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Abstract

Performance Guarantees in Learning and Robust Control
by
Ross J Boczar
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Benjamin Recht, Chair

As the systems we control become more complex, first-principle modeling becomes either
impossible or intractable, motivating the use of machine learning techniques for the control
of systems with continuous action spaces. As impressive as the empirical success of these
methods have been, strong theoretical guarantees of performance, safety, or robustness are
few and far between. This manuscript takes a step towards such providing such guarantees
by establishing finite-data performance guarantees for identifying and controlling fully- or
partially-unknown dynamical systems.

In this manuscript, we explore three different viewpoints that each provide different quan-
titative guarantees of performance. First, we present a generalization of the classical theory
of integral quadratic constraints. This generalization leads to a tractable computational pro-
cedure for finding exponential stability certificates for partially-unknown feedback systems.
Second, we present non-asymptotic lower and upper bounds for core problems in the field of
system identification. Finally, using the recently developed system-level synthesis framework
and tools from high-dimensional statistics, we establish finite-sample performance guarantees
for robust output-feedback control of an unknown dynamical system.
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Chapter 1

Introduction

1.1 Overview

This manuscript is about dealing with uncertainty. Specifically, it is about analyzing uncer-
tainty in the context of two fields: control theory, and what we deem “learning theory”—a
catch-all for machine learning, statistics, and related areas. These fields have both been
established for decades (if not centuries), and while they share many techniques, they often
prefer to use different tools to describe and deal with uncertainty.

However, these tools are somewhat at odds with each other. There are two points on
which they differ; these are not absolute distinctions, but they are commonly seen in the
literature. The first point is one of modeling. On the robust control side, we are often
controlling a system based on a model derived from first-principles physics or dynamics.
This model will naturally be imperfect, but many times it will be sufficient to drive control
synthesis. On the other hand, it is much more common—in the learning theory paradigm—to
estimate a parametric or black-box model from a large amount of data.

The second point is how model imperfection is dealt with. In control theory, we are
frequently concerned about worst-case performance. This concern is usually motivated by
safety-critical applications, such as robotics or autonomous vehicles, where we have to be
absolutely sure that we can mitigate the worst-case scenarios. Now, contrast this with
the learning theory view. In terms of guarantees, while there is a large body of work on
adversarial learning, many results are concerned with performance in expectation, or making
probabilistic statements rather than absolute ones (such as results holding with exponentially
high probability).

Nonetheless, for complex systems we want to control, we naturally want to use viewpoints
and tools from both of these communities. In the age of “big data,” physical systems are
equipped with a multitude of sensors with the ability to capture copious amounts of data;
it would benefit us to run many trials (if we can afford it) to estimate the properties of the
system in question. Furthermore, concerning the uncertainty in our estimation, one would
hope that we can deal with our modeling errors and noise processes in a graceful way—one
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that is quantitative and can give us a guarantee of safety or performance that is not overly
conservative. At the very least, we would expect to be able to discern how sensitive our
estimation problem is to different system and environment parameters.

Thus, our general model is as follows. We acquire a dataset of trajectories S = {u(i), y(i)},
where the i-th input and output signals (which are, in general, time histories of vectors) are
denoted u”, y respectively. Now, based on this dataset, we want a quantitative guarantee
about what the system looks like and /or how the system performs when controlled. However,
this general model immediately raises issues. When we only collect a finite amount of data,
there are multiple sources of uncertainty that arise. Noise processes (also present in the
infinite-data regime) and truncation effects lead to modeling errors which then can propagate
through to error for a control task, if one is not too careful. Therefore, what we truly want
to accomplish is to calmly take these sources of uncertainty into account during modeling
and control design—while also minimizing the uncertainty as much as possible. However,
many statistical results for estimation and control design are asymptotic and only say that
(say) an estimator is consistent in the regime of infinite data. Since that is quite a long time
to wait, we also want to quantify what we lose going from the infinite to the finite—which
is generally difficult!

In any case, our finite-data model naturally leads to a two-stage setup, if we want to
estimate a model and then robustly control it. First, we “coarsely” identify a model from
data, where our model estimate comes with a tractable description of the model uncertainty.
Second, we perform robust control synthesis using this nominal model and uncertainty de-
scription. As an added bonus, when we want to robustly control these systems in feedback,
whether to regulate the state to zero or have an output track a trajectory, we know from both
theory and practice that feedback is somewhat robustifying against many different types of
uncertainty.

The central questions addressed by this manuscript are therefore as follows:

e Can we get quantitative performance guarantees for control analysis and synthesis
based on uncertain models?

e Can we establish any of these guarantees in the environment where we are estimating
a model from data?

1.2 Generating Work

As the systems we control become more complex, first-principle modeling becomes either
difficult or intractable, motivating the use of machine learning techniques for the control
of systems with continuous state and action spaces. As impressive as the empirical suc-
cess of these methods have been, strong theoretical guarantees of performance, safety, or
robustness are often elusive. This manuscript takes steps towards providing such guarantees
by establishing finite-data performance guarantees for identifying and controlling fully- or
partially-unknown dynamical systems. In this section, we summarize the works that make
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up the majority of this manuscript.

1.2.1 Robust Control

Since the 1960s, the field of robust control—broadly, the field of making actions under
uncertainty—has been concerned with obtaining quantitative performance guarantees in the
presence of bounded uncertainty; this has included breakthroughs such as the small-gain
theorem, passivity theory, dissipativity theory, the structured singular value, and Integral
Quadratic Constraints (IQCs) [Megretski and Rantzer, 1997]. The most general of these,
IQCs, gives a computational procedure to produce a certificate of stability for a linear,
time-invariant (LTT) dynamical system placed in feedback with an unknown nonlinearity—a
general and useful paradigm often seen in control theory. In Boczar et al. [2015, 2017], we
give a computational procedure to now derive a certificate of exponential stability for such
a feedback system. This tractable procedure—a small semidefinite program (SDP)—allows
one to make guarantees about the size of the internal state of the system when only coarse
information (say, a norm bound) about the nonlinearity is known. We take advantage of the
existing literature by providing an updated library of “exponential IQCs” satisfied by classes
of nonlinearities commonly seen in engineering and computer science. This improvement
of now being able to compute a certificate for a specific exponential rate is critical: it is
analogous to being able to guarantee a rate of convergence for an optimization algorithm.
Indeed, these papers were inspired by a recent line of work, starting with Lessard et al.
[2016], which uses the theory of IQCs to prove such rates for the most popular optimization
methods.

1.2.2 System Identification and Learning Theory

Though the feedback paradigm described in the previous section is often useful, there are
often times when we do not even have a model of the system to start with, yet we still
ask how to control it—we usually seek an end-to-end identification and control algorithm.
How to design such an algorithm has been the question at the heart of the system identi-
fication literature. Partially motivated by advances in deep learning, there has also been a
deluge of recent work in deriving end-to-end algorithms for various tasks in reinforcement
learning. However, sample complexity bounds for these problems are difficult to derive, and
it is not clear which quantities accurately measure the “hardness” of a learning problem.
In Boczar et al. [2018], we show finite-sample performance guarantees for a specific, sim-
plified end-to-end problem: robust output feedback control of an LTI system. This case is
interesting as it captures many common motifs found in practice: a partially-observed state,
a rough description of system uncertainty, and a desire for performance guarantees under
these constraints.

Achieving these guarantees requires two components. First, it requires tools from non-
asymptotic statistics to analyze a “coarse identification” step based on least-squares fitting of
input-output data. This step, which we previously developed in Tu et al. [2017] and showed
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was optimal (in a sense) in Tu et al. [2018a], returns a simple description of the system under
test and a probabilistic quantification of the uncertainty around it. Our second component
is a modification of the recently-developed system-level synthesis (SLS) framework [Wang
et al.,, 2019]. This framework lifts a nonconvex feedback design problem into a convex
one by optimizing over the end-to-end system response. In our analysis, we modify the
SLS framework to take into account our uncertainty description from the first step, which
allows us to derive non-asymptotic learning rates for an end-to-end identification and control
procedure. Specifically, we show how many input/output sequences of a certain length
need to be recorded in order to build a descriptive enough model such that the robust SLS
procedure can handle the remaining uncertainty in standard feedback controller design tasks.

1.3 Organization

This thesis is organized as follows. Preliminaries and notation are covered in Chapter 2.
Chapter 3 (based on Boczar et al. [2017], a superset of Boczar et al. [2015]) establishes
the framework of exponential IQCs, including an application for analyzing stochastic opti-
mization algorithms. Chapters 4 and 5 provide upper and lower bounds in the H.,-norm
for coarse system identification and gain estimation; these chapters are based on condensed
versions of Tu et al. [2017] and Tu et al. [2018a], respectively. Finally, Chapter 6 uses ideas
developed in Chapter 4 and the SLS framework to provide end-to-end control guarantees,
as seen in Boczar et al. [2018]. Proofs and other supplementary material for these chapters
are given in Appendices A, B, C, and D, respectively. Experimental code can be found
at https://laurentlessard.com/public/code and https://github.com/rjboczar.



Chapter 2

Notation

Here we give some of the more common notation in this manuscript.

Linear Algebra and Analysis

Cc? canonical complex d-dimensional space
R4 canonical real d-dimensional space

v*, A* complex conjugate

v, AT transpose

(go f)(x) function composition g(f(x))

k(A) condition number, i.e. o1(A)/0,(A)

ol i-th coordinate of the vector v (to occasionally avoid confusion with ;)

D closed unit disk in complex plane {z € C | |z| < 1}

e; i-th standard basis vector in R¢

14 indicator function on event A

(A, B) inner product tr(A*B) (a*b for vectors)

A, vl spectral norm (resp. Euclidean norm for vectors, occasionally made explicit
as || - l2)

1 f(2)|lo supremum norm taken over T, i.e. sup,.p|f(2)]

- = positive (resp. semi-)definite matrix inequality

p(A) spectral radius, i.e. max; |A;(A4)]
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Toep(u)
T

tr(A)

the lower-triangular Toeplitz matrix where the first column is equal to u

unit circle in complex plane {z € C | |z| = 1} (also parameterized by z = e/
with w € [0, 27))

trace, i.e. >, Ay = . Ni(A)

Signals and Systems

*

1G94

discrete-time convolution operator

Hoo-norm, the induced ¢y — ¢, norm (equal to sup,cp ||G(2)]]2)

space of p-norm-bounded signals (>~ |zx|? < oo, ||z, = maxy |zy|)
space of square-summable signals (3" |zx|* < 00)

space of p-square-summable signals (3", p~2*|ug|* < 00, p € (0,1))
lo-norm, i.e. Y p o zkl® (Opey Ik ]| in the vector case)

set of m x n matrices whose elements are proper rational functions with real
coefficients analytic outside the closed unit disk (superscript usually sup-
pressed for brevity)

discrete-time linear time-invariant system (D = 0 occasionally omitted in the
former)

discrete-time linear time-invariant system, frequency-domain representation
{5 signal, frequency-domain representation
time domain signal (z, x1,...), indexed at time ¢

z-transform of the time-domain signal =, Z(z) =Y po zxz "

expectation
normally distributed random variable with mean g and covariance matrix X

probability of event £



Chapter 3

Exponential Stability Analysis using
Integral Quadratic Constraints

3.1 Introduction

Analysis in the context of robust control is generally concerned with obtaining absolute
performance guarantees about a system in the presence of bounded uncertainty. Examples of
such results include the small gain theorem and passivity theory [Zames, 1966], dissipativity
theory [Willems, 1972], the structured singular value p [Doyle, 1982], and integral quadratic
constraints (IQCs) [Megretski and Rantzer, 1997].

In this chapter, we present a modification of IQC theory, the most general of the aforemen-
tioned tools, that allows one to certify exponential stability rather than just bounded-input
bounded-output (BIBO) stability. Moreover, we can compute numerical bounds on the ex-
ponential decay rate of the state. Even when BIBO stable systems are exponentially stable,
estimates of the exponential decay rates provided by standard IQC theory are typically very
conservative. We will show that this conservatism can be greatly reduced if we directly
certify exponential stability and use the method presented herein to compute the associated
decay rate.

Our modified IQC analysis was successfully applied in Lessard et al. [2016] to analyze con-
vergence properties of commonly-used optimization algorithms such as the gradient descent
method. These algorithms converge at an exponential rate when applied to strongly convex
functions, and the modified IQC analysis automatically produces very tight bounds on the
convergence rates. Another potential application is in time-critical systems. In embedded
model predictive control, for example, it is vital to have robust guarantees that desired error
bounds will be met in the allotted time without overflow errors and in spite of fixed-point
arithmetic (see Jerez et al. [2014] and references therein).
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3.1.1 A Special Case

While a general treatment of exponential bounds is provided in the sequel, it is worth noting
that exponential stability can be proven directly for some special cases. To illustrate this
fact, consider a linear time-invariant (LTT) discrete-time plant G with state-space realization
(A, B,C, D). Suppose G is connected in feedback with a strictly-input passive nonlinearity
A. A sufficient condition for BIBO stability is that there exists a positive definite matrix
P > 0 and a scalar A > 0 satisfying the linear matrix inequality (LMI)

A Bl'[P 0][A B 0o cCT

[1 o} {o —P] {1 o} +>‘{O D+DT] =0 (3:1)
This result is also related to the Positive Real Lemma (see Kottenstette and Antsaklis [2010]
and references therein). If we define V(z) := 2" Pz, then (3.1) implies that V decreases
along trajectories: V(zgi1) < V(zy) for all k. BIBO stability then follows from positivity
and boundedness of V. Observe that when (3.1) holds, we may replace the right-hand side
by —eP for some sufficiently small € > 0. We then conclude that V(xpy1) < (1 — €)V ()
for all k£ and exponential stability follows. We may then maximize e subject to feasibility
of (3.1) to further improve the rate bound.

Unfortunately, the approach outlined above of including —eP fails in the general IQC
setting due to the different role played by P in the associated LMI. In IQC theory, the LMI
comes from the Kalman—Yakubovich-Popov (KYP) lemma, and although it is structurally
similar to (3.1), P is not positive definite in general, and V' may not decrease along trajec-
tories. However, our key insight is that by suitably modifying both the LMI and the IQC
definition, we obtain a more broadly applicable condition for certifying exponential stability.

This chapter is organized as follows. We cover some related work in the remainder of
the introduction, we explain our notation and some basic results in Section 3.2, we develop
and present our main result in Section 3.3, and we discuss computational considerations
in Section 3.4. An explicit construction of the (conservative) rate guarantees implied by
finite Lo gain is given in Section 3.5. In Section 3.6 we provide a library of applicable
IQCs. Finally, we present illustrative examples demonstrating the usefulness of our result
in Section 3.7 and give an application to stochastic optimization algorithms in Section 3.8.
We make some concluding remarks in Section 3.9.

3.1.2 Related Work

It is noted in Megretski and Rantzer [1997] and Rantzer and Megretski [1997] that BIBO
stability often implies exponential stability. In particular, exponential stability follows if the
nonlinearity satisfies an additional fading memory property. So, under mild assumptions,
the robust stability guarantee from IQC theory automatically implies exponential stability
as well. The proof of this result uses the Ly gain from the stability analysis to construct an
exponential rate bound. However, we will see in Section 3.7 that bounds computed in this
way can be very conservative.
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»O > &

A -~ 5<f

Figure 3.1: Linear time-invariant system G in feedback with a nonlinearity A.

Other proofs of exponential stability have appeared in the literature for specific classes of
nonlinearities. Some examples include sector-bounded nonlinearities [Corless and Leitmann,
1993; Konishi and Kokame, 1999] and nonlinearities satisfying a Popov IQC [Jénsson, 1997].
These works exploit LMI modifications akin to the one shown in (3.1) earlier in this section.

The analysis in this chapter mirrors the analysis given in Lessard et al. [2016], which
presents an approach for proving the robust exponential stability of optimization algorithms.
The approach of Lessard et al. [2016] uses a time-domain formulation of IQCs modified to
handle exponential stability. In contrast, the present work develops the aforementioned
exponential stability analysis entirely in the frequency domain and its applicability is not
restricted to the analysis of iterative optimization algorithms. Moreover, we clarify the con-
nection to the seminal IQC results in Megretski and Rantzer [1997]. Parts of this work first
appeared in the conference paper Boczar et al. [2015]; since then, an analogous continuous-
time formulation with alternative techniques and motivations also appeared in Hu and Seiler
[2016].

3.2 Preliminaries

We adopt a setup analogous to the one used in Megretski and Rantzer [1997], with the
exception that we will work in discrete time rather than continuous time. Along with the
standard notation given in Chapter 2, recall that a sequence u = (ug,uq,...) is said to be
in 0o if Y77 Jugl® < 0o. A sequence uy is said to be in ¢4 for some p € (0,1) if the sequence
(p~ uy) is in £y, ie. Do p 2*|ug|? < oo. Note that #§ C ¢5. Furthermore, X-bounded is
shorthand for a bounded operator from X to X.

Consider the standard setup of Figure 3.1 (known as the Lur’e system). The block G
contains the known LTI part of the system while A contains the part that is uncertain,
unknown, nonlinear, or otherwise troublesome. The interconnection is said to be well-posed
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if the map (v, w) — (e, f) has a causal inverse. The interconnection is said to be bounded-
input bounded-output (BIBO) stable if, in addition, there exists some v > 0 such that when
(G is initialized with zero state,

lllZ, + lwllz, < y(llell?, + 1£17)

for all square-summable inputs f and e. Finally, the interconnection is (internally) exponen-
tially stable if there exists some p € (0,1) and ¢ > 0 such that if f =0 and e = 0, the state
xr of G will decay exponentially with rate p. That is,

k|| < cp® [l for all k.

We now present the classical IQC definition and stability result, which will be modified in
the sequel to guarantee exponential convergence. These results are discrete-time analogs of
the main IQC results of Megretski and Rantzer Megretski and Rantzer [1997].

Definition 3.2.1 (IQC). Signals y € ¢y and u € ly with associated z-transforms §(z) and
u(z) satisfy the 1QC defined by a Hermitian complex-valued function 11 if

. 2] e o3 e==o o

An ly-bounded causal operator A satisfies the IQC defined by 11 if (3.2) holds for all y € 45
with u = A(y). We also define IQC(II(2)) to be the set of all A that satisfy the IQC defined
by 1I.

Theorem 3.2.1 (Stability result). Let G(z) € RHL" and let A be a bounded causal oper-
ator. Suppose that:

i) for every T € [0, 1], the interconnection of G and TA is well-posed.
i) for every T € [0, 1], we have TA € IQC(II(2)).

iii) there exists € > 0 such that

{ng)}* () [Gf)} < —el, Vz€T. (3.3)

Then, the feedback interconnection of G and A is BIBO stable.

3.3 A Frequency-Domain Condition

In this section, we augment Definition 3.2.1 and the classical result of Theorem 3.2.1 to
derive a frequency-domain condition that certifies exponential stability.
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Definition 3.3.1. The operators py, p_ are defined as the time-domain, time-dependent
multipliers p*, p=*, respectively, where p € (0,1) is a defined constant.

Remark 1. The operator p_ o (G(z) o p1) is equivalent to the operator G(pz). This follows
from the fact that, for any constant a > 0 and signal uy, the z-transform of a *uy, is given
by u(az). See Figure 3.2 for an illustration.

i(z) i(p7lz)  Gla(p™2)  Glpz)a(z)

— 4 | G(2) b——] - ——

Figure 3.2: Hlustration of Remark 1.

In order to show exponential stability of the system in Figure 3.1, we will relate it to
BIBO stability of the modified system shown in Figure 3.3. This equivalence is closely related
to the theory of stability multipliers [Safonov and Kulkarni, 2000].

G/
AN

—so0—> P+ |—| G

Y
by

p- | A

A

P+ |[—O<+——

I
A/

Figure 3.3: Modified feedback diagram with additional multipliers and inputs. For appropri-
ately chosen e and f and with zero initial condition, we show how this diagram is equivalent
to that of Figure 3.1.

Proposition 3.3.1. Suppose G(z) has a minimal realization (A, B,C, D). If the intercon-
nection in Figure 3.3 is BIBO stable, then the interconnection in Figure 3.1 with initial
state xq 1s exponentially stable.

Proof. Intuitively, if v and w are small in the BIBO sense compared to e and f, then y
must be even smaller. See Appendix A.1 for a detailed proof. [

In an effort to define IQCs for the transformed system shown in Figure 3.3, we introduce
the concept of the p-1QC.
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Definition 3.3.2 (p-1QC). Signals y € (45 and u € 05 with associated z-transforms 3(z) and
u(z) satisfy the p-1QC defined by a Hermitian complex-valued function 11 if

?)(pZ)l ' {Q(pZ)}
. II(pz) |~ dz > 0. 3.4
[ L) mea 252 0= 34
An 05-bounded causal operator A satisfies the p-IQC defined by 11 if (3.4) holds for ally € ¢4
with uw = A(y). We also define IQC(IL(z), p) to be the set of all A that satisfy the p-1QC
defined by II.

Note that the concept of a p-IQC generalizes that of a regular IQC. Indeed, we have
IQC(II(z),1) = IQC(II(2)). The restriction of u € ¢§ and y € ¢4 corresponds to the restric-
tion of u € ¢5 and y € /5 in the classical definition of IQC [Megretski and Rantzer, 1997].
Now equipped with p-IQCs, we can relate A’ in Figure 3.3 to A in Figure 3.1.

Proposition 3.3.2. Let A be an (5-bounded causal operator, and let 11 be a Hermitian
complex-valued function. As in Figure 3.3, define A" := p_ o (A o py), which is equivalently
ly-bounded. Then, the following statements are equivalent.

(i) A € 1QC(Il(z), p)
(i) A € IQC(II(pz))

Proof. We define the discrete Fourier transform of the input and output of A as g(z) and
u(z), respectively. Then, from the definition of p, and p_, we have that w(z) = u(pz) and
0(z) = g(pz). Substituting into the IQC definition (3.2), we obtain (3.4) as required. "

Proposition 3.3.2 is illustrated in Figure 3.4.

u(pz) u(z) y(2) 9(p2)
— pP— |« A | P+ |[—
- i
VT
A/

Figure 3.4: Illustration of Proposition 3.3.2.

We now state our main result, an exponential stability theorem analogous to the classical
result in Theorem 3.2.1.

Theorem 3.3.1 (Exponential stability). Fiz p € (0,1). Let G(pz) € RHL*" and A be an
(5-bounded causal operator. Furthermore, suppose that:

i) for every T € [0,1], the interconnection of G and TA is well-posed.
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i) for every T € [0, 1], we have TA € IQC(I1(2), p).

iii) there ezists € > 0 such that

[G<JPZ)TH('OZ) {G%OZ)} < —el, VzeT. (3.5)

Then, the interconnection of G and A shown in Figure 3.1 is exponentially stable with rate
p.

Proof. We apply Theorem 3.2.1 to the interconnection in Figure 3.3 with operators G(pz)
and A" and the IQC II(pz).

(a) Since Figure 3.1 and Figure 3.3 have the same interconnection structure, well-posedness
is equivalent.

(b) Due to the equivalence of IQCs in Proposition 3.3.2,

rA €1QC(I(:),p) = p_ o ((rA) 0 p,) € 1QC(TI(p2))
> 7(p-o(Aopy)) € 1QC(II(pz))
— 7A€ IQC(II(p2)) .

(c¢) This is condition iii) of Theorem 3.2.1 using G(pz) and A’.

Thus, these three conditions ensure BIBO stability of the system in Figure 3.3. We then
apply Proposition 3.3.1 to arrive at exponential stability of Figure 3.1.

Note that the assumption G(pz) € RHL " restricts us to verifying rates that are no
faster than the rate of convergence of the plant GG operating in open-loop, which corresponds
to the largest (in magnitude) pole of G(z). Assuming WLOG that A(0) = 0, this is clear as
A = 0 (corresponding to open-loop () satisfies any p-1QC. [

3.4 Computation

As in the classical IQC setting, to guarantee stability, the frequency-domain inequality (FDI)
(3.5) must be verified for every w € [0,27). However, if the IQC in question exhibits a
particular factorization, then the discrete-time KYP Lemma can be applied to convert the
infinite-dimensional FDI to a finite-dimensional LMI. We now review these results.

Definition 3.4.1. We say II has a factorization (¥, M) if
1(2) = U() MU(2),

where VU is a stable linear time-invariant system, M is a constant Hermitian matriz, and
U(z)* denotes the conjugate transpose of ¥(z).
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Remark 2. Definition 3.4.1 is similar to J-spectral factorization (see Zhang et al. [2001] and
references therein), except we require them to hold for arbitrary z € C. Spectral factorizations
are commonly evaluated on the unit circle for discrete systems (c.f. the imaginary azis for
continuous-time systems). In such cases, we have z* = 271 for all z € T and s* = —s
for all s € jR. For this reason, factorizations are conventionally written using the para-
Hermitian conjugate defined as ¥~ (z) = U'(271) (c.f. U™(s) = W' (=s) for continuous
time). Although these definitions are equivalent to W(z)* (c.f. W(s)*) in general, we cannot
use the para-Hermitian conjugate for our factorization because we require it to hold for all
z € C.

Remark 3. If 1I(z) has a factorization (¥, M) and ¥(pz) is stable, then by Parseval’s
Theorem, (3.4) is equivalent to

Zp_%z,;erk >0, wherez:=V (Z) .
k=0

The KYP lemma, stated below, is attributed to Kalman, Yakubovich, and Popov. A
short proof and further references can be found in Rantzer [1996].

Lemma 3.4.1 (Discrete-time KYP Lemma). Suppose A, B, M are given matrices where
M is Hermitian and A has no eigenvalues on the unit circle. Then the following FDI:

[(z[ —}4)13} i \ [(zl —}4)131 -0

holds for all z € T if and only if there exists a P = P" and X\ > 0 satisfying the LMI

A Bl'[P 014 B
[[ 0] [O _P] [1 O]+AM<O.

An algebraic transformation of the discrete-time KYP lemma then gives a computational
certificate for verifying exponential stability rates.

Corollary 3.4.1. Suppose the realization of G is given by (A, B,C, D) and assume 11 has a
factorization (¥, M), where the realization of W is given by

Ay | By, Buy,
Cy | Dy, Du,

U —

Then (3.5) is equivalent to the existence of P = P' and A\ > 0 such that

{ATPA—pQP ATPB’] A[CT

5TpAi  BTPB [)T}M[C D] <0 (3.6)
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where (121, B,C, D) are defined as

A oa A 0 B
iﬁ’g — | By,C Ay | By, + By, D
D Dy,C Cy | Dy, + Dy, D

Proof. Related to a derivation in Seiler [2015], one can show that

[ng)]*n(z) [G—(rz)} _ W M[e D {(21— }21)13}

where x denotes the repeated part of the quadratic form surrounding M. Similarly, we have

2 {G(fz)]*n (02) [G(fz)] WM [e P {(pz[ —]A)—lé]

| Ll

If p‘Al/Al has no eigenvalues on the unit circle, we may then invoke Lemma 3.4.1 (applied to
p~tA, p7' B, and the appropriate M term) and multiply through by p? to show that (3.5) is
equivalent to the existence of P = PT and A > 0 such that (3.6) holds, as required. ]

With the advent of fast interior-point methods to solve LMIs, the feasibility of the LMI
(3.6) can often be quickly ascertained for any fixed p?. Since the size of the LMI is often on
the order of the size of the system G and the IQC II, many practical linear systems lead to
LMIs of relatively moderate size.

Finding the best upper bound amounts to minimizing p? subject to (3.6) being feasible.
This type of problem occurs frequently in robust control and is known as a generalized
eigenvalue optimization problem (GEVP) [Boyd et al., 1994]. The GEVP is not an LMI
because (3.6) is not jointly linear in p* and P. One simple approach to solving the GEVP is
to perform a bisection search on p?, but there are more sophisticated methods available; see
for example Boyd and El Ghaoui [1993]. However, to be precise, applying a bisection search
on p? requires the p-IQC to obey a certain monotonicity property, which we now define.

Definition 3.4.2 (Monotonicity). We say an IQC TI(z) satisfies the monotonicity property
if for all 0 < p < p/ < 1, we have:

A e IQC(II(z),p) = A€ IQC(Il(2),p").

All of the p-IQCs discussed herein satisfy the monotonicity property. If an IQC does not
satisfy this property, then a grid search may be used instead of bisection.

Remark 4. The results above may also be carried through in continuous time. In that case,
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an equation analogous to (3.5) must be satisfied for G(s — a) for all w € [0,00), and can be
verified by finding P = P" and A > 0 such that

ATP+ PA-2aP PB cr N
N A A | M 0.
BTP 0 } {DT @ D=
An alternative continuous-time formulation is detailed in Hu and Seiler [2016].

3.5 Exponential Rates from Gain Bounds

In Megretski and Rantzer [1997], IQC analysis is used to certify L, stability! of intercon-
nected systems. As noted in Megretski and Rantzer [1997]: “for general classes of ordinary
differential equations, exponential stability is equivalent to the input/output stability...”.
However, while input/output stability often implies exponential stability, we will show that
rates constructed from ¢5 bounds can be conservative. This fact justifies the use of a dedi-
cated technique for certifying exponential rates rather than using an ¢, analysis.

To make explicit this suboptimal rate, we will need two results. First, a generalization
of Theorem 3.2.1 that allows us to optimize the /5 gains over any pair of signals. We will
consider the scenario of Figure 3.5, which is slightly more general than the setup in Figure 3.1.

AN b

—> G111 Gio

d—>G21 G22—>6

Figure 3.5: Augmented LTI system G in feedback with a nonlinearity A.
We would like to show that the input d and output e satisfy an IQC of the form

/T {Zgg] * (2) ngﬂ dz>0. (3.7)

1L, being the continuous-time analog of /5.
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The following result appears (for example) in Apkarian and Noll [2006], and a complete proof
is given in Summers [2012].

Theorem 3.5.1. Let G(z) € RHL" and let A be a bounded causal operator. Suppose G
is partitioned according to the dimensions of the input and output channels in Figure 3.5.
Suppose the interconnection of Giy and A is well-posed and stable and A € 1QC(I1(2)). If
there exists € > 0 such that

G11(2> G12<2)
[*]” [H<Z> 0 } é ? < —el VzeT (3.8)
Ggl(Z) GQQ(Z)

then for all d € Uy and e € Uy, Equation (3.7) is satisfied.

Remark 5 (see Summers [2012]). In Theorem 3.5.1, if Il, 90 =< 0 and (G11,4) satisfies
assumptions (i) and (ii) of Theorem 3.2.1, then stability of the (G11,A) interconnection is
immediate as the (1,1) block of the FDI provides the remaining requirement for stability in
Theorem 5.5.1.

Next, we will need a way to convert an {5 gain into an exponential rate bound. The sequel
is similar to [Megretski and Rantzer, 1997, Prop. 1], but presented here with an explicit rate
construction and adapted for discrete-time systems.

Lemma 3.5.1. Define the recursion with xo =0 by:
Tp4+1 = gb(l‘k)—f—gk k= 0,1,2,... (39)

where ¢ : R™ — R™ satisfies ¢(0) = 0. Suppose that there exists a constant ¢ > 0 such that
whenever g € Uy, and (g,x) is a valid trajectory of (3.9), then

lzllZ, < cllgllz,- (3.10)

Then, we also have the bound

k 1 k—i
Joealg< > e (1-2) ol
=0

Proof. We write (z,9) € S to denote a valid trajectory of (3.9). Define the function
V :R" = R as follows:

V() = sup (I=lIZ, = cllgllz, + < lEl3) -
et
(g,x)eS
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The first step is to bound V' (§). Note that o = 0 and ¢(0) = 0, implies £ = 21 = go. A
simple lower bound is found by specializing to g; = ¢go = --- = 0, and an upper bound is

found by using (3.10). Combining, we have

lEllz < V(©) < cliéll:-

(3.11)

Now, fix (g,Z) € S to be any feasible trajectory of (3.9). We may lower-bound V' (Z;) by

setting g; = g1 and shifting the entire x and g vectors forward one timestep:

V(z) > sup  (l=ll7, = cllgllz, + cllzl3)
1=
964217911:?71
(9,x)€S

=V(Z2) + |75 — cllall3
> V(Zo) + 1V(z1) —cllgll3,

where the final step follows from (3.11). Rearranging, we obtain

V(o) < (1 - 1) V@) +ellall

We may lower-bound V' (Z3) by setting g; = g» and using a similar argument.

this fashion, we see that

1
V(]_?kJrl) < (1—2) V(i’k)"—CHgk”z for k:O,l,Q,... .

It then follows that for all k£, we have

V() < (1__) +§; (1——)k_i||ai||2.

Applying the bound (3.11) one final time, we conclude that
|z ]* < V(Zxi1)

<(1-1) v+ >e1- N ar
<1__) e+ e (1——)k_iugz-||2

k k—i
1 _
= 0(1——) Ig:l1* ,
C

=0

-

Il
™ =

where we used gy = 77 in the final step.

Continuing in
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By combining Theorem 3.5.1 and Lemma 3.5.1, we can find exponential rate bounds
for LTT systems in feedback with nonlinearities that satisfy IQCs. First, use the setup of
Figure 3.5 with d = g and e = z. Next, view the ¢, bound in (3.10) is an IQC as in (3.7),

with
c 0
I, {0 _1} |

Then, transform Figure 3.1 into augmented form by setting

o o A|lB B
{Gi Glﬂ | ¢|D D
I10 O

Finally, the appropriate initial condition can be set by using ¢ = d = [:I:OT 00 }T
Applying Lemma 3.5.1 leads to a bound of the form [|z1[|3 < ¢ (1 — %)k |20 ||3; equivalently,

an exponential rate of p = 4/1 — %

The FDI of Theorem 3.5.1 can be transformed into an LMI in a manner similar to that
described in Section 3.4. This LMI is linear in P and ¢, so it can be efficiently solved to
find the minimal ¢ and in turn the smallest exponential rate p. However, we will show in
Section 3.7 that this “classical” rate p can be conservative.

3.6 1IQC Library

In this section, we show classes of nonlinearities describable by p-1QCs and therefore appli-
cable to Theorem 3.3.1 to prove robust exponential stability of an interconnected system.
In the case where p = 1, these p-1QCs reduce to standard IQCs as given in Megretski and
Rantzer [1997]. This class of IQCs will be constructed for single-input single-output systems,
but they may be adapted for square multi-input multi-output systems where the nonlinearity

is of the form diag({A;}) for a scalar A.

3.6.1 Noisy Multiplication

As noted for continuous time in Hu and Seiler [2016], nonlinearities of the form A(yy) = oy
for some unknown and/or time-varying J; may satisfy p-IQCs. As A and p+ commute, in the
parlance of Proposition 3.3.2 we have that A = A’ so A € IQC(II, 1) implies A € IQC(II, p).
See Megretski and Rantzer [1997] for examples of noisy multiplication.
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3.6.2 Uncertain Time Delay

The following is a discrete-time analog of the p-IQC first developed in Hu and Seiler [2016].
Let A be the operator defined by

0, k<t
Yk—1, k >T
for some unknown 7 in [0, 79|, where 7 is known. Now, observe that

/ — — _ 0, k<T
Aye) = p " Alp ™ y) = p7* - {pu”)

=p "TA(yr) -

Since A’(yx) = p~"A(yx), we may transform the system into one with a block diagonal
nonlinearity diag{A, p~"}. We can then use existing IQCs for noisy multiplication and time
delays, always using I1(pz) instead of I1(z).

Alternatively, with any bounded Hermitian function X (pz) = X (pz)* = 0, we see that

§(p2)]" [P X (pz) O §(pz)
6ol | 63

Yk—7, k Z T

a(pz) 0 —X(p2)] |u(p2)
_ { 9(p2) ] [pQTOX(pz) 0 } [ 9(p) }
P~ "Y(pz) 0 —X(pz)] |p"9(pz)
= (P72 = p7?)§(p2)" X (p2)§(pz) > 0.
Thus, A € IQC(diag{p™ 2™ X (2), —X(2)},p)

3.6.3 Pointwise 1QCs

A nonlinearity A satisfies a pointwise IQC with a factorization (¥, M) if z] Mz, > 0 for
each k. In other words, the IQC holds pointwise in time. In this case, A also satisfies the
associated p-IQC for all p < 1. Examples of pointwise IQCs include the v norm-bounded

1QC
2
_ | 0
[0 4
and the [«, 5] sector-bounded IQC, given by
0 —2af a+p|
a+p =2

The latter corresponds to a nonlinearity A that satisfies
(A(z) — Bx) " (A(z) —ax) <0 V.

Note that the norm-bounded IQC is a special case of the sector IQC with the sector [—~,7].
These 1QCs hold even if A is time-varying, if A satisfies the IQC at each k.
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3.6.4 Zames—Falb IQCs

A nonlinearity A is slope-restricted on [c, 3] where 0 < a < < oo if the following relation
holds for all z, y.

(Ax) = Aly) — alz —y)) (Alz) = A(y) — Bz —y)) 0.

This relation states that the chord joining input-output pairs of A has a slope that is bounded
between o and (. This class of functions satisfies the Zames—Falb family of IQCs (see Zames
and Falb [1968] and Heath and Wills [2005]). We give the definition below.?

Proposition 3.6.1. A nonlinearity A that is static and slope-restricted on [a, B] satisfies
the Zames—Falb IQC

[ —aB@=h=h")  a(l—h)+B(1—h") (3.12)
a(l—h*)+pB(1—h) —(2—h—h") '
where fL(z) is any proper transfer function with impulse response h = (hg, hy,...) that

satisfies ||h||1 <1 and hy >0 for all k. Moreover, it admits the factorization

U= [W_;ﬁ) _(11_}3)} and M = {(1’ (1)}

If A is odd (A(—x) = —A(x)), then we may remove the constraint that hy > 0 for all k.

In general, for a fixed p, only a subset of Zames—Falb IQCs will be p-IQCs. We now give
a characterization of this subset.

Theorem 3.6.1 (Zames—Falb p-1QC). Suppose A is static and slope-restricted on |a, f].
Then A € 1QC(Il(z), p) where 11 is the Zames—Falb 1QC (3.12) and h also satisfies the

additional constraint -
> ] < 1.
k=0

Proof. The proof involves rewriting the IQC as a discrete-time sum which can be split into
parts that can separately be shown to be nonnegative. See Appendix A.2 for the full proof
of Theorem 3.6.1 and related extensions. [

The concept of a p-IQC can also be extended to handle noncausal Zames—Falb multipliers
as in Freeman [2018]. Sector-bounded and/or slope-restricted functions show up in various
specialized contexts. We will derive p-IQCs for two such cases: stiction nonlinearities and
quasi-monotone/quasi-odd nonlinearities.

2The 3 = oo case for this and similar IQCs considers only the 3 terms, i.e. Hn,00) = limg 00 BLL
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Ay)
1+4

\4

Figure 3.6: Example stiction nonlinearity (taken from Rantzer [2001].)

3.6.4.1 Stiction Nonlinearities

Stiction nonlinearities (shown in Figure 3.6) satisfy Zames—Falb p-IQCs with additional
constraints on the coefficients hy.

Corollary 3.6.1 (Stiction p-IQC). Suppose A is a stiction nonlinearity with slope 1/e and
overshoot § as defined in Rantzer [2001]. Then A € 1IQC(II(2), p) where I1 is the [0,1/€]
Zames—Falb IQC (3.12) and H satisfies the additional constraint

3.6.4.2 Quasi-monotone and Quasi-odd Nonlinearities

Following the definition in Heath et al. [2015] (shown in Figure 3.7), quasi-monotone and
quasi-odd nonlinearities also satisfy Zames—Falb p-IQCs under additional constraints on the
.

Corollary 3.6.2 (Quasi-monotone/odd p-IQC). Suppose A is static and is quasi-monotone
or quasi-odd as defined in Heath et al. [2015]. Then A € 1QC(Il(z),p) where II is the
Zames—Falb IQC (3.12) and H satisfies the additional constraint

S Ry, hi>0
E vt b <1, where vt = { k=
k=0

R,, h <0 .

Given a fixed p, searching over (finite) hy when solving the feasibility LMI using this IQC
is still a convex problem. To see this, observe that we can equivalently write this constraint
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A(y)

Figure 3.7: Monotone and odd bounds for unknown nonlinearities (modified from Heath et al.
[2015]). The nonlinearity must lie within envelopes generated by multiplicative perturbations
of a known monotone linearity n,,(perturbation between 1 and R,, > 1) and a known
monotone odd nonlinearity n, (perturbation between 1 and R, > 1). In this example, the
nonlinearities of interest lie in the darkest region, the intersection of both envelopes.

on the hy (assuming R,, > R,, the other case is similar) as

K

R, Zp **|h| + (R Zp -max(hg,0) < 1.
k=0 k=0

However, the proof of Corollary 3.6.2 will show that these general Zames—Falb p-IQCs can be
written as a nonnegative linear combination off “off-by-;” p-IQCs. Thus, when solving (3.6)
it is sufficient to search over all nonnegative linear combinations of simpler p-IQC atoms,
rather than formulating the constraint on the hj; explicitly. Whether this is more efficient
depends on the specific problem dimensions.

It is a useful exercise to derive the correct chain of implications for this constraint (and
others), which is as follows:

e Compared to the odd Zames—Falb IQC, a quasi-odd IQC as defined in Corollary 3.6.2
gives less information about the nonlinearity ¢, i.e. we must provide a certificate of
stability for every nonlinearity in a larger class.

e Since R,,, R, > 1, the weights satisfy 7, ' > 1, so there is less freedom in choosing the
.

e This restriction in choosing hy leads to a smaller feasible set for the LMI. Thus, the
upper bound we find for the convergence rate will be larger.
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3.6.5 Repeated Sector Nonlinearities

We say a real symmetric matrix I" is (p, H)-diagonally dominant if, for a symmetric matrix of

A~

nonnegative proper transfers functions A with impulse responses H;j x, we have that I';; > 0,
Fij S O (fOI' 7 7é j), Hij,k Z O, ZZO:O p_2k|H1j7k| S 1 V (Z,]) and

J=15# j=1 k=0

We call T just diagonally dominant® if the above holds with H = 0 and p = 1. Now, let A
be a repeated monotone scalar nonlinearity in some sector; that is, A(y) = diag{¢(y;)}.

Proposition 3.6.2. A satisfies the pointwise p-1QC

= lr

for any symmetric diagonally dominant matriz T".

Proof. This proposition is analogous to Theorem 1 in the Appendix of D’Amato et al. [2001]
with H = 0. [

Theorem 3.6.2. Assume I' is (p, H)-diagonally dominant. Then, if a static nonlinearity ¢
is [a, B] slope-restricted, the repeated nonlinearity A(y) = diag{o(y;)} satisfies the p-1QC

~af(20 ~ A~ ) ol — ) + (T - ﬁ*>] | (3.13)

II = N \ N
[a(F—H*)+B(F—H) —2I'+ H+ H*
Moreover, it admits the factorization

v= PO O w7

Proof.  The proof is similar in spirit to that of Theorem 3.6.1 but more involved; see
Appendix A.3. m

See Appendix A.4 for a note on how to search over general nonnegative combinations of
p-1QCs of the form (3.13), which is not immediately apparent.

3Note that the conventional definition of “diagonally dominant” does not restrict the diagonal elements
to be nonnegative.
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3.7 Examples

3.7.1 Using Multiple IQCs
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Using multiple IQCs can lead to more refined ¢, gain bounds. Likewise, using multiple p-
IQCs can lead to refined exponential rates. In this section, we present numerical examples
using both pointwise and dynamic p-IQCs. Now, consider a stable discrete-time LTT system
G(z) in feedback with the sigmoidal nonlinearity A(z) = barctan(z). This interconnection

is shown in Figure 3.8.

—
Figure 3.8: LTI system G in feedback with the static

A(x) = barctan(z).

sigmoidal nonlinearity

Since this nonlinearity is static, in the [0, b] sector, and [0, b] slope-restricted, it satisfies

the following p-1QCs:

r7,2
II,(z) = % _01} (norm-bounded) (3.14)
0 b
[y(z) = b —9 (sector bounded) (3.15)
0 b(1 — ¥zt
i (2) = b(1 — k) 24 g 4 ) (off-by-k Zames—Falb) (3.16)

where we may choose any k£ > 1.

3.7.1.1 A simple bound

For our first case study, we analyzed the interconnection of Figure 3.8 with the LTI system®

(z+1)(10z 4+ 9)
(22 —1)(52 — 1)(10z — 1)

G1<Z) = —

4This example was inspired by the continuous-time example given in Weiland and Scherer [2015], which

showed that adding more IQCs yields better ¢5 gain bounds.
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Figure 3.9: Upper bounds on the exponential convergence rate p for the system G(z) given
in (3.7.1.1) in feedback as in Figure 3.8. A tight bound is achieved using two p-IQCs. The
bound derived from the /5 gain is very conservative.

We solved the feasibility LMI (3.6) using MATLAB together with CVX [Grant and Boyd,
2008, 2014] to find the fastest guaranteed rate of convergence, and we searched over positive
linear combinations of subsets of the IQCs (3.14)—(3.16). Figure 3.9 shows the rate bounds
achieved as a function of which IQCs were used. Figure 3.10 shows sample state trajectories
for the case b = 1.

The true exponential rate can be found by linearizing the system about its equilib-
rium point; namely, A(x) ~ bz. Formally, this is an application of Lyapunov’s indirect
method [Khalil, 2002, Thm. 4.13]. The result is that the decay rate should correspond to
the maximal pole magnitude of the closed-loop map G(z)/(1 — bG(z)). We display the true
exponential rate as the dashed black curve in Figure 3.9 and Figure 3.10.

For this example, the p-IQC approach yields a tight upper bound to the true exponential
rate when we use a combination of the sector and off-by-1 IQCs. We also computed the
exponential rate derived from /5 gain as described in Section 3.5 (dotted line). The ¢5 bound
is very conservative despite being computed using all available IQCs.

3.7.1.2 A more complex bound

The p-IQC approach does not always achieve tight bounds as in the previous example.
Consider the same interconnection of Figure 3.8 but this time using

22 —1
10(222 — 2+ 1)

GQ(Z) =
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Figure 3.10: State decay over time of the system GG (2) in feedback as in Figure 3.8 with b = 1
for various initial conditions xy € [—15,15]. The dashed black line is p¥, where p = .7058 is
the true rate at b = 1 in Figure 3.9.

The rate bounds for various p-IQCs are shown in Figure 3.11. This time, we again observe
that using more IQCs achieves better rate bounds, but the bound is not tight even after
using six IQCs. However, if we add the Zames—Falb 1QCs corresponding to odd monotone
nonlinearities, the rate improves to within a small tolerance of the true rate.

As in the previous example, the best achievable rate derived from an ¢y gain bound as
detailed in Section 3.5 is still very conservative when compared to the rates obtained by
using the p-IQC approach.

3.7.1.3 A quasi-odd nonlinearity

Consider the asymmetric nonlinearity in Figure 3.12, shown with the associated monotone
and odd bounds as defined in Heath et al. [2015]. In this example, we have R,, = 1 and
R, =2.

Thus, we may invoke Corollary 3.6.2 and use the associated p-IQC. Using this system
in feedback with the G(z) from the second example, we see in Figure 3.13 that the quasi-
odd Zames—Falb IQCs yield better performance than the monotone Zames—Falb IQCs of the
same order (which requires all filter coefficients hy, to be positive).

3.7.1.4 Repeated nonlinearities

To illustrate the need for repeated nonlinearity 1QCs, first instantiate some stable SISO
system G with realization (A, B,C, D). Now, consider the “extended” 2-input 2-output
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Figure 3.11: Upper bounds on the exponential convergence rate p for the system G(z) given
in (3.7.1.2) in feedback as in Figure 3.8. As we include more p-IQCs, we can certify tighter
bounds. Once again, the ¢s-derived bound is more conservative.

system
A|B -B
Gew= | C|D 0
c|0 D

and consider Gy in positive feedback with the block-diagonal nonlinearity diag{A, Ay}. If
we constrain A; = Ay, then the nonlinearities cancel each other out and the system is in open
loop. The convergence rate of the state is therefore determined by the largest magnitude
eigenvalue of A. However, if our IQC does not capture that the nonlinearity is repeated and
instead only assumes each individual nonlinearity is (say) [0, b] slope-restricted, then G must
essentially be robust to b-norm bounded nonlinearities in the feedback loop. This will result
in a worse rate certificate or even none at all (if G is made unstable by positive feedback).
Indeed, constructing Gey using our previous “tight bound” example with b = 0.3 leads to
a rate certificate of &~ 0.825 using only the odd monotone IQC; replacing it with the repeated
odd monotone nonlinearity IQC gives a certificate matching the true convergence rate, 0.5.
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Figure 3.12: Plot of the monotone and quasi-odd asymmetric nonlinearity

¢(r) = max{arctan(z), —1} with its associated bounds.
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Figure 3.13: Comparison of monotone Zames—Falb and quasi-odd (denoted with superscript
q) Zames-Falb IQC rate certificates.



Chapter 3: Exponential Stability Analysis using IQCs 30

3.8 An Aside: Application to Optimization Systems

3.8.1 Previous Work

As mentioned in the previous sections, LMIs have been a useful tool to verify properties of
interconnected dynamical systems [Boyd et al., 1994; Rantzer, 1996]. Recent work by Lessard
et al. [2016] looked at an inverse approach, i.e. using tools from control and system theory to
verify properties of optimization algorithms. Using techniques similar to ones developed there
and in this chapter, we look at generalizing Lessard et al. [2016] to stochastic optimization
algorithms.

3.8.2 First-order Optimization Systems

In Lessard et al. [2016], the authors made a fundamental connection between optimization
algorithms (specifically, first-order ones) and discrete-time linear dynamical systems. They
noted that many commonly-used algorithms be described by a linear discrete-time system
G composed with a nonlinear feedback function ¢—with the nonlinearity being the gradient
of the objective function. The feedback in the system is then defined by u = V f(y). For
example, the linear system G corresponding to the gradient descent method with step size
a can be described by standard state-space equations:

T

As seen before, when such a system satisfies an IQC with a factorization (¥, M), analyzing
only the linear portions of the constrained system can give stability information about the
original system. This decomposition is seen in Figure 3.14 (taken from Lessard et al. [2016]).

We now seek to describe stochastic optimization algorithms, such as stochastic gradient
descent, using this framework. Some related results can be found in Hu [2016].

3.8.3 Gradient Descent with Additive Input Noise

We present a preliminary result and contrast it with the main result from Lessard et al. [2016].
Consider an optimization algorithm described by linear system under nonlinear (gradient)
feedback, with additive input noise w,. For example, take the stochastic gradient descent
update

Tg+1 = Tk — Gk

where gy, is a noisy (but unbiased) estimate of V f(xy), such as g = V f(x)) + wy where wy,
is independent of the gradient and zero-mean. In general, such an optimization algorithm
can be viewed as the dynamical system

€1 = A& + Buy + wy)

U = & (3.17)
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(a) An auxiliary system ¥ produces z, a filtered version of the
signals y and w.

(b) The nonlinearity ¢ is replaced by a constraint on z, so we
may remove ¢ entirely.

Figure 3.14: Feedback interconnection between a system G and a nonlinearity ¢. An IQC is
a constraint on (y,u) satisfied by ¢. We only analyze the constrained system and so we may
remove the ¢ block entirely.

where wuy is the gradient of some function f. Now, assume that the gradient satisfies an IQC
with a factorization defined by the linear system ¥, with dynamics

Cer1 = AwGe + [BY B [yk} (3.18)

Uk,

2z = CyGe+ [DY, Dy {yk}

U,

The block diagram shown in Figure 3.15 shows the overall system with the new noise input w.
Consider the dynamics of G and ¥ from (3.17) and (3.18), respectively. As in Corollary 3.4.1,
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Figure 3.15: The perturbed system, including additive input noise w.

Y

upon eliminating y the recursions may be combined to obtain another linear system

A A B
T = Az, + Bug + w
i g g [0} g where zj, == Eﬂ , (3.19)
= é&?k + ﬁuk g

for some matrices /1, B, (j, D.
Recall the definition of a p-hard IQC from Lessard et al. [2016, Def. 3], which is similar
to the discrete-time p-IQC given in Remark 3 but is required to hold for all finite sums.

Definition 3.8.1. The IQC defined by (V, M) is p-hard if

Zp (2 —2,) M(z—2)>0 fork=0,1,...

If we now know that the gradient of f satisfies a p-hard IQC, we can say something about
the convergence of the system— the convergence of the optimization algorithm.

Theorem 3.8.1. Consider the block interconnection of Figure 3.15. Assume the error sig-
nal wy comes i.i.d. from a distribution with zero mean and covariance matriz A,,, and is
independent of uy, and xy. Suppose G is given by (3.17) and ¢ satisfies a p-hard IQC defined
by (U, M, z,) where ¥ is given by (3.18) and 0 < p < 1. Assume x, is a fized point of the

dynamical system given by (3.19) when wy = 0. Consider the LMI
ATPA—p?P ATPB " aqT A a

. ! . . A M <0. 3.20

BTPA B'PB [C D] [C D] - ( )

If (3.20) is feasible for some P > 0 and \ > 0, then for any o, we have

tr(BTPHBAw) 1-— p2k:

oo (P) =2 VEk.

Ellzy, — 2.|* < 6(P)p*[lwo — z.|* +
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Proof. The complete proof (given in Appendix A.5) follows in the same vein as the main re-
sult in Lessard et al. [2016], which is a direct discrete-time proof in contrast to the frequency-
domain results in Section 3.3. [

We can compare Theorem 3.8.1 to the main result of Lessard et al. [2016, Thm 4], which
states that, if the LMI is feasible, then

l|2p — 2| |* < K(P)p* ||z — z,][* for all k.

3.9 Conclusion

IQC theory is the most general tool available for certifying robust stability of systems in
feedback with unknown, uncertain, or otherwise difficult nonlinearities. As stable systems
are often exponentially stable, it is reasonable to want finer control over not only stability,
but also exponential decay rate. The generalization presented herein enables the certification
of robust exponential stability with precise control over the decay rate. Moreover, the library
of p-1QCs provided shows how this approach can be applied as broadly and efficiently as the
classical IQC theory.
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Chapter 4

Hoo Bounds for System Estimation

4.1 Introduction

Most control design relies on establishing a model of the system to be controlled. For
simple physical systems, a model with reasonable fidelity can typically be constructed from
knowledge of the physics at hand. However, for complex, uncertain systems, building models
from first principles becomes quickly intractable and one usually resorts to fitting models
from empirical input/output data. This approach naturally raises an important question:
how well must we identify a system in order to control it?

In this chapter, we attempt to answer this question by striking a balance between system
identification and robust control. We aim to identify coarse estimates of the true underlying
model while coupling our estimation with precise probabilistic bounds on the inaccuracy of
our estimates. With a coarse model in hand, we can use standard robust synthesis tools that
take into account the derived bounds on the model uncertainty.

More precisely, given an unknown stable discrete-time plant GG, we bound the error ac-
crued by fitting a finite impulse response (FIR) approximation to G from noisy output
measurements. These bounds balance the sample complexity of estimating an unknown FIR
filter against the capability of such a filter to approximate the behavior of G. In particular,
we show that notably short FIR filters provide a sufficient approximation to stable systems
in order to ensure robust performance for a variety of control design tasks. In particular,
we demonstrate considerable savings in experimental measurements as compared to other
non-asymptotic schemes that aim to precisely identify G.

In the process of fitting a FIR filter, a natural question arises as to what inputs should be
used to excite the unknown system. Of course, due to actuator limitations and other physical
constraints, we are not free to choose any arbitrary input. Hence, we model the choice of
inputs as an experiment design question, where the practitioner specifies a bounded input
set and asks for the best m inputs to use to minimize FIR identification error. We propose a
new optimal experiment design procedure for solving this problem, and relate it to the well
studied A-optimal experiment design objective from the statistics literature [Pukelsheim,
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1993]. This connection is used to study practical cases of input constraints. Specifically,
we prove that when the inputs are ¢s-power constrained, then impulse responses are the
optimal choice of inputs. However, we show that is not the case when the inputs are /-
constrained. For /., constraints, we construct a deterministic set of inputs which is within a
factor of 2 to the optimal solution. Combining these designs with our probabilistic bounds,
we show that for estimating a length-r FIR filter G,, as long as m > 4r, the residual
H error |G, — G, |3 on the estimate G, satisfies O(1/1/m)! with high probability. This
is a substantial improvement over the O(\/r /m) scaling which we show occurs in the /o-
constrained case. We also prove an information-theoretic lower bound which shows that
when the true system happens to be an FIR filter, our bounds are minimax optimal up to
constant factors for the given estimation problem.

Experimentally, we show that H., loop-shaping controller design on the estimated FIR
model, using probabilistic bounds, can be used to synthesize controllers with both stability
and performance guarantees on the closed loop with the true plant. We also demonstrate that
our probabilistic bounds can be estimated directly from data using Monte—Carlo techniques.
We hope that our results encourage further investigation into a rigorous foundation for data-
driven controller synthesis.

4.1.1 A Sample Complexity Bound for FIR Identification

We now state our main results for this section: upper and lower bounds on the sample
complexity of FIR system identification. Let G be a stable, discrete-time SISO LTI system.
Suppose we are given query access to G via independent, noisy measurements of the form

Yur = (g * u)k o &, E~N(O, o’lr) . (4.1)

Above, g denotes the impulse response of G and T is the length of the output we observe
(we add the u and ¢ subscripts to reinforce the notions of a generating input and number of
samples). We assume that we are allowed to choose any input u contained within a bounded
set U, which is specified beforehand. From these measurements, we can approximate G by
a length-r FIR filter G,(z) as

Go) =3 G, (4.2)

where r < T, and the coefficients gj are estimated from ordinary least-squares (c.f. Sec-
tion 4.3). We note that the extra degree of freedom in allowing r # T reduces the variance
of the higher lag terms, which is a standard trick used in the system-identification literature
(see e.g. Wahlberg et al. [2010, Section 2]).

The main quantity of interest in this setting is the number of timesteps needed in order
to ensure that the H.,-norm of the error G — G, satisfies the bound ||G — G, |, < ¢

!The notation 5() suppresses dependence on polylogarithmic factors.
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with probability at least 1 — § over the randomness of the noise. Here, the total number
of timesteps is the product of the number of queries of the form (4.1) times length of the
queries. That is, the number of timesteps is m x T, where m is number of measurements
taken and T denotes the length of each measurement. This quantity depends on the set
U; we restrict (for now) to the case where U is either the unit ¢-ball or the unit ¢,-ball.
These two sets comprise the most common input constraints found in the controls literature.
Nevertheless, our analysis later will cover all ¢,-balls for p € [1, 00].

In both cases, we must first consider the length of the FIR filter (4.2) required to ensure
reasonable approximation in the H,-norm. We must guarantee that we are able to accu-
rately capture the large components of the impulse response of G. Therefore, we will need
some measure of how quickly the impulse response coefficients tend to zero. It turns out
that the H,-norm of GG provides a convenient proxy for the decay of the impulse response.
Throughout, we will use the following sufficient bound on the truncation length:

Definition 4.1.1 (Sufficient Length Condition). Let G be stable with stability radius p €
(0,1). Fiz ae > 0. Let R(e) be the smallest integer which satisfies

. 1 1G(v2) |l
R(¢) Zpirvlf<1 _fylog( i) ) : (4.3)

Equation (4.3) characterizes the approximation error of an FIR filter to G as a balance
between the growth of 1/(1—+) versus the decay of the logarithm of ||G(vz)||%.., as v varies
between (p, 1).

We first study the f>-ball case. In this case, we will set all m inputs to an impulse; that
is, u) = ey, where e; € R” is the first standard basis vector.

Theorem 4.1.1 (Main result, (-constrained case). Fiz an ¢ > 0 and 6 € (0,1), and
suppose that U = {x € RT : ||z||; < 1}. Let G be stable with stability radius p € (0,1), and
set v > R(g/2) from (4.3) and T = 2r. Set m inputs u') = e; € U fori = 1,...,m, where

m > 1 satisfies
2 1
m > c?r logr +log | = .
2 )

Then, with probability at least 1 — §, we have |G — érHHm < e. Above, C is an absolute
positive constant.

Theorem 4.1.1 states that the number of timesteps to achieve identification error € with
(y-constrained inputs scales as O(o?r?/e?) in the regime when o/ > 1. It also turns out
that this input ensemble is optimal for the f5-ball case, which we will discuss shortly.

We next turn to the f-ball case. In this case, we take m = 2n to be an even number,
and construct the input ensemble

uci = cos (ﬂ> and oY =sin (ﬂ> fori=0,...,n—1. (4.4)
K n ’ n

With this input ensemble, we prove the following result for /,.,-constraints.
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Theorem 4.1.2 (Main result, ¢,-constrained case). Fiz an ¢ > 0 and 6 € (0,1), and
suppose that U = {x € R : ||z|l < 1}. Let G be stable with stability radius p € (0,1), and
set v > R(g/2) from (4.3) and T = 2r. Set m inputs as described in (4.4), where m > 4r

satisfies
o? 1

Then, with probability at least 1 — §, we have |G — GTHHOO < e. Above, C is an absolute
positive constant.

In the regime when o/e > 1, Theorem 4.1.2 states that the number of timesteps to
achieve identification error € with f,.-constrained inputs scales as 5(02r/ g?). This is sub-
stantially more efficient than the complexity 5(02r2 /€%) which arises in the fy-constrained
case. We conclude by noting that this particular input ensemble is optimal for the /,-ball
case up to constants, which we turn our attention to now.

In the case where, G itself is an length-r FIR filter, we also have a lower bound for
estimation. We consider the general case when all m inputs are constrained to a unit ¢,-ball,
where p € [1, 00].

Theorem 4.1.3 ([Tu et al., 2017, Thm. 1.3]). Fiz a p € [1,00]| and r > 16. Suppose that

m > 1 measurements u'V, ... u™ € RT are fized beforehand, with T = 2r and |Ju?|, < 1
foralli=1,...,m. Let J¢. denote the space of all length-r FIR filters. We have that
~ 2/ max(p,2) |
inf sup E||G — Glls., > ca\/ : %L
G Gesty m

where the infimum ranges over all measurable functions G : QP RT — A, and C is an
absolute positive constant.

In view of Theorem 4.1.3, we see that the rates prescribed by Theorem 4.1.1 for the
ly-constrained case and by Theorem 4.1.2 for the /-constrained case are minimax optimal
up to constant factors. We conclude by noting that our choice of T' = 2r is arbitrary. Indeed,
the same results hold for 7' = [(1 + ¢)r] for any fixed € > 0, which only a change in the
constant factors.

4.2 Related Work

4.2.1 Transfer Function Identification

Estimating the transfer function of a linear time-invariant system from input/output pairs
has been studied in various forms in both the controls literature [Ljung and Wahlberg,
1992; Ljung and Yuan, 1985] and the statistics literature [Gerencsér, 1992; Goldenshluger
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and Zeevi, 2001; Shibata, 1980], where it is closely related to estimating the coefficients
of a stable autoregressive (AR) process. The main difference between our work and that of
autoregressive estimation is that we assume the noise process driving the system is chosen by
the practitioner (which we denote as the input to the system), and the stochastic component
enters only during the output of the system. This simplifying assumption allows us to
provide stronger non-asymptotic guarantees. Also by making prior assumptions on the
stability radius of the underlying system, we circumvent the delicate issue of model order
selection; a similar assumption is made in Goldenshluger and Zeevi [2001].

Most closely related to our work is that of Goldenshluger [1998], where he considers
the problem of estimating the impulse response coefficients of a stable SISO LTI system.
Goldenshluger provides upper and lower bounds on the £j-error when the residual between
the estimate and the true coefficients is treated as a sequence in ¢, for p € [1, 00]. The main
difference between Goldenshluger’s setting and ours is that he restricts himself to the case
when the input w is f-constrained, and furthermore assumes only a single realization is
available. On the other hand, we make assumption that multiple independent realizations
of the system are available, which is reasonable in a controlled laboratory setting. This
assumption simplifies the analysis and allows us to study more general £,-constrained inputs.

4.2.2 System Identification

We now turn our attention to system identification, where the classical results can be found
in Ljung [1999]. Sample complexity guarantees in the system identification literature of-
ten require strong assumptions, which are difficult to verify. Most analyses are asymptotic
and are based on the idea of persistence of excitation or mizing [McDonald et al., 2017;
Vidyasagar and Karandikar, 2008]. There has been some progress in estimating the sam-
ple complexity of dynamical system identification using machine learning tools [Campi and
Weyer, 2002; Vidyasagar and Karandikar, 2008], but such results typically yield pessimistic
sample complexity bounds that are exponential in the degree of the linear system or other
relevant quantities.

Two recent results provide polynomial sample complexity for identifying linear dynam-
ical systems. Shah et al. [2012] show that if certain frequency domain measurements are
obtained from a linear dynamical system, then the system can be approximately identified
by solving a second-order cone programming problem. The degree of the estimated IIR
system scales as (1 — p(A))™2 where p(A) denotes the stability radius. Similarly, Hardt
et al. [2016] show that one can estimate an IIR system from time domain observations
with a number of measurements polynomial in (1 — p(A))~2, under the assumption that
the impulse response coefficients {gy, }r>0 satisfy the decay law |gi| < Cp(A)¥, where C is
considered a constant independent of the degree of the system. In this work, we show that
under the same decay assumption, a considerably smaller FIR approximation with degree
O((1 — p(A))™!) suffices to complete many control design tasks. However, there has been a
significant amount of recent work from the machine learning community on non-asymptotic
rates for estimation in LTI systems; much of it is focused on removing this dependence on the



Chapter 4: H., Bounds for System Estimation 39

decay assumption and extending the results to marginally stable systems and/or partially
observed systems [Faradonbeh et al., 2017; Hazan et al., 2017, 2018; Oymak and Ozay, 2018;
Sarkar and Rakhlin, 2018; Sarkar et al., 2019; Simchowitz et al., 2019].

4.2.3 Robust Control

Classical robust control literature focuses much of its effort on designing a controller while
taking into account fixed bounds on the uncertainty in the model. There are numerous
algorithms for controller synthesis under various uncertainty specifications, such as coprime
factor uncertainty [McFarlane and Glover, 1992] or state-space uncertainty [Packard and
Doyle, 1993]. However, there are only a few branches of the robust control literature that
couple identification to control design, and the identification procedure best suited for a
particular control synthesis scheme is usually not specified.

4.2.4 H,, Identification and Gain Estimation

Most related to our work is the literature on H,, identification. In this literature, noisy
input/output data from an unknown stable linear time-invariant (LTT) plant is collected in
either the frequency domain [Helmicki et al., 1991; Hindi et al., 2002] or the time domain Chen
and Nett [1993]; the goal is often to estimate a model with low H, error. A comprehensive
review of this line of work is given by Chen and Gu [2000].

The main difference between the H., identification literature and our work is that we
assume a probabilistic noise model instead of worst-case (adversarial), and we assume that
our identification algorithm is allowed to pick its inputs to the plant G. As we will see, these
simplifying assumptions lead to simple algorithms, straightforward analysis, and finite-time
sample complexity guarantees.

Another related line of work is the use of the power method [Rojas et al., 2012; Wahlberg
et al., 2010] for estimating the H.,,-norm of an unknown SISO plant. The key insight is
that in the SISO case, a time-reversal trick can be applied to effectively query the system
G* o G, where G* denotes the adjoint system. This approach is appealing, since the power
method is known to converge exponentially quickly to the leading eigenvector. However, the
leading factor in the convergence rate is the ratio of A\;/)s, and hence providing a finite-time
guarantee of this method would require a non-asymptotic analysis of the rate of convergence
of the second singular value of finite sections of a Toeplitz operator.

4.2.5 Norms of Random Polynomials

Our analysis relies on bounding the norms of random trigonometric polynomials of the form
Qz) = Z;é £12". The study of the supremum norm of random finite degree polynomials
was first initiated by Salem and Zygmund [1954], who studied the setting where the coeffi-
cients are drawn from a symmetric Bernoulli distribution supported on {£1}. Later, Kahane

[1994] proved that when the coefficients are distributed as an isotropic Gaussian, then with
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probability at least 1 — 0, ||Q|l < O(y/rlog(r/d)). More recently, Meckes [2007] extended
this result to hold for independent sub-Gaussian random variables by employing standard
tools from probability in Banach spaces. In Section 4.3, we extend these results to the case
when the coefficients follow a non-isotropic Gaussian distribution. This is important because
it allows us to reduce the overall error of our estimate by using non-isotropic covariance ma-
trices from experiment design.

4.3 System Identification of Finite Impulse Responses

Recall from Section 4.1.1 that we are given query access to G via the form
Yur = (9% u)iy + &, €~ N(0,0%Ir),

where u € U for some fixed set U. Therefore, the ratio of some measure of the size of U to
o serves as the signal-to-noise (SNR) ratio for our setting. In what follows, we will always
assume U is a unit £,-ball for p € [1, oo].

Fix a set of m inputs uV,... u™ € U. Given a realization of {y,, r}7,, we can
estimate the first T coefficients {g},_, of G(z) = > 7, grz~"* via ordinary least-squares
(OLS). Calling the vector YV := (y,a 7, ... Yuem ) € RT™ it is straightforward to show

that the least squares estimator go.r_; is given by

g\o Toep(ulV)
/g\O:T—l = _1 = (ZTZ)_IZTY , 7 = c ]RTmXT '
~ Toep(ul™)
gr—-1

Let us clarify the Toep(u) notation. For a vector u € RT, Toep(u) is the T" x T lower-
triangular Toeplitz matrix where the first column is equal to u. Later on, we will use the
notation Toep,,,(u), where a, b are positive integers. This is to be interpreted as the upper
left a x b section of the semi-infinite lower-triangular Toeplitz matrix form by treating u as
a zero-padded sequence in RY.

Above, we assume the matrix Z'Z is invertible, which we will ensure in our analy-
sis.  From Jor—1, we form the estimated finite impulse response G, for any r < T as
G,(2) == 37—t Grz*. The Gaussian output noise assumption means that the error vector
Jor—1 — gor—1 is distributed N'(0,0%(Z7Z)71), and hence @T — @, is equal in distribution
to the random polynomial Q(z) = Yi_{ exz™* with ¢ ~ N(0,0°E(Z"Z)"'E]), where
E, = []T OTX(T_T)} € R™T. Here, G,(z) := Z;;E gr2~" is the length-r FIR truncation of
(. Since the covariance matrix will play a critical role in our analysis to follow, we introduce
the notation

Y(u) = Z Toep(uy) " Toep(uy) (4.6)

k=1
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where m will be clear from context. We will also use the shorthand notation [M]p, to refer
to the r X r matrix E,ME! for any T' x T matrix M.

The roadmap for this section is as follows. In Section 4.3.1, we characterize the behavior
of the random quantity [|@Q]|. as a function of the covariance matrix o?¥(u)~' and the
polynomial degree r. Next, we study in Section 4.3.2 the problem of experiment design for
choosing the best inputs u™", ..., u(™ to minimize the error ||Q||o. Using these results, we
give upper bounds for FIR identification with ¢,-constrained inputs in Section 4.3.3. We
then combine these results and prove in Section 4.3.4 the main results from Theorem 4.1.1

and Theorem 4.1.2. We will omit some sections and proofs for brevity and refer the reader
to Tu et al. [2017].

Process Noise Before we begin our analysis, we note that our upper bounds easily extend
to the case where process noise enters the system through the same channel as the input.
Specifically, suppose the input signal is corrupted by ¢ ~ N(0,02Ir) which is independent
of the output noise £, and instead of observing Y, r we observe

Jur = (g*W)j_g +&, W=u+(.

In this setting, the error vector go.r—1 — go.r—1 of the least-squares estimator on {y,, i,
is distributed

N(O,A), A= (27 2)"" 2T (07 Toepryr (9)Toepryr(9) " + 0’ Ir)Z(Z7 Z) 7" .

Since ¢ is the impulse response of a stable system, ||Toepr.r(9)] < ||G|l3.., and therefore
A = (62||GI3,. + 0*)(Z7Z)~'. Thus, the upper bounds carry over to this process noise
setting with the variable substitution o® < ¢2||G||3, + 0. The modification to the lower
bounds in this setting is more delicate, and we leave this to future work.

4.3.1 A concentration result for the error polynomial

We first address the behavior of the error ||Q/o. Our main tool is a discretization result
from Bhaskar et al. [2012]:

Lemma 4.3.1 (Bhaskar et al. [2012]). Let Q(2) := Yi_ ez, where e, € C. For any
N > A4nr,

4mr 9
1Qloe < (1 + T) max |Q(ea2 k/N)‘ .

k=0,...,.N—1

Lemma 4.3.1 immediately reduces controlling the H,.-norm? of a system defined by
a finite-degree polynomial to controlling the maxima of a finite set of points on the torus.

2The Hoo-norm is equivalent to the || - || norm when viewed as a complex polynomial.
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Hence, upper bounding the expected value of ||Q]|» and showing concentration is straightfor-
ward. Before we state the result, we define some useful notation which we will use throughout
this section. For a z € C, define the vector of monomials ¢(z) as

0(z) = (1,2,2%,...,27 ) € C", ¢1(2) :=Re{p(2)}, ©2(z) :=Im{p(z)}, (4.7)

where the length r will be implicit from context. Now, using standard concentration results
for suprema of Gaussian processes (see e.g. Boucheron et al. [2013]) and Lemma 4.3.1, we
have the following error concentration result.

Lemma 4.3.2. Let ¢ ~ N(0,V) where ¢ € R", and put Q(z) = Y.j_y ez ". Define for
(=12,
ng = sup @i(2) V() .

zeT

E[Qlo < 4v21+/log(87r)

where 1 := max(ny,n2). Furthermore, with probability at least 1 — 0, we have

We have that

1Qlloo < 4v2n(y/log(87r) + v/log(2/5)) .

Note that when V' = I, n* < r which recovers the known results from Kahane [1994] up
to constants. Furthermore, when V is diagonal, n* < tr(V). We will exploit this result in
the sequel.

4.3.2 Experiment design

We now consider the problem of choosing a set of inputs u € U in order to minimize
the expected error of the residual polynomial. Fixing the number of inputs m, the input
constraint set U, and recalling the definition of the covariance ¥(u) from (4.6), the optimal
experiment design problem is

ug}}n,lqjlg}'ll)zeeu EENN(O,[E(U)_I][T])HQHOO . (48)
In (4.8) and the sequel, if the covariance matrix »(u) is not invertible then we assign the
function value +00. Problem (4.8) is difficult to solve as written because the expected value
does not have a form which is easy to work with computationally. The following design
problem provides a good approximation of (4.8). Let {z1,...,2s} € T denote a grid of s
points on T. Consider the problem

L e
2 . : 4.9
BN, 15 oo B Jeel) (4.9)
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The objective (4.9) minimizes the maximum pointwise variance of Q)(z) over all points on
the grid {z1, ..., 2zs}. If the grid is uniformly spaced and s > 477, then by Lemma 4.3.1 we
can interpret (4.9) as minimizing an upper bound to the objective function in (4.8), since

Ee w050 |Qlle < (1+ dmr/s)E max [{p(z), €)

< (1+ drr/s) /210g(25) > max 3 /ioe(z)T[R(w) " ipel24)
=1 - =

(4.10)

However, (4.9) is non-convex in the u(?’s. A convex version of the problem can be written
by choosing mg inputs Y, ... u(™ € I and solving the semidefinite program (SDP)

mo
Tiy—1 _ ()\T (4) Ty _
X 1o X = ;T T 1=1 >0.
ml){lelﬂggnlze 1}1}3@( o(ze) [ pmpe(zr) st E 1 AiToep(u'”) Toep(u'") , A , A>0
12 i=

(4.11)

Equation (4.11) is a convex program and can be solved with any off-the-shelf solver such as
MOSEK [MOSEK ApS, 2015].

We now study two special cases of U to show how input constraints can affect design.
We first observe that when ¥(u) is diagonal, continuing the estimates from (4.10), we have
the following upper bound which holds since ||¢s(2)||o0 < 1,

Eenvo, s 1) 1Qlle < (1 +4mr/s) 2\/2 log(2s) tr([3(u) ") - (4.12)

Even though (4.12) only holds when ¥(u) is diagonal, it motivates us to consider the standard
A-optimal design problem

u(rllglinimize tr([X(u) ) - (4.13)
An advantage of (4.13) versus (4.9) is that the reduced complexity of the objective function
allows us to make statements about optimality when U is an ¢,-ball. The analogous SDP
relaxation of (4.13), similar to (4.11), is also more efficient to implement in practice for more
general U'’s.

Let F*(T,r) denote the optimal value of (4.13) with & = B for p € [1,0c], where B]
denotes the unit £,-ball in R”. We will always assume 7" > r. It is not hard to show that
F3(T,r) is finite and the value is attained (and hence X (u) at the optimum is invertible).
We claim the following statements about (4.13):

(a) When p € [1,2], the optimal solution is to set u = ey, i =1,...,m.

(b) When p € (2,00|, we can solve (4.13) to within a factor of two of optimal by convex
programming.
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(¢) When p = oo, we can give an exact closed form solution for (4.13) in the special case
when 7 = 2" with n > 0, T' = 2*r with £ > 1, and m is a multiple of T..

These statements follow from the following three lemmas, which are proved in full in Tu
et al. [2017, Section 3.2].
First, we have an optimization problem which lower bounds the optimal value F.

Lemma 4.3.3. For all p € [2,00], we have that

T—r

+io 17! 1
=—D (T.r).
S w| =i

(=1

1 '
* > _ :
F(T,r) > - m]RfT E
[wll,/2<1,w>0 =1

Lemma 4.3.4. For p € [1,2], we have that F;(T,r) = = which is achieved by setting
1) — — ym) —
u) = . =™ = e,

Lemma 4.3.5. Fix positive integers m,n,T, and suppose that m = 2n and n > T. Let
2 = 2™ for i =0,...,n— 1. Define the vectors u®, ... u™ Y and u™, ... w1 gs

u® = Re{uw,(T,r) © p(z)} , u™ = Im{w,(T,r) © p(z)}, i=0,..;n—1.

We have that the covariance matriz ¥(u) satisfies

(S0 ) = 2 Dy(T7)

4.3.3 Upper Bounds on FIR Identification with /,-constrained
Inputs

Combining the results from Section 4.3.1 and Section 4.3.2, we now prove an upper bound
on length-r FIR identification when the inputs are £,-constrained.

Lemma 4.3.6. Fiz positive integers m and r, and set T = 2r. Consider the input ensemble
uM = .. =ul™ = e; when p € [1,2], or the input ensemble defined in Lemma 4.5.5 when

p € (2,00] (with additional restrictions on m, r in this case). Let G, denote the length-r
FIR estimate derived from least-squares, and let G, denote the length-r FIR truncation of
G. With probability at least 1 — 9,

420,/ <\/10g(87rr) + \/log(2/5)> if pell,2]
8y/2Tog 20/ 2" <\/log(87rr) + \/log(2/5)> if p € (2,00] .

Proof. From Lemma 4.3.2, we have that with probability at least 1 — 9,

Gy = Grlae < 4920 /tr([S(u) g (VIog(377) + VVIog(2/9) ) -

H@r - GrHHoo <
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We only need to upper bound the variance term tr([¥(u)"'];). When p € [1,2], by
Lemma 4.3.4 the optimal input ensemble is the impulse response u? = e;, so we have
tr([X(u) ) < r/m. On the other hand, when p € (2,00], one can show (see Tu et al.
[2017, Lemma 3.5]) that the specified u’s satisfy

4log 2
m

r2/p :

2 4
tr([z(u)_l][ﬂ) S EDp(Zra T) S Erz/p(H%ﬂ - HT‘) S

where H, is the r-th harmonic number. n

4.3.4 Proof of Main Results

We now prove Theorem 4.1.1 and Theorem 4.1.2. Recall that @r is the estimated length-r
FIR approximation to GG, and G, is the true length-r FIR truncation of G. By the triangle
inequality, we have the following error decomposition into an approximation error and an
estimation error

HG - GTHHoo < \HG - GTHHOO/_I_\HGT - GTHHoo/ :

Approx. error. Estimation error.

Hence, in order for |G — G, ||l < ¢ to hold, it suffices to have both the approximation error
|G = G,|ls. < e/2 and the estimation error |G, — G, |l < £/2.

The approximation error is a deterministic quantity, and its behavior is governed by
the tail decay of the impulse response coefficients {gy}r>o. In Section 4.4, we prove in
Lemma 4.4.1 that as long as r satisfies

1 2
B BN (<O
p<r<l 1 —7y e(l—7)

then we have |G — G, |3, < e/2.
We now turn our attention to the estimation error. For the case when p = 2, Lemma 4.3.6
tells us with probability at least 1 — §, the estimation error satisfies

1Gy — Gyl < 4\/50\/5 <\/log(87rr) + \/log(2/5)) :

Setting the RHS less than £/2, solving for m, and using the inequality (a + b)? < 2(a? + b?),
we conclude that a sufficient condition on m is

2 2 2
m > maX{ 5(2;7 L <log(87rr) + log <5>) ; 1} :

This concludes the proof of Theorem 4.1.1.
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The proof of Theorem 4.1.2 is nearly identical. For the case when p = oo, Lemma 4.3.6
tells us with probability at least 1 — 9, the estimation error satisfies

IG, — Gyl < 8v/2log 20\/% <\/10g(87r7") + \/log(2/5)> :

Setting the RHS less than £/2 and solving for m, we conclude that the sufficient condition is

2
m > max {W (log(87r7") + log <§>) : 47’} .

e2

This concludes the proof of Theorem 4.1.2.

4.4 Finite Truncation Error Analysis for Stable
Systems

In Section 4.3, we presented both probabilistic guarantees and experiment design for identi-
fication of FIR systems of length r, which were independent of any system specific properties
of G. In this section, we analyze how system behavior affects the necessary truncation length
needed to reach a desired approximation error tolerance.

In order to provide guarantees, we require that the underlying system G is stable with
stability radius p € (0,1). A standard fact states that stability is equivalent to the existence
of a constant C' > 0 such that the tail decay on the coefficients of the Laurent expansion
G = >0, grz " satisfies the following condition

gkl < Cp*, k>1. (4.14)

Under this assumption, a calculation reveals that as long as

1iplog (s(l—cip)) ’

then we have that the approximation error |G — G, ||y, satisfies |G — G, ||n.. < e.

Unfortunately, without more knowledge of the system at hand, a bound on C'in (4.14) is
hard to characterize. However, by slightly relaxing the decay condition (4.14), we are able to
derive a tail bound using system-theoretic ideas. Intuitively, if a system has long transient
behavior, then we expect the constant C' in (4.14) to be large, since in order to obtain a
small approximation error one needs to capture the transient behavior. The next lemma
shows that the H.,-norm provides a sufficient characterization of this transient behavior; we
include the proof for completeness.

Lemma 4.4.1 (Goldenshluger and Zeevi [2001, Lemma 1]). Let G(z) = > -, gxz* be a
stable SISO LTI system with stability radius p € (0,1). Fiz any v satisfying p < v < 1.
Then for all k > 1,

r >

9] < IG(v2) e ?” -
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Proof. Define the function H(z) := G(z71), which is analytic for all |z| < 1/v. It is easy to
check that k-th derivative of H(z) evaluated at zero is H*)(0) = k!g;. Therefore,

k! gx| = |H(k)(0)| < klW" max |H(2)| = k!v* max |G(2)|

121<1/ 2>
= kly* max |G(vz)| = KV ||G(v2) | -

Above, the first inequality is Cauchy’s estimate formula for analytic functions, and the last
equality follows from the maximum modulus principle. [

We note that the technique used in Lemma 4.4.1 of considering the proxy system G(~z)
instead of G(z) directly also appears in Boczar et al. [2017] in the context of certifying
exponential rates of convergence for linear dynamical systems.

4.5 Robust Controller Design

In Section 4.3, we described how to obtain a FIR system Gy, with a probabilistic guarantee
that G = Gg, + A, where A is an LTI system satisfying ||All#. < e. This description of G
naturally lends itself to many robust control synthesis methods. In this section, we describe
the application of one particular method based on H,, loop-shaping to a particular unknown
plant.

Suppose that G is itself an FIR described with z-transform

149

G(2) = |wol + > Jwp| 127, p=10.95, (4.15)
k=1

where wy, ~ N(0,1) are independent Gaussians. In this section, we will detail the design of
a reference tracking controller for G using probabilistic guarantees.

4.5.1 Computing Bounds

While the non-asymptotic bounds of Section 4.3 and Section 4.4 give us upper bounds on the
error of noisy FIR approximation, the constant factors in the bounds are not optimal. Hence,
strictly relying on the bounds will cause oversampling by a constant factor of (say) 10 or
more. For real systems, this is extremely undesirable— using the sharpest bound possible is
of great practical interest. Fortunately, we can do this via simple Monte-Carlo simulations,
which we detail in Section B.1 the appendix. For now, we describe the results of these
simulations.

Our first Monte-Carlo simulation establishes that G satisfies the tail decay specified in
(4.14) with C' = 3.9703 and p = 0.95. If we truncate G with r = 75, we see that our

worst-case upper bound on |G — G, |3, is C’% = 3.9703 x % = 1.7840. In general,

assuming we have no other information about G other than the bounds on C' and p, this is
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the sharpest approximation error bound possible, since for any system with real-valued, all
non-negative Fourier coefficients, the H,-norm is simply the sum of the coefficients.

However, if we further assume we know the structure of GG as in this case where we know
the form of (4.15), but not the values of wy, we can further sharper our approximation
bound. Specifically, we know that Eapprox 1= |G — Gyl = S pons [wi| o571, and hence we
can perform another Monte—Carlo simulation to estimate the tail probability of this random
variable. The result of our simulation is that P(E,pprox < 0.46) > 0.99. This is a substantial
improvement over the previous bound of Eapprox < 1.7840 which only uses the information
contained in the tail decay.

We can use the same technique to sharpest the estimates from Lemma 4.3.2. We perform

: : . 74 _
our final Monte-Carlo simulation, now on the random variable F g 1= \/LNHZ 10§62 | oo

with 02 = 1 and & ~ N(0,1). Note that this corresponds to choosing the inputs to the
system as impulse responses, which we recall from Section 4.3.2 is optimal under fs-power
constraints. With this simulation, we obtain that P(Euse < 3.5954) > 0.99.

4.5.2 Controller Design

r e 1 Yy

n

Y
>

Figure 4.1: Closed-loop experimental setup. The goal is to design the controller K. Gy, is
estimated from noisy output data, and [|A||3.. is bounded via Monte-Carlo simulations.

Our goal is to design a controller K in the setup described in Figure 4.1, under the
assumption that [|Allxy. < Eapprox + Enoise < 4.0554. This assumption comes from the
calculations in Section 4.5.1. We note that ||Al[x.. /||G|#. fluctuates between 10-20%, so
G, is a relatively coarse description of G. We use standard loop-shaping performance goals
(see e.g. Doyle et al. [1990]). Let 7., and 7)., denote the transfer functions from r — e
and n +— e, respectively. At low frequencies, we would like |7,.,.| to have small gain, and
at high frequencies we would like |7, .| < 2. Similarly, we would like |T,,.| < 2 at low
frequencies and |7, .| small at high frequencies. Of course, we would like these goals to be
achieved, in addition to closed loop stability, for all G = Gy, + A.

We proceed in two steps. We first design a controller with the nominal Gy, using H, loop-
shaping synthesis (mixsyn in MATLAB). We choose weights to encourage our performance
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goals on T,_.. and T, . to be met. Next, we check that our performance goal is met, in
addition to robust stability. To make the computation easier, we check the performance
goals separately. First, it is well known (see e.g. Doyle et al. [1990]) that the goal on T, is
met (in addition to robust stability) if the following holds

IWAS]+ v [ESl[n. <1, (4.16)
where S = ﬁ and v = 4.0554. Specifically, under (4.16), the closed loop with K
in feedback with G is stable and achieves the performance guarantee |T,...(2)| < m for

every frequency z € T. On the other hand, to the best of our knowledge no simple expression
for the performance goal on 7, . exists, so we resort to a standard structured singular value

(SSV) calculation [Packard and Doyle, 1993].
We generate our controller K via the following MATLAB commands

w_c = 0.07; % Cross-over freq

W1l = makeweight (5000, w_c, .5, 1); % Low-freq disturbance rejection
W2 = 1.5%xfir_error_bound; % Robust stability

W3 = makeweight(.5, 3 * w_c, 5000, 1); % High-freq noise insensitivity
P = augw(G_fir, Wi, W2, W3);

K = hinfsyn(P);

In Figure 4.2, we plot the open loop gain L = Gy, K, sensitivity function S =1/(1+ L),
and complementary sensitivity function 7" = 1—.S. Here, we see that the cross-over frequency
we =~ 0.1.

Next, in Figure 4.3, we plot the p values for both the reference tracking objective T, .
and the noise insensitivity objective T}, .., and check that both curves lies below 1 for all
frequencies. Recall that this means that GG in feedback with K is not only exponentially
stable, but also satisfies both performance guarantees.

Finally, in Figure 4.4, we plot the output y as a function of a noisy square wave input
u, to show the desired reference tracking behavior, on both the closed loop simulation (with
Gir), and the actual closed loop behavior (with ). This shows that, while the model Gg,
was a coarse grained description of G with up to 20% relative error, it was faithful enough
to allow for a robust controller design.

4.5.3 Varying truncation length

We next study the effect of truncation length r on controller design. In Figure 4.5, we assume
the same setup and performance goals as the previous section, but vary the truncation length
r € {10,30,50,70}. We also include the result of a controller design which has full knowledge
of the true system G, which we label as Opt. We see that for » = 10, the resulting controller
unsurprisingly has undesirable overshoot behavior. However, as r increases the resulting
controller mimics the behavior of Opt quite closely. This plot shows that, at least for reference
tracking behavior, a fairly low-fidelity model suffices. For instance, across different trials,
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Magnitude (dB)

103 | IHHlO_Q | Hlllll(l)l_1 | ------100

Frequency (rad/s)

Figure 4.2: Loop-shaping curves from the experimental setup of Figure 4.1. L = Gy K
denotes the open-loop gain, S = 1/(1 + L) is the sensitivity function, and T'=1 — S.

the relative error of G, for r = 30 fluctuated between 15% to 30%, but in many cases r = 30
was able to provide reasonable reference tracking behavior.

4.6 Conclusion

This chapter explored the use of a coarse-grained FIR model estimated from noisy output
data for control design. We showed that sharp bounds on the H., error between the true
unknown plant and the estimated FIR filter can be derived using tools from concentration of
measure, and the constant factors on these bounds can be further refined via Monte—Carlo
simulation techniques. Finally, we demonstrated empirically that one can perform controller
synthesis using only a coarse-grained approximation of the true system while meeting certain
performance goals.

There are many possible future extensions of this work. We highlight a few ideas below.

MIMO Systems. While our approach can be generalized to the MIMO case by estimating
filters for each input/output pair separately, we believe that when the MIMO transfer matrix
has special structure (e.g. low rank), it should be possible to couple the estimation procedure
to reduce the n? factor increase in sample complexity. This is motivated by the vast literature
on compressed sensing, where sparse models embedded in a much larger ambient dimension
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Figure 4.3: The pointwise frequency p value for both reference tracking 7. .. and noise insen-
sitivity T},_... Robust performance is guaranteed as the curve lies below 1 at all frequencies.

can be uniquely recovered with at most a logarithmic factor more samples than the degree
of the intrinsic sparsity.

Nonlinear Systems. An extension of these techniques to nonlinear systems is another
exciting direction. One possible idea is to treat a nonlinear system’s Jacobian linearization
as the target unknown system, and fit a FIR using our techniques by exciting the nonlinear
system locally. One would expect that the controller designed on the FIR would be valid in
a neighborhood, and upon exiting the neighborhood, the process would repeat itself. The
challenge here remains to estimate online the regime for which a controller is valid.
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Figure 4.4: Reference tracking behavior of the closed loop with the model G, and the actual
plant G.
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Figure 4.5: Reference tracking behavior as the FIR truncation length is varied, as well as
the optimal nominal tracking.
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Chapter 5

H~o Bounds for Gain Estimation

5.1 Introduction

Recently, many researchers have proposed algorithms for estimating the H.,-norm of a linear
time-invariant (LTI) filter from input/output data [Miiller et al., 2017; Oomen et al., 2014;
Rallo et al., 2017; Rojas et al., 2012; van Heusden et al., 2007; Wahlberg et al., 2010]. A
common property of these algorithms is eschewing model parameter estimation for directly
estimating either the worst case {y-input signal [Rojas et al., 2012; Wahlberg et al., 2010]
or the maximizing frequency [Miiller et al., 2017; Rallo et al., 2017]. One of the major
motivations behind these algorithms is sample efficiency: since the H.,-norm is a scalar
estimate whereas the number of model parameters can be very large and possibly infinite,
intuitively one expects that norm estimation can be performed using substantially fewer
samples compared with model estimation.

In this chapter, we study the fundamental limits of estimating the H,,-norm of a finite
impulse response (FIR) filter, and compare to known bounds for FIR model estimation. We
show that for passive algorithms which do not adapt their inputs in response to the result
of previous queries, it is no more efficient to estimate the H.,-norm than to estimate the
model. For active algorithms which do adapt their inputs, we show that compared to model
estimation, norm estimation is only at most a log r factor more efficient when the underlying
model is a length r FIR filter. Our analysis raises an interesting open question: whether or
not there exists an active sampling strategy which attains our stated lower bound.

Based on our theoretical findings, we study the empirical performance of several existing
adaptive algorithms compared to a simple (non-adaptive) estimator which first fits a model
via least-squares and then returns the norm of the model. Surprisingly, we find that the
current adaptive methods do not perform significantly better than the simple estimator.
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5.2 Related Work

Data-driven methods for estimating the H.,-norm of an LTI system fall into roughly two
major approaches: (a) estimating the worst case f3-signal via a power-iteration type algo-
rithm [Oomen et al., 2014; Rojas et al., 2012; Wahlberg et al., 2010] and (b) discretizing the
interval [0, 27) and searching for the maximizing frequency [Miiller et al., 2017; Rallo et al.,
2017).

Algorithms that rely on power iteration take advantage of a clever time-reversal procedure
introduced by Wahlberg et al. [2010], which allows one to query the adjoint system G* with
only input/output access to the original system G. One issue with these methods is that
the rate of convergence of the top singular value of the truncated Toeplitz matrix to the
Hoo-norm of the system is typically O(1/n?) (c.f. Bottcher and Grudsky [2000]), but the
constant hidden in the O(-) notation can be quite large as pointed out in Tu et al. [2018b].
A non-asymptotic analysis of the statistical quality of the norm estimate returned by the
power iteration remains an open question; asymptotic results can be found in Rojas et al.
[2012].

The algorithms developed in Miiller et al. [2017] and Rallo et al. [2017] are based on
discretizing the frequencies [0,27) and are rooted in ideas from the multi-armed bandit
literature. Here, each frequency can be treated as either an “arm” or an “expert”, and
an adaptive algorithm such as Thompson sampling [Miiller et al., 2017] or multiplicative
weights [Rallo et al., 2017] is applied. While sharp regret analysis for bandits has been
developed by the machine learning and statistics communities [Bubeck and Cesa-Bianchi,
2012], one of the barriers to applying this analysis is a lack of a sharp theory for the level of
discretization required. In practice, the number of grid points is a parameter that must be
appropriately tuned for the problem at hand.

The problem of estimating the model parameters of a LTI system with model error
measured in Hoo-norm is studied in Tu et al. [2017], and in ¢,-norms by Goldenshluger
[1998]. For the FIR setting, the matching upper and lower bounds of Chapter 4 will serve
as a baseline for us to compare our bounds with in the norm estimation setting. Helmicki
et al. [1991] provide lower bounds for estimating both a model in H.-norm and its frequency
response at a particular frequency in a query setting where the noise is worst-case. In this
work we consider a less conservative setting with stochastic noise. Miiller et al. Miiller
et al. [2017] prove an asymptotic regret lower bound over algorithms that sample only one
frequency at every iteration. Their notion of regret is however defined with respect to the
best frequency in a fixed discrete grid and not the H,-norm. As we discuss in Section 5.3.2,
this turns out to be a subtle but important distinction.

5.3 Problem Setup and Main Results

In this section we formulate the problem under consideration and state our main results We
fix a filter length r and consider an unknown length r causal FIR filter H(g) := > }_ grz "
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with g € C". We study the following time-domain input/output query model for H(g): for
N rounds, we first choose an input u¥ € C" such that ||u®|, < M, and then we observe
a sample y® ~ N(T(g)u®,oI), where T(g) denotes the r x r upper left section of the
semi-infinite Toeplitz matrix induced by treating g as an element of fo.! By N (u, 021) for a
complex p € C” we mean we observe (Re(u) + &) + j(Im(u) + &) where & ~ N(0,0°1) and
are independent. R

After these N rounds, we are to return an estimate H € R of the norm || H (g)||3.., based
on the collected data (u™®,y®, ... u®™ y™)) The expected risk of any algorithm for this

problem is measured as [ HPAI —1H(9) |3,

], where the expectation is taken with respect

to both the randomness of the algorithm and the noise of the outputs y®.

Our results distinguish between passive and active algorithms. A passive algorithm
is one in which the distribution of the input u at time ¢ is independent of the history
(u®,y® w1 D) An active algorithm is one where the distribution of u® is
allowed to depend on this history.

Given this setup, our first result is a minimax lower bound for the risk attained by any
passive algorithm.

Theorem 5.3.1 (Passive lower bound). Fiz a v > 0. Let r > ¢ for a universal constant
¢ >0 and N > poly(r,M,1/y). We call a passive algorithm A admissible if the matriz
~ SN B [T T(u®)] = yI. We have the following minimaz lower bound on the risk
of any passive admissible algorithm A:

rlogr

N

inf sup E || Ay — | H(g) e ] = €'

A gE(C'r

(5.1)

Here, C' is a universal constant. We note the form of the poly(r, M,1/v) can be recovered
from the proof.

The significance of Theorem 5.3.1 is due to the fact that under our query model, one

can easily produce an estimate § € C” such that E[|H(9) — H(9)|ln.] < C"Zy/=%";

concretely setting uY) = Me, by appealing to the arguments in Chapter 4. That is, for
passive algorithms the number of samples to estimate the r model parameters is equal (up
to constants) to the number of samples needed to estimate the H..-norm, at least for the
worst-case. The situation changes slightly when we look at active algorithms.

Theorem 5.3.2 (Active lower bound). The following minimaz lower bound on the risk of
any active algorithm A holds:

fsup B [|Fy — 1H (g >’ 5.2
inf sup B || Ly — [1H(9) .| M,/ (52)

'We note that our results extend naturally to the setting when T'(g) is the ar x ar upper left section for
a positive integer av > 1. Furthermore, one can restrict both the system coefficients ¢ and the inputs u® to
be real-valued by considering the discrete cosine transform (DCT) instead of the discrete Fourier transform
(DFT) in our proofs.
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Here, C" is a universal constant.

We see in the active setting that the lower bound is weakened by a logarithmic factor
in . This bound shows that for low SNR regimes when M < +/r, the gains of being
active are minimal in the worst case. On the other hand, for high SNR regimes when
M > /r, the gains are potentially quite substantial. We are unaware of any algorithm that
provably achieves the active lower bound; it is currently unclear whether or not the lower
bound is loose, or if more careful design/analysis is needed to find a better active algorithm.
However, in Section 5.3.2 we discuss special cases of FIR filters for which the lower bound
in Theorem 5.3.2 is not improvable.

We note that our proof draws heavily on techniques used to prove minimax lower bounds
for functional estimation, specifically in estimating the /,.-norm of a unknown mean vector
in the Gaussian sequence model. An excellent overview of these techniques is given in Wu
2017, Chapter 22].

5.3.1 Hypothesis Testing and Sector Conditions

An application that is closely related to estimating the H..-norm is testing whether or not the
Hoo-norm exceeds a certain fixed threshold 7. Specifically, consider a test statistic ¢ € {0,1}
that discriminates between the two alternatives Hy : [|H(9)||n., < 7and Hy : ||H(g) |3, > T-
This viewpoint is useful because it encompasses testing for more fine-grained characteristics
of the Nyquist plot H(w) via simple transformations. For instance, given finite a < 0 < b, one
may test if H(w) is contained within a circle in the complex plane centered at (a+b)/2+ 0j
with radius (b—a)/2 by equivalently checking if the H.,-norm of the system H(g)— (a+b)/2
is less than (b — a)/2; this is known as the [a, b]-sector condition [Gupta and Joshi, 1994].

Due to the connection between estimation and hypothesis testing, our results also give
lower bounds on the sum of the Type-I and Type-II errors of any test 1 discriminating
between the hypothesis Hy and H;. Specifically, Q(%) queries in the passive case (when
7 is sufficiently small) and Q(;‘;&) queries in the active case are necessary for any test to
have Type-I and Type-II error with less than constant probability.

5.3.2 Shortcomings of Discretization

In order to close the gap between the upper and lower bounds, one needs to explicitly deal
with the continuum of frequencies on [0, 27); here we argue that if the maximizing frequency
is known a-priori to lie in discrete set of points, then the lower bound is sharp.

Suppose we consider a slightly different query model, where at each time ¢ the algorithm
chooses a frequency w; € [0,27) and receives y® ~ N(H(w;),1). For simplicity, let us also
assume that the H.,-norm is upper bounded by 1. Note that by slightly enlarging T'(g)
to the 2r x 2r upper left triangle, we can emulate this query model by using a normalized
complex sinusoid with frequency w;.

If the maximizing frequency for the H.,.-norm of the underlying system is located on
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the grid {27k /r};_; and its phase is known, this problem immediate reduces to a standard
r-arm multi-armed bandit (MAB) problem where each arm is associated with a point on the
grid. For this family of instances, the following active algorithm has expected risk upper
bounded by /r/N times a constant:

(a) Run a MAB algorithm that is optimal in the stochastic setting (such as MOSS [Audibert
and Bubeck, 2009]) for N/2 iterations, with each of the r arms associated to a frequency
2k /r.

(b) Sample an index I € {1,...,r} where:

_ # number of times arm ¢ was pulled

P(I = i) N7

(¢) Query wy for N/2 times and return the sample mean.

More generally, for any grid of frequencies {wy} such that the number of grid points is O(r),
this algorithm obtains O(y/7/N) expected risk. Hence the lower bound of Theorem 5.3.2 is
actually sharp with respect to these instances.

Therefore, the issue that needs to be understood is whether or not the continuum of
frequencies on [0,27) fundamentally requires additional sample complexity compared to
a fixed discrete grid. Note that a naive discretization argument is insufficient here. For
example, it is known (see Bhaskar et al. [2012]) that by choosing P equispaced frequencies
one obtains a discretization error bounded by O(r/P), e.g. ||H(9)||n.. — |H(wk)| < O(r/P)
for the largest wy. This bound is too weak, however, since it requires that the number of
arms scale as O(r/e) in order to obtain a risk bounded by ¢; in terms of NV, the risk would
scale O(1/N/3).

To summarize, if one wishes to improve the active lower bound to match the rate given
by Theorem 5.3.1, one needs to consider a prior distribution over hard instances where the
support of the maximizing frequency is large (possibly infinite) compared to 7. On the other
hand, if one wishes to construct an algorithm achieving the rate of Theorem 5.3.2, then one
will need to understand the function w +— |H(w)| at a much finer resolution than Lipschitz
continuity.

5.4 Proof of Main Results

The proof of Theorem 5.3.1 and Theorem 5.3.2 both rely on a reduction to Bayesian hy-
pothesis testing. While this reduction is standard in the statistics and machine learning
communities (see e.g. [Tsybakov, 2009, Chapter 2]), we briefly outline it here, as we believe
these techniques are not as widely used in the controls literature.

First, let m,m be two prior distributions on C". Suppose that for all #; € m; we have
|H(01)]|2., = 0 and for all Oy € w5 we have |H (6,)]|».. = 2¢ for some ¢ > 0. Let P, denote
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the joint distribution of (u™,y™, ... u®™) 4™ which combines the prior distribution m;
with the observation model. Then Markov’s inequality implies that,

Cc

sup E | — | HO) ||| = 5

o0cCr

(1 - dTV(Pm?Pm)) )

where for two measures P, Q we define the total-variation (TV) distance as
dry(P, Q) = sup[P(4) — Q(4)| .

Hence, if one can construct two prior distributions 7, mo with the aforementioned properties
and furthermore show that drpy(Pr,,Pr,) < 1/2, then one deduces that the minimax risk
is lower bounded by ¢/4. This technique is known as Le Cam’s method, and will be our
high-level proof strategy.

As working directly with the TV distance is often intractable, one typically computes
upper bounds to the TV distance. We choose to work with both the KL-divergence and

the y?-divergence. The KL-divergence is defined as diy(P,Q) = [ log( ) dP, and the

x>-divergence is defined as d,2(P,Q) = [ (dP — 1) dQ (we assume that P < Q so these

quantities are well-defined). One has the standard inequalities drv (P, Q) < y/3di(P, Q) and

drv(P, Q) < /d\2(P,Q) [Tsybakov, 2009].

Omitted proofs in this section can be found in the full paper Tu et al. [2018a].

5.4.1 Proof of Passive Lower Bound (Theorem 5.3.1)

The main reason for working with the y?-divergence is that it operates nicely with mixture
distributions, as illustrated by the following lemma.

Lemma 5.4.1 (see e.g. Lemma 22.1 of Wu [2017]). Let © be a parameter space and for
each 0 € © let Py be a measure over X indexed by 0. Fix a measure Q on X and a prior
measure w on ©. Define the mizture measure P, = [Py w(df). Suppose for every 0 € O,
the measures Py and Q are both absolutely continuous w.r.t. a fixed base measure y on X.

Define the function G(61,0,) as

dPgl dPeZ

G(61,05) :z/% u(dz) .

dp
Then, dy2(Py, Q) = Eg, g,re2[G (61, 65)] —

We now specialize this lemma to our setting. Here, our distributions [Py are over the data,
e (uM, yM o uN g for a fixed system parameter @ € C”. The joint distribution Py
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has the density (assuming that u(¥ has the density v,(u®))

po(uD,yM, . u H (W) (y?; T(O)u)

where ¢(+; ) denotes the PDF of the multivariate Gaussian N(u,0%I). Note that this
factorization with 7;(-) independent of 6 is only possible under the passive assumption. A
straightforward calculation gives the value of G under this density.

Lemma 5.4.2. Supposing that u® ~ ~,(-), we have that

exp <Ui ZRe<<T<el>u<t>,T<92>u<t>>>>] .

We now construct two prior distributions on #. The first prior will be the system with
all coefficients zeros, i.e. m = {0}. The second prior will be more involved. To construct
it, we let ¥ = SV Ey0)n, [T(u®)*T(u®)]. By the admissibility assumption on the
algorithm A, ¥ is invertible. Let Z C {1,...,r} denote an index set to be specified. Let
F € C™*" denote the unnormalized discrete Fourier transform (DFT) matrix (i.e. FF*=rl
and F71 = %F *). We define our prior distribution 7 as, for some 7 > 0 to be chosen,

= Unif({7XY2F~'¢;}sez). We choose T as according to the following proposition.

G(01,02) =E, 0

Proposition 5.4.1. Let uq,...,uy € C" be independently drawn from N distributions such
that |[u®|y < M almost surely for allt = 1,...,N. Let & = £ 3N B o [T(u®)*T(u®)]
and suppose that ¥ is invertible. There exists an index set T C {1,...,r} such that |Z| > r/2
and for all v € T,

1
FY 2ol > —
| €illoo 2 577 -
Now defining

A = Z u®) = E o [T () T (u®)])

we observe that for indices j;, jo € Z,

N
D (TETPFE ey )ul) TSP ey ) =

t=1

—~

M=

(T(u)S 2 F ey, T(uO) S 2P ey

~
Il
,_.

_*Z_l/QT(U(t))*T(U(t))z_l/QF_l€j2

Il
WE
S

&S|

t=1
=e] F*S72(NE + A2 e
= Ne] F*Flej, + e}, F*AF e

N
= —1;-, —|—eTF *AF! €jy 5
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where A := S7/2A%12. In (a) we used the fact that T'(u)v = T(v)u, as convolution is
commutative. Combining this calculation with Lemma 5.4.2, we see that

2

N 7_2 T =% A —1
Eo,[G(64,02)] = E; w0 | exp ;—ljlzh X exp ;Re <ej1F AF ej2>

r

(a) 212N 277 X

< \/Eji’u(t) {exp (lel:h)] X \/Eji,u(‘) |:€Xp <?RG(G;EF_*AF_16]'2>>:|
®) 2NT2Y 2 2 272 X

2 o (2202 v o (B3|

where in (a) we used Cauchy-Schwarz and in (b) we used the fact that |Z| > r/2. Now
condition on j1,72. For a1 <t < N, define the random variable v; as:

¢ := Re(e] F*S™ 2T (u) T (u) S F ey,
- Re(e;F_*E_l/QEu(t) [T T (D)D" V2F 1 e,,) .
We have that E,u[¢;] = 0 by construction. Furthermore, note that ||[F'~'e;||s = 1/4/r for
j=1,...,r and also that that ||T(u)|| < ||H (v)||3. < |lulli < +/Tllul|z for any vector u € C”.
These facts, along with the assumption that 3 = vI, show that [1;| < 2M?/~ almost surely.
Hence, Zi\i 1 ¥¢ is a zero-mean sub-Gaussian random variable with sub-Gaussian parame-

ter AM*N/~4? (see Vershynin [2018, Chapter 2] for background exposition on sub-Gaussian
random variables). Therefore, we know that for any ¢ > 0, its moment generating func-

tion (MGF) is bounded as E, ), [exp (t Zivzl wtﬂ < exp(2t?M*N/~?). Hence by iterating

expectations and setting ¢t = 27%/0?, we have:
2 2
E;, .o {exp (U—TZRe(ejTlF_*Z_l/QAE_l/QF_lejQ))} < exp(87*M*N/(0*+?)) .

Therefore, for any choice of 7 such that 7¢ < (log(1.1)/8)cy?/(M*N), we have that:

)2 2
Sy1-2.
T r

— 2NT2
Eﬁi,u“) [G<01a 92)] S 11\/eXp ( 2,

g

a%rlog(0.211r)

SN , we have:

Hence if » > 5 and if we set 72 =
dxz (]P’,T, ]Po) = ]Eai’u(t) [G(Ql, 92)] —-1< 1/4 ,

assuming the previous condition on 7 is satisfied. This then implies that drv (P, Py) < 1/2.
We now choose N > (2/log(1.1))r?log?(0.211r)M* /42 = Q(r2M*/4?) so that our condition
on 7 holds.
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To conclude, we need to show a minimum separation between the H.,-norm on m; vs.
mo. Immediately, ||H(0)|#., = 0 on 7. On the other hand, for i € Z,

® 7

(a)
H(rXY2F e, > r|FR V2R e > —
| H (T ei)|lro = 7| €illoo > 5

where inequality (a) comes from ||H(g)||n.. > ||F9|l~ for any g and inequality (b) comes
from Proposition 5.4.1. Hence we have constructed two prior distributions with a separation
of ¢ = Q(7/M) but a total variation distance less than 1/2. Theorem 5.3.1 now follows.

5.4.2 Proof of Active Lower Bound (Theorem 5.3.2)

For this setting we let m; = {0} and 7 = {7F'e¢;}’_,. The proof proceeds by bounding
dy (P, Pr,). To do this, we first bound diy(Py, P;), where Py is the joint distribution 1nduced
by the parameter ¢ = 0 and IP; is the joint distribution induced by the parameter g = 7F " le;.
Proceeding as in the proof of Theorem 1.3 in Tu et al. [2017],

u®) Ry )], 0)
da(Po. P, 10gH Fe(u® { }t 1) po(y"]u”)
1 Ye(u®{u®) y(’“} Dpi(y D u®)

Z w0 [ (N (0, 02T ), N (T (1 F e;)u®, 0*1))]

N
Z wonp IT(EF e)u? 3]
A straightforward calculation shows that:
- —-1r-2 1
ZT(F_lei)*T<F_1ei) = dlag (17 : ) : RRRE) _) )
— r r r

and hence the operator norm of this matrix is bounded by one. Therefore, by convexity of
dk17

N

2 T
dkl(]P)m,]PﬂQ < del ]P)(), 20_ . Z]Eu(t)"’]PO ))* (Z T(F_lei)*T(F_lei)> u(t)]
=1 i=1
2NM2 - 72N M?
T F! i <
202y Z €i) ) - 202

Hence if we set 7 = Z./%, we have by Pinsker’s inequality that dpy(Pr,,Pr,) < 1/2.
Finally, we note that ||H(7F'e;)||3%.. > 7 and conclude.
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5.5 Experiments

We conduct experiments comparing a simple non-adaptive estimator based on least-squares
(which we call the plugin estimator) to three active algorithms: two similar algorithms
essentially based on the power method [Rojas et al., 2012; Wahlberg et al., 2010] and one
based on weighted Thompson Sampling (WTS) [Miiller et al., 2017]. Pseudocode for the
plugin estimator is shown in Algorithm 1. For completeness, in Appendix C we describe
the power method based algorithms in Algorithms 2 and 3, and the WTS algorithm in
Algorithm 4. For brevity, we assume input normalization of ||ul!||, = 1; for different SNR
the algorithms are modified accordingly.

Algorithm 1: Plugin Estimator
Input: Normalized {u®}.
fort=1to N do
| Perform the experiment 3y = Gu® + n®.
end
Form G from a least-squares fit of {y®} and {u®}.
return H = |G

We compare the performance of these four algorithms on a suite of random plants and
random draws of noise. We note, however, that it is difficult to place these algorithms on
even footing when making a comparison, especially in the presence of output noise. Reasons
for this are:

e The parameters deemed “fixed” may be beneficial (or adversarial) to one algorithm or
another.

e The amount of “side information” (e.g. mnoise covariance) an algorithm expects to
receive may not be comparable across algorithms.

For an example of the first point, a large experiment budget is beneficial to the plugin and
WTS estimators as they generally obtain better estimates with each new experiment while
power method estimators hit a “noise floor” and stop improving.

The plants under test are of the form G(z) = Sj_i 2 *p*n where p € (0,1] and

s S Unif[—1,1]. For each suite of tests, we hold all other parameters fixed as shown
in Table 5.1. To compare the aggregate performance across suites of random plants, we use
performance profiles, a tool in the optimization community popularized by Dolan and Moré
[2002]. Given a suite of methods {m;} and a metric d(m;, m;) for per-instance performance,
performance profiles show the percentage of instances where a particular method m is within
7 of the best method. In our case, the metric will be the difference in relative error between
the method’s estimate and the true H..-norm of the plant under consideration. As an ex-
ample, PLUGIN(.05) would be the percentage of instances where the relative error of the
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Table 5.1: Experiment Parameters

Type Value
SNR, 4= 20 (high), 10 (low)

Experiment budget N 200
Plant length r 10
Input/output data length r’ 50

Plant decay p 0.75 (decay), 1.0 (no decay)
Number of random plants 100
Noise instances per plant 10

plugin estimator is within 5 percentage points of the smallest relative error on that instance.
Performance profiles are meant to show broad differences in algorithm performance and are
robust to per-instance variation in the data, when interpreted correctly.

With this in mind, the performance profiles comparing the four algorithms? are shown in
Figures 5.1 and 5.2. We see that for the plants with decaying impulse response coefficients,
the plugin and WTS estimators are comparable. The latter estimator performs relatively
worse in the experiments corresponding to no coefficient decay. As alluded to previously,
this can most likely be attributed to our particular experimental setup: the WTS algorithm
effectively grids the frequency response curve of the plant, and this set of plants allows for
more relative variation in the curve than the onces with decaying coefficients.

5.6 Conclusion

In this chapter, we provide lower bounds for H,-norm estimation for both passive and active
algorithms. Our analysis shows that in the passive case model identification and H,,-norm
estimation have the same worst-case sample complexity. In the active setting, the lower
bound improves by a factor that is logarithmic in the filter length. Experimentally, we see
that the performance of a simple plugin H..-norm estimator is competitive with the proposed
active algorithms for norm estimation in the literature.

Our work raises an interesting question as to whether there exists an active algorithm
attaining the lower bound, or if instead the lower bound can be sharpened. In Section 5.3.2,
we briefly discussed the technical hurdles that need to be overcome for both cases. Beyond
resolving the gap between the lower bounds, an interesting question is how does the sample
complexity of both model and norm estimation degrade when the filter length is unknown.

2Code producing these plots can be found at https://github.com/rjboczar/hinf-lower-bounds—ACC.
The experiments were carried out using the PyWren framework [Jonas et al., 2017].
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Figure 5.1: Performance profiles for the plugin, power method A, power method B, and
weighted Thompson Sampling estimators (with coefficient decay).



Chapter 5: H., Bounds for Gain Estimation

. 1.0 “‘,.-—’,_-—
o <
VI KR4 -
— 0.8 s V4 __‘_,,.ﬂ“
S ': // 4""-‘
.2 : /
Sy 57 R
PRy <
= | K4
=z 0 4--, 'l Plugin
g ’
2 ~ == == Power A
€ U4
= 0.2 ’ ====s Power B
s U4
"/’ == WTS
O O _-_-_? T T T
0.02 0.04 0.06 0.08 0.10
T

1'0_ asunm REETEEET _A
=~ /— 44"'-“ " - -
Vi ot T e
— 08 o ’J L,

*S “0 ,/ "¢ﬂ
T < '
§ f“ / I"'
= 0.67 R P4 o
= o. / O,
= o // P
E O 4“.‘ / ',
g /’ 7
= J
§ 0 2-// I'
— L4
= N
-
0.0 22 . . |
0.02 0.04 0.06 0.08 0.10

(b) Low SNR, no decay

65

Figure 5.2: Performance profiles for the plugin, power method A, power method B, and
weighted Thompson Sampling estimators (without coefficient decay).
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Chapter 6

Finite-Data Performance Guarantees
for the Output-Feedback Control of
an Unknown System

6.1 Introduction

There have been many recent results that apply state-of-the-art machine learning techniques
to the control of systems with continuous action spaces [Bansal et al., 2017; Dean et al.,
2017; Duan et al., 2016; Fazel et al., 2018; Levine et al., 2016; Marco et al., 2017]. As the
systems we control become ever more complex, be it in their dynamics, their scale, or their
interaction with the environment, moving to a data-driven approach will be inevitable: in
these settings, first-principle modeling becomes either impossible or intractable. However,
as promising and exciting as recent empirical demonstrations of these techniques have been,
they have, for the most part, lacked the rigorous stability, safety and robustness guarantees
that the controls community has always prided itself in providing. Indeed, such guarantees
are not only desirable, but necessary when such techniques are being proposed for the control
of safety critical systems or infrastructures.

This chapter can be seen as a step towards providing such guarantees, albeit in a sim-
plified setting, wherein we establish rigorous baselines of robustness and performance when
controlling a single-input-single-output (SISO) system with an unknown transfer function.
To do so, we combine contemporary approaches to system identification and robust control
into what we term the “coarse-ID control” pipeline. In particular, we leverage the results
developed in Chapter 4 to provide finite-sample guarantees on optimally (in a certain sense)
estimating a stable single-input single-output linear time-invariant (SISO LTI) system, us-
ing input-output data pairs.! Such finite-data guarantees are not only in stark contrast to

'We note that there have been recent results in the system identification literature (for example Campi
and Weyer [2002] and Shah et al. [2012]) that also seek to provide non-asymptotic guarantees of model
estimation quality.
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classical system identification results, which typically only provide asymptotic guarantees
of model fidelity (see Ljung [1999] for an overview), but also necessary for the principled
integration of these techniques with robust control, as they allow us to quantify the amount
of uncertainty that our controller must contend with. We then formulate a robust control
problem using the recently developed system-level synthesis (SLS) procedure [Wang et al.,
2019], which exploits a novel parameterization of stabilizing controllers for LTI systems that
allows us to quantify performance degradation in terms of the amount of uncertainty affect-
ing the system [Matni et al., 2017]. Again this is in contrast to classical methods from robust
control that are only able to provide robust stability guarantees for a prescribed amount of
uncertainty [Zhou et al., 1995].

Main contribution A feature of “coarse-ID control,” as described above, is that we can
analyze the end-to-end performance of this pipeline in a non-asymptotic setting. Specifically,
we show that the difference in cost between the optimal cost for the true system (an FIR SISO
system of length r) and the realized cost induced by instead solving a robust SLS procedure

o?r

for the approximate system is O —

). Here, we assume that the approximate system

was estimated using the “optimal” coarse-grained system identification procedure described
in Chapter 4, with o2 the measurement noise variance and m the number of experiments
conducted in order to construct an estimate of the system. Finally, this chapter should be
viewed as a step towards generalizing the results in Dean et al. [2017], which provides finite-
data end-to-end performance guarantees for the classical LQR optimal control problem, to
the output-feedback setting.

In Section 3.2 we fix notation and quickly outline the structure used by common robust
control problems. Section 6.3 then gives an overview of the system-level synthesis framework
and how it can be used to solve these problems. Finally, in Section 6.4 we combine this
framework with recent work on coarse-grained identification to provide quantitative bounds
on how the performance of a robust controller synthesized using the SLS framework degrades
when the plant to be controlled is only approximately identified. We conclude in Section 6.5
with computational examples.

6.2 Preliminaries

Notation Recall that we use boldface to denote frequency domain signals and transfer
functions. Unless otherwise noted, in this chapter || - || represents the H..-norm (the induced
{3 — {5 norm) for elements in RH, (this reduces to the spectral norm for constant matrices).

6.2.1 The standard robust control problem

We first introduce a standard form for generic robust and optimal control problems, and then
show how simple disturbance attenuation and reference tracking problems can be cast into
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this standard form. We work with discrete-time LTI systems, but unless stated otherwise,
all results extend naturally to the continuous-time setting. A system in standard form can
be described by the following equations:

VAES P11W + P12u
y = Paw + Pypu (6.1)
u = Ky,

where z is the regulated output (e.g., deviations of the system state from a desired set-point),
y is the measured output available to the controller K to compute the control action u = Ky,
and w is the exogenous disturbance. We further assume that the full plant P admits a joint
realization,? i.e. ‘
A | By By
P — |:§11 512:| — Cl Dll D12 (62)
21 Fao Cy | Dy 0O

where P;; = C;(21 — A)"'B; + D;;.

The standard optimal control problem of minimizing the gain from exogenous disturbance
w to regulated output z, subject to internal stability of the closed loop system shown in
Figure 6.1, can then be posed as

min%nize ||P11 + Png(I — PQQK)_1P21” (63)
subject to K(I — PyK)™' € RHq.

Disturbance rejection Consider the feedback system shown in Figure 6.2, wherein a
controller K is in feedback with a SISO plant G, with input disturbance d and measurement
noise n. We can then define the disturbances and outputs as

-
o [ﬂ\;]

y=v+n,

2We assume throughout that Py is strictly proper—it follows that K(I —P2K) ™! € RH . is a necessary
and sufficient condition for internal stability of the closed loop system shown in Figure 6.1 [Zhou et al., 1995].
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7 < Pll P12 +— W

P21 Poas [«

» K

Figure 6.1: The standard optimal control problem (6.3) for the plant P as defined in equa-
tions (6.1) and (6.2).

respectively, where p > 0. Furthermore, let the plant G have a state-space realization

(A, B,C). We then have that
zZ = G0 W+ G u
|0 0 p

= P11W + Plgu
y = [G 1} w + Gu
= P21W + ngu,

from which it follows that the generalized plant P admits the joint realization

A | [B 0B

CT [To o] o
2= ] o] I
¢ o1 o

Reference tracking Now, consider the feedback system shown in Figure 6.3, wherein a
controller K is in feedback with a SISO plant G, with input disturbance d and reference
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d » G Y >

K |« n

Figure 6.2: The disturbance rejection problem for a SISO plant G with input disturbance d
and measurement noise n.

signal r. We can then define the disturbances and outputs as

y=e,

respectively, where p > 0. Furthermore, let the plant G have a state-space realization

(A, B,C). We then have that

<[5 el

0 0 p
=Puw+ Ppu
y = [G —1} w + Gu
= Pyw + Pau,

from which it follows that the full plant P admits the joint realization

A | [B OB

>~ o] 1l o] L

Specialization to FIR plant G Suppose that G is strictly proper and has a finite impulse
response (FIR) of order 7, i.e., that G = Y2— g;2~* for a collection of real scalars {g;}1=}.
Defining g = [g1, g2, ..., gr—1] ', the plant G admits the state-space realization (Z,e;,g")
where Z is the right-shift operator (i.e., a matrix with ones one the sub-diagonal and zeros
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—r

d » (& V»*

K [e—= >

Figure 6.3: The reference tracking problem for a SISO plant G with disturbance d and
reference r.

elsewhere). Given the examples presented thus far, going forward we assume that
T
C(1 = [g 0} ’ 02 = gT7 (64)

as well as the standard assumption that D/,C; = 0. Additionally, given that we are con-
sidering SISO systems, we can without loss of generality (by suitably rescaling Bs) assume
that

Di=1[0 1] (6.5)

6.2.2 Coarse-grained identification

As our aim is to provide end-to-end guarantees for robust control problems, we must first have
a scheme to acquire an approximate plant model G. Recall our coarse-grained identification
setup® from Section 4.3:

(i) carefully choose a series of m inputs {u®}, where u'”) € ¢, and collect noisy outputs
{y®} where y® = Gu® + ¢ with £@ "% A(0, 021)

(ii) form a least-squares estimate G of the impulse response of G using {u®”, y®}.

We refer to each such pair (u®, y®) as an experiment.

However, we need to make slight modifications to the results in Chapter 4. We will need
l5 bounds on the impulse response error, as these are more natural for our problem, and the
bounds in Chapter 4 are in term of the H,,-norm. However, while they can conservatively
be plugged in verbatim (as ||g|ls < ||G||x..), we will instead modify their proofs slightly to
fit our application.

3We use boldface notation for signals to reinforce the frequency-domain aspects in the sequel.
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6.3 System-Level Synthesis

The System-Level Synthesis (SLS) framework, proposed by Wang et al. [2019], provides a
parameterization of stabilizing controllers that achieve specified responses between distur-
bances and outputs. We briefly review here the SLS framework, and later show in Section
6.4.1 how it can be modified to solve a robust optimal control problem subject to bounded
uncertainty on the FIR coefficients g.

For an LTI system with dynamics described by (6.2), we define a system response
{R,M, N, L} to be the maps satisfying

o e xl ) 09

where d, := B;w is the process noise, and ¢, := Dy w is the measurement noise.

We call a system response ® = {R, M, N, L} stable and achievable with respect to a plant
P if there exists an internally stabilizing controller K such that the control rule u = Ky
leads to closed loop behavior consistent with (6.6). It was shown in [Wang et al., 2019] that
the parameterization of all stable and achievable system responses {R, M, N, L} is defined
by the following affine space:

- A —B) [ﬁ ﬂ _[1 0] (6.7a)
8-l
R,M.N € %RHOO, L € RH... (6.7¢)

We call equations (6.7a) - (6.7c) the SLS constraints. The parameterization of all internally
stabilizing controllers is given by the following theorem.

Theorem 6.3.1 ([Wang et al., 2019, Thm. 2]). Suppose that a system response {R, M, N, L}
satisfies the SLS constraints (6.7a) - (6.7¢). Then, K = L—MR N is an internally stabiliz-
ing controller for the plant (6.2) that yields the desired system response (6.6). Furthermore,
the solutions of (6.7a) - (6.7c) with the implementation K = L — MR ™'N parameterize all
internally stabilizing controllers for the plant (6.2).

Using this parameterization, we can recast the standard optimal control problem (6.3)
as the SLS problem

minimize J(G, ©) H 1 D12 {R N] {Bl} + Dy (6.8)

{R,M,N,L} M L
subject to (6.7a) — (6.7c)

In the FIR case, we use the abbreviated notation J(g, ®) for the case where G is the plant
(Z7 €1, gT> :
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Remark 6. Although we focus on the Ho optimal control problem posed in equation (6.8),
the results that follow carry over naturally to Ho (LQG) and Ly optimal control problems as
well.

6.4 Sample Complexity Bounds

We now provide finite-data performance guarantees for a controller synthesized using the
system identification and robust synthesis procedures described in the previous sections.
Prior to stating our main results, we recall the problem set up and Coarse-ID Control
pipeline.

We consider the identification and control of the system (Z, ey, g "), which is assumed to
be FIR of order r. We begin with the simplified setting that the order r of the true system is
known, and we use the Coarse-grained identification procedure described in Section 6.2.2 to
identify an approximate system (Z, e;,g'), also of order r, using a series of m experiments.
We then use this approximate system (Z, ey, g'), as well as high-probability bounds on the
estimation error ||g — gl|2, in a robust SLS problem (see (6.13) in Section 6.4.1) to compute a
controller with provable suboptimality guarantees, as formalized in the following theorem.*

Theorem 6.4.1. Let ©q be the optimal solution of the SLS problem (6.8) for the plant
(Z.e1,9"), and let § be an estimate of g obtained using coarse-grained identification (o°-
variance output noise only) with m experiments, where ||u® H < 1Vi. Let (8., a,) be the
optimal solution to the robust SLS problem (6.13) for (Z,e1,g g"), and let ©, be the response
achieved on the true system g by the synthesized controller K, = L — M, R IN,. Then, if
m > o2r||No|[2log(n™)2, with probability at least 1 — 1, the controller K, stabilizes the true
system (Z,e1,g") and has a suboptimality gap bounded by

‘](ga é*)_‘](g7 90)
2,2/ max(p,2) T
< 8\/log p R (1 + \/210gn—1> H {1 +E NO}
m 0

Corollary 6.4.1. Assume that we are in the setting of Theorem 6.4.1, and further let there
be process noise with variance o2, that enters the system via the same channel as the control
input (i.e., By = Bs) and measurement noise with variance ag. Then, Theorem 6.4.1 holds
with 0* < oL |G|* + oF .

wl

HR0B1 + N0D21|| .

We can further generalize these results to the setting where the order r of the underlying
system is not known, and that the true system is approximated by a length-r FIR filter with
coefficients g where 7 < r. In this case, applying the triangle equality

19]l2 < lgo:7—1 — Gll2 + || grr—1]|2

“Here, > hides universal constants; see Lemma 6.4.3 for an explicit characterization.
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gives a similar sample complexity bound, albeit one where the cost difference does not tend
to zero as the number of experiments m tends to infinity.

Corollary 6.4.2. Assume that we are in the setting of Theorem 6.4.1, except let g be a
length-r (where 7 < r) FIR estimate of g obtained using the prescribed coarse-grained iden-
tification. Furthermore, assume that ||gi—1.,—1|l2 < (4Ng)~'. Then, if

No|| 2
mza2r( | ) og(n 1) .
1= 4] No[gr—1r1]l2 (™)

with probability at least 1 —n the controller K* = f;* — 1\~/I*f{;11<1* stabilizes the true system
(Z,e1,9") and has a suboptimal cost bounded by

J(9,0.)—J (g, ©y)

2,.2/ max(p,2)
§(8\/10g2g ! <1+\/210g7]—1 'Hleg NO}

X ||R0B1 + N0D21|| .

'+4ng . 1||2>

To prove the above results, we first derive a robust variant of the SLS framework presented
in Section 6.3, and then show how it can be used to pose a robust synthesis problem that ad-
mits suboptimality guarantees. In particular, these guarantees characterize the degradation
in performance of the synthesized controller as a function of the size of the uncertainty on
the transfer function coefficients g. We then combine this characterization of performance
degradation with high-probability bounds on the estimation error produced by the coarse-
grained identification procedure to provide an end-to-end analysis of the Coarse-ID control
procedure.

6.4.1 Robust SLS

As we only have access to approximately identified plants, we need a robust variant of
Theorem 6.3.1. First, we introduce a robust version of (6.7b),

{Z[_ Z,QA} - {[ Zfl} . (6.9)

We call equations (6.7a), (6.9), and (6.7c) the robust SLS constraints. We now have the
ingredients needed to connect the main and robust SLS constraints. The proof is mostly
algebraic and is thus deferred to the Appendix.

R N
M L
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Lemma 6.4.1 (Robust Equivalence). Consider system responses e = {f{,l\N/I,N,INJ} and
={R,M, N, L}, where the latter is given by

R=(U+A4A)"'R (6.10)

where by assumption (I + Ay)™' exists and is in RHo. Let G = (A, B,C, D) be a given
plant, and consider the following statements.

(i) © satisfies the robust SLS constraints for G.
(i1) © satisfies the SLS constraints for G.

Under the assumptions, (i) = (ii). Furthermore, let G' = (A, B,C’, D), and let

A= —N(C-C"
A, = —L(C—-C").

Then, (i) is equivalent to a third statement (iii): © satisfies the SLS constraints for G'.

A chain of corollaries follow from Lemma 6.4.1 that will be useful in quantifying the
performance achieved on the true system of a controller designed using an approximate
system model. Unless otherwise noted, let ®, © be defined as in Lemma 6.4.1.

Corollary 6.4.3. Suppose that © satzsﬁes the robust SLS constraints for the system (6.2).
Then, the controllerK L-MR'N stabzlzzes the system (6.2) and achieves the closed-loop
system response © if and only if (I + A1)™! € RHo

Proof.  First note that the robust SLS constraints imply that A; € RH. Next, assume
(I+A;)"'eRH . By Lemma 6.4.1, © satisfies the SLS constraints for (6.2). Thus, by
Theorem 6.3.1, K = L - MR!N is stabilizing and achieves the closed-loop response ©.
Moreover, K is precisely equal to K.

Conversely, assume (I + A1)~! exists but is not in RH, (if it does not exist the system
response (6.10) is obviously not well-defined). It then follows that R = (I + A;)"'R is not
in RH. as R is square and invertible. [

This immediately gives us a sufficient condition for robustness of the SLS procedure.
Corollary 6.4.4. Suppose that €) satzsﬁes the robust SLS constraints for the system (6.2).

A sufficient condition for the controller K =L — MR!N to stabilize the system (6.2) and
achieve closed-loop response © is that |Ay| < 1, for any induced norm || - |.
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Proof. 1t follows from the small-gain theorem [Zhou et al., 1995] that ||Aq|| < 1 implies
(I +A;)™!' € RH, and thus Corollary 6.4.3 applies. .

We now specialize our results to the case where the plant P, as defined in (6.2), is FIR.
In this case, the modeling error arises only in the coefficient vector g defining the impulse
response. To that end, we define the the estimated plant G with the realization (Z,e;,§")
and note that the resulting error arises only in the C; and Cy terms of the corresponding
estimated plant P, where these state-space parameters are defined as in (6.4). To that end,
we define the estimation error vector ¢ = g — g, allowing us to further specialize Corollary
6.4.4.

Corollary 6.4.5. Suppose €) satisfies the SLS constraints for the estimated system (Z,e1,9").

IfIN6T|| < 1 for any induced norm || -||, then the controller K L—MR!N stabilizes the
true system (Z,e1,g') and achieves the closed-loop response O as specified in (6.10). Addi-

tionally, if the induced norm || - || is either the Hoo or £y norm, the response © simplifies
R N R N 1 INOT| 5 <
A=~ = —_— |~ . 6.11
[M L] [M L 1—6TN [LéT] [R N] ( )

Proof. By Lemma 6.4.1, © satisfies the robust SLS constraints for (Z,e1,g"). The sufficient
condition then follows by applying Corollary 6.4.4.Furthermore, if the induced norm || - ||
used in Corollary 6.4.3 and Corollary 6.4.4 is either the H,, or £; norm, it follows from
Holder’s inequality that |[N&T| < 1 implies that |[§TN| < 1 on D¢. Hence, we can use the
Sherman-Morrison identity,

l’yT

I — Ty—1 — 7 g
to simplify the response (6.10) achieved by the approximate controller K =L-MR'N to
the expression (6.11). n

We now use this robust parameterization to formulate a robust SLS problem that yields
a controller with stability and performance guarantees.
We will use these two facts without fanfare in the following sections.

Proposition 6.4.1. Let v € R", y € RH. Then ||z"y| < ||z]]2|y]-
Proposition 6.4.2. ||[(I+A)7Y < (1 —JJA|)~! for all |A|| < 1.

Now, define J(g,®) to be the performance (i.e. the objective in (6.8)) of the controller
K = L — MR™'N induced by ® = {R, M, N, L} when placed in closed-loop with the FIR
plant G specified by impulse response coefficients g. Now, assume we design a response O,
with corresponding controller K, that satisfies the SLS constraints specified by the estimate
system g. We saw in the previous section that under suitable conditions, the response on
the true system g is given by @), as specified in Corollary 6.4.5. By the triangle inequality,
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Corollary 6.4.5, and our parametric assumption (6.4)-(6.5), we can then bound the difference
between expectation J(g, ®) and reality J(g, ®) as follows:

~ R N|[B
J(g,©)=||[C0 Duo [M L {D;%D”
T [~ I~ ﬁé‘—r
" o (R N|[Ssls <1) [B
_ {0 1} < Moo R N oo+ D

(S D A ) 8o

1-6 TN
e 5T g7 0] [ ] B
<J(9,0)+ ([0} + {go 1} llﬁ‘f}N [R N} [D;
1-6TN ]
. = 1 5T + G NG|
<J S — . RB;, + ND
< J(g,0) + 07N IsT |RBy 4 NDy ||
s 16]] 1 +9TN
<J@Ge)+ ——1 RB; +ND
(g ) 1_ ||6TN|| _ || 1 21H

where we assume |[N6T| < 1 for the bound to be valid.
For any estimated response ¢ satisfying [|d]] < e, it then follows that

J(9,8) < J(§,0) + ca|RB; + NDy| (6.12)

for any « satisfying

l—l—gN <a

— Y

ca|N|| +

noting that €||N|| < 1, which implies |[N6T|| < 1, is equivalent to a@ > 0. We denote the
right-hand side of this bound as
Q(§7 (:ja Oé) = J(ga é) + GOJHﬁBl + 1ﬁ’l)ﬂ’l :

The bound (6.12) then suggests the following robust controller synthesis procedure, which
balances between solving for the optimal controller for the approximate system ¢ and con-
trolling a perturbative term. We call this problem the robust SLS problem forg.

minimize Q(7,©, a) (6.13)
{R,M,N,L}
a>0

subject to © satisfies SLS constraints
(6.7a) - (6.7¢c) for (Z,e1,G")

_ TN
ca N+ || [ T2 N <a




Chapter 6: Finite-Data Performance Guarantees for Qutput-Feedback Control 78

Although this problem is not jointly convex in o and the system responses é, one can use
a golden section search on « in practice. Moreover, the sum of norms can be split into two
norm constraints using an epigraph formulation (see Boyd and Vandenberghe [2004, Chapter

3]).
6.4.2 Sub-optimality guarantees for robust SLS

We now show a bound on the change in the optimal control cost when the controller is
synthesized using the robust SLS problem (6.13).

Proposition 6.4.3. Let ©y and (é*,oz*), as well as ©,, be defined as in Theorem (6.4.1),
and let ||0]] < e. If e < (2||No||) ™!, we have that

J(9.0.) — J(g,8y) [1 +9TNO}

—_— RoB; + NogD 6.14
< | Rz ol (019

To prove this proposition, we require a technical lemma that ensures that the true con-
troller K stabilizes the estimate system specified by the FIR coefficients g, i.e. that the

optimal system response @ can be used to construct a feasible solution to the approximate
SLS synthesis problem (6.13).

Lemma 6.4.2. Let ©Oq and its induced controller Ky be as defined in Theorem 6.4.1, and
let ||6]| <€, with e < (2||No|[)~*. Then

is strictly positive, and the controller Ko is stabilizing for the estimate system specified by
(Z,e1,9") and achieves the system response g defined by

1+¢™N
a0 HH[ ; }

1—26||N0

Ro = (I+Npd") 'Ry
My — Lod (I + NodT)"'Ry
No = (I+Npd")'N
Lo = Lo— Lo (1 +Nys") Ny,

=
|

Furthermore, ((:)0, ap) are feasible solutions to the approzimate SLS synthesis problem (6.13).
Proof. Both of these points are conditional on (I +Nyd' )™t existing in RH o

e By assumption, ©, satisfies the SLS constraints for (Z,e;,¢"); by Lemma 6.4.1, it
equivalently satisfies the robust SLS constraints for (Z,e;,g "), where A; = Nyd' and
A, = Lyd" (note the switched roles of g and §). By Corollary 6.4.3, K, then stabilizes
(Z,e1,g") and achieves the system response O,.
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e By Lemma 6.4.1, @0 satisfies the SLS constraints for (Z,e;,g'), and is thus part of
a feasible point for the approximate SLS synthesis problem (6.13). Now, we need to
check that the corresponding «q is also part of a feasible solution. Toward that end,
by the Sherman-Morrison identity, we see that

S Nod " (e][No|)) e[| Nol|
eNoll = le [ T — —2—— ) Nyl| < €||No|l + - .
eNoll ( 1+5TNO) of| = €llNol 1—€[No|| ~ 1—¢]|Ny|
Furthermore,
1+ N[l _ }1§I§0 H[HgTNoH
LO 1+5TN0 B 1 - 6||NO||
Therefore,
1 7N
= 1+/g No < ap,
1— ||eNo|| Lo

the final feasibility condition of (6.13).

It therefore remains to verify that (I + Nod ")t exists and is in RH.. As we have seen,
a sufficient condition is |[Nod'|| < 1, and this condition is implied by the assumption that
ag > 0. [ |
Proof. [Proof of Proposition 6.4.3] We immediately invoke Lemma 6.4.2 by noting that our
assumption on € ensures ag > 0, and we are assured that (@0, ap) is a feasible point for the
approximate SLS synthesis problem (6.13). From inequality (6.12), we then have that

J(9,0.) < Q(,0.,0.) < Q(7, B, )
= J(7.60) + EOéoHﬁOBl + N0D21H
HRoBl + No Doy ||
1 — €| No|

< J(G,00) + , (6.15)
where the second inequality follows from the optimality of (@)*, a,), and the final inequality
from the definitions of Ry and Ny. Now, we repeat the argument used to derive (6.12) with
expectation and reality reversed: this time we assume our design expectation was .J (9,00)
but our reality is J(g,®¢). This is a valid analogy as @, satisfies the SLS equations for
(Z,e1,g"). With the true and estimated parameters reversed, we can thus bound J(g, )
by

~ A 1 + gTNO

J(q,00) < J(g,0 _
(g) 0) = (g’ 0) 1 — €||N0|| H|:

‘ |[RoB1 + NoDoy | - (6.16)
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Finally, combining bounds (6.15) and (6.16) and plugging in aq gives

., 1+¢g'N
J(g7®)—J(g,@o)§<ao+H{ I 0}

il
T— 26Ny

‘) E”R(]Bl + N0D21H
1 — €[ No||

|IRoB1 + NoDay ||

6.4.3 Coarse-grained ID and the proof of Theorem 6.4.1

First, to prove the sample complexity of synthesizing a stabilizing controller based on an
approximate system, we require an intermediary lemma on how well coarse-grained iden-
tification can identify the true system. The proof of the lemma (and the related change
necessary for Corollary 6.4.1) is deferred to the Appendix.

Lemma 6.4.3. Assume we estimate the system g by a length-r FIR system § using coarse-
grained identification (output noise only) on m experiments, where the inputs ' are con-
strained to lie in a unit Kg ball. Then, with probability at least 1 —n,

o022/ max(p,2) -
18112 < 21/log 27— (1+ 210g77—> .

Assuming we take m large enough such that ||d|ls = € < (4||Ng||)~" (implied by taking

m 2 o?r||Ng||*v/log(n~1)), we have

e \/ 022/ max(p,2)
R T Yy i i—— (1 21 71) .
T TSI i Tvaloen

Finally, we show that K, is stabilizing for the true system (Z,e;,g7). Since (©,,a,) is
optimal for the approximate SLS synthesis problem for g, it is feasible, and thus a, > 0
allows us to invoke Corollary 6.4.5, as we have that |[N,§ || < 1.

6.5 Experiments

The robust SLS procedure analyzed in the previous section requires solving an infinite-
dimensional optimization problem as the responses {R N, M L} are not required to be FIR.
However, as an approximation, we limit them to be FIR responses of a prescribed length
T. By making this restriction, the resulting optimization problem is then finite-dimensional
and admits an efficient solution using off-the-shelf convex optimization solvers.?

Code for these computations can be found at https://github.com/rjboczar/0F-end-to-end-CDC.
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Figure 6.4 shows a quantification of this approximation. In this experiment, for each
r, we chose random FIR plants with impulse response coefficients uniformly distributed in
[—1,1]". We then computed the smallest T'(r) such that the robust performance returned by
the SLS program was within 2% relative error of the performance calculated by MATLAB’s
hinfsyn with relative tolerance 107%. Figure 6.4 also shows this calculation when each plant
was normalized to have unit H.-norm.

—_
o
=}
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B H.-normalized

(09)
)

-
phh&ﬂttitlii*
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Plant length r

D
)

4

—
o

Required FIR filter length T
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(@]

)

Figure 6.4: FIR approximation length 7" required to achieve small relative error in the robust
performance objective. For each plant length r, the boxes denote the middle quartiles for 10
random plants, and the whiskers show the extents of the data.

6.5.1 Optimization Model

Let vec(F) := [F{ ... FI_JT, vec(F) := [Fo ... F,,_1], and I be the (static) identity trans-
fer function. Furthermore, appealing to the SDP characterization of H.,-bounded FIR sys-
tems (Dumitrescu [2017] Thm. 5.8), define

B P = [y ]

Then, under the approximate assumption that IN{, N, 1\~/I, L are FIR of length 7', and using
the notation Q; for the (j, k)-th block of @, we can write the full optimization problem of
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solving (6.13) for a fixed a:

minimize ¢y + to
{R7M7N7L}7
t1,t2, 3,14

subject to [vec(R) 0| — [0 Avee(R)| = [0 B, vee(M) + vec(1)]
ee(N)

o) 0] - o Avee(®)] = [0 Boveo(E)
VeCéR)] - [Vec(%) A} - [vec(N)CSJrVGC(I)}

[vec(M) B 0 B 0
0 vec(M)A| — |vec(L)Cs
1<ica J HQW,FD 1) = 0
T—k i
2 i1 ijlka] = Oxtil

gT 0]|R N|[B
FO = g ~  ~ "I'+D
{ 0 1) (M L| |Dxn H
F(2) = € (ﬁ,Bl + ND21>
"’TN
F® = eaN, FW = 119 N
’ L

t3+t4§05.

6.5.2 Computational Results

Instead of using Lemma 6.4.3 directly, we use a simulation-based technique® (based on looking
at the empirical histogram) to achieve tighter probabilistic tail bounds on [|d]|5.
In what follows, we consider the following quantities:

(1) Jhominal: the cost achieved on the true system when the controller was designed using
hinfsyn with the approximate system

(ii) J: the cost achieved on the true system when the controller was designed using the
approximate SLS synthesis procedure

(iii) 0J = Jnominan =7 . the relative improvement of the approximate SLS synthesis procedure

Jnominal

(iv) AJ, AJ: the theoretical sub-optimality bound (6.14) and the actual sub-optimality
gap, respectively.

5The technique involves inverting the Chernoff bound to generate random variable tail bounds that hold
with high probability with respect to the simulated instances. See the Appendix of Tu et al. [2017] for details.
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Figure 6.5: “Swarm” plot of relative improvement . from using the approximate SLS
procedure across multiple random instances of plants and output noise (8 x 10, o = 0.1), for
number of experiments m € {15,20,25,30}. Each color dot represents a different plant.

Figure 6.5 shows 0J for random instances of H..-normalized plants of different lengths
r, swept across number of experiments m.

While it is difficult to draw precise quantitative conclusions from a suite of random
plants, for the longer plants (r = 16) the approximate SLS procedure does perform better
on average. We hypothesize that the performance depends on an effective signal-to-noise
ratio (SNR): 75.. At low SNR, there may not be enough data for the approximate SLS
procedure to be valid (i.e. for e < (2||Np|)™!). At high SNR, g is very close to g and thus
the approximate SLS procedure may be too conservative. Thus, large improvements may be
hard to come by, which is seen as m increases or r decreases in Figure 6.5. Therefore, in
between these cases may be where the procedure is most effective—the r = 16 case may lie
in this regime.

Using the data generated for Figure 6.5, Figure 6.6 shows the looseness of the end-to-end
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Figure 6.6: Comparison on upper bound AJ and actual suboptimality gap AJ.

bound in Proposition 6.4.3. This looseness is somewhat unsurprising, as both the formulation
of the approximate SLS problem and the proof of Proposition 6.4.3 feature multiple uses of
the triangle inequality.

6.6 Conclusion

In this chapter, we provide a computational tool for optimal output feedback control for
the coarse-ID setting, as well as a non-asymptotic analysis of its performance. Future work
involves relaxing assumptions to allow IIR or unstable plants, the latter of which may require
significant modifications to the coarse-ID analysis.
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Appendix A

Supplementary Material for Chapter 3

A.1 Proof of Proposition 3.3.1

In these appendices, we will restate theorems, propositions, and lemmas for convenience.

Proposition 3.3.1. Suppose G(z) has a minimal realization (A, B,C, D). If the intercon-
nection in Figure 3.3 is BIBO stable, then the interconnection in Figure 3.1 with initial
state xq is exponentially stable.

Suppose the interconnection of Figure 3.3 is stable. Then, there exists some K > 0 such
that for any choice of the signals e and f and for all T,
T T
> (lwll® + loell®) < 5 (lexll® + [15el®) - (A1)
k= k=0

0

The proof will follow by carefully choosing e and f to transform Figure 3.3 into Figure 3.1.
To this end, note that (A, B) is controllable by assumption. Thus, there exists a finite
sequence of inputs ug, ..., u,_1 and corresponding outputs vy, ..., y,_1 that drives the state
of G from &y = 0 to &, = xg. Therefore, if we set

)

pFu, 0<k<n —pFy, 0<k<n
e = , =
g 0 k>n 0 kE>n

we obtain &, = x( in the interconnection of Figure 3.3. Moreover, p_ o p, is the identity
operator. It follows that for k > n, the two interconnections become identical and therefore
Sk: = Tk—n-

Substituting into (A.1), we conclude that
T n—1
D (lwwl? + lloell?) < K> (llewll® + 1Lfell?) - (A.2)
k= k=0

0
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The right-hand side of (A.2) is independent of T, but (A.2) holds for all 7', so we must have
lim [|wg|| =0 and lim [jvg]| = 0.
k—o0 k—o0

Now, for k > n, we have wy, = p~"uy, and vy = p~*y;,. Therefore, there exists some constant
¢ > 0 such that
lurll <ep®  and  [lysll < cpt

Since (A, (') is observable by assumption, we may choose L such that the eigenvalues of
A+ LC are all zero. Then, rewrite the dynamics of G as

L1 = /Ifk + Bhk 5 (A3)

where A = A+ LC, B = [LD +B —L}, and hy, = [u; yﬂT Iterating (A.3), we obtain

k—1
T — AkZEO + Z Ak_l_iBhi . (A4)

=0

Since all eigenvalues of A are zero, A is nilpotent and so A" = 0. For k > n, (A.4) then

becomes
n—1

T = Z/_ln_l_iéhk—nﬂ .

=0

We can now finally bound the size of the state using the triangle inequality:

ol <[4 ... 4B B Y I

n_1q
§2’yc(p )pk.
L=p

1

i=k—n

A.2 Proof of Theorem 3.6.1 and Related Extensions

Theorem 3.6.1 (Zames—Falb p-1QC). Suppose A is static and slope-restricted on |a, f].
Then A € 1QC(Il(z), p) where 11 is the Zames—Falb 1QC (3.12) and h also satisfies the

additional constraint -
> ] <1
k=0
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A.2.1 [0, 00]-slope-restricted Case

We will prove this general result by first considering the simpler case where the slope restric-
tion is on [, 8] = [0, 0c0] and H(z) = £~,p% 27! for some constants 0 < 4; < 1. Note that this
choice trivially satisfies (3.6.1), and the extensions of (3.6.1) follow for specific restrictions
on v, and mixed-sign hy. In this case, the II from (3.12) (first taking the positive sign in
H(z)) becomes

_ 0 1 —qp?z!
= |:1 o ,Ylp2lzfl 0 (A5)

where z denotes the complex conjugate of z. We call (A.5) the “off-by-1” Zames—Falb IQC.
We would like to show that A € IQC(II(2), p). Appealing to Definition 3.3.2, Remark 3,
and Proposition 3.6.1, this amounts to proving that

> 7w (g — ™ yr—) = 0. (A.6)
k=0

We will prove (A.6) by borrowing the approach from Lessard et al. [2016]. If A is multidi-
mensional, we require that A be the gradient of a potential function [Heath and Wills, 2005].
By the assumption that A is slope-restricted on [0, 00|, we have that A is monotone, i.e.

(A(z) — A(y))"(z —y) >0 holds for all z,y.

In other words, A is monotone. Furthermore (see Rockafellar [1966]), there exists' a convex
scalar function g such that A(z) is in the subdifferential of ¢ at x for all z, meaning

9(y) = g(x) + Alz) " (y —x) forall z,y.
Moreover, setting (z,y) — (yx, 0) or (x,y) — (yk, yx—1) leads to the two inequalities

wi vk > 9(yr) (A.7)
wy (s = yu—1) > 9(yn) — 9(Yr) - (A.8)

n the loop-transformed case for [a, 3]-slope-restricted nonlinearities, the argument is more delicate.
See Freeman [2018] for a rigorous discussion.
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We will assume for simplicity that g(z) > 0 for all z, and we will first prove the case where we
take the positive sign in H(z). Substituting (A.7) and (A.8) into the left-hand side of (A.6),
the partial sum from 0 to T is

[vj*e

T
j{:ﬁ> =10 yem) = p (1= yp™ g vk + e g (v — yi—t)

k=0

b
Il
<)

P~ (1 = ™) g(yw) + ™ (9(yr) — 9(yn—1)))

] =

b
Il
o

I
t:j»a

“(g(ye) — np” 9(yk-1))

k=0
T—1 T

=> M= g+ D p glu) 0.
k=0 k=T—1+1

Since each partial sum is nonnegative, the infinite sum (which must converge) is also non-
negative, and therefore we have proven (A.6). Now, for the case where we take the negative
sign in H(z), further assume that A is an odd function, which implies ¢ is an even func-
tion. Using this fact and convexity inequality for g with (z,y) — (yx, —yx—:) leads to the
additional inequality

(yk + yr—1) = 9(yk) — 9(Yr—1) -

The proof of nonnegativity of the partial sums then follows as before. Thus, a [0, oo]-slope
restricted A satisfies the off-by-I p-IQC (and also the negative version if A is assumed to be
odd).

Now we consider the case of a more general h(z). Suppose h(z) = > ne o hiz™" where hy
satisfies >, v ' p~2*|hx| < 1. Then,

hi>0
+ Z Yo o (= hy) (14 ep™27F)
hyp<0
— )+ D e (1 b ()
h>0

Y k) (1= B (=)

hi<0
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where hif(z) = £y,p?* 2% and h, = 0 (for illustration). Note that h(z) corresponds the off-
by-k Zames—Falb IQC, which we proved above is a p-IQC, where the negative version is only
used (with corresponding negative hy) if A is assumed to be odd. Also, 1 — h corresponds
to the sector IQC, which is also a p-IQC. Now note that the general Zames—Falb IQC (3.12)
is linear in 1 — h and 1 — h*. Therefore, since by assumption ¢ > 0, I1(z) is a positive linear
combination of p-IQCs and must therefore be a p-IQC itself. n

A.2.2 Specific Zames—Falb Classes

We would now like to generalize this proof (or equivalently, specify further the class of non-
linearities). Now, let us assume that the nonlinearity A can be written as Ay o Ay, where A4
satisfies a p-IQC of the Zames-Falb type in the preceding section where >, v ' p~2|hy| < 1.
Furthermore, assume that Ay (which is possibly time-varying) satisfies

(1 — 5)Uk < Ag(uk> (1 + (S) Vuk,Vk R
or equivalently,
Ag(ug) = (14 0p)ug, |6k <0

for some 6 < 1. We would like to show under what conditions Ay o /\; satisfies a Zames—Falb
IQC with rate p.

To do this, we will show that A, o A; satisfies the relevant off-by-I Zames—Falb p-1QC,
which then extends to general Zames—Falb by the preceding section. As in Section A.2.1, we
would like to show that

ZP A (ye) " (ke F 1M yrt) > 0.

Using our prescribed A (taking the negative sign for simplicity) and denoting A (yx) == ug,
we see that each partial sum satisfies

T T
Z /)72’g 1+ 6p)uy, (yk — " Y 1) Z 1+ 5k ( k) — ’YlPng(Zlkfl))
k=0 k=0

by the same argument from the preceding section. This is then equal to

71 T
D (U + 0 = (1+ ) m)p” )+ Y (L) gl -
k=0 k=T—1+1

A sufficient condition for this sum to be positive is
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which is satisfied if, for example,

<1—6
7—1+(5'

"

If so, the partial sums converge and so does the infinite sum. Again, if we further assume
that A; is odd, the negative off-by-I IQC is also satisfied. The argument for general H(z)
follows as before. L]

Proofs for specific classes of nonlinearities in the literature correspond to specific choices
of v and d;. These are summarized in Table A.1.

Table A.1: Variable Choices for Specific Zames—Falb Proofs

Type Ok Vi Notes
[0, oo]-slope restricted 0 1
. Loop transformation
«, B]-slope restricted 0 1
@ Pslop (v, ) o> (By —,u— a)
Noisy composition ) 1
I
Sticti 1 1 o —
iction (slope 1/¢) s

Notational change in def.
from Heath et al. [2015]:
n, —

R,—-1 R,—1 R, h>0

Quasi-monotone/odd Rn+1 R, +1 R h<0

2
Rt 1 s

A.3 Proof of Theorem 3.6.2

Theorem 3.6.2. Assume I' is (p, H)-diagonally dominant. Then, if a static nonlinearity ¢
is o, B] slope-restricted, the repeated nonlinearity A(y) = diag{o(y;)} satisfies the p-1QC

—aB@r — H— A7) a(l - H)+ B(I - ﬁ[*)] _ (3.13)

= L(F_ﬁ*)w(r—ﬁ) —oT + H + H*

Moreover, it admits the factorization

il e B ES

We begin with an elementary lemma; a similar one is used in D’Amato et al. [2001] for
the proof of (3.6.2).
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Lemma A.3.1. For a repeated monotone nondecreasing nonlinearity A and with u = A(y),
we have that
iyl iyl < gyl il 4 il bl

and if ¢ is odd,
ullyl) 1 iy l] < iyl 4 iy,

for all indices 1, j.

Proof. Assume without loss of generality that y > yU!. By monotonicity and the fact that
the nonlinearity is repeated, we must have that u? > «V!. Thus:

(u[i] — u[j])(y[i] — y[j]) > 0.
If ¢ is odd, then the second equation is proven by also observing that
[u[i]’ _u[j]]T — A([y[i], _y[j]]T) — (u[i} + u[j])(y[i} + y[j]> > 0.

Let E;; denote the standard basis matrix. Now, given a diagonally dominant matrix I,
define the following symmetric matrices:

Ui =Ty(Ey + Ej) + (D] + D)(Eu + Ejj), i # j

Iy = Ey
Tl(2) = p" 2 U (B + Ej), i #§
~ZZZ(Z) = 02l _lEn'-

Proposition A.3.1. A satisfies the “(i,j) off-by-l p-IQC” defined by

qo [0 Tyl
Ly — H. 0

for all p in (0, 1].

Proof. As before, assume the ¢ is the gradient of a potential function f. For notational
convenience, define the following symbols:
di = ullyl? 4+ oyl

e = ullyl? 4 iyl

o=l

fo=Flu) + Fy) .
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Using convexity and the fact that the nonlinearity is repeated, we can obtain the inequalities

di — ph > fr — fot

dyp > fr .
Then,
T T T
> o ul (T — Hye = Y p Dl (die — ) + > p7 (1 = p™)di + p™ (di — p))
k=0 k=0 k=0
T T
> p Ml (de — ) + ) p (= ) fe+ 0™ (i — fem)) -
k=0 k=0

The first sum is nonnegative by Lemma A.3.1 and the second sum is nonnegative by the
same arguments as in Appendix A.2.1. n

We will now show that for a (p, H)-diagonally dominant matrix I', the p-IQC defined by

- OA r-Ho
'-H 0

is a positive combination of satisfied p-IQCs and is thus a satisfied p-IQC. Toward this end,

F — [A{(Z) = F — Z p_ZkHZ‘j7kf‘7;j —|—

i<jk

> p Hyu(Ty — H(2))

i<j,k

The term in brackets is a nonnegative linear combination of satified IQCs, so let us focus on
the first term:

Ui — > [Z?zl,jsﬁi p~ 2 Hijr (T3] +1) + P*%Hn,k]
O=T- Z p Ty = (¢ indicesz
i<jk (1= p " Hij )Ly
(27 indices).
We can see that this constant matrix @ is diagonally dominant, since

Qii — Z Qi = T — Z[ Z p~ 2 Hij (T3] + 1) + p~* Hyi g
=1, k=1
= > (=D pHyw) Tyl
j=1ji K
R LTI Sl e
=1k

=1,
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where the last line follows from the assumption that I is (p, H )-diagonally dominant. Similar
modifications to the assumptions and proof hold for odd and [a, §]-sector nonlinearities.
Also, note that in the case of diagonal (but not necessarily repeating) A, Lemma A.3.1
will not hold in general. Thus, considering where it is used in the proof, we would need to
constrain [' and H to be diagonal.

A.4 Computational Considerations

A.4.1 Homogeneity

We may leverage the structure of the repeated Zames—Falb p-1QCs to reduce the size and
complexity of the LMI (3.6).

Proposition A.4.1. (Homogeneity simplification) If we are searching over a combination
of repeated Zames—Falb IQCs with fived o, B, p and varying over I' and H matrices, and fized
non-Zames—Falb p-1QCs, i.e.

Iy = { Z)\QHZF(R% Hy) + Z)\(;H(; | g >0, X\s >0, I'y is (p, Hy)-diag. dom} )
9=1

0=1

Then, searching over the associated LMI is equivalent to searching over

Iy = { MIzp(D, H)+ Y NTls | A >0, As >0, T is (p, H)-diag. dom.} .
5=1

That 1s, 114, = 1.

Proof. Ilp C Il4 is immediate. To check the other direction, first assume » ,Ag = A > 0

(the A = 0 case is trivial). Now, note that, due to the linearity of the repeated Zames—Falb
IQC in terms of I and H, see that

> Mollzp(To, Hy) = Alyp

0=1

Yodele > g NoHy
A ’ A '

All that remains is to check that the diagonal dominance definitions are satisfied; two require
care. First, the filter condition on H:

Z p72k Ze Aerj,k
A

k

o|HY.
S Zpgkze io/x| z;,k’

k

PIFRY _
_Zode s

k
<Ze>‘9
- A

=1.

(by assumption)
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Second, the main diagonal dominance condition:

>0 ol _ Z 220 )‘9Fm ZZ —2k ZG Ao H
A

A
J=1j#i
ZAMZ- DRV D0
e iy e Dl ey e DO B
j=1 &k

j=1,5

:A_lz)‘e (F?i_ Z |—ZZP_%| jk|)
0 j=1,j#1

> 0, by assumption.

The non-Zames—Falb IQCs carry straight through in both directions. Therefore, we see that
Y o1 Mollzp(To, Hy) + > 5 Aslls € 114, and we have 114 = I1p. n

A.4.2 Convexification for Repeated Nonlinearities

For repeated nonlinearities, the main LMI (3.6) with constraints can be written as
A
st. A(P)+ M, H) <0
P>0
A>0
'y >0,V
[y <0,,Vi#j
Hijp>0,V14,5,k

p_Qk’Hij,k| S ]-) VZL]
k=0

L= Y Dyl + YD o Hysl, Vi
=1, j=1 k=0

for some known linear functions A, M (note that the latter is linear in the pair [I', H]). This
problem is nonconvex, due to the product of A and [T, H].
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However, one can show that this program can be reduced to the convex problem
min 0

s.t.

WS A S o TR NG,
N Voy
)

!

p | Hyx| < ¢, Vi, g

NEE

ol

0
Lu> Y Tyl+ Y > p Hysl, Vi

j=1j#i =1 k=0

In practice, for numerical considerations it is helpful to replace = —I with < —¢I and
maximize over ¢, while placing upper bounds on ¢ and .

A.5 Proof of Theorem 3.8.1

Theorem 3.8.1. Consider the block interconnection of Figure 3.15. Assume the error sig-
nal wg comes i.i.d. from a distribution with zero mean and covariance matriz A, and is
independent of uy, and xy. Suppose G is given by (3.17) and ¢ satisfies a p-hard IQC defined
by (U, M, z,) where ¥ is given by (3.18) and 0 < p < 1. Assume x, is a fized point of the
dynamical system given by (3.19) when wy, = 0. Consider the LMI

ATPA— 2P ATPB NI N on
sl s FAC DI M[C D] =0. (3.20)

If (3.20) is feasible for some P = 0 and X > 0, then for any xz,, we have

tI‘(BTPHBAw) 1-— p2k

k.

Ell, — 2.|* < 6(P)p™[Jwo — z.|* +

The complete proof follows in the same vein as the main result in Lessard et al. [2016];
we show the modifications needed in order to handle the noisy input case.
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Let z,u,z € {52, along with a sequence w, be a set of sequences that satisfies the
perturbed system (3.19). Suppose (P, A) is a solution of (3.20). Suppose z, and u, are the
values of z and u associated with the fixed point x, of the unperturbed system (i.e. (3.19)
with wy, = 0). By the definition of fixed point, denoting g = qx — ¢, for all symbols ¢, we
see that

_ A 5 B
Tpy1 = A%y + Bug, + {0} Wy, (A.9)
Z = C7y + Dy, .
For convenience, we denote an elementary probability fact.

Lemma A.5.1. If a; and by are independent and Eb, = 0, then for every constant matrix
P

)

EakTPak = E(ak + bk)TP(ak + bk) — Ebgpbk .

If we multiply (3.20) on the left and right by [97;,: ﬁﬂ and its transpose, respectively,
by (A.9) we have that

(AZj+ Buy)" P(AZy + Buy,) — p* ) P+ Az Mz, <0 . (A.10)

Taking expectations, we can apply Lemma A.5.1 to the first term of (A.10), with

ap = /Alfk + Bﬂk, b, = {?} Wy,

We are then left with
B[z, PZp1 — p° 2, P2y + Az, Mz, | < Ew, B' PyyBwy .
The rest of the proof follows as in Lessard et al. [2016]. Momentarily switching the index to

t, multiplying each side by p~2! and summing from ¢t = 0 to k — 1 gives

k—1 k—1 k—1
E[ (02 PRy — p 2 2] PR) + XY p 5 M zt} <EY p*w/ B" P Bu,.
t=0 t=0 t=0
The sum telescopes, and only the t =0 and ¢t = £ — 1 terms are left. Thus,

k—1 k-1
E [ p 2N Pry — 2 7 PTot A Y p2tZtTM5t:| <EY p*w/B"PyBuw, .
t=0 t=0

2The precise version of this statement (much like many classical IQC-based arguments) would instead
invoke the “extended” space fo. but we leave those technical details aside.
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Using the fact that (U, M) is a p-hard IQC, we can drop the term dependent on M, and
we are left with

k—1
E(p " Vz) Pry — p* 25 PZo] <EY p~*'w/ B' P11 Buw,
t=0
k—1
— E[z, Pny] < p” 5 Pio+» p**'"VEw/ B' Py Buw,
t=0
k—1

=E[z, P1| <p™ 3 Pio+ Y p** " Vtr(B"PiBA,)
t=0

k—1
=E[z, Pzi| < p™ 3] Pio+tr(B'PuBAL) Y p*,
t=0

where the final step reverses the order of summation. Finally, bounding the quadratic terms
by the Rayleigh-Ritz inequalities gives

_ _ r(BTP BA
Eljzal* < w(P)o |7 + = Zp”

tr(B" PHBAw) 1 — p
Amin(P) 1—p?
tr(B" P BA,,)
(1= p*)Ain(P)

= k(P)p™||7o]]* +

< &(P)p™||7o]* +
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B.1 Details for Monte—Carlo Simulations

In all of our simulations we are faced with the following problem which we describe in some
generality. Let X be a random variable distributed according to the law P. We assume we
have access to iid samples from P. Our goal is to estimate an upper bound on P(X > ¢) for
a fixed t € R.

If the law P admits a density f(-) with respect to the Lebesgue measure, a possible
solution could be to solve this problem exactly by numerically integrating

/ X(6)f(€) de .
X(&)>t

However, numerical integration does not scale favorably with dimension. For our experi-
ments, £ is 75-dimensional, which is prohibitive for numerical integration.

An alternative approach to numerical integration is to rely on concentration of measure.
Let X1, ..., Xy be ii.d. copies of X, and let PV denote the product measure P¥ = @ P.
Using a Chernoff bound and defining F; := P(X > ¢), we have

N

1 —NN- t—€,1't

P* (Nzl{xkzt} SFt—g) <e NpLE ’F)v (B~1)
k=1

where D(p,q) = plog(p/q) + (1 — p)log((1 — p)/(1 — q)) is the KL-divergence between two
Bernoulli distributions. Given a 6 € (0, 1), define the random variable @) as the solution to
the implicit equation

N-D (% > Lz, @) — log(1/6) (B.2)
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Note that, from a realization of X, ..., X}, the realization of ) from (B.2) can be solved for
by numerical root finding. Plugging the definition of ) back into the Chernoff inequality
(B.1), we conclude that there exists an event £ (in the product o-algebra) such that on &€
the inequality F; < @ holds, and furthermore PY(£) > 1 — §. This is the methodology
which we use to generate all our bounds, with § = 10~*. Hence, the statements of the form
“F; <~” in Section 4.5.1 should be understood as operating under the assumption that our
implementation of the simulation chose a particular realization which is contained in the
simulator event £ described previously. This procedure— “inverting the Chernoff bound” is
proven in the sequel.!

B.2 Inverting the Chernoff Bound

For convenience, we will assume that all infimums in this section are finite, as the general
case is even more tedious. Our starting point is as follows: for any 0 < € < F}, we have

PN (F, > p+e) < e NPE—R) .— O(F, —¢ F),
where p = + >, 1{x,> and F; = Ep = P(X > t). Define the quantity
a(Fy,d) =inf{la: H(F,— o, F) >6, 0<a < Fi}.
Since H(u,v) is increasing in its first argument u for v < v, we have that
PY(F,>p+e)<H(F,—¢,F) <0,

for all € € (0,a(F},0)). Furthermore, we claim that the function f(w) = w — a(w,?d) is
increasing in w, for each . To see this, consider some small 17 > 0. Then:

flw+n) =w+n—alw+n,0)
=w+n—inf{a: Hw+n—a,w+n)>06,0<a<w-+n}
=w—inf{a': Hw—ad,w+n)>§ —n<do <w}
w—inf{a: Hw—ad,w+n)>060<da <w}
w—inf{a/: Hw—ad',w)>06,0<a <w}

flw),

where the penultimate inequality comes from the fact that H(u,v+n) < H(u,v) when u < v.
Next, define the random variable

(AVARYS

Z(ﬁ, 5) = ll’lf{z _— OJ(Z,&) 2 ]5}

"We thank Stephen Tu, Max Simchowitz, and Kevin Jamieson for their help in rigorously analyzing this
idea.
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and note that the increasing nature of f(w) implies that
B2 Z(p,6) = Fi—a(F,0) 2 Z(p,6) — a(Z(p,9),0) .
Thus,

B(F, > Z(5,8)) < B(F, — a(F,8) > Z(p, 0) — a(Z(5,6),9)) .

However, by definition, we have that Z(p,0) — a(Z(p,0),0) > p, so

P(F, — a(Fy,0) > Z(p,0) — a(Z(p,0),0)) < P(F, — a(F;, ) > p)
<P(F,—e>p) (forany 0 <e< a(F;,0d))
<9.

Therefore, F; > Z(p, ) with probability at most §, and Z(p, d) is a computable quantity—it
is the solution z* to the system of equations

z—a=0D
Hz—a,2)=6 (a<z).

If we let Z be the (upper) solution to the equation H(p,z) = J, we see that (2,2 — p) is a
solution to these equations. Finally, we see that Fy < {z: H(p,z) = 0} with probability at
least 1 — 4.
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Algorithm 2: Power Method A [Rojas et al., 2012]

Input: Normalized u(V.
fort=1to N do
Perform the experiment y® = Gu® + n®,
Create the time-reversed gy @,
®) = ||§(t)||2-
u(’“) =g /ut u
\/ p=1 (t DTG,

end
return Hy.

Algorithm 3: Power Method B [Wahlberg et al., 2010]

Input: Normalized u(*
for t =1 to N/2 do
Perform the experiment y® = Gu® + n®,
Create the time-reversed §®.
Perform the experiment z*) = Gj® + n/®).
Create the time-reversed Z®).
— )0
utt) = 20 )1z,

end

return ﬁ(N/Q).
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Algorithm 4: Weighted Thompson Sampling (WTS) [Miiller et al., 2017]

Input: M, \,0, pt =1/KV k, m® =0, 0" = \?].

fort=1to N do

Input design: Create the normalized input signal ) proportional to the DFT
power profile pt = p'.

Perform the experiment 4 = Gu® + n® and obtain DFT coefficients
X =Y}/UL

Update the posterior for all k:

mitl = XX pX
k 02+)\2 22:1 pl]; .

v = N2/ (14 A2 /a2 S0, ph).
Update the posterior pt*i:

Draw s' ~ Ne(mitt oith), 1=1,..., M.
M
P?Fl = ﬁ > #larg maxi{|sﬁ|} = k).

A t t
H; = maxy, Zz:1 pﬁxﬁ/ 2521 pi-
end

return Hy.
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Appendix D

Supplementary Material for Chapter 6

D.1 Proof of Lemma 6.4.1

Lemma 6.4.1 (Robust Equivalence). Consider system responses e = {ﬁ,l\ﬁ,ﬁ,i} and

.1
e = {f{, M, 1/\\1, i}, where the latter is given by
R=(I+A)"'R (6.10)
M=M-A,(I+A;)'R
N=(+A,)"'N
L=L-A,I+A)"'N,

where by assumption (I + Ay)~! exists and is in RHo. Let G = (A, B,C, D) be a given
plant, and consider the following statements.

(i) © satisfies the robust SLS constraints for G.
(ii) © satisfies the SLS constraints for G.
Under the assumptions, (i) = (ii). Furthermore, let G' = (A, B,C", D), and let
A, = —N(C -
A, = —L(C—-C").
Then, (i) is equivalent to a third statement (iii): © satisfies the SLS constraints for G'.

e (i) «= (iii): The SLS constraints for G’ and the robust SLS constraints for G are
identical, by the definitions of A; and A..

e (i) = (ii): Satisfaction of (6.9) under (©,G) implies satisfaction of (6.7b) under
(©, G) as they are related by a linear transformation defined by

(I+A)™ 0

V= AT +A) 1
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We readily see that
%4 13 15 = 1} 15 and V I+ A = [ .
M L M L A 0

Next, satisfaction of (6.7a) under (©, G) is implied by satisfaction of (6.7a) and (6.9)
under (©,G). To see this, note that multiplying (6.9) on the right by [z] — A; —C}]
gives BoAy = (2 — A)A;. One can then verify that

21— A —B,) — [ 0]

f{ﬁ]

Finally, consider (6.7c). The second equation of (6.9), i.e
M(zI — A) —LC, = A,

shows that Ay € RH. Combined with our assumption that (I + A;)™' € RH., by
the definition of ® we may assert that zR, zM, 2N, L € RH

D.1.1 Proof of Lemma 6.4.3 and Corollary 6.4.1

Lemma 6.4.3. Assume we estimate the system g by a length-r FIR system ¢ using coarse-
grained identification (output noise only) on m experiments, where the inputs u' are con-
strained to lie in a unit E;‘f ball. Then, with probability at least 1 —n,

o2r2/ max(p,2)

[16]]2 < 2\/10g2

Recall the setup of Chapter 4 and the notation

(HW}

Y(u) = ZToep(u(k))TToep(u(k)) :
k=1

We readily see that 6 ~ N(0,02S) where S = (X(u)"');;. Then, noting that ||6]|; is a
o||S/?||-Lipschitz function of i.i.d. standard Gaussian random variables, from concentration
of measure (see Boucheron et al. [2013, Thm. 5.6]) we have that

P(||8]|2 = E||8]]» + t) < e~ /@IS

for all t > 0. Furthermore, by Jensen’s inequality,

Efllls <
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This then gives

16112 < o (S22 Togn T + v/ux(S))

with probability at least 1 — 7. To probabilistically guarantee small error, we would then
like to minimize the right hand side over input signals. When U is a unit £,-ball in R”| the
arguments around Lemma 4.3.6 provides relevant bounds on S. Since [|S]| < tr(S), in the
most general case we have that

72/ max(p,2) (

|]5|’2§20\/Iog2 1+ +/2logn~ )

with probability at least 1 —n. If p € [1,2], ||S|| can be computed to be -, and we have

21 -1
161l < 200/ (H,/ﬂ) |
m T

Finally, with respect to Corollary 6.4.1, as noted in Section 4.3 we have that 6 ~ N (0, A),
where

A= (272)7 27 (0% Toep(g) Toep(g) " + 020 2(272) " < (o3]Glf, +02)(272)™

where Z .= [Toep(u®™)™ .. Toep(u™ )T}T € RT™*T and the inequality comes from the
stability of G.
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