to thank my dear family who are always in my heart. My mother and father,
Simin Moslehi Mosleh-Abadi and Ahmad-Ali Sirous, and my brothers Ashkan and Peyman. I appreciate
your patience and constant support all these years and I am really grateful for your help.

I would like to thank all people who supported me during my graduate studies at UW-Madison. Without

your help, the journey would’ve been much longer and less fun.



DISCARD THIS PAGE



iii

TABLE OF CONTENTS

Page
LIST OF TABLES . . . . . . s e s s s v
LIST OF FIGURES . . . . . . . s e e e s vi
List of Symbols . . . . . . . e vii
ABSTRACT . . . . ix
1 Introduction . . . . . . . . . . 1
2 Mathematical Preliminaries . . . . . . . . . . . . .. ... ... 3
2.1 Notation . . . . . . . . o e e e 3
2.1.1 Notation for Extended Spaces . . . . . . . . . . . . .. ... 4
2.2 NOTIIIS . . . . o o e e 5
2.3 Sector-Bounded systems: . . . . . . ... 6
2.4 Stability . . . . . e 6
2.4.1 Input-Output Stability . . . . . . . . . .. 6
2.5 Integral Quadratic Constraints . . . . . . . . . . . .. L 8
2.6 Sector-Bounded Systems, Slope-Restricted Systems . . . . . . . . .. ... ... ... ..... 9
2.6.1 Sector-Bounded Static Systems . . . . . .. ..o 9
2.6.2 Sector-Bounded Dynamical Systems . . . . . . ... ... L. 12

3 Generalized Necessary and Sufficient Robust Boundedness Results for Feedback Sys-
tems . . . . e 14
3.1 Introduction . . . . . . . . . L e e e 14
3.1.1 Related Work . . . . . . . . . e 15
3.1.2 Notation . . . . . . . . . e e 17
3.2 Results for Semi-Inner Product Spaces . . . . . . . . .. . Lo 19
3.2.1 Proof of Sufficiency for Theorem 3.1 . . . . . . .. .. .. ... ... ... ..... 20
3.2.2  Proof of Partial Necessity for Theorem 3.1 . . . . . . . ... ... ... ... ..... 21
3.2.3 Toward Achieving Necessity . . . . . . . . . .« . e 22
3.3 Specialization to Extended Spaces . . . . . . . ... 23
3.3.1 Main Results for Extended Spaces . . . . . .. .. ... ... L. 23
3.4 Recovering Existing Results . . . . . . . . . .. oo 27
3.4.1 Necessity-Preserving Specializations . . . . . . .. .. ... .. L. 28
3.4.2 Recovering Sufficient-Only Results . . . . . . . . .. ... ... ... ... ... 30
3.5 Conclusion . . . . . . .. e e e 32

3.6 Proofs . . . . . 33



3.6.1 Proofs for Semi-Inner Product Spaces . . . . . .. ... ... ... L.
3.6.2 Proofs for Extended Spaces . . . . . . ... Lo

4 A Robust Accelerated Optimization Algorithm for Strongly Convex Functions

4.1
4.2

4.3
4.4

Introduction . . . . . . . . L e e e e
Main Result . . . . . . . e e e
4.2.1 Robust Momentum Method . . . . . . . . . . . . ... ... ...
4.2.2 Convergence Rate Proof . . . . . . .. . ...
Control Design Interpretations . . . . . . . . . . ..
Robustness to Gradient Noise . . . . . . . . . . . . . e e

5 Final remarks and Future Works . . . . . . . . . . . . ...

5.1
5.2
5.3
5.4
5.5
5.6

Extension of Theorem 3.1 to Systems With Dynamic M and N . . . . ... ... ... ....
Extension of The Work of Chapter 3 to Sector-Bounded Slope-Restricted Nonlinearities

Model Predictive Control (MPC) Analysis Using System Analysis Tools . . . . ... ... ..
Further Investigations of Robust Momentum Method (RMM) . . . . ... ... ... ... ..
Generalized Kalman—Yakubovich-Popov (KYP) Lemma . . . . . .. . ... .. ... .....
Extending the Work of Chapter 4 to Second-Order Optimization Algorithms . . . .. .. ..

6 Conclusion . . . . . . . . e e e

LIST OF REFERENCES . . . . . . . . . e

APPENDICES

Appendix A: S-Lemma proof of Theorem 3.1 . . . . . . . . .. ... ... .. ... ...
Appendix B: Proving the results in Table 3.2 . . . . . . . . . ... ... .. ... .. ...

iv

Page

33
38

41

41
42
42
43
46
49

52



DISCARD THIS PAGE



LIST OF TABLES

Table Page
3.1 Literature Review of robust stability results involving an interconnection of two systems . . . . . 16
3.2 Recovering sufficient conditions for stability drawn from the literature. . . . . . .. .. ... .. 28

5.1 Summary of KYP results in the literature. . . . . . . . . . . . .. .. ... ... 54



DISCARD THIS PAGE



LIST OF FIGURES

Figure

1.1 Forced feedback interconnection. . . . . . . . . . .. Lo o
1.2 Unforced feedback interconnection. . . . . . . . . . . ...
1.3 Forced vs. unforced feedback interconnections. . . . . . . . . . . ... ... ..
2.1  An interconnected system. . . . . . . .. L e
3.1 Feedback interconnection of systems G and ®. . . . . ... ... oL oL
4.1 Feedback model for first-order optimization algorithms. . . . . . .. . ... ... .. .. ... ..
4.2 Frequency-domain plots of GM, FGM, and RMM algorithms. . . . . . ... ... ... ... ...
4.3 Upper bound on the worst-case linear convergence rate as a function of the noise level. . . . . .
4.4 Simulation of RMM and FGM with different relative gradient noise values. . . . . .. ... ...

vi

Page



vii

List of Symbols

Z,R, C Integers, real numbers, and complex numbers respectively
Zy, Ry Non-negative integers and real numbers

F The field of either real numbers R, or complex numbers C
z Complex conjugate of v € F

X Conjugate transpose of a matrix X € F"™"

=, <, >, = (semi) definite partial ordering of matrices in F"*"
\% A semi-inner product space

-l General norm

(-, +) Semi-inner product

f@) Time-domain continuous-time scalar signal

flw) Fourier transform of signal f(t) € Ly, defined as f(w) := [*_e ™/« f(t) dt
f(w) Discrete-time Fourier transform of signal f(t) € £y, defined as f(w) := ) i e It f(t)
R A relation R on V

Z(V) The set of all relations on V

dom(R) The domain of R

G(s) Transfer matrix of continuous-time system G

G(2) Pulse transfer matrix of discrete-time system G

(z, y)o The family of semi-inner products as 3" p_, p~ 2% (z[k], y[k])

Lo A Lebesgue space of functions 7 — F"

5 (F) The space of square-summable sequences with (z, y) := >, z(t)*y(t)
L3(F) The space of square-integrable functions with (z, y) := [~ x(t)*y(t) dt
xr(t) Truncation at time T for signal x : T — F®

Lo The extended spaces Loo O Lo, defined as Lo :={z: T = F" | xp € Ly for all T > 0}



Hilbert space

The set of all linear relations

Arbitrary sets of (possibly nonlinear) relations

The set of causal operators on Lo

The set of causal linear operators on Lo

The set of linear time-invariant (LTT) operators on Lae

The transfer function of system G

The frequency response of G defined as é(w) = G(jw) when Loe = Lo
The frequency response of G defined as G(w) = G(e/%) for Lo = loe

viii



ix

ABSTRACT

Stability of interconnected systems has been a point of interest for decades. Historically, two parallel paths
have been pursued: stability results based on Lyapunov’s work in the former Soviet union (see for example [1])
vs. input-output stability in the west [2] using functional analysis. The idea is to obtain conditions that
guarantee robust stability of the feedback interconnection of two given systems, either against a given set of
inputs, or against a given set of initial conditions. For linear systems, these two notions of stability, in many
cases, lead to identical results, i.e., there aren’t many different notions for stability. For nonlinear systems
on the other hand, changing the flavor of stability which is the point of interest, can change the required
conditions (look at [3, §6.3] to see how Lyapunov-style results and input-output style results are related). In
addition, while stability criteria for linear time-invariant systems are necessary and sufficient, available tools
for stability analysis of nonlinear feedback systems, are sufficient-only and not mecessary and sufficient in
the general case.

In this dissertation, we first develop a robust boundedness theorem defined over a general semi-inner
product space (Theorem 3.1). We describe the required conditions for which this theorem is both necessary
and sufficient for robust boundedness. To motivate application of this theorem into real systems, we obtain
versions of this theorem which include time-domain signals and therefore provide sufficient conditions for
robust stability (Corollary 3.1). We show when these results are both necessary and sufficient (Theorem 3.4).
Then we show how tools that are developed in the literature for analysis and synthesis of robust stability
of interconnected systems can be used to find upper-bounds for convergence of first-order optimization
algorithms, applied to the family of smooth strongly convex functions.

Chapter 2 introduces required mathematical tools for this dissertation. In Chapter 3, we develop a
unifying necessary and sufficient condition to guarantee stability of a class of nonlinear feedback systems.
The main theorem of Chapter 3 (Theorem 3.1) is developed for a semi-inner product vector space and
therefore can be specialized to other vector spaces, i.e., Lebesgue spaces ({2, Lo etc.), weighted Lebesgue
spaces (5., etc.), Euclidean space (R™), and etc. In Chapter 4, first we write the problem of first-order
optimization of strongly convex functions as a feedback interconnection of two systems, and then using the
tools that are available in the literature of robust control, i.e., Zames-Falb multipliers and circle criterion, we

develop a fast robust to (multiplicative) noise algorithm for this class of systems. Using numerical simulations



we show that the suggested algorithm, on one extreme, is as fast as the current fastest first-order optimization
algorithm in the literature (Triple momentum method), and on the other extreme, it is as robust to noise
as the Gradient Method (GM) with step-size « = 1/L which is the most robust algorithm currently in the

literature. Chapter 5 suggests future directions to continue this line of research.



Chapter 1

Introduction

Robust stability of feedback systems has been a point of interest for decades in the literature of control

71 and “input-output”

theory. the origin of this problem goes back to the theories of “absolute stability
stability [5], as well as dissipative systems’ theory [6,7]. Later the idea of input-output stability involved
using multipliers to decrease conservativity of the design. The theory of multipliers, originally proposed by
O’shea [8,9] and later formalized by Zames and Falb [2].

For a forced feedback interconnection (Figure 1.1), finding the required conditions for input-output
stability of the interconnection is a point of interest while for an unforced feedback interconnection (Figure
1.2), global asymptotic stability of the equilibrium point is the point of interest. In the case that one of the

systems is a linear time-invariant (LTT) system, the problem of ensuring the stability of an unforced feedback

system is called “the Lur’e problem”.

Uy €1 Y1

— G > G
+

u Y
=

@450472 [ON

Figure 1.1: Forced feedback interconnection. Figure 1.2: Unforced feedback interconnection.

Figure 1.3: Forced vs. unforced feedback interconnections.

Classical tools to ensure robust stability of a feedback interconnection includes the circle criterion [10],
small-gain theorem [5], passivity theorem [11], conic systems’ theorem [12], and Integral Quadratic Con-
straints (IQCs) [13]. Most of these methods, fix conditions on one of the systems of the feedback intercon-

nection and then find the required conditions on the other system that guarantees stability and it has been

1The feedback interconnection of a linear system with a static nonlinearity is called absolutely stable if the closed-loop
system is stable for every nonlinearity in a given class [4].



shown in the literature that these theorems to investigate stability of a system, under certain circumstances,
are equivalent? [15].

One of the most famous of these classical theorems is the circle criterion, which has been used to eval-
uate both input-output stability of a forced feedback interconnection and global exponential stability of an
unforced feedback interconnection, i.e., absolute stability of the Lur’e problem (see [1,3] for continuous-time
single-input single-output absolute stability and [16-20] for discrete-time single-input single-output absolute
stability). It has been shown [10,21,22] that, in general, the circle criterion is a sufficient but not necessary
condition for absolute stability. There have been efforts to clarify this gap between guaranteed stability
and guaranteed instability [23—28], therefore, there is an intermediate case where the circle criterion cannot
guarantee either stability or instability.

In Chapter §3, we suggest a result in the spirit of the aforementioned classical results but expressed in
a semi-inner product space which generalizes the classical results while proposes necessary and sufficient
conditions for stability of a certain class of feedback systems.

Another point of interest of this dissertation is the application of stability tools, developed for feedback
interconnected systems, to designing first-order optimization algorithms. Recently, feedback interconnections
and their stability have been used in the optimization literature [29-31]. In [32], it is shown that first-order
optimization algorithms, i.e., Gradient Method (GM), Nesterov’s Fast Gradient Method (FGM) [33], Heavy-
ball Method (HB) [34] and Triple Momentum Method (TMM) [11] can be formulated as a Lur’e problem. This
makes the problem of finding the sufficient condition for absolute stability of the feedback interconnection
equivalent to certifying an upper-bound for the linear convergence of first-order optimization algorithms.
Using Integral Quadratic Constraints (IQC), a less conservative upper-bound for the convergence rate of
these first-order algorithms was found in [32]. In this document, we use design tools from the robust control
literature to design a robust-to-noise first-order optimization algorithm; called Robust Momentum Method
(RMM). Section 4, investigates the behavior of RMM in comparison to other famous algorithms in the
literature using simulations. We characterize the performance of RMM under multiplicative gradient noise

and show how to tune RMM to trade off convergence rate and robustness to noise.

2In the sense that stability of system A; studied with method M; is equivalent to stability of the transformed system Az,
assessed with method Ms, where system A; has been transformed to Az, using an appropriate loop-transformation. Note that
this does not mean that applying methods M; and Ms to the same system A; produces identical results. In [14] it has been
shown that if these tools are applied to the same system, very different results will be obtained.



Chapter 2

Mathematical Preliminaries

In this chapter, we provide the definitions, theorems and lemmas that are essential for this dissertation.

2.1 Notation

Preliminaries The set F refers to either the real numbers R or the complex numbers C. We use R
(Z4) to denote the nonnegative real numbers (integers). We write the complex conjugate of z € F as Z
and the conjugate transpose of a matrix X € F™*™ as X*. We use the symbols <, <, >, > to denote the
(semi)definite partial ordering of matrices in F"*". A matrix A = A* € F"*" is indefinite if A £ 0 and
A 0.

Linear time-invariant (LTI) systems with n states, m inputs, and p outputs are shown as
&(t) = Ax(t) + Bu(t), (2.1a)
y(t) = Cxz(t) + Du(t), (2.1b)

where A € R"™*"™ B € R"™™ (C € RP** D € RP*™ and t € R,. Discrete-time systems are sometimes

represented by

Tpt1 = Azxy, + Buy, (22&)

yr = Cxp, + Duy. (2.2b)

to follow the notation of optimization literature.

Semi-inner products A semi-inner product space is a vector space V over a field F equipped with a semi-

inner product!(-, -). This is identical to an inner product except that the associated norm is a seminorm?.

In other words, ||z| := v/{z, z) > 0 for all z € V, but ||z|| = 0 need not imply that z = 0.

IWe use the convention that a semi-inner product is linear in its second argument, so (z, ay + bz) = a (z, y) + b{(x, 2) for
all z,y,z € V and a,b € F. Also, (z, y) = (y, ).

2The reason for using semi-inner product spaces is that in Lae, we use this inner product (-, ), where we truncate after
time T'. This is not an inner product. It’s a semi-inner product. Because if two signals z(¢) and y(t) are the same on [0, T] but
are different for T' > 0, then we still have [l — y|lr = 0, even though = and y are different.




Relations A relation R on V is a subset of the product space R C V x V. We write R(V) to denote the
set of all relations on V. The domain of R is defined as dom(R) := {z € V| (z,y) € R for some y € V}.
For any z € dom(R), we write Rz to denote any y € V such that (z,y) € R.

We define V2 to be the augmented vectors u =: (ws) where uy, us € V. We overload matrix multiplication

to have an intuitive interpretation in V2. Specifically, for any &,¢ € V? and any matrix N € F2x2,

Ne— Nii Niz| & _ N11&1 + Ni2éo eV

Nop Noof [& No1&1 + Naoo

Likewise, inner products in V? have the interpretation

s <>=< al e >:= (60, 1) + (6 Go).
& Co

The closed-loop system of Fig. 3.1 defines relations:

Ruy = {(u,y) € V*> x V?|(3.1) holds for some e € V*}

Rye :={(u,e) € V?> x V?|(3.1) holds for some y € V*}

We call a set of relations C C R(V) feedback-invariant if it is closed under feedback interconnection.
Specifically, {(ui,y;) | (u,y) € Ruy} € C for all G,® € C and for all ¢, j € {1,2}. We call C complete if given
any x,y € V, there exists ® € C such that (z,y) € ®.

2.1.1 Notation for Extended Spaces

In this dissertation, Lo denotes a Lebesgue space of functions 7 — F". If T = Z,, this could be the
space (4 (F) of square-summable sequences with (z, y) := >,°  x(¢)*y(t). Likewise, if 7 = R, this could
be the space L3 (F) of square-integrable functions with (z, y) := [;° (t)*y(t) dt. The definitions that follow
apply to commonly used time domains 7 such as R, Ry, Z, and Z.

For any T' > 0 and function x : 7 — F", the truncation at time T is the function zp : T — F™ defined

as

z(t) t<T
xr(t) ==
0 t>1T.

The extended spaces Lo, O Lo are defined as

Loo:={x:T = F"|xr € Ly forall T > 0}.

We overload the notation (-, -), to denote the truncated semi-inner product on Lo.. That is, (z, y), =

(x7, yr). We also define the associated seminorm ||z := /(z, x).



Definition 2.1 (causal operators). A causal operator on Lo, is a function G : Lo, — Lo, with the property

that for all f € Lo and T > 0, we have (Gf)r = (Gfr)r.

The shift operator Sy : Loe — Lo is defined as (S, f)(t) = f(t—7).2 A causal operator G on Ly, is said to
be time-invariant if GS. f = S;Gf for all f € Ly, and all 7. We denote the set of linear time-invariant
(LTT) operators on Lo as Zr1(Lae).

Given G € %r1(L2e), we let G : R — C denote the frequency response of G, defined as follows. Let G
have transfer function G. If Lg, = Lge, then G(w) := G(jw). If Loe = Lo, then G(w) := G(e/*). We write

Lo to denote the set of frequency responses that are essentially bounded for all w € R.

Definition 2.2 (well-posedness). If G,® € .#(Ls.), the interconnection of Fig. 3.1 is said to be well-posed
if Ryy € F(Lae) (equivalently, Rye € F(Lae)). In other words, the closed-loop relation should be a causal

operator on La.. In this case, we will refer to R,y as the closed-loop map.

Family of functions of interest in optimization chapter: The set of functions that are m-strongly

convex and L-smooth is denoted F(m, L). In particular, f € F(m, L) if for all z,y € R,

mle —y|* < (Vf(@) = Vi)' (z —y) < Lllz - y|*.

The condition ratio is defined as k := L/m.
2.2 Norms

The notion of norm is used extensively in this document. Therefore, it is necessary to define what we mean

by norm.

Definition 2.3 (vector norms [5]). Let v € C" and defined as v = (v1,va,...), then we can define

n 1/p
A ( |’Uip> ) pE [1700)
[vllp = =1

2

maX|Ui‘7 =00
i

Definition 2.4 (Matrix Norms [5]). For a matriz A = [a;;] defined on the set of all n x n matrices, norm

is defined as

n
max 3 ai;l, p=1
=1
|All, £ max[r;(A*A)]1/2, p=2
3
n
max ) |ail, p =00
K3 j=1

where \;(M) is the ith eigenvalue of M.

3By convention, if L2, is defined on the time interval [0, 00), then f(t) = 0 for all ¢t < 0. So S f is well-defined for all f € Lo
and all 7.



Definition 2.5 (Vector-valued functions Norms [5]). Let
E={f:R—=>R" f=(f1,fo -, fn)| all fi’s locally (Lebesgue) integrable}
Then we define
N 1/p
12 ([1spa) o penns
1£llsc = ess sup || £(1)]],

teR

where || f(t)| is a vector-valued norm at time t, i.e., a norm on R™.

2.3 Sector-Bounded systems:

Definition 2.6 (Sector-bounded memoryless but possibly time-varying nonlinearity). Suppose ¢ : Fy xR —

R is a given function, and define a corresponding operator ® on L1, by
(Px)(t) = o(t,x(t)), Vt>0 (2.4)

We say that ¢ or ® belongs to the sector [a,b] if

¢(t, )

xT

B(t,0) =0, a< <b, VYr#£0, Vt>0 (2.5)

Definition 2.7. Consider a causal but not necessarily memoryless function ® : L3 — L5, and assume that

a < b. Then we say that ® belongs to the sector [a,b] if

a+b

b _
<2 Y|y, VT >0, VeeLll (2.6)

T
T 2

H<I>x—

where || - || is the truncated 2-seminorm.
Note that by defining ® as it is defined in (2.4), in SISO case, we obtain (2.5).
2.4 Stability

Here we review the notion of stability (both Lyapunov-flavor and Input-output flavor) for linear systems,
nonlinear systems and interconnected systems. In addition, we discuss how Lyapunov-flavored results are
related to input-output stability results. More in-depth literature related to stability notions that are being

discussed here can be found in [3,35-37].

2.4.1 Input-Output Stability

The definitions in this section are taken from [3].



e1 =ui — Y (2.7a)
1&» : €1 a 2
+[ €2 = U + U1 (27b)
Y2 (I) €2 : 472 " " 2
y2 = Gaea (2.7d)

Figure 2.1: An interconnected system.

Lo (¢2)-stability of a system: A dynamical system H :V, =V, is L} stable if u € L] =— Hu € L.

A finite-dimensional continuous-time linear time-invariant (LTI) system H(s) is LY stable if and only if

all poles have negative real parts (This result is known as uniform BIBO* stability). Equivalently, under

these conditions, the corresponding minimal state-space realization (4, B, C, D) is asymptotically stable. A
m

discrete time LTT system H (z) is €5 stable if and only if all poles have magnitude less than one, this is

known as uniform BIBO stability for discrete-time systems.

Finite-gain E;”(E;”) stability: Suppose R is a binary relation on £;. Then R is £}'-stable with finite

gain if it is £7'-stable and in addition there exist finite constants v, and b, such that
(z,9) € Rx € L7 = |lyllp < vllzllp + bp-

Moreover, R is L,,-stable with finite gain and zero bias if it is £}'-stable and in addition there exists a finite
constant 7y, such that

(z,y) € Ryx € L' = |lyllp < vpll2llp-

In this dissertation, the notion of interest of stability for LTI systems is stability with finite gain and zero

bias, which we simply call stability.

Remark 2.1. Suppose A: Ly, — Ly, is causal and Ly-stable with finite gain, and choose constants vy, and
b, such that
[Az|l, < vpllllp +bp, Vo e Ly

Then
[Az||rp = pllzllzp + by, VI 2 0,Va € Ly,

Interconnected systems: For a feedback system described by
where ej, ea, y1, Y2, u1, uz belong to the extended functional space Lo = L3.]0,00), and Gy , G2 map

Loe into itself. It is assumed that for each uy,us € Lo there exist ey, es, y1,y2 € Lo such that (2.7) hold.

4Bounded-input bounded-output



The system (2.7) is said to be stable if whenever uy,us € Lo any corresponding ey, €2, y1, y2 € Lo, such that

(2.7) hold, actually belong to L£2. The system (2.7) is said to be unstable otherwise.

Stability of Conic systems:

Remark 2.2. All interior conic systems are input-output stable.
Proof. To see this, define ¢ = mazx(|al,|b]). Then G € conela,b] C cone[—c, | implies that |G| < ¢, so it is
I/0 stable. |

Remark 2.3. All stable systems are interior conic.

Proof. By definition, stable systems have finite gain. Then from |G| < ¢, we can write G € cone[—c,c|. B

Remark 2.4. Ezterior conic systems may be stable or unstable.

Proof. Exterior conic systems can include the case where u = 0 generates y — oo, which by definition, is

an unstable system. ™

2.5 Integral Quadratic Constraints

One unifying framework to analyze feedback interconnections of Figures 1.1 and1.2 is integral quadratic

constraints (IQCs) [13,32]. An IQC in continuous-time can be defined as:

Definition 2.8 (Continuous-time frequency-domain IQCs [13]). Two signals v € L and w € L are said

to satisfy the IQC defined by I1 if

O(Jw D(Jw
/ () I(jw) (]‘ ) dw >0 (2.8)
If (2.8) holds for all w = ®v, where ® is a bounded operator defined as ® : Ly, — LT and v € L5, then we

say @ satisfies the frequency-domain continuous-time IQC defined by (2.8).

Definition 2.9 (Continuous-time time-domain IQCs [39]). A causal operator ® : L, — L. satisfies the
time-domain IQC defined by (¥, M) if for all v € LY,, we have that w = ®v and

T
/zT(t)Mz(t)dt >0, T>0
0
where M = MT € R™ ™ and U is an LTI system and z is the output of ¥ driven by inputs (v, w) with zero

initial conditions.



Definition 2.10 (Discrete-time frequency-domain IQCs [40]). Two signals v € ¢ and w € (3" are said to
satisfy the IQC defined by 11 if

/ @ ey 7€) ap > 0 (2.9)
w(ed?)

) w(el?)

[S¥
<

If (2.9) holds for all w = ®v, where ® is a bounded operator defined as ® : t, — (3% and v € £}, then we
say @ satisfies the frequency-domain discrete-time IQC defined by (2.9).

The following definitions include Hard and Soft time-domain IQCs for discrete-time systems [32].

Definition 2.11 (Discrete-time time-domain Hard-IQCs). A causal operator ® : £}
time-domain Hard-1QC defined by (¥, M) if for all v € £5,, we have that w = ®v and

. — 05, satisfies the

N
ZZIIMzk >0, N>0
k=0

where M = MT € R™™™ and VU is an LTI system and z is the output of ¥ driven by inputs (v, w) with zero

initial conditions.

Definition 2.12 (Discrete-time time-domain Soft-IQCs). A bounded, causal operator ® : 5, — (5% satisfies
the time-domain Soft-IQC defined by (¥, M) if for all v € £, we have that w = ®v and

oo
Z z,IMzk >0,
k=0

where M = M7 € R™™™ and U is an LTI system and z is the output of ¥ driven by inputs (v, w) with zero

initial conditions.

2.6 Sector-Bounded Systems, Slope-Restricted Systems

2.6.1 Sector-Bounded Static Systems

For a good reference for the material of this section, see [5].

Definition 2.13 (SISO sector-bounded static nonlinearities). Let ¢ : R — R with ¢(0) = 0. We say that
the function ¢ belongs to the sector |a,b] if and only if

azx? < zd(z) < br?, VzeR, z#0
There are equivalent forms for the sector condition. Lemma 2.1 reviews these equivalent forms.

Lemma 2.1 (Single-Input-Single-Output equivalent forms of sector-bounded static systems). If ¢(0) = 0

and a,b € R and a < b, then these forms are equivalent:



10

1. Forallx #£0, a < ¢() <b.
2. For all v # 0, az? < z¢(x) < ba?.
3. For all z € R,
[¢(x) — az][¢(x) — bx] < 0.

4. For all x € R,
a+b

2 xfﬁ (biTa)z'x‘Z'
-
x —2ab a+b T
> 0.
L(ﬂﬁ)] L+b 2] L(x)]

1 < 2: If we multiply item 1 by 22, we will get item 2. Divide item 2 by 22 and we will get item 1.

o) -

5. forallz e R

Proof.

Note that in the case of x = 0, item 2 always holds.

3 < 4 Simply

(6(2) — aa][6(x) — ba] = 6(x)? ~ 22TV (2) + aba?
_ a+b o, (b—a)?® ,
= (o(z) — Tﬂf) - Tﬂ?

2 2
{gb(x)a;rbx} S(l)2a) 22 <0
2 = 3 Obviously z¢(x) — br? < 0 and z¢(x) — ax? > 0, therefore [¢(x) — az][p(z) — bx]z? < 0.

3 == 2 Multiply both sides of 3 by 2? and since bx? > ax?, the value z¢(x) should be intermittent

between these two values.

5 <= 3 Forall x € R, we can write

.
x —2ab a+b S - (a+b)¢(z)z — aba® — p(x)?
)| la+b =2 | |o(x)
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Lemma 2.2 (Multi-input multi-output equivalent forms of sector-bounded static systems). Let H be a
Hilbert space (most of the applications use H = R™), and assume the real scalar product (-, -) with associated
norm || - || and let ® : H — H and ®(0) = 0 where 0 is the zero vector in H. Assuming a and b two real

constants where b > a, then the following two statements are equivalent:

1. Forallz € H
(®(x) — az, ®(x) —bx) <0

2. Forallx € H

a+b |2 b—a\?2
[e@ -5 < (57) Wl

3. For allx € LY

YREL ~2ab a+b| |&(j
/ f(]w) ab a ﬂf(Jw) do >0
| oliw) a+b -2 o(jw)
or for all x € {5}
F lae] [-2a0 a+b] [2(e
/ xN(e-) ab a xN(e') 48>0
S B(e7?) a+b -2 B(e7?)

Proof.

1 <= 2: The proof is taken from [5]

0> (®(x) — ax, P(x) — bx)

= (®(x), B(x)) — 2 x “;b (®(x), x) + <(“+b) _ -9 ) (z, z)

1 < 3: (Continuous-time case with x € L") For all x € L}* we have
(®(x) — ax, ®(x) — bx) <0.

Therefore

(
=2 [/Oo ()" ®(z)dt — b/oo ®(x) " xdt — a/oo zT<I>(z)dt+ab/oo xTxdt}

= —2ab/ z'zdt + (a +b) / 2" ®(x)dt + (a +b) / ®(z)Txdt — 2/ ®(z) " ®(x)dt

_ /OO (—2ba™a + (a-+ D) B(x) + (a-+ BB () a — 2B(x) D) )t

o0



which can be written as
7 x(t) —2ab a+b x(t)
D(x(t)) a+b -2 O(z(t))

Applying Parseval’s theorem °

oo

1 R
=5 —2ab/ (jw)z(jw dw—&—(a—i—b)/@*(jw)qﬁ(jw)dw

oo
a—|—b/ o (jw)z(jw) w—2/¢*jw

_ 1
27
Z(jw) —2ab a+b| [2(jw)

o(jw)| |a+b =2 | |[d(jw)

1
T or

—3 é\g

dw >0, Vzelcld

We can prove the same result in the discrete-time case.

2.6.2 Sector-Bounded Dynamical Systems

12

jw)dw

(~2abi* (jw)a(j) + (a+ )i (jw)d(jew) + (a+ )6 ()i (jw) — 26" (ju0) () ) o

Lemma 2.3 (Equivalent forms of sector-bounded dynamic systems). If H is a Hilbert space and the inner

product (-, -) is associated with the norm || - ||, and if ® : H — H and ®(0) = 0 where 0 is the zero vector in

H, then assuming b > a, following two statements are equivalent:

1. (P —ax, Px —bx);, <0, VI >0,z H.

2. @z — “Hla|r < Bz|r, VT >0,2eH

T
oo | xp(t) —2ab a+b xp(t)

5. |

“o [(@2)r(t)| |a+b =2 | [(@2)r(t)

Proof.

1 <= 2: Proof taken from [5] for the non-cumulative version

0> (®x — ax, Pz — bx),

= (Pz, Pz)p — 2a—|— b (P, ) + ((a—zb) - (b—4a) ) (x, )7
- Jae- 5] - £
T 4

5 Assuming that system ® is bounded and therefore the integral is defined.
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2 < 3 Start from (2.6), square it and for all ' > 0 and = € H write it as
b b b—a)?
@x—ix,(I’x—a_F T —( @) (x, )7 <0
2 2 "/, 4

= —2(®z, ®z); — 2ab(x, ) + (a +b) (z, Px); + (¢ +b) (z, Px)r >0

If we assume that H = L7 and z(t) and (®z)(t) are maps from R to R™, we can expand these inner-products.
we will have

T T T

Q/T (@x)T(t)@x(t)dthab/ xT(t)x(t)dtJr(aer)/ T () (t)dt + (a+b)/ a7 () Pa(t)dt

— 00 — 00 —0o0 —0o0

-
_ /T z(t) —2ab a-+b z(t) &
—oo | (®x)(t) a+b -2 (®z)(t)
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Chapter 3

Generalized Necessary and Sufficient Robust Boundedness Results
for Feedback Systems

Classical conditions for ensuring the robust stability of a system in feedback with a nonlinearity include
passivity, small gain, circle, and conicity theorems. We present a generalized and unified version of these
results in an arbitrary semi-inner product space, which avoids many of the technicalities that arise when
working in traditional extended spaces. Our general formulation clarifies when the sufficient conditions for
robust stability are also necessary, and we show how to construct worst-case scenarios when the sufficient
conditions fail to hold. Finally, we show how our general result can be specialized to recover a wide variety
of existing results, and explain how properties such as boundedness, causality, linearity, and time-invariance

emerge as a natural consequence.
3.1 Introduction

Robust stability of interconnected systems has been a topic of interest for over 75 years, dating back to
the seminal works of Lur’e [1], Zames [41,42], and Willems [6]. The standard input-output setup is illustrated
in Fig. 3.1, where systems G and ® are connected in feedback, and we seek conditions under which we can
ensure the stability of the closed-loop map (ui,us) = (y1,y2)-

Robust stability is usually stated as a sufficient condition. For example: “Suppose G € S; and ¢ € Ss.
If a certain condition holds on S7 and Ss, then the interconnection of Fig. 3.1 is stable.” In typical usage,
a known system G is interconnected with some unknown, uncertain, or otherwise troublesome nonlinearity
® € S5, where S5 is given. Then, ensuring stability of the interconnected system for any & € Sy amounts to
verifying the condition G € 5;.

There are many robust stability results in the literature: passivity theory, the small-gain theorem, the
circle criterion, graph separation, conic sector theorems, multiplier theory, dissipativity theory, and integral
quadratic constraints.!

The aforementioned results provide sufficient conditions for robust stability. To reduce conservatism,

one may ask conditions for robust stability that are necessary and sufficient. Such results typically take the
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U el Y1 €1 =ui + Yo (3.1a)
—_— G

+ 1Yo = Peg (31b)

+ = Uy + 3.1c

Y2 ® €2 o U2 o | )

1 =Ge (3.1d)

Figure 3.1: Feedback interconnection of systems G and ®.

form: “Suppose S; and Sy satisfy a certain condition. Then, G € S; if and only if the interconnection of
Fig. 3.1 is stable for all ® € S;.” Again, there are numerous examples in the literature, such as necessary
and sufficient versions of the passivity, small-gain, and circle theorems.!

The reason for the wide variety of robust stability results is that different assumptions can be made
about G and ®, and the sets S; and S5 can be defined in many different ways. A natural question to ask,
which forms the basis of our present work, is whether the multitude of existing results can be viewed as
consequences of a single more general result. We answer in the affirmative.

Main contributions: In Section 3.2, we present a robust boundedness result involving interconnected
relations over a general semi-inner product space, where there need not exist a notion of time. Our result
(Theorem 3.1) does not assume linearity or even boundedness of G or @, and avoids the technicalities typically
associated with causality, stability, and well-posedness. Under mild conditions, our sufficient condition for
robust boundedness is also necessary, and we provide a constructive proof.

In Section 3.3, we specialize our result to standard extended spaces of time-domain signals (e.g., Loe or
l5¢), which reveals the way in which the aforementioned technicalities arise. We also explain why necessity
is more difficult to achieve in this setting, and why stronger assumptions (e.g., linearity and time-invariance
of G) are often required.

A key observation, explained in Section 3.4, is that sufficient-only results are often? a direct consequence
of a corresponding necessary-and-sufficient counterpart, meaning that there is nothing to be gained by stating

a sufficient-only version.

3.1.1 Related Work

In Table 3.1, we provide a summary of existing robust stability results. In the “Implication” column, we

distinguish between sufficient-only results ( = ) and necessary-and-sufficient results ( <= ).

1Detailed references can be found in Section 3.1.1 and Table 3.1.

2We make this claim for results involving conicity constraints. These results include: passivity, small-gain, circle criterion,
conicity, and extended conicity. See Section 3.1.1 and Table 3.1 for details.
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Sufficient results Classical sufficient results include the passivity, small-gain, and circle theorems®. These
results are mutually related via a loop-shifting transformation [15], and were generalized to conic sectors [41,
42, 51].

Beyond conic sector constraints, graph separation [43,52] allows for nonlinear constraints, while multi-
plier theory [5], dissipativity [6], and integral quadratic constraints (IQCs) [13,44, 53] allow for dynamic or
time-varying constraints. There have also been several works discussing how these various frameworks are

related [54-56].

Necessary and sufficient results The classical passivity, small-gain, and circle theorems are only suffi-
cient when ® is assumed to be memoryless (but still possibly time-varying) [10,57]. However, necessity holds
if ® is allowed to have memory, e.g. when ® is a dynamical system [3, Thm. 6.6.126].

The majority of necessary and sufficient robust stability results assume that G is linear. For example, the
passivity and small gain results of Vidyasagar [3, §6.6(112,126)] and Khong et al. [45, Thm. 3] assume G is
linear and time-invariant (LTT). Meanwhile, the small gain result of Zhou et al. [46, Thm. 9.1] and the recent
converse IQC result of Khong et al. [47] make the stronger assumption that both G and ® are LTI. Finally,
Shamma’s small gain theorem [48, Thm. 3.2] holds when both G and ® are nonlinear and time-varying,
but requires an additional assumption of fading memory, which effectively allows the system response to be
approximated by that of a linear system.

One reason for requiring linearity of G in necessary-and-sufficient results is that proving the necessary
direction is often done via the S-lemma [50, 58], which requires linearity. We go into more detail on this
point in Section 3.2.2. It turns out that for passivity, small gain, circle, and conicity results, linearity is not
actually required, even though it is often assumed. Our main result (Theorem 3.1) provides a unified robust
stability result without any linearity requirements.

An earlier version of Theorem 3.1 [49] used the S-lemma and therefore assumed linearity and was non-

constructive.

3.1.2 Notation

Semi-inner products A semi-inner product space is a vector space V over a field F equipped with a
semi-inner product* (-, -), which is an inner product whose associated norm is a seminorm. In other words,

|z]| := +/{z, ) > 0 for all z € V, but ||z|| = 0 need not imply that z = 0.

3The circle criterion in the literature typically refers to the case when G in Figure 3.1 is assumed to be an LTT system.
4We use the convention that a semi-inner product is linear in its second argument, so (z, ay + bz) = a (z, y) + b(x, 2) for
all z,y,z € V and a,b € F. Also, (z, y) = (y, ).
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Relations A relation R on V is a subset of the product space R €V x V. We write Z(V) to denote the
set of all relations on V. The domain of R is defined as dom(R) := {z € V| (z,y) € R for some y € V}.
For any z € dom(R), we write Rz to denote any y € V such that (z,y) € R.

We define V2 to be the augmented vectors u =: (ws) where uy, us € V. We overload matrix multiplication

in V2, specifically, for any &, ¢ € V? and any matrix N € F2*2,

Ne— Nii Niz| & _ N11&1 + Ni2éo eV
Nop Noof [& No1&1 + Naoo

Likewise, inner products in V? have the interpretation

€ <>=< al e >:= (60, 1) + (6 Go).
& Co

The closed-loop system of Fig. 3.1 defines the following relations, which characterize pairs of consistent
signals.
Ruy = {(u,y) € V*> x V*| (3.1) holds for some e € V*},

Rye = {(u,e) € V> x V* | (3.1) holds for some y € V*}.
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3.2 Results for Semi-Inner Product Spaces

The main result of this section is a robust boundedness theorem defined over a general semi-inner product
space. We consider the setup of Fig. 3.1, where G € Cg and ® € Cq belong to arbitrary sets of (possibly

nonlinear) relations.

Theorem 3.1. Let V be a semi-inner product space and let M = M* € F?*2 be indefinite. Suppose

G € Cg and consider the three following statements.

1. There exists N = N* € F2*2 satisfying M + N < 0 such that G satisfies

{HRIN)
, N >0 for all £ € dom(G). (3.3)
3 3

2. There exists v > 0 such that for all (u,y,e), if

& e
< oM | >20 (3.4)
Y2 Y2

and (3.1a), (3.1c), (3.1d) are satisfied, then ||y|| < v||ul.

3. There exists v > 0 such that for all ® € Cg, if

< < , M ¢ > >0 for all £ € dom(®), (3.5)
ot o¢

then for all (u,y) € Ryy, the following bound holds

lyll < yllull- (3.6)

The following equivalences hold: (1) < (2) = (3).

In Theorem 3.1, Item (1) is a property of subsystem G, while Item (3) is a statement about the robust
boundedness of the closed loop when G is interconnected with any ® € Cg. The intermediate statement (2)
is similar to (3), but it concerns robustness with respect to the signals (u, y, ¢) rather than ®.

We can view Theorem 3.1 as a sufficient condition for robust boundedness because it proves that (1) =
(3). Since Theorem 3.1 holds for arbitrary choices of Ci and Cg, it generalizes the results presented in the
first half of Table 3.1. We discuss the details of how to specialize Theorem 3.1 in Section 3.3.

We make several remarks about Theorem 3.1.
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Remark 3.1. Equation (3.6) can be stated in terms of (u,e) instead of (u,y). Specifically, it is easy to show
that (3.6) holds for all (u,y) € Ryy if and only if there exists some 7 > 0 such that ||e|| < 7||u|| holds for all
(u,€) € Rye.

Remark 3.2. In Theorem 3.1, M is assumed to be indefinite. If M is semidefinite instead, it will generally
lead to results that are either trivial or vacuous statements, that is, Item (1) and Item (3) are either always

true or always false.

Remark 3.3. In Item (1), we can equivalently replace N by —M — eI and modify the statement preced-
ing (A.1) to: “There exists some € > 0 such that G satisfies (A.1)”. We chose the form with M and N to

make Theorem 3.1 more symmetric.

Remark 3.4. Theorem 3.1 can be further generalized to the case where G € Cq C R(V™, V™) (the set of
relations on V" x V™) and ® € Co C R(V™, V™). In this case, M, N € Fm+m)x(m+n) 4,0u1d be block 2 x 2

matrices.

Remark 3.5. In Theorem 3.1, both G and ® are relations rather than operators. All relations are invertible,
s0 the closed-loop relations R, and Ry. are always well-defined, but may be empty. In such a case, (3.6)
is vacuously true. One way to ensure that Theorem 3.1 is mot vacuous is to require the well-posedness

assumption that R, (equivalently R,.) is non-empty.

Since Theorem 3.1 is expressed in a general semi-inner product space, there need not exist a notion of
time and concepts such as causality and stability need not apply. We will see in Section 3.3 how concepts
such as causality, stability, and well-posedness emerge when Theorem 3.1 is specialized to extended spaces

of time-domain signals (Lebesgue spaces) and G and ® are operators rather than relations.

3.2.1 Proof of Sufficiency for Theorem 3.1

We begin by showing that (1) = (2) = (3) in Theorem 3.1 for any choice of C¢ and Cy. This proof is
similar to [59, Thm. 1]. Pick any (u,y,e) such that (3.1a), (3.1c), (3.1d), and (A.2) are satisfied. let & = e;
in (A.1). Using (3.1) to eliminate ej, e, Equations (A.1) and (A.2) become:

U2 + U +
< Y1 N Y1 >>0 and < 2T Y1 M 2T Y1 >>0'
U1 + Y2 Uy + Y2 Y2 Y2

Sum the two inequalities above and collect terms to obtain

<y1,(M—|—N) Y1 >+2<y1’ Ny My u1>+<u1’ Noy 0 U1>20.
Y2 Yo Y2 Nag Moy | |us Uo 0 M| |us
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Since M + N < 0 by assumption, There exists n > 0 such that M + N < —nl. Applying this inequality

together with Cauchy-Schwarz®, we obtain

= llyll® + 2rllyllllull + qllul® > 0, (3.7)
where 7 := ||[ X2 471 ||| and ¢ == ||["3* ,0., ]|| are standard spectral norms. Dividing by 7 and completing
the square in (3.7), we obtain (|jy|| — %HUH)Q < ﬁ‘#”u”z, which can be rearranged to establish (2) with

v = (r+ /2 +ng).
To prove (3), consider some ® € Cg for which (3.5) holds. Next, pick (u,y) € Ry, so that there exists
(u,y, e) satisfying (3.1). In particular, (3.1b) holds, so setting £ = ez in (3.5), we obtain (A.2) and the rest

of the proof is the same as above. [

3.2.2 Proof of Partial Necessity for Theorem 3.1

A popular approach for proving (1) <= (2) is to use a lossless S-lemma as in [45, Thm. 3] and [13].
However, the S-lemma [50, 58] comes with a drawback: the set of signals (u,y,e) that satisfy the loop
equations (3.1a), (3.1c), (3.1d) must be a subspace, which requires for example that G be linear. If we
assume G is linear, we can prove (1) <= (2) by adapting the S-lemma for inner product spaces due to
Hestenes [61, Thm. 7.1, p. 354] and using a technique similar to that used in [45]. Details of this approach
may be found in [49] and Appendix A.

It turns out the linearity assumption on G can be dropped entirely if we adopt a different proof approach.
To this effect, we will prove the contrapositive =(1) = —(2) by directly constructing signals (y, u, e) that
violate the boundedness condition when (1) fails to hold. Unlike the S-lemma, this approach does not require
linearity of G and has the benefit of being constructive, so it produces worst-case signals (u,y, e). We state

the result in the following lemma.

Lemma 3.1 (worst-case signals). Consider the setting of Theorem 3.1. Suppose that for any N satisfying
M + N <0, there exists £ € dom(G) such that

G G
< I f><0.
3 3
Then, for all v > 0, there exists (u,y,e) such that:

1. Equations (3.1a), (3.1c), and (3.1d) hold.

e e
2< oM 2>za
Y2 Y2

5 A proof of the Cauchy—Schwarz inequality for general semi-inner product spaces may be found in [60, §1.4].
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. Myl > yllull-

Proof. The proof is constructive and explicitly produces the signals (u,y,e) as functions of £ and ~. See

Section 3.6.1.1 for a detailed proof. [

Although Theorem 3.1 is only a sufficient result, the intermediate Item (2) in Theorem 3.1 provides an
important clue toward finding necessary-and-sufficient results. Specifically, we need only focus on proving

(2) <= (3) and we can ignore (1) entirely. This is the topic of the next section.

3.2.3 Toward Achieving Necessity

Theorem 3.1 states that for arbitrary choices of Cs and Cs, the items satisfy the partial equivalence
(1) < (2) = (3). In general, the three items will not be equivalent. However, there are special
choices of Cg and Cg that ensure the missing implication (2) <= (3) holds and therefore the three items in

Theorem 3.1 become equivalent.

Definition 3.1. We say that a pair of constraint sets (Cg,Cs) achieves necessity if such a choice implies

that (2) <= (3) in Theorem 3.1.

Our first observation is that shrinking Cg or enlarging Cg preserves the validity of the necessity direction.

This leads us to the following proposition.

Proposition 3.1. If (Cq,Ce) achieves necessity, then (Cg,Clh) also achieves necessity for any Ci, C Cq and

Cl 2 Co.

Proof. If Item (3) of Theorem 3.1 holds for C}, then it must also hold for C4 C Cj since the condition
ranges over a smaller set of candidate ®’s. Therefore, if (Cq,Co) achieves necessity, then so does (Cg,Cj).
Theorem 3.1 is a statement about G € Cg, so if G € C;; C Cg, then Theorem 3.1 clearly still holds. Thus, if

(Cq,Cl) achieves necessity, then so does (C(;,C}). This completes the proof. ]

In light of Proposition 3.1, our goal should be to find the smallest Co and largest Cg such that (Cq,Co)
achieves necessity. In the remainder of this section, we present two different ways of achieving necessity
through specific choices of Cg and Ce.

Our first result is that Theorem 3.1 holds if the constraint on Cg is removed entirely.
Theorem 3.2 (unconstrained case). The constraint set (Cg,Cs) achieves necessity when Cqg = Co = Z(V).

Proof. We proceed by contradiction. Suppose (2) fails. Then for all v > 0, there exists (u,y,e) satisfy-
ing (A.2) and (3.1a), (3.1c), (3.1d) such that ||y|| > ~|ju|. Since Co = Z(V), we can pick ® = {(e2,92)}, a
singleton relation. Then both (3.1b) and (3.5) hold trivially and so (3) fails, as required. |
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Theorem 3.2 may not be particularly satisfying because it requires defining ® as a singleton relation.
A more common use case is when ® must be defined for all dom(®) = V.6 Our second result states that

necessity can be achieved by linear relations, which we now define.

Definition 3.2 (linear relation). Let V be a semi-inner product space over a field F. Suppose x1,z2,y1,y2 €
V and aj,ay € F. A relation R € Z(V) is linear if for all (x1,y1) € R and (x2,y2) € R, we have
(121 + @oxa, a1y1 + asys) € R. We let L (V) C Z(V) denote the set of all linear relations.

Theorem 3.3 (linear case). The constraint set (Cq,Co) achieves necessity when Cq = Z(V) and Ce 2 L (V).

Proof. The proof of Theorem 3.3 is constructive and explicitly produces a worst-case ® € Z (V). See

Section 3.6.1.2 for a detailed proof. ]

Theorem 3.2 and 3.3 both provide conditions that ensure necessity of Theorem 3.1. In both cases,

Ca = %Z(V), so there are no constraints on G; it could be nonlinear, for example.
3.3 Specialization to Extended Spaces

In this section, we specialize Theorem 3.1 to the popular use case where the loop signals (u,y,e) in
Fig. 3.1 are functions of time (either discrete or continuous) and the systems G and ® are causal operators
rather than relations. This specialization introduces the familiar concepts of causality, well-posedness, and
input-output stability.

This section mirrors Section 3.2; after some notational preliminaries, we present a corollary to Theorem 3.1
that holds for causal operators and describe conditions that ensure necessity.

In this chapter,

3.3.1 Main Results for Extended Spaces

Before specializing Theorem 3.1 to the Lebesgue spaces defined in Section 2.1.1, we must discuss how

well-posedness and causality fit into the picture.

3.3.1.1 Well-posedness

Assuming G and ® are relations, as we do in Theorem 3.1, is not unprecedented in the literature [3,
41,45,52,62,63]. As mentioned in Remark 3.5, this strategy ensures well-posedness of any interconnection.
However, the closed-loop relations R, (equivalently R,.) may be empty. When G and ® are assumed to be
operators instead of relations, then well-posedness must either be assumed or proved. Specifically, we need

an assurance of the existence and uniqueness of solutions e and y for all choices of u.

6Relations & € Z(V) that satisfy dom(®) = V are known as serial or left-total. They are also called multi-valued functions.
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3.3.1.2 Causality

When working in extended spaces such as Lo, a common assumption is that G and ® are causal operators
[3,5,13,42,46]. In specializing Theorem 3.1 to extended spaces, we will let Cc and Ce be sets of causal
operators on Lo.. Then, since a well-posed interconnection of causal maps is causal [62, Prop. 1.2.14], the
closed-loop map will be causal.

Although Theorem 3.1 can in principle be specialized to V = Lo, this does not yield a fruitful result.
In particular, Ttem (3) of Theorem 3.1 would state that for all ® satisfying the appropriate constraints and
for which R,, is non-empty, we would have ||y|| < v|lu||. Since the typical use case of Theorem 3.1 is to
prove that the closed-loop map u — y is bounded, this shifts all the burden onto proving R, is non-empty
(well-posedness). In other words, assuming well-posedness amounts to assuming that which we seek to prove.

To resolve the aforementioned problem, we instead specialize Theorem 3.1 to V = Lo, and let Cg C
F(Loe) and Co C F(Lge) be arbitrary constraint sets. This leads to the following main result of this

section.

Corollary 3.1 (robust input-output stability on Lo.). Let M = M* € F?*2 be indefinite. Suppose G € Cg

and consider the three following statements.

1. There exists N = N* € F?*2 satisfying M + N < 0 such that for all € € Ly, and T > 0, G satisfies

< Gt N G > > 0. (3.8)

¢ ¢l/,
2. There exists v > 0 such that for all (u,y,e), if
() €9

< , M > >0 forallT >0 (3.9)
Y2 Y2

T

and (3.1a), (3.1c), (3.1d) hold and u € Ly, then |ly|| < v||u].

3. There exists v > 0 such that for all ® € Cy where the interconnection of Fig. 3.1 is well-posed, if for
allT >0 and § € Lo, we have

< ¢ .M ¢ > >0, (3.10)
(73 129

T
then for all y = Ryyu with u € Lo, we have

lyll < ylull. (3.11)

The following equivalences hold: (1) < (2) = (3).
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Proof. See Section 3.6.2.1. [ ]

Corollary 3.1 is similar to Theorem 3.1 in that no assumptions are made on Cg and Cg. The operators
G and ® may be nonlinear or even unbounded. The requirements (3.8) and (3.10) involve the truncated T
norms, so they are defined even for unbounded signals.” Critically, the conclusion (3.11) states that when
u € Lo, we have y € Lo, which is a statement about input-output stability.

Corollary 3.1 is a specialization of Theorem 3.1 to V = Lo, and therefore it is in the spirit of other
time-domain results such as the conic sector theorem [41], and extended conic sector theorem [51].

As with general semi-inner product spaces, we can inquire about conditions on Cs and Cg for which
(2) <= (3) and the result becomes necessary and sufficient for input-output stability. This is shown in

Theorem 3.4.

Definition 3.3. We say that a pair of constraint sets (Cq,Cq) achieves necessity on Lo if such a choice

implies that (2) <= (3) in Corollary 3.1.

As in the semi-inner product setting, shrinking Cg or enlarging Cg preserves the validity of the necessity
direction. So Proposition 3.1 also holds on L3, when Cq and Cg are subsets of % (La.), the causal operators
on Log.

Finding constraint sets that achieve necessity on Lo, is more challenging than in the general semi-inner
product setting because we require ® to be a causal operator. Indeed, Theorem 3.2 constructs a worst-case ¢
using a singleton relation, which is not a valid operator. Likewise, Theorem 3.3 constructs a linear worst-case
® from the worst-case signals (e2,y2), but the resulting ® is generally not causal.

One way to eliminate these difficulties is to make further assumptions on G. Specifically, we will assume G
is LTI, which allows for the following equivalence between inner products and frequency domain inequalities

(FDIs).

Lemma 3.2. Let N = N* € F?*2 be indefinite and let P € F2*2 diagonalize N, with N = P* [_01 (IJ] pP.

Suppose G € Lr1(Lae) with frequency response G. The following two statements are equivalent.

1. For all T > 0 and for all £ € Ly, we have

G G
< ¢ , N ¢ > > 0. (3.12)
L 3 $ T
2. The following frequency-domain inequality (FDI) holds:
G(w) G(w)
N >0 for almost allw € R (3.13)
1 1

and (PHG + Plg)(PglG + P22)71 maps Lo — Lo.

7Signals in L2, may be unbounded, but they cannot have finite escape time.
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Proof. See Section 3.6.2.2 for a detailed proof. [

We can now prove a version of Theorem 3.3 when G is constrained to be LTI.
Theorem 3.4 (LTI case). The constraint set (Cq,Cqo) achieves necessity on Lo when Ca C Lr1(L2e) C Cop.

Proof. The proof of Theorem 3.4 is constructive and inspired by Vidyasagar’s necessary and sufficient circle

criterion [3, Thm. 6.6.126]. See Section 3.6.2.3 for the proof. |

Remark 3.6. As noted in Section 3.2.2, if we assume that G is linear, the S-lemma can be used to prove
the implication (1) <= (2) in Corollary 3.1. However, this implication still holds even when G is nonlinear.
Theorem 3.4 also assumes that G is LTI (in the Lo, setting), but instead proves the implication (2) <= (3),
for which the S-lemma cannot be used. Linearity is only used the Lo, setting to deal with the requirement
that ® be causal. In the semi-inner product setting, linearity of G is not required (see Theorems 3.2 and

3.3).

We can combine Theorem 3.4 with Corollary 3.1 and Lemma 3.2 to obtain a necessary and sufficient
condition relating frequency-domain properties of G with robust closed-loop stability. We diagonalize M

instead of N for convenience, but the result can be formulated equivalently either way.

Theorem 3.5 (LTI case in the frequency domain). Let M = M* € F?*2 be indefinite and let P € F?>*?2
diagonalize M with M = P~* [(1) ,01] P. Suppose G € Zr1(Ls2e) has frequency response G and let Cp O

Zr1(Lae). The following two statements are equivalent.

1. There exists N = N* € F2*2 satisfying M + N < 0 such that the following FDI holds for almost all

>0, (3.14)

and (PHG + P12)(P21G + PQQ)_l maps Lo — Lo.

2. There exists v > 0 such that for all ® € Cy where the interconnection of Fig. 3.1 is well-posed, if for

all T >0 and § € Lo we have
¢ . M ¢ >0, (3.15)
a¢| |eg)/,

then for all y = Ryyu with u € Lo, we have

lyll < ylull- (3.16)
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When M and N are suitably chosen in Theorem 3.5, the frequency domain condition (3.14) can take on
a familiar form, such as the classical circle criterion. In Section 3.4, we describe how different choices of M
and N can be used to recover existing results in the literature.

The condition that (P;1G+Pi2)(Pa1 G+Pas)~! maps Lo — Lo is equivalent to (P11 G+ Pi2)(Po1 G+ Poy) 7t
being stable, where G is the transfer function of G. If we only have access to the frequency response G , then
the condition can be verified using the Nyquist criterion instead. Several existing results in the literature
are expressed in this way, see for example [5, Thm. V.2.10], [36, Thm. 7.2], and [3, Thm. 6.6.126].

The frequency-domain condition (3.14) can be verified graphically, or if we have a state space representa-
tion for G, we can use the Kalman—Yakubovich-Popov (KYP) lemma to transform (3.14) into an equivalent
linear matrix inequality (LMI), which admits a numerically tractable solution. We state the KYP lemma

here (in the general MIMO case) for completeness.

Lemma 3.3. Let N = NT € RET™X®+m) pe given and suppose G € Lri(Ly. — Lb,) is a finite-
dimensional system with frequency response Ge L2X™ . The following statements are equivalent.

1. The following frequency-domain inequality (FDI) holds for almost all w € R.

G| M®
I I

= 0. (3.17)

2. Suppose G has a minimal realization (A, B,C, D). Then the following linear matriz inequality (LMI)

has a solution P = PT. In the case Lo = Ly (continuous time),

T
ATP+PA PB C D C D
= N ) (3.18)
BTP 0 0 I 0 I
and in the case Lo = Ly (discrete time),
-
ATPA—-P A'PB C D C D
< N (3.19)
BTPA BTPB 0 I 0 I
Proof. See for example [64]. |

Remark 3.7. Standard Lyapunov arguments may be applied to further refine Lemma 3.3. For example, If
Ni1 <0 and G is stable, then we have P = 0 in (3.18) or (3.19).

3.4 Recovering Existing Results

Our results of Sections 3.2 and 3.3 can be used to recover a variety of existing robust stability results from
the literature. To demonstrate this versatility, we begin with necessity-preserving specializations. These are

choices that do not affect any of our proofs and thus yield equally strong results.
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Table 3.2: Sufficient conditions for stability drawn from the literature. For each result, we show the choices of M and
N and the condition M + N < 0 that allows Corollary 3.1 to recover the result. Under the assumptions of Theorem 3.4
these conditions become necessary as well, as described in Section 3.4. We use a positive feedback convention as in

Fig. 3.1. To use the negative feedback convention instead, replace N by N as described in Section 3.4.1.2.

Name of Theorem M N M+ N<0
. a < b, and
Conic sector theorem —(a+A)(b—A) Caeb b ath either
[41, Thm. 2a, all three cases] or bma=24 2(b—a=24) b-at2abs  2(b-at2abs)
’ ’ —a—b —1 a+b (1+ad)(1-bs) §=0,A>0o0r
[51, Thm. 3.1, all parts of Case 1] 2(b—a—2A) b—a—2A 2(b—a+2abd)  b—a+2abd
§>0,A=0.
. (a—A)(b+A) 1b —ab —a—b
Extended conic sector theorem ErEETY 2(b—aa+2A) [——: 2(b—aa—2ab6) Samme as above
[51, Thm. 3.1, all parts of Case 2] a+b 1 —a—b —(1—ad)(1+bs) ’
2(b—a+2A) b—a+2A 2(b—a—2abd) b—a—2abé
Extended passivity —€9 % —01 —% 61 +€e2 > 0and
[3, Thm. 6.6.58] 1, S 52 +€1>0.
Small gain theorem y2 0 —1/v1 0
Y1v2 < 1.
[36, Thm. 5.6] 0 —1/72 0 m

3.4.1 Necessity-Preserving Specializations

3.4.1.1 Different Spaces

The most common spaces are Lo, = Lo and Lo, = fe (continuous or discrete time, respectively). The
results are essentially identical in these two cases. We saw in the proof of Theorem 3.4 that it is also possible

to apply Theorem 3.1 directly to a space L., of frequency responses.

3.4.1.2 Sign Conventions

Although we used the positive feedback sign convention in Fig. 3.1, using the negative feedback convention

instead simply amounts to replacing N by N in Theorem 3.3, Corollary 3.1, and Theorem 3.5, where

N N - N —-N
N = 11 12 and N = 11 12
N21 N22 _N21 N22

Alternatively, we could replace M by M (multiply the off-diagonal elements of M by —1). These changes
amount to replacing G by —G or ® by —®, respectively.

3.4.1.3 Strictness of Inequalities

Robust stability results generally involve non-intersecting sets (typically cones), so for the inequalities

describing the admissible systems G and ®, one will typically be strict and the other will be nonstrict. Our
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symmetric formulations using a coupling constraint M + N < 0 avoids the need to associate strictness with

either G or ®; both cases can be represented by suitable choice of M and N.

3.4.1.4 Different Cones

Different choices of the matrices M and N in our results allow the representation of different cones.
For example, we can represent different flavors of passivity (input-strict passivity, output-strict passivity,
extended passivity), small-gain results, the circle criterion, and other conic sectors that allow G or ® to be
unbounded /unstable.

To illustrate these various transformations, consider for example the classical passivity result by Vidyasagar,

which is a sufficient-only result, and may be found in [3, Thm. 6.7.43].
Theorem 3.6 (Vidyasagar). Consider the system

e1 =u; — Y2, Y1 =Ger

ea =us +y1, y2= Pey

Suppose there exist constants €1, €2, 01, d2 such that for all £ € lye and for all T >0

(€ GE)p = erllélF + 61[1GENT, (3.20a)

(€, €)1 > ea|l&l7 + 62| BEI7- (3.20b)
Then the system is £o-stable if 61 +e9 > 0 and d + &1 > 0.

Theorem 3.6 uses a negative sign convention and is expressed in discrete time. To obtain a corresponding
sufficient result, apply Corollary 3.1 with Lo = £2,. Comparing (3.8) and (3.10) to (3.20), which yields the
following N, N, and M.

In Corollary 3.1, we require M + N < 0; thus d; + e2 > 0 and 03 + &1 > 0, which recovers Theorem 3.6.

In Theorem 3.6 (and in Corollary 3.1), the systems G and ® need not be linear. If we want a necessary
version of this passivity result, we can assume Cg C Zr1(L2) C Co and apply Theorem 3.4. In other words,
we have necessity if G is LTI and we are certifying robustness with respect to a class Cg that includes all
LTT systems. This last requirement means that ® may have memory.

Corollary 3.1 can also be specialized to recover the small-gain theorem [36, Thm. 5.6], extended conic
sector theorem [51], circle criterion [65], and other versions of passivity such as Vidyasagar [3, Thm. 6.6.58]
and Khong & van der Schaft [45]. We summarize these results in Table 3.2, along with the appropriate
choice of M, N, and the associated condition M + N < 0.



30

3.4.2 Recovering Sufficient-Only Results

Many robust stability results in the literature (see Tables 3.1 and 3.2) are presented as being sufficient
but not necessary. For those results involving static multipliers (passivity, small gain, conicity, etc.), we will
argue that sufficiency follows from Theorem 3.1 or Corollary 3.1, while the lack of necessity follows from the
necessary conditions described in Theorems 3.2, 3.4, and 3.5 not being met. In other words, we can view
these sufficient results as direct consequences of their necessary-and-sufficient counterparts. We now discuss

three ways in which this phenomenon can manifest itself in practice.

3.4.2.1 Alternative Inner Products

We showed that in Theorem 3.1, the partial converse (1) <= (2) holds, and this fact is independent
of the choice of semi-inner product. However, when we specialized to Lo, in Section 3.3, we sought to
prove input-output stability. Proving stability requires showing that certain properties of Lo, signals imply
boundedness in some other norm (e.g., the £ norm). Our ability to do this does depend on the choice of
semi-inner product used.

As an example, consider the space V = Lo, and define the pointwise semi-inner product as (z, y) o T =
2(T)*y(T). This may arise, for example, if G and ® satisfy a stronger notion of pointwise passivity rather
than the standard definition using (-, -),-. In this case, we can prove a result very similar to Corollary 3.1,
except we can only prove the implications (1) = (2) == (3). The partial converse (1) <= (2) does not

hold because having |ly|| < v|lu| for all u € Ly does not imply that |y(T)| < v|u(T)| for all T > 0.

3.4.2.2 Relaxed Constraints on Subsystems

A straightforward way to relax a necessary-and-sufficient result is to relax the conic constraints that
characterize G and ®. For example, consider Theorem 3.5. In Item (1), replace the condition M + N < 0
by M + N < —nl for some n > 0. Equivalently, replace N by N =< AN for some A > 0 in (3.14). Naming
the new condition (i'), we have that (i) = (1). Likewise, define (ii’) to be the same as (2) except M is
replaced by some M < pM for some g > 0 in (3.15). Then, we have that (2) = (ii’). Putting these facts
together, we obtain the implications: (I') = (1) <= (2) = (il’). The implication (I') = (ii’) cannot be

reversed in general, so the necessary-and-sufficient condition has become sufficient-only.
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Geometrically, constraints such as M < \M correspond to nested cones (the S-lemma). For example,

consider the sets:

- 2T - - - -
5| |z T . 10
S:=<(r,y) eR M >0 with M =
Y Y 0 -1
- 2T - - - -
N S|z o~ |2 . N 01
S:=<(r,y) eR M >0 with M =
Y Y 1 -2
The set S is the conic region between y = —z and y = x, and S is the conic region between y = 0 and

y = x. We have S C S and also M < M. Importantly, the implication is reversed when considering robust

constraint satisfaction such as in (2). For example, given some property P, we have:
P holds for all ® € S = P holds for all ® € 5.

We can also relax the constraints on G and ® by applying Proposition 3.1. Namely, if we use C;; D C¢ and

Cfb C Cg in any of our results, we will introduce conservatism.

3.4.2.3 Memoryless Nonlinearities

As mentioned in the previous item, choosing Cf, C Cq will generally introduce conservatism. Perhaps the
most famous such constraint is to restrict ® : Lo, — Loo to be memoryless, which means that ® operates
pointwise in time. In this case, we can write (®x)(t) = ¢¢(z(t)) for some functions ¢;. Note that when ® is

memoryless, we have:

T T
< , M > >0 forallz e Lo, T >0

P P
L™ L""d T
x x
<— , M >0 forall x € Lo, T > 0.
dx dx
L L 17 p,T
where (-, -) pT 18 the pointwise inner product defined in Section 3.4.2.1. Indeed, the classical circle criterion is

typically stated with a memoryless or static® nonlinearity ® and a pointwise inner product characterizing the
conic constraint. Finding a necessary and sufficient condition for robust stability under these assumptions
remains an open problem [66].

Brockett’s counterexample: In [10], a counterexample was presented that showed the standard circle
criterion is only sufficient when ® is memoryless. The closed-loop system for this example is described by
the differential equation

§+4 29+ f(t)y =0, (3.21)

8The map ® : Lo — Lo is called static if it is both memoryless and time-invariant. A static ® satisfies (®x)(t) = ¢(x(t))
for some function ¢.
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where f(t) satisfies 0 < f(t) < k for all ¢. In the context of Theorem 3.1, G is described by the transfer

function S(%Q) and @ is linear and memoryless, described by (®y)(t) = f(t)y(t).

The constraint on f corresponds to using M = [2 f2] Applying Corollary 3.1, we seek to satisfy

Item (1). Using N = —M — eI and applying Lemma 3.2, this amounts to certifying that for all w € R, we

have

G G . -
(@) M «) <0, where G(w)= 71
) ) JoGe +2)

This condition simplifies to & < 4+w?. Therefore, we conclude that we have robust stability of the closed-loop
map (3.21) whenever 0 < k < 4. Tt is explained in [10] that robust stability actually holds for 0 < k < 11.6,
therefore the circle criterion is sufficient-only.

The example above satisfies all the conditions of Theorem 3.5 except that Co 2 Zri(L2), since P is
required to be memoryless and LTI systems are not memoryless in general.

If we allow ® to be LTI and assume k = 4 4 ¢ for any € > 0, then the frequency-domain condition is
violated for any 0 < wp < /2. Following the construction described in the proof of Theorem 3.4, we can
construct a ® that is a static gain cascaded with a pure delay that depends on wg and achieves arbitrarily
large input-output gain. Such a ® is not memoryless.

Therefore, the condition 0 < k < 4 does render the circle criterion necessary and sufficient if ® can have

memory.
3.5 Conclusion

We studied robust stability results involving a plant G connected with a nonlinearity ® belonging to a
conic sector, e.g. passivity, small-gain, circle criterion, conicity, or extended conicity. Our goal was to distill
the vast literature on this topic and state the most general and unified results possible.

Robust boundedness results are often stated in the form of sufficient conditions. Our first observation is
that assumptions made in these results can always be relaxed in such a way that the sufficient conditions
become necessary as well.

We distinguish between two types of necessity that are often confounded in the literature. In particular,

when the sufficient conditions for robust boundedness are not met, we may seek:

1. Worst-case signals that yield an unbounded closed loop. This form of necessity always holds, even for

nonlinear plants (Theorem 3.1 and Corollary 3.1).

2. A worst-case nonlinearity ® that yields an unbounded closed loop. This form of necessity always
holds in the general semi-inner product setting, and we show how to construct a linear worst-case ®

(Theorem 3.3). In the extended (L) setting where G and ® are causal operators, we show how to
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construct a linear worst-case ® when the plant is LTI (Theorem 3.4). Our constructed ® consists of a

static gain cascaded with a pure time delay.

Looking beyond the scope of this dissertation, it would be interesting to see if our semi-inner product
framework could be used to recover results involving dynamic constraints (dissipativity, multiplier theory,
integral quadratic constraints).

Our work also delineates (see Section 3.4) the ways in which necessity may be lost. This points to areas
where the existing sufficient conditions could potentially be improved. Of particular note are problems where

alternative inner products are used, or problems where the nonlinearity is memoryless.

3.6 Proofs
3.6.1 Proofs for Semi-Inner Product Spaces

This section contains proofs related to the partial necessity of Theorem 3.1 (Lemma 3.1) and the full

necessity for the case where Cg contains all linear relations (Theorem 3.3).

3.6.1.1 Proof of Lemma 3.1

Proof. Let v > 0 be arbitrary. Here are the steps to the construction.

1. Since M is indefinite, we can write M = P* [1 _01] P for some invertible P € F2*2,

2. Define: 5 := o(P)™' (v&(P) + @ ([P(;? Pgl ])), where &(+) and o(+) denote the maximum and minimum

singular value, respectively.

3. Choose any § € R such that 0 < § < ,?Jlrl. Rearranging this inequality, we obtain 4 < % < %.
Therefore,
(1-6)?-4%*>0 and 1-74%*>0. (3.22)
4. Choose any € € R such that 0 < e < %. Rearranging this inequality, we obtain
1+ 1496
) 3.23
1—¢ < 1-9 ( )

5. Let N = —M —eP*P and let £ be such that

< e N e ><0. (3.24)
3 3
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6. Define the signals (@, 7, €) as follows:

1] G
nl_p |9 (3.25)
1] 3
_é ] _1 +9 0 g
2l = u (3.26)
?]2 0 1-94 él
—a -5 0] |g
= o (3.27)
o 0 J| [er
7. Finally, define the transformed signals:
(1] 1] G
wl | (96 (3.28)
1) €1 ] 3
e é
le=p 177 (3.29)
21 21
—U —1
=Pt 7. (3.30)
Ul 7:L1

Steps 1-7 provide the construction of (u, y, e). We now verify that this choice satisfies Items 1-3 of Lemma 3.1.
By adding and subtracting equations above, we obtain (3.25) = (3.26) + (3.27), and therefore (3.28) =
(3.29) + (3.30). This immediately verifies that (3.1a), (3.1¢), and (3.1d) are satisfied.
Based on how ¢ is defined in (3.24), and substituting the choice of N from Step 5 and the factorization
for M from Step 1, we obtain (—1—¢)||71]|*>+ (1 —¢)||é1||* < 0. From this inequality, it is clear that |7 || # 0.

So we conclude that
[|€1]] l+e

172l 1—e

(3.31)

h;” < % Rearranging, we obtain (1 — d)||é1]| < (1 + 9)||g1]],

which based on our definitions in Step 6, is equivalent to ||gz| < ||é2]|. Rewriting as a quadratic form and

Combining (3.31) and (3.23), we obtain

converting coordinates, we can invoke the definitions in Steps 1 and 7 to obtain:

e 1 0 e e e
< ? , 2>>O<:>< 2 , M 2>>0.
Yo 0 -1 |y Y2 Yo

This verifies Item 2 of Lemma 3.1. Based on the inequalities in (3.22) and the fact that ||g1|| > 0 derived
above, we have

(1=720%) 3 + (1 = ) = 3°6%) ] |* > 0. (3.32)
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Applying the definitions from (3.26) and (3.27), Equation (3.32) is equivalent to:

1717 + 1211 > 3% (Il ]* + [|%2]1%) ,

or more compactly, ||g|| > ¥||@|. We now apply the definitions (3.28)—(3.30) and the closed-loop equations
(3.1a), (3.1¢), (3.1d) to obtain a bound in terms of (u,y,e). For the upper bound,

I3l = H Priyy + Praey H B H Priyr + Pra(y2 + 1) H
Pyies + Pooyo Po1(y1 + u2) + Paoyo
P, 0 u
_ HP Y1 L 1 H
Y2 0 Py

<Pyl + ([75* 5, 1) llull-

For the lower bound,

Combining the upper and lower bounds, we obtain:

Fa(P)llull <a(P)lyll +7 ([5* p, 1) lull-

Rearranging, we obtain
7Py (2P =7 ([% 2, 1)) Iull < Iyl

~

Based on how we defined 5 in Step 2, the above simplifies to ||y|| > ~|/u||, which proves Item 3 from

Lemma 3.1. -

3.6.1.2 Proof of Theorem 3.3

We begin by proving the following lemma, which states that a single pair of points satisfying a quadratic

constraint can be extended to a linear relation that satisfies the quadratic constraint everywhere.

Lemma 3.4 (extension lemma). Let V be a semi-inner product space and let M = M* € F2*2 be indefinite.

e (&
< M >>0.
y y

Suppose e,y € V satisfy the inequality

There exists ® € L (V) such that:

1. (e,y) € ®.
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2. v , M v >0 for all z € dom(D).
Pz dx

Moreover, if |le| > 0, we can construct ® that is a linear function, with dom(®) = V.

Using Lemma 3.4, we can prove Theorem 3.3 by contradiction. Indeed, if Item (2) of Theorem 3.1 fails,
then for any v > 0, there exist ez, y2 € V such that (A.2) and (3.1a), (3.1c), (3.1d) hold, with ||y|| > ~|u]|.
Applying Lemma 3.4 to the pair (e2,y2), we can produce ® € Z(V) C Cg such that (3.5) holds, and thus
(3.1b) holds, (u,y) € Ry, and therefore Item (3) of Theorem 3.1 fails, as required. All that remains is to
prove Lemma 3.4.

Proof. We begin by considering some special cases.

Special case with |le|| =0 In this case, we must have (e, y) = 0 by Cauchy—Schwarz. If ||y|| = 0, then

define ® = {(z,2) | ||z|| = ||z|| = 0}. This is a degenerate case. If ||y|| > 0 instead, we have by assumption

2 (& e
Mas|ly||” = . M > 0.
Yy Yy

Therefore, Mas > 0. Define ® = {(z,z) | ||z|| = 0}. Roughly, ® is the linear relation whose graph is a vertical

that

line.
Special case with |le|| > 0 and ||y]| =0 As in the previous case, we must have (e, y) = 0. By assumption,
) e e
M11||€|| = 5 M 2 0.
£ )
So, M1 > 0. Define &2 = 0 and we have

T T )
, M = Mii||z]| >0 forall z € V.

Oz Oz
Henceforth, we will assume that ||e]| > 0 and |y|| > 0. Define the normalized vectors é := mey and
7 = HyTH Also define the normalized inner product p := (é,7). Note that by Cauchy—Schwarz, we have
ol < 1.9

Special case: |p| =1 Define ®z = p%x and obtain:

e eI e ] e
M = e M > 0.
Px Px [lell Y Y

9Recall that in general, inner products are elements of F, so p may be a complex number.
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General case: |[p| <1 Since M is indefinite, there must exist some 7 € F such that [H M [}7] > 0. For
any x € V, we can write = 2oy + 1, where x., is a linear combination of é and § and x is orthogonal to
both é and g. This can be computed via Gram—Schmidt:
oy im (E212000) o (B =)
1—1pl? 1—|pl?

L) =T — Ty
We also have [|z||? = ||zey||? + ||z ]|?. Define the unit vectors

élz:iﬁ—pé and ngziﬁg_é .
1—|p[? V1=lp?
The vectors é; and ¢, are orthogonal to é and ¢, respectively. Write Mo = |Mi2|e?® (polar decomposition).
Since My, = M5, we have the identity: e 2% My = Moy;.

Finally, define ® as:

¢w:::HZH(&%xqﬁﬁ-+e_2”WéL,xq)ﬂL)4—nxL.
The function ® is linear. The bracketed term lies in the span of é and y and performs an isometry that maps
é — 7, followed by the scaling % This ensures that ®e = y. The remainder of &z acts on the part of z
orthogonal to the span of € and g, and simply scales by 1. One can readily check that ||®z.,| = H%”ery”
and Re(Mu(a:ey, ¢x6y>> = %Hmeyﬂz Re(Mj2p). Thus, Tl e + o and
dx oz, nrL

x x Te Te x x
M - YoMLY ¢ oMY
dx dx bz, oz, nT nTL
The first term simplifies to
xe xe?
Y y
b,y b,y

= ]\412”51762/”2 + 2Re(M12<xey, (I)xey>) + M22||(I)xey||2

ell lell

2
= ”«Teyllz (M11 + 2Re(M12p)M + Moo ||y||2>

_ eru”2
el

2 e _e
:wag M > 0.
e\ o] [

The second term simplifies to

(M |le]|* + 2Re (Maa{e,y)) + Mas|ly||?)

E *

T x 1 1
< M|t >=WMW M| | >0
nx L nx L n n
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T T
Therefore, we have , M > 0, as required. [
dx P

3.6.2 Proofs for Extended Spaces

First, we state a useful result that connects norms in Lo with truncated norms in Lo.

Proposition 3.2. Suppose H : Lo, — Lo, is causal, and for all x € Lo, we have ||Hz|| < 7||z||. Then for
all z € Lo and T > 0, we have |Hz||p < v||z||r.

Proof. This result appears for example in [3, Lem. 6.2.11]. The proof is short so we reproduce it here. Let

T € Lae, and then: ||Hz|r = |Har|r < ||Hor| < vlzr| = vl u

3.6.2.1 Proof of Corollary 3.1

Choose V = Ly, with inner product (-, -); and let Cq C .# (L) and Co C F(Lac).

To prove (1) => (2), note that from the proof of Theorem 3.1, the gain v only depends on the choice of
M and N, and not on the choice of semi-inner product (choice of T'). Likewise, fixing ® and u € L yields
the same R, for all T Therefore, we have |ly|r < v|lu||r for all T > 0 and ~, y are independent of T'. Since
u € Ly, letting T — oo implies y € L2 and we obtain (3.11).

To prove (1) <= (2), suppose that for all (u,y,e) with u € L, satisfying (3.9), (3.1a), (3.1c), (3.1d), we
have ||y|| < v||lu||. Since Cg and Cq are subsets of #(Lae), then G and ® are causal and so the closed-loop
map Ry, is causal whenever the interconnection is well-posed [62, Prop. 1.2.14]. By Proposition 3.2, we have
llyz|l < vllu|lz. Apply Theorem 3.1 as before to obtain (3.8). From the way N is constructed in the proof
of Theorem 3.1 (Step 5 in Section 3.6.1.1), N is independent of T" and therefore the same N may be used
for all T

Proving (2) = (3) is similar to the corresponding proof in Theorem 3.1. Consider some ® € Cp C
F (L) for which (3.10) holds. Next, let (u,y,e) be the solution of (3.1). In particular, (3.1b) holds, so
setting £ = eg in (3.10), we obtain (3.9) and the rest of the proof follows as in Section 3.2.1. ]

3.6.2.2 Proof of Lemma 3.2

Define G := (P11G + P12)(P21G + Pa2) 1. Suppose Item 1 holds. Substituting the factorization for N
into (3.12), we obtain

<P11G§+P12f -1 0 P11G§+P12§> >0
Py1GE + Paoé 0 1| |Pa1GEH Pagé Ti

= [|[P11GE + Pioél|r < ||PoaiGE 4 Pasél| 7.
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Let ¢ = P21GE + Pyo€. Eliminating £ from the above, we obtain: ||Gs(||r < |||z Taking the limit T — oo,
we conclude that Gy is bounded in the £o norm.

Whenever Po1GE + P& € Lo, boundedness of G implies that P11GE + P1o€ € Lo. In such a case, we
can take the limit 7" — oo in (3.12) and (-, -); becomes (-, -), the inner product on L,. Applying Parseval’s
theorem yields

< P11CATY+P12 3 -1 0 P11?+P12 é> > 0.
Py1G + Py 0 1| | PG+ Poo

Due to our freedom in choosing é, we conclude that

*

Pllé(w)+P12 -1 0 Pllé(w)+P12 >0
Pglé(w) + Poo 0 1 Pglé(w) + Poo

holds for almost all w € R. Substituting the factorization for N, we obtain Item 2. Conversely, we can begin

from (3.13) and apply the steps in reverse together with Proposition 3.2 and we recover Item 1. [

3.6.2.3 Proof of Theorem 3.4

We proceed by contradiction. Suppose Item (2) in Corollary 3.1 fails. Since (1) <= (2), this is equivalent
to (1) failing. By Lemma 3.2, either G := (P11G + Pi2)(P21G + Ps2)~! does not map Lo — Ls, or there

must exist wg € R such that
*

G(Wo) N é(wo)
1 1

<0. (3.33)

If the former is true, choose the following static gain ® and (frequency domain) input signals. If Py # 0

and P22 75 0, let

0 = —Lip o = —L12h - _ Py
Uy = — 311, Uy = —521), Q=5 (3.34)

This is a valid choice of ® because it satisfies (3.10) upon substituting the factorization for M. Substituting
D, uq, us into the loop equations (3.1), we obtain g, = G4h. So the closed-loop map is not stable. If Py = 0,
we have P = I, so G5 = G. Then simply pick ® = 0 and the closed-loop map is unstable. If Pyy = 0, use
the choice (3.34) with Pos =& > 0. Since 2 — @Sﬁ as € — 0, then For ¢ sufficiently small, the map from 7
to gs is unstable.

If (3.33) holds instead, then fix v > 0 and follow the construction used in Lemma 3.1 to prove —(1) =
—(2), except use the complex numbers ¢ — 1 and G¢ — G(wg) to seed the construction in (3.25). This

results in uy, uz2, Y1, Y2, €1, e2 € C that satisfy (3.1a), (3.1¢), (3.1d), |ly|| > ~||u||, and

*

M > 0. (3.35)
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Now view the constructed (y,u,e) as phasors. For example, y; is multiplied by e/“°! and represents a
sinusoidal input with frequency wy and magnitude and phase equal to those of y;. The other signals in
(y,u, e) are also multiplied by e/*°! and interpreted similarly.

The set of wy that satisfy (3.33) is open, so we may pick wo such that ey # 0. Choose ® = £2 = re—99
where r > 0 and 0 € [0, 27) are the polar representation. So ® is a static gain r cascaded with a pure delay
of w%. By construction, the signals (y,u, e) satisfy (3.1) and so y = Ryyu. Now there are two possible cases.
If the closed-loop map R, is unstable, then we have shown that (3) fails, as required, for an unstable system
cannot have a finite £ gain. If the closed-loop map R, is instead stable, then since (3.35) holds for the

phasors (u,y, ) and multiplying each phasor by e/“°* does not change the instantaneous value of (3.35), we

have

€9 ()
< , M > >0 forallT>0

Y2 Y2 T

and ||y|lr > v||u||r for the time-domain sinusoids (u, y, e). Due to stability of R,,,, this sinusoidal fixed point

uy s
of the dynamics is stable, and has gain v > 0, which was arbitrarily chosen. It follows that (3) fails, as

required. [

Alternative proof. Consider the set V = L5(R) of frequency domain signals (either continuous or discrete
time). Let
CGQ{M@’GEEW}QC@

where M4 is the multiplication operator corresponding to the essentially bounded frequency response G.

Applying Theorem 3.1, Equation (A.1) becomes

< G|\ |GEIEw) >20 for all € € La(R),
&(w) §(w)

which is equivalent to

G(w) G(w)

N >0 for almost all w € R,
1 1

which is equivalent to (3.8) via Lemma 3.2. Applying Theorem 3.3, we conclude that a linear function ®

may be used to certify the necessary direction of Corollary 3.1 and the rest of the proof proceeds as above. m
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Chapter 4

A Robust Accelerated Optimization Algorithm for Strongly Convex
Functions

This chapter proposes an accelerated first-order algorithm we call the Robust Momentum Method for
optimizing smooth strongly convex functions. The algorithm has a single scalar parameter that can be tuned
to trade off robustness to gradient noise versus worst-case convergence rate. At one extreme, the algorithm
is faster than Nesterov’s Fast Gradient Method by a constant factor but more fragile to noise. At the other
extreme, the algorithm reduces to the Gradient Method and is very robust to noise. The algorithm design
technique is inspired by methods from classical control theory and the resulting algorithm has a simple
analytical form. Algorithm performance is verified on a series of numerical simulations in both noise-free

and relative gradient noise cases.
4.1 Introduction

Consider the unconstrained optimization problem

min f(z) (4.1)

where f : R" — R is L-smooth and m-strongly convex. The strong convexity of f guarantees that there
exists a unique minimizer z, satisfying Vf(z,) = 0. First-order methods are widely used for solving (4.1)
when the Hessian is prohibitively expensive to compute, e.g., when the problem dimension is large. A simple

first-order algorithm for solving (4.1) is the Gradient Method (GM),
Tpat1 = Tk — onf(xk), T € R™.

For smooth and strongly convex f, the GM with a well-chosen stepsize converges linearly to the optimizer [34].

That is, for some ¢ > 0 and p € [0, 1), we have
2k — .|| < cp® for all k > 0.

For example, the standard choice o = 1/L leads to a linear rate p = 1 — 2, while the choice o = Him results

in the improved linear rate p = %
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The issue with the Gradient Method, however, is that the convergence rate is slow, especially for ill-
conditioned problems where the ratio % is large. A common method of accelerating convergence is to use
momentum. A well-established momentum algorithm for smooth and strongly convex f is Nesterov’s Fast

Gradient Method!, (FGM) [33] described by the iteration xq,z_; € R™

Tre1 = Yk — aVf (Yr),
Yk = ) + B(Tr — Tp—1).

The FGM tuned with o = % and § = %\/‘/:"% converges with rate p?> < 1 — /m/L, which is faster than
the GM rate?. The rate can be improved to p =1 — \/m using an accelerated algorithm called the Triple
Momentum Method [11]. This is the fastest known worst-case convergence rate for this class of problems.
Robustness issues arise naturally in many optimization problems. For example, achieving the above rates
associated with each first-order method requires knowledge of L and m, which may not be accurately
accessible in practice. In addition, the gradient evaluation can be inexact for certain applications [67-69].
These issues motivate the need for accelerated first-order methods that are robust to underlying design
assumptions.

As observed in [32, §5.2], optimization algorithm design involves a trade-off between performance and

robustness. For example, consider step-size tuning for the GM. Using a = optimizes the convergence

2
L+m
rate, but makes the algorithm fragile to gradient noise. The more conservative choice o = % results in slower
convergence, but more robustness to noise. This is consistent with the intuition that a smaller step-size can
improve the algorithm’s robustness at the price of degrading its performance. For momentum methods,
exploiting the trade-off between performance and robustness is less straightforward, since one has to tune
multiple algorithm parameters in a coupled manner to achieve acceleration. This tradeoff is exploited in [70]

for first-order methods applied to smooth convex problems. In this work, we design a first-order method

that exploits the trade-off between robustness and performance for smooth strongly convex problems.

4.2 Main Result

4.2.1 Robust Momentum Method

Our proposed algorithm is parameterized by a scalar p that represents the worst-case convergence rate

of the algorithm in the noise-free case. Specifically, the iteration is governed by the following recursion with

L Also called Neterov’s accelerated gradient method.

2 A numerical study in [32] revealed that the standard rate bound for FGM derived in [33] is conservative. Nevertheless, the
bound has a simple algebraic form and is asymptotically tight.
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arbitrary initialization xg,z_1 € R"

Tpy1 = Tk + Blar — xp—1) — aVf (yr), (4.2a)

Yk = ok + (T — Tpp—1)- (4.2b)

where «, 8, and 7 depend directly on the parameter p as

_ K1 =p)*(1+p) _ Kp° _ *
s R o 1§ Wy =

We now state the key convergence property of the Robust Momentum Method in the noise-free case.

(4.3)

Theorem 4.1. Suppose f € F(m,L) with 0 < m < L and let x, be the unique minimizer of f. Given the
parameter p € [1—1/+/k, 1 —1/k], the Robust Momentum Method (4.2) with parameter tuning (4.3) satisfies
the bound

|k — 2| < cp® fork>1 (4.4)
where ¢ > 0 is a constant that does not depend on k.

The proof of Theorem 4.1 is provided in Section 4.2.2. Theorem 4.1 states that p directly controls the
worst-case convergence rate of the Robust Momentum Method. We will see in Section 4.3 that although

increasing p makes the algorithm slower, it also makes it more robust to gradient noise. In particular,

e The minimum value is p = 1 — 1/4/k. This is the fastest achievable convergence rate and also leads to

the most fragile algorithm. This choice recovers the Triple Momentum Method [11].

e The maximum value is p = 1 — 1/k. This is the slowest achievable convergence rate and also leads to

the most robust algorithm. This choice recovers the Gradient Method with stepsize o = 1/L.

To see why this last case reduces to the Gradient Method, substitute p = 1 — 1/k into (4.2) and (4.3).

Then, (4.2a) reduces to yr+1 = Y& — 1 VI ().

4.2.2 Convergence Rate Proof

In this section, we derive a proof for Theorem 4.1. The approach that follows is similar to the one used
in [32], with one important difference. In addition to proving a rate bound as in [32], we also derive a

Lyapunov function that yields intuition for the algorithm’s behavior and robustness properties.

Proposition 4.1 (Co-coercivity). Suppose f : R™ — R is convex and differentiable. Further suppose f is
L-smooth. Then for all x,y € R™,

Fl) > F@) + V@) - 2)+ 52195 ) — V@)
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The following lemma proves a key property of strongly convex functions. Parts of this result appear

in [32] and we repeat them here for completeness.

Lemma 4.1. Suppose f € F(m,L). Let x, be the unique minimizer of f (i.e., Vf(xx) = 0). Define the

function g(x) := f(z) — f(xs) — Bllv — z.|[*. Given any sequence of points {yx} € R",
1. If we define q := (L —m)g(yx) — %||Vg(yk)||2, then
qr >0 for all k.
2. If we define ug, := Vf(yx) and gy := yx — T, then
(up — mi) " (Lijx —ux) > qu  for all k.
3. Using the same definitions as above, the following inequality holds for any 0 < p <1,
(uk — mGi) " (L(Gr — p*G-1) — (up — p*uk—1)) > qx — paqr—1 for all k.

Proof. By the definition of strong convexity, g is convex and (L — m)-smooth. Moreover, g(y) > g(z4) =0
for all y € R™. Ttem 1 follows from applying Proposition 4.1 with (f,z,y) — (g, z«,yx). For Item 2, note
that ux, = Vf(yx) = Vg(yr) + mgr. We have

(ue — mi) T (L — ur) = Vg(ye) " ((L—m)Gr—Vg(yx))
> (L —m)g(ye) — 51V (yr)II?
=k

where the inequality follows from applying Proposition 4.1 with (f,z,y) — (g, yx,z+). To prove Item 3,

begin with the case p = 1. Using a similar argument to the one used to prove Item 2,

(uk — mGi) " (L(Gr — Gr—1) — (up — up—1))
= Vg (yr) " ((L—m) (@1 — Ge—1) — (Vg(yr) — Vg(ye-1)))
> Qr — Qr—1

where the inequality follows from applying Proposition 4.1 with (f,z,y) — (¢, Yk, Yx—1). By combining the

two previous results, we have
(ur — mg) " (L(Gk — p*Tk—1) — (ur — p*uk—1))
= (1= p?)(ur — mir) " (Lgx — ur) + p* (ur — me) " (L(Gk — Gr—1) — (up — ug—1))
> (1 - p*)ak + p*(ar — qr—1)

=qr — P°qh—1



45

and this completes the proof of Item 3. [

Our next lemma provides a key algebraic property of the Robust Momentum Method (4.2). This result

makes no assumptions about f.

Lemma 4.2. Suppose {uk,xp,yr} is any sequence of vectors satisfying the constraints

Tk
T 1+ — —a
SR pF 2p—1| fork>0 (4.5)
Yk I+ —y 0
Uk

where (a, B,7) are given by (4.3), and thus depend on the parameters 0 < m < L, k:= L/m, and p € (0,1).
Define zj, := (1 — p?)~! (a:k — p2$k—1) for k> 0. Then the following algebraic identity holds for k > 1,

(we — mye)" (L(yr — p*yk—1) — (ur — p*u—1)) + A (lzisall®> = 2°ll2e)?) + vllue — mye* =0 (4.6)

where the constants A and v are defined as

m? (Ii— Kkp? — 1)

A= 290 =) and (4.7)
_ (1+p) (1 —I€+2/ﬁ§p—,‘€p2)
vi= 2 . (4.8)

Proof. The algebraic identity may be verified by direct substitution of (4.3), (4.5), (4.7), and (4.8) into (4.6).
Specifically, the constraints (4.5) allow us to express zg41, 2k, Yk, Yk—1, Uk, and uk_1 as linear functions of
T, Th—1, Tk—2, and ug. Upon doing so, the resulting expression becomes identically zero. To express ui_1 as
required, rearrange the first equation of (4.5) to obtain the expression ux_1 = a1 ((1+8)zr_1—BTr_2—Tk).

The algebraic identity (4.6) has three main terms. We will see how each serves a role in explaining the

convergence and robustness properties of our algorithm. We are now ready to prove Theorem 4.1.

Proof of Theorem 4.1. Choose xy and x_; arbitrarily and consider the sequence {ug, x, yx, 21} defined
by setting uy := Vf(yx) and propagating for all k& > 0 using (4.5). This sequence is precisely a trajectory of
our algorithm. Let x, be the unique minimizer of f. Define the shifted sequences Ty := xr —Zy, Jr = Yr — T,
and Zj := zp — x, where zj is defined in Lemma 4.2. Note that the constraints (4.5) still hold when we use
the shifted sequence {ug, Tk, Uk, Zr }. Applying Lemma 4.2 with Item 3 of Lemma 4.1, we conclude that for
k>1,

AIZe11? = p*M126l%) + (a1 = pPax—1) + v lu, — mgi||* <0, (4.9)

where A and v are defined in (4.7)—(4.8). When 1 —1/y/k < p <1 —1/k, we have mL > X\ > imL and

0<v<1— i As we increase p, the parameter \ decreases monotonically while v increases monotonically.
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Define the sequence {Vi} by Vi := A||Z||? + qx—1. If we choose p in the interval specified above, then v > 0

and A > 0. Since g > 0, Vi, can serve as a Lyapunov function. In particular, it follows from (4.9) that
Vig1 <p°Vi  for k> 1. (4.10)

Iterating this relationship, we find that Vi1 < pzk V7. The reason we do not iterate down to zero is because

Vi is not defined at k = 0. Substituting the definitions and simplifying, we obtain the bound
Zes1ll < PF V1212 + A 2qo for £ > 1. (4.11)

The bound (4.11) therefore captures two effects. As we increase p, the linear rate p* becomes slower and the
constant factor in the rate bound also grows.

Next, we show that {#;} goes to zero at the same rate p*, but with different constant factors. Note that
because 2z, = (1 — p2)_1 (ik — p292k,1), we can form the telescoping sum

k—1
Fr=p" Vi 4+ (1-p)> p*F Pz for k> 0. (4.12)
t=0

Taking the norm of both sides of (4.12), applying the triangle inequality, and substituting (4.11), we obtain
a geometric series. Upon simplification, we find that ||#3]| is bounded above by a constant times p*, as

required.
4.3 Control Design Interpretations

In this section, we cast the problem of algorithm analysis as a robust control problem. Specifically, we
can view the problem of algorithm analysis as being equivalent to solving a Lur’e problem [1]. The Lur’e
setup is illustrated in Figure 4.1, where a linear dynamical system G (4.13) is in feedback with a static

nonlinearity ¢.

" ¢ §k+1 = A& + Buy, (4.13a)

u Y
> Ye = C&k, (4.13b)
up = (yx)- (4.13c¢)

Figure 4.1: Feedback interconnection of a linear system G with a troublesome (nonlinear or uncertain) component

¢. We use the positive feedback convention in this block diagram.

The Robust Momentum Method (as well as the Fast Gradient Method and ordinary Gradient Method)

can be written in this way by setting ¢ = Vf and choosing A, B, and C appropriately. For example, the



47

Robust Momentum Method (4.2) is given by

Ao 1-%1-5 —05 7 B —Oa 7 CZ{I—!—V _7}.

Here, we shifted all signals so they are measured relative to the steady-state value x, and therefore assumed
that Vf(0) = 0. We also assumed without loss of generality that u; and yj are scalars. This interpretation
was used in [32,71,72] to provide a unified analysis framework.

Traditionally, Lur’e systems were analyzed in the frequency domain rather than the time domain. For
the case of the Robust Momentum Method, the (discrete-time) transfer function of the linear block is given
by

(I+7)z—7

G(z) = —am. (4.14)

It was observed in Section 4.2.1 that the Robust Momentum Method becomes the Gradient Method if
p = 1—1/k. This fact can be directly verified using the transfer function. Substituting this p and the
which is

parameter values (4.3) into (4.14), there is a pole-zero cancellation and we obtain G(z) = ﬁinv

the transfer function for the Gradient Method with stepsize o = %

Frequency-domain condition. Continuing with the frequency-domain interpretation, Lur’e systems can
be analyzed using the formalism of Integral Quadratic Constraints (IQCs) [13]. To this end, the nonlinearity

is characterized by a quadratic inequality that holds between its input and output

*

/ 9] 1 119 4

) i(2)

where § and @ are the z-transforms of {y;} and {uy}, respectively, and II(z) is a para-Hermitian matrix. For
convenience, we use a loop-shifting transformation to move the nonlinearity ¢ = Vf from the sector (m, L)
to the sector (0,x — 1). We also scale the frequency variable z by a factor of p so that we can reduce the
problem of certifying exponential stability (finding a linear rate) to that of certifying BIBO stability. This
procedure is described in [73].

The nonlinearity of interest is sector-bounded and slope-restricted because it is the gradient of a function

g € F(0,k —1). We may therefore represent the nonlinearity with a Zames—Falb IQC as in [73], leading to

1(2) = 0 ) (k — 1)(1_—p227__1)
(h=1)(1 = 227Y) 24 2 427

The transformed transfer function is

5 —am(1 +v)z + amy
OB = v B am{i +7)e + 6 —amy

(4.15)
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To certify stability of the feedback interconnection, we must have G(pz) stable and for all |z| = 1,

Re ((1 —pz (k= 1G(pz) — 1)) < 0. (4.16)

Equation (4.16) has a graphical interpretation; that the Nyquist plot of F(z) := (1—pz~')((k— DG (pz) — 1)

should lie entirely in the left half-plane.

Graphical design for robustness. The frequency-domain condition (4.16) can provide useful intuition
for the design of robust accelerated optimization methods. We can visualize different algorithms by choosing
the parameters a, 3, appropriately in (4.15).
In Figure 4.2 (left panel), we show the Nyquist plot for the Gradient Method using the sector IQC [32,73].
2

To this effect, we set § = v = 0 and use either o = Tom Or o = % As we increase p, the Nyquist plots

become ellipses in the left half-plane. At the fastest certifiable rate (smallest p), the plots become vertical

2

lines. When a = T

, the vertical line coincides with the imaginary axis, whereas when o = %, the vertical
line is shifted left. This result confirms our intuition that since the imaginary axis is the stability boundary,
robust stability is achieved as the Nyquist contour moves further left, away from the boundary.

The Robust Momentum Method (4.2) was designed such that the Nyquist diagram forms a vertical line
passing through the point (—v,0). In other words, we solved for («,,7) such that (4.16) holds with the
right-hand side replaced by —v. Constraining the Nyquist plot as such directly leads to the choice (4.3) with
v related to p via (4.8). In Figure 4.2 (right panel), we show the Nyquist plot for the Robust Momentum
Method using the Zames—Falb IQC (for v = 0 and v = %) We also show Nyquist plots that certify a
convergence rate of p that is larger than the corresponding algorithm parameter. This leads to ellipses as
with the Gradient Method. Note that although the RMM and GM plots look similar, the RMM p-values

are generally smaller due to acceleration. In contrast, the FGM (center panel) does not produce a vertical

line in the Nyquist plot but still touches the stability boundary at the optimal p.

Further robustness interpretations. The parameter v can be interpreted as the input feed-forward
passivity index (IFP) [74], which is a measure of the shortage or excess of passivity of the system F(z)
defined above. In the frequency domain, the discrete-time definition of the IFP index is given by?

V(F(2)) == —4 max Apax (F(2) + F(2)*), (4.17)

2 |z=1

where A\pax(+) denotes the largest eigenvalue and F* is the conjugate transpose of F. For the SISO case,
(4.17) reduces to v = —max|,|— teal(F'(z)), which is the shortest distance between each curve and the

imaginary axis in Figure 4.2.

3Most sources use a negative feedback convention. The definition we give in (4.17) uses the positive feedback convention.
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(b) Fast Gradient Method (¢) Robust Momentum Method

(a) Gradient Method

Figure 4.2: Frequency-domain plots of various algorithms for x = 10 and different values of the convergence rate
p. The system is stable if the entire curve lies in the left half-plane. (a) Gradient Method for e = 1/L (solid) and
a =2/(L+ m) (dashed). The latter is right on the stability boundary while the former is shifted left (more robust).
(b) Fast Gradient Method. (¢) Robust Momentum Method for v = 1/2 (solid) and v = 0 (dashed). Again, the latter

is right on the stability boundary while the former is shifted left (more robust).

We can also interpret v as a robustness margin in the time domain using the Lyapunov function defined

in (4.8). In the proof of Theorem 4.1, when we substitute the definition for Vj, into (4.9), we obtain

Vi1 < p° Vi — v [[Vg(yi) |1

Proving the desired rate bound only requires (4.10) to hold, so the term v ||Vg(yx)||? can be interpreted as
an additional margin that ensures the inequality Vi1 < p?Vj will hold even if underlying assumptions such
as exactness in gradient evaluations or accurate knowledge of L and m are violated. As we increase p, the
linear rate becomes slower, but v also increases via (4.8), which serves to increase the robustness margin in

the inequality (4.10).
4.4 Robustness to Gradient Noise

The Robust Momentum Method has a single parameter, which can be used to tune the performance.
In this section, we provide both simulations and numerical rate analyses to verify the performance of the
algorithm when the gradient is subject to relative deterministic noise [34]. Specifically, we will suppose
that instead of measuring the gradient Vf(yx), we measure ur = Vf(yr) + rr where rp, € R"™ satisfies
[lrell < 0 1Vf(yx)|. For a given fixed § > 0, we will bound the worst-case performance of the algorithm over

all f € F(m, L) and feasible {ry}.
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To find the worst-case performance, we adopt the methodology from [32, Eq.

Numerical rate analysis.
5.1]. There, the authors formulate a linear matrix inequality parameterized by p and § whose feasibility

provides a sufficient condition for convergence with linear rate p.
In Figure 4.3, we plot the computed convergence rate as a function of noise strength § for the Gradient

Method, Fast Gradient Method, and Robust Momentum Method. Note that the worst-case rate in closed

form for the Gradient Method is given in [75,76].

k—1 [

Upper bound on worst-case rate (p)

k+1] .-

Sil-

Figure 4.3: Upper bound on the worst-case linear convergence rate as a function of the noise level § for k = 10 (the

a-
1 1
' !
1 !
! L
| y
1
1
’l
1
‘.,(,‘ -==--GM (a:l/L)
[ GM (a = 2/(L +m))
,l ,'/ —— GM (min a € [0,2/L])
! " —_— FGM
s ----RMM (v = 0)
14
; -----RMM (v = 1/3)
" .......... RMM (1/ = 2/3)
i —— RMM (min v € [0,1))
7
| |
0 0.2 0.4 0.6 0.8

Noise strength (0)

figure looks similar for other choices of k). We used a relative noise model, where the measured gradient uy satisfies

lluw — V£ (yi)ll < 6 1|VFf(yx)| for the Gradient Method (GM), Fast Gradient Method (FGM), and Robust Momentum

Method (RMM). By tuning the parameter v, the RMM trades off robustness to gradient noise with convergence rate

First, consider the Robust Momentum Method. When v = 0 and there is no gradient noise (6 = 0), the

method achieves the fast convergence rate 1 — 1/4/k. Increasing the noise level above § > 0.13, however,

leads to a loss of convergence guarantee. As we increase v, the convergence rate becomes slower but the

method is capable of tolerating larger noise levels. In the limiting case as v =1 — i the Robust Momentum

Method becomes the Gradient Method with o = % (dashed green line).
It is interesting to note that the Fast Gradient Method has a faster convergence bound than the Robust

Momentum Method for noise levels 0.26 < § < 0.41. However, the Fast Gradient Method is also unstable
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Figure 4.4: Simulation of the Robust Momentum Method (RMM) and the Fast Gradient Method (FGM) with
relative gradient noise of strength § and condition ratio x = 10. The objective function is the two-dimensional
quadratic with gradient (4.18). The measured gradient at each iteration is ur = (1 — 6)Vf(yx). (a) With no noise,
all methods are stable and the RMM with v = 0 is the fastest. (b) With more noise, the RMM with v = 0, the most
fragile possible tuning, is unstable. (c) With high noise, only the RMM with v = 0.55 remains stable. Even FGM is

unstable with this much noise.

for 6 > 0.5 while the Robust Momentum Method can be tuned so that it converges with noise levels up to

6 — 1.

Numerical Simulations. To illustrate the noise robustness properties of different tunings of the Robust
Momentum Method, we compared it to the Fast Gradient Method when applied to a simple two-dimensional

quadratic function. We used the gradient

m 0

Vi(yx) = 01 (Y — 24) (4.18)

where the gradient noise is r, = —6 Vf (yx). See Figure 4.4. The RMM with v = 0 has the fastest convergence
rate in the noiseless case (§ = 0), but quickly diverges when noise is present. The FGM is more robust to
noise, but also diverges when the noise magnitude 4 is too large. The RMM with v = 0.55 remains stable
for large amounts of noise, although in the absence of noise the convergence rate is slower than both other

methods.
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Chapter 5

Final remarks and Future Works

This work is focused on stability of feedback interconnected systems. The main result is a necessary and
sufficient stability condition for a class of feedback interconnected systems. Our method is constructive, i.e.,
we provide the procedure to generate the counter example when the conditions of the theorem are violated.
This theorem is written for a general semi-inner product spaces and therefore can be specialized into special
cases and, as we have shown in Chapter 3, we can recover necessary-and-sufficient results corresponding to
well-known stability theorems.

In addition, we used stability results from the literature to design an optimization algorithm we call the
Robust momentum method (RMM) for first-order optimization problems. We show that this algorithm can
be tuned to trade off worst-case rate of convergence and sensitivity to noise.

We now present some potential directions for future research that could build on the work in this disser-

tation. The goal is to draw a road map to continue this research. The suggested future works are:
1. Extension of Corollary 3.1 to the case when M and N are allowed to have dynamics.
2. Extension of the work of section 3 to sector-bounded slope-restricted nonlinearities.
3. Model predictive control (MPC) analysis using system analysis tools of Chapter 3.

4. Further improvement and investigations of Robust Momentum Method, i.e, investigation of convergence
rate and stability when a different kind of noise is used. For example, additive noise or random noise

with bounded variance.

5. Proposing a unifying KYP-style result for equivalence between a frequency-domain inequality (FDI),

an inner-product, and a linear matrix inequality (LMI) [64,77,78].

6. Extending the work of Chapter 4 to second-order optimization algorithms.
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5.1 Extension of Theorem 3.1 to Systems With Dynamic M and N

One way to continue this research is to consider the case when in Corollary 3.1, M and N are functions,
ie.,, M = M* : jR — C2%2. This new result will be a unifying result that can include IQC theorem [13,31,44].
Since there is an isometric isomorphism between L3[0,00) and Ho [46, p.98], this can be interpreted as the

frequency-domain alternative of Corollary 3.1.

5.2 Extension of The Work of Chapter 3 to Sector-Bounded Slope-Restricted
Nonlinearities

Another possibility is to continue the work of section 3 to systems for which the nonlinearity is both
sector-bounded and slope-restricted. Previously Zames and Falb [2] have solved this problem suggesting
Zames-Falb multipliers which find sufficient conditions for stability. Extending our theorem to this case
could provides necessary and sufficient conditions for input-output stability of these systems.

Note that the family of functions that hold in a sector-bounded slope-restricted constraint is a subset
of the family of functions that hold in a just sector-bounded constraint with the same bounds. This means
that although the same conditions of the “just sector-bounded” case will still guarantee stability (since
every sector-bounded slope-restricted system is also a sector-bounded system), but the conditions are too
conservative and finding a necessary and sufficient condition for stability of this class of systems means that
we need to eliminate this conservativeness.

Some good references to work on this problem are: [5, Thm. VI1.5.30], [79, Thm. 4.3], [2,4,80-82,82-85].
Note that a lot of these references are shared with multiplier’s theory [5, §VI.9]. Multipliers’ theory, was
originally proposed by O’shea [8,9] and later formalized in the form of Zames-Falb multipliers [2], use a
(possibly non-causal) LTI system to reduce conservatism. See [4] for a good literature review on the theory

of multipliers.
5.3 Model Predictive Control (MPC) Analysis Using System Analysis Tools

Robustness analysis of MPC problems can be assessed using the results of Chapter 3 [86,87]. There has
been few works in the literature that focus on model predictive controllers which are subject to dynamic
uncertainties, represented using an IQC. Other good resources for works that use a framework similar to this

dissertation to assess robust stability of MPC problems are [88-93].

5.4 Further Investigations of Robust Momentum Method (RMM)

In Chapter 4, the proposed algorithm is only investigated for a certain kind of noise, i.e., multiplicative

noise. A possible idea is to observe the behavior of this algorithm when is exposed to other kinds of noise.
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Article FDI Implication LMI Multiplier Stable ¥ & eig. Notes
Willems [77] s = p.s.d st N Y N N

Willems [77] w = s st N Y N N

Rantzer [64] w = s st N Y N Y

Rantzer [64] w = S st N Y N Y

Rantzer [64] w = p.s.d. st Y Y N Y M;>0
Rantzer [64] w — p.d. st Y Y Y Y M;>0
Wen [94] w = p.d. I Y Y Y N SPR
Wen [94] w = p.d. I Y Y Y N SPR
Wen [94] w — I Y Y Y N

Table 5.1: Summary of results in the literature that include a relationship between a frequency-domain inequality,
an LMI, and an inner-product. Here I is zero on the main diagonal and identity everywhere else. SPR: Strong
positive real. w means that the frequency domain inequality is written for all s = jw, and s means that it is written

for s > 0. In LMI column, “s” means symmetric (P = P"), “p.s.d” means positive semi-definite (P > 0), and “p.d”

means positive definite (P > 0). “eig.” specifies whether or not there are eigenvalues on the jw axis. “¢” specifies

controllability and “0” is observability. “Y” yes, and “N” means no. “st” is static multiplier.

Since we have designed this algorithm using IQCs, it is expected for the algorithm to be robust to noise as

any other feedback system which is designed using IQCs.
5.5 Generalized Kalman—Yakubovich—Popov (KYP) Lemma

Another possible future direction for this research is proposing a generalized KYP lemma. This disser-
tation has heavily used KYP lemma. There are numerous similar results in the literature that connect an
LMI, a frequency-domain inequality and sometimes an inner-product. In Table 5.1, a summary of this flavor
of results in the literature can be seen. On possible future direction for this work is to obtain a generalized

lemma that summarizes important results in the literature.

Remark 5.1. IQC theorem does not include the case when the nonlinearity belongs to the sector [a,b] and
a > 0. The reason is that the Homotopy tool that Megretski and Rantzer [13] are using in their proof requires
that the IQC defined by 11 be satisfied by TA for all 7 € [0,1]. This means that when we choose T = 0, the
I1QC should be satisfied by the zero operator A = 0. Substitute this into the definition of IQC and we will see
that we have to have 1111 (jw) > 0. See [65, 95] for more information.
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5.6 Extending the Work of Chapter 4 to Second-Order Optimization Algo-
rithms

In Chapter 4 we showed that first-order optimization algorithms can be written as a robust stability
problem. A natural question to ask is about second-order methods, e.g., Newton’s method. Note that
second-order methods use the Hessian of the function evaluate at the point of interest, in addition to the
gradient and therefore Lur’e system with the current definitions cannot describe second-order optimization

methods.
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Chapter 6

Conclusion

In this dissertation, we considered the problem of robust stability of two systems in feedback. In Chap-
ter 3, we introduced a robust stability result in general semi-inner product spaces. We provided the conditions
for which this result is a necessary and sufficient condition for robust stability of systems of the form of equa-
tion (3.1). We also developed a procedure that explained how one can construct the counterexample in the
case when conditions of the theorem are violated. We showed that this theorem recovers famous classical
input-output stability theorems, e.g., conic sector, extended conic sector, small-gain, passivity, etc.

In Chapter 4, we used tools that are available for the problem of robust stability of a feedback system,
to design a fast and robust-to-noise first-order optimization algorithm which is being applied to strongly
convex functions. We showed that this algorithm on one extreme is as fast as the fastest algorithm available
in the literature (Triple momentum algorithm) for this class of problems, and on the other extreme is as
robust to (multiplicative) noise as the most robust algorithm in the literature, i.e., Gradient Method with
step-size a = 1/L, where L is the smoothness parameter of the desired class of m-strongly convex L-smooth
functions.

In Chapter 5 we suggested possible future directions for this research. Extension to systems with dy-
namics multipliers, extension to sector-bounded slope-restricted systems, applying Theorem 3.1 to model
predictive control (MPC) problem, and developing a generalized Kalman—Yakubovich-Popov (KYP) lemma

are suggested directions to go from this dissertation.
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Appendix A: S-Lemma proof of Theorem 3.1

In this section we present proof of the sufficiency direction in Theorem 3.1 using S-lemma [50, 61, 96].
Historically, there has been two methods to address the question of necessity of the stability theorems written

for system of Figure 1.1:
(i) Proof by contradiction using constructive methods [48] as well as [46, Thm. 9.1], and [3, Lem. 6.6.112].
(ii) Proof using S-lemma [13,45,49].

In Chapter 3, a constructive approach was used to prove the necessary direction of the theorem. In this
chapter a proof of the necessity direction (Item (2) = Item (1)), using S-lemma is provided. Note that

using S-lemma has two drawbacks:
1. The proof is not constructive.

2. Using the S-lemma requires the vector space under consideration to be a subspace and this requirement

restricts G to be linear.

This being said, we provide the proof for completeness. For a brief history of the S-lemma, see [97, p.23,33]
and [65]. Our proof generalizes the version by Hestenes for Hilbert spaces [61, Thm. 7.1, p. 354].

A.1 Using S-Lemma in Theorem 3.1 to Prove (2) = (1)
First, let’s state the theorem:

Theorem A.l. Let V be a semi-inner product space and let M = M* € F?*2 be indefinite. Suppose
G € Z(Ly.) and consider the three following statements.

1. There exists N = N* € F2%2 satisfying M + N < 0 such that G satisfies

< Gel v |C8 > >0
, >0 forall £ € dom(G). (A1)

£ 3

2. There exists v > 0 such that for all (u,y,e), if

€9 €9
< M > >0 (A2)
Y2 Y2
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and (A.3), (A.5), (A.6) are satisfied, where

e1 = uj + Yo (A.3)
y2 = Pey (A.4)
ez = Uz + Y1 (A.5)
y1 = Gey, (A.6)

then [ly]l < yul-
The following equivalences hold: (1) < (2).

We want to show (1) <= (2). We begin with a generalization of the lossless S-lemma to semi-inner
product spaces similar to a Hilbert space version due to Hestenes [61, Thm. 7.1, p. 354] This relies on the

following notion of quadratic form.

Definition A.1. Let V be a real vector space. A quadratic form @ is a function Q : V — R that has
associated with it a function Q : V x V — R such that the following properties hold for all z,y,z € V and
a,beR.

1. Q(z) = Q(z,2)
2. Q(z,y) = Qly, )
3. Q(z,ay +bz) = aQ(z,y) + bQ(z, 2)
4 Qlaz +by) = a*Q(x) + 2abQ(z, y) + b*Q(y)
Lemma A.1. Let V be a real vector space and let S CV be a subspace. Let oo and o1 be quadratic forms
and suppose there exists x* € S such that o1(x*) > 0. The following statements are equivalent.
(S1) For all x € S, we have 01(z) >0 = og(x) <0.
(S2) There exists T > 0 such that for all x € S, we have

oo(z) + To1(z) < 0.

Proof. The proof that (S2) = (S1) is immediate. To prove the converse, define the sets ' and W, both
subsets of R?:

N = {(u,v) €R* |u>0,0>0},

W = {(00(2),01(x)) | z € S}
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The set W is a convex cone in R? [61, Lemma 7.1]. Let (u,v) be an arbitrary element of W. In other words,
let u = og(z) and v = o1(z) for some x € S. By assumption, we have v >0 = v >0 = u <0. It
follows that (u,v) ¢ N and so WNN = (). Since W and N are disjoint convex sets and N is open, there
exists a separating hyperplane. In other words, we can find A > 0 and g > 0, not both zero, such that the
half-space Au + pv < 0 contains W. Consequently, Aog(x) + poi(x) < 0 for all z € S. Setting z = x*, we

conclude that A\ > 0. Dividing through by A and letting 7 := £ completes the proof. [

We now prove Theorem A.1. We will use © to denote a generic tuple (u,y,e) = (u1,us, y1, Y2, €1,e2) € X°.

Define the sets:

S :={© € X% | Equations (3.1a)—(3.1d) hold},

S:={0¢ex® | Equations (3.1a), (3.1c), (3.1d) hold} .

Note that S}, depends on ® but S does not. Since G is linear by assumption, it follows that S is a subspace.
Moreover, (Jgce S = S. To see why, first observe that Sg C S for all ® by definition. To prove the opposite
inclusion, given any © € S, there exists ® € C such that yo = ®Pes, which is possible because C is complete.

Define the quadratic forms on S — R:

€9 €9
a0(0) = [lylI* = 7*[lul®, 01(0) = < , M > :

Y2 Y2

For any ® € C and any e; € dom(®), we can define © € S}, using e; = y1 =0, us = ez, and yo = —uy = Pey.
This © has the property that yo = ®ey. Therefore, (3.5) is equivalent to the statement that o1 (©) > 0 for
all © € 5.

Item 2 from Theorem A.1 states that for all ® € C that satisfy 01(©) > 0 for all © € S}, we have
00(©) < 0. But since (Jgee Sy = 5, Item 2 is equivalent to the statement that for all © € S, we have
01(0) >0 = 0(0) <0.

Since M is indefinite, it must have a positive eigenvalue. So there exists some v := [§] # 0 such that
v Mv > 0. Since X is nontrivial, let & be such that ||&]|| > 0. Choose © = (u,y,e) € S using e; = y; = 0,
ea = up = a&p, and ya = —uy = b€y. This choice leads to 01(0) = (v Mv)||&]|? > 0. Since S is a subspace,

we may apply Lemma A.1 and conclude that there exists some 7 > 0 such that

€2 €2
(lyll® = ~2[lull?) + T< , M > <0. (A7)

Y2 Y2

Now pick (u,y,e) € S using u; = ug =0, y2 = e1, and es = y; = Ge;. Using this choice, (A.7) becomes

€1 €1

2 9 G€1 G€1
[Gerll® + lleall” + 7 , M <0. (A.8)
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We must have 7 > 0. If instead we had 7 = 0, then setting e; = & in (A.8) would lead to an immediate

contradiction. Now rearrange (A.8) and obtain

Gey Gey
, (—)\I—M) >0 for all e; € X.
el €1

Define N := —17 — M. Then we have M + N = —1 < 0, which is (A.1) and so we have proven Item 1 of

T

Theorem A.1. [}
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Appendix B: Proving the results in Table 3.2

This chapter provides proofs of the values that are obtained Table 3.2 for M and N. As a reminder, note
that M and N are assumed to be two systems in positive feedback interconnection (see Figure 3.1). The

equations in Corollary 3.1 are:

G¢ G¢
, N >0, for all £ € Lo, (B.1)
L ¢ L 3 I
and ~ L
§ 3
, M >0, for all £ € Lo, (B.2)
DL _<I>§_ .
in addition to the constraint that
M+ N <O0. (B.3)

In the following we will se how based on Corollary 3.1 we can recover values in Table 3.2.

B.1 Small gain theorem

The Table 3.2 suggests
0 -1 0
M |7 C N- /m
0 —1/v 0 7

with the condition y;v2 < 1. Substitute these values for M and N in (B.2) and (B.1) and we have:

< o ¢ > >0 = [[0¢]7 <3 lElT,

_(I)g _<I>§_ T
IR
< ; N : > >0 — [GElR < A2lel,

L>d/ 7
for all £ € Ly, which are describing two systems ® and G to be gain-bounded, i.e., the condition of the

small-gain Theorem [41]. Consequently, the condition (B.3) can be written as

-1 0
MinN< | /m ~0

0 Y —1/72

and therefore v;v2 < 0.
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B.2 Extended passivity

Substituting values from Table 3.2, into (B.2) and (B.1), we will obtain

< ¢ , M ¢ > >0 = —e2llélF + (& ©E)p — 62| 2E]7 > 0,

_(I)f _(I)g_ T
SR
< Iov : > >0 = —0i|GElF — (GE, O —allélF > 0,
L 45T

and the condition M + N < 0 means €3+ d; > 0 and €1 4 62 > 0, which is identical to [3, Thm. 6.6.58]. Note
that since the feedback interconnection is assumed to be positive in Corollary 3.1, we need to replace G with
—G in order to obtain results which use negative feedback convention, e.g. [3, Thm. 6.6.58]. Alternatively,

we can replace N from this table with N via multiplying off-diagonal elements by —1 and have:

G G
< ‘ , N ¢ > >0 = —0l|GE|IF + (GE, &) —eli€lF 20

3 £

T

= (G, &)1 > e1llEllF + &11GENIT
for all £ € Lo.
B.3 Conic sector theorem

For conic sector Theorem, in Table 3.2, we have

—(a+A)(b-A) —a—b ab a+b

_ b—a—2A 2(b—a—2A) o b—a+2abd 2(b—a-+2abd)
M= . N=
—a—b -1 a+b (14+ad)(1-bJ)
2(b—a—2A) b—a—2A 2(b—a-+2abod) b—a+2abd

Plug in M from above into Corollary 3.1, we obtain

1

[~ @+ A)e - D) e~ 1915 — (@ +b) (€, )| 2 0. (B.4)

To compare these results with classical results in the literature, note that positive sign convention should

change to negative feedback convention. One way to do so is to substitute N with N (i.e., multiply off-

diagonal elements of N with —1). An alternative is to multiply ® with —1, and therefore write (B.4) as

1

[~ 0+ D)6 - Al — 19¢]E + (a+b) (€, 261 ] 2 0. (B.5)

If b > a + 2A this describes ® € Cone[a + A,b — A]. On the other hand, plugging in the value of N in

Corollary 3.1, we obtain

ab

a+b (14 ad)(1—09)
b—a+ 2abd

b—a+ 2abs = B.
b— a+ 2abd <G€7 £>T + b—a-+ 2abd H§HT >0 ( 6)

IGeElIT +
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If ab > 0, we have

o [1E1 + 1) (G &) + T )
=l - (L o oy (ee o, + CEO0Z ]

= m [IIGfH% - (—é — 8- % +0)(GS, &)r + (% + 6)(% - 5)||gu?p]
= [lGe - (e LG Gt (- o] 20

Note that and exterior conic system in [a, 5] can be described with

IGENF — (a+ B)(GE, )7 + aBllé]lF > 0.

Therefore G € Exconeq, ] with a = f% —dand g = f% +9d. If a=0and b > 0, from (B.6) we get
(GE, &)1+ (3 — 0)[I€]|3 = 0 and therefore G € Exconela, 8], with « = —1 —§ and 8 = —F + 4.

If ab < 0 we can write

1 11 1+ ad)(1—bs
e [ IGEE 4 1) (68, g - L) ]
1 1 1 1 1
o [ G + (g — 8= +8)(GE O — ( + ) — Dl
1 1 1 1 1
o aas | NGEI + (=g == 5 +0) (G, O — (— =)= +D)EIF] 20

Remember that a conic sector system in [, 8] can be described as

—IGEl7 + (a + B) (GE, &) — aBlilF > 0

Therefore G € Cone[a, 8] with @ = —f +d and 8 = =L — 6. If a < 0 and b = 0, from (B.6) we get
—{(G&, &)1 — (£ +0)[|€]|3 > 0 which means G € Cone[—oc0, —% — §]. The condition M + N < 0 can then be

written as

—a—b ~1 a+b (1+ad)(1—-bJ)
2(b—a—2A) b—a—2A 2(b—a-+2abd) b—a+2abd

—(a+A)(b—A) —a—b ab a+b
M4 N— —a—2A 20-a—28) | | | b-atzabd  2(-a+2abd) | |

If§=0and A >0,

—(a+A)(b—A) —a—b _ab_ a+tb
M+ N = b—a—2A 2(b—a—2A) + b—a 2(b—a)
—a—b —1 a+b 1 '
2(b—a—2A) b—a—2A 2(b—a) b—a
Note that
A2
det(M + N) =

(a—0b)(a—b+2A)’

—A(a®+b(b—A)+aA)

which is positive since b > a. The first element on the main diagonal is (a=b)(a—bT2A) which is negative,

the second element on the main diagonal is W—i—m) which is negative since b > a. Therefore M+ N < 0.
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IfA=0andd >0,

—ab —(a—b) ab ( a+b )
M N = b—a 2(b—a b—a-+2abd 2(b—a-+2abd
+ —a—b -1 + a+b (1+ad)(1—bd)
2(b—a) b—a 2(b—a+2abd) b—a+2abd
The first element of the main diagonal is % which is negative and the second element on the

main diagonal is
§(—a? — b% + a?b6 — ab?s)
(b—a)(b—a+2abd) ’

which is negative when b > a. In addition

a’b?5?

det (M 4+ N) = (b —a)(b—a+ 2abd)’

which is positive when b > a and hence M + N < 0 and we recover the Conic sector Theorem [41].
B.4 Exterior conic theorem

From Table 3.2, we have

—ab —a—b (a—A)(b+A) atb
N = b—a—2abd 2(b—a—2abd) 7 M= b—a+2A 2(b—a+2A)
—a—b —(1—ad)(14-b6) ath 1
2(b—a—2abd) b—a—2abd 2(b—a+2A) b—a+2A

Using this value of M in Corollary 3.1 results

1

b —at2A [(a — A)(a+ A)[Ell7 + |D€][7 + (a+b) (£, <I>§>T} > 0.
To compare this equation with results in the literature that assume negative feedback, we need to replace ®

with —® and therefore

1

o[ = A)a+ D)€+ 12€ — (a+b) (€ 2€)r | >0,

which means ® € Excone|w, 5] with a =a — A and  =b+ A. Using N in Corollary 3.1 results

1

i |~ IGEIE — (1= )1+ b€ — (a+0) (€, Gl ] =0 B.7)

If ab > 0 and assuming b > a

1

1 1 11
o —zans | NG = (= + (=g =0l + (=5 = 6 Gor | 2 0,

a

and therefore G € Cone[—2 +§,—1 —4]. If a < 0 and b = 0, from (B.7) we get

1
(= = OIENT + (€ G&)7 20

which describes G € Cone[—1 + 8, —o0]. If ab < 0 and assuming b > a we have

1

et [+ (4 ) Dl — (o~ ) (6 GO ] 20,
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and therefore G € Excone[—¢ — 6, —1 + ). If a = 0 and b > 0, from (B.7) we get

1

(5 + Ol — (€ GOr >0,

and therefore G' € Excone[—¢ — 8, —oc]. To check the condition M + N < 0, note that

—ab —a—b (a—A)(b+A) a+b
M+ N = b—a—2abd 2(b—a—2abd) b—a+2A 2(b—a+2A)
—a—b —(1—ad)(14b5) a+b 1
2(b—a—2abd) b—a—2abd 2(b—a+2A) b—at2A

If 6 =0 and A > 0, we have det (M + N) = m which is positive since b > a. On the other hand

_ —2A _ —A(a® +b? —aA +bA)
(M+N)227(b—a)<b—a+2A)7 and (M‘FN)ll* (b—a)(b—a—i—QA)

which are both negative and therefore M +N < 0. If A = 0 and 6 > 0, we have det(M +N) = %
which is positive, and

—6(a* + b? + a*bd — ab®s) —2a2b%§

N = e —a—a) » ™ NN = G a2

which are both negative and therefore M + N < 0. Therefore we’ve recovered the extended conic sector

theorem [12].
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