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Abstract

This thesis develops various methods for the robust and stochastic model-based control of uncertain dy-
namical systems. Several different types of uncertainties are considered, as well as different mathematical
formalisms for quantification of the effects of uncertainties in dynamical systems.

For deterministic uncertain models and robust control, uncertainties are described as sets of unknowns
and every element from a set is presumed to be realizable. Stability and performance characteristics and
controlled system behaviors are required to be satisfied for any element in the set of uncertain models. This
thesis extends and expands robust control theory to tackle control problems for specific classes of structured
uncertain linear and nonlinear systems that include cone-invariant systems, descriptor systems, and Wiener
systems. The resultant analysis and control methods are proposed in terms of conic programming that
includes linear programming and semidefinite programming (SDP).

For stochastic uncertain models and stochastic control, uncertainties are described in terms of probabil-
ity distribution functions. Stability and performance characteristics and controlled system behaviors are
required to be satisfied with a desired probabilistic confidence. This thesis develops analysis and control
schemes based on a spectral methods known as generalized polynomial chaos that can be used to approximate
the propagation of uncertainties through dynamical systems. The proposed analysis and design methods
are shown to be computationally efficient and accurate alternatives to sampling-based methods, especially
when the methods are incorporated into model-based real-time control such as model predictive control.

In addition to accounting for uncertainties and disturbances, the occurrence of a system component fault
or failure can significantly degrade the ability of the control system to satisfy the desired stability and per-
formance criteria. This thesis presents an application of the robust control formalism to passively ensure the
reliability of a closed-loop system. For an active and intelligent control under presumed fault scenarios, this
thesis considers Bayesian inference and information theory that are suited for real-time model checking and
selection. To maximize the performance of statistical inference decision-making in the presence of stochastic
uncertainties, design methods for optimal probing input signals are proposed in terms of the solutions of

mathematical programs. Due to excitation nature of probing inputs, the resultant mathematical programs
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are nonconvex and a sequential SDP and convex relaxation methods are proposed to cope with such compu-
tational challenges. For real-time model checking and selection of complex distributed systems, this thesis
develops methods of distributed hypothesis testing that are based on belief propagation and optimization in
graphical models. The proposed methods are scalable and guarantee a consensus of distributed statistical

inference decision-making.

iii



To my parents, for their endless love and support.

v



Acknowledgments

My deepest gratitude goes to my advisor, Richard D. Braatz, for being a good natured advisor, available
anytime and full of resources, knowledge, and willingness to help. My journey towards this dissertation has
not been a straight path, but Braatz has kept his trust in me. This thesis would not have been possible
without him and I enjoyed stress-free life last couple years at the University of Illinois and the Massachusetts
Institute of Technology.

I am very grateful to the members of my thesis committee — Cedric Langbort, Petros G. Voulgaris, and
Geir E. Dullerud. I also would like to thank my former advisors, Sang-Young Park at the Yonsei University
and Naira Hovakimyan, who helped me stay motivated and inspired. My special thanks go to Rolf Findeisen,
Davide M. Raimondo, Lixian Zhang, Bhushan Gopaluni for helpful discussions and enjoyable conversations
on research problems during their visit to Braatz’s group at the Massachusetts Institute of Technology. I
also thank Braatz’s and Hovakimyan’s group members, my dear colleagues Takashi Tanaka, Hong Jang, Mo
Jiang, and Evgeny Kharisov, and everybody who was important to complete this thesis work.

At a more fundamental level, this thesis has been built on the foundations I received from my family. My
father Kim Jin-Bong, my mother Kwon Jung-Ja, and my three sisters, Hye-Jung, Kyeong-Ae, and Sung-Ook,

have helped me grow up in an environment of caring and support. They are the reasons for my being.

Kwang-K1 K. Kim
Urbana-Champaign, Illinois

March 2013



Table of Contents

Page

List of Tables . . . . . . . . e ix
List of Figures . . . . . . . . 0 e b
Chapter 1 INTRODUCTION . . . . . . . e e e e e e s 1
1.1 Uncertain Systems . . . . . . . . . . . . e e 1

1.2 Robust and Stochastic Analysis and Control . . . . . . . . ... ... ... .. ... 2
1.3 Uncertainty Quantification. . . . . . . . ... Lo 3
1.4 Reliable Control . . . . . . . . . e 4
1.5 Fault Detection and Diagnosis . . . . . . . . . . . ... L L 4
1.6 Distributed Decision Making . . . . . . . . . . . . e 5
1.7 Chapter-by-Chapter Description . . . . . . . . . . . . . . .. 5

I ROBUST CONTROL AND ABSOLUTE STABILITY 10
Chapter 2 A Characterization of Solutions for General Copositive Quadratic Lyapunov Inequalities . 11
2.1 Imtroduction . . . . . . . . . . e 11

2.2 Preliminaries . . . . . . . . e 13
2.3 Necessary and Sufficient Conditions for Stability of Cone invariant LTT systems . . . . . . . . 16
2.4 Solutions for General Copositive Lyapunov Inequalities . . . . . . . . ... .. ... ... ... 19
2.5 Summary and Future Work . . . . . . . ... L 22
Chapter 3 Unified Analysis of Uncertain Linear Descriptor Systems . . . . . . . . .. ... ... ... 23
3.1 Imtroduction . . . . . . . . . . 23

3.2 Preliminaries . . . . . . . L 24
3.3 Generalized Full-Block S-Procedure . . . . . . . . .. ... .. 26
3.4 Robust Stability and Performance of Uncertain Descriptor Systems . . . . . . ... ... ... 28
3.5 Robust Impulse-Free and Stable Uncertain Descriptor Systems: p Approaches . . . . . . . .. 35
3.6 Summary and Future Work . . . . . . ... oL 38
Chapter 4 Robust Reliable Control of Uncertain Systems with Faults . . . . . . ... ... ... ... 39
4.1 Introduction . . . . . . . . . . L e e e 39

4.2 Analysis for Reliability of Decentralized Control using ¢ . . . . . . . . ... ... ... .. 43
4.3 Further Remarks . . . . . . . . . 50
4.4 Tlustrative Examples: Fault-tolerant Decentralized Control . . . . . . . ... ... ... ... 52
4.5 Summary and Future Work . . . . . . . oL L 56

vi



Chapter 5 Robust Nonlinear Internal Model Control of Wiener Systems . . . . . .. ... ... ... 58

5.1 Introduction . . . . . . . . . . L e e e e e e 59
5.2 Theory and Methods: Stability and Performance Criteria . . . . . .. . ... .. ... .... 59
5.3 Application to pH Neutralization . . . . . . . . . .. ... . 65
5.4 Discussion . . . . . ..o e 69
5.5 Summary and Future Work . . . . . . . . . Lo 70
Chapter 6 Computational Complexity of Robust Control: An Overview . . . .. ... .. ... ... 7
6.1 Introduction . . . . . . . . . . L 7
6.2 Computational Complexity of Exact py-calculation . . . . ... .. ... ... ... .. .... 81
6.3 Computational Complexity of Approximate p-calculation . . . . . . ... ... ... ..... 87
6.4 Approximate BMI optimization and p-synthesis calculations . . . . . . . . .. ... ... ... 90
6.5 Results on the Gap between Exact and Upper-bounds of p-calculations . . . . ... ... .. 90
6.6 Alternative Approaches to Robustness Margin Computation . . . . . . .. .. ... ... ... 92
6.7 Summary and Future Work . . . . . . . . . Lo 94
II SPECTRAL METHODS FOR STOCHASTIC CONTROL 95
Chapter 7 Probabilistic Analysis and Control of Uncertain Systems . . . . . .. ... ... ... ... 96
7.1 Inmtroduction . . . . . . . . . L e e 96
7.2 Probabilistic Uncertainty Quantification in Dynamic Systems . . . . . . . .. ... ... ... 97
7.3 Approximation of Probabilistic Bounds . . . . . . . . . ... .o oo 101
7.4 Optimal Controller Design with Chance Constraints . . . . . . . ... ... ... ... .... 102
7.5 Summary and Future Work . . . . . . ... oo 107
Chapter 8 Approximate Stochastic Model Predictive Control . . . . . .. ... ... ... ...... 109
8.1 Introduction . . . . . . . . . . . e e e e 109
8.2 Feasibility of Chance Constraints: Probabilistic Collision Checking . . . . . . . ... ... .. 112
8.3 Efficient Approximation of Feasibility of Probabilistic Constraints . . . . . . . . . . ... ... 115
8.4 Summary and Future Work . . . . . . . . . L 127
IIT STATISTICAL INFERENCE FOR FAULT DIAGNOSIS 128
Chapter 9 Bayesian Hypothesis Tests: An Overview . . . . . . . . . ... ... .. .. .. ...... 129
9.1 Bayesian Hypothesis Testing . . . . . . . . . .. . . e 129
9.2 Performance Analysis of Bayesian Hypothesis Tests . . . . . . . . . ... ... ... ... ... 132
9.3 A Case Study of Two Tanks in Series. . . . . . . . . . . . . i 134
9.4 Discussions . . . . . ... e e 136
9.5 Summary and Remarks . . . . . . . L L 141
Chapter 10 Optimal Probing Inputs for Statistical FDD . . . . .. ... ... ... ... ... .... 143
10.1 Introduction . . . . . . . . L e 144
10.2 Statistical Distance Measures for Hypothesis Testing . . . . . . .. .. ... ... .. .. .. 146
10.3 Optimal Input Design for FDD: Approximation Methods . . . . .. .. ... ... ... ... 155
10.4 Optimal Input Design for FDD: Convex Relaxation . . . . . . . .. ... .. ... ... .... 161
10.5 Discussion . . . . . . oL e e e 168
10.6 Summary and Future Work . . . . . . . ... 172

vii



Chapter 11 Belief Propagation and Optimization for Distributed Fault Detection and Diagnosis . . . 174

11.1 Introduction . . . . . . . . o L o e 174
11.2 Belief Propagation in Graphical Models . . . . . . . . .. ... ... ... 176
11.3 Belief Optimization in Graphical Models . . . . . . . . .. ... .. ... L. 180
11.4 BP/BO Approaches to Decentralized/Distributed FDD . . . . .. ... ... ... ... ... 184
11.5 Discussion . . . . . . o o i e e e e e 188
11.6 Summary and Future Work . . . . . . . ... 191
Chapter 12 CONCLUSIONS . . . . . . e e s s s 192
Appendix A Mathematical Backgrounds . . . . . . . .. ... L 195
A.1 Background on Computational Complexity Theory . . . . . . . .. ... ... ... ... ... 195
A.2 Generalized Copositive Programs in Control and Systems Theory . . . . . . . ... ... ... 200
A.3 Background on Spectral Methods for Uncertainty Quantification . . . . .. .. ... ... .. 207
Appendix B Decomposition Methods for Optimization . . . . . . .. ... ... ... ... .. .... 220
B.1 Tterative Dual Decomposition . . . . . . . . .. . . L s 220
References . . . . . . . e 227

viii



List of Tables

Table

5.1

5.2

7.1
8.1
9.1

Al
A2

A3
A4
A5

Page

Lowest IMC filter parameter A (in seconds) that indicates stability for the closed-loop
system with the linear IMC controller. Perfect model information is assumed. Theorem
5.2 was applied with £ = p = 1. All times are in seconds. . . . . . . .. ... ... .. .... 67
Lowest IMC filter parameter A (in seconds) that indicates robust stability for the closed
loop system with the nonlinear IMC controller and significant uncertainty in the process

nonlinearity. . . . . . . . L. e e 68
Approximation of probabilistic bounds. . . . . . ... ... L 102
Covariance approximation errors for different degrees of Hermite polynomial expansions. . . . 122
Signal flows. . . . . . L 140
Supports and measures of common orthogonal polynomials. . . . . . ... ... ... ... .. 208
Transformation between the standard normal random variable ¢ and several common uni-

variate distributions 6. . . . . .. ..o 210
Types of gPC expansions and the corresponding standard random variables. . . . . . . . . .. 213
Direct and indirect regularization methods with the p-norm regularization term. . . . . . .. 216
Numerical integration methods. . . . . . . .. ... L L oo 217

ix



List of Figures

Figure Page

1.1 The main interactions and flows between the chapters and mathematical methods. A solid
arrow connecting two boxes indicates that one chapter or mathematical method depends
on the other and a dotted arrow indicates that only the main ideas of the parent chapter

or mathematical method are used in the child chapter or mathematical method.. . . . . . . . 9
3.1 Generalized linear fractional transformations. . . . . . . .. ... ... ... .. 31
4.1 Large-scale interconnected systems. . . . . . . . . ... L L Lo 41
4.2 Integrity under actuator faults/failures. For robust integrity, replace P by the set of

uncertain plants Pa. . . . . . o o e e e e e e e e 42
4.3 Equivalent LFTs of fault tolerance. . . . . . . . . . . .. ... ... ... .. ... ... ..., 44
4.4 Equivalent LFTs of robust fault tolerance. . . . . . . . .. ... ... ... ... ........ 45
4.5 Closed-loop uncertain system with integrator and diagonal compensator. . . . . . . . . . . .. 48
4.6 The plant with input uncertainty A; of magnitude wi(s) and the performance specification

WP(S). v e 53

4.7 p plots for evaluating reliability to uncertainties and reduction of actua-
tor/sensor/controller gains for the high-purity distillation column. The smooth red

curve is the upper bound for p and the rough blue curve is its lower bound. . . . . . . . . .. 55
4.8 The plant with input and output uncertainties A; and Ag of magnitude wy(s) and wo(s),
and the performance specification wp(s). . . . . . . . ... Lo Lo 56

4.9 p plots for evaluating reliability to uncertainties and up to 80% independent detuning of
controller gains for the parallel reactors with combined precooling. The smooth red curve
is the upper bound for p and the rough blue curve is its lower bound. . . . . . ... ... .. 56

5.1 Wiener model structure where G is linear time-invariant and I'(-) is a static (nonlinear)

operator that is included in a certain family of nonlinear functions. . . . . . . . ... ... .. 58
5.2 Standard nonlinear operator form for discrete-time systems. The structure for continuous-

time systems is obtained by replacing z with s, replacing xp11 with dz/dt, and redefining

the other variables to be continuous-time. . . . . . .. .. ... L oo 60
5.3 Block diagram for the nonlinear closed-loop system, with output z, disturbance d, and

noise n. The linear time-invariant and nonlinear static monotonic operators of the process

are P, (assumed to be stable) and T'y, respectively. The linear and nonlinear internal

model controllers have I's =1 and I'y = I'] Lorespectively. . . ... 60
5.4 pH neutralization apparatus. . . . . . . . ... L 65
5.5 Titration curve nonlinearity (W7 and W5 were determined by nonlinear least-squares fit-

ting). The model is the thick blue line; experimental data points are purple dots. . . . . . . . 66
5.6 Performance measure n* for the closed-loop system with the linear internal model controller

with tuning parameter A (for a process time delay 6 = 0.27 minutes). . . . . . . .. ... ... 68
5.7 Block diagram for pH system. . . . . . . . . ... Lo 71



6.1
6.2
6.3
6.4

7.1
7.2
7.3
7.4

8.1
8.2

8.3

8.4
8.5

9.1

9.2
9.3
9.4
9.5
9.6

9.7

9.8

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8

10.9

Feedback interconnected system. . . . . . . . . . ... e 80

Equivalent block diagram for a QCQP. . . . . . . . . . ... 84
QCQP as a robustness problem. . . . . ... ... e 84
Pure real and complex robustness problems. . . . . .. ... oo oL 85
Probabilistic analysis of robust performance. . . . . . . . . ... ... oL 98
PDF of system performances. . . . . . . . . . .. L e 99
Probabilistic distribution and time propagation of the wealth of the investor. . . . .. . . .. 100
Comparison of L-PCE and MC approaches that can be used to trade off two objectives in

stochastic optimization in Ex. 7.5. . . . . . . ... 107
A controlled trajectory produced by the proposed stochastic MPC formulation. . . . . . . .. 121
Monte Carlo simulations: the red dots correspond to simulated states at each 4" sampling

instance for 5000 samples. . . . . ... e e 121

A comparison of the computed probability of collision for the true system and the approx-
imation using a gPC expansion, estimated using Monte Carlo (MC) simulations where the
error bars were obtained from 1000 Monte Carlo simulations with different sets of 5000
samples. The blue circle refers to the MC simulation result and the red box refers to
the collision probability that is obtained from the MC simulations with the convex relax-
ation (8.12). For both computations, the corresponding error bars were generated at the
95% confidence level. The widths of the computed confidence intervals were smaller than
1077, which is negligible compared to collision probability. The black star refers to the
collision probability obtained from the presented gPC method that incorporates with the

convex relaxation (8.12). . . . . . . . ... 122
A schematic cartoon of constrained state trajectories with semi-chance constraints. . . . . . . 125
A cartoon of the outer bound that can be obtained from the Boole inequality and

concentration-of-measure inequalities. . . . . . . . .. ..o oL L Lo 126

A likelihood ratio test, the Bayes risk, and sensitivity of the associated Bayesian hypothesis
test: Statistical distance measure can be used for quantification of the Bayes risk and the
sensitivity of the associated test with respect to the choice of prior probabilities and the

costs of decision errors. . . . . . . . L. oL oL e 134
Two non-interacting flow tanks in series. . . . . . . . . ... L o 136
Fault scenario 1: A leak in Stream 1 occurs at t =10.0sec. . . . . . . . . . ... ... .... 137
Fault scenario 2: The output F,o gives a biased reading that occurs at t = 10.0 sec. . . . . . . 137
Fault scenario 3: A fault switching from Fault 1 to Fault 2 at t =15.0sec. . . . . . . . . ... 138
Fault scenario 4: Model switchings: (a) Normal operation (0.0-10.0 sec), (b) Fault 1

(10.0-20.0 sec), and (c) Fault 2 (20.0-30.0 seC). . . . . . . . . ... 139
An integration of state estimator, fault detection and diagnosis algorithm, and model

predictive control. . . . . . ... L L e 142
A general integration of state estimator, fault detection and diagnosis algorithm, and model

predictive control, equipped with active probing input design. . . . . . . .. .. ... ... .. 142
Input sequences obtained from the three design methods for H = {Ho, H1}. . . . . .. . . .. 169
The expected trajectory of V,, generated by the input design methods for H = {Hy, H1}. . . . 169
Input sequences obtained from the design methods for H = {Hy, Ha}. . . . . . . . ... ... 170
The expected trajectory of w generated by the input design methods for H = {Hy, Ho}. . . . 170
Input sequences obtained from the design methods for H = {Hy, Hs}. . . . . ... ... ... 171
The expected trajectory of V, generated by the input design methods for H = {Hy, Hs}. . . . 171
The expected trajectory of w generated by the input design methods for H = {Hy, Hz}. . . . 171
Input sequences obtained from the design methods for multiple hypotheses H =

{Ho,H1,Ho, Hs}. . . . o e e 172
The expected trajectory of V,, generated by the input design methods for multiple hy-

potheses H = {Ho, Hy, Ho, H3}. . . .« © 0 o i e e e e e e e e 172

xi



10.10The expected trajectory of w generated by the presented design methods for multiple
hypotheses H = {Ho, Hy1, Ha, Hs}. . . . . . o o o0 0o e e e

11.1 A schematic of a Markov network for sensor fusion. The solid arrows correspond to com-
munication links and the dotted arrows correspond to measurement mechanism. S: Sensor,
P: Processor, S: Receiver, T: Transmitter, and E: Evidence (or Observational Event). . . . . .

A.1 Relations between complexity classes [211, Fig. 16.1].. . . . . . . . ... ... .. ... ...

B.1 TIterative dual decomposition of sequentially reporting public variables {g,in)} and assigning

prices {v,(cn)}. The superscript (n) refers to the iteration sequence. . . . . ... ... .. ...
B.2 Circularly interconnected sensor network . . . . . . .. ... L oo Lo

xii



Chapter

INTRODUCTION

1.1 Uncertain Systems

Uncertainties are ubiquitous in mathematical models of complex systems and can be represented as cer-
tain classes of perturbations and disturbances. A general description of uncertainty can be categorizes into
two classes: the plant perturbations and exogenous inputs. The description of plant perturbations includ-
ing parametric and nonparametric perturbations is an outcome of modeling or system identification errors
reflecting the discrepancy between the mathematical model and the actual system in operation. Typical
sources of plant-model mismatches are neglected nonlinearities, unmodelled dynamics, model reduction,
system parameter variations due to operation circumstance changes, and physical changes in system com-
ponents. Uncertain exogenous inputs include disturbances and measurement noise. There are two main
models for exogenous inputs: stochastic inputs with joint probability distributions and deterministic inputs
from a set. Stochastic modeling of inputs is the traditional method for which the inputs are assumed to be
random processes with known or estimated joint probability distributions. However, due to difficulties in
fully characterizing the resultant probability distributions of solutions of the stochastic dynamical systems,
it is typical to discuss/model only up to second-order statistics. Deterministic modeling of inputs describe
the class of input signals as unknown but bounded in some mathematical sense. A typical method for
representing the input signals is as being bounded by finite- or infinite-dimensional convex constraints.

An uncertain system is a set of mathematical models that is assumed to contain the real system as an
element, in which the uncertainties can be represented either deterministically or stochastically. For both
types of uncertainties, this thesis develops tools for the analysis and control for uncertain systems, for which

the physical characteristics of actual systems are consistently kept in their associated mathematical models.



1.2 Robust and Stochastic Analysis and Control

Robust and stochastic analysis/control are two major directions in assessing and achieving satisfactory
stability and performance characteristics in the presence of any conceivable uncertainties. Robust analysis
and control deals with deterministic modeling of perturbations and disturbances, whereas stochastic analysis
and control use stochastic models of perturbations and disturbances, in the mathematical models of systems.

Robust control has been one of the most active research areas of system and control theory since the
1980s. A conjunction of different disciplines of mathematics such as functional analysis, convex optimization,
algebraic and differential geometry, and abstract algebra has led advances in developing theories of robust
control as well as their applications to real engineering problems. In modern robust control, common
and popular approaches use the theory of topological separation to characterize the well-posedness of the
interconnected systems and their robust stability and performance, for which convex analysis is used to
develop robustness criteria and convex optimization is applied for assessment of such criteria, equipped
with algorithmic numerical computations. Exact computations for robust analysis and control are known
to be NP-hard for general systems, whereas the associated conservative convex criteria can be evaluated
in polynomial-time, except for some special cases such as copositive programs. This thesis presents some
extensions of existing robust analysis and control methods, and applies those extended results to certain
structured uncertain linear and nonlinear systems. An overview of the computational complexity of robust
analysis and control problems is provided afterward.

Stochastic control is an area of control theory that considers stochastic disturbances and perturbations, as
well as measurement noise, in the mathematical models of systems.! With regards to stochastic analysis, the
major task is to compute the probability distributions of solution trajectories of stochastic dynamical systems
for given stochastic disturbances and perturbations. With regards to stochastic control, the control objective
is to achieve desired probability distributions of solution trajectories of stochastic dynamical systems by
applying allowable control inputs. The main difficulties are that the resultant stochastic analysis and control
problems are to find solutions of infinite-dimensional dynamical system equations, in particular, partial
differential equations such as Fokker-Plank and Hamilton-Jackob-Bellman equations. These computational
difficulties necessitate stochastic approximation methods and this thesis investigates the use of spectral
methods as an efficient alternative to naive sampling-based approaches.

On a different requirement of control systems (in both of robust and stochastic control), constraining the
controlled system behavior in the presence of uncertainties in the mathematical models is another major
challenge. To achieve desired constrained controlled trajectories, this thesis considers the model predictive

control technique equipped with the receding horizon scheme.

n the literature, the terminology “stochastic control” has been used to refer to control theory that deals with stochastic
uncertainty either in observations of the data or in processes that produce data. Throughout this thesis, “stochastic control”
refers to control theory that deals with both stochastic data (signals) and stochastic model uncertainty in the systems of
consideration. Alternative terms for such theory that have been used in the literature include probabilistic robust control or
stochastic robust control.



1.3 Uncertainty Quantification

The methodology of uncertainty quantification is to characterize the effects of uncertainties on simulation
or theoretical models of actual systems. Aforementioned sources of uncertainty include parametric model
perturbations, lack of physical fidelity of models, and uncertain circumstances in system operation. The

principal objectives of uncertainty quantification and propagation include [167):

1. Model Checking: In model-based analysis and control, models must be validated or invalidated by
assessing their consistency with measurements/observations that are available from the actual system.
Physical measurements are inherently corrupted by uncertainties (e.g., measurement noise, sensor
bias), and understanding the sources of uncertainties and modeling imperfections are indispensable to

the application of a robust control and estimation scheme.

2. Variance Analysis: The simplest way of quantifying uncertainty propagation is to compute the vari-
ance of the system response around its mean value (or expectation). This variance analysis can provide
important information and perspectives for robust design and optimization and can be used to charac-
terize the robustness of the prediction, the reachability and controllability of the system, and compute

confidence levels of associated predictions and estimations.

3. Risk Analysis: Apart from variance analysis, determining probabilities that certain system charac-
teristics exceed critical values or operation safety thresholds has significant importance in risk and

reliability assessment.

4. Uncertainty Management: In the presence of multiple sources of uncertainty, efficient robust control and
estimation requires analyses of their relative impacts on certain system performances and behaviors.

Isolating and reducing dominant sources of uncertainty are key steps for robust estimation.

Much research effort has been devoted to developing optimal and scalable uncertainty quantification methods,
including polynomial chaos, stochastic response surface, and dynamic sampling methods (e.g., Markov Chain
Monte Carlo).

For the purpose of stochastic uncertainty quantification in dynamical uncertain systems, this thesis focuses
on the use of polynomial chaos and its generalizations with intrusive projection methods, called Galerkin
projections, to identify the associated surrogate models. These methods can be considered as special types of
spectral methods to construct finite-dimensional approximations in infinite-dimensional probability measure
spaces. Surrogate models are built based on generalized polynomial chaos and used for analyzing and

quantifying uncertainty propagation and for developing stochastic control methods.



1.4 Reliable Control

An inevitable consequence of practical operation of control systems is that actuators and sensors can become
faulty or fail, which motivates the development of methods to evaluate the reliability of the closed-loop
system to such imperfect operations. A feedback-controlled system is said to be reliable if it is guaranteed
to retain desired closed-loop system properties while tolerating faults or failures of actuators and sensors.
Maximizing the reliability of a system concerns minimizing its potential performance degradation while
retaining closed-loop stability when a fault or failure occurs in a control and measurement channel.

This thesis provides methodologies for the design of robustly reliable decentralized control systems, for
which the structured singular value theory is applied to cope with the concurrent presence of faults, failures,

and uncertainties.

1.5 Fault Detection and Diagnosis

The complexity of devices and processes implies that faults are inevitable, and the tight interactions between
instrumentation and other components of the overall system can result in cascading effects with significant
economic, environmental, and human damages. Large amounts of data are collected in the operation of
control systems and the data can be analyzed to determine whether or not a fault has occurred in the system,
where a fault is defined as abnormal system behavior whether associated with equipment failure, equipment
wear, or extreme process disturbances. This task of determining whether a fault has occurred is called fault
detection, whereas fault diagnosis is the task of determining which fault has occurred. To properly and safely
operate the facilities and devices in real-time while preventing any unallowable behaviors of the system,
reliable FDD algorithms are needed that monitor the inputs and outputs of the system and determines
whether a fault occurs and to point to the location of the fault (aka fault diagnosis). In addition, without an
optimal integration between the monitoring and control systems, the response to faults can reduce reliability
and profit or can be overly conservative, for example, by initiating an unnecessary automated shutdown of
the facility due to false alarm. The design of FDD procedures are challenged by the presence of disturbances,
noise, and model uncertainties that can make the symptoms of faults/failures indiscernible.

The most common and popular approaches to FDD problems are to use Bayesian hypothesis tests, for
which certain system output data are monitored and collected to determine which hypothesized model is the
most probable. Performance of those statistical methods of decision-making relies on quality of monitoring
data for given exogenous and control inputs. To maximize performance of statistical FDD methods, this
thesis considers the design of probing inputs that excite or perturb the actual system so that the resultant

monitoring data are expected to have a larger discrimination between conceived hypotheses.



1.6 Distributed Decision Making

Distributed decision making has become of increasing importance in quantitative and quantitative decision
theory and applications for complex large-scale and distributed systems. Control of complex systems is es-
sentially characterized by distributed decision making and neccessitate a share of perspectives and cognitions
among distributed decision makers. Major problems in distributed decision making are to coordinate the
local decision makers called agents and to develop efficient protocols for information exchange and perspec-
tive sharing. This thesis particularly uses graphical models that are appropriate for representing cognitive
maps of perspective sharing and information/data fusion and can be incorporated with distributed statistical
inference problems that are special classes of distributed decision making problems.

This thesis develops methods of distributed Bayesian hypothesis tests based on belief propagation and op-
timization in graphical models, for which local evidences or measurements are exchanged among distributed
agents, denoted as the nodes, via communication links, denoted as the edges, and marginal a posteriori

probability distributions called beliefs are computed.

1.7 Chapter-by-Chapter Description

This thesis consists of twelve chapters, and compromises three main parts. Part I (Chapters 2—-6) presents
methods of robust control and absolute stability for structured uncertain systems that are further character-
ized, compared to traditional uncertain systems, and for which newly developed theories and computational
methods are incorporated with extensions of existing analysis and control schemes. Part II (Chapters 7 and
8) discusses the use of spectral methods called polynomial chaos for stochastic uncertainty propagation and
quantification and their applications to probabilistic analysis and control problems for stochastic uncertain
dynamical systems. Part III (Chapters 9—11) considers statistical inference problems for fault detection and
diagnosis based on Bayesian theory. In particular, optimum active probing input design for maximizing the
performance of statistical inference is discussed and methods of distributed Bayesian hypothesis tests based
on belief propagation and optimization are developed for graphical models of distributed uncertain systems.

Chapter 2 provides necessary and sufficient conditions for the stability of continuous- and discrete-time
general cone-invariant LTI systems. The proposed stability criteria are conic Lyapunov stability conditions
that are geometric algebraic conditions for the stability of an equilibrium state and established from using
the concepts of dual and polar cones. Namely, the existence of a dual variable in the interior of the dual cone
such that the adjoint operator maps the dual variable into the interior of the polar cone is a necessary and
sufficient condition for the stability of the cone-invariant LTI system, where the cone can be an arbitrary
proper cone in the state space. Another necessary and sufficient condition for stability of such a system is
the existence of a quadratic Lyapunov solution for the associated copositive Lyapunov inequality. It is shown

that the feasible solutions of the stability conditions with conic inequalities can be used to characterize the



extreme rays of the set of solutions for copositive Lyapunov inequalities.

Chapter 3 studies the impulsive behavior and robust stability and performance of continuous-time uncer-
tain linear descriptor systems, which are described by a combination of differential and algebraic equations.
Necessary and sufficient conditions are presented for robust stability and several dissipation performance
indices of uncertain linear descriptor systems represented as generalized linear fractional transformations.
For developing unified methods of robust analysis of uncertain linear descriptor systems, the full-block S-
procedure is employed and extended for such further characterized uncertain systems. The conditions are
written as coupling of linear matrix inequalities and equalities whose feasibility can be checked in polynomial-
time by using interior-point methods. Unified and generalizable convex conditions are provided for the analy-
sis of robust stability and performance for linear descriptor systems with structured uncertainty. A necessary
and sufficient condition for robust impulse-free dynamics for structured uncertain systems is derived from
using structured singular value theory and incorporated into associated robust stability conditions.

Chapter 4 presents necessary and sufficient conditions for several forms of controlled system reliability. For
comparison purposes, past results on the reliability analysis of controlled systems are reviewed and it is shown
that several of the past results are either conservative or have exponential complexity. For systems with
real and complex uncertainties, conditions for robust reliable stability and performance are derived in terms
of the structured singular values of certain transfer functions. The conditions are necessary and sufficient
for the controller to stabilize the closed-loop system while retaining a desirable level of the closed-loop
performance in the presence of system component faults and/or failures, as well as modeling uncertainties
and external disturbances. The resulting conditions based on the structured singular value are applied to the
decentralized control for a high-purity distillation column and singular value decomposition-based optimal
control for a parallel reactor with combined precooling.

Chapter 5 considers certain classes of uncertain Wiener models that are interconnected systems of stable
linear systems followed by a static nonlinearity. A nonlinear control design procedure is presented that
provides robustness to uncertainties while being applicable to systems with unstable zero dynamics, unmea-
sured states, disturbances, and measurement noise. The design procedure combines nonlinear internal model
control with linear matrix inequality feasibility or optimization problems, such that all robust stability and
performance criteria are computable in polynomial-time using readily available software. The approach is
applied to a case study involving the control of pH in which the Wiener model is identified from experimental
data. This pH neutralization case study demonstrates the importance of taking uncertainty into account
during the design of controllers for Wiener systems. The approach is generalizable to Hammerstein and
sandwich systems, whether well- or poorly-conditioned, and to systems with actuator constraints.

Chapter 6 provides a comprehensive overview of research related to the computational complexity of
robustness margin calculations. Followed by the pioneering papers on the structured singular value (SSV),
there have been numerous efforts to develop efficient algorithms for computing for purely real, mixed real

and complex, and purely complex uncertainties. Results on the NP-hardness of the exact computation of



SSV motivated interest on the computational complexity of and potential conservatism in the approximation
of SSV. This chapter collects together many results that are not well known in the literature, including that
the cost of SSV calculation scales by the rank of the M matrix, and that in worst case the widely used upper
bound for SSV can be arbitrarily far off. The chapter also describes approaches for the extension of past
results. The role of probabilistic randomized algorithms is also discussed, including their favorable scaling
with problem size. Polynomial chaos expansion-based methods are described as a computationally efficient
alternative for sampling-based stochastic robustness analysis and controller synthesis.

Chapter 7 considers the incorporation of generalized polynomial chaos expansions for uncertainty prop-
agation and quantification into robust control design. Generalized polynomial chaos expansions are more
computationally efficient than Monte Carlo simulation for quantifying the influence of stochastic parametric
uncertainties on the states and outputs. Approximate surrogate models based on generalized polynomial
chaos expansions are applied to design optimal controllers by solving stochastic optimizations in which the
control laws are suitably parameterized, and the cost functions and probabilistic (chance) constraints are ap-
proximated by spectral representations. The approximation error is shown to converge to zero as the number
of terms in the generalized polynomial chaos expansions increases. Several proposed approximate stochastic
optimization problem formulations are demonstrated for a probabilistic robust optimal IMC control problem.

Chapter 8 considers the model predictive control of dynamic systems subject to stochastic uncertainties
due to parametric uncertainties and exogenous disturbance. The effects of uncertainties are quantified us-
ing generalized polynomial chaos expansions with an additive Gaussian random process as the exogenous
disturbance. With Gaussian approximation of the resulting solution trajectory of a stochastic differential
equation using generalized polynomial chaos expansion, convex finite-horizon model predictive control prob-
lems are solved that are amenable to online computation of a stochastically robust control policy over the
time horizon. Using generalized polynomial chaos expansions combined with convex relaxation methods, the
probabilistic constraints are replaced by convex deterministic constraints that approximate the probabilistic
violations. This approach to chance-constrained model predictive control provides an explicit way to handle
a stochastic system model in the presence of both model uncertainty and exogenous disturbances.

Chapter 9 provides a concise introduction to methods of Bayesian hypothesis testing and generalizes some
of existing work in the literature. The main applications of consideration are change detection and fault
detection and diagnosis in stochastic dynamical systems, for which statistical inference problems based on
Bayesian theory of statistics are formulated as mathematical programs.

Chapter 10 considers optimal /suboptimal active input design problems for fault detection and diagnosis
(FDD). The design problems are formulated as optimizations in which an optimal sequence of inputs within
a prediction horizon is computed for maximizing the statistical discrimination of different models of fault
scenarios. The optimality criteria are information theoretic measures of the statistical distance between
probability distributions and constraints on the predicted controlled output trajectory are imposed for en-

suring operational safety as well as the input constraints that correspond to hardware limitations. Two



different approaches to such constrained optimal input design problems are presented. The first scheme is
to compute an optima input sequence for maximizing discrimination between system models of fault scenar-
ios in a statistical sense. Two different measures quantifying the degree of distinguishability between two
stochastic LTT system models are considered, and their geometric properties are investigated. The presented
constrained open- and closed-loop feedback input design problems are shown to be concave programs and an
iteration algorithm to solve these special families of nonlinear programs is presented, in which semidefinite
programs are sequentially solved and a local optimum can be achieved. The second scheme is semidefinite
programming (SDP) relaxation in which three different measures for the degree of statistical discrimination
between two hypothesized stochastic dynamical system models are considered and their mathematical prop-
erties that are related to Bayesian hypothesis tests are studied. The resulting input design problems are
non-convex and associated convex relaxation methods are proposed that can be solved in polynomial time
using interior point methods. Receding horizon method is used to implement the computed inputs for both
approaches for constrained optimal probing input design. Numerical simulations with an aircraft model are
provided to illustrate and demonstrate the presented methods of optimal input design for FDD.

Chapter 11 develops distributed Bayesian hypothesis tests for fault detection and diagnosis that are
based on belief propagation and optimization in graphical models. The main challenges in developing
distributed statistical estimation algorithms are (i) difficulties in ensuring convergence and consensus for
the solutions of distributed inference problems, (ii) increasing computational costs due to lack of scalability,
and (iii) communication constraints for networked multi-agent systems. To cope with those challenges, we
consider (i) belief propagation and optimization in graphical models of complex distributed systems, (ii)
decomposition methods of optimization for parallel and iterative computations, and (iii) distributed decision

making protocols.
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Chapter

A Characterization of Solutions for General

Copositive Quadratic Lyapunov Inequalities

Abstract This chapter provides an answer to an open question raised in [48] with regard to checking
existence of a solution for copositive Lyapunov inequalities. This chapter considers homogeneous LTI systems
that preserve a proper cone C.! A necessary and sufficient condition for stability of such a system is the
existence of a quadratic Lyapunov solution for the associated copositive Lyapunov inequality. This chapter
provides another necessary and sufficient condition for stability of the cone-invariant LTI system, in which
geometric algebraic conditions for the stability of an equilibrium state are established from the concepts
of dual and polar cones. The conditions are polynomial-time verifiable, provided C is a proper cone in R"
and has a polynomial-time evaluable self-concordant barrier function. This chapter shows that the feasible
solutions of those conditions can be used to characterize the extreme rays of the set of solutions for copositive

Lyapunov inequalities.

2.1 Introduction

Mathematical models of dynamical systems in which the state trajectories remain in a cone are prevalent
in many systems and control problems [25,80,163] and their application to switched positive systems has
become a popular research topic [148,170]. For a continuous-time linear time-invariant (LTI) system & = Az
with an initial condition z(0) = xg, it is well-known that an equilibrium state is globally asymptotically
stable (g.a.s)? if and only if there exists a positive definite solution P = 0 of the Lyapunov inequality

PA 4+ ATP < 0. This stability condition can be generalized for a cone-invariant LTI system, namely, the

1The cones considered in [48] were polyhedral cones, while our consideration is more general, to cover any proper cones C
such that checking the condition z € C (or ¢ C) can performed from a polynomial-time evaluable self-concordant barrier
function; see [197] for details on polynomial-time interior point methods using self-concordant barrier functions.

2The term “stable” means “g.a.s.” in many places of this chapter.
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state transition map corresponding to the system & = Ax ensures that x(0) € C implies z(¢) € C for all t > 0,
where C € R" is a cone. It is straightforward to show that the aforementioned cone-invariant LTT system is
g.a.s. if and only if there exists P ¢ 0 such that PA+ ATP <¢ 0, where P ¢ 0 is equivalent to 2T Pz > 0
for all z € C\ {0} and P <¢ 0 is equivalent to —P ¢ 0. This stability condition for the C-invariant LTI
system is called the copositive Lyapunov inequality.

For the copositive Lyapunov inequality and function of a polyhedral cone-invariant LTI system, an open

question was raised in [48]:

Problem 2.1. Consider a matrix A € R"*™ and a cone C £ {x € R" : Cx > 0}. Determine necessary and

sufficient conditions for the existence of a symmetric matrix P ¢ 0 such that PA + ATP < 0.

This chapter provides an answer to the stability of general cone-invariant LTI systems, which implicitly
generalizes the answer to Problem 2.1 for which there exists a solution P satisfying the associated copositive
Lyapunov inequality if and only if the corresponding LTT system is stable over the cone C. Namely, we
establish necessary and sufficient conditions for stability of continuous- and discrete-time cone-invariant
LTT systems. Our conditions are polynomial-time verifiable, provided that there exists a polynomial-time
evaluable self-concordant barrier function to check if x € C. Notice that copositive programs are convex,
but NP-hard [189]. This is because the cone K £ {X € R™" : X = XT X >=¢ 0} nor its dual allow
self-concordant barrier functions that can be evaluated in polynomial-time, even for the case when C is the
positive orthant, i.e., C = I (see [197]). The stability conditions presented in this chapter are to check
feasibility of constraints over the cones C (not K), and its dual and polar cones. There has been some
misunderstanding about the computational complexity of checking feasibility of the copositive Lyapunov
inequality; for example, in [45] it was misstated that the feasibility problem of the copositive Lyapunov
inequality is NP-hard so that there was little hope for there to exist an efficient solution method for large-
scale systems.

A main contribution of this chapter is to provide polynomial-time checkable convex conditions for the
stability of general cone-invariant LTI systems and correct some misunderstanding of computational com-
plexity of the copositive Lyapunov inequality, for which we fully characterize quadratic Lyapunov solutions
for copositive Lyapunov inequalities. A notable discrimination is that, since stability needs to be assessed
only over a cone C, it is natural to assume that the system & = Az has a state-transition map that pre-
serves the cone C and this cone-preserving property characterized in terms of the system matrix A can be
exploited to derive polynomial-time solvable mathematical programs. The contribution of this chapter is
to characterize solutions of copositive Lyapunov inequalities as a convex hull of rank-one matrices that are
dyadic products of two vectors from a cone of the co-state satisfying semi-algebraic conditions with respect
to the cone C. We further assume that there exists a polynomial-time verifiable barrier function for the
condition x € C, i.e., checking if x € C can be performed in polynomial-time, e.g., polyhedral, second-order

(aka Lorentz), and semidefinite cones are such types of proper cones.
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2.2 Preliminaries

This section provides a concise overview of the theory of cones and consistency of linear inequalities. This
theory is used to establish a main result of this chapter, namely, necessary and sufficient conditions for the

cone-invariance and stability of homogeneous LTT systems.

2.2.1 Theory of Cones and Cone-preserving Matrices, and Consistency of Convex
Inequalities

There are certain classes of matrices that are related to cone-preserving operators.
Definition 2.1 (Z-matriz [110]). The set Z, C R™*" is defined by Z, £ {4 € R™*" : A;; <0 for i # j}.
The set —Z,, defines the set of Metzler matrices, which have non-negative off-diagonal entries.

Definition 2.2 (M-matriz [110]). A matrix A is called an M-matriz if A € Z,, and A is positive stable,

i.e., 0(A) C C; where C, refers to the open right-half plane in complex variable domain.

Definition 2.3 (Nonnegative matriz [109]). A matrix A is called a nonnegative matriz if it has nonnegative

entries only.
Remark 2.1. The sets of Z-, Metzler, M-, and nonnegative matrices define cones in R™*".

Some background on cones is provided below.

Definition 2.4 (Cone [221]). A set C € R™ is called a cone if it is closed under positive scalar multiplica-

tion, i.e., Ax € C when z € C and A > 0. This set is a union of half-lines emanating from the origin.

A cone C is pointed if C N (—C) = {0} and solid if the interior of C is not empty. A cone that is convex,

closed, pointed, and solid is called a proper cone.

Definition 2.5 (Dual and polar cone [161]). The dual of a nonempty set C € R" is C* = {z € R : (z,2) >
0 Vz € C}. Similarly, the polar of a nonempty set C is C° = {z € R" : (z,2) < 0 Vx € C}.

We now come to the basic concepts for the study of topological properties of sets in the vector spaces.

Definition 2.6 (Interior of a set [161]). Let S be a subset of a normed space X. The point s € S is said
to be an interior point of S if there is an € > 0 such that all vectors x € B(s,e) C S. The collection of

interior points of S is called the interior of S and is denoted by ®S.

Definition 2.7 (Closure of a set [161]). Let S be a subset of a normed space X. The point s € § is said
to a closure point of S if for a given € > 0 there exists a point « € B(s,€). The collection of all closure points

of S is called the closure of S and is denoted by ®S.
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The dual C*® and polar C° are always closed convex cones. Duality reverses inclusion, C; C C; = C5 C C3.
If C is a closed convex cone, then C = C®®. Otherwise, C*® is the closure of the smallest convex cone that
contains C.

One of the most common matrix operators that preserve a cone is the set of nonnegative matrices. Below

is a summary of the appropriate definitions and spectral properties of nonnegative matrices.

Theorem 2.1. (Perron-Frobenius [109]) Let A € M,, and suppose that A is irreducible and nonnegative.
Then

(a) p(4) >0,
(b) p(A) is an eigenvalue of A,
(¢) There is a positive vector z such that Ax = p(A)z,

(d) p(A) is an algebraically (and hence geometrically) simple eigenvalue of A.
Corollary 2.1. (Perron-Frobenius [109]) Suppose that A € M, (R) is a Metzler matrix. Then

(a) p(A) is an eigenvalue of A and there exists a nonnegative eigenvalue x > 0, z # 0 such that Az = p(A)z,

(b) If A € 0(A) and |A| = p(A) then the algebraic multiplicity of A is not greater than the algebraic
multiplicity of the eigenvalue of p(A).

Krein and Rutman [150] generalized the results of the Perron-Frobenius theorem. Here, we only consider
the linear operators on a finite-dimensional real vector space, although similar results can be extended to

infinite-dimensional Banach spaces.

Theorem 2.2. (Krein-Rutman Theorem for Linear Operators on Finite-dimensional Spaces [150]) Let C be
a proper cone in a finite-dimensional real vector space V, and £ be a linear operator on V for which £(C) C C.
Then the spectral radius p(£) is an eigenvalue and there exists a non-zero x € C such that £(z) = p(L)z.

Furthermore, there exists a non-zero y € C*® such that L*(y) = p(L)y.

For convex functions defined on convex sets with non-empty interiors, there is a fundamental existence
theorem represented as the form of two mutually exclusive alternatives for the associated convex level sets.

Below are the results for a special case of affine functions and inequalities.

Theorem 2.3. (Theorem of Alternatives [221]) Assume that the system (a;,z) < a; for i = 1,...,m is
consistent. An inequality (ag,x) < ag is then a consequence of this system if and only if there exist non-

negative real numbers \; > 0,4 =1,...,m, such that > ;" Na; = ag and > " \jay; < .
For linear functions and inequalities, the result is known as the Farkas Lemma.

Lemma 2.1. (Farkas Lemma [221]) An inequality (ag,x) < 0 is a consequence of the system (a;,z) <0
for ¢+ = 1,...,m if and only if there exist non-negative real numbers A\; > 0, ¢ = 1,...,m, such that

m
Zi:l )\iai = ag-.
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2.2.2  Positive Invariance of LTI Systems

Some results related to cone invariant LTI systems are now presented.

Lemma 2.2. Consider the system #(t) = Az(t) and a proper cone C. Then C is a positively invariant set
of the solution z(t) if and only if ®(t,to) £ eA(*~t) has property of leaving positively invariant the proper

cone, i.e., (¢, tg)C C C for all t > .

Corollary 2.2. Consider the inhomogeneous system @(t) = Az(t) + v(¢) and a proper cone C. Then C is a
positively invariant set of the solution z(t) if and only if ®(¢,t7)C C C for all ¢ > .

A special and common case of cone invariant LTI systems is a polyhedral cone that can be generated by

a finite number of real vectors from R".

Theorem 2.4. (Polyhedron Invariant Continuous-time LTI Homogeneous System [234, 260, 261]) Consider
the system #(t) = Ax(t) and a polyhedral cone C,(R) £ {x € R" : Rz > 0} where R € R™*". Then C,(R)

is a positively invariant set of the solution z(t) if and only if there exists a Z-matrix Z € R™*™ such that
AR+ RZ =0. (2.1)

The above result includes the positive system that preserves the polyhedral cone R .

Corollary 2.3. Consider the system @(t) = Az(t) and the closed positive orthant ®R’. Then ®R"} is a

positively invariant set of the solution z(¢) if and only if A is a Metzler matrix.

Similar results can be extended to discrete-time LTI systems, which directly follow from conditions for

consistency of systems of linear inequalities.

Theorem 2.5. (Polyhedron Invariant Discrete-time LTI Homogeneous System) Consider the system x4 =
Az and a polyhedral cone C,(R) £ {z € R" : Rr > 0} where R € R™*". Then C,(R) is a positively

invariant set of the solution xy if and only if there exists a non-negative matrix P € R™*™ gsuch that
RA = PR. (2.2)

Proof. The Farkas lemma indicates that Rz > 0 implies RAx > 0 if and only if for each i = 1,...,m, there
exists A; € R7 such that RT\; = (RA)] where (RA); refers to the ith row of the matrix RA. This equivalent
condition for the dual variables \;, i = 1,...,m, can be rewritten as the matrix form RTA = (RA)T where

the ith column of A is A;. Selecting P = AT proves the result. QED

Corollary 2.4. Consider the system xp,1 = Az and the closed positive orthant ®R’. Then ®R” is a

positively invariant set of the solution zy if and only if A is a non-negative matrix.
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2.3 Necessary and Sufficient Conditions for Stability of Cone invariant LTI
systems

Here, we show that the stability of a cone invariant LTI system can be tested by the existence of a dual
variable in the interior of the associated dual cone that is mapped by the adjoint operator into the interior

of the associated polar cone.

2.3.1 Conic Lyapunov Stability: Linear Functional

For the stability analysis of cone invariant LTI systems, we propose to use a conic linear Lyapunov functional
as an alternative to copositive quadratic Lyapunov functions,? without introducing any conservatism while
requiring less computational demand as the associated problems are convex, for which polynomial-time

self-concordant barrier functions exist [197].

2.3.1.1 Continuous-time LTI Homogeneous Systems

The next theorem uses the concept of dual cones to establish a necessary and sufficient condition for the
stability of cone invariant LTI systems. We also provide an explicit form of dual variables that define a conic

linear Lyapunov functional proving stability.

Theorem 2.6. (A Necessary and Sufficient Condition for Stability of Cone Invariant LTI Homogeneous
Systems) Consider the system @(t) = Axz(t). Suppose that this linear homogeneous system is C-invariant,
i.e, z(t) € C implies z(s) € C for all s > ¢, where C is a proper cone. Then the system is asymptotically
stable on C if and only if there exists p € ®C® such that ATp € @C° where C* and C° refer to the dual and

polar cones of C, respectively, and ©@C denotes the interior of C, i.e., ®C £ C \ OC.

Proof. (=): Consider the linear Lyapunov functional V (z;p) £ (p,z) where p € ®C® such that V (x;p) > 0

for all z € C and V(z;p) = 0 only for z = 0. The time derivative of this linear Lyapunov functional is

d d

SV (@p) =~ (p, ),
= (p, Az), (2.3)
= (ATp, ),

<0 (- ATpeace ceo),

where the equality holds if and only if z = 0. From Lyapunov theory, this inequality implies that the origin

3Some open problems on copositive Lyapunov functions were posed in [48]. One open problem was the derivation of necessary
and sufficient conditions for the existence of a Lyapunov function for a linear system that preserves a cone. There have been
some efforts to answer this question afterwards (e.g., [45]) and some new results on computing copositive Lyapunov functions
based on the conditions presented in this section will be provided in Section 2.4.
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is asymptotically stable. (<): Suppose that A is Hurwitz stable. Define the vector

o0 T
p::/ e tqdt
0

for some ¢ € ®C®. Then eA'C C C implies that e4 tC* C C* for all + > 0, which also implies that p € ©C*

since g € ®C®. The expression
o0 T
Atp = / ATe tqdt = —q € oC°, (2.4)
0

shows that asymptotic stability on C ensures the existence of a well-defined vector p € C*® satisfying ATp €

eCe. QED

A special case of the previous results is a condition for the stability of polyhedral cone invariant LTI

systems.

Lemma 2.3. (A Necessary and Sufficient Stability Condition for Polyhedron Invariant Linear Homogeneous
Systems) Consider the dynamical system i(t) = Ax(t) and the polyhedron C,(R) £ {x € R" : Rz > 0}.
The system is Cp(R)-invariant and the origin is asymptotically stable on C,(R) if and only if there exist a
Z-matrix Z € R™*™ and a vector p € C,(R)*® such that

AR+RZ =0 and (AG)Tp<o, (2.5)

where G € R"*"™ satisfies RG =1, i.e., the columns of G define the extreme rays of the cone C,(R).

Proof. The set equivalences

OCp(R)°? ={z e R": (z,y) <0, Vy € C,(R)},

={z eR": (z,G\) <0,VX € R},

(2.6)
={z e R": (GTz,)\) <0, VA € R},
={zeR": Gz <0}
imply that the condition ATp € ©C,(R)° is equivalent to the inequality G* ATp < 0. QED

A special case of the aforementioned results is for linear positive LTI systems.

Corollary 2.5 (See [163]). Consider the system @ (t) = Ax(t) and the closed positive orthant ®R’}. Then
@R’ is a positively invariant set of the solution x(¢) and the origin is asymptotically stable on ®R’} if and

only if A is a Metzler matrix and there exists a vector p > 0 such that ATp < 0.

Remark 2.2. Any simplicial cones can be linear transformed into the positive orthant R’} by an invertible

matrix in R™”*"_ which relates Lemma 2.3 and Corollary 2.5.
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2.3.1.2 Discrete-time LTI Homogeneous Systems

Similar results as the continuous-time cases can be obtained for discrete-time cone invariant LTI systems.

Theorem 2.7. (A Necessary and Sufficient Condition for Stability of Cone Invariant LTI Homogeneous
Systems) Consider the system zp41 = Axg. Suppose that this linear homogeneous system is C-invariant, i.e,
x), € C implies x4 € C for all s > ¢, where C is a proper cone. Then the system is asymptotically stable on C
if and only if there exists p € ®C® such that (4 — I)Tp € ®C° where C* and C° refer to the dual and polar
cones of C, respectively, and ®C denotes the interior of C, i.e., ®C £ C \ 9C.

Proof. (=): Consider the linear Lyapunov functional V(z;p) £ (p,z) where p € ®C® such that V (x;p) > 0

for all z € C and V (z;p) = 0 only for z = 0. The time difference of this linear Lyapunov functional is

AV (zr;p) = V(@es1:p) — Vizkip),
(p, (A = Day),

(A=

0(- (A-DTpeace cce),

(2.7)

D%p, k),

IN

where the equality holds if and only if z = 0. From Lyapunov theory, this inequality implies that the origin
is asymptotically stable.
(<): Suppose that A is Schur stable. Define the vector

pi= (A")¥q
k=0
for some g € ®C®. Then AC C C implies that ATC® C C*®, which also implies that p € ®C*® since ¢ € OC®.

The expression

oo

(A-D)"p=(A-D"> (A" rq¢=—geaC, (2.8)
k=0
shows that asymptotic stability on C ensures the existence of a well-defined vector p € C*® satisfying (A —

)Tp e aCe. QED

Lemma 2.4. (A Necessary and Sufficient Stability Condition for Polyhedron Invariant Linear Homogeneous
Systems) Consider the dynamical system xj41 = Az, and the polyhedron C,(R) £ {z € R" : Rx > 0}.
The system is Cp,(R)-invariant and the origin is asymptotically stable on Cp(R) if and only if there exist a

non-negative matrix P € R™*™ and a vector p € C,(R)*® such that

AR=RP and ((A-1)G)"p<o, (2.9)
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where G € R"*™ satisfies RG =1, i.e., the columns of G define the extreme rays of the cone C,(R).

Proof. The set equivalences

OCp(R) ={z e R": (z,y) <0, Vy € Cx,(R)},

={z eR": (z,G)\) <0, VA€ R},

(2.10)
={z e R": (G"z,)\) <0, VA € R},
={zecR": Gz <0}
imply that the condition (4 —I)Tp € ©C,(R)° is equivalent to the inequality GT(A —I)Tp < 0. QED

Stability of the R -invariant system (see [163]) is a special case of the results of Lemma 2.4.

Corollary 2.6. Consider the system ;47 = Az, and the closed positive orthant ®R’. Then ®R is a
positively invariant set of the solution x; and the origin is asymptotically stable on ®R’ if and only if A is

a non-negative matrix and there exists a vector p > 0 such that (A —I)Tp < 0.

2.4 Solutions for General Copositive Lyapunov Inequalities

This section provides an answer to Problem 2.1 and fully characterizes the associated quadratic Lyapunov

solutions. Consider the copositivity condition
P>c0, PA+ATP <c0 (2.11)

and suppose that the system matrix A defines the C-invariant system & = Axz. The associated cone of linear

operators (matrices) defined by
Kiyap(A|IC) £ {P €S": P =¢ 0, PA+ ATP <. 0} (2.12)

is a cone in R™*™. The next lemma computes the dual cone of Kiyap(A|C).

Lemma 2.5. The dual cone of Kiyap(A|C) is the closure of
Kiyap(AT|C®) £ {X :S": X =¢o 0, AX + X AT <ce 0}, (2.13)

ie., /Clyap(A|C). = @]C]yap(ATw').

Proof. From the definition of dual cone, X € Kiyap(A|C)® if and only if (X, P) > 0 for all P >¢ 0 satisfying
PA+ ATP <. 0. It is trivial to see that (X,P) >0 for all P >¢ 0 if and only if X >=¢ce 0. Furthermore,
if X =ce 0 then (X,PA+ ATP) < 0 for all P satisfying PA + ATP <¢ 0. Since (X, PA + ATP) =
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(P,AX + XAT) and P ¢ 0, (X,PA+ ATP) < 0 for all P satisfying PA + ATP <¢ 0 if and only if
AX + X AT =c. 0. QED

The next lemma considers a generalized cone of C-copositive matrices and computes its dual cone.

Lemma 2.6. Consider the cone of C-copositive matrices defined by K, (C) £ {M € S™ : M =¢ 0}. Then

7)+(C) £ {X esS": X = szx?, z; €C, VZ}

i=1 (2.14)
— KL
Proof. Consider X € P,(C). Then
(X, M) = <ZMTM>
i=1
= Z(aclgc?7 M),
i=1 (2.15)

= Z:ﬂ?M@EZ,
i=1
>0 VM e K (C) (- z; €C),

which implies P4 (C) C K4 (C)®. To show the reverse inclusion, suppose that M ¢ K (C). Then there exists
x € C such that 7 Mz < 0, but zz™ € P, (C). This implies that if M ¢ K, (C) then M ¢ P, (C)*. Thus, we
have P (C)®* C K4+(C), which implies the relation of inclusion K4 (C)* C P4 (C)**. Since P (C) is a closed
and convex cone, P4 (C)** = P,(C) so that £ (C)* C P(C). QED

It is straightforward to see the relations
K4 (0 = K, (%)
Ki(C)** = {X es": X = zn:xlmlT, x; €C*, Vl} (2.16)
i=1
=K4(0),
which follows from K (C)** = P4(C)°.

Definition 2.8. An extreme ray of a cone C is a subset of CU{0} of the form {aE : @ > 0} where 0 # E € C
is such that £ = Fy + Es, E1, E5 € C implies E; = a; FE for some a; > 0, i =1, 2.

The next theorem shows that the extreme rays of solutions for the copositive Lyapunov inequalities can

be represented as the set of dyadic products of vectors that satisfy the conditions in Theorem 2.6.
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Theorem 2.8. Consider the closed convex cone
®Kiyap(AIC) £ {P €S : P=¢ 0, PA+ ATP = 0} (2.17)

and the cone

E(AIC) & {ppT es™: peace, ATpeac). (2.18)
Then ®E(A|C) defines the set of extreme rays of ®Kjyap.

Proof. Let p € ®E(A|C) and be non-zero. Then ppT € ®Kjyap. To see this, we need to show that (i)
(z,ppTx) >0 for all x € C and (ii) (x, (ppT A+ ATppT)z) < 0 for all x € C. The first condition (i) is trivial.
The right-hand side of the inequality in the second condition (ii) can be rewritten as (z, (ppT A+ ATppT)z) =
(z,p)({x, ATp) + (pT A, x)) which is nonpositive for all z € C. Now, suppose that ppT = P; + P, where
P, € ®Kjyap for i = 1,2. Let w € C C R™ be orthogonal to p such that wTppTw = wT(P + P2)w = 0,
which implies wT Pjw = 0 for all 4 = 1,2. Since the space orthogonal to p has n — 1 dimension and C is
a solid cone, the matrices P; are at most of rank 1, i.e., P, = a;pp" for some a; > 0. In reverse, suppose
that E = ppT + P is an element of an extreme ray of ®Kjyap(A|C) and P is not aligned with pp* such that
rank(E) > 2. From E =¢ 0, P necessarily has the form P = Y, p;p} for some p; € C* that are not on the

(2

same ray as p and n, > 1. Then it directly follows that £ does not generate an extreme ray of ®Kiyap.QED

Lemma 2.7 (Klee [147]). Any closed convex set containing no lines can be expressed as the convex hull of

its extreme points and extreme rays.

Theorem 2.9. For any P € Kiyap(A|C) with a proper cone C € R™, we have a semi-spectral representation

P =" p;p; where n, <n and p; € L(A|C) £ {p e R" :p € @C* and ATp € ®C°} for all i = 1,...,n,,.

Proof. We need to show
P(A|C) £ Conv(E(A|C)) = Kiyap(AIC),

where £(A|C) is given in (2.18). Suppose that P = > i, pip; with p; € L(A|C) for all i = 1,...,n, and
np < n. Then it directly follows that P € Kiyap(A|C), which implies P(A|C) C Kiyap(A|C). To show the
reverse inclusion, note that Kiyap(A|C) is pointed such that it does not include a linear subspace. Lemma
2.7 implies that the convex hull of ®€(A|C) including the origin is @Kiyap. Thus, any P € Kiyap can be
written as P =Y 7, z;z} for some z; € P(A|C) = E(A|C). But, since z; € R", there are at most n linearly
independent vectors from the set Z¢(P) = {2; € £(A|C) : i = 1,...}, which implies that P can be rewritten
as P = Y pipl where n, < n and p; € {az € R" : 2 € Z¢(P), a > 0} are linearly independent for
i=1,....n. QED
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2.5 Summary and Future Work

A characterization of the solutions for copositive Lyapunov inequalities was presented. We show that the
extreme rays of solutions for copositive Lyapunov inequalities are indeed dyadic products of the co-state
corresponding to Lagrangian dual variables that satisfy semi-algebraic conditions, which are polynomial-
time verifiable under a mild assumption on the cone C. As future research directions, we are interested in
applying the presented conditions and characterizations of Lyapunov copositive solutions to verify stability

of specific cone-preserving systems such as population models and quantum systems.
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Chapter

Unified Analysis of Uncertain Linear

Descriptor Systems

Abstract This chapter considers the impulsive behavior and robust stability and performance of
continuous-time uncertain linear descriptor systems, which are described by a combination of differential
and algebraic equations. We present necessary and sufficient conditions for robust stability and several
dissipation performance indices of uncertain linear descriptor systems represented as generalized linear frac-
tional transformations (gLFTs). The conditions are written as linear matrix inequalities (LMIs), which are
computable in polynomial-time. Unified and generalizable convex conditions are provided for the analysis
of robust stability and performance for linear descriptor systems with structured uncertainty. A necessary
and sufficient condition for robust impulse-free dynamics for structured uncertain systems is derived from

using structured singular value (u) theory and incorporated into associated robust stability conditions.

3.1 Introduction

Descriptor systems are represented by differential and algebraic equations and are also known as singular
systems, implicit systems, generalized state-space systems, differential-algebraic equations (DAEs), and semi-
state systems in the literature. Research interest in analysis and control of descriptor systems has been
largely motivated by applications in economic systems [162], large-scale systems [151], power systems, and
other areas in engineering [181,254]. Attempting to replace the algebraic equations by differential equations
results in a loss of information, which is the main reason that methods to directly analyze the properties of
the DAE system is of interest [187].

Considerable attention has been focused on the stability and performance analysis of descriptor systems in

the absence and presence of model uncertainties. Robust stability and performance analysis and the control

23



of descriptor systems are more complicated than for standard state-space systems, i.e., systems in which the
states are described only by differential equations. H.-performance of a linear descriptor system was studied
in [172,285] without considering model uncertainty and in [218] with norm-bounded uncertainty that was not
fully structured. Ho-optimal and LQ-optimal control algorithms have been derived [23,258] and passivity
and the positive real lemma (and KYP lemma) have been extended to descriptor systems [47,86,95,171,303].
Results in the literature are limited in terms of allowed structure of the uncertainties.

This chapter exploits the structure of model uncertainties by employing the full-block S-procedure [233],
which is an analogy of the quadratic separator [122] and integral quadratic constraints (IQCs) [178]. These
approaches are well-developed for standard state-space systems, especially for linear parametric-varying
(LPV) systems, but such a unified approach has not existed for descriptor systems, to our knowledge. Linear
matrix equality (LME) and inequality (LMI) conditions are derived for several robust performance analyses
of uncertain descriptor systems in which the plant-model mismatches are structured. System performances
are represented as dissipation inequalities with respect to quadratic Lyapunov functions and various forms
of quadratic supply rates, which are compatible with the use of the full block S-procedure for the analysis
of robust performance. We also present convex optimization problems for which the system trajectory is
required to satisfy some constraints such as a desired decay rate, confined into an ellipsoid or a polytope, in
the presence of plant-model mismatch.

In addition to stability and performance analysis, many researchers have investigated the controllability
and observability [57,94,278,300], and impulse-free conditions [67,159,278] for descriptor systems. This
chapter presents necessary and sufficient conditions for linear descriptor systems to be impulse-free in terms
of the structured singular value () in the presence of model uncertainties. Although the exact computation
of p is NP-hard [44], its upper and lower bounds can be computed in polynomial-time [8,9,308]. We also
show the incorporation of this method for assessing impulse-freeness of structured uncertain linear systems

into robustness analysis.

3.2 Preliminaries

3.2.1 Uncertain Descriptor Systems

This section describes a general representation for uncertain descriptor systems that can be interpreted as
a generalized linear parameter-varying (gLPV) system. The representation covers most classes of uncertain

descriptor systems including polynomial and rational uncertain descriptor systems.
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Consider a continuous-time descriptor system

Ei(t) = Az(t) + Biw,(t) + Bawp(t),
Zu(t) = Cll‘(t) + anu(t) + Dlg’wp(t), (31)

Zp(t) = CQ.’E(t) + Dgl’wu(t) + Dgg’wp(t),

where E, A € R™ " with rank(E) < n, By € R"™™ By € R™™2 () € RhiX? Oy € R2X" and D;; €
REX™s for 4 = 1,2 and j = 1,2, and the input-output pair (w,(t), z,(t)) satisfies the geometric implicit

relation

w“((t)) € Ker(A(), Al)eA Vi (3.2)
Zu(t

If the uncertainty A is a function of the state variables then the system (3.1) is referred to as a quasi-gLPV.
The relation (3.2) is a general representation of the uncertainty in the system that includes the well-known
linear fractional transformation (LFT) [308]. For example, if the pair of signals (w,(t), z,(t)) satisfies the
input-output relation A, (t)z,(t) = w,(t) with a linear time-varying uncertain map A, : 7 — R™ % then
Au(t)

I
simplify the presentation, the time dependence of uncertainty is not shown explicitly in the remainder of

set A(t) := [I - Au(t)]. For this case, it is not difficult to see that Ker(A(¢)) = Im
this chapter.

3.2.2 Dissipation Inequalities

Here state-space interpretations of the small-gain and passivity approaches are briefly reviewed, with tests
for robust versions of these properties derived later in this chapter. Consider a linear descriptor system given
by
Ei(t) = Ax(t) + Bu(t)
S(E,A,B,C,D): , (3.3)
y(t) = Cx(t) + Du(t)
where E, A € R"*" B € R"*™ (C € RP*", and D € RP*™ with m = p.
On the space of input-output variables (u,y) € U x Y C R™ x RP a real-valued scalar function S, :

U x Y — R called the supply rate is defined below (see [231,289] for details).

Definition 3.1 (Dissipation inequality). A descriptor system 3 (E, A, B, C, D) is said to be dissipative with
respect to the supply rate S, if there exists a real-valued nonnegative function V' : X — R, which is called

the storage function, such that the dissipation inequality

/ 8 () y()dE > V(a(ta)) — V(e(t)), Vi >t >0 (3.4)

t1
holds, where z(-) € X is a solution and (u(-),y(:)) € U x Y is the input-output pair of the system equa-
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tion (3.3). If the equality holds in (3.4) then the descriptor system X(E, A, B, C, D) is said to be lossless
with respect to S,. For a storage function V that is differentiable with respect to time, the dissipation

inequality (3.4) can be rewritten as

Sr(u(t),y(t)) > %V(x(ﬂ) , Vt>0. (3.5)

T=t

Remark 3.1. If the system representation X(E, A, B, C, D) does not have fixed values for the system ma-
trices (E, A, B,C, D), but has a set-valued uncertainty description (E(A), A(A), B(A),C(A), D(A)) for
A € A where the support A is compact, then an analogous definition of robust dissipative systems can be

defined—conditions for robust dissipative descriptor systems are presented later.
Some popular dissipation properties are defined below (see [231,289] for details).
Definition 3.2 (Dissipation inequality). A descriptor system X (FE, A, B, C, D) is said
e to be passive if the dissipation inequality (3.4) is satisfied with S,.(u,y) = uTy;

e to be strictly input passive if the dissipation inequality (3.4) is satisfied with S,(u,y) = uTy — §||ul?

for some 0 > 0;

e to be strictly output passive if the dissipation inequality (3.4) is satisfied with S,.(u,y) = uTy — d||y||?

for some 6 > 0;
e to have Lo-gain < v if the dissipation inequality (3.4) is satisfied with S, (u,y) = 2||ul|® — |Jy/|?,
for some storage function V : X — R,.

The dissipation properties in Defn. 3.2 have quadratic supply rates that can be rewritten as

T

U II; II u
S, (—1I) 2 — e (3.6)
Yy O, oo | |y

with a properly chosen matrix II, which is called a supply rate matriz, where the negative sign is used for

notational convenience.

3.3 Generalized Full-Block S-Procedure

Let S be a subset of RY and V € R?*Y be a full row-rank matrix with ¢ < N. Suppose that A C RP* is
a compact set of matrices of full row rank such that Ker(A) C R? depends continuously on the parameter
A that varies in the compact path-connected set A. Define the family of subspaces

S(A) 2 SnKer(AV) for A € A. (3.7)
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This set can be equivalently rewritten as S(A) ={{ € §: V¢ € Ker(A)}.

Theorem 3.1 (Full block S-procedure [233]). (A) The condition
P<0 onS(A), VAe A (3.8)
holds if and only if there exists a symmetric multiplier Y such that
P+VYV <0onS (3.9)

and

Y > 0 on Ker(A), VA € A. (3.10)

(B) Suppose that there exists a subspace Sy C S on which the matrix P is positive semidefinite, and whose

dimension is large enough to satisfy dim(V'Sp) 4+ dim(Ker(A)) > ¢. Then (3.9) and (3.10) imply that
VS, @Ker(A) =RY, VA € A. (3.11)

The proof of Thm. 3.1 is in [233]. The concatenation of the variables defining the system lie within the
family of subspaces S(A). Any system performance that is defined by a quadratic inequality with respect
to the system variables can be represented as the matrix inequality (3.8), where the matrix P depends on a
Lyapunov matrix X and a supply rate matrix II. With S(A) dependent of the uncertain mapping A € A,
the feasibility of the matrix inequality (3.8) guarantees robust performance of the system. However, the
matrix inequality (3.8) is not a testable condition, since S(A) is infinite dimensional and depends on the
uncertain mapping A. This motivates the introduction of the equivalent condition (3.9) with the matrix
multiplier Y satisfying the inequality (3.10). The multiplier Y characterizes the uncertain mapping A € A
with which the structure and knowledge of the uncertainty can be exploited. The ‘if’part of the proof may
be trivial to see by some readers as it is just a Lagrangian relaxation [222]. The ‘only if’part of the proof is
not trivial and is lengthy. Note that the sets of feasible solutions for the constraints (3.8) and (3.9)—(3.10)

are the same, i.e.,

U{X erR™:P(X)+ VYV <00n S} = {X eR"™™: P(X) <0 0onS(A), VA € A},
YeVa

where

Va2{Y=Y":Y > 0onKer(A), VA€ A}. (3.12)

This implies the following extension.
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Corollary 3.1. The feasible solution set
XE{X eR™:UX) =0} |{X eR™™: P(X) <0o0nS(A), VA € A}
is non-empty if and only if the set
{X eR":UX) =0} ( U{x er™: P(X)+ VYV <0 on 5})
Y€EYa
is non-empty.

Corollary 3.1 is used later to derive robust stability and performance conditions for uncertain descriptor

systems.

3.4 Robust Stability and Performance of Uncertain Descriptor Systems

3.4.1 Nominal Stability and Constrained State Properties of Linear Descriptor Systems

Consider the linear homogeneous descriptor system
Ei(t) = Az(t). (3.13)

For convenience, assume that Eq(E, A) = {0} and an equilibrium point at the origin could be a translation
of a nonzero equilibrium point or a translation of a nonzero solution of the system [136]. The equilibrium
point z = 0 of the system X(E,A) is stable if and only if o(F, A) € C_, but the computation of the
generalized eigenvalues of a matrix pencil (F, A) is known to be unreliable due to its ill-conditioning, i.e.,
a small perturbation in E or A can result in a large change in the generalized eigenvalues of the matrix
pencil (E, A). An alternative way of checking stability is the use of Lyapunov theory [136] which gives

computationally reliable tests for stability.

Theorem 3.2 ( [172,218]). Suppose that 3(E, A) is solvable. Then the descriptor system 3(E, A) is stable

and impulse-free if and only if there exists a solution X € R™*"™ to the generalized Lyapunov inequalities

E'X=X"E>0, ATX +XTA<0. (3.14)

The above theorem does not state the rank condition rank(ETX) = rank(E), which is automatically
satisfied by the feasibility of the condition ATX + XTA < 0. In particular, if X satisfies ATX + XTA <0
then X must be nonsingular so that rank(E™ X) = rank(E) holds. The condition (3.14) can be interpreted
in terms of the variables that define the system dynamics (3.13). Suppose that 3(E, A) be solvable. The
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system in (3.13) is stable if and only if the solution = and its time-derivative & satisfies the inequality

T
T 0 XxXT T

Ex X 0 Ex

<0, (3.15)

where X is a feasible solution to (3.14).

Lyapunov Exponent The Lyapunov exponent, also called the decay rate, of the system (3.13) is defined
as the largest value « such that lim;_,o, €**||z(t)|| = 0 holds for all solution trajectories, where ||-|| can be any
vector norm. Exponential stability is equivalent to the condition o > 0 and the condition V (z) < —2d,.V (z)
for all z on a differentiable Lyapunov function V' (z) can be used to establish a lower bound on the decay
rate [35,136]. The next lemma shows how to extend the concept of Lyapunov exponent to a homogeneous

linear descriptor system (3.13).

Lemma 3.1. The solvable system (3.13) is globally exponentially stable (g.e.s.) with a Lyapunov exponent
d, > 0 if there exists X € R™*" such that XTE = ETX = 0 and

T
I 2d,ETX XT| |1

A X 0 A

<0. (3.16)

Proof. Suppose that X is a solution of the matrix equality and inequalities in this lemma. Then the

Lyapunov function V(z) = T ET Xz satisfies the relation V(z) < —2d,V (z) for all z # 0 € R". QED

Remark 3.2. A positive decay rate is a necessary condition for some strict dissipation inequalities such as

strict passivity and guarantees a nonzero robust stability margin for input-to-state stability (ISS) [136].

Remark 3.3. An equivalent definition for the Lyapunov exponent is

1
d, = max lim ~|| X (t)e]| (3.17)

i t—oo t

where X () € C(T,R™*™) is the solution matrix (or the state-transition matrix) and e; is the ith unit vector.

Invariant Ellipsoids Quadratic stability and region of attraction can be geometrically characterized using
the concept of invariant ellipsoids. For Q = 0, an ellipsoid £(Q) £ {n € R™ : nTQn < 1} is centered at
the origin and said to be invariant for a system equation, for example, (3.13), if every solution trajectory x
starting from z(t9) € £(Q) remains z(t) € £(Q) for all future time ¢ > ty. Consider a polytope described by
its vertices, P(v) £ Cof{vy,- -+ ,v,}. The ellipsoid £(Q) £ {n € R™ : n”TQn < 1} contains the polytope P(v)
if and only if vTQu; < 1 for alli=1,...,p (see [35]).
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Remark 3.4. An ellipsoid defined by £.(ETX) £ {z € R" : V() = 2TET Xz < ¢} with ¢ > 0 has nonzero
co-dimension for a singular matrix E satisfying rank(E) = r < n and ETX = XTE = 0 for some X € R"*".

Indeed, codim(£.(ETX)) =n — r for all ¢ > 0 and nonsingular X.

Below is a characterization of the smallest invariant ellipsoid that contains the polytope P(v).

Proposition 3.1. Suppose that the matrix X* solves the optimization

min — logdet RTETXR
X,&i
s. . XTE=E"X =0, XTA+A"X <0, (3.18)

v EYXv; <1, v;=RE, i=,1...,p,

where the columns of R € R"*" are orthonormal bases of the subspace [Ker(E)]¢ (the superscript ¢ denotes
the orthogonal complement of a subspace or subset). Then £(ETX*) £ {n € R" : nTETX*n < 1} C
[Ker(E)]¢ is the invariant ellipsoid of smallest volume that contains the polytope P(v) defined with the

vertices v;, 1 = 1,...,Dp.

Proof. The first two inequality constraints in (3.18) guarantee that an ellipsoid &.(ETX) with ¢ > 0 and a
feasible solution X is invariant for the system (3.13). The feasibility of the third and fourth constraints is
equivalent to the condition that the ellipsoid £(ET X) contains the polytope P(v). The equality constraints
imply that the vertices defining the polytope P(v) must be in the subspace [Ker(FE)]° that is spanned by
the columns of R. Furthermore, it is not difficult to see that E(ETX) = {¢ € R" : (TRTETXR¢ < 1}.
Minimizing the volume of the ellipsoid £(ETX) containing the polytope P(v), now, corresponds to the

convex optimization problem in (3.18). QED

A similar characterization can be derived for the invariant ellipsoid of largest volume that is contained in
the polytope P(h) = {n € R" : hfn <1, i = 1,...,p}, which is a bounded intersection of half spaces. The
ellipsoid £(Q~!) is contained in the polytope P(h) if and only if h1Qh; < 1 for all i = 1,...,p (see [35]),

1 At
hi Q71

Proposition 3.2. Suppose that the matrix X* solves the optimization

which is equivalent to the matrix inequality condition =0,i=1,...,p.

min log det RYETXR

L XTE=ETX >0, XTA+ATX <0,
° = + (3.19)

1T

EO, hiZRfi, i:,l...7p.
hi ETX

Then E(ETX*) £ {n e R* : nTETX*n < 1} C [Ker(E)]¢ is the largest invariant ellipsoid contained in the
polytope P(h) defined with the vectors h;, i =1,...,p.
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Figure 3.1: Generalized linear fractional transformations.

Proof. The proof is similar to Proposition 3.1. QED

3.4.2 Robust Stability of Uncertain Descriptor Systems

Consider the uncertain homogeneous descriptor system

Ei(t) = Az(t) + Biw,(t)
2y (t) = Cra(t) + Diwy(t) (3.20)
Wy () = Ay(t)zy (1)

or equivalently,

Ei(t) = A(A)z(t) (3.21)

A B
where A(A,) = F, ! Ay | = A+ BA(I - DiA,)1Cy and A, € A, and the singular matrix
C1 Dy

E is assumed to be independent of the uncertainty A,,.

Lemma 3.2. The uncertain homogeneous descriptor system in (3.20) is robustly stable if and only if there

exists X € R™*"™ such that

ETX =XTE =0 and
T

<0
Aa] |x o | @
hold for all A, € A,.

Theorem 3.3. The uncertain homogeneous descriptor system in (3.20) is robustly stable if and only if there
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exists a matrix X € R and Y € YA £{Y =Y7T:Y = 0 on Ker([I — A,])} such that

ETX =XTE =0 and

T
I 0 0 XT I 0
A B| |x o A B (3.23)
<0
0 I Yii Yie| |0 1
Cl -Dl Y1T2 }/22 Cl Dl

hold.

Proof. Consider the conditions (3.22) in Lemma 3.2. Then the second LMI is equivalent to the

T
scalar inequalities &7 ¢ for all £ € Im , Ay € Ay. Define an augmented vec-
A(Ay)
_ . _ 0 XT
tor £ = [:I;T #TET wl Zﬂ Then there exists X € R™ ™ such that ¢T & holds for all
X 0
0XT0o0 I 0
I X 0 00]|._ _ A B
£ €Im , Ay € Ay, if and only if &7 & <0 for all £ € Im such
A(Ay) 0000 0 I
0 00O C1 Dy
_ A 10010 . .
that T¢ € Ker ([I _Au]) for all A, € Ay, where T' = . Applying the full block S-procedure in
0001
Theorem 3.1 (or see [233]) with Corollary 3.1, we complete the proof. QED

3.4.3 Robust Performance of Uncertain Descriptor Systems

First we consider linear inhomogeneous descriptor systems without model uncertainty for which dissipation
properties can be written in terms of LMIs. Similar to robust stability analysis, extensions to uncertain

linear inhomogeneous descriptor systems can be performed using the full block S-procedure in Thm. 3.1.

Nominal Dissipativity of Linear Descriptor Systems Consider the linear inhomogeneous descriptor

system

Ei(t) = Az(t) + Bowy(t)
(3.24)
zp(t) = Cox(t) + Dawy(t)

Theorem 3.4. The linear descriptor system with input-output pair (wp, z,) in (3.24) is dissipative with

respect to a quadratic supply rate S,.(—II) for a given symmetric matrix IT of compatible dimension if and
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only if there exists a matrix X € R™*"™ such that

ETX = XTE =0 and
T

I 0 0 xT I 0
A B |X 0 A By 0 (3.25)
0 I My M| |01
Cy Dy 7, Ty | |Co Dy

M(X,II)
hold.

Proof. The second LMI is equivalent to the inequality ¢TM (X, )¢ < 0 for all (€T £ |:;pT iTET wl 2F
satisfying the system equation (3.24), which is a concatenation of the system signals in (3.24). Consider
a Lyapunov function V(z) = 2TETXxz. Then the conditions in (3.25) are equivalent to the dissipation
inequality s(—IT) > V(z), and V(z) > 0 for all € R (V(z) > 0 for all z € R" — £, where £ is the set

of equilibrium points). QED
Below is a generalized positive real lemma for linear descriptor systems (3.24).

Corollary 3.2. The transfer function G(s) is positive real if and only if there exists a matrix X € R"*"
-1
10|

such that its minimal realization (E, A, By, Ca, D) satisfies the conditions in (3.25) with II =

Corollary 3.3. The transfer function G(s) is strictly positive real if and only if there exists a matrix X €

!
R™ ™ such that its minimal realization (E, A, B2, C2, Dy) satisfies the conditions in (3.25) with IT =
-1 0
XT eETX XT
and the upper leftmost block replaced by for some € > 0.
X 0 X 0

Remark 3.5. Several LMI-type conditions for passivity and PR of linear descriptor systems have been
derived [86,171,303]. The well-known KYP lemma characterizes their intimate relation and has been studied

in the behavioral framework [47].

Remark 3.6. The linear descriptor system with input-output pair (wp,z,) in (3.24) is strictly input-

and output-passive (see Defn. 3.2) if and only if there exists a matrix X € R™ "™ such that the condi-

€
tions (3.25) hold with IT = and IT = for some € > 0, respectively.
-1 0 —1I €l
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Robust Performance of Uncertain Descriptor Systems Consider the descriptor system

Ei(t) = Az(t) + Biwy(t) + Bawy(t),
Zu(t) = C1z(t) + D11w,(t) + Dlg’wp(t), (3.26)

Zp(t) = CQ.’E(t) + Dgl’wu(t) + Dgg’wp(t),

where E, A € R™*" with rank(E) < n, B; € R"™™ By € R™™m2 () € RhiX? Oy € R2X" and D;; €
RE*™s for 4 = 1,2 and j = 1,2, and the pair of signals (w,,(t), z,(t)) satisfies the geometric implicit relation

given in (3.2). The system can be equivalently written as

Bi(t) = A(A)z(t) + B(A)w,(t),

(3.27)
zp(t) = C(A)z(t) + D(A)wp(t),
where
A s, (2 ] [B |
= + | T si@)sea) -pusia) o b (3:29)
C(A) D(A) Cy Dio Doy
Si(A)] L
and £ Ker(A) for each A € A.
S2(A)

Suppose that the uncertainty in the system (3.26) is assumed to be described by an implicit equation

wy(t) = Ay(t)z,(t) with A, € A, without loss of generality.

Lemma 3.3. The uncertain descriptor system with input-output pair (wy, zp) given in (3.26) is dissipative
with respect to a quadratic supply rate S,.(—II) for a given symmetric matrix IT of compatible dimension if

and only if there exists a matrix X € R™*™ such that

ETX = XTE =0 and

I 0 ' 0 XT I 0

AA) BAY| |x o AL) BB (3.29)
0 I 111 IIqo 0 I

C(A) D(A) 7, Mae | {C(A) D(A)

hold for all A € A.

Theorem 3.5. The uncertain descriptor system with input-output pair (wp, z,) given in (3.26) is dissipative
with respect to a quadratic supply rate S,.(—II) for a given symmetric matrix II of compatible dimension if

and only if there exists a matrix X € R™*" and Y € Ya £ {Y =Y T :Y = 0 on Ker([I —A,]), VA, € A,}
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such that

ET™X = XTE =0 and

~ - T - -
I 0 O 0XxT I 0 O
A B1 BQ X 0 A Bl B2
0 I 0 Y11 Y12 0 I 0 ~0 (330)
C1 D11 Do Yih Yoo C1 D11 Do
0 0 I JISERIED 0 0 I
_Cz Dy, D22_ i I, H22_ _Cz Do, D22_
hold.
Proof. Directly follows from Thms. 3.3 and 3.4. QED

The LMI formalism presented in this section includes many existing results as special cases. For example,
it is not hard to show that an LMI condition can be derived from (3.25) in Thm. 3.4 that is equivalent
to a BMI condition in [218]. The bilinear terms in [218] results from an unnecessary use of the Schur
complement lemma that produced a higher-dimensional BMI, whereas a simple congruence transformation

and a permutation give an equivalent LMI

[XTA+ATX  « o« % %]
B?X =l * * *
BYX 0 I % s |=0,
ACy 0 ADyg =X %
o Dy Dy 0 &I

which can be derived by multiplication of the matrices in condition (3.30).

3.5 Robust Impulse-Free and Stable Uncertain Descriptor Systems: pu
Approaches

Descriptor systems may undergo impulsive responses and show nonuniqueness of the solution trajectories that
cause performance degradation, damage of system components, or even completely destroy the whole system.
Such an undesirable impulsive behavior needs to be investigated and eliminated before implementation on a
real system. This section provides necessary and sufficient conditions for uncertain linear descriptor systems

for impulse-free dynamics using structured singular value theory.
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Consider the uncertain linear descriptor system

Ei(t) = A(Ay)x(t), (3.31)
A B
where A(Ay,) = Fu Ay | = A+ BA,(I- DA, IC , A, € Ay, and the set of matrices of
C D
block-diagonal perturbations given by
A, 2 {diag (010 y Okl Apay oo Ay, ) 1 0; € C, Ay € CTXT Zm = m} (3.32)
i=1

and BA, is the set of unity norm-bounded perturbations from A,, which is the time-invariant version of
the uncertainty description in the previous section.
As a first property, we also need to characterize that the representation of uncertain descriptor systems
in (3.31) is well-posed, that is, the interconnection of D and A, has nonsingular I — DA, for all A, € BA,,.
Next we derive robust impulse-free and stability conditions in terms of the structured singular value

(1) [308]: For a given matrix M € C™*™,

. | 0 if there exists no A € A such that det(I-MA) =0
pa(M) 2 B (3.33)
(minaea {7(A) : det(I— MA) =0})"" otherwise

Our subsequent results will generalize the results of [159] for diagonal non-repeated real parametric uncer-

tainty to general structured uncertainty.

3.5.1 Robust Impulse-Free Condition

Robust impulse-free descriptor systems are defined below, which is an extension of Defn. 3.3 to uncertain

systems.

Definition 3.3 (Robust impulse-free). The uncertain system (3.31) is robust impulse-free if it is impulse-

free for all A, € BA,.

The next result gives a necessary and sufficient condition for the uncertain system (3.31) to be robust

impulse-free.

Theorem 3.6. Suppose that the matrix pencil (E, A) is regular and impulse-free. Then the uncertain

system (3.31) is robust impulse-free if and only if
pa,(CR.(LyAR,) ' L,B — D) < 1, (3.34)

where L, € £ (FE) and R, € R (E).
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Proof. From Lemma ?? and Defn. 3.3, the uncertain system (3.31) is robust impulse-free if and only
if Lo(A+ BA.I— DA, 'C)R, is invertible for any A, € BA,, which is equivalent to the determi-
nant condition, det(Ly(A + BA,(I — DA,)"'C)R,) # 0, for any A, € BA,. Using the matrix inver-
sion lemma (also known as the Sherman-Morrison-Woodbury formula) [109] and that the nominal sys-
tem X(E,A) is assumed to be impulse-free such that det(L,AR,) # 0, this relation is equivalent to
det(Lqy(A + BAL(I — DA,)TIO)R,) = det(LyAR,) det(I 4+ (CR,(LyAR,) ™ LoB — D)A,). This implies
that the uncertain system (3.31) is robust impulse-free if and only if det(I+ (C R4 (Lo AR,) ' LoB — D)A,)
for any A, € BA,, which is equivalent to the p condition (3.34). QED

3.5.2  p Condition for Robust Impulse-Free and Stable Systems

The next result is a necessary and sufficient condition for the uncertain system (3.31) to be robust impulse-

free and stable.

Theorem 3.7. Suppose that the matrix pencil (E, A) is regular, impulse-free, and stable. Then the uncer-

tain system (3.31) is robust impulse-free and stable if and only if

. | Ro(LoAR,) 'L, 0
¢

B-D| <1 (3.35)
0 (jwE — A)~!

KA,

for all w € RU {oo}, where A, £ {A = diag(A,A) : A € Ay}, B = diag(B,B), ¢ = diag(C,C),
D = diag(D,—D), and L, € £, (E) and R, € R (E) are arbitrary.

Proof. A necessary condition for (3.35) is that the uncertain system (3.31) is robust impulse-free. Thus,
it only needs to be shown that the robust stability of the system (3.31) is equivalent to the p condition,
pa,(G(jw)) <1 for all w € RU {00}, where G(s) £ C(sE — A)~'B + D. The uncertain system (3.31) is
robustly stable if and only if {s € C : det(sE — A— BA,(s)(I— DA, (s))"1C) = 0} C C_ for any A, € BA,,
where the argument s € C is explicitly shown in A, to emphasize that the uncertainty A, has LTI dynamics
in general. Using the matrix inversion lemma (aka Sherman-Morrison-Woodbury formula) [109] and that
the nominal system X(E, A) is assumed to be stable such that o(E, A) C C_, this relation is equivalent to
det(sE—A—BAu(s)(I—-DAL(s))71C) # 0 if and only if det(sE — A) det(I— (C(sE—A)"'B+D)A(s)) # 0
for all s € Cy. Since det(sE — A) # 0 for all s € C, det(sE — A — BA,(s)(I — DAL(s))71C) # 0 for all
s € C, and A, € BA, if and only if ua,(G(s)) < 1 for all s € C,, which follows from the fact that G(s)

is proper (or impulse-free) and the definition of the structured singular value. QED
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3.6 Summary and Future Work

The need for unified and generalizable conditions for robust stability and performance of uncertain linear
descriptor systems motivates the systematic construction of convex optimization problems in this chapter.
The presented tests are written in terms of LMIs that are computationally tractable via existing interior-
point methods. The tests are obtained from an extension of the full block S-procedure with which a number
of matrix inequalities for unknown variables can be rewritten as one matrix inequality. Applicability of the
full block S-procedure to structured uncertain linear descriptor systems is supported. The conditions can be
considered as a unification and generalization of several existing results that are distributed in many places,
but in similar contexts. Apart from constructing the LMI conditions for robust stability and performance
of linear uncertain descriptor systems, numerically reliable tests are proposed that are written in terms of

the p conditions for linear descriptor systems with structured uncertainty to be robust impulse-free.
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Chapter

Robust Reliable Control of Uncertain Systems
with Faults

Abstract This chapter provides necessary and sufficient conditions for several forms of controlled system
reliability. For comparison purposes, past results on the reliability analysis of controlled systems are reviewed
and it is shown that several of the past results are either conservative or have exponential complexity.
For systems with real and complex uncertainties, conditions for robust reliable stability and performance
are derived in terms of the structured singular values of certain transfer functions. The conditions are
necessary and sufficient for the controller to stabilize the closed-loop system while retaining a desirable level
of the closed-loop performance in the presence of actuator/sensor faults or failures, as well as plant-model
mismatches. The resulting conditions based on the structured singular value are applied to the decentralized
control for a high-purity distillation column and singular value decomposition-based optimal control for a
parallel reactor with combined precooling. Tight polynomial-time bounds for the conditions can be evaluated

by using available off-the-shelf software.

4.1 Introduction

An inevitable consequence of industrial practice is that actuators and sensors can become faulty or fail,
which motivates the development of methods to evaluate the reliability of the closed-loop system to such
imperfect operations. A feedback-controlled system is said to be reliable if it is guaranteed to retain desired
closed-loop system properties while tolerating faults or failures of actuators and/or sensors. Maximizing the
reliability of a system concerns minimizing its potential performance degradation while retaining closed-loop
stability when a fault or failure occurs in a control/measurement channel. In addition to the possibility

of actuator/sensor faults or failures, plant-model mismatches are also inevitable, which motivates their
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incorporation into reliability and integrity analysis. This chapter is motivated by the need for nonconservative
testing conditions to ensure closed-loop stability and to retain a satisfactory closed-loop performance in the
presence of both plant-model mismatches and actuator/sensor faults or failures.

This chapter primally considers decentralized controlled systems and studies their robust reliable stability
and performance in the presence of possible actuator/sensor faults or failures with consideration of the
overall plant-model mismatches that are described in terms of bounded set-valued linear operators. The
main purpose of this chapter is to derive necessary and sufficient conditions for various types of robust reliable
stability and performance of a set-valued plant model that is described by a linear fractional transformation
(LFT) with structured uncertainties [308]. It is assumed that any failure of a local controller is detected and
the controller is taken out of service whenever a failure occurs, so that any undesirable propagation of local
failures to other parts of the system can be avoided. Even though we mostly concentrate on the analysis
of decentralized control systems, the proposed approach does not depend on the structure of the selected
control schemes and can be applied to any type of linear controller and actuator-sensor selection.

Decentralized control depicted in Figure 4.1(a) is ubiquitous in industrial applications, which is a special
case of large-scale interconnected systems with interactions between subsystems and constraints on informa-
tion flows. Extensive overviews on decentralized control are available [7,243]. For decentralized controlled
systems, actuator/sensor faults or failures can occur and the selection of a reliable actuator/sensor structure
is an important consideration [40,156]. One of the resurgent questions in systems and control theory related
to reliable decentralized control is how to study the effect and propagation of communication link failures
between several components of a networked control system (NCS) depicted in Figure 4.1(b) on the stability
and performance of the overall system [119,263,284,304]. Although studied for decades, NCSs have received
a large surge of interest in recent years. As time delays and communication losses are inevitable in an NCS,
reliability analysis in the presence of faults and failures in communication networks is also important.

In [241,242], multi-controller systems were introduced for reliable control and since then reliable stabi-
lization problems under various failure and fault scenarios have been studied using decentralized configura-
tions [52,101,184,185,259]. In particular, the reliability of decentralized control with integral action was
investigated in terms of steady-state gain matrices in [52,184] and existence conditions for a reliably stabi-
lizing decentralized integral controller have been derived in terms of the Niederlinski index (NI) and block
relative gain (BRG) [131]. In [101] explicit conditions for reliable decentralized control of linear systems were
derived for a two-channel decentralized feedback control configuration, and coprime factorization methods
and a design method for such controllers were proposed [102].

In addition to the aforementioned frequency-domain approaches, some researchers have suggested design
methods for reliable controllers in terms of state-space realizations of the plant and controller. Centralized
reliable state feedback controllers were suggested in [124,169] and design methods for decentralized reliable
observer-based output-feedback controllers were presented in [69,277]. A state feedback control design for

dynamic systems in the presence of actuator failures has been proposed [306] in which robust pole placement
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Figure 4.1: Large-scale interconnected systems.

methods are adopted while requiring redundant actuators to recover the normal level of operation. The design
method of [306] was only applicable to state feedback control problems without any plant-model mismatch, so
that the proposed design methods may fail in real problems in which uncertainties are inevitable. In [236],
a simple high-gain state feedback control based on a Riccati type equation was proposed with actuator
redundancy. The model uncertainties were assumed to be time-varying, but not fully structured and no
uncertainty was allowed in the input channel matrices.

The approaches proposed in this chapter are based on the structured singular value (u) and a standard
representation of uncertain systems known as the linear fractional transformation (LFT). Robust reliable
control problems for large-scale systems with decentralized control are reformulated in terms of robustness
analysis based on p to model the effects of faults. Structures of interconnected sensors and actuators as
well as structures of uncertainties can be fully exploited to perform nonconservative or less conservative
analysis. Some of the results in this chapter were presented in [41] and subsequently there were many
research efforts such as the aforementioned works to develop robust reliable controllers. The main objective
of this chapter is to provide an efficient framework for the analysis and synthesis of robust reliability. Faults
and failures in process components are treated as parametric uncertainties that are compatible with pu.
Due to a resurgence of research interest in robust reliable control for systems with integral action, our
past results [41] were extended to derive conditions for robust reliable stability of decentralized systems
with integral action. Although the main focus of this chapter is on decentralized control problems, the
methodology is not restricted to decentralized control and the results can be extended to general control

structures in a straightforward manner.

41



4.1.1 Reliability of Decentralized Control

For notational convenience, the controller is assumed to be fully decentralized, i.e., the controller K is
diagonal. Most of the results can be extended in an obvious manner to block-diagonal controllers and even
to centralized controllers. Usually, the square plant P is assumed to be stable; the results do not carry over
easily to systems that are open-loop unstable.

Several strong forms of reliability to failure of actuators or sensors are defined in the open literature for
systems without plant-model mismatch. Below we review those forms of reliability and extend the definitions
to uncertain systems. To simplify the presentation, we primarily focus on a discussion of reliability to
actuator faults or failures, although very similar definitions and the results can be trivially extended to the
other process equipment.

Integrity is defined as follows [41,184,185,241,242].

Definition 4.1. The closed-loop system demonstrates integrity if K¢(s) := EK(s) stabilizes P(s) for all
E e 51/0 = {dlag{ez} L€ € {07 1}, 1=1,.. .,n}.

A closed-loop system that demonstrates integrity to actuator failures remains stable as actuators are
arbitrarily brought in and out of service. For a system to demonstrate integrity, the nominal plant model
P(s) must be stable. To have actuator failure tolerance when the controller is unstable, the failures must
be recognized and the corresponding columns of the controller taken off-line. It is clear that the integrity of
a system can be tested through 2™ stability (eigenvalue) determinations.

The following definition extends integrity to uncertain systems.

Definition 4.2. The closed-loop system demonstrates robust integrity if K¢(s) := EK(s) stabilizes Pa(s)
for all E € & /¢ and all A, € A, such that [|[Ayllec < 1.

An uncertain system demonstrates robust integrity to actuator failures if it remains stabilized for any plant
given by the uncertainty description, as actuators are arbitrarily brought in and out of service. For a system to
demonstrate robust integrity, the plant must be stable for all allowed perturbations. To have actuator failure
tolerance when the controller is unstable, the failures must be recognized and the corresponding columns of

the controller taken off-line, just as in the nominal case. Note that robust integrity implies integrity. It is

Figure 4.2: Integrity under actuator faults/failures. For robust integrity, replace P by the set of uncertain
plants Pa.
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clear that the robust integrity of a system can be tested through 2" nominal stability (eigenvalue) and 2"
robust stability (u) calculations.

A very strong notion of reliability was defined by Campo and Morari [52] for decentralized controllers. The
requirement is that the nominal closed-loop system remains stable under arbitrary independent detuning
of the controller gains. For decentralized control systems, this is equivalent to arbitrary detuning of the
actuator/sensor gains to zero. Having stability with detuning allows the operators to safely change the

closed-loop speed of response depending on process operating conditions.

Definition 4.3. The closed-loop system is decentralized unconditionally stable (DUS) if K¢(s) := EK(s)
stabilizes P(s) for all E € £p £ {diag{e;} : €; € (0,1)}.

The closed-loop system will not be DUS if either the plant P(s) or controller K (s) has poles in the open
right-half plane (ORHP). To see this, let us consider the multivariable root locus [249] with equal detuning
€; = € for all 4. For small ¢, the closed-loop poles approach the open-loop poles. Since the closed-loop poles
are a continuous function of the controller gain, if any of the open-loop poles are in the ORHP then some of
the closed-loop poles will be unstable for sufficiently small e.

The following is the generalization to uncertain systems.

Definition 4.4. The closed-loop system is robust decentralized unconditionally stable (RDUS) if K¢(s) :=
EK(s) stabilizes Pa(s) for all E € Ep and all A, € A such that ||Aylle < 1.

By a similar argument as used for DUS, the closed-loop system will not be RDUS if any poles of the
controller K (s) or any plant given by the uncertainty description are in the ORHP. For open-loop unstable
controllers or plants, some minimum amount of feedback is required for closed-loop stability.

Actually, the definition of DUS used by Campo and Morari [52] requires that the closed-loop system be
stable for all € € [0,1]. Here we refer to this notion as closed decentralized unconditional stability (CDUS),
with closed robust decentralized unconditional stability (CRDUS) defined similarly. These definitions of
reliability require stability under total malfunctions of some actuators and allows perfect functioning of

some actuators while other actuators are not working at all.

4.2 Analysis for Reliability of Decentralized Control using u

This section primarily focuses on the nominal and robust fault tolerance of systems that are affected by real
parametric uncertainties and complex dynamic uncertainties. The detuned control gains of decentralized

controllers are assumed to be real constants, unknown but bounded by open or closed intervals.
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Figure 4.3: Equivalent LFTs of fault tolerance.

4.2.1 Modeling Faults using u

Braatz [39] describes in some detail the modeling of faults with either uncertainty and/or performance
descriptions. This modeling can be combined with requirements on the stability or performance during
faulty operation to derive a u condition that provides a test for system reliability. The following discussion
illustrates how to model actuator gain variation for two cases: (i) without additional uncertainty (i.e.,
plant /model mismatch) and (ii) with additional uncertainty.

The nominal linear dynamic output feedback controller is defined to be K(s) € C™*‘. Then
the controller with gain variation can be described by K (s) = EK(s), where E € E[eiow; €upper] =

{diag{e;} : € € [€ilow €iupper|}. ANy E € El€low, €upper] can be rewritten as
E£E+WrA" (4.1)
where E = diag(g;) with ¢ £ SlewTCimper ppr — digg{w,} with w; £ Shueper—Cilow anq AT ig a diagonal
2 2
real independent uncertainty, i.e., A" = diag{é;} with §; € [-1,1],i=1,...,m.

Theorem 4.1. Suppose that the model of a system is represented by a transfer function matrix P(s)
without any additional uncertainty. The system remains stable under the gain variation defined with E €
El€low, €upper] if and only if

par(Mii(jw)) <1, Vw e RU{oo}, (4.2)
where Mi;(s) = —K(s)(I+ P(s)EK(s))"'P(s)W" and A* € A" £ {diag{6;} : 6; € [-1,1], i =1,...,m}.

Proof. The sequence of equivalent representations in Figure 4.3 is obtained with the system transfer function

matrices
0 0 I
0o P _ _
G:= L ,G==| PW* 0 PE (4.3)
-PW* 1 —PFE
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I _
_ +| | K@+ PEK) [Pyt 1.
PW* 0 PE
The definition of the structured singular value [72,308] implies that the system is robustly stable under any
gain variation E € &|€1ow, €upper] if and only if par(Miq(jw)) < 1 for all w € R U {oo}. QED

Theorem 4.2. Suppose that the model of a system is represented by a transfer function matrix P(s)
without any additional uncertainty. The system achieves the unity (reliable) Ho, performance under the

gain variation defined with E € E[€iow, €upper| if and only if
pa(M(jw)) <1, VYw € RU{cc}, (4.5)

where A € A £ {diag(A",A,) : AT € AT and A, € C™2*/2} and the matrix transfer function

_ —K(s)(I+ P(s)EK(s)) ' P(s)W" K(s)(I1+ P(s)EK(s))™*

M(s) = _ _ L N N » (4.6)
P(s)W™ — P(s)EK(s)(I1+ P(s)EK(s))” " P(s)W" P(s)EK(s)(I1+ P(s)EK(s))

Proof. Applying the main-loop theorem [308, Theorem 11.9] to the matrix transfer function M(s) given
in (4.4) completes the proof. QED

Testing the maintainence of closed-loop stability and/or performance with respect to both actuator gain
variation and additional perturbations like plant-model mismatch involves more complicated expressions for

M and G.

Theorem 4.3. Suppose that the model of a system is represented by the standard LFT with uncertainty A,
i.e., Pa = Fu(P,A,). The system remains stable under the gain variation defined with E € E[€iow, €upper] if
and only if

pa, (M (jw)) <1, VweRU{oo}, (4.7)
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where My, is the submatrix transfer function corresponding to the uncertainty block A, £ diag{A,, A’} of

the total transfer function matrix

Py — PoEK(1+ PooEK) 1Py PiaW' — PoEK(1+ Pyo EK) 1 PysW*™  PioEK(1+ Poo EK) ™!
M A —K(I+ PypEK)"1Py, ~K(I+ PpEK) 1 PpWr K(I+ PpEK)™

Po1 —PQQEK(I+P22EK)_1P21 P22Wr_PQQEK(I+P22EK)_1P22WY P22EK(I+P22EK)_1
(438)

Proof. The sequence of equivalent representations in Figure 4.4 is obtained with the system transfer function

matrices
Py PpW® 0 PpE
Py 0 P
_ 0 0 0 I
G:=|Py; 0 Pynl|, G:= 1,
—Pyy I —Pa _
—Pyy —PypsW' 1 —PyFE

and M (s) is given in (4.8). which implies that the system is robustly stable for any uncertainty A, € A,
and under any gain variation E € E[€low, €upper] if and only if pa, (Mi1(jw)) < 1 for all w € RU {o0}. QED

Theorem 4.4. Suppose that the model of a system is represented by a transfer function matrix P(s) without

any additional uncertainty. The system achieves an H., performance, SUP |y, [, <1 ﬁ < 1, under the gain
= P

variation defined with E € E[€iow, €upper| if and only if
pa(M(jw)) <1, Vw e RU{oo}, (4.9)

where A € A £ {diag{A,,A", A} : A, € A, A" € A" and A, € C™2*% ||A, |l < 1} and M(s) is
given as (4.8).

Proof. Applying the main-loop theorem [308] to the matrix transfer function M (s) given in (4.8) completes
the proof. QED

4.2.2 Conditions for Reliability using u

DUS and RDUS The below necessary and sufficient conditions for DUS and RDUS can be tested ap-

proximately in polynomial time as a function of the plant dimension.

Corollary 4.1 (DUS). Suppose that K(s) is decentralized. Define A" to be a diagonal A-block with
independent real uncertainties. Then the closed-loop system is DUS if and only if M (s) is internally stable
and

par(M(jw)) <1, VYw € RU{o0}, (4.10)
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where M (s) = —3K(s)(I1+ $P(s)K(s)) "1 P(s).
Proof. Set £ =W" = 1l in (4.4). QED

Corollary 4.2 (RDUS). Suppose that K(s) is decentralized and the uncertain system is described by P(s)
and Ay, i.e., Pa := Fu(P,A,). Define A" to be a diagonal A-block with independent real uncertainties.
Then the closed-loop system is RDUS if and only if M(s) is internally stable and

pa, (M(jw)) <1, VweRU{oo}, (4.11)

where A, € A, = {diag{A,, A"} : A, € A,, A" € A"} and the transfer function matrix

[ Pia(s) = 3Pi2(s)K(s)(I+ 3 Paa(s)K(s)) "' Pai(s) 5 Pr2(s) — 1 Prz2(s) K (s)(I+ 3 Paz(s)K(s)) " Paa(s)

M(s) =
—K(s)(I+ 3 Pas(s)K(s)) "' Pai(s) —1K(s)(I+ 5 P2(s)K(s)) " Paa(s)
(4.12)

Proof. Set £ =W" = 1l in (4.8). QED

CDUS and RCDUS When K(s) is stable, a necessary and sufficient test for CDUS is given by Corol-
lary 4.1, except with the condition p < 1 replacing p < 1 in (4.10). When K(s) includes integral action
in all channels, p in (4.10) will be equal to 1 at w = 0, because setting the proportional gain to zero in a
controller with integral action will remove the feedback around the integrators, which will then be a limit
of instability. Thus, p <1 in (4.10) is a tight necessary condition for CDUS. The following simple example
shows that u < 1 is not sufficient for CDUS:

Example 4.1. Consider the following plant and controller:

It can be shown by using the Routh criterion that this system is DUS and p < 1. Loop #1 is not stable
(for any €1) when Loop #2 is open (due to a pole-zero cancellation at s = 0), and so the system does not

possess integrity and is not CDUS.

The following more involved example illustrates that a system can possess integrity and be DUS without

being CDUS.
Example 4.2. Consider the plant and controller:

’y(sz+s+ 10) 1

1
P(s) = sta K(s)= =1
@=7z| T | K@=
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where v = (4 — v/55 — 256)/9 and « = (62 — 8y/55)/9. It can be shown by using the Routh criterion that
this system is DUS and g < 1. Tt can also be shown that the first loop is not stable for ¢; = 1/2 and €5 = 0
though it is stable for all other ¢; € [0, 1].

CDUS can be checked through a finite number of stability and u tests, by using Corollary 4.1 to check
the interior of the e-hypercube, and testing the boundary (the points, edges, faces, etc.) through additional
1 tests. The number of i tests required grows rapidly with the number of actuators/sensors in the system.
Though the above examples show that CDUS is not equivalent to DUS, the set of plants that are DUS but
not CDUS is non-generic, i.e., any perturbation in such a plant will likely cause the plant to either become
DUS or not be DUS. Since Corollary 4.1 provides an exact condition for DUS, finding computable exact
conditions for CDUS is of diminished importance. A similar discussion applies for RDUS vs. CRDUS.

4.2.3 Sufficient Conditions for Robust Reliability of Decentralized Integral Control using

Now consider a special case of decentralized control in which there exists integral control action in each

control loop. Its integrity is defined as follows.
Definition 4.5 (Definition 14.2-2 in [185]). The system L(s) = P(s)C(s) is integral controllable (IC) if

there exists a k > 0 such that (a) the closed-loop system in Figure 4.5 is stable for K = kI and (b) the gains

of the loops can be reduced to K. = €k, € € (0, 1] without affecting the closed-loop stability.

In decentralized integral control, the integral controllability of the closed-loop system can be related to the

eigenvalues of the open-loop steady-state gain matrix.

Theorem 4.5 (Theorems 14.5-2 in [185] or [184]). Suppose that K € R™*™ is a diagonal constant gain
matrix with positive entries, i.e., K = diag{k;}, k; >0, i =1,...,m and A, = 0 such that Pa(s) = Psa(s)
that is the lower right block transfer function of P(s). The closed-loop system is IC if the steady-state gain
matrix L(0) = P22(0)C(0) is anti-Hurwitz, i.e., o(L(0)) C C,..

A natural extension of integral controllability to uncertain systems can be defined as follows.

La

e e e e ————————

Figure 4.5: Closed-loop uncertain system with integrator and diagonal compensator.
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Definition 4.6. The system La(s) = Pa(s)C(s) is robust integral controllable (RIC) if there exists a k > 0
such that, for any A, € Ay, (a) the closed-loop system shown in Figure 4.5 is stable for K = kI and (b) the
gains of the loops can be reduced to K. = ekl, € € (0, 1] without affecting the closed-loop stability.

Similar to the integral controllability, the robust integral controllability of the closed-loop system can be

related to the eigenvalues of the open-loop steady-state gain matrix of which robustness is required.

Corollary 4.3. Suppose that K € R™*™ is a diagonal constant gain matrix with positive entries, i.e.,
K = diag{k;}, k; > 0, i = 1,...,m, and the uncertainty A, € A,. The closed-loop system in Figure 4.5 is
RIC if the steady-state gain matrix La(0) is anti-Hurwitz for all A, € Ay, ie., 0(La(0)) C C, for all
A, € A

The proof of Corollary 4.3 follows from the application of Theorem 4.5 to each plant in the set of uncertain

plants. The next result is a sufficient condition for RIC in terms of u.

Theorem 4.6. Suppose that K € R™*’ is a diagonal constant gain matrix with positive entries, i.e.,
K = diag{k;}, k; > 0, ¢ = 1,...,m, and the uncertainty A, € A,. The closed-loop system in Figure 4.5 is
RIC if

pao(M(jw)) < < sup a(A)) , YweRU{x}, (4.13)
AcAf

u

where A% £ {A,(0): A, € A,} and

—P11(0)C(0) —Pi2(0)| 1
M(s) & F, 11(0)C(0)  —P12(0) L
Py (0)C(0)  Pao(0) | S
Proof. The steady-state gain matrix La (0) is anti-Hurwitz if and only if the linear system & = —La(0)z is

globally asymptotically stable (g.a.s.) (or equivalently, globally exponentially stable (g.e.s.)). Furthermore,

LA(0) can be rewritten as

7 P11(0)C(0) Pi12(0) AL0)
Pgl(O)C(O) PQQ(O)

Now, for each A, (0) € A% & = —La(0)z is g.a.s. if and only if det(I+ M (s)A,(0)) # 0 for all s € C. From
the subharmonic property of p and the homotopy condition on the uncertainty set A% (i.e., A,(0) € AY
implies that 7A,(0) € A% for any 7 € [0,1]), the determinant condition can be reduced to the frequency-
domain condition on y in (4.13). QED

4.2.4 Remarks on Decentralized Detunability

Detuning a controller refers to changing some parameter in the controller or in the control synthesis procedure

so that the control action becomes less aggressive. For example, in linear quadratic (LQ) optimal control,
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detuning refers to increasing the magnitude of the weight of control action in the quadratic cost function—
exactly opposite of cheap control in which control weights are very small [237]. In decentralized internal
model control (IMC), detuning refers to increasing the IMC filter time constants (or equivalently, decreasing
the bandwidth of the IMC filter) in each single-loop controller [112,113]. The special case of detuning the
single-loop controller gains in a decentralized controller was discussed earlier in the sections on DUS and
RDUS.

Hovd [112] introduced the following very general definition for robust decentralized detunability.

Definition 4.7. For a given design method, a closed-loop system is robust decentralized detunable (RDD)
if each single-loop controller can be detunable independently by an arbitrary amount without losing robust

stability in the closed-loop system.

Whenever a controller is detuned by varying a parameter in the controller, RDD can be tested via a u test
where the variation in parameters is covered by real uncertainty (the real uncertainty must be independent
for arbitrary detuning). Both the robust performance and the RDD loopshaping bounds are plotted and the
most restrictive of the bounds are used in the design. The resulting controller meets robust performance and
gives a system that is RDD. This loopshaping design procedure is illustrated in Braatz [39], where interested

readers can go for details and examples.

4.3 Further Remarks

4.3.1 Review of Previous Research with Illustrative Examples

Integrity Most research on reliability analysis considers only system integrity without considering plant-
model mismatch [70,91,184,185]. Controller-independent conditions that can establish necessary and suf-
ficient conditions for the existence or non-existence of a controller such that the system possesses integrity
have been derived [102,131], but these conditions are also only applicable to perfectly known LTI systems.

Fujita and Shimemura [91] state that a necessary and sufficient condition for integrity with stable con-
trollers is that all the principal minors of I + PK are minimum phase. This condition is theoretically
interesting, because this test does not require the calculation of matrix inverses. However, since the number
of principal minors of matrix grows exponentially with its dimension, the calculation required by this test
grows exponentially as a function of the plant dimension. Fujita and Shimemura [91] also provide a suffi-
cient condition for integrity when the controller is stable, in terms of the generalized diagonal dominance of
I+ P(jw)K(jw). Applying the Perron-Frobenius Theorem [109] gives the following lemma (for details, see
Delich [70]).

Lemma 4.1. Assume P(s) and K(s) are stable, the diagonal elements of I+ P(s)K (s) are minimum phase,
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and P(s) is irreducible. Then the closed-loop system demonstrates integrity if
p(‘H(jw) (ﬁ(jw))_lD <2, YweRU{oo}, (4.14)

where H = 1+ PK, H refers to the matrix with all off-diagonal elements of H replaced by zeros, and |A|

denotes the matrix with each element of A replaced by its magnitude.

The above assumption that P is irreducible can be removed with some added complexity in the theorem
statement [70]. The spectral radius is readily computable with polynomial growth (~ n3) as a function of

the plant dimension. However, the lemma might be conservative as shown in the following example.

Example 4.3. Consider the closed-loop system with the plant and controller:

_ 1 |-osT ooM | T+l |—gdm O
T5s+1|_1.082 —0.014| As+11 g

P(s)

s A=4.

1

T 0.014

The system demonstrates integrity but the condition in (4.14) is not satisfied for this system (p ~ 2.1 < 2),

which indicates that the test (4.14) can be conservative, even for 2 x 2 systems.

Robust Integrity Laughlin et al. [155] provide computationally simple tests for robust integrity that are
useful for cross-directional processes (see [273] for a review of cross-directional process control problems).

Their results do not extend to general plants and so are not further discussed here.

Decentralized Unconditional Stability Morari [184] considers stability with simultaneous detuning of
all loops, which leads to a number of computationally simple necessary conditions for DUS that are surveyed
in the monograph by Morari and Zafiriou [185]. However, all these conditions can be conservative for testing

DUS, as illustrated by numerous examples in that monograph.

CDUS Nwokah and Perez [204] considered conditions for which a system with controller K(s) = 1I is

CDUS, including the claim that a necessary condition for K(s) = %I to provide CDUS is that the steady-
state matrix P(0) is all gain positive stable. A matrix P is all gain positive stable if P, P~! and all their
corresponding principal submatrices are D-stable. A matrix P is D-stable if o(PD) C C4 for all positive

diagonal matrices D. Example 4.4 shows that the condition in [204] is not necessary.

Example 4.4. Consider the plant [52]:

10 2
Plo)=|a7 1
0 4 1
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It can be shown that the Routh-Hurwitz stability criteria that the closed-loop system for the above plant is
stable for K(s) = I and remains stable with arbitrary detuning of the SISO loop gains. But, o(P(0)) =
{+i/3,3}, so P(0) is not D-stable, and P(0) is not all gain positive stable. We note here without details
that this plant also shows that all of the theorems in [204] regarding decentralized integral controllability

are also not necessary.

RDUS and RCDUS To our knowledge, it seems that RDUS and RCDUS have not been considered in
the open literature, except for a thesis [39] and the proceedings paper [41] that contains some of the results of
this manuscript. Note that it is previously shown that conditions for RDUS and RCDUS can be represented
as evaluating the SSV of the associated transfer function. Upper and lower bounds on y are computable in

polynomial-time [8], even though its exact computation is NP-hard [44].

4.3.2 Related Topics

Fault Detection and Diagnosis For systems affected by time-varying parametric uncertainties and
time-varying detuned gain of decentralized controllers, it might be natural to discuss the design of linear
parametrically varying (LPV) controllers or gain-scheduled controllers when the time-varying parameters
are not known a priori, but are online measurable. In that control framework, faults in the actuators and/or

sensors can be detected and LPV control laws give a natural way to remedy those faults.

Reliable Networked Control Systems In a networked control system, most communication links in-
troduce variable and unpredictable time delays in the information flow, which are called network-induced
delays [304]. This application problem has motivated the analysis of the effects of time delays among in-
terconnecting elements of a decentralized or distributed network control system on the closed-loop system
stability and performance. The problem formulation and conditions for robust reliability analysis of de-
centralized control systems can be extended to the robust stability and performance analysis of networked

control systems under intermittent communication losses between distributed sensors and actuators.

4.4 Tllustrative Examples: Fault-tolerant Decentralized Control

High-purity Distillation Column We now illustrate the investigation of robust stability and perfor-
mance of a decentralized controller for the high-purity distillation column under fault/failure scenarios. A

high-purity distillation column is given in [247] and discussed in more detail in [248]. The nominal model is

1 —-0.878  0.014

Py(s) = ———
(#) Ds+1 11082 —0.014
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Figure 4.6: The plant with input uncertainty Aj of magnitude wi(s) and the performance specification
wp($).

Y
5
v
)

Y

which uses distillate and boilup as manipulated inputs to control top and bottom composition using mea-
surements of the top and bottom compositions. The plant has a large condition number, so input uncertainty
strongly affects robust performance [248]. The uncertainty and performance weights are

55+ 1 7s+1

_osTE —0.02 .
0255 11 wrls) = 0025

wi(s) =0.1

The input uncertainty includes actuator uncertainty and neglected right-half plane zeros of the plant.
The performance bound implies zero steady-state error and a closed-loop time constant of 7 minutes. The
uncertainty block Ay is a diagonal 2 x 2 matrix (independent actuators) and the performance block Ap is a
full 2 x 2 matrix.

In [39], loopshaping bounds are used to design the decentralized controller

s +1 | —gas 0

K(S) 4s 0

__1
0.014

We will now analyze the closed-loop system with the designed controller to show that it satisfies integrity,

robust integrity, DUS, and RDUS.

Integrity The following four transfer functions are stable:

(e1,€2) = (0,0) =P,

(e1,€2) = (1,1) = —wi K (I + PoK) ' Py,
(e1,€2) = (1,0) = — wi K1 (14 Pa11 K1)~ Pann,
(e1,€2) = (0,1) = — wiK2(I+ Pno2K2) " Pao2,

so the closed-loop system has integrity.

Robust integrity Robust integrity for a 2 x 2 system can be evaluated by checking the robust stability
for four conditions. Nominal stability was tested above (for testing integrity), so only the p conditions are

tested here. The system has robust stability when all loops are turned off provided that P, (I + wiAy) is
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stable. Since P,, wy, and Aj are stable, P,(I 4+ wiAy) is stable. Robust stability for the overall system is
satisfied since pa,(—wiK(I+ P,K)™1P,) = 0.3 < 1. Robust stability for the cases when exactly one loop

has failed is satisfied since

(61762) = (1,0) 3MAI)11(_'WIK1(I + PnynKl)ian’u) =0.12 < 1;

(61762) = (0, 1) ?;J,AI)22(—’IUIK2(I + Pnyngl)ilpnygz) =0.12 < 1.

Since all four p conditions are satisfied, the system demonstrates robust integrity.

DUS and RDUS First let’s test RDUS. The transfer function matrices P, G, G, and A, needed to
apply Theorems. 4.3 and 4.4 are derived directly from the block diagram in Figure 4.6:

0 —wIWr 0 —wIE
0 0 —wil
0 —wil _ 0 0 0 I
P = s G = wPPn 0 _wPPn 7G = 1,
Pn —Pn U)PPn —U)anWr 0 —prnE (415)
-P, 1 P, _
-P, PW' 1 P.E

A, = diag{A;, A"}

Figure 4.7(a) is the p plot to test condition (4.7) in Theorem 4.3 for evaluating RDUS. As expected, the
value of 1 approaches 1 at zero frequency due to the integrators as either of the €; approach zero. We see
that p < 1 for all frequencies away from w = 0. Since p < 1, the system demonstrates RDUS. Since DUS
is implied by RDUS, DUS does not need to be numerically tested for this example.

Robust performance under arbitrary detuned control gains (0 ~ 100% of the nominal value) can also
be studied using the condition (4.9) in Theorem 4.4. Consider the analysis of robust performance under

a reduced performance defined by wp(s) = 0.025 757?7 which is 1/10 of the nominal performance specified

by [248] when there is no faults in the system. Figure 4.7(b) shows that pa (jw) < 1 for all frequency, so

the reduced level of robust performance is achieved for the specified range of detuned control gains.

Parallel Reactors with Combined Precooling Now consider the robust stability and performance of
an SVD optimal controller for a parallel reactor with combined precooling. In [114], a simplified model of

four parallel reactors with combined precooling is

1 07 07 0.7
1 o7 107 o7
S 100s+1 |7 07 1 07

0.7 07 07 1

G(s)

Consider the input and output uncertainty in the system shown in Figure 4.8. The input uncertainty Ap

and output uncertainty Ao are assumed to have independent diagonal and uncertainty weights given by
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wr := 0.125 O?;:J:II and wo := 0.125 02.'25;;11 I, respectively. To reject disturbances at the system output, the

weighted performance specification is ||wpSp||co < 1, where S, is the transfer function mapping d to y, with

125541
125s

the performance weight wp(s) := 0.125 I. An SVD optimal controller was designed using DK-iteration
and reported in [114]. This example considers the reliability of this controller design to 80% independent
detuning of the controller gains. The performance weight models partially degraded performance, compared

to the case when there is no fault or failure of controllers in [114].

Robust reliability The transfer function matrices P, G, G, and A, needed to apply Theorems. 4.3 and 4.4

are derived directly from the block diagram in Figure 4.8:

r 0 0 0 —wil
0 0 —wl
wOPn 0 0 _wOPn
P = u}oPn 0 —woPn 7G: 5
prn 'LUPI 0 —prn
P, I —P,
- -P, -1 1 P,
0 0 —wW* 0 —wkE (4.16)
U}O_Pn 0 'lUOPnWr 0 —U)QPnE
G=1| o 0 0 0 I , A, = diag{A1, Ao, A}
U)an ’LUPI prnWr 0 —prnE'
-, -1 -PWr 1 P,E

To assess whether the closed-loop uncertain system remains stable with up to 80% independent detuning
of the actuator/sensor/controller gains, set ¢; € [0.2,1] for all i and W* = 0.4] and E = 0.61. The y plot in

Figure 4.9(a) to test condition (4.7) in Theorem 4.3 shows that u(jw) < 1 for all frequencies, which implies
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(a) p plot for evaluation of RDUS (b) p plot for evaluation of robust performance
Figure 4.7: p plots for evaluating reliability to uncertainties and reduction of actuator/sensor/controller

gains for the high-purity distillation column. The smooth red curve is the upper bound for p and the rough
blue curve is its lower bound.

95



rwl-bAll rwo->A0-
r—p» K » P wp

- Y

Figure 4.8: The plant with input and output uncertainties A; and Ag of magnitude wi(s) and wo(s), and
the performance specification wp(s).
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Figure 4.9: p plots for evaluating reliability to uncertainties and up to 80% independent detuning of
controller gains for the parallel reactors with combined precooling. The smooth red curve is the upper
bound for y and the rough blue curve is its lower bound.

that the system is robust to this degree of control detuning and to model uncertainties. This p plot also
implies that the nominal system is reliable to 80% independent detuning of the actuator/sensor/controller
gains.

Robust performance under detuned control gains can be studied using the condition (4.9) in Theorem 4.4.
Figure 4.9(b) shows that ua (jw) <1 for all frequencies, so robust performance is achieved with up to 80%
independent detuning of the controller gains. Various degrees of degraded closed-loop performance could
be defined for different degrees of detuning, by plotting a different u plot for each performance weight and

range of detuning.

4.5 Summary and Future Work

Robust reliability of closed-loop systems is an important issue in control systems engineering and for large-
scale interconnected systems. This chapter considers the analysis of the reliability of controlled systems
with and without model uncertainties. Necessary and sufficient conditions for robust fault tolerant stability

and performance under constant but unknown gain variation are derived for uncertain systems that are
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affected by real parametric and complex dynamic uncertainties. The proposed conditions are represented in
terms of the structured singular value and are nonconservative in the sense that locations and structures of
potential faults and failures can be fully exploited, and structured plant-model mismatches are considered
to derive necessary and sufficient conditions for system reliability. Upper- and lower-bounds on p can be
computed in polynomial-time by using off-the-shelf software [8] and provide computationally tractable tools
for verifying reliability of the controllers. Numerical case studies for high-purity distillation column and
parallel reactors with combined precooling are presented for illustration of the application of the proposed

reliability conditions.
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Chapter

Robust Nonlinear Internal Model Control of

Wiener Systems

Abstract Many process systems can be modeled as a stable Wiener system, which is a stable linear
system followed by a static nonlinearity. A nonlinear control design procedure is presented that provides
robustness to uncertainties while being applicable to systems with unstable zero dynamics, unmeasured
states, disturbances, and measurement noise. The design procedure combines nonlinear internal model
control with linear matrix inequality feasibility or optimization problems, such that all robust stability and
performance criteria are computable in polynomial-time using readily available software. Application to a pH
neutralization case study demonstrates the importance of taking uncertainty into account during the design
of controllers for Wiener systems. The approach is generalizable to Hammerstein and sandwich systems,

whether well- or poorly-conditioned, and to systems with actuator constraints.

Process

Figure 5.1: Wiener model structure where G is linear time-invariant and T'(+) is a static (nonlinear)
operator that is included in a certain family of nonlinear functions.
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5.1 Introduction

A Wiener model consists of a linear dynamic system G followed by a static nonlinear operator " (see Figure
5.1). Many process systems have been described by Wiener models including distillation columns [76], heat
exchangers [76], pH neutralization [98], packed bed reactors [77], and plasma reactors [271,272]. Various
control strategies have been developed for Wiener systems, including adaptive control [210], linearizing
feedforward-feedback control [128], and model predictive control [203,212] strategies, many of which have
been evaluated by application to pH neutralization processes.

The static nonlinearity in a Wiener model for a practical application is always uncertain, and most existing
methods for the control of Wiener systems ignore this uncertainty. As will be demonstrated in a case study
later in this chapter, the uncertainty in the nonlinearity can have major effects on the closed-loop stability
and performance. While robust optimal controllers for Wiener systems have been designed by formulating
the optimal control problem in terms of bilinear matrix inequalities (BMIs) [271,272], a drawback of such an
approach is that optimization over BMIs is an NP-hard problem [165,266]. This section proposes an approach
that only involves convex programs that can be solved using off-the-shelf software in polynomial-time. The
proposed approach is applicable to stable Wiener systems with unstable zero dynamics, unmeasured states,
disturbances, and measurement noise. A novel aspect of the approach is that various characteristics of the
nonlinearities can be taken explicitly into account in the closed-loop stability and performance analyses.
The approach is applied to a case study involving the control of pH in which the Wiener model is identified
from experimental data. The control of pH is an important industrial problem that has been extensively

studied [12,78,123,239,292].

5.2 Theory and Methods: Stability and Performance Criteria

5.2.1 Problem Statement

Standard Nonlinear Operator Form The proposed approach employs the standard nonlinear operator
form (SNOF) in Figure 5.2, which has its roots in the 1940s Russian control literature [85,164,179]. The
SNOF consists of a linear system with a static nonlinear operator in feedback, where the static nonlinearities
of the operator can be further restricted to be diagonal, monotonic, and locally slope-restricted. Nearly any
arbitrary nonlinear system (including unstable zero dynamics, chaotic, and quasi-periodic behavior) can be
approximated with arbitrary accuracy by a model in standard nonlinear operator form [141]. Furthermore,
all dynamic artificial neural networks can be transformed into the SNOF, so that any of the software packages
available for fitting DANNSs to experimental data! produces models that can be written in SNOF. The static,

monotonic, and locally slope-restricted nature of the nonlinearities can be exploited to produce polynomial-

le.g., the Matlab Neural Network toolbox
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Figure 5.2: Standard nonlinear operator form for discrete-time systems. The structure for continuous-time
systems is obtained by replacing z with s, replacing xy41 with dz/dt, and redefining the other variables to
be continuous-time.

time tools to analyze the stability and performance of these systems (e.g., see [139,140] and references cited
therein). The analysis tools can be written in terms of linear matrix inequalities (LMIs) [35], which are
computable using available software (e.g., [160,255]), much of which can be run in Matlab. The proposed

nonlinear control design stategy, described below, weds the above analysis tools with internal model control.

| 1
: Process Model : d
| Y |
U P, o Wi ¥ ' —» W, R z
1 | n
| |
L e e e e e e - — ————————— ——— i ————— 1
—1
pm=—=-- e e e -
K, [e— W' |= Ty |e—{ w;!

Controller

Figure 5.3: Block diagram for the nonlinear closed-loop system, with output z, disturbance d, and noise n.
The linear time-invariant and nonlinear static monotonic operators of the process are Pj, (assumed to be
stable) and T'1, respectively. The linear and nonlinear internal model controllers have I's = 1 and

Ty ~ I‘f17 respectively.

Nonlinear Internal Model Control Strategy As is standard in inversion-based control strategies for
the control of Wiener systems (e.g., see [257] and citations therein), the control structure has the form
in Figure 5.3, where I'y is selected to be either the identity or the inverse of the process nonlinearity

T'y, depending on whether the overall controller is desired to be linear or nonlinear. For nonlinear I's, the
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controller in Figure 5.3 has the Hammerstein structure, in which a dynamic linear controller K7, is augmented
with the inverse of the nonlinear operator combined with the identified parameters of the process Wi and
Wa.

The remaining task is to determine the linear time-invariant controller K based on some closed-loop
criteria. For example, an example of an Ls-optimal control problem would be to determine the Kj that
minimizes a weighted combination of the worst-case effects of the disturbance d and noise n on the output

z:

Problem : inf a< sup z|2> +(1—-a) < sup ||z||2>

Ko dll2<1 Infl2<1 (5.1)

s.t. the closed-loop system in Figure 5.3 is stable,

where the weight o € [0,1]. For a linear time-invariant process (I'y = I), it is well known that the above
optimal control problem is equivalent to a weighted Hoo-control objective, ||w,S + wpT oo, where S is the
sensitivity function that maps the output disturbance d to the controlled output z, T" is the complementary
sensitivity function that maps the measurement noise n to z, and w, and w, are weights that define the
tradeoff between disturbance suppression and insensitivity to measurement noise (e.g., [185,309]).

While there are several approaches available for solving Ls-optimal control problems for linear time-
invariant systems, solving such problems for nonlinear systems is much more challenging [13] and would
require extensive software generation, even in the case where there is no uncertainty in the system. The
nonlinearity I' has associated uncertainty, so that the nonlinear inversion introduces nonlinear uncertainty
into the closed-loop system. Rigorously taking that uncertainty into account while solving (5.1) results
in a nonconvex optimization over bilinear matrix inequality constraints [271,272]. It is straightforward
to show that optimizations over bilinear matrix inequality constraints are NP-hard,? either by reduction
to the knapsack problem [165,266] or to an indefinite quadratic program [44]. An alternative approach
is to parameterize K, in Figure 5.3 in terms of the well-known Youla parameterization (e.g., [185,309]),

K = where the stable transfer function @ provides degrees of freedom for controller design. The

_Q
1-PLQ’
engineer can parameterize () in any way that maintains stability, and then tune the control parameters to
optimize the objective (5.1).

Internal model control (IMC) restricts the degrees of freedom in @ so that the control tuning parameters
are few and have a direct relationship to setpoint tracking response, disturbance suppression, insensitivity
to measurement noise, and robustness to model uncertainties (e.g., [146,185]). The form for @ is selected as

a low-pass filter F' in series with the inverse of a minimum-phase approximation of the linear model of the

stable process being controlled. For the notation used here, @ = P, 1

7m,

where Pr, , is the minimum-phase
approximation of the stable transfer function Pr,.

Instead of directly solving an optimization such as (5.1) for the control tuning parameters, a common

2except for very specialized matrix structures
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alternative is to tune the controller as fast as possible while satisfying all of the control objectives, such
as guaranteed closed-loop stability with respect to all uncertainties with a prescribed set, effectiveness at
disturbance suppression, or insensitivity to measurement noise (e.g., [249]). This approach avoids having to
explicitly define a performance weight, and avoids having to balance the weights with respect to each other.

The above approaches apply to both continuous- or discrete-time systems; for brevity only the discrete-

time equations will be presented below. To parametrize the controller, consider the low-pass filter

L (5.2)

where A\ specifies the response speed of the low-pass filter and m is an integer that defines the order of
the transfer function. This form for F is obtained from Tustin’s discretization [54] of the low-pass filter

F(s) in the Laplace domain. The order of the low-pass filter is fixed and the control tuning

= G
parameter is the IMC filter time constant A > 0. If needed, this filter form can be generalized to include
numerator dynamics or different time constants in each diagonal element [24,108,185].

The closed-loop system in Figure 5.3 can be rearranged into the SNOF in Figure 5.2 by using block-
diagram algebra as described in standard textbooks [185,249] or by using the sysic program in the Matlab
Robust Control Toolbox. The next section presents methods to quantify robust stability and performance
criteria for the closed-loop system in terms of linear matrix inequalities, which can be computed using off-
the-shelf software that have Matlab interfaces (e.g., [255]). These quantifications can be inserted into an

optimization formulation for A using a weighted control objective such as (5.1) or can be used to determine

the minimum value for A that satisfies all of the robust stability and performance criteria.

Remark 5.1. The authors of [75] proposed an augmentation of the nonlinear controller with a linear filter,
in which the model inverse was constructed using numerical procedures based on the contraction mapping
principle and Newton’s method. The same nonlinear IMC structure was later used [103], in which the model
inverse was determined using differential geometry. The aforementioned nonlinear control structure is very
similar to those used in these and other past publications. As described in the next section, the proposed de-
sign method will differ from past works by rigorously taking uncertainties associated with nonlinear inversion

into account.

5.2.2  Stability Analysis

This subsection describes a necessary condition and sufficient conditions for the analysis of stability of a
system in SNOF. To simplify the notation, (B, C, D) is used as a shorthand notation for (B, Cy, Dgp)-
The following necessary condition for stability of an SNOF is obtained from linearization of a nonlinear

process model [136].
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Theorem 5.1 (Necessary Stability Condition). Consider a nonlinear system in SNOF as shown in Fig-

ure 5.2(a):

Ti1 = Az + Bpg
qx = Cxy + Dpy, (5.3)
pre = D(qw)
where z € R, p € R, ¢ € R, A € R"*", B € R™*" C € R"" D ¢ R"" T is a diagonal nonlinear

operator, n is the number of states, and h is the input-output dimension of I'. A necessary condition for

asymptotic stability of the steady-state x4 is that the eigenvalues of the matrix

-1
ar

D -
ss ) dq

AL(J;SS) é14—{-B (I— al

o C, (5.4)

SS

all have magnitude less than or equal to one, i.e., p(Ar(zss)) < 1 where p(-) denotes the spectral radius of

a matrix.

The term ‘3—1; is the Jacobian of I' evaluated at the steady-state value for the state. For a diagonal

SS
— d; 0v;
= dlag{ our | }
ss T=Tgss

Any of the sufficient conditions for analyzing the stability of systems in SNOF using linear matrix in-

I' =: diag{~;}, this Jacobian has a rather simple form, g—g

equalities (e.g., see [35,180,270] and citations therein) can be applied to this approach. Which stability
condition to apply depends on the assumptions made on the nonlinearities concerning the matrix structure
(e.g., full-block, block-diagonal, or diagonal) and the extent of time variation (e.g., arbitrarily fast time-
varying, arbitrarily slow time-varying, static). Which condition to use depends on the nature of the specific
problem. For example, if the assumption that the process nonlinearity is static was only an approximation
during the identification of the Wiener model, then a stability condition can be selected that allows the
uncertainty in the nonlinear to be dynamic. If the nonlinearity in the Wiener model is multivariable, then
a full-block uncertainty structure should be used. If the nonlinearities in the Wiener model are distinct and
isolated, then a diagonal uncertainty structure should be used to reduce conservatism. Few of the published
conditions, however, take into account the static, monotonic, and slope-restricted nature of most nonlin-
earities and such conditions that have been derived either require restrictive assumptions (see [139,140] for
details). The following sufficient condition, which is computable for large-scale systems while taking into

account these characteristics of nonlinearities, will be applied in the pH control case study.

Theorem 5.2 (A Sufficient Stability Condition®). Consider a system described in Figure 5.2(a) with

Tp1 = Az + Bpy (55)

qr = Cxy, + Dpy,
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and p = I'(gx) subject to the sector-bounded and slope-restricted conditions

Yilqr,i) [Vi(qrki) — &iqri] <0, Vg, €R,i=1,...,h (5.6)

and
Yil@r+1,) — vi(gr,i)
qk+1,5 — Gk,i

0<

< Wi, qu,leR7l:17ah (57)

where & and p; is the maximum sector bound and slope of the i*" nonlinearity, respectively. A sufficient
condition for global asymptotic stability is the existence of a positive-semidefinite matrix P = PT with a
positive-definite submatrix Pj; = P} and diagonal positive-semidefinite matrices Q, Q, T, T, N € Rtaxna
such that the LMI

G2 ATPA, —ETPE, +U, +Uy -8, — Sy —S3<0 (5.8)

holds, where the matrices A,, E,, U1, Ua, S1, S2, and S3 are defined in (5.23).

Although stated as a stability condition, Theorem 5.2 is also a robust stability condition, in that the
existence of a feasible solution to the LMI (5.8) implies that the system is stable for all nonlinearities that
satisfy the sector and slope bounds (5.6) and (5.7), respectively. Uncertainties in the parameters Wy and Ws
in Figure 5.3 can be combined with the uncertainty in the nonlinearity when applying the robust stability

condition.

5.2.3 Performance Analysis

The input w of the system described in Figure 5.2(b) is assumed to belong to a set of Ly-norm-bounded
functions. Sufficient conditions for the L£o-gain of a system in SNOF to be finite and less than some bound
have been derived in terms of convex optimizations with LMI constraints (e.g., see [35,180,270] and citations
therein). As for stability conditions, which performance condition to use depends on the assumptions made
on the uncertainty in the nonlinearity inversion. The following sufficient condition, which is applied in the
pH control case study, quantifies the performance for nonlinearities that are diagonal, static, sector-bounded,

and slope-restricted.
Theorem 5.3 (Ls-gain Performance Condition). Consider the system described in Figure 5.2(b) with
Ti1 = Az + Bppr + Bywy

qr = quk + qupk + quwk (59)

2 = Coxp, + Doppr + Dopwy

where pp = I'(gx) satisfies the sector-bounded and slope-restricted conditions (5.6) and (5.7), A € R™*™,
B, e R™h, B, e R™™ C, e R"", C, € R™", D, € R"h D, € R™™, D, € R¥*™ D, e R™k
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is the number of states, h is the number of nonlinearities, m is the dimension of the input vector, and r is
the dimension of the output vector.
The system of the form described in Figure 5.2(b) and (5.9) is stable and has an upper bound on the

induced Lo-norm (or £o-gain) n* if the optimization problem

n*= min 7

P,Q,AA (5.10)
st. P, P =PL>0,Q>0,Q>0,T>0,T>0,N>0,G<0,7>0

has feasible solutions, where Q, Q, T', T, and N are diagonal, £ = diag(¢&;), = diag(p;), the matrix G = GT
is defined by

GéAaTPAafEZPEaJrleJrUQ*S’l*5'2*5'3

0 cr
oo o 1+ (c. D, 0 D

0 7| 0

T DT,

and the matrices A,, E,, Uy, U, Sy, S2, and S3 are defined in (5.24).

5.3 Application to pH Neutralization

Consider the continuous pH neutralization of an acid stream by a highly concentrated basic stream (see
Figure 5.4). The only measured signal is the controlled variable, which is the pH, and the manipulated
variable is the flow rate of basic solution. The tank has a volume of 5 liters, and the 0.01 M hydrochloric
(HC1) and 0.1 M caustic soda (NaOH) solutions are pumped from 200-liter tanks into the mixing tank.
Solutions are prepared with tap water, which contains a significant amount of dissolved carbon dioxide (in
the form of aqueous HCO3 and CO3 ). Unmeasured disturbances include the buffering species (carbonates)

pump acid stream
base N

stream + +

pH drain
control probe
computer

Figure 5.4: pH neutralization apparatus.
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Figure 5.5: Titration curve nonlinearity (W; and Wy were determined by nonlinear least-squares fitting).
The model is the thick blue line; experimental data points are purple dots.

in the base and acid flows, nonideal mixing in the main tank, nonideal mixing in the acid and base storage
tanks, and air bubbles in the tubes through which the acid and base streams flow.

In a pH process represented as a Wiener model in Figure 5.1, the dynamic linear system describes the
mixing dynamics and the static nonlinearity describes the titration curve [127]. Other than having a different

analytical expression for the nonlinearity, the same process model was used as in [205]:

Vg =—-FY —u
dt (5.12)

pH = Wy tanh(W,Y)

where V' is the volume of the mixing tank, u is the base flow rate, F' is the acid flow rate, Wy and W5 are
weights, and Y is the dimensionless strong acid equivalent [205].

For the pH process, each term in the SNOF has clear physical meaning. The nonlinearity directly cor-
responds to the titration curve, and the linear term directly corresponds to the mixing dynamics. Figure
5.5 shows the form of the nonlinear relation between Y and pH, with some experimental data collected for
a pH experimental apparatus at the University of Illinois. The process disturbances result in significant
uncertainty in the nonlinearity, as shown in Figure 5.5.

An exact discretization [54] of (5.12) leads to:

1
Thp1 = e FAYV o = (e—FAt/V _ 1) s

Y, = 2 (5.13)

pH, =W, tanh(Wlmk)

where At is the sampling-time. In addition, there is a time delay 6 due to the sensor location. The process
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0 | Necessary (Thm. 5.1) | Sufficient (Thm. 5.2)
0 0.91 0.91
2 2.08 2.08
6 4.63 4.63
10 .17 .17
12 8.46 8.46
16 11.00 11.00

Table 5.1: Lowest IMC filter parameter A (in seconds) that indicates stability for the closed-loop system
with the linear IMC controller. Perfect model information is assumed. Theorem 5.2 was applied with
& =p=1. All times are in seconds.

time delay 6 = 0.27 minutes (= 16 seconds) and effective time constant 7 = 3 minutes were determined from
experimental data by nonlinear least-squares estimation.
The linear and nonlinear IMC structures are shown in Figure 5.3. The block diagram in Figure 5.3 can

be written directly as an SNOF.

Linear IMC design with no nonlinearity cancellation First consider the case where the IMC is linear
and the process nonlinearity I'y is perfectly known and equal to tanh. Closed-loop stability results for a range
of time delays are included to provide an indication as to the potential conservatism of the analysis tools
for the pH neutralization problem (see Table 5.1). The necessary and the sufficient stability analysis results
gave identical stability limits, indicating no conservatism for this closed-loop system. For this problem, the
smallest stabilizing IMC filter parameter increased linearly with the time delay.

Now the linear internal model controller was designed that minimizes the desired closed-loop response
time (A) while requiring that the effect of worst-case disturbances d on the output y cannot be magnified by
more than a factor of 2.5. This is a direct nonlinear generalization of the linear IMC design procedure for
the specification that the peak sensitivity is less than 2.5 [185,249]. The performance measure for a range of
controller tuning parameter A for the linear IMC controller is shown in Figure 5.6. The optimal X is equal
to 8.5 minutes. This performance condition places a much stronger restriction on the closed-loop speed of

response than the requirement of nominal stability.

Nonlinear IMC design with perfect nonlinearity cancellation The geometric control literature
commonly assumes that the nonlinear process is perfectly known. This assumption would imply that the
controller nonlinearity I's (in Figure 5.3) perfectly cancels the process nonlinearity I'y, and the closed-loop
stability could be determined from linear stability analysis. The resulting stability conditions are exactly the
same as those used to compute the necessary condition in Table 5.1. Hence for the pH neutralization process
under the assumption of a perfect model, the stability limit for the linear IMC is equal to the stability limit
for the nonlinear IMC, which is A = 11 seconds for the time delay 8 = 16 seconds.
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Performance measure
N
(6)]

0 10 20 30 40 50
A (in minutes)

Figure 5.6: Performance measure n* for the closed-loop system with the linear internal model controller
with tuning parameter A (for a process time delay § = 0.27 minutes).

6 | Necessary (Thm. 5.1) | Sufficient (Thm. 5.2)
0 1.44 1.44
2 3.71 4.28
6 8.79 9.38
10 13.88 14.49
12 16.44 17.04
16 21.52 22.17

Table 5.2: Lowest IMC filter parameter A (in seconds) that indicates robust stability for the closed loop
system with the nonlinear IMC controller and significant uncertainty in the process nonlinearity.
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Nonlinear IMC design with robustness to uncertainty in nonlinearity inversion Nonlinear mod-
els are rarely of very high accuracy, and this is certainly true for the pH neutralization process as demon-
strated in Figure 5.5. Now a nonlinear IMC controller is designed that minimizes the desired closed-loop
response time (A) while requiring stability to uncertainties in the cancellation of the process nonlinearity,
which is mathematically represented as deviations in I'sI'; from one. Based on close inspection of Figure 5.5,
it was assumed that the maximum overall slope of I'sI'; could be as high as two, while its instantaneous
slope could be off as much as a factor of four. Ensuring stability for this range of uncertainties is a nonlinear
generalization of the common objective used in the design of controllers for linear systems of providing a
gain margin of 2. Table 5.2 gives stability limits for a range of time delays to provide some indication of
potential conservatism of the stability analysis results. The minimum IMC filter parameter A that provides
robust stability increases linearly with the time delay. The minimize filter parameter is A =~ 22 seconds for
the time delay 6 = 16 seconds, which is twice the value computed for the nonlinear IMC design that ignored

uncertainty in the nonlinearity inversion.

5.4 Discussion

Whether a performance or stability constraint was used in the IMC design had a significant influence on
the filter parameter A in the nonlinear IMC-based controller. For the pH neutralization process, controllers
tuned based on a nominal stability or robust stability constraint provided much faster closed-loop speed of
response than the controller based on the worst-case performance constraint. This observation indicates the
importance of carefully choosing the controller design criteria.

The sufficient stability condition in Theorem 2 was nonconservative to three significant figures for the
closed-loop system controlled by the linear internal model controller, for a range of time delays (see Table 5.1).
For the stability analysis that took the uncertainty in the nonlinearity inversion into account, the sufficient
condition could potentially be somewhat conservative, as there is a gap in the values for the minimize
allowable filter parameter A computed from the necessary condition and sufficient conditions (see Table 5.2).
The gap is less than 0.1% for a system with no time delay and about 3% for the time delay of 16 seconds
identified in the experiments. The gap in the values of the minimum A for the other time delays are all about
0.6 seconds (see Table 5.2). Although the limits computed from the necessary and the sufficient conditions
are not exactly equal, they are certainly close enough for practical application.

The stability analysis that took uncertainty in the nonlinearity inversion into account indicated that the
minimum stabilizing values for the filter parameter A\ were twice as large as the values that were computed
that ignored the uncertainty in the nonlinearity inversion. This observation indicates that importance
of taking uncertainty during nonlinearity inversion into account when designed nonlinear inversion-based
controllers.

The approach in this chapter can be extended to nonlinear operators I' in which each of its outputs is
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related to each of its inputs from conditions such as shown in Theorem 2. The simplest way to implement this
generalization is to rearrange the scalar nonlinearities to form a larger diagonal nonlinear operator in Figure
2. The expressions for the state-space matrices in Figure 2 are messier. The generalization to full-block or
block-diagonal nonlinear operators I' follows the same derivations, but with much messier nomenclature.
The approach in this chapter applies to systems with larger time delays. Proposition 5.1 shows the
transformation of a system with potentially large time delay into the standard state-space system description;
this transformation is standard in the control literature. The computational cost of analyzing systems with
larger time delays is much smaller than suggested by the increase in dimensions, because the state-space
matrices for the extended system are highly sparse, and many existing LMI solvers are effective at exploiting

sparsity (e.g., [160,255]).

5.5 Summary and Future Work

A nonlinear internal model control procedure was presented for stable Wiener systems that ensures robustness
of closed-loop stability and performance to uncertainties in the inversion of the static nonlinearity, while
having polynomial-time computational cost. Several more general observations can be made based on a
pH control case study. Assuming perfect nonlinearity inversion when controlling pH processes led to overly
optimistic predictions on the achievable closed-loop performance, which indicates that the commonly made
assumption of perfect nonlinearity inversion can produce poor results in practical applications. A comparison
of pH controllers designed to satisfy robust stability or disturbance suppression constraints showed that the
closed-loop response speed could significantly change depending on the design criteria. A comparison of the
sufficient robust stability condition with a necessary condition showed that the sufficient robust stability
condition was nonconservative for this particular application.

The nonlinear IMC procedure is applicable to stable Wiener systems with unstable zero dynamics, unmea-
sured states, disturbances, and measurement noise. This is in contrast to many nonlinear control methods
that require stable zero dynamics and/or ignore disturbances and measurement noise. The generalization
of the approach to Hammerstein and Sandwich models is straightforward, and can be used to explicitly
incorporate actuator constraints into the nonlinear controller design, by combining these static nonlineari-
ties with any other static nonlinearity associated with the input to the process. The approach can also be
combined with directionality compensation, which can improve the closed-loop dynamics for ill-conditioned

processes [51,250].
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Appendix

z A | B. U A, | By v q p le
0 C. | D. —>> Cy | Dy = = AT = r = W, » Y

Figure 5.7: Block diagram for pH system.

Ay | By
Caq | Dq

(1>

Computation of SNOF for pH system Consider the block diagram in Figure 5.7 where

Ca(z1 — Ag) 1By + Dy and w = d. The system equation is given by

z = —(pHy, + wi) = —Wapy, — wy,
qk = Wiy
= W1 (CaYy + DaCexy, — DaD Wapy — DaDcwy)
Yiv1 = AaYi + BaCexy, — BaD -Wapy, — BaD wy,
Ty1 = Acwy, — BWapy, — Bewg

e = T'(qr)-

Define the concatenated vector &3 = (Yi,x1)T, then the SNOF in Figure 5.2(b) for the pH system is given
by

. Aq BaC.| . —ByD Wy —B,D,
Tht1 = Tr + pr+ Wy
0 AC _BCW2 _BC

@ = [WiCa C1DCL| i+ [~ Wi DuDWo | i

|
Cq DQP

+ {—WlDdDC} wy,

~—_———
Dgw

o= [ [t [

~—~ —— ~——
C. D.p D.w
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Extended State-space Representation for Systems with Time-delay in Input Channels Con-

sider the discrete-time system model
Trr1 = Ag(At)xg + Bd(At)ﬁk(G) (5.14)

where At is the sampling interval for discretization such that zp = x(kAt) and g (f) = u(kAt — 6) with

time delay 6. Suppose that § = mAt where m is an integer. Then the system equation can be written as
Tpy1 = Ad(At)l’k + Bd(At)uk_m (515)

Define the auxiliary states

Chi1 = Aa(A)E + Ba(At)uy,

(5.16)
Cﬁﬁé@g, £=0,....,m—1.
Then the state of the system (5.14) is the output of the extended state-space model:
Chp1 = Aa(At) (i + Ba(At)uy
(5.17)
zp = CaCr
where ¢ £ vec(¢?, ¢t ---,¢™) € R™ and?
[ A4(Af) 0 0] Bq(At)
I 0 0 0
R 0 I o0 0 . :
Ad(At) = 7Bd(At) = )
0 0 I 0 0 :
0
i 0 0 O I 0] 0
Cdé O .-+ -+ .- 0 I}.

Proposition 5.1. The system (5.14) is stable if and only if the system (5.17) is stable.

Proof. («<): This direction is shown by observing that the state vector in (5.14) is a subset of the state
vector in (5.17), that is, ("™ = . (=): Suppose that the system (5.14) has a unique stable steady-state x°4.
Then, there exists a sufficiently large K € Z, such that (;* = x4 for all k¥ > K, where it can be assumed
that K > m without loss of generality. This implies that ¢! = 2°4, £ =0,...,m — 1 for all kK > K —m,
which is equivalent to stability of the system (5.17). QED

4vec(a,b) € R™1172 refers to the concatenation of vectors a € R™ and b € R™2, i.e., its first n1 entries are equal to a and
the remaining entries are equal to b
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Proof of Theorem 5.2

Proof. Consider the Lyapunov function

Vixg) —kaack—l-ZZQ”/ oi(o da—|—22Q”/q“ [Cio — ¢i(0)] do

where

T Py Py Pi3
jké Pk ’PT:Pé P1T2 P22 P23 207P11>07
qr Pl, Pl P

Q7,2207 Qiizoa vj:la"'vnlp

and the subscript k£ indicates a sampling instance. Both p and ¢; are functions of the state variable vector
x, and the above Lyapunov function is radially unbounded and positive for all nonzero x; € R™. The

difference in the Lyapunov function between the k + 1 and k sampling instances is

AV (zy) = ¢F(ATPA, — EFPE,)¢

qk+1,i "q - qk+1,i (5.18)
+ 22% / silo)o+ 2y Qi [ (6~ i) do
ki i=1 ki
where
T A B 0 I 0 0
G| pe V42|10 0 I[,E.2]0 I 0
Pk+1 CA CB D C D O

Slope restrictions on the nonlinearities place an upper bound on the first integral:

Tet1,é - (Prt1,i — Pri) (@10 — Qri)
22@12/ )dUSQZQu 1 9
i=1 — g (Pt — Pri)
= CgUlgkv

where U is given in (5.23). Similarly, an upper bound can be derived on the second integral:

dk+1,i qr+1,i "q - qr+1,i
2 Z Qi [ e - — 2 Z Qi [ olora 2 Qu [ godo
=1

qk,i et "
nq 1
< -2 Z Qi {M(¢k+1,i — ri)? + Ori(qryri — q’“)}
i=1 !
Mg
+2 Z Qiiki [dhy1,i — divi]
=1
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= C]Z’U2Cka

where U, is given in (5.23).
Since the (negative) feedback-connected nonlinearity is monotonic with slope restriction in addition to

being [0,&] sector-bounded, ie., ¢ € @L%’g] N <I>[SOT’“]7 it can be shown that the following inequalities are

satisfied at each sampling instance k and all indices i =1,...,n4:
Orlé; b — ana) <0, (5.19)
(rt1i — Ori) 15 (Prs1,i — bri) — (qhr1i — qri)] < 0. (5.20)

The following notations based on (5.19) are useful when applying the S-procedure:

> 2mibkil&  bri — aral = G S1k, (5.21)
i=1
Z 2710kt 1,i[&  Prr1,i — Qrrri) = CF 2l (5.22)
i=1

where S; and Sy are given in (5.23). A similar notation based on the inequality (5.20) is:

Z2Nii(¢k+1,i = bi) [ (Brt1,i — Pri) — (@ot1,6 — ari)] = ¢ Sk,
i—1

where S5 is given in (5.23).
Applying the S-procedure, if the LMI G £ AgPAa — EgPEa + Uy 4+ Uy — 51 — S —S3 < 0 is feasible then
AV (zy) < 0 is satisfied for the specific class of feedback-connected nonlinearities ¢ € égjé] N <I>[SOT’“ }. All of

introduced matrix (decision) variables are of compatible dimensions. QED

Proof of Theorem 5.3

Proof. It is not difficult to see that the system given in (5.9) is g.a.s. and is dissipative with respect to the
supply rate
T
A | Wk 1 0 WE
s(wg, z) =
Zk 0 77121 Zk

and the Lyapunov function V(zy) if and only if AV (zx) < s(wg, zx) holds for all k € Z, which is equivalent
to the Lo-gain performance bound, supj,,<i1 [[22 < 7. Consider the Lyapunov function (5.18) and the
system equation (5.9). Then the condition AV (zy) — s(wg, 2zx) < 0 can be rewritten as fkTGfk where G
is given in (5.11) and ¢T £ |27 pT PE wﬂ The computation of the matrix G' can be performed by

using the S-procedure and the derivation is similar to the proof of Theorem 5.2. QED
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Matrices for the Application of the S-Procedure in Theorem 5.2

ATCTQeD

) 1 'Q— QD+ BTCTQED

—p~'Q +2DTQ¢D

[0 —(CA-C)TQ (CA-C)TQ
Ui 2 %+ —Q(CB-D)—(CB-D)'Q-Qu™" —QD +Qu*
* * -QD-D'Q-Qu !
_ATCTQ£OA —CcTQec  ATCTQeCB - (CA-O)'Q-CTQeD
_— BTCTQ¢CB + DTQ¢D
2 = * - . .
—(CB-D)'Q-Q(CB—-D)—pu~'Q
* *
[0 —crr 0 0 0 —ATCTT
SiE |« 22'T—TD-DTT 0|, S2%|x 0 -BTc'T
* * 0 x x 267 —TD-—D'T
[0 (CA—O)'N (CA—C)'N
S3£ |x 2Nu '+ (CB-D)"N+N(CB-D) —2Nup '+ (CB—D)'N+ND
* * 2Ny~ — DTN - ND

Matrices in Theorem 5.3

4 B, 0 B I 0 00
A2 | 0 0 I 0|, Ba&|0 1 o0 of,
C,A CyB, Dy CBu Cqy Dgp 0 0
[0 —(CyA - C)TQ (CoA — C)TQ 0 |
—Q(CqBp — Dgp)
| ~B, - D)™ ( (Cul = D) Q ) ~QC,B.
B —QDgp +Qu~"
g, & —Qu 7
Q(CqBp — Dgp)
* * +(CyBy — D) Q QCyBy
-Qu~"
E * * o |
_ TAT A (CaA=Co)'¢ T T
ATCTeQC, A N (CyA — ) (CyA — )
( —creqc, ) Culn+ Dur) ( £QD,, ) ( £0C,B., )
—(CeA=C)TQ
2(CyBp + Dgp) ™€
g, & -Q(Cqu + Dap) (CaBy + Do)’ (CoBy + Dup)*
* —Q(CqBp — Dgp) §QDgp -£QCy By
—(CyBy — Dgp)*Q —QDgp + Q™! —QCy B
—Qu*
* * 2D4péQDgp — Q™" Dg,€QCy By,
i * * * 2BYCTeQC, B,

(0]

(5.23)
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(1>

-CfT
26T —TDyp — D, T
*

*

—(CyA —C))"N
(CyBp — Dgp)'N
+N(CyBp — Dyp)
+2Np~t
%

*

0 0 0 ~ATCIT
0 0 52| —BJCyT —TCyB,
0 0 * *
* 0 * *
0 0o ]

(CQBP - DQP)TN

NC, By,
—2Nu~' + ND,,

2Nu™' — Dg,N — NDg, —NCyBy

* 0
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Chapter

Computational Complexity of Robust Control:

An Overview

Abstract The main role of feedback control is to address the effects of uncertainties, and much of the
process control literature since the 1980s has involved the analysis and design of uncertain systems. As the
complexity of the systems that are being controlled continues to increase, a practical consideration is the
computational cost of control analyses and design methods as the system size increase. This chapter reviews
results on the computational complexity of robust control problems, starting with well-known results and
then moving to lesser known results that have broad implications. This chapter ends with a look to the

future, towards stochastic robustness analysis.

6.1 Introduction

The structured singular value p has been widely used to analyze the effects of uncertainties on the stability
and performance of multivariable systems. John Doyle [72] and Michael Safonov [228] were largely responsible
for the introduction of p for the analysis of robust stability and robust performance margins in the early
1980s. The main advantage of p compared to earlier approaches was its ability to explicitly take into
account the structure of the uncertainties, with the value of p quantifying how much the magnitude of
the uncertainties can be increased until the system first becomes unstable. The p analysis also produces
deterministic worst-case values for the uncertainties, which focuses attention on combinations of uncertain
parameters that result in the worst-case behavior of the system.

Historically, the graphical approach for the robust stability analysis of single-input single-output (SISO)
systems was already applied by the early 1960s, which mapped uncertain gains, phases, and parameters into

the Nyquist plot [111]. By mid 1960 George Zames [301,302] had applied functional analysis to analyze
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stability for input-output problems where two elements were interconnected in a feedback loop. His conic
relation stability theorem provided conditions to ensure that the overall closed-loop system was stable.
Safonov [227,229] extended this theorem to multi-input multi-output (MIMO) systems. Zames’ and Safonov’s
proposed approaches were based on the concept of topological separation. The feedback interconnection of
two elements H; and Hs is robustly stable if and only if the graph of H; and the inverse graph of Hs
are topologically separated for any allowed variations in H; or Hs. The main goal in this approach to
robust stability analysis was to find a separator or a set of separators that characterize the input-output
relation (i.e., graph) of either of the system elements H; or Hs. Similar approaches were investigated
and further developed by many researchers including Goh & Safonov [97, IQC separator], Megretski &
Rantzer [178,217, IQC theory], Scherer [232,233, full-block S-procedure], and Iwasaki & Hara [121, quadratic
separator], to name a few. Robust stability analysis based on topological separation can be used to compute
upper bounds on u, and these upper bounds tend to be readily computable for systems with a fairly large
number of uncertainties.

An alternative to topological approaches for robustness analysis was the algebraic approach by Kharitonov
and others [28,138]. A simple stability criterion was derived for uncertain polynomials in which the coeffi-
cients are allowed to independently vary within bounded intervals. Many extensions to Kharitonov’s results
were published (see [1] and references therein) whose goals were to extend the results to successively more
complicated uncertainty descriptions while retaining very high computational efficiency. The result by Man-
fred Morari and coworkers [43,44] showed that the computationally efficient algebraic approaches could not
possibly be applicable to general uncertainty descriptions, which resulted in a severe drop in interest in
algebraic approaches.

Lyapunov methods for stability analysis have a very long history and many very good introductory de-
scriptions are available [136,279]. Lyapunov methods for robustness analysis are arguably the most flexible,
and can be used to derive many of the robustness analysis tools derived using other methods. Many of the
papers in the last 20 years that employ Lyapunov methods derive robustness analysis conditions in terms of
optimizations over linear or bilinear matrix inequality constraints, the computational consequences of which
are discussed later in this chapter.

The main purpose of this chapter is to provide an overview of results related to the computational com-
plexity of robustness analysis. As the structured singular value p is an exact measure of the robustness
of systems with structured uncertainties, numerous efforts have been made to develop efficient algorithms
for its computation. Several researchers showed that the exact calculation of u for systems with purely
real [43,44,64,195,215], mixed real and complex [43,44], and purely complex uncertainties is NP-hard [267],
implying that its exact computation is very expensive for large-scale systems. It was also shown that the
design of p-optimal controller for systems with purely complex uncertainties is NP-hard [267] by selection
of performance weights so that the optimal closed-loop performance objective is equal to the value for p for

an equivalent robustness analysis problem that is NP-hard. This same proof technique can be used to show
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that the robust control design problem for any particular uncertainty class is NP-hard when its robustness
analysis problem is NP-hard for the same uncertainty class. In particular, the design of robust optimal
controllers is NP-hard for uncertainties that are purely real, purely complex, or mixed.

After the exact p-calculation was proven to be NP-hard, it was shown that the approximation of p within
a specified accuracy is also NP-hard for systems with purely real [88]' and mixed real and complex [42]
uncertainties. The greater ease in the computation of upper bounds on p motivated the analysis of their
conservatism, which was investigated by Alexandre Megretski and others [174,175,179, 224, 268].

The high cost of u-calculation motivated the development of polynomial-time dimensional reduction meth-
ods [16,225,226]. The main idea behind these algorithms is to reduce the dimension of the set of uncertainties
as much as possible using polynomial-time methods, so that the subsequent robustness analysis is less costly.

The NP-hardness of p-calculation increased interest in probabilistic randomized algorithms [137,253,262,
280-282] as computationally more efficient alternative approaches to define and compute robustness margins.
In these approaches, robustness is evaluated in a probabilistic sense, instead of trying to compute hard bounds
based on worst-case uncertainties as done in u. The probabilistic randomized algorithms provide certain
levels of accuracy and confidence in estimates for robust stability and performance margins that depend on
a number of uncertainties that have been samplied within the set of allowable uncertainties.

The computational complexity results of [43,44] motivated many subsequent research efforts to study the
computational complexity of systems and control problems. Blondel and Tsitsiklis [33] surveyed computa-
tional complexity results in systems and control up to 2000. Of especial interest is that many important
control analysis and synthesis problems can be formulated as optimizations over bilinear matrix inequalities
(BMIs) (see [270] for a tutorial on such problems) and the problem of checking the solvability of a BMI was
also shown to be NP-hard [266]. The latter result can be proved in many ways, with one approach being to
first show that checking the existence of a Hurwitz-stable matrix in a given affine space is NP-hard, and then
showing that this problem polynomially reduces to a BMI feasibility problem [266]. A more straightforward
approach to proving that BMI optimization is NP-hard is to just write an indefinite quadratic program in
the form of a BMI optimization.

A commonly used method for the design of robust controllers is DK-iteration, in which an upper bound
of p is computed while alternating with the solution of polynomial-time optimal control problems. The
optimization that DK-iteration attempts to solve is equivalent to a BMI problem, which suggested? that
replacing p by a polynomial-time upper bound in the optimization formulation of a robust control design
procedure did not necessarily produce an optimization that can be solved in polynomial time.

This section is organized as follows. A brief history of robustness analysis is followed by an introduction
to computational complexity theory. Next is a review on the computational complexity of the exact calcu-

lation of u, and on the approximate calculation of p, which discusses and shows connections between the

IWe will later discuss how the formulation of [88] was intrinsically flawed.
2But did not prove.
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various results. These results motivate the subsequent discussion on analyses of the gap between p and its
polynomial-time computable upper bound, and alternative approaches to robustness margin computation

such as probabilistic randomized algorithms. Then the section concludes.

Notation Define the set of matrices of block-diagonal perturbations by

A £ {dlag{éllrn e 762;]:7‘k76](</:‘+1]: : 75;;117”,”; Arm+17 T 7Armc }

5: ER,éf eC, A; e(cf"ixm’ ZTi :Z},

Tha1) ..

(6.1)

which includes real scalar perturbations, complex scalar perturbations, and complex matrix perturbations.
The real scalar perturbations can model variations in such parameters as spring constants and time constants,
and the complex perturbations can be used to represent unmodeled dynamics, in which the set of plants
described by the uncertainty description can have much higher order than the nominal process model [208,
209]. Define BA to be the set of unity norm-bounded perturbations with structure given by A.

For a given matrix M € C™*™ the structured singular value [72,79] is defined as

A~ | 0 if there exists no A € A such that det(I - MA) =0
pa(M) £ . (6.2)
(minaea {G(A) : det(I - MA) =0}) otherwise
in which more general classes of structured uncertainties can be handled without introducing any conser-
vatism. Without loss of generality, the matrix M and each subblock of A have been assumed to be square.
In this context, pa(M) defines a measure of the smallest structured A* € A that destabilizes of the feedback

interconnected system depicted in Figure 6.1, and the norm of this destabilizing uncertainty A* is quantified

as (ua (M)

y
>

M

Figure 6.1: Feedback interconnected system.
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6.2 Computational Complexity of Exact p-calculation

6.2.1 NP-hardness of Purely Real u-calculation [43,44]

Braatz et al. [43,44] showed that, for a fixed k, the recognition problem “qgp = k7 for the quadratic program
(QP)
Qop = max |aT Az +pTa+ | > k, (6.3)
xT 1

where X} £ {z € R" : b' < x < b"} polynomially reduces to a purely real u recognition problem.

Theorem 6.1. [44, Thm. 2.1] Define the matrices

0 0 kw

M'(k) £ kA 0 kAZ 7 (6.4)
ZTA+pT W' zTAz+pTz+¢

AT 2 (diag(eh, -, 05,0, -, 65, 0%) 1 0F € R, 8¢ € C, (6.5)

Al 2 {diag(et, -, 0%, 8%, 65, 8%, ) 1 OF € R}, (6.6)

r 2 %(b“erl), wé%(b“fbl). (6.7)

Then, pa, (M*(k)) = pa. (M*(k)) and, for a fixed constant & > 0,
P P
pay(MT(F) 2 k < q5, > k (6.8)

In particular, the recognition version “q > k” of the QP given in (A.2) can polynomially reduce to the

real ;1 recognition problem pa.(M*(k)) > k with

0 0 Lie
M*(k) = k(rrT —1) sk(rr™ —Te

2eT(rrT +1) — 2rgrT  LeT LeT(rrT +T)e — rorTe

o

o=

where e = [1,--- ,1]T € R". Since the QP (A.2) is an NP-hard problem, this implies that p-calculation is

NP-hard for both purely real and mixed real and complex uncertainties (see [44, Thms. 2.6 and 2.7]).

Poljak and Rohn’s Approach [215]: (Independent Real Perturbations) Poljak and
Rohn [215] considered the computational complexity of a problem concerning robust nonsingularity of ma-
trices. For a square matrix A € R"*™ and a nonnegative matrix 0 < D € R™*", the radius of nonsingularity

is defined as

d(A, D) = min{k > 0 : Ja singular matrix 4¢ s.t.A — kD < Ay < A+ kD}.
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Theorem 6.2. [215, Thm. 2.1] Let A € R™*" be nonsingular and 0 < D € R"*". Then d(A, D) can be

represented as the maximal value
d(A, D) = (max{pr(A"'A;DAy) : Ay, Ay € BAT}) L.

The next corollary shows an explicit relation between computation of the radius of nonsingularity d(-,-)

and the real structured singular value u. Its proof directly follows from the definition of u.

Corollary 6.1. Let A € R™*™ be nonsingular and 0 < D € R™*". Then the computation of d(A, D) is

equilvalent to a real p-calculation:

d(A, D) = (ua.(N))

A ) onx2 ~| 0 D
with A" £ {blkdiag{A1, Az} € R*™**" : A;, Ay € A"} and N = ) .
A0
Proof. The definitions of real 1 and the real spectral radius imply that

pia-(N) = max{pr(NAY) : A ¢ BA"}

Al —DA,
= max max< |[A: A ER, det =0
A, AreBAT —A_lAl A

1.
=, oy max {|)\| : A€ R, det(AD) det(Al — TATADA,) = o}

_ . 21 _ 4-1 _
_Abg;%}éwmax{w tAER, det(A’T— A7TA1DAy) =0}

-1
Al,g;%}l(BAr Pr(A7IA1DA)
where the third equality follows from the Sylvester’s theorem for determinants (see [109], for example), A
is assumed to be nonzero (for d(A, D) = 0, the proof is trivial.), and the last equality follows from the fact
that A; € BA" implies —A; € BA" so that the real spectral radius of A~'A; DA, is achieved by a positive
eigenvalue. QED

A similar result of Corollary 6.1 was presented in [42] and is summarized here in Theorem 6.5. In
order to show that the computation of d(A, D) is NP-hard, Poljak and Rohn [215] considered the special
case when D = eeT where e € R” is the vector whose entries are all ones. For this case, it is not hard
to see that the polytope BA' can be replaced by its vertices, without changing the optimal value, i.e.,
d(A,ee™) = (max{zTA ™y : 2,y € {1, 1}”})71.

Theorem 6.3. [215, Thm. 2.5] Let A € R™*" be a rational matrix. Then the computation of d(A, D) is

equivalent to the computation of the max-cut problem

-1

d(A,ee") = (2MC(Ba-1) —eT A7)
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where B) is the bipartite graph of a matrix M defined as the weighted bipartite By, = (Y |J Z) where YV

and Z are two copies of the index set {1,...,n}.

Since the max-cut problem is NP-hard, computing d(A, ee’) is also NP-hard for any rational nonsingular

matrix A.

Nemirovskii’s Approach [195]: (Independent Real Perturbations) To show that it is NP-hard to
determine whether all representatives of a square interval matrix set are all nonsingular, Nemirovskii [195]

showed that the NP-complete knapsack problem A.4 can be reduced to this nonsingularity test.

Theorem 6.4. [195, Lemma 2.1] Consider the set of matrices

cC =z
M(k) & . 2y, 2 ER™) ylloo < 1/, |12]|oe < 1/K (6.9)

where C is a rational matrix. For a given constant k > 0, the task of determining whether M (k) includes a

singular matrix is NP-hard.

This approach was also applied by Braatz and Russell [42] to prove NP-hardness of the computation of x
with independent real perturbations.
Theorem 6.5. [42, Thm. 1] For a given constant k& > 0, all matrices in M (k) are nonsingular if and only
if
far(N) <k
c-1

where A" 2 {blkdiag{A;, Ay} € R2"*2" : Aj Ay € A’} and N & .
ee 0

Coxson and DeMarco’s Approach [64] (Independent Real Perturbations) Coxson and De-

Marco [64] generalized Nemirovskii’s results [195].

Theorem 6.6. [64, Prop. 1 and Thm. 1] Consider the set of matrices M (1) defined in (6.9). All matrices
in M(1) are nonsingular if and only if
max {yTC% g2 € R, yllao <1, 2o <1} > 1.

Furthermore, the above recognition problem above can be transformed to a max-cut problem in polynomial-

time, which implies that this problem is also NP-hard.
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6.2.2 NP-hardness of Mixed p-calculation

Since any p-calculation containing real uncertainty is NP-hard, NP-hardness of the real u recognition roblem
directly implies the NP-hardness of mixed p recognition. In other words, NP-hardness of mixed pu recognition
can be considered as a corollary of NP-hardness of real u recognition [42, Cor. 1]. Below is a separate proof
for the NP-hardness of mixed p recognition that can be extended to show the NP-hardness of p for purely
complex perturbations.

Consider a QCQP of the form

Qreqp = max |z* Az + pTz + | (6.10)
TEXs

where A € R™™ p e R", c € R,and Xy £ {x € C" : 0 < b} < [2*Eyx| < b}, E; = ejel, i = 1,...,m}.
[ 3

Now, we show that for a fixed constant k£ > 0, the recognition problem “gg.,

> k7 polynomially reduces to

a mixed p recognition problem.

> C
— > > >y o
d x > A ¥ i pT "k Yy
A
w | Ar |_> AC* > » =T >
AT P ,wT

Figure 6.2: Equivalent block diagram for a QCQP.

AI‘
> Ac
AC*

0 0 0 0 w
| [0 0 0 I 0 |g|

I 0 0 0 =z

0o 0 A 0 O

Y i 0 wt pt 2T ¢ «— d

| |
] I
I I
| S — > 6(: ________ 1

Figure 6.3: QCQP as a robustness problem.
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AT AN

AL AC*
Mr(1) Me(1)
Y < i d Y *«— d
1 1
| [ | [
b > g == 1 L > §c |---—-=-=-- !
(a) Repeated real uncertainties. (b) Repeated complex uncertainties.

Figure 6.4: Pure real and complex robustness problems.

Theorem 6.7. Define the matrices

0 00 0 |kw
0 0|0 k|0
M™k) = | kI 0|0 0|kz |, (6.11)
0 0 [kA 0
i 0 wT|pT 2z | ¢ |
AT 2 {diag(8},,, 0., 050, 05, 0%) 1 6 € R, 6% € T}, (6.12)
; 2 %(bubl), wa %(b“—bl). (6.13)
For any fixed constant k > 0,
Pan (M7 (k) 2 k <= Qg > k. (6.14)

Proof. The proof is similar to the proof of the main theorem in [44, Thm. 2.1]. The constraint set can be
rewritten as

Xy={zeC":z=A%z+Aw),A" € BA",A° € BA}. (6.15)

By defining dummy input and output d,y € R, the QCQP (6.10) can be represented as the block diagram
in Figure 6.2 in which the optimization objective is the input-output relation between d and y. A simple
block diagram manipulation produces its equivalent linear fractional transformation (LFT) in Figure 6.3,
augmented with a performance block §¢ (following from the so-called main-loop theorem [208, Thm. 4.3)).
Then

ngxm | Fu(M™(1), A)] (6.16)

*
Agcqp =
aeap 1

where A™ £ {blkdiag{A1, A1, Ay, As} : A1 € A*, Ay € A°}. The remaining part of the proof is straight-
forward from the main loop theorem [208, Thm. 4.3]. QED

Remark 6.1. NP-hardness of mixed p-calculation is a direct consequence of the fact that the QCQP prob-
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lem (6.10) is NP-hard.

Remark 6.2. The mixed p-calculation problem in Theorem 6.7 reduces to the real p-calculation problem

in Theorem 6.1 as a special case. Setting the complex uncertainty A° =1 in Figure 6.2 gives

M (k) =
M3i(k)  Ms3(k) M35 (k)

M (k) M{g(k)] N [Mi%(k)] (1= MBK)~ [Mﬁ(k) Mgg,(k)] : (6.17)

with the corresponding LFT in Figure 6.4(a).

6.2.3 NP-hardness of Complex p-calculation

Toker and Ozbay [267] used a similar approach as in [43,44] to show that y computation with purely complex
uncertainties is NP-hard. More specifically, they showed that a certain recognition problem to determine

whether the inequality pa (M) < 1 polynomially reduces to an NP-hard complex program.

Theorem 6.8. [267, Thm. 1] Consider the matrix

P 0 P10
M= 0 011 (6.18)
0 €T 0 e
I 00
where P = [e1,€3," + ,€2n-3,€2n—1,€2,€4," " * ,€2n_2,€2,] € RZ™2 and e, € R?" are the standard basis

vectors. Then the following recognition problems are equivalent:

pa(M) <1+ sup [|zTAz| <1. (6.19)

IiEC,liliilSl
In [267], it was shown that a version of the NP-hard knapsack problem (see Problem A.5) can be written
in the form of the complex program in the right-hand side of (6.19), which implies that pure complex

p-calculation is also NP-hard.

Remark 6.3. A special case of the mixed p-calculation problem in Theorem 6.7 can be used to derive a

purely complex p-calculation problem. Setting the real uncertainty A" =1 gives

ey = | VB MQH%(’“)]+[MW)] (=)~ (i) )]

M) MER)| MR
[ o 0 k(z+w) (6.20)
=| kA 0 kp )
pT ZT +wT c

with the corresponding block diagram in Figure 6.4(b). Setting k =1, p =0, ¢ =0, and T = w = %e

(corresponding to b' = 0 and b* = e) produces the same expression as the left-hand side of (6.19) but with
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the objective function replaced by |z*Az| in the right-hand side of (6.19). This relationship provides an

alternative route to proving that the purely complex u-calculation problem is NP-hard.

6.3 Computational Complexity of Approximate p-calculation

This section considers the computational complexity of the problem of approximating the value of yu. A
mathematical description of approximation problems is provided and a class of polynomial programs with
box constraints is introduced whose exact computation is NP-hard and whose arbitrarily close approximation
is also NP-hard. NP-hardness of the approximation problem for this class of polynomial programs is used

to show that approximation problems for real and mixed p-calculations are NP-hard [42].

6.3.1 Computational Complexity of e-approximation Problems

Suppose that the set of feasible solutions X is non-empty and compact. Following the Weierstrass theorem
[161], there exists =, € X such that ¢, = ¢(x,) < ¢(x) for all z € X. The e-approzimation problem for (A.1) is

to compute a value ¢ € R such that for a given ¢ > 0,
|c* — ¢ < €|l — eyl (6.21)

This definition of e-approximation is strongly preferred because it is invariant under translation and dilation
of the objective function, and quantifying the optimization objective in different units does not affect the
quality of the approximation as computed from (6.21) (see [18,211,276], for example).

A O-approximation algorithm provides the exact optimal solution, while a l-approximation algorithm
need only find any feasible point and compute its objective. Now consider the existence of polynomial-time
algorithms for computing an e-approximation. Let n be a measure of the quantity of data needed to describe
an instance of an optimization problem. To provide the strongest results, € will be selected to be a function
of n, which allows the consideration of algorithms for which the accuracy of the approximation degrades as
the size of the problem (measured by n) increases.

For an optimization whose exact computation is NP-hard, the e-approximation problem may or may not
have an algorithm that computes an e-approximation in polynomial-time as a function of problem size. An
example is the knapsack problem (Problems A.4 and A.5). There exists an algorithm such that its solution
can be approximated in polynomial-time within any factor of the optimum (see [214, Thm. 5.1] and [10, Thm.
7.4], for examples of randomized algorithms for solving the approximate knapsack problems), although its
exact computation is known to be NP-hard.

The traveling salesmans problem is NP-complete and its e-approximation problem is NP-hard [211, Thm.
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17.10]. Another example is the class of polynomial programs with polytope (box, in particular) constraints

T

Gpoty = max § > | JL ) { T -2 (6.22)

t=1 \4eT} JET?
where T is the number of terms in the polynomial objective, n is the number of optimization variables, and for
eacht, NZ; = 0 and JZ} = {1,...,n}. The exact optimization problem is NP-hard and the e-approximation

problem is also hard. More specifically, finding a polynomial-time algorithm that approximates the optimum

within a given constant is equivalent to establishing that P#£NP as stated in the following lemma.

Lemma 6.1. [18, Thm. 3.1] There is a constant ¢ > 0 such that if there exists a polynomial-time algorithm
that can compute an e-approximation for the optimization problem in (6.22) with € = ¢(n) = 1 —n~?, then

P=NP.

The general consensus in the computational community is that P#NP, which implies that an e-
approximation problem for polynomial programming with box constraints is also hard. Note that the
particular form of ¢(n) in Lemma 6.1 considers very weak forms of approximation, as it allows the quality
of the approximation to degrade as a function of problem size. In particular, for fixed ¢ and large n, €(n)
approaches one, which only requires that the approximation algorithm be able to find a feasible point and
evaluate the corresponding objective function. Thus Lemma 6.1 indicates that the existence of even a weak

polynomial-time approximation algorithm for polynomial programs with box constraints is highly unlikely.

6.3.2 Approximate Real and Mixed p-calculation

Braatz and Russell [42] showed that computing robust stability or performance margin within a given e
accuracy is a computationally expensive problem. To do this, they first showed that the polynomial program

with polytope constraints in (6.22) can be represented as a skewed-u problem.

Lemma 6.2. [42, Lemma 4] Consider the optimization problem in (6.22). For any fixed constant k& > 0, the

(1% 3

poty = k7 is polynomial-time reducible to the y recognition problem “uar(M) > k7

recognition problem

for some rational matrix M and a set of real diagonal perturbations A”.

The direct consequence is that the e-approximation of robust stability or performance margins is compu-

tationally expensive.

Theorem 6.9. [42, Thm. 2] Consider the skewed-p problem with any super set of uncertainties that includes
either (i) all real scalar uncertainties or (ii) one complex and the rest real scalar uncertainties. There is a
constant & > 0 such that if there exists a polynomial-time algorithm that can compute an e-approximation

for the skewed-mu with € = e¢(n) =1 — n~%, then P=NP.
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Some parallel results were presented in the literature. In [64, Thms. 1 and 2], it was shown that there exists
some arbitrarily small € > 0 such that the e-approximation for real u-calculation is NP-hard, unless P=NP.
Toker [265, Thm. 3.1] showed that computing an e-approximation for real p-calculation with e(n) =1 —n=?
for some § > 0 is an NP-hard problem. In [88, Thm. 1.2], it was shown that for any ¢ > 0, the e
approximation for real u-calculation is NP-hard, and its results were extended to any p-norm cases of real
uncertainty [90, Thm. 2.2].

Unfortunately, all of the above parallel results employed definitions of e-approximation that are not prac-

tically or numerically meaningful when applied to robustness margin problems. First consider the results

of [88,90], which were based on the definition for the e-approximation problem: |¢* —¢| < ¢|c*|.

The problem
with this definition is that it is not invariant to scaling and dilation [276]. It has been well understood by the
computational complexity community at least since the early 1990s that the definition of the e-approximation
problem for continuous optimization problems must be scaling invariant to be meaningful [276]. To illus-
trate this problem, consider any particular p problem in which a very accurate approximation is available
according to the definition |c¢* —¢| < e|c*|, let’s say |pa(M) — fi| =~ 10710 ua(M)| where ji is our approximate
value for pa(M) and pa(M) ~ 1. A mathematically equivalent p problem can be constructed that is exactly
the same as the original p problem, but with the matrix M modified to add a known constant of 101%° to
the value of ua(M). The same procedure can be employed for the approximation, which adds the same
constant to the value of fji. The computed accuracy for our mathematically equivalent approximation to
the u problem is [ua(M) — i =~ 10719 pa(M) + 1019°] ~ 10'9|pa(M)|. According to this definition of the
e-approximation problem, one u problem has a very highly accurate approximate solution with ¢ = 10710
whereas a p problem and its approximation that are completely mathematically equivalent to the original p
problem is indicated to have a very highly inaccurate approximate solution, with € = 10'°, using the same
error definition.

While [64,265] use a different e-approximation definition than [88,90], their definition also has a scaling
problem, in that an equivalent p problem with an additive large constant causes their definition is have
vanishingly small errors regardless of the original value of €. That is, a particular robustness margin problem
will have a vanishingly small or absurdly large value for the error € depending on the details of how the

problem was mathematically represented rather than on the underlying problem.

6.3.3 Approximate Complex p-calculation

Unlike real and mixed p-calculation, it seems that there is no available affirmative results on the compu-
tational complexity of approximate complex p-calculation. Readers are referred to [89, Prob. 22] for some

discussions about this problem.
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6.4 Approximate BMI optimization and p-synthesis calculations

It is straightforward to show that e-approximation for BMI optimization problems and u-synthesis problems
are computationally complex using the definition (6.21), following a very similar proof technique as used

by [42] for u-calculation.

6.5 Results on the Gap between Exact and Upper-bounds of p-calculations

This section reviews results on the gap between the exact p and its convex upper bounds. Before studying
the conservatism of robust stability margin computation using convex upper bounds, some absolute stability
criteria are reviewed that provide sufficient conditions for robust stability and whose conservatisms have
been studied. A reason for studying absolute stability criteria and their conservatism is because they can
be also used to compute or approximate upper bounds on exact p and give lower bounds on robust stability

margin computation.

6.5.1 Absolute Stability as Sufficient Conditions of Robust Stability

Suppose that a closed-loop system can be represented as a feedback interconnection of a linear time-invariant
(LTT) system and a structured (block-diagonal) memoryless sector-bounded nonlinear operator, denoted by
M —T. Tts description will be the same as the M — A representation in Figure 6.1 where the only difference
is that the uncertain operator A is now a sector-bounded memoryless (or static) nonlinear operator I'. The
closed-loop system is said to be absolutely stable if it is globally uniformly asymptotically stable at the
origin for all memoryless nonlinearities in a given sector (see [136,279] for additional background on absolute
stability and related works). The circle and Popov criteria provide sufficient conditions for absolute stability
in terms of the strict positive realness of certain transfer functions, with these conditions representable in
terms of linear matrix inequalities (LMIs). The conditions also provide graphical tests in the Nyquist plot
for single-input single-output (SISO) systems. Note that a sufficient condition of robust stability provides a

lower bound on the robust stability margin of uncertain systems.

Circle Criterion and Its Conservatism

Lemma 6.3. [136, Thm. 7.1] Consider the nonlinear operator I' € Sector([0, k;]), ki > 0, ¢ = 1,...,n.
Then the feedback interconnected system M (s) — I is absolutely stable if the transfer function K~ + M(s)
is strictly positive real (SPR), where K = diag{ky, - ,kn}.

To simplify the presentation, suppose that k; = k > 0 for all i = 1,...,n. Define an optimal value by
ficire(M) £ (max{k > 0: I+ kM(s) is SPR}) ™" (6.23)
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whose inverse provides a lower bound on the robust stability margin for the M — A feedback interconnected
system with the nonlinear operator I" in the place of A, which will be denoted by 1/u*(M). Megretski [176,
Problem 3] posed the question of conservatism of the circle criterion and [177,224] provided an answer.
In [224, Thm. 1], it was shown that there exists a sequence of matrices M,, whose dimension goes to infinity
as n — oo such that

fiire (M)

lim Heiretn) 6.24
W (0, (624

which implies that the circle criterion cannot be sharp up to a constant that does not depend on the order
of a system. Note that the argument of [224] also holds for the cases when the operator I' is replaced by
A € AT or A°. For such cases, p*(M) = max {k > 0: pua (21 — kM)"*M) < 1/k} where A € {A", A°},

which implies that there exists a sequence of matrices M, € C"*" such that

[ ir Mn
lim Hoirel Pn) o(My)

= A AT, AL .2
Jm L) € {A", A%} (6.25)

Popov Criterion and Its Conservatism The Popov criterion provides a less conservative stability test
than the circle criterion by exploiting the memoryless (static) property of the nonlinear operator I" and an

LTI (dynamic) multiplier (I+ sA)~! that does not change the sector boundedness.

Lemma 6.4. [136, Thm. 7.3] Consider the nonlinear operator I' € Sector([0, k;]), k; > 0, i = 1,...,n.
Then the feedback interconnected system M (s) — I' is absolutely stable if a positive-semidefinite diagonal
matrix A = diag{\1, - ,A,} such that the transfer function K=t + (I + sA)M(s) is SPR, where K =
diag{k1, -, kn}.

To simplify the presentation, suppose that k; = k > 0 for all ¢ = 1,...,n. Similar to the circle criterion,

define an optimal value by

-1
frope (M) 2 (WO’ ma (k> 05T+ K+ sA)M(s) i SPR}> . (6.26)

whose inverse also provides a lower bound on the robust stability margin for the M — A feedback inter-
connected system with the nonlinear operator I" in the place of A, which is denoted by 1/u*(M). It is not
known whether there exists a sequence of matrices M,, € C"*™ such that

1 M,
lim fippy (M) _

A V) (6.27)

This Popov criterion can be extended to norm-bounded real parametric uncertain matrices and provides
an upper bound on the structured singular value with real parametric uncertainties [26,251]. From an
equivalence between the Popov criterion and the D-scaling method [117], it is provable that the limit in

(6.27) holds. Conservatism of the D-scaling upper bound will be discussed shortly in the next section.
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6.5.2 Conservatism of Upper Bounds for Complex pu-calculation

To evaluate the conservatism of convex upper bounds of p, consider the diagonal non-repeated complex

uncertainty A€ and the D-scaling upper bound defined as
finc(M) £ inf {(DMD™"): D € Dac,D = D* >0} (6.28)

where Dac = {D € C"™*" : DA = AD, YA € A°}.
In [208], many numerical simulations were performed to estimate the ratio of fiac(M)/puac(M) over wide

range of the dimension of M and [208] conjectured that this ratio is bounded by some constant that is

independent of the system dimension. This conjection was later disproved. Define the worst-case ratio of

and its upper bound by

2 frac(M)

sup

6.29
Vo s (M) (6:29)

T'n

which is defined to be zero if both the numerator and denominator are zero. Megretski [175, Thm. 1] showed
that r, < cn for some constant ¢ > 0, which did not disprove or prove the conjecture. However, in [268, Thm.
1.0], it was proven that lim,,_,., 7, — 00 and conjectured that the growth of r, is sublinear with problem

size n.

6.6 Alternative Approaches to Robustness Margin Computation

The above results indicate that both the exact computation of robustness margins is computationally expen-
sive in worst-case, and that the approximate computation of robustness margins is either computationally
expensive or can be conservative in worst-case. These theoretical results motivate the development of alter-
native approaches to compute or approximate robust stability margins. This section reviews two alternative
approaches to those problems: (a) deterministic polynomial-time model reduction algorithms and (b) ran-

domized algorithms using statistical learning theory.

6.6.1 Polynomial-time Model Reduction

As previously steted, the exact and approximate calculation of p-calculation are hard problems. Furthermore,
the p-problems tend to involve poorly conditioned matrices as the size of the problem increases [225]. For
those reasons, there have been several efforts to develop reduced models that have exactly or approximately
the same robustness margins as the original model. In [100], four dimensionality reduction methods for
uncertain systems were reviewed and their theoretical and computational characteristics were compared: (a)
singular value decomposition (SVD)-based algorithms [225]; (b) successive realization algorithms [226]; (c)

balanced truncation [15-17]; and (d) Kalman decomposition [68].
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Among the model reduction methods for uncertain systems, this section focuses on the SVD-based algo-
rithms as they behave in a numerically well-conditioned manner and are relatively easy to understand and
implement. The key idea is to apply SVDs (aka principal component analysis (PCA) [183]) to remove the
subspace components that do not affect the value of the robustness margin, or have negligible effects on
it. The only reason for the complexity in writing the algorithm is to do remove these components while

respecting the structure of the uncertainty.

6.6.2 Polynomial-time Probabilistic Randomized Algorithms

Proving that a problem is NP-complete or NP-hard avoids the investment of further futile efforts to solve
this problem algorithmically to find an exact solution in polynomial time. One alternative is to search for
an approximation to the exact solution that is plausible in polynomial time, where statistics are used to
more preicsely define what is meant by plausible. Randomized algorithms for robustness analysis have been
considered by many researchers in recent years, with a large increase in interest occurring once it was shown
that the calculation of p is NP-hard (see [11,137,253,262,281,282], for example).

Polynomial-time randomized algorithms exist for computing approximate values for pu. Consider the
feedback interconnected uncertain system in Figure 6.1 and a set of randomly generated uncertain matrices
A £ {A(U, e ,A(S("))} C BA where n denotes the dimension of the M and s(n) is the corresponding
number of samples. Define a sequence of values fig(,) (M) = maxfinl) o(MA®) where o(-) = p(-) for complex
uncertainty set BA, o(-) = pr(-) for real/mixed uncertainty set BA. The fiy,) (M) are random variables
and provide lower bounds on f, figy) (M) < pa (M) with probability one, for all s(n) € N and n € N. Define
A sy (M)

a random sequence ¢g(,) = PYNEY))

Furthermore, limg(,) 00 ¢s(n) = 1 in probability, which implies that for all € > 0, Proba ,,,, [@s(n) > 1—€¢] = 1

that is nondecreasing and less than or equal to 1 with probability one.

as s(n) — oo. To estimate pua (M) from fiz,) (M), it is required to find the minimal number of samples

S(n) such that the following inequality is satisfied:
Probag,, [gsny >1—€¢>1-9 (6.30)

where € € (0,1) and 6 € (0,1) correspond to the accuracy and confidence, respectively, in the conclusion
being made, based on the computations of fig(,)(M). A lower bound on such S(n) is the Chernoff bound
S(n) > 55 log § [281]. This lower bound is uniform in the sense that it does not depend on the dimension
of M, i.e., S(n) =S for any n € N. Because the spectral radius and real spectral radius can be computed in
polynomial time, this implies that this lower bound grows in polynomial time with the size of the robustness
problem (that is, the dimension of M). The detailed theoretical backgrounds on and applications of statistical
learning theory and randomized algorithms are beyond the scope of this chapter and the readers are referred

to some research monographs [262,274,280] for more information on these topics.

93



Another interesting approach to stochastic robust analysis and control is a numerical approximation
method called polynomial chaos (PC) expansion that was first introduced by Wiener [288] for turbulence
modeling for uncertainties that are Gaussian random variables, which was later extended to other random
variables [294]. In the polynomial chaos expansion framework and its extensions, the main idea is to use
orthogonal basis functions to approximate the uncertainty propagation in terms of probability distributions
by projecting the functional onto the space spanned by the set of bases [96,167,293]. Recently, many
researchers have shown that spectral methods based on PC expansions can be computationally efficient
approaches for control systems analysis and design, in which the parametric uncertainties are treated as
random variables and the probability distributions of the system properties of consideration are approximated

by determining the coefficients of associated basis functions [82,84,115,116,142,143,191,192].

6.7 Summary and Future Work

A comprehensive overview is provided of research related to the computational complexity of robustness
margin calculations. Followed by the pioneering papers on the structured singular value (1), there have been
numerous efforts to develop efficient algorithms for computing p for purely real, mixed real and complex,
and purely complex uncertainties. Results on the NP-hardness of the exact computation of p motivated
interest on the computational complexity of and potential conservatism in the approximation of u. This
chapter collects together many results that are not well known in the literature, including that the cost of
w calculation scales by the rank of the M matrix, and that in worst case the widely used upper bound for
w can be arbitrarily far off. The chapter also describes approaches for the extension of past results. The
role of probabilistic randomized algorithms is also discussed, including their favorable scaling with problem
size. Polynomial chaos expansion-based methods are described as a computationally efficient alternative for
sampling-based stochastic robustness analysis and controller synthesis (aka Monte Carlo simulation).

Some open problems remain, such as the computational complexity of the e-approximation of u with
purely complex uncertainties, and the degree of conservatism of other convex upper bounds for p such as
integral quadratic separators [121,178]. Much of the literature in post 1990s moved into the development of
numerical algorithms for robust control analysis and design based on linear and bilinear matrix inequalities,

but a review of those developments would require another paper.
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Part 11

SPECTRAL METHODS FOR
STOCHASTIC CONTROL
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Chapter

Probabilistic Analysis and Control of

Uncertain Systems

Abstract Uncertainties are ubiquitous in mathematical models of complex systems and this chapter con-
siders the incorporation of generalized polynomial chaos expansions for uncertainty propagation and quan-
tification into robust control design. Generalized polynomial chaos expansions are more computationally
efficient than Monte Carlo simulation for quantifying the influence of stochastic parametric uncertainties on
the states and outputs. Approximate surrogate models based on generalized polynomial chaos expansions
are applied to design optimal controllers by solving stochastic optimizations in which the control laws are
suitably parameterized, and the cost functions and probabilistic (chance) constraints are approximated by
spectral representations. The approximation error is shown to converge to zero as the number of terms in the
generalized polynomial chaos expansions increases. Several proposed approximate stochastic optimization

problem formulations are demonstrated for a probabilistic robust optimal IMC control problem.

7.1 Introduction

Robust control theories [72, 308] analyze the stability and performance of uncertain systems against the
worst case, which may have a vanishingly small probability of occurrence [281]. Analysis or design based
on worst-case uncertainies can be too conservative to be applied in practice or may result in an overdesign
of process equipment. In a practical point of view, it is rare that an engineer can exactly quantify hard
bounds on the uncertainty, and a probabilistic description of uncertain parameters may be available instead.
For probabilistic uncertain models, the conclusions on robustness are intrinsically stochastic and can be
obtained in terms of a probability distribution or a level of confidence in estimates with probabilistic risk

of incorrectness. Research monographs are available that describe probabilistic approaches to tackle robust
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analysis and design problems for uncertain models [96,167,262,293].

Most commonly used probabilistic analysis approaches are Monte Carlo (MC) methods in which many
simulations are run with sampled uncertain parameters. The computational effort needed to propagate the
uncertainty through the system model essentially amounts to simulating a large number of individual deter-
ministic model realizations. While such an MC approach is applicable to many systems, the computational
cost can be prohibitively expensive more complex systems, especially in real-time control implementations.
The high computational cost of MC methods has motivated the development of computationally efficient
methods for uncertainty propagation and quantification that replace or accelerate MC methods [96,167,293].
This chapter considers generalized polynomial chaos (gPC) expansions as a functional approximation and
surrogate model of a mathematical model in the presence of uncertainty. Polynomial chaos expansions were
first introduced by Wiener [288] for turbulence modeling for uncertainties that are Gaussian random vari-
ables, which was later extended to other random variables [294]. Recently, many researchers have shown that
spectral methods based on PC expansions can be a computationally efficient alternative to MC approaches
for control systems design [82,84,115,116,190-192].

Although uncertainty propagation and quantification using PC expansions has been extensively studied,
the application of PC expansions to probabilistically robust and optimal controller design is a relatively
new research topic. When the system parameters are assumed to be random variables and the exogenous
disturbance are random processes, the solution and output trajectories are stochastic and controller design
reduces to solving stochastic optimization problems with probabilistic constraints, also known as chance
constraints. PC expansion approaches can be used to approximate chance constraints and we show the
convergence of the approximation. Several examples and case studies are presented to illustrate PC expansion

analysis and controller design of uncertain dynamical systems.

7.2 Probabilistic Uncertainty Quantification in Dynamic Systems

7.2.1 Uncertainty Quantification using gPC

The analysis of uncertainty propagation and quantification in models has several applications in systems
engineering. The validation (or invalidation) of models against experiment data must take into account
the effects of model uncertainties and measurement noise. In the presence of stochastic uncertainties, it
is important to determine the probabilities of the system properties exceeding specified critical values or
operation limits, and such evaluation can be used to conduct reliability and risk analyses. In a gPC approach
for addressing these problems, the system model is replaced by a surrogate model whose solutions are
represented by a gPC expansion and the surrogate model analyzed or simulated to quantify the propagation

of uncertainty through the system.
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7.2.2 Probabilistic Quantification of Uncertainty Propagation in System Performance

We study the probabilistic H, and Hs performances of a transfer function between the external disturbance
wp and the induced output z,.Let A be the support of the uncertainty ¢ and define a performance index
J : A = R that is assumed to be measurable. For probabilistic robust performance analysis, the goal is to

compute or approximate the probability distribution of J(4).

Example 7.1 (Probabilistic robust performance). Consider the continuous-time linear parametric uncer-

tain system introduced in [262, Ch. 6]

d
Ex(ﬂ = A(6)z(t) + Bw, (7.1)

zp(t) = Cu(t)

with system matrices
A(6) = —24+646 0102  B- 1 7 C:[l 0}
0 —4 4 b9 1

with the independent random variables 1, 3 ~ U([—1,1]). Consider the quantification of uncertainty in
system performances that are specified in terms of Hs- and Heo-norms of the uncertain system transfer
function G(s;8) = C(sI— A(8)) "' B. Define the performance indices (a) Ja(8) = ||G(s;0)||% and (b) Joo(8) =
|G(s;6)||%,. Figs. 7.2(a) and 7.2(b) compare the Legendre PC expansion (L-PCE) approach with a heuristic
MC method, where 10,000 samples of the random vector § was used to compute the first and second moments,
and to generate the histograms. The order of the L-PCE was set to 5 and the coeflicients were determined
from non-intrusive least-squares minimization with 100 importance samples [167, Sec. 3.2]. The L-PCE is

indistinguishable from the Monte Carlo method in quantifying the PDF of the Hs- and Hso-norms.

Remark 7.1. Similar approaches can be applied to the analysis of frequency-dependent specifications for

a system transfer function.

Figure 7.1: Probabilistic analysis of robust performance.
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Figure 7.2: PDF of system performances.
7.2.3 Spectral Analysis of Uncertainty Propagation under Differential Equations

Consider a general stochastic differential equation (SDE) of the form
L(z,1,0;y) = g(2,1,0) (7.2)

where z € Z and t € T are the spatial and temporal variables, § € © C R™ is the concatenation of the
random variables, the function g : Z x T x © — R is a forcing term, and y : Z x T — R is a solution of the
equation, which also defines a random field over the spatial and temporal spaces Z x T due to the random
variable vector #. Suppose that there exists a bijective transformation (not necessarily diffeomorphism)
T : © — = such that ((f;w) = T(A(w)) for all # € © and w € Q and the transformed random variable
¢ is a standard (optimal in the sense of convergence rate) random variable for the set of polynomial basis
functions {¢;}. For application of the spectral method based on polynomial chaos expansions, assume that
the solution of the SDE (A.62) has the form
NP
y =y 2 yi(z,1)6i(((0;w)) (7.3)

i=1

which is an approximation of the true solution y with N, +1 basis functions from the set {¢;}. Obtaining the
approximated solution yV» requires determining the spatial- and temporal-varying deterministic coefficients

yi(z,t). To do this, substitute the approximation y™» to y of the SDE (A.62)

NP
L|zt6; Zyi(z,t)cm(cw;w)) =g(z,t,0) (7.4)

and solve for the spatial- and temporal-dependent coeflicients y;(z, t) by intrusive or non-intrusive projections

onto the probability space of the random variable 6 or (.
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7.2.4 Case Study: Risk Analysis of Optimal Dynamic Portfolio Selection

Consider a capital market with n+1 risky securities with random rates of returns {r‘}, where the superscript
1 denotes the ith random return rate. The rate of returns of the risky securities at time instance ¢ are denoted
0 ... ’rmT

by the concatenated vector r; = [r), . Assume that the probabilistic distribution of the random

process 11 is known. The wealth dynamics [310] is given as
n n
Tipq = Z riuy + <xt - Zu@) 7Y (7.5)
i=1 i=1

where x; is the wealth of the investor at time instance ¢ and u! is the amount invested in the ith risky asset

at time instance t. The wealth dynamics (7.5) can be rewritten as

Ty = r0x + Ry (7.6)

A A
where Ry = [rf — 79, - r? — 70T and uy = [u},- -, ul

I”.

Further assume a stationary multiperiod process with the period ¢y = 4 and that the rate of return r,
is time-invariant in that period, i.e., r, = r for all ¢t = 0,...,t; — 1. The probabilistic rate of return r
is assumed to be a Gaussian random variable with mean 7 and covariance matrix X, i.e., r ~ N(7,%,.).
Consider an investment policy given as u; = —K;x; 4+ v; where K; = [1.6238 4.2907]T for all t = 0,---,3
and vy = [4.3548 11.9327]T, v; = [5.1094 14.0004]T, vy = [5.9948 16.4263]T, and vs = [7.0035 19.2726]7T.
Figure 7.3 shows the probabilistic uncertainty propagation of the wealth dynamics using a Monte Carlo

simulation and the PC expansion method based on the Hermite polynomial and the Galerkin projection.

The distributions are indistinguishable.

25

—H-PCE
2 - MC

=
o

p.d.f. (unscaled)
N

o
o

®o

time

Figure 7.3: Probabilistic distribution and time propagation of the wealth of the investor.
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7.3 Approximation of Probabilistic Bounds

7.3.1 Probabilistic (Chance) Constraints

In systems and control theory, most decision processes can be written in terms of finding feasible solutions
for constraints in the presence of uncertainty. For instance, a requirement of the system properties might be
represented as a nonlinear inequality h(x,d) < 7 where x is the design variable and 6 € A corresponds to the
concatenation of internal and environmental uncertainty. In a deterministic worst-case approach, a feasible
solution x must satisfy the constraint h(x,d) < ~ for all 6 € A. This approach can be too conservative in
that it does not allow for a single realization of uncertainty § to violate the constraint and may result in there
being no feasible solution z for the problem. Alternatively, probabilistic analysis considers the probabilistic
risk of violation of the constraints in terms of the probabilistic constraint Pra[h(z,d) <] > S where § is a
random variable with known probability distribution and 5 € [0, 1] corresponds to the level of confidence in
feasibility of the constraint.

It is not, in general, a trivial problem to evaluate the quantity Pra[h(z,d) < ] for a fixed value z € X
unless the nonlinear function h : X x A — R has a simple form such as a linear function in both arguments,
even though the probability distribution of § is given. gPCE approaches can be used to approximate the
probabilistic feasibility constraint Pra[h(z,d) < 4] for each fixed x € X. Its convergence is demonstrated

and illustrated below.

7.3.2 Approximation of Chance Constraints

The simplest approach to evaluate or approximate probabilistic constraints is Monte Carlo simulation in

which the probability of feasibility is computed from
1
pr(x,y) 2 Prafh(z,0) < 4] ~ N > sz (7.7)
S

where N is the number of samplings and Iy is the indicator function that is 1 if a sampled uncertain
parameter §7 satisfies the constrained h(x,d’) <~ and 0 otherwise.

An alternative to the Monte Carlo approach for the approximation of chance constraints is gPCE-based
spectral approximation in which the nonlinear uncertainty propagation is approximated by a gPCE and the
probabilistic feasibility of constraints is evaluated with a relatively cheap computational cost compared to
Monte Carlo simulation. The next theorem shows that such approximation of probabilistic bounds using

gPCEs converges to the true probability of feasibility.

Theorem 7.1. Define the function F(z,7) £ Pra[h(x;6) < 4]. For any v € R and h(z;:) : A - Y C R
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such that h(x;-) € L2(A) for any = € X, there exist sets of coefficients {a;} and polynomials {¢;} such that

lim [F(z,7) — Fp(z,7)| =0 (7.8)

n— oo

holds pointwisely in z € X, where F},(z,7) £ Pralh,(z;0) £ Yoo ai()gi(8) <l

Proof. The proof is straightforward. From Theorem A.l, for any h € Lo(A), there exists a gPCE of the
form hy,,(z;8) such that h, —,.s. h. The fact that m.s.-convergence implies the d-convergence (convergence
in distribution) (see [252, Ch. 6.7] for the definitions and relations of probabilistic convergence), implies that

F(x,7y) — Fy(z,7) as n — oo for any fixed z € X. QED

The convergence rate depends on the smoothness (differentiability) of the function h(x;-).

In general the computation or approximation of the probability Pra[h(z;d) < 4] still requires generating
random samples, since no analytical solution exists in general. A more computationally efficient approach
is to exploit a useful property of gPCE: All of the moments for a gPCE have analytical forms in terms of

Var|z]
e o

the coefficients. In particular, we use the well-known Chebyshev inequality Pr[|X — E[X]| > ] <

Pr(X > )\ < mlaiaye

Example 7.2. To illustrate the proposed approach, consider the uncertain system (7.1) given in Exam-
ple 7.1. We compute the probabilities Pra[||G(s; )3 < v2] and Pral||G(s;6)[|%, < Yeo) for 42 = 1.00 and
Yoo = 0.75. Table 7.1 shows the approximation of these values using different approaches for an order of 5 for
the L-PCE. For the third approach using the computed coefficients of the L-PCE, the Chebyshev inequality
gives a lower bound for the probability that is very tight for the Hy-norm and somewhat less tight for the

H,-norm.

7.4 Optimal Controller Design with Chance Constraints

7.4.1 Parameterization of Control Laws

This section introduces three different approaches to controller design using gPCE methods for parametric
uncertain systems that are illustrated for a specific application to provide a clear comparison between

approaches.

Approaches Pral|G(s:0)[3 < 72 PrallG(s:0)[% < 7o)

MC 0.9691 0.9800
PCE+MC 0.9691 0.9801
PCE+Coeft > 0.9641 > 0.9574

Table 7.1: Approximation of probabilistic bounds.
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Quantization of control input Parameterize an open-loop control law by

M
u(z,t) = Zuifxi(z,t) (7.9)

where

Iy, (2, ) = boBE (7.10)

0 (1) ¢xi

such that |J, x; = x C £ x T is a compact set.

Example 7.3 (Control vector parameterization (CVP)). CVP is a simple and popular approach to solving
infinite-dimensional optimization problems that simultaneously optimizes multiple parameters describing a
spatial profile of control inputs (variables). Consider a model-based optimal porosity distribution control
problem that minimizes ohmic drop across a porous electrode in a lithium-ion battery. A mathematical

model of a porous electrode is [92, 216]

diy . F 3(1—-v(2))
dZ _ZORT Rp (h]_(Z)_hQ(Z)),
dhy 1 .
dz  oo(l— V(z))b“(Z)7 ()
dhs 1 p dh1 .
—_— = 1— — — .
s (- o y ()
The boundary conditions for solution of these equations are given by
hil,_o =1, h2|z:£p =0, il‘z:ep =0. (7.12)

In CVP, the control variable v(z) is parameterized by a finite number of parameters by partitioning its values

over the spatial domain, i.e.,

v(z) = Z vilz,(2) (7.13)

where Z; is the partition of the interval [0,¢,] satisfying J, Z; = [0,4,] and Z; () Z; = 0, and Zz, () is the
indicator function which is 1 for z € Z; and 0 otherwise. This parameterization reduces the optimization to

being finite-dimensional:

min J
{vi i\il

subject to (7.11) with (7.12), (7.14)

O<v;<1l,i=1,....M

where the cost function J is set are the battery design objective to be minimized and the spatially quantized
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control variable is (7.13).

For robust optimization, consider the model parameters § = [F, R, T, i0, Ry, 00, Ko, b] that are assumed
to be random variables. A common robust optimization objective is the weighted sum of the mean and
variance, E[J (v;0)]+wVar[J(v; )], where v is the concatenation of the decision variables {v; }}£, and w > 0
is a user-defined weight specifying the tradeoff between nominal and robust performance. Alternatively, J
in (7.14) can be replaced by E[J(v;0)] and an additional constraint Var[J(v;0)] < B can be introduced

where (3 is a user-defined bound on the variance of the cost that plays the same role as w.

Spectral representation of control input Consider the open-loop control law

M
u(z,t) = ZW%‘(ZJ) (7.15)

where {1;} is a set of appropriately chosen basis functions. Note that elements of the set {i;} could be

neither orthogonal nor orthonormal.

Example 7.4 (CVP based on sinusoidal basis functions). Consider the same mathematical model given
in (7.11) and a spectral representation of the control variable v(z) = Y n_, v sin (372 + varqk). With
this finite parameterization of the control variable as {v;}2*, formulation of the robust optimization based

on PCE is similar to Ex. 4.

Fixed structure of controllers Consider a closed-loop control law
u(z,t) = k(y(z,t); us) (7.16)

where y denotes the measured output of the system, the mapping k : J — U is a feedback control law,
and the w; are the parameters of the controller. With this finite parameterization of the control variable,

formulation of robust optimizations based on PCE is similar to Ex. 4.

7.4.2 Case Study: IMC-based Robust Optimal Controller Design

This section illustrates probabilistic controller design approaches based on gPC expansions to achieve ro-
bust performance and stability in the presence of parametric uncertainties. Three problem formulations for
stochastic programming are considered: (a) probabilistically guaranteed cost; (b) probabilistic cost minimiza-
tion; and (c) mean-variance optimization. We also present approximate stochastic programmings based on
gPC to handle chance constraints and probabilistic bounds on cost functions for the three different stochastic

optimizations.
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Some industrial processes are described by a first-order biproper nonminimum-phase (FBNP) model

k(1 —1gs)

G(S> 1+ 7.s

(7.17)
where each parameter is assumed to be uncertain, i.e., ky = k(14p61), 74 = 73(1+pd2), and 7. = 72(1+pds3)
with the percentile of uncertainty p € [0,1] and the uncertainty §; € [-1,1], i = 1,2, 3.

Robustness considerations can be taken into account by posing the design problem as the min-max opti-
mization:

minmax ||[W1(s)(M(s) — Ge(9))]|

C(s) 6€A o0

(7.18)
subject to [|[Wa(s)T'(s)||,, <1, VoeA

where M (s) is a reference model for the closed-loop system response, G.(s) is the closed-loop system re-
sponse with the uncertain plant G(s) and controller C(s), Wa(s) is a weighting transfer function for robust
stability, T'(s) is the complementary sensitivity function, and A £ [—1,1]® is the set of parametric uncer-
tainties. The Hoo-norm of the irrational transfer functions in (7.18) was computed using the third-order
Padé approximation.

For design of a controller solving the optimization (7.18), consider an internal model controller [185]

(7.19)

where G o, (s) 2 T f;s is the minimum-phase part of the nominal system transfer function G,(s) = %
and J(s) £ m is a low-pass filter with two tuning parameters 7 > 0 and & € N. With this param-

eterization of controllers, the infinite-dimensional optimization (7.18) reduces to a finite-dimensional op-
timization in which the decision variables are 7 and k. Now define two nonlinear functions fi(7,k;§) =
Wi (s)(M(s) = Ge(s)) | o and fa(7, k3 0) = [[Wa(s)T(s)

and assume that the uncertain parameters d; are

uniformly distributed independent random variables over the support A.

Probabilistically guaranteed cost For this problem, the goal is to ensure a certain level of achievement
for the cost function (denoted by 7) with minimized probability of violation (denoted by 1 — ;) while
satisfying the constraint of robust stability with a given probability (denoted by B2). Its mathematical
description is given by

‘r>r%,a]'€}éN Bl

(P1) subject to Pra[fi(r,k; ) > ] <1 -5y,

Pra[fo(r, k;0) > 1] <1 - fa.
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The integer variable can be removed by fixing the order of the low-pass filter £ and using 7 > 0 as the tuning
parameter. Now replace the nonlinear functions f; by their approximations using the multivariate Legendre

PCEs:

Ny
fi(7:6) = fi(r;0) & Zaf(T)Li((S) (7.20)
i=0

where L; are the Legendre polynomials.
With this approximation of uncertainty propagation under nonlinear functions, solve an approximate
optimization

max (3,

(Pl,) 7>0

subject to hy(737) < 1 — By, ha(r) < 1— B,
where hy(7;7) 2 Pra[fi(m;6) > 4] and ha(7) £ Pra[fa(r;6) > 1.

Probabilistic cost minimization problem For this problem, the bound v on the cost function is min-
imized with a user-defined probabilistic violation 1 — 1 while satisfying the constraint of robust stability
with probability [o:

S
(P2) subject to Pra[fi(r,k; ) >~] <1 -5y,

Pralfa(r,k;0) > 1] <1 — Ba.

This optimization can be considered as a probabilistic relaxation of the worst-case optimization and feasible
solutions with confidence levels 81 = B2 = 1 correspond to the deterministic solutions in (7.18).

For a fixed order of the low-pass filter k, 7 > 0 is the only decision variable and the multivariate Legendre
PCE (7.20) can be used to approximate the chance constraints in (P2):
iy )

(P2') . )
subject to hi(7,7) <1 — 1, ho(7) <1 — o,

where hy(7,7) and hy(7) are previously defined.

Mean-variance optimization In this problem, the weighted mean-variance cost is minimized while sat-
isfying the constraint of robust stability with probability 8. Its mathematical description is

in E k;o Var k;d
T>I¥)1,lknEN [fl (T7 ’ )] +w [fl (T7 ’ )]

subject to Pra[fe(r,k;0) > 1] <1-— 8.

(P3)
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Figure 7.4: Comparison of L-PCE and MC approaches that can be used to trade off two objectives in
stochastic optimization in Ex. 7.5.

Same as before, fix the order of the low-pass filter & and use 7 > 0 as the only decision variable. The
multivariate Legendre PCE (7.20) can be used to approximate the chance constraints in (P3):
m>i%1 E[f1(7;8)] + wVar(f(7;6)]
(P3) o
subject to h(7) <1-—p,

where h(7) £ Pra[fa(7;6) > 1]. From orthonormality of the Legendre PCE, the closed form for the cost
N N 1
function in (P3') is E[f1(7;8)] + wVar([fi(7;6)] = aj(T) + w Zi\;"l (a}(7))2.

Example 7.5. Consider an FBNP model (7.17) with the nominal parameter values k{ = 75 =72 =1 and

30% uncertainty p = 0.3. The reference model is assumed to be M(s) = 1%-5 and the weighting transfer
functions are Wy (s) = 1.25ﬁ and Wa(s) = 0.125%. The IMC controller (7.19) is considered with

the low-pass filter J(s) = - The probabilistic violation of the chance constraint Pra IIW2(s)T(8)|loo =

1
(147s
1] using the Legendre-PCE (L-PCE) of order 5 is nearly identical to MC simulations (see Fig. 7.4).

7.5 Summary and Future Work

This chapter studies generalized polynomial chaos expansion approaches to approximate the functional
dependence of dynamical system properties on uncertainties that are random variables for stochastic control
problems as a means of replacing or facilitating MC simulation methods. Stochastic optimal control problems
were formulated using gPC in which the cost function and probabilistic constraints can be reformulated as
the constraints over the coefficients of gPC expansions. Several numerical examples and case studies were
presented to illustrate the proposed approaches. Since closed form expressions for the dependence of the

coeflicients on the decision variables are unavailable in general, the optimizations may be solved by derivative-
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free or approximate gradient methods for nonlinear programming.
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Chapter

Approximate Stochastic Model Predictive
Control

Abstract This chapter considers the model predictive control of dynamic systems subject to stochastic
uncertainties due to parametric uncertainties and exogenous disturbance. The effects of uncertainties are
quantified using generalized polynomial chaos expansions with an additive Gaussian random process as the
exogenous disturbance. With Gaussian approximation of the resulting solution trajectory of a stochastic
differential equation using generalized polynomial chaos expansion, convex finite-horizon model predictive
control problems are solved that are amenable to online computation of a stochastically robust control policy
over the time horizon. Using generalized polynomial chaos expansions combined with convex relaxation
methods, the probabilistic constraints are replaced by convex deterministic constraints that approximate
the probabilistic violations. This approach to chance-constrained model predictive control provides an
explicit way to handle a stochastic system model in the presence of both model uncertainty and exogenous

disturbances.

8.1 Introduction

In recent years, stochastic programming formulations for model predictive control (MPC, aka receding
horizon control) have been intensively studied in the context of many different areas of application including
robot and vehicle path planning [29-31], network traffic control [296], chemical processes [158,235,269], and
economics [60,105,310]. In such control problems, stochastic models are represented in terms of stochastic
differential equations (SDEs) with the stochasticity resulting from exogenous disturbances, plant/model
mismatches, and sensor noise.

Robust MPC formulations can be categorized as being either deterministic or stochastic, based on the
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representation of the uncertainties. Deterministic robust MPC (e.g., see [20,50,286] and references therein)
analyzes the stability and performance of systems against worst-case perturbations with the resulting opti-
mizations being min-max problems that are computationally demanding to solve directly and so are typically
replaced by approximate solutions that are more amenable to implementation. The worst-case perturbations
may have a vanishingly small probability of occurring in practice, but any such information on probabilities
is not taken into account in a deterministic formulation. Analysis or design based on worst-case uncertain-
ties can be too conservative to be applied in practice, may result in an overdesign of process equipment, or
can result in infeasibility during real-time optimization. From a practical point of view, it is rare that an
engineer knows exactly what value for hard bounds to specify on the uncertainty (e.g., knows that the hard
bound on uncertainty in a parameter should be exactly 10.6% instead of 11.3%), and a small perturbation
in these bounds can mean the difference because a closed-loop system being robust to the uncertainties or
being unstable.

Most parameter estimation algorithms generate models with probabilistic descriptions of the uncertain-
ties. For such models, robustness characterizations are intrinsically stochastic and can be written in terms
of a probability distribution or a level of confidence in estimates with probabilistic risk of incorrectness.
Contrary to deterministic robust MPC, stochastic robust MPC incorporates such probabilistic uncertainties
and probabilistic violations of constraints, and allows for specified levels of risk during operation. Commonly
used probabilistic analysis approaches are Monte Carlo (MC) methods, in which many simulations are run
with sampled random variables or random sequences. The effects of uncertainty on the closed-loop system
are quantified by simulating a large number of individual deterministic model realizations. While such MC
approaches are applicable to most systems, the computational cost can be prohibitively expensive, especially
in real-time optimal control algorithms such as MPC. Apart from simulation-based methods, convex approx-
imations for a receding horizon method of the constrained discrete-time stochastic control are considered
in [55], in which convexity of the resultant optimization is carried out in the basis of robust optimiza-
tion [22,27] that includes robust linear programs and more generally robust convex programs (see [21] for
details of robust convex optimization). However, such robust optimization formulations of chance constraints
are not applicable to the cases when the stochastic dynamical system has nonlinear parametric uncertainties,
whereas this paper can manage the system model that is linear parameter-varying Gaussian, for which the
system matrices have nonlinear dependence of random variables and there are additive Gaussian random
processes corresponding to external disturbance and measurement noise.

The high computational cost of simulation-based methods has motivated the development of computa-
tionally efficient methods for uncertainty analysis that replace or accelerate MC methods [96,167,293]. The
MPC formulation in this chapter uses generalized polynomial chaos (gPC) expansions, which is a spectral
method to approximate the solution of an SDE that has stochastic parametric uncertainties and exogenous
disturbances. Polynomial chaos expansions were first introduced for turbulence modeling with the uncer-

tainties being Gaussian random variables [288], with later extensions considering other types of common
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probability distributions [294]. Recently, many researchers have demonstrated the use of (generalized) poly-
nomial chaos expansions as a computationally efficient alternative to MC approaches for the analysis and
control of uncertain systems [82,115,116,143,191,192]. In [83,84], the gPC expansion is applied to formulate
optimal trajectory generation problems in the presence of random uncertain parameters.

This chapter also presents several probabilistic collision conditions that are functions of the mean and
covariance of the trajectory. We show that a gPC expansion that is an approximation of the solution of
an SDE, in which both system parameters and exogenous disturbances are stochastic, converges in the
mean-square sense as the number of terms in the expansion increases. The proposed approximation results
in a convex optimization for the control policy that does not use any sampling and is amenable to online

computation.

8.1.1 Problem Statement

Consider a stochastic discrete-time linear parameter-varying system:
Ti41 = A(é)xt + Bu(é)ut + Bw((S)wt, (81)

where 6 € A denotes the concatenation of the parametric uncertainties and A : A — R™"*" B, : A — R"»*™,
and B, : A — R™ "™ are uncertain system matrices. Assume that w € R is a Gaussian white noise
process with known distribution, and the initial state x¢ and uncertainty 6 are random variables with known
probability density functions (pdfs). Under this stochasticity of parameters and disturbance, the solution
trajectory of the system (8.1) is a random process for which the main goal of analysis is to compute or
approximate the statistical properties and the main goal of synthesis is to drive the random process z; to
have a desirable statistic.

In finite-horizon stochastic MPC, the goal is to determine a control policy ur = (ug,--- ,ur) that solves
the optimization

min J(Zo, gy, 4T)
1%

st. xpp1 = A(S)xy + Bu(0)ur + By (0)wy,
yr = Cay, Priy, ¢ F,) > 5, (8.2)
ur €U, fort=0,---,T,
wy ~ fu, 6~ f5, T0 ~ faq,

where F, denotes the forbidden region for the output y; and § is a lower bound of probabilistic collision

avoidance.?

1]—'y and [ can be time-varying, where the forbidden region might correspond to moving objectives and time-varying /3 can
be used to assign different risk of collision in different time sequences in the predicted motions.
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8.2 Feasibility of Chance Constraints: Probabilistic Collision Checking

This section presents four different ways of formulation of chance constraints corresponding to probabilistic
collision avoidance. In particular, for a motion-planning problem for a mobile system it is necessary to
impose constraints on the (controlled) state or output variables and such constraints have the form n(z) <0
where z € X C R” refers to the state variables and the function 7 : R™ — R™ is of vector-value. Due to
stochastic nature of the state variables, it is natural to introduce the so-called chance constraints that are
of the form Pr[n(z) < 0] > o where a € (0,1) denotes a level of confidence. For a probabilistic collision
avoidance problem, the formulation of chance constraints depends on the representation of obstacles and

mobile agents that have stochastic uncertainty.

8.2.1 Obstacles as Point Masses in a Large Work Space

The probability of collision to obstacles at time ¢ and in the work space W C R™s, ng < 3, can be defined
as [154,264]
o / / L(a?, 22)dF o (22, 25), (8.3)
xv Jx

where F,4 (-, -) is the joint cumulative distribution function (cdf), the indicator function for collision is defined
by
1, for X, (z¥) () Xa(z®) #£ 0,

0, otherwise,

(1>

I (2", 2%)

Xy (z?) and X, (z) are the regions occupied by the vehicle and the obstacle whose global reference coordinates
are xV and x“, respectively. Equipped with this definition of probabilistic collision, the chance constraint
Priy, ¢ F,] > B in (8.2) can be rewritten as PY < 1 — 3. Consider the obstacles as point masses, which
occurs when the volume of &, (z?) is much smaller than the work space W for all z¥ € W and the volume

of X,(x*) is 0 for all z® € W.

Lemma 8.1 (Lemma 1 in [264] ). For obstacles as point masses, suppose that ¥ ~ N (z?,3,+) and 2% ~
N(z®,%,q) are independent Gaussian random variables. Then P¢ < 1— 3 can be rewritten as the constraint

on (i’v, Emv7i'a, Exa):

(z° —z9)Te Y(z¥ — %) > —2In (1‘; B\/det(QwEm)) : (8.4)

v

where ¥, = X,v + Yo and V,, is the volume of the vehicle.

The constraint (8.4) is not convex in (Z¥, %) even for a fixed S, but is concave in (z,Z%) due to positive
definiteness of the inverse covariance matrix ¥ !. However, a method of semidefinite programming (SDP)

relaxation can be used to check its feasibility and solve related optimizations approximately.
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Convex relaxation: Suppose that ZV is affine in the control input u, i.e., ¥ = Mu+0b with an appropriate

matrix M and a vector b of compatible dimensions. Then the inequality (8.4) can be rewritten as

T T

1 1 1 1
Q >y = Tr|Q >
u u u u (8.5)

— T‘I‘(QU) >, U=x0, Ui =1, Rank(U) =1
where @ = 0 and v can be appropriately computed from (8.4). Suppose that a convex quadratic constraint

of the form uTQiu+ qf u+ g0 < 0 with Q1 = 0 is imposed on the control input. Minimizing the probability

of collision under that quadratic constraint can be represented as the optimization

max Tr(QU)
v (8.6)
st. Tr(Q1U) <0, U =0, Uj; =1, Rank(U) =1
T
1
where the symmetric matrix Q; satisfies the relation Q1 = uTQiu + qfu + quo. It is well
u U

known that removing the rank constraint Rank(U) = 1 in this particular optimization does not change
the optimum value, i.e, the corresponding SDP relaxation is exact [198]. Next, consider a similar problem
with the box-type constraints |u;| < 1 for ¢ = 1,...n, in the place of the quadratic constraint on uw. Then

minimization of the probability of collision can be represented as the optimization

max Tr(QU)
st. Ui <1,i=2,...,n,+1, (8.7)

U»0, Uy=1, Rank(U) =1.

The associated primal SDP relaxation is the same as the optimization (8.7) without the rank constraint,
and its suboptimality is bounded by

* * T %

where 7* refers to the optimal value of (8.7) and 7, refers to the optimal value of the primal SDP

relaxation [196,198].

8.2.2 Probabilistic Safety Regions

Instead of quantifying the probability of safety by 1 — P., consider the dual definition of probability of safety:

P2 / / L(a?, 23)dF s (a0, 25), (8.9)
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where x® is a global reference coordinate that characterizes a virtual safety region Xs(x®) and the joint cdf
F,s and the indicator function I follow similar definitions as in the previous section. With this definition
of probabilistic safety regions, the chance constraint Pr[y, ¢ F,] > § in (8.2) can be rewritten as P > f.
Consider the obstacles as point masses, which is a case when the volume of X, (z") is much smaller than the

work space W for all ¥ € W and the volume of X,(x*) defines a point in W.

Lemma 8.2. For point-mass obstacles, suppose that £V ~ N (z%,X,+) and z* ~ N (Z%, X, ) are independent

Gaussian random variables. Then Ps; > 8 can be rewritten as the constraint on (Z¥, X0, 2% Xy ):

(z¥ —zH)T8 (7" - 7°) < —2In <5x/dct(2ﬁ2w)> , (8.10)

v

where ¥, = ¥, + X, and V,, is the volume of the vehicle.

The constraint (8.10) is convex in (Z¥,z°) for a fixed 8 € [0,1].

8.2.3 Obstacles as Linear Constraints in a Work Space

Consider the lifted system output y;. The forbidden region for the system output can be defined as a union

of N linear inequality constraints that is a nonconvex polyhedral set

N
Fy 2 J{y:hly>n}. (8.11)

=1

Assume that y ~ N(7,%,) and define 7, = hly, which is a univariate Gausian random variable with mean
i = hiy and variance ¥,, = h] X, h;. The idea of risk allocation proposed by [29,207] can be used to derive

a conservative convex condition for the constraint (8.11).

Lemma 8.3 (Lemmas 1, 2, and 3 in [29] ). Consider a chance constraint Pr[y ¢ F,] > J or the equivalent
condition Pr[y € F,| < 1 — ( where F, is defined in (8.11). Then the feasibility of the constraint

Pr(n; > b <€, 6 €(0,1), and » e =1-8 (8.12)

implies the feasibility of the constraint Prly ¢ F,] > . Furthermore, Prin, > b] < ¢ &

1 b; — 7; . . L
- (1 —erf ( " )) < ¢, and the constraint (8.12) is convex in (7;, ¢;) for 8 > 0.5.

2 V 22771:

Alternatively, consider the forbidden region for the system output defined as an intersection of N linear

inequality constraints that is a convex polyhedral set
N
F, = ﬂ {y:hiy<b;}. (8.13)
i=1
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In this case, the nonconvex chance constraint Prly ¢ F,] > 3 can be replaced by the relaxation
Prn; > b > €, ¢, €(0,1), fori=1,...,N (8.14)

where ¢; are appropriately defined functions of 3.

Lemma 8.4. With the condition €; > 0.5 incorporated into the constraint (8.14), the combined constraint

is convex in (7;, €;).

Proof. Pr[n; > b;] is a concave function in 7j; > b;, and for €; > 0.5, the feasibility of the constraint (8.14)
necessarily requires 7; > b;. Thus, if (7}, €!) and (77, €?) are feasible solutions of the constraint (8.14) and

eg > 0.5, j = 1,2, then (7, €}) is also a feasible solution for all A € [0, 1] where the superscript A refers to

the A-convex combination of the feasible solutions with the superscripts 1 and 2. QED

Imposing additional linear constraints on ¢; does not change the convexity of the combined constraint. For
example, additional constraints €; > £(3) could be introduced in which £ : 5 — [0.5,1) is a nondecreasing

function. However, the most practically useful functional form for the ¢ is not obvious. One functional form

that may be useful is £(3) = /B, in which case 8 > 0.5" would satisfy the constraint ¢; > 0.5.

8.3 Efficient Approximation of Feasibility of Probabilistic Constraints

In the previous section, we presented the methods of formulating chance constraints for probabilistic collision
avoidance under stochastic uncertain circumstance and model uncertainty. Under the assumption that
the state (or output) variables are jointly Gaussian random variables, the resultant chance constraints
are to impose the constraints on the mean and covariance of the state. However, the state of the system
model (8.1) is not Gaussian and even computations of its mean and covariance can necessitate sampling-based
evaluation such as Monte Carlo simulation. This section presents and analyzes methods of approximating
uncertainty propagation in a stochastic dynamical system (8.1) that are in the basis of generalized polynomial
chaos expansions. The methods provides numerically tractable computations of the mean and covariance of
controlled state variables for which closed-forms of approximate mean and covariance can be obtained and

the associated chance constraints can be efficiently evaluated.

8.3.1 Approximation of Uncertainty Propagation

Consider the concatenated parametric uncertainty 6 := [z}, §T]T. Suppose that there exists a diffeomorphism

T:=Z— 0 =Ax X such that § = T(¢) and ¢ € = is a standard random variable. For application of the
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spectral method based on gPC expansions, assume that the solution of the SDE (8.1) has the form

p—1
TN R 2 Z ¢i(<)XZ (8.15)
i=0

which is an approximation of the true solution z with p basis functions from the set {¢;}. Obtaining the
approximate solution # involves determining the time-varying deterministic coefficients X;. To do this,
substitute the approximation # into z of the SDE (8.1) and solve for the X} by intrusive or non-intrusive
projections onto the probability space of the random variable ¢ whose cdf is given by F¢. In particular,

applying Galerkin projection [167] results in another SDE
Xiy1 = Gx Xi + Guug + Guwy, (8.16)

where X; := col(X{) € R™, the initial condition X{ = (¢;(¢),z0(¢)), and the matrices G(.) are computed
from the inner product (A.41) defined on a measure space (Z, M, F¢) for the Galerkin projection. The lifted

variables of interest over the time-horizon satisfy the equation
Xor = Hx Xo + Hyuo.r + Hywo.r, (8.17)

where Xg.r := col(Xg, -+, Xr) and the matrices H,y have closed forms in terms of the matrices G(,)
in (8.16). From the assumption of Gaussian white noise wy, the lifted coefficients X; is a Gaussian random

process resulting in a Gaussian random variable Xy.7 with mean and covariance

XO:T = HXXO + Huuo:T + waO:Ta
(8.18)
Yxor = HxSx, Hy + HySwy  Hy .

Wo:T " w

The following proposition shows that the mean and covariance of the approximate solution z; have closed-
forms with respect to the mean and covariance of the coefficients of a generalized polynomial chaos expansion

given in (8.18).
Proposition 8.1. The lifted approximation of the solution Z¢.r satisfies

E[zo.7] = Kx Xo + Kyuo.r + Kyo.T, (8.19)

where the matrices K.y are functions of Gy and H.), and there exists an affine surjective map €2 : Snp(T+1) _y
S™T+1) guch that
EﬂiozT = Q(EXO:T)' (8.20)

Proof. The proof is straightforward. Consider an approximate solution using a polynomial expansion
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(8.15). Due to independence of the random parameter ¢ and the random process w;, its expectation is
E[#;] = E[¢(¢)T ® 1,]JE[X;] where the first expectation is computed w.r.t. the random vector ¢ and the
second expectation is computed w.r.t. the random process w;. Since the coefficient X} is linear and has affine
dependence on the control input u; and the external disturbance wy, the lifted approximate state E[Zg.7]
is of the form given in (8.19). Similarly, the variance of the approximate state E[Z;2]] can be rewritten as
E[(6(Q)" ©1,) X, X[ (6(C)T @1,)™] or equivalently, BX,¢(()¢(¢)"X?] = B[X,8X]] where & 2 B[p(()6(¢)"]
and X, =S [Xto, e, XP 1 e R"*P. From orthonormality of the basis functions, let ® = I, without loss of
generality. The (k, ) element of the matrix E[2,2]] = B[X,X]] is Z;’;é Xfﬁkayg and th,ka’e is an element
of the matrix E[X,;X;T]. Therefore, E[#;£]] is an affine function of E[X;X; ], which is equivalent to the
lifted covariance matrix ¥z, being an affine function of ¥ x, .. The corresponding mapping is a projection

that is surjective. QED

The random process X; is Gaussian such that the mean and covariance given by (8.18) exactly characterize
the probability distribution of X; for all ¢, whereas the approximation Z; to the solution z; is not necessarily
Gaussian, due to the additional randomness of the parameters (z¢,d). However, the mean and covariance
of 24 can be approximated by the mean and covariance of Z; given by (8.19) and (8.20). More precisely, the

next proposition shows the convergence of the approximation error in the mean-square sense.

Proposition 8.2. Consider the solution trajectory x; of the system (8.1) and its approximation #; using a
gPC expansion given by (8.15) whose coefficients X; solve (8.16). Assume that the random variables (zg, )
are independent of the random process wy and X; is a second-moment process.> Then ||x; — #|| —m.s. 0

pointwisely in ¢ as p — oo, where || - || can be any vector p-norm.

Proof. An approximation Z; can be explicitly rewritten as Zf:_()l i(C(20,6)) X} (wo4—1). From Thm. A.1,
for any realization of the random variable wq.;_1 € W!, where W is the support of w; and € is greater than
zero, there exists p € N such that [L [la, — 3070 6i(¢) X} (wou—1)||2dpc(¢) < € for all p > p, where y is
the probability measure of (. The € is a function of wg.;—1. Due to the linear dependence of z; and X} on
wo:t—1, which follows from (8.1) and (8.16), € = ew,,_;wo.+—1 where € > 0 is an arbitrary constant that is

independent of wg.;_1. This implies that the mean-square approximation error is bounded above:

o

where 1, is the corresponding probability measure of the random variable wg.;—; and M < oo whose

2
dpic () gty (wor—1) < € /

T
Wop— 1 Wost—1 A (Wort—1) < €M,
Wt

p—1
zr = Y 6O X ] (wo.e-1)
=0

boundedness follows from the second-moment assumption of the random process w;. Since € > 0 is arbitrary,

the convergence is ensured. QED

Furthermore, if the system matrices are analytic functions of the random variables (zg,d) then the conver-

gence rate of the approximation error ||z; — Z¢|| to 0 in mean-square is exponential, which follows from the

2Consider the time interval [0, 7] in which X; is a second-moment process.
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solution trajectory z; being an analytic function of (z¢,d) under those assumptions.

8.3.2 Gaussian Approximation and Convexifications of Chance-constrained MPC:
Information Theoretic Justification

For a Gaussian random process y; (or x;), we previously showed that the chance constraint corresponding
to probabilistic collision avoidance Prly; ¢ F,] > [ can be rewritten as conditions in terms of its mean g,
and covariance ¥,,. In particular, the conditions (8.10), (8.12), and (8.14) are jointly convex in y; (or x)
and the other decision variables (¢;), under some mild assumptions.

However, the solution x; of the system dynamics (8.1) and its spectral approximation Z; given in (8.15) are
not generally Gaussian random processes, which make the optimization (8.2) difficult to solve in the sense
that the chance constraint does not have a closed-form expression and its feasibility is hard to check. To
avoid the use of any sampling or simulation-based methods to evaluate the feasibility of the chance constraint
Prly, ¢ F,] > B, the approximate solution &, is substituted in the place of x; and Gaussian fitting of the
random variables under consideration is applied. More specifically, assume that @; ~ N (&, X3,), for which
there are closed-form expressions given by (8.19) and (8.20).> A theoretical justification of this assumption
& ~ N (&, 3,) can be made from the principle of maximum entropy [61, Chap. 12]. Maximum entropy can
be used to determine or approximate a probability distribution that incorporates only known information.
If only the first and second moments of Z; are used to approximate its probability distribution then the
maximum entropy distribution has the form A(#;,¥;,), i.e., a Gaussian distribution. Furthermore, since
Z; converges to x; in the mean-square sense as the number of basis functions increases, the approximate
probability distribution N(Z¢,%3,) can be made arbitrarily close to the probability distribution of z; that

maximizes entropy subject to the constraints corresponding to the first and second moments.

Proposition 8.3. Consider the solution trajectory x; of the system (8.1) and its approximation #; using a
gPC expansion given by (8.15) whose coefficients X; solve (8.16). Assume that the random variables (zg, )
are independent of the random process w; and X; is a second-moment process (for notation convenience,

the subscript ¢ is dropped from here on). Suppose that a probability density f* solves the optimization

m?x — [ f(z)log f(z)dx
s (8.21)

s.t. f(x) >0, /Sf(x)dx =1, /Sf(m)x’dm =M;, i=1,2,

where S denotes the support for the random variable z, and M; and My correspond to the given first and

second moments, respectively. Then an approximate Gaussian distribution fg £ N(#,%;) obtained from

3The computation of deterministic constant matrices Ky and Xx., (or Zfo:T) can be performed off-line.
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the solution of (8.16) converges to f* as p — oo in the £q-norm sense, i.e.,

f*(@) = fo(w)| dz = 0.

lim
p-)OO S

Proof. Due to limited space, consider the scalar case (the extension to the multivariable case is straightfor-
ward). From the principle of maximum entropy, a unique f* has the form of Aotz +Aw% tha ¢ corresponds
to a Gaussian distribution. Similarly, fz is a unique maximum entropy distribution that solves the opti-
mization (8.21) with given approximate moments M;, i = 1,2, in the place of M; and can be rewritten
as erothietiar? for some constants Aj, 7 = 0,1,2. Since convergence in mean-square implies conver-
gence in distribution and M; can be arbitrarily close to M; as p — oo from Prop. 8.2, this implies that
lim,,_, o max; |A; — 5\j| = 0. Therefore, for any arbitrary constant ¢ > 0, there exists p € N such that
min{e,e ¢} < fo(z)/f*(z) < max{e‘, e~} uniformly in z € S for all p > p. This implies that f, converges

to f* in the £;-norm sense as p — oc. QED

Remark 8.1. The above Gaussian approximation is a suboptimal way to estimate the probability distribu-
tion of x;, which produces convex chance constraints that are more computationally tractable by ignoring
the extra information in the higher-order moments of Z;. This method of approximation has the same char-
acteristics as the extended Kalman filter (EKF) and unscented Kalman filter (UKF) that are widely used
in practical applications although there are no theoretical guarantees that those estimation methods will

always work well or even converge.

Using the Gaussian approximation, the design problem reduces to finding a control policy pur (or ug.r)
that solves the optimization

min J(j07 Ea:o 5 MT)
KT

s.t. Zo.r = KxXo + Kyuo.r + Koo,
S = Q(Sxo0),
0:T ( XO.T) (822)
Zor ~ N(Zo.1s Sioor)s Yor = (B1—oC) o,
(QOITv EyO:T) € -T_.(B) or (g01T7290:T76) € ]:(6)7

uo.T € uT+1 )

where the matrices K(.) and Yx, ., and the injection map 2 are precomputed, ol ,C = diag(C,---,0),

and the constraints F(8) can be one of the sets:

{(y,3y) : Eq. (8.10), 2" =y, Xgv = Xy }; (8.23)

{(y,2y,€) : Eq. (8.12), =y, Xy =Xy }; (8.24)
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{(y,3y,€) : Eq. (8.14), 1=y, 3, = ¥y, € > 0.5}, (8.25)

where € = col(e;), 8 > 0.5 is required for the second feasible solution set to be convex in (y, €), and the first and
the third sets are convex in y and (y, €), respectively. With the standard performance specification that the
objective function J is convex quadratic in pur and the set U is a convex polytope, the optimization (8.22) is
a convex quadratically constrained quadratic program (QCQP) when F(5) is given by (8.23) and a convex
nonlinear program when F(f) is given by (8.24) or (8.25).

8.3.3 A Demonstration Example

This section compares the accuracy of the proposed gPC-based MPC formulations for a numerical example.

Consider the parametric uncertain linear time-invariant system

0.9+ p16; 0.1 0.25 — p2ds 1
Typ1 = Ty + ug + Wt
0.1 0.85 0.75 + p2d2 0.5
with initial condition x¢ = [20, 10]*, p; = 0.001 and py = 0.05 are weights on normalized standard random
variables §; ~ N(0,1) and §, ~ N(0, 1), respectively, and the exogenous process noise w; ~ N(0,0.001) is
assumed to have autocorrelation E[w,ws] = 0 for all ¢ # s. This example computes the control inputs by
solving the optimization (8.28), for which the covariance constraints are imposed based on the 99% level
of confidence for collision avoidance, and comparing the probability of collisions obtained from different
methods presented in the paper. Consider Q; = diag{100,100} and R; = 1 for all ¢, a prediction horizon
of T = 4, and input constraint u; € [—0.5,0.5]. The constraints are constructed from the obstacle shown
in Fig. 8.1. The resultant controlled system trajectory generated by a system model with fixed parameters
d = [0.01, 0.05] and randomly chosen exogenous disturbances w; is shown in Fig. 8.1, which avoids the
obstacle as desired. Fig. 8.2 shows Monte Carlo simulations with 5000 samples of (J,w), which indicates
that the stochastic MPC algorithm was effective in avoiding the obstacle while allowing the closed-loop
trajectory to become rather close to the obstacle so as to optimize the closed-loop performance objective.
Fig. 8.3 compares the computed probabilities of collision using the methods presented in this chapter with the
probabilities quantified by the Monte Carlo simulations. At each time the probability of collision obtained
by the gPC expansion is very close to the value computed using either Monte Carlo applied to the original
system or Monte Carlo applied to the convex relaxation. The approximate probabilities of collision follow
nearly identical trends to the true probabilities while enabling the optimal control problem at each time

instance of MPC to be computed from a convex program that can be solved in polynomial-time.*

4In particular, the computational complexity using a standard interior-point method [36] is at most O(ZM4 log M) where
M = npT (n is the dimension of the state variables, p is the number of basis functions for a gPC expansion, T is the length of
prediction horizon), and £ denotes the number of probabilistic polyhedral constraints. The average computation time at each
sampling instance was ~ 0.36 CPU seconds for n = 2, p = 3, and T' = 5. This computation time includes the computation of
the optimization data, i.e., the time for computing matrices associated with the objective function and constraints, as well as
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Figure 8.1: A controlled trajectory produced by the proposed stochastic MPC formulation.
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Figure 8.2: Monte Carlo simulations: the red dots correspond to simulated states at each 4** sampling
instance for 5000 samples.

To further assess the accuracy of the gPC expansion, let ¥71°(¢) and ¥2°°(¢) be the computed covariance of
the controlled system trajectory obtained from Monte Carlo simulations with 5000 samples of (§,w) and the
polynomial chaos expansion with a specified order of Hermite polynomials, respectively. Table 8.1 compares
the worst-case deviation of maxo<i<eo |X5'°(t) — X2°°(t)|| 7, where || - ||r denotes the Frobenius norm, for
different degrees of Hermite polynomials. The approximation error of the covariance matrix is small and, as
expected from the theoretical analysis, the error in the state covariance matrix decreases as the number of

terms in the polynomial expansion increases.

the time for solving the resulting constrained optimization. Optimization is performed by the CVX toolbox [99] on a MacBook
Pro laptop (2.53 GHz Intel Core 2 Duo, 4GB DDR3).
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Figure 8.3: A comparison of the computed probability of collision for the true system and the
approximation using a gPC expansion, estimated using Monte Carlo (MC) simulations where the error bars
were obtained from 1000 Monte Carlo simulations with different sets of 5000 samples. The blue circle refers
to the MC simulation result and the red box refers to the collision probability that is obtained from the
MC simulations with the convex relaxation (8.12). For both computations, the corresponding error bars
were generated at the 95% confidence level. The widths of the computed confidence intervals were smaller
than 107, which is negligible compared to collision probability. The black star refers to the collision
probability obtained from the presented gPC method that incorporates with the convex relaxation (8.12).

Table 8.1: Covariance approximation errors for different degrees of Hermite polynomial expansions.

Degree of Hermite polys.  max [|[X2¢(¢) — XP(t)||F

0<t<60
18t ~ 1.0001 x 1073
gnd ~ 6.0878 x 1074
3rd ~ 5.3627 x 10~*
4th ~ 2.8365 x 1074

8.3.4 Discussions and Further Remarks

Approximate Solution using Spectral Methods with the KL. Expansions This section consider two
sources of uncertainties: (a) parametric uncertainty and (b) exogenous disturbance. Uncertainty propaga-
tions induced by parametric uncertainty are approximated by using a gPC expansion and additive exogenous
disturbances affect the coefficients of the resultant gPC expansion. Another possible approach to the same
problem is to use a KL expansion to approximate the random process w;, that is, replace the random process
wy by its principal component approximation with random variables and solve a larger dimension determinis-
tic ordinary differential equation (ODE) to approximate the true solution x;. This approach requires higher
online computational expense as the dimension of a deterministic ODE increases, even though the system

data for such an ODE can be precomputed.

Heuristic Convexification Methods for Chance Constraints with Stochastic Parametric Un-

certainty Here the convexification methods are illustrated for the prototypical stochastic MPC problem
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T
. T T
min E E Tp Qe +uy_ Re_q1up—q

wuo: 17—
0:T—1 =1

s.t. z41 = A(d)xy + B(0)uy, (8.26)
Pra[Hixy > by] < &,

Umin,t é Ut S Umax,t,

with the stochastic uncertainties § (the incorporation of the external noise perturbation is straightforward as
described in the theoretical parts of this chapter but not included in this example to shorten the presentation).
The constraints are defined over the time interval [1,7T] for z; and [0,T — 1] for us, and this time interval
consideration is omitted here for notational convenience and will always be clear from the context. The
optimization (8.26) is further simplified by replacing the chance constraint Pra[Hix: > bi] < e by HiE[z;] <
b: — Bt where 8; > 0 is an additional decision variable. By doing this, the optimization (8.26), in which the

dynamic constraint is an SDE, reduces to the deterministic optimization

T T
min > (X QX+ uf  Requa) =7 Y By
uo:T—1, B1:T =1 =1
s.t. Xt+1 = FXt + Gut7 (827)

CoHtX? + B¢ < by, By >0,

Umin,t S Ut S Umax,ts

where x; in the constraint of the optimization (8.26) is approximated by Z; in (8.15), Q; =
E [(0(Q) ® L)TQu(¢(¢) @1)], co £ (1, ¢0(C)), ¢(¢) £ col(¢;), v > 0is a user-defined weight in the optimiza-
tion that corresponds to the maximization of the feasibility of the chance constraint Pra[Hiz; > by] < €,
and ¢(3;) is an incentive for decision variables to maximize the feasibility of the chance constraint
Pra[Hyz, > b < €; a typical choice can be Y ", B;; or max; 3, that is linear in §;, where f;; is
the ith entry of 3;.° The constrained optimization (8.27) is a convex QP that can be solved efficiently.

For a different formulation of constraints, consider constraints on the deviation of the solution trajectory

5To be a convex program, ||Bt||2 cannot be used, since it results in a concave function term in the objective function in a
minimization problem.

6By efficiency, it is meant that there is a numerical algorithm whose convergence is guaranteed and that provides an
infeasibility certificate. Convex programs are such cases.
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from the expectation:

T
min XrQu X, +ul R
t WtAt T UL —1UL—1
t=1

U0:T—1

s.t. Xt+1 = FXt + Gut,

8.28
COHtX? < by, ( )

(X)TWX] — (c0X?3)* < o,

Umin,t S Ut S Umax,t s

where Q; and ¢ are the same as defined before, W £ diag(||¢:]|?), and X} denote the concatenation of coef-
ficients of the polynomial expansion for the ith state. The constant vector ¢y and matrix W can be assumed
to be normalized to be 1, and I,, without loss of generality. The constrained optimization (8.28) is a convex
QCQP that can be solved efficiently. More precisely, it is not hard to see that the optimization (8.28) can
be rewritten as

min Qp(u) s.t. Q;(u) <0, i=1,...,m, (8.29)
u
where u £ ug.7_1 and Q; are convex quadratic forms for all i = 0,1, ... ,Mg. From [179],7 if the constraints
Q; < 0 are regular, i.e., satisfy a constraint qualification such as Slater’s condition [36, Sec. 5.2.3], then the
static optimization (8.29) has the same optimum as the optimization

A>0 w

max min Qp(u) + Z Ai Qi(u) (8.30)

for which fixing arbitrarily large A; > 0 results in the same optimal solution u* as obtained from solving the
constrained optimization (8.29).
The conceptual picture of a constrained trajectory in Fig. 8.4 shows how the constraints in (8.28) can be

used to impose desired bounds on the controlled trajectory.

8.3.5 The Use of Concentration-of-Measure Inequalities for Probabilistic Validation
Certificates of Joint Chance Constraints

This subsection shows that the Boole inequality can be incorporated into some well-known concentration-
of-measure inequalities to provide probabilistic validation certificates for joint chance constraints. Consider
the constraint HTX < b, or equivalently h} X < b; for i = 1,...,m where X is a random vector and
h; denotes the ith column of the matrix H. The associated probabilistic constraint can be written as

Pr[HTX > b] = Pr[U™ {hTX > b;}|. The Boole inequality gives an upper bound on this probabilistic

"They applied a method of relaxation called the S-procedure [295]. Our case is a special case in which all the quadratic forms
are convex, whereas [179] considered more general cases where some of quadratic forms might be nonconvex. They proposed
a sufficient condition for the set of quadratic form constraints to be lossless, i.e., the resultant relaxation obtained from the
S-procedure gives an exact optimum.
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Figure 8.4: A schematic cartoon of constrained state trajectories with semi-chance constraints.

violation of constraints:

m m
Pr lU{hiTX > bi}] <> Pr(nfX > b, (8.31)
i=1 i=1
Suppose that b; > 0 for alli = 1,..., m without loss of generality. Some concentration-of-measure inequalities

can be used for upper bounds on the right-hand side of (8.31) [34]:

sih,?X]

o The Chernoff’s bound: Pr [A] X > b;] < E[eib where s; >0 foralli=1,...,m.

esiVi

E[¢; (h{ X)]

o The generalized Markov inequality: Pr [h;fX > bi} < 5000

where ¢; : R — R, foralli=1,...,m.

o The Chebyshev inequality: Pr [|hf X — E[hTX]| > t;] < Var(t';iTX) = hiVar(Xh

G
Here we use the Chebyshev inequality.

Proposition 8.4. If the random vector X satisfies the constraints on its expectation and variance
RYX <b;, hlVar(X)h; <tle;, i=1,....m (8.32)

then the inequality HTX < b+t is satisfied with at least probability 1 — 2111 €;, i.e., Pr [HTX <b+ t] >

1— Z;nll €;.

Fig. 8.5 illustrates the outer polytopic certificate (colored in red) for the associated chance constraint
PrlHTX > b] < e with }." | ¢; < e. The polytope colored in blue corresponds to the constraints on the
expectation of the trajectories. Such certificates can be computed from the results in Prop. 8.4.

From (8.18) and the results in Prop. 8.1, gPC expansions can provide closed forms for the expectation and
variance of the controlled predicted state and output trajectories. This implies that any chance constraints

of polyhedral inequalities can be certificated by deterministic polyhedral inequalities that are obtained from
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Figure 8.5: A cartoon of the outer bound that can be obtained from the Boole inequality and
concentration-of-measure inequalities.

incorporating gPC expansions into the Boole inequality and the Chebyshev inequality of the form presented

in Prop. 8.4.

8.3.6 Affine Feedback Control Policy

The aforementioned methods for computation of a suboptimal control policy use the new measurements
to compute a control action as well as to initialize the state-transition constraint in the optimizations at
each step of prediction. In the presence of model/plant mismatch and external disturbances, the predicted
control trajectory at time k can significantly deviate from the true controlled trajectory and the variance
of the trajectory can increase such that the optimization is feasible only for a short time horizon, which
is undesirable in terms of closed-loop stability. This situation can be avoided by incorporating a feedback
control in each step of solving the optimization, as has been done in many deterministic robust MPC
formulations (e.g., see [149]). For example, the affine control law u; = Kz, + 1, can be inserted into the
optimization, where z; is an estimated state or measured output. For a precomputed K; (or a stationary
control gain K), the resultant problem is exactly same as the open-loop feedback control in which v; is the
only decision variable in each step of optimization. If K; is considered as an additional decision variable in
each step of optimization, then the resulting optimization will retain the same degree of convexification as

for u; considered before.
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8.3.7 Time-varying Uncertain Parameters

Consider the system dynamics given in (8.1) where the uncertain parameter vector § € A (or 8 = (§, ) € O,
if the initial condition is considered to be uncertain) is assumed to be an unknown constant vector. In the
aforementioned MPC formulations, the uncertain parameters were assumed to be fixed only in the prediction
step. The approaches can also be applied to slowly time-varying uncertain parameters, that is, when the
prediction horizon multiplied by the sampling interval is less than the time interval of significant parameter
variation. A more accurate study of time-varying uncertain parameters can be performed by considering a
large dimensional space of uncertain parameters. In particular, for the time-varying uncertain parameter
vector §; € A, consider the stacked vector So.7—1 = [04, -+ ,8p_,] € AT where the superscript ’ denotes
the transpose and T denotes the prediction horizon. Then the approximation based on a polynomial chaos
expansion is represented in terms of the stacked uncertain parameter vector dp.7—1. This approach requires
more basis functions for the corresponding spectral representation, but the time-dependent coefficients cor-
responding to the uncertain parameters in future can be set to zeros, which reduces the computation of

projections to determine the coefficients of the gPC expansion.

8.4 Summary and Future Work

This chapter considers a new approach for stochastic MPC problems in the presence of both parametric model
uncertainty and exogenous stochastic disturbances. To approximate the solution of a stochastic differential
equation and solve the corresponding stochastic MPC problem, a spectral method known as generalized
polynomial chaos expansion is applied and constraints corresponding to the probability of safety/collision
are imposed on the approximately predicted controlled trajectories, based on the model of a stochastic dif-
ferential equation. The first and second moments of the approximate solution were exploited to estimate
the probability distribution of the true solution. Under these technical assumptions, the chance constraints
were replaced by convex constraints for the mean and covariance of the trajectory that are analytically com-
puted from the gPC expansion. It was also shown that concentration-of-measure inequalities combined with
the Boole inequality can provide conservative probabilistic certificates for chance constraints of polyhedral
inequalities, for which applications of the gPC expansions are straightforward. Further studies to follow are
to apply the presented methods to more complicated case studies and compare the heuristic convexification

methods to convex nonlinear programs in terms of the tradeoff between complexity and accuracy.
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Chapter

Bayesian Hypothesis Tests: An Overview

Abstract This chapter provides a concise introduction to methods of Bayesian hypothesis testing and
generalizes some of the existing work in the literature. For details on Bayesian theory and its applications
to statistical hypothesis testing, readers are referred to [166,220], for example. The main applications of
consideration are change detection and fault detection and diagnosis in stochastic dynamical systems, for
which statistical inference problems based on the Bayesian theory of statistics are formulated as mathe-
matical programs. Computational tractability, scalability, reliability, and robustness of general Bayesian
hypothesis tests for large-scale inference problems are active research topics. Simulation results are pre-
sented to illustrate a certain type of Bayesian hypothesis testing known as likelihood ratio tests, for which a
non-interacting two-tanks model is considered with several fault scenarios. In addition, some open research
directions for robust Bayesian hypothesis tests and integrated model-based real-time optimal control in the

presence of system component faults are discussed.

9.1 Bayesian Hypothesis Testing

Hypothesis testing has been extensively studied in signal processing, communications, biological statistics,
observational astronomy, and so on. This area can be considered as a devision of decision science in which
a choice needs to be made among multiple hypotheses on the basis of limited and noisy data. Developing a
method of hypothesis tests is to provide a decision rule for the selection among multiple probable hypotheses
in some principled or optimal criterion (e.g., minimization of decision error, minimization of expected cost

or risk in the mismatched estimation, etc.).
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9.1.1 Optimum Decision Rules

Consider the set of hypotheses H £ {Hy, Hy,--- , H,,} in which the i** hypothesis H; corresponds to a model
to explain the observed data z € Z. A Bayesian hypothesis testing problem is to find an optimal hypothesis
H* that is most consistent with the observed data z in the sense that it maximizes the associated posterior
distribution py),(h(2)|z) where h: Z — H is a deterministic decision rule. This problem can be formulated
as the optimization

H*(2) := arg max pujs(Hsl2), (9.1)

which is known as the mazimum a posteriori (MAP) decision rule.

For a more general problem formulation, a similar optimization can be written as

min Ey,[C(H, f(2))|z = 2]

h(-)eH
J(H:z)
= puin. jioC(va H;)pw(Hj|2) (9:2)
= cg{ngql{ {jioC’(Hj,Hi)Pz|H(Z|Hj)pH(H')
and
H*(z) = arg min i C(Hj, Hi)pym (2| H;)pu (H;) (9.3)

where C' : H x H — Ry, C(H,h()) refers to the cost of deciding that the hypothesis is h(-) when the
correct hypothesis is H, ¢ = >_,"  pyju(z|Hi)pu(Hy) denotes the normalization factor that is independent
of the hypothesis, and p, g (2|H;) and pu(H;) (shortly, p;) are the likelihood function and prior distribution
associated with the hypothesis H}, respectively.

For measurement-independent optimum decision rules, consider the average cost of deciding that the

hypothesis is f that is defined by
J(h) £ En,[C(H, f(2))]
= EZ[EH\Z[C(Ha f(z))‘z = Z]]
= / J(h(2):2)pa(2)dz (9-4)

Z
= » C(Hj,H;)Prh(z) = H;[H = H;] p,
5]

i

dji(h)

which is called the Bayes risk, where h : Z — H can be any type of deterministic decision rules, in general.

130



The quantities 0;;(h) can be called the discrimination probabilities of the decision rule h(-) and can be

rewritten as

55:0) = [ a1t ©.5)

where the sets Z;(h) are the decision regions corresponding to the values of z for which the decision for an

optimal hypothesis is H;, i.e., h(z) = H;, and can be written as
Zi(h) 2 {z€ Z:h(z) = H;} (9.6)

These sets are disjoint, i.e., Z;(h) () Z;(h) =0 for all i # j and |J; Z;(h) = Z, for any deterministic decision
rule h(+).

9.1.2 Related Work

Generalized Likelihood Ratio Test Kalman filtering and generalized likelihood ratio (GLR) tests have
been used for the detection and estimation of jumps (or switches) in dynamical systems [230,240,290,291].
The GLR tests for online detection of faults and parameter changes in control systems have been further
developed for the optimal/suboptimal choice of threshold and the monitoring window size [153], multi-
ple hypothesis testing problems [14] have been considered, and information-theoretic bounds for detection
performance have been obtained [152]. In addition, particle filtering techniques based on simulations and

samplings have been incorporated into real-time fault and parameter change detections [3,6,157].

Two-ellipsoid Overlap Test for Real-time Fault Detection As an alternative to GLR tests, a simple
geometric test for two-ellipsoid overlap was considered [133-135,311,312] which is also called a chi-squared
test for fault detection. In particular, [133-135,311] consider two confidence regions of ellipsoidal cross
section that are associated with the (monitoring) state trajectory of the normal (no-failure) operation and
the Kalman estimate computed from the online observables, while [312] consider two confidence regions of
ellipsoidal cross section that are associated with the (monitoring) system parameters of the normal (no-

failure) operation and the recursive least squares (RLS) estimate computed from the online observables.

Hybrid Automata and Mode Estimation In [106,107,193], the so-called hybrid estimation problem
was introduced to detect the onset of subtle faults or failures. A hybrid estimation problem is that, for given
a probabilistic hybrid automaton (PHA) (see [104,107] for details of PHA), compute the most likely hybrid
state together with the associated system mode at the time instance ¢ which is inferred from a sequence of

control inputs {ug, - ,u;—1} and measurement outputs {yo, - , ¥}

Adaptive Filtering for State Estimation Performance of a model-based state estimator can highly rely

on the accuracy of the model. In other words, the closer model to the true system, the better the performance
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of state estimation. For this purpose, system mode estimation can be embedded in a state estimator such
as Kalman filtering or moving horizon estimation (MHE) that uses a system model to estimate the state
variables, and using a more accurate model for the true plant dynamics can achieve a better state estimation

performance [246].

9.2 Performance Analysis of Bayesian Hypothesis Tests

9.2.1 Operating Characteristic

Operating Characteristic of the LRT Consider a binary hypothesis test, i.e., H = {Hp, H1}. To

quantify the performance of a decision rule h(-), the associated discrimination probabilities (9.5) are
Pd(h) = 611(}1) and Pf(h) = 501(h), (97)

which are also referred to as the detection and false-alarm probabilities, respectively. The so-called proba-
bilities of error of the first and second kind are defined respectively as

Pl(h) := Py(h) = So1(h) and P2(h) :=1— Py(h) = d10(h). (9.8)

e

Neyman-Pearson Criterion In many applications, it might not be obvious to assign the costs C(H;, H;)
for the pairs of (i,7) and it is often unrealistic to assume that prior probabilities are known. The classi-
cal Neyman-Pearson criterion [199] is to choose the decision rule h(:) to maximize P4(h) while P¢(h) is

constrained to be smaller than a certain value:

max Py(h)
h(-)EH (99)

s.t. Pr(h) <«

where a > 0is a user-defined threshold. It is not difficult to see that the optimization (9.9) can be equivalently

represented by

Pi(h) — asP:(h 9.10
ok 0 a(h) — o Pe(h) (9.10)

for some appropriate positive constants «; and as such that the decision rules based on (9.9) and (9.10)

have the same optimal decision. From the definitions of P?, another equivalent decision rule is

2
min w; P! (h 9.11
h(-)eH ; ( ) ( )
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where w; > 0 are user-defined weights for each error kind that can chosen to be functions of « such that the

decision rules based on (9.9) and (9.11) have the same optimal decision.

Generalized Neyman-Pearson Criterion The aforementioned Neyman-Pearson criterion can be ex-
tended to multiple hypotheses. To maximize the ability of detecting the true hypothesis H; while requiring

the false-alarm probabilities is smaller than certain values («; > 0), solve the optimization

5::(h) subject to 0:;(h) < a;, § # i. 9.12
hr(%ae)% (h) subject to d;;(h) < «aj, j#i (9.12)

An alternative decision rule can be obtained from minimizing the weighted-sum of probabilities of errors:

min w;;05;(h 9.13
2 S s .13

where wj; > 0 for j # i are the user-defined weights.

9.2.2 The Bayes Risk Error

Bayesian hypothesis tests that find a decision rule minimizing the Bayes risk (9.4) rely on precise knowledge
of the prior probabilities of the hypotheses, which implies that the optimal decision is sensitive to the choice
of the prior probabilities. To analyze the sensitivity of the decision rule to the prior probabilities, consider

the mismatched Bayes risk defined as

(9.14)

,J

d5i(h)

where the decision rule h(-,p) refers to the hypothesis minimizing the virtual Bayes risk J(p, p) with the
virtual prior probability p while the true prior probability is p. Define the Bayes risk error as

o(p,p) = J(p,p) — J (B, D). (9.15)

The Bayes risk error (9.15) has the following properties [275]:
i. ¢(p,q) >0 for all p,q € P where P £ {p e RTH Y pi=1, pi €10,1], Vi};
ii. ¢(p,q) is strictly convex in ¢ € P and quasi-convex in p € P for deterministic LRT;

iii. o(p,q) = J(p,p) — J(¢,q) — (p — q, V1J(q,q)) where V; denotes the partial derivative with respect to

the first argument of a function.
Note that this function is not symmetric, i.e., ¢(p, q) # v(g,p) for p,q € P, in general.
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Figure 9.1: A likelihood ratio test, the Bayes risk, and sensitivity of the associated Bayesian hypothesis
test: Statistical distance measure can be used for quantification of the Bayes risk and the sensitivity of the
associated test with respect to the choice of prior probabilities and the costs of decision errors.

9.3 A Case Study of Two Tanks in Series

This section presents simulation results for the two-tank configuration in Figure 9.2, in which several fault
scenarios are presumed and generalized likelihood ratio tests' are applied for model selection and checking.

The system in the disturbance-free and fault-free case is governed by the material balance equations

Acl% =F,—cithy
dlf (9.16)
Ac27; = c1h1 — caho

where A.; and A. are the cross-sectional areas of Tanks 1 and 2, h; and ho are the liquid levels for Tanks
1 and 2, ¢; and ¢y are constants which depend on the valves, and F; is the measured inlet flow rate. The
outlet flow rates are F,; and F,s are measured, and are nominally equal to c1h; and cohg, respectively.

Eq. (9.16) can be rewritten in state-space form

dx

—(t) = Azx(t) + Bu(t)
dt (9.17)
y(t) = Cua(t)
where
. %= 0 B Y o | 0
p el v 0 0 c

u=F;, y=[Fu,Fel', and x = [hy, ho]*.

11t is known that every aforementioned Bayesian hypothesis test can be equivalently transformed into a likelihood ratio test
with a properly chosen value of threshold [220]. Due to this equivalence, the focus of this simulation study is on the use of
likelihood ratio tests for detection of changes and faults.

134



Consider the case where process and measurement noise are explicitly introduced into the state-space

equation (9.17) and the corresponding state-space form is

9T ) — An(t) + Bu(t) + Bw(t)
- 9.18)

y(t) = Cx(t) + Fo(t)

where E = F =1, and w(t) and v(t) are independent zero-mean Gaussian white noise having correlation
matrices ¥, and ¥, respectively, i.e., w; ~ N(0,%,,) and v; ~ N(0,3,) for all ¢, and E[w;w!] = 0 = E[v,v]]
for t # s. Consider discrete-time system dynamics for which the first-order hold discretization method is
applied to 9.18 and the control inputs are assumed piecewise linear over the sampling period ¢; = 0.1 seconds.

The likelihood ratio tests are applied for the following fault scenarios:

S1) A leak in the injet flow: In this fault scenario, suppose that there is a leak in Stream 1 entering Tank 1
(see Figure 9.2). Due to this leak, the inlet flow to the upper tank decreases by 30%, compared to the
normal operation case. Figures 9.3(a) and 9.3(b) show the corresponding output trajectories and log

likelihood ratio tests, respectively.

S2) A biased output measurement: Another probable fault is a sensor fault in which the sensor measuring
the output flow rate Fi2 is malfunctioning and shows a bias. Figures 9.4(a) and 9.4(b) show the

corresponding output trajectories and log likelihood ratio tests, respectively.

S3) Two competing fault scenarios (S1 vs. S2): In this scenario, suppose that two aforementioned fault
scenarios S1 and S2 are presumed to be a current fault and compared with respect to likelihood ratio
tests. Figures 9.5(a) and 9.5(b) show the corresponding output trajectories and log likelihood ratio

tests, respectively.

S4) Three competing fault scenarios (normal operation vs. S1 vs. S2): For the final test, compare and assess
three fault scenarios, viz., the normal operation, and the faults scenarios S1 and S2. Figures 9.6(a) and

9.6(b) show the corresponding output trajectories and log likelihood ratio tests, respectively.

For the (log) likelihood ratio tests in the simulations presented in this chapter, the moving monitoring window
with a length of 10 sampling intervals is used. The longer window length, the longer delay in fault detection
using likelihood ratio tests. For given hypothesis model, the corresponding likelihood function depends on
the measurements that are realizations of random processes from unknown probability distributions and is
indeed a random process, same as the associated likelihood ratio test, which implies that the fault detection
instance—the time instance when the likelihood ratio curve crosses the threshold bar—also has a probabilistic
nature.

The likelihood ratio tests correctly identify the change in the dynamic behavior in all of the scenarios,

with a short detection delay.
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Figure 9.2: Two non-interacting flow tanks in series.

9.4 Discussions

This section discusses (i) a generalization of Bayesian hypothesis tests in which discrete hypotheses are
parameterized by continuous uncertain random variables, and (ii) incorporation of fault detection and diag-
nosis based on Bayesian hypothesis tests into real-time model-based (sub-)optimal control known as model
predictive control and approximate dynamic programming. The discussions are somewhat intuitive and
abstract. The objective of presenting these discussions is not to present a concrete support for the ideas,

but to provide some open discussions for future research directions.

9.4.1 Parameterized Bayesian Hypothesis Testing

It is straightforward that establishing an estimate for a continuous random variable involves carrying out a
hypothesis test for a continuum of hypotheses, rather than discrete hypotheses, with principled or optimal
decision rules. For fault scenarios in which there are a finite number of discrete hypothesized models of
candidates, an optimal decision rule is constructed such that the associated optimality criterion is evaluated
for such discrete hypotheses. However, it is often difficult to know precise models corresponding to certain
fault scenarios and it is necessary to parameterize models of hypotheses to capture variations of faults.
Such further parameterization can be referred to as fault-parameterization or fault-parameters and this
parameterization has essential importance in robust fault detection and diagnosis in the presence of additional

uncertainty in hypotheses, as well as disturbances and measurement noise.
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(a) The measured output of two tanks in series. (b) Log likelihood ratio of the models for the
normal operation and Fault 1.
Figure 9.3: Fault scenario 1: A leak in Stream 1 occurs at ¢ = 10.0 sec.
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(a) The measured output of two tanks in series. (b) Log likelihood ratio of the models for the

normal operation and Fault 2.

Figure 9.4: Fault scenario 2: The output Fj,o gives a biased reading that occurs at ¢t = 10.0 sec.

A set-valued model representation is
M, & {My(6r) : 0 € O}

where ©p denotes the set of fault-parameters for the kth hypothesis. For given measures y and fixed

hypothesis of model k, the maximum likelihood estimation is to find an optimal solution for

L6 y).
0rOm hoD, k(Ok:y)

For designating the robustly most probable model explaining the measurements y, determine an index k*
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Figure 9.5: Fault scenario 3: A fault switching from Fault 1 to Fault 2 at ¢ = 15.0 sec.

satisfying the robust optimality relation

sup Lg+(0;y) > sup Li(Or;y) for all k # k*.
O+ EOpx 0,€0

A resultant optimal solution among families of fault-parameter sets

0;. = arg max Lp-(Op;y)

O« €EOpx

can be used to determine the associated most likely system mode

M- (6}.) € Mb,..

9.4.2 Integrated Real-time Model-based Optimal Control

Consider the discrete-time linear time-varying stochastic system

Ti41 = AtIt + Btut + Etwt
(9.19)
yr = Cywy + Dyuy + Fyoy

where w and v are independent Wiener processes, i.e., w; ~ N (fty, S ), v¢ ~ N (11, 3y) for all ¢, E[w,wl] =0
and E[v,0l] = 0 for all t # s, and E[w;vY] = 0 for all ¢ and s.

Suppose that there are m scenarios of faults and the model associated with the i*" fault scenario is given
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Figure 9.6: Fault scenario 4: Model switchings: (a) Normal operation (0.0-10.0 sec), (b) Fault 1 (10.0-20.0
sec), and (c) Fault 2 (20.0-30.0 sec).

by
@i = Az + Biul + Eiw
Mo T T (9.20)
y; = Ciap + Diug + Fiu
where the superscript i refers to the occurrence of the i*" hypothesized fault. Roughly speaking, a procedure
of fault detection and diagnosis is to find the most probable model from the set of hypothesized models
M = {My,---,M,,} and Bayes’ rule is applied to quantified probabilistic confidence levels as functions of

the measurements for all the hypothesized models.

For a control strategy, consider the standard stochastic model predictive control (MPC) problem for a

discrete-time linear time-varying system (10.1):

h
: T T
min E E (l‘t Qixy + utflRt,lut,l)
t=1

U0:h—1

s.t. Ti41 = Atxt + Btut + Etwt,

(9.21)
Y = Cywy + Dyuy + Fyug,
Pr[H, 1yt + Hyug < by] > By,

W¢ ~ Pw, UVt ~ Pv, Lo ™~ Pxg>

where the constraints are imposed for all ¢ from 0 to h — 1 or h whose commitment is clear from the
context and its explicit description is omitted for notational convenience. Note that ¢ = 0 is the time at
which a new (current) measurement is obtained and a new prediction step for optimization starts. For the
sake of simplicity and without loss of generality, always consider the interval [0, 4] in the remainder of this

thesis. As a standard receding-horizon control scheme, only the first step of the computed control strategy
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is implemented. The calculations are repeated starting from the current measured output and estimated
state, yielding a new control and new predicted output and state paths. The prediction horizon keeps being
shifted forward.

Figure 9.7 represents an integrated real-time control scheme in which model-based real-time predictive
control incorporates or is combined with fault detection and diagnosis (FDD), and a state estimator. Fig-
ure 9.8 is an extension of an integrated control scheme in which an additional active probing input design
mechanism is included to increase the performance of statistical inference associated with FDD. Each com-
ponent in such an integrated real-time control scheme shares continuous and/or discrete signals that include
information required for the components to achieve their own functionality to maintain the integrity and
operational objectives of the overall system. Table 9.1 shows signal flows through the components of overall
closed-loop system.

The associated MPC problem can be written as an optimization

uronigll E[Ji« (0, ug:n—1)]
s.t. x{_H = Alxl + Blu, + Elwl; j=0,...,m,
yz:ngg—l—Dfut—i—thvtj; j=0,...,m, 9.22)
Pr{Hy vy, + Hyu < b1 > B}
E[J; (0, uo:n—1)] <13 j # i,

J j J j R
wt ~ Pw» vt sz;v l'ONp:Eo? j_oa"'am;

where the index i* refers to the system mode corresponding the most probable model determined from a

decision process in the FDD procedure and

R .
Jj (o, uo:n—1) = Z (m{ Qi + UtT—lequt—l)
t=1
denotes the performance criterion related to the j** system mode. An estimated initial condition zg of each
receding horizon problem is assumed to be available from a state estimator and is considered as a random

variable without loss of generality.

Types (Outputs\Inputs) State Estimator FDD Active FDD MPC Command Output

State Estimator s Ug U y
FDD D Ug, U Y
Active FDD z q

MPC T q r

Plant Ug u

Table 9.1: Signal flows.
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Remark 9.1. The constraint E[J;(zo, uo:n—1)] < 'yg for j # i* is used to impose the expected outputs of the
4t system mode on a compact level set corresponding to its performance criterion, and a feasible solution
enables the state trajectory of the j*" system mode to be kept inside a feasibility set. Similar to the chance
constraint on the output trajectory of the (primary) ¢* system mode, this constraint could be replaced by a

chance constraint Pr[HZ,tyf + Hi)tut <bl] > B for all t € [1,h] and for j # i*.

9.5 Summary and Remarks

This chapter provides a concise overview of Bayesian hypothesis testing, and discusses some open research
directions for robust hypothesis tests and model-based real-time reliable optimal control methods integrating
estimation and control tools. A Bayesian hypothesis test is a statistical method for making an optimal
decision that reduces to finding a decision rule that minimizes the Bayes risk. The Bayes risk is sensitive to
a specific choice of the prior probabilities and the performance of a decision rule based on Bayesian hypothesis
testing depends on the statistical properties of the hypotheses. The next chapter considers design problems
of optimal probing inputs for maximizing the performance of Bayesian hypothesis testing, in particular for

fault detection and diagnosis of stochastic LTI dynamical systems.
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Figure 9.7: An integration of state estimator, fault detection and diagnosis algorithm, and model
predictive control.

Figure 9.8: A general integration of state estimator, fault detection and diagnosis algorithm, and model
predictive control, equipped with active probing input design.
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Optimal Probing Inputs for Statistical FDD

Abstract This chapter considers optimal/suboptimal active input design problems for fault detection and
diagnosis (FDD). The design problems are formulated as optimizations in which an optimal sequence of
inputs within a prediction horizon is computed for maximizing the statistical discrimination of different
models of fault scenarios. The optimality criteria are information theoretic measures of the statistical
distance between probability distributions and constraints on the predicted controlled output trajectory
are imposed for ensuring operational safety as well as the input constraints that correspond to hardware
limitations. Two different approaches to such constrained optimal input design problems are presented. The
first scheme is to compute an optima input sequence for maximizing discrimination between system models
of fault scenarios in a statistical sense. Two different measures quantifying the degree of distinguishability
between two stochastic LTI system models are considered, and their geometric properties are investigated.
Their connection to the generalized likelihood ratio tests are also presented. The resultant constrained
open- and closed-loop feedback input design problems are shown to be concave programs and an iteration
algorithm to solve these special families of nonlinear programs is presented, in which semidefinite programs
are sequentially solved and a local optimum can be achieved. The second scheme is semidefinite programming
(SDP) relaxation in which three different measures for the degree of statistical discrimination between two
hypothesized stochastic dynamical system models are considered and their mathematical properties that
are related to Bayesian hypothesis tests are studied. The resulting input design problems are non-convex
and we propose associated convex relaxation methods that can be solved in polynomial time using interior
point methods. In addition, an upper bound on the sub-optimality of the proposed convex relaxation is
presented for the case when there is only the input amplitude constraint, and randomized algorithms are
presented to compute a suboptimal solution from an optimal solution of the convex relaxation problem.
Receding horizon method is used to implement the computed inputs for both approaches for constrained
optimal probing input design. Numerical simulations with an aircraft model are provided to illustrate and

demonstrate the presented methods of optimal input design for FDD.
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10.1 Introduction

The complexity of devices and processes implies that faults are inevitable, and the tight interactions between
instrumentation and other components of the overall system can result in cascading effects with significant
economic, environmental, and human damages. To properly and safely operate the facilities and devices
in real-time while preventing any unallowable behaviors of the system, reliable FDD algorithms are needed
that monitor the inputs and outputs of the system and determines whether a fault occurs and to point
to the location of the fault (aka fault diagnosis). In addition, without an optimal integration between the
monitoring and control systems, the response to faults can reduce reliability and profit or can be overly
conservative, for example, by initiating an unnecessary automated shutdown of the facility due to false
alarm.

The design of FDD procedures are challenged by the presence of disturbances, noise, and model uncertain-
ties that can make the symptoms of faults/failures indiscernible. Classical passive FDD methods monitor
the observables of the system and make a decision on whether and where a fault has occurred, whereas active
FDD approaches intentionally intervene in the operations and attempt to excite or perturb the observables
such that abnormal behaviors are exhibited [49, 132,200,244, 305]. There have been many research efforts
to suggest systematic methods for such auxiliary input design, both in the stochastic system setting [32]
and in the deterministic uncertain system setting [201,202,245]. The effects of feedback in terms of the
performance of FDD and quadratic cost optimality criteria have been investigated [4,5], as have been finite-
or infinite-horizon control methods for the design of active input signals for FDD [32, 244, 245].

This chapter considers three different measures for the difference between two hypothesized dynamical
system models. A measure for difference between two hypothesized dynamical system models is to quantify
the difference between two probability distribution functions associated with random processes that are the
solutions of stochastic differential (or difference) equations. The optimality criteria for design problems are
information theoretic measures of the statistical distance between probability distributions and controlled
state constraints are imposed for ensuring operational safety as well as the input constraints that correspond
to hardware limitations. The active input design problems are formulated as optimizations for which an
optimal input or a sequence of inputs is computed to maximize distinguishability (or discrimination) of
different models of fault scenarios. To quantify discrimination of two stochastic dynamical system models,
we use information theoretic measures that compute statistical distances between the solutions of the asso-
ciated stochastic differential equations. The resultant optimizations are non-convex (more precisely, concave
programs) that are NP-hard. Two different approaches to such constrained optimal input design problems
are presented. The first approach is to compute open- and closed-loop feedback input sequences from solving
concave nonlinear programs, for which a sequential method of semidefinite programs (SDPs) is applied. It is
observed that the approximate distance measure using geometric properties of Gaussian distributions can be

compatible with a closed-loop static state feedback controller that might outperform open-loop input design
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methods, whereas the direct use of the KL-divergence might not be trivial. An a byproduct, we investigate
the properties of the two approximate measures of statistical distance between probability distributions as-
sociated with two different fault scenario models. The second approach is to use semidefinite programming
relaxations for those non-convex optimizations, which provide suboptimal solutions for active input design
problems with guaranteed bounds of performance degradation for certain special cases (e.g., when there
are only box constraints on the inputs).! In both approaches to constrained optimal probing input design
problems, an underlying assumption considered in this chapter is that the procedures of FDD are based
on a statistical decision that solves Bayesian inference problems for which the measurements of observables
are used to infer a hidden process. In this chapter, robustness is considered with respect to stochastic
uncertainties, disturbances, and noises. Robust FDD can be considered as maximizing the confidence of
a binary decision (for fault detection) and locating a correct hypothesis (for fault diagnosis) among many
candidate fault scenarios in the presence of uncertainty in a given data set. The objective of active input
design for FDD is to facilitate the associated statistical decision and maximize its robustness. In addition,
as theoretical contributions for the problem formulation of optimum input design for FDD, we investigate
the relations of the proposed measures of statistical distance to the generalized likelihood ratio tests and
justify the use of such measures of statistical distance for quantifying the degree of discrimination between

two hypothesized models.

Bayesian Inference for FDD using Multiple Models of Fault Scenarios In this chapter, we consider

the discrete-time linear time-varying stochastic system

Tir1 = Ay + Byug + Eyw,
(10.1)
Yo = Cyxy + Dyuy + Frug

where w and v are independent Wiener processes, i.e., w; ~ N (fw, S )s V¢ ~ N (f1y, By for all ¢, E[wswl] = 0
and E[v;vl] = 0 for all ¢t # s, and E[w;vY] = 0 for all ¢ and s.
Suppose that there are m fault scenarios and the model associated with the i" fault scenario is given by
@iy = Ay + Biug + Bjw,

LR S (10.2)
Yy = Ciay + Diug + Ffvy

where the superscript i refers to the occurrence of the i*" hypothesized fault. Roughly speaking, a procedure
of fault detection and diagnosis is to find the most probable model from the set of hypothesized models

M & {My,---,M,,} and Bayes’ rule is applied to quantify probabilistic confidence levels as functions of the

measurements for all the hypothesized models.

ISimilar convex relaxation methods have been applied to the optimal experiment design for system identification [144,145,
168].
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10.2  Statistical Distance Measures for Hypothesis Testing

10.2.1 Distance Measure Between Gaussian Hypotheses

A measure of distance between two Gaussian hypotheses can be used to characterize the performance limi-

tation of the decision process based on the Bayesian approach.

Symmetrized Relative Entropy as a Distance Measure A common measure for the statistical dis-
tance between two probability distributions is the relative entropy, which is also called the Kullback-Leibler

distance (or divergence).

Definition 10.1 (See also [61] for details). For two probability density functions f and g, relative entropy
is defined by

f(@)
dxr(fllg é/ f(z)In ——=dx. 10.3
ke (fllg) Rn() e (10.3)
For two probability mass functions f and g, relative entropy is defined by
x
dalfl9) 2 3 faym L (10.4)

zeX

where the support set X is assumed to be countable. For a probability mass function f and a probability
density function g, relative entropy is defined by (10.4). For a probability density function f and a probability
mass function g, relative entropy is defined by (10.3) and its value is indeed infinity, since the integrand is

finite only if the support of f is contained in the support of g.2

This measure of distance between two probability distribution is not symmetric, i.e., dxi(f|lg) #
dx1(gl|f), in general. For example, consider two different Gaussian distribution functions f : R™ — [0, 1]

and ¢g : R" — [0,1]. In particular, f = N (u1,%1) and g = N (p2, X2). Then the KL distances are

dKL(ng) = % (ln det X9 —Indet X1 + Tr 22_121 +(u1 — ug)ngl(;u - ug) — n) (105)

and

dii(g]|f) = 3 (Indet Sy — Indet £o + Tr 7' 8o +(p1 — p2) TS (11 — p2) — n) . (10.6)

They are the same if 3; = 35, but not the same in general.

2Definitions for relative entropy of two probability distributions of different types of supports, i.e., continuous and discrete
support sets, were not studied in classical information theory. However, relative entropy is defined with a measure function f(-)
for both of the continuous support case (10.3) and the discrete support case (10.4) so that it is natural to follow the support
of f for definition, provided that the other probability distribution g(-) is well-defined over that support.
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For a symmetric distance measure, consider one of the followings:

PR (1.9) 2 min{dic.(f119). dice (0]1 ).
PR (f, 9) £ max{dxL(fll9), dxL(g][ )}, (10.7)
pRE(10) 2 5 (e () + dir ol

We now show the relations between the KL-divergence and the likelihood ratio test. For notational

convenience, rewrite the likelihood function corresponding to the k" model of the hypothesis Hy, as
Ly (2) = pyu(z|Hy)

where z refers to the concatenation of all observables. Define the ratio of two likelihood functions by

Li(z)

Fig(#) 2 L;(z)

and define the (probability) measure-dependent quantity

T(u') = /Z1n(maX{Ri,j(Z)»Rj,i(Z)})dM(Z) (10.8)

where 1/ denotes the first-order derivative of the measure u, provided it is differentiable. Note that since
max{R; ;j(z), Rji(2)} > 1forall z € Z, T; ;(1') > 0 for any measure satisfying p'(z) > 0 for all z € Z. It is
straightforward to show that

T;,j(Paua(2|Hi)) = d(pgyu (2| Hy), papm (21 Hj)),

,‘Ti,j (pz\H(Z|HJ)) = d(pz\H(z‘HJ)7pz\H(Z‘HZ))a

(10.9)

which also implies

PRE (Papa (2| Hy), o (2| Hj)) = min { T j (pam (2| H:)), T j (papa (2| Hj)) } - (10.10)

min

Therefore, the symmetric measure using the KL divergence pi" can be interpreted as the expectation of
the logarithm of the likelihood ratio with respect to the likelihood function corresponding to the minimum

value. Similarly, we have the following relations:

PP (Do (2| Hi), poua (2| Hj)) = max {T; j (pu (2| Hi)), Ty j (P2 (2 Hj)) } (10.11)
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and

PRL (Pzju (2| Hi), pau (2| Hy)) = % (T (P (21 H)) + T j (paua (21 Hj))) - (10.12)

Bhattacharyya Bound as an Upper Bound on the Bayes Risk A Bayesian hypothesis test has a
finite probability of selecting the incorrect model, which is called the Bayes risk, given by

P 23 Z/ payer (2| Hy)p(H; ) d2 (10.13)
i g IR

where R; £ {z € Z : pr,(H;|2) > prjo(Hy|z2), Vk # j} is the region in which the hypothesis H; is the most
probable. Computing the exact pe, requires high computational demand that corresponds to sums of many
multi-dimensional integrals. Computation can be relaxed by using the Bhattacharyya bound that provides

an upper bound on the Bayes risk and is defined as

Conns(Hic ) 2 iy [ [ pam G Hopma 1)z (10.14)

where p;; £ /p(H;)p(H;) are constants related to the prior distributions of the hypotheses H; and H;.
Define a distance measure between two probability distributions f = N (u1, Y1) and g = N (2, X2) by

1 (1 det(El +22)

1 1 _
2 s +=(u —p2)T (S04 S2) 7 (1 — p2)

. 10.15
N et D det T, 2 T2 > (10.15)

that(fa g) £

Consider the set of linear hypothesized models M given in (10.2) that are associated with the set of hy-
potheses H. Then, the Bhattacharyya bound (10.14) has the following relation with the distance measure
given in (10.15):

Ineépnat (Hs, Hj) < Inpij — pBhat (Pz1u (21 Hi), payu (2| Hy))).

Geometric Interpretations of Relative Entropy for Gaussian Distributions From a geometric
point of view, dkr,(f||g) and dkr,(f||g) for Gaussian distributions f and g can be interpreted as measures of
geometric disagreement between two ellipsoids associated with each distribution. To see this, the first two

terms in (10.5) and (10.6)

det X!
det ¥5!
det X5
det X7 *

Indet X7 —Indet ¥; ! = In

(10.16)

Indet 25 —Indet 7! = In

148



are the volume ratio of the two ellipsoids & (X1,1) 2 {z € R" : 2TS 'z < 1} and &(Xp,1) £ {z € R :
25 'z < 1}. In addition, the quantities Tr ¥5 %) —n and Tr %] '3, — n are the projections of differences

(%1 — 3) and (¥ — 1) onto ¥ ' and £, respectively:

Y'Y —n=TrE (2 — Xy,

(10.17)
T —n=TrE (S — X))
Furthermore, an optimum minimizing the sum of those values
* gy A : -1 —1
(X1,%5) £ arg o tmin Tr(S7 'S + 51851 (10.18)

satisfies the relation ¥} = Y%, which follows from Lem. 10.1. Therefore, Tr(X7'S; + £;35!) can be
interpreted as a degree of disagreement between ¥; and Yo, which is measured in the Hilbert subspace of

S% | equipped with the inner product (A, B) £ Tr(AB).
Lemma 10.1. For X € S, Tr(X + X ') > 2n. Furthermore, equality holds if and only if X = L.

The last terms

(11 = p2) "85 (1 — p2) and (1 — p2) 27 (1 — pra) (10.19)

are the Euclidean distances between the points p; and pe with respect to 251 and Zfl, respectively, i.e.,
they are weighted matrix 2-norms denoted by ||u1 — u2||;,1 and ||p1 — ,u2||22,1, respectively.
2 1

For a symmetric distance measure, define

pL(f, g) = min{dkr(flg), dxL(g]|f)} (10.20)

such that pxr.(f, 9) = pkr(yg, f). For pedagogical purposes to see how this measure of distance between two
probability distribution can be used for estimation or hypothesis testing problems, consider two Gaussian

distributions f and g. For a given Gaussian distribution f = N(u1, 1), solve the minimization problem

min dir (f1]9) (10.21)

where G 2 {N(u,X) : 4 € M, 0 € S} with the convex compact sets M C R” and S € S ;. More explicitly,

the minimization problem is written as

in —IndetX ' +Tr2— 1y — )" (g = ). 10.22
oin o nde + Tr 1+ (1 —p) (11— p) (10.22)
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Assume further that S71 £ {§: S =X71, ¥ € §} C S, is also a convex compact set. Then an equivalent

optimization is

min —Indet X + Tr X¥; +t¢
£20,(1, X)EMXS—1 (10.23)

s.t. (b1 — )" X (g — p) <t

which is also equivalent to
min —Indet X + Tr X¥; +¢
t>0,(1,X)EMxS—1
10.24)
s.t. (=) =0
X(p— ) X

If there is no constraint on the choice of mean p, i.e., M = R™, then the minimization can be rewritten as

the SDP

min —Indet X + Tr X>; +t
t>0,(,XeS—1
t T TX (1025)
s.t. ¢ H >0,
C—Xm X

provided S—! can be represented by a positive-semidefinite cone.

Geometric Distance Measure Between Two Gaussian Distributions Consider two ellipsoids
E1(u1, X1, y) and E3(pe, Xa,v) where the positive constant y corresponds to the scaling factor of the volume of
the corresponding ellipsoid. For these confidence ellipsoids for two Gaussian random variables z ~ N (1, X1)

and y ~ N (2, 3s), the following conditions are equivalent:

i. The intersection of two ellipsoids & (u1,%1,7) £ {z € R* : (z — )"z — 1) < 4} and
Ea(p2,52,7) & {x € R™: (z — p12) "S5 (@ — p2) < 7} is empty;

ii. There exists a separating hyperplane between two ellipsoids &; (i1, 21,7) and Ea(pe, Xa,7);

iii. The optimal value of the semidefinite program (SDP)

min ¢
t,x,y
I T
T —
ot oo
@-n) % (10.26)
F .
(z—y) -0
|(z —v) I
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is strictly positive.

To quantify the statistical distance between two Gaussian distributions N (1, X1) and N (uz, X2), compute
the largest value of v > 0 such that & (1, X1, v)NE2 (2, Xa,y) = B, which can be formulated as the two-stage
SDP

max -y

st. 0 <min ¢

t,x,y
_ 4 \T
s.t. 7 (@ =m) =0, i=1,2, (10.27)
_(m - l‘i) 2
t _ T
(z—y) - 0
|(z—y) I

The optima in this optimization are not actually achieved since the sets & (u1,X1,7) and E(pe, Xo,7y) are
compact for all 0 < v < oo, provided ¥; > 0 for ¢« = 1,2. This problem can be arbitrarily accurately solved
by using a bisection method for which each step reduces to a recognition problem to check if t* > 0 and
a stopping criterion can be used to impose an allowed error of approximation. For an alternative way to

compute the largest value of v > 0 such that £ (u1,X1,7) N E2(u2, Xa,y) = 0, consider the SDP

min y
v,x
z— ;)T (10.28)
s.t. 7 ( i) =0, 1=1,2.
(= pq) X

Then for any v < v* where v* is the optimal solution for (10.28), & (11, 21, 7) N E2(us2, Xa,7v) = 0. Further-
more, for ¥1,%y € ST, &1(p1, X1,7) N E2(p2, X2,7) is a unique singleton. Define the distance measure for
two Gaussian distributions f and g

Pgeo(fr9) E7* (10.29)

where f = N(u1,%1), g = N(uz2,32), and v* is the optimal value of the SDP (10.28).

This geometric measure has several interesting relations with some existing distance metrics.

Remark 10.1. The measure of distance pgeo(f,g) for two Gaussian distributions f and g is related to the

Minkowski functional of a convex set K € X (0 € int K) defined as
vk (2, ) 2 inf{r : ; e, r>0}

which is a kind of measure of distance from the origin to the point x in a normed linear vector space X

measured with respect to K—it is the scaling factor by which K needs to be expanded so as to include x

151



(see [161] for details). The explicit relation is that, for f = N(u1,%1) and g = N (0, 3),

hm pgeo(fy g) = pMk(M17€2(072271))7
%1 =0

where || - || can be any arbitrary matrix norm.

Remark 10.2. Another related distance measure is n/2 times the so-called Mahalanobis distance between
two points p1 and ps that is defined by

am

pain (1, 2] 2) £ 5 (1 = p2) S (1 — pa).-

[\)

This measure of distance satisfies the relation pym (g1, t2|X) = pamk(p1 — pe2, £(0,%2,2/n)).

Remark 10.3. The measure of distance defined by (10.28) and (10.29) can be unbounded for covariances
with infinite condition number. For example, consider p; # p2, X1 = [1,0;0, ¢1], and 3o = [1,0; 0, €3] where

0 < e1,€2 < 1. Then limyaxie,}—o00 Pgeo(fr9) = 00, where f = N(u1,%1), g = N(p2, X2).

Remark 10.4. pgeo(f, g1) < 00 and pgeo(f, g2) < 0o does not imply pgeo(g1, g2) < 00. For example, consider
f = N([O’ 0]71)7 g1 = N([O, ”7 [L 0;0, 61]); and g2 = N([Oa _1]7 [1a 0;0, 62])‘ Then hmsi%oo pgco(fa gi) =1 for

1= 17 2a but 1immax{6i}~>oo pgeo(gth) = OQ.

In spite of such improper cases, we have experienced some success in well-posed problems in which the
shape of the probability distributions to be compared are neither drastically ill-conditioned nor have very

large distance.

Statistical Robust Fault Detectability The statistical distance of a trajectory induced by a fault from

the no-fault trajectory can be measured by pxr, or pgeo-

Lemma 10.2. Consider the probability mass function f(z) = 1 for z = p and f(z) = 0 otherwise. Then
for any probability distribution g(z),

pxL(f,9) = dxiL(fllg) = —Ing(p).

Proof. From the definition of the KL divergence in Def. 10.1, dkr,(f|lg) = —Ing(p) and dki(g]|f) = oo.
From the definition of pxr(f, g) in (10.20), pxr(f,9) = dxL(f||g)- QED

Lemma 10.3. Consider the probability mass function f(z) =1 for = p and f(z) = 0 otherwise and the
Gaussian distribution g = N'(v,X). Then pkr, and pgeo satisfy the relation

n 1 1
prL(f 9) = 5111% -3 Indet =" + ipgeo(fa q9)
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where pgeo(f,9) = (v — ) 'S (v — p).

Proof. From Lem. 10.2, pxr,(f,9) = —Ing(p) = ZIn2r — 1 Indet S~! + 2(v — ) TS~ (v — p) for g =
N, %). QED
Remark 10.5. Note that the difference between pki, and pgeo/2, i.e., % In2m — %ln det=1 = %ln %7

is the logarithm of the volume ratio of the n-dimensional sphere to the ellipsoid £(0,%,1) £ {z € R" :

Ty~ tr <1}

10.2.2  Gaussian m-array Hypothesis Testing for FDD

To formulate an optimization problem for Bayesian hypothesis testing, there are three elementary com-
ponents that are required to be predetermined for multiple hypothesis tests (or m-array hypothesis

tests) [166, 220]:

e m-array hypotheses with associated priors: Define m hypotheses. Without loss of generality, include
the null hypothesis Hy that corresponds to the normal operation, i.e., non-faulty model, for FDD. The
total number of hypotheses to be tested are m+1. The corresponding a priori probability distributions
are given by P; = Pr[H = H;].?

e Penalties for wrong decisions: Assign the penalty C;; > 0 that corresponds to the cost to pay when

the decision is H = H;, but the truth is H = Hj.

e Likelihood functions: Specify the closed-form of the propagation of hypothesis to the observables
payu(z|H;)* for each hypothesis H;.

For FDD using a set of multiple models { My, - - - , M, }, each hypothesis is assigned to each associated model,
ie., H=H; & M = M,. For abuse of notation, M = M, is also used to refer to the associated hypothesis
H=H,.

The resulting optimization has the cost
J(H;,z) =Y _Ci;jPr[H = Hj|z = z]
j=0

=¢Y  Cijpau(z|H;)P;

Jj=0

(10.30)

where ¢ £ ZT:O Pzu (2| H;)P; is the marginal probability that is independent of H; and depends only on the

(observable) data z. For a fixed realization z of the random variable z, an optimal decision for hypothesis

3The choice of prior probability distributions might be essentially subjective and the best P; is, in general, hard to determine
in an objective way.

4The observable vector z is assumed to consist of the variables that can be used for hypothesis testing, e.g., the inputs,
measurements, and controlled outputs.
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selection is

H(z) =arg min J(H; z2), (10.31)

H;:=0,--- ,m
which is a finite-state optimization for which a set of hypotheses are assessed and compared with each other.
This hypothesis testing is called Series of games for Bayesian hypotheses (SGBH). The required number of
comparisons or tests increases as O(m(m + 1)/2) where m is the number of hypotheses to be assessed.

In dynamical systems, such Bayesian hypothesis testing is more likely comparing the predictions of the
observables for multiple competing fault models (e.g., models given in (10.2)). For simplicity, assume that z =
vy, i.e., the measurement outputs are the only observables for hypothesis testing. The posterior distribution

of the predicted output at time ¢ with the system model My, is

Pr[M = My, no:—11ye] = Prlyelno:e—1, M = My] Pr[My)]

= Prly¢|ni—1, M = M;] Pr[M;]

where 7 £ (x,u) and the last equality is due to the Markovian property induced by whiteness of process
noise w; and measurement noise v;. Suppose that each hypothesized fault scenario has the system dynamics
given by (10.2). Then the closed-forms of the likelihood functions Pr{y:|n:—1, M = My] can be computed,
provided the previous system information compressed into 7,1 (or more precisely, its distribution p(17;—1))
can be accessed to every hypothesized model of a fault. In addition, we assume reasonable accuracy of a
state estimator such as Kalman filter or moving-horizon estimator (MHE).

To improve reliability of a Bayesian hypothesis testing, we can use a finite-time monitoring in which a finite
sequence of the measurements is used to compute the posteriori distribution or more precisely to compute the
likelihood function. Consider the monitoring window of length ¢,,, for which the sequence of the measurements
{Yt,Yt—1,"** yYt—e,,+1} is monitored. The posterior distribution of the predicted measurements in this

monitoring window with the system model My, is

PT[M = Mk;l‘O:thmauO:t71|yt7€m+1:t]
=Prlyi—e,, +1:¢|T0:t—0,, » U0:t—1 M = My Pr[M]

= Pr[yt—fm+1:t|xt—éma Up—gt—1, M = Mk] PT[Mk}

Assume that Pr[My] = 1/(m + 1) for all k = 0,...,m. Formally, the likelihood function for the £*® model
M, is defined as

Li(y) = Prlye—e, +1:4 = YlTt—0,,, Ut—t,,:t—1, M = My] (10.32)
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where y € R™*%m refers to the measurements during the time interval corresponding to the monitoring
window. Therefore,
E*(y) :=arg max Lx(y)
k=0,---,m
where the argument y is explicitly represented to emphasize its dependence on the measurements that are

indeed realizations of a random process in a finite interval.

Remark 10.6. When the monitoring window is moved forward, the previous (normalized) likelihood func-
tions may be used as the prior distributions. In this case, there can be a longer delay in fault detection and

diagnosis, but the probability of false alarm can decrease.

Remark 10.7. Consider the assumption that the initial condition at the starting point of the monitoring
window and the applied control inputs are the same for all the system modes. Then the likelihood func-
tion can be rewritten as Ly (y; xt—¢, ,ut—p,,+—1) and the corresponding optimal system mode rewritten as

k> (95 Tttt s Ut—em,:t—1)~

10.3  Optimal Input Design for FDD: Approximation Methods

It can occur that two or more hypotheses are almost equally probable so are not distinguishable from the
current observable data because their predicted (hypothesized) distributions are quantitatively very close.
To resolve such difficult decision-making situations, consider optimal input design problems for which the
control input maximizing detectability of faults is constructed while retaining desirable system behaviors or
minimizing degradation of system performance incurred by active FDD. Many of the existing fault diagnosis
methods are passive in the sense that those diagnostic procedures are based on the observed data for given
inputs. Input design for fault diagnosis presented in this chapter is an active approach to determine the
true fault. For two different models corresponding to two different fault scenarios, the sensitivity of the
observables’ statistics to input changes can be substantially different from each other. Consider varying
the inputs within an allowable range of operation so that the resultant statistics of observables predicted
by different fault scenarios are notably different and the more probable fault scenario in a likelihood ratio
hypothesis test is diagnosed as an estimated fault. A quantified measure of distinguishability between two

models of fault scenarios is

61](Z) £ p(pH|z(Hl|Z)7pH\z(HJ|Z)) = 5”(25)

where p(-,-) denotes a certain (symmetric) measure of distance between two probability distributions. We
consider the previously defined two measures of statistical distance pk1, and pgeo to quantify distinguishability
of faults. Suppose that the input constraint u € U is defined over a convex compact set U such as a polytope

or ellipsoid.
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10.3.1 Method Based on the Measure pk,

Consider the measure of statistical distance pki, between two Gaussian distributions. Maximizing pkr, can

be formulated as the optimization

max min{vy1, 72}

1

s.t. = (Indet ¥y —Indet By + Tr £5'81 +(pq — po) "85 (1 — po) — m) > 1, (10.33)

N = N

(lndet Y1 —Indet Xy + Tr 21_122 +(p1 — ug)TEfl(ul — p2) — n) > o,

where the mean and covariance are convex functions of the control input u. However, neither optimization
(10.33) is not convex, even for the case when the expectations p; and po are linearly dependent on u € U,

and the covariances 1 and Y5 are independent of u € U.

10.3.2  Method Based on the Measure pge,

Consider the measure of statistical distance pgeo between two Gaussian distributions. Maximizing pge, can

be formulated as the max-min problem

max min -y

ueU  pyy
i gl (o= (@)™
(p—m@) D) | (10.34)
gl (1= pa(w))* -0,
(= p2(u))  Ba(u)

where j; and ¥; are the mean and covariance corresponding to the i*" Gaussian distribution for i = 1,2,
which are functions of the control input . This max-min problem can be rewritten as

min max — -y
ueU  pyy

()" (10.35)
s.t. 7 (= (W) =0,1=1,2.

(1 — pi(w)) Zi(u)
Lemma 10.4. Suppose that p; : Y — R™ is an affine function and ¥; : 4 — S% is an affine or concave
quadratic function for each ¢ = 1,2. Then, the optimization (10.35) is a convex-constrained concave program,

i.e., the objective function is concave and the constraint set is convex.

Since the optimization (10.35) has a concave objective function and the constraint set is convex and
compact, a global optimum is achieved on the boundary of the closed convex constraint set, i.e., u* € oU

where OU refers to the boundary of U, or must be constant over . An iteration algorithm is described in
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Algorithm 1. Furthermore, if the input constraint set I/ is a polytope then an global optimal solution u* is
in the set of vertices, denoted by U,. This implies that for a polytope U, we only need to compare a finite

number of candidates for optimal inputs:

u* = arg gé%{% pgeo(N(Hl(u), 1(w), N (p2(u), X2 (u))).

10.3.3 One-step Maximization Detectability or Distinguishability of Two Competing
Faults Using pgeo

Consider two competing fault models M; (i = 1,2) in (10.2) and assume perfect information of the state
variables® and that the output transition maps are dropped for simplicity (the extension to the general case
is straightforward). Suppose that the current state of the true process has a known Gaussian distribution
N(Z¢,%,,), the dimensions of z¢ are the same as the true state’s, and x; = i for i = 1,2. Due to linearity
of the state transition map of models M;, the one-step lookahead trajectories of the models M; (i = 1,2)
corresponding to two hypothesized faults are also Gaussian, provided an affine state feedback or open-loop
control u;. An optimal input design can be formulated as an optimization of finding v € U maximizing

pgeo(./\/(ic,{_l|r17 ZI{il),N(a’sfil, Eﬂﬂfil))' Consider an affine state feedback control

Uy = Ktl‘t + Vg. (1037)

5By perfect information, we mean that the state vector is measurable and its distribution is known or an unbiased estimation
can be obtained with the associated computable error covariance.

Algorithm 1 Iteration algorithm for solving (10.34) and (10.35).
Input: ;(-),%(); i =1,2, «(9, and {0} Cc R, 4.
Onput: ¢*,4*, and J.
Step 0: Set j = 0.
Step 1: For u := uY), solve the minimization part in (10.35) and assign its optimal value by v() := *.
Step 2: Set u := ul¥) + du.
Step 3: Solve the minimization

min 7y
weU, 1,y

s.t. (u—z‘(u)) (“_Z%;‘))T =0, i=12. (10.36)

v>(1+ 5(]’))70’)'

if (10.36) has a feasible optimal solution (vy*,du*, u*) then
Assign the optimum and optimal value by u+1) := 4) 4 du* and YU+ := ~*. Set j := j + 1 and

go to Step 2.
else

Set @* := v, 4* :=~0) and § := §U).
end if
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max min y

Kive pyy
.t , v ‘  (p— (A} + B{K,)T, + Bjv))" 0
V (w— (Al + BIK)Zy 4+ Bivy)  (Ai4+BIK,)S,, (Ai+BIK,)T+Ei%, (E)T| = (10.40)
{Efé% Xf(tl:| =0, by — Hy 1 KTy — Hyyvy > 0.
t Tt
Ko wa |
.t (1 — (A} + B{K)Z: + Biv,)" =0,

~
L(n— (A} + BiKy)Ty + Bivy)  (Aj+BiKy) X, (Ai+B{K)T+Eix, (E)T

My'max _ 7 iNT i i ) _ ‘ (10.41)
Eai — EiRo (BT (A B\ HL (AL 4 BIK) & — HayBiv > 0,

| (A} + B{K,)" D
'Emax K

fé{“ 2—t1 =0, byt — Hy 1 KTy — Hyyvp > 0.
L **t Ty

Then, the mean and covariance of the one-step lookahead state of the model M; are

Tyy1= (A+BiK,) 7+ Biv
S = (Aj+BiK;) Yy, (A4 BiK) T+ B %, (Ef) T

Tiy1

(10.38)

for each i = 1,2. For input constraints, consider U £ {u € R™ : H,;E[u] < b,; and Var[u] < S2%*} where

max

the subscript ¢ denotes time dependence and X3}

refers to an upper bound on the covariance of interest.

For an affine state feedback control (10.37), u; € U; if and only if K; and v; satisfy the inequalities

Hy 1 KTy + Hy gy < byt
o g, (10.39)
’ -
T Y

that are convex in (Ky,v¢). The resulting optimization for an optimal input design with the input con-
straint (10.39) is given by (10.40).

In addition to input constraints, to avoid instability and performance degradation of the closed-loop sys-
tem, the state constraints for 2}, ; (i = 1,2) should also be considered. Since the predicted state trajectories
are essentially stochastic, the corresponding state constraints are written in terms of chance constraints.

Similar to input constraints, consider X; £ {z € R" : H, E[z] < b,y and Var[z] < X7¢*}. From (10.38),
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zi,, € X, if and only if

H, (A} + Bi{K)Zy + Hy yBivg < by,
e - BiSu(B)" (A4 BIK)| (10.42)
(Al + BIK)T e

that are convex in (K4, ;). The resulting optimization for an optimal input design with the input and state

constraints (10.39) and (10.42) is given by (10.41).

Remark 10.8. The convex constraints (10.39) and (10.42) are the intersections of a polytope and a positive-

semidefinite cone (basically, a mixed linear-conic constraint).

Algorithm 1 cannot be directly applied to solve the optimization problems (10.40) and (10.41) for the
decision variable (K%, 14). However, if a state feedback gain K is fixed then Algorithm 1 can be used to
solve those optimizations for v;. Computing a state-feedback gain K, in the optimizations (10.40) and (10.41)
can be performed separately by solving the LMIs in (10.39) and (10.42), respectively. Note that solutions
of such convex constraints are not generally unique. To resolve this non-uniqueness of feasible solutions
K4, the associated symmetric matrices defining the LMIs could be forced to be close to the extreme rays
of positive-semidefinite cone, which is the set of rank-one symmetric matrices. This could be achieved by
minimizing the rank of the resulting symmetric matrices and there are several ways to approximately perform
rank-minimization using smooth approximation to the rank operator for positive-semidefinite matrices. For

example, —log det(X), which is convex in X € §% (or X € S),% or Tr(X) which is linear can be used.

10.3.4 A Separate Design Method of State Feedback using H, Optimal Control

Consider the fault scenario models (10.2) for i = 1,2, where the measurement noise v} is ignored without
loss of generality.” Since the s norm can be interpreted as the maximum output variance excited by white
noise of the unit L5 norm, a natural way to compute a state feedback control gain K; for a fixed t > 0
satisfying the constraints on the variance is Ho-optimal control [73]. Utilizing the LMI conditions for state
feedback Ho synthesis,® for each time instance ¢t > 0, design of a state feedback gain K; can be performed

by the following procedure.

6If we consider ST as the domain of the function —log det(-) then an extended real line is considered as the range of
—logdet(-), i.e., —logdet : ST — (—o0, c0].

"The perturbation or variation due to v;f is not controllable by using a state feedback controller.

8See [73] for details on Ha-synthesis problems.
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S1. Solve the following SDP for Z, X, and W: Minimize n subject to

X i T o
[Ag Bg‘] + [X ZT] ‘| +EET <0,
Z BiT
X (Ci+Diz)"
_ . -0, (10.43)
(Ci+ Diz) w
Te(W) < n,
X > 0.

Define the optimal solutions as Z,, X, and W,.

S2. Solve the following SDP for Z and W: Minimize 7 subject to

1l ar)
|4i Bi] +[x. 2] ||+ EIET <0,
BiT
X Ci 4 DiZ)T]
‘ * ‘ ( t t ) . 07
(Ci + DiZ) 114
Tr(W) <, (10.44)
yma Z
’ =0,
7T X, 57X,
SR - BT (BT (ARX. + BiZ)| 0
(AiX, + BiZ)" xux, |

for i = 1,2. Define the optimal solutions as Z* and W*.
S3. Compute the state feedback control gain K; = Z* X 1.

Once the state feedback gain K is fixed, the remaining problem is to determine the affine term v, solving

the constrained optimization (10.40) or (10.41), which can be performed, again, by using Algorithm 1.

10.3.5 Multi-step Maximization of Discrimination between Multiple Competing Faults
Using pgeo

Extension to when there are more than two probable fault scenario models is more complicated. One

strategy is to compute an optimal input u? for the j*" pair of faults and consider a convex combination

uy = Z?ﬁl Aju? where n, = p(p — 1)/2 refers to the number of pairs from p(> 2) models of faults under

consideration, and A;s satisfy A; > 0 and Z?; A; = 1. Due to convexity of the input constraint set U,

uy € U for every A; satisfying A\; > 0 and Z;ﬁl A; = 1. If the objective function is replaced by a weighted
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sum of distances 77 of the 4 pair, then a new objective is to find an optimal coefficients Aj’s satisfying
the convexity condition for uy. For notational convenience, consider a simpler form of optimization (10.35).

The resulting optimization of an optimal input design for maximizing fault isolation (discrimination) is

p
I
Jj=1
¥ := min 7,
i i y; &
, P ()T
i o (17 = 1y (un)) -0,
| (7 = gy (ur)) g (ux) ] (10.45)
[ , i T]
o (17 = g (un)) -0,
(17 = g (un)) S (un)
uy =Y Auls Y N =1, 4 >0,
j=1 Jj=1
where w; is the user-defined weight on the j' distance 7; for each j =1,...,n,, and the subscripts j; and ja

refer to the quantities associated with the j*" pair of two Gaussian distributions. The optimization (10.45)

can be solved by a similar iteration algorithm as Algorithm 1.

Remark 10.9. Extension to multi-step lookahead input design is not difficult and the receding horizon
method can be applied. For the state feedback gains K; in the multi-step prediction, the same aforementioned
design method can be used with which K is independent of K for all s > ¢ such that the sequence of feedback
gains K; can be successively designed, since the open-loop input v; does not change the variance of the state
and the output. However, note that time-varying state feedback can have high computational demand as

the number of decision variables increases linearly in the length of the prediction horizon.”

10.4 Optimal Input Design for FDD: Convex Relaxation

There can be situations when two or more hypotheses are nearly equally probable and so are not distinguish-
able from the current observable data because their predicted (hypothesized) distributions are quantitatively
very close. To resolve such difficult decision-making situations, we consider optimal input design problems
for which the control input maximizing detectability of faults is constructed while retaining desirable system
behaviors or minimizing degradation of system performance incurred by FDD. Most of the existing fault
diagnosis methods are passive in the sense that those diagnostic procedures are based on the observed data
for given inputs. The input design for fault diagnosis considered here is an active approach to facilitate

statistical decision location of the true fault. For two different models corresponding to different faults,

9Note that computing K using the method presented in Section 10.3.4 requires to solve LMIs and can be done in polynomial-
time. This implies that time-varying state feedback can be computed in real-time with a moderate size of the state variables
and the prediction horizon.
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sensitivity of the observables’ statistics to input changes can be substantially different from each other. The
inputs are changed within an allowable range of operation so that the resultant statistics of observables
predicted from different fault scenarios are notably different and the more probable fault scenario obtained
from hypothesis testing is diagnosed as a most likely estimated fault. The distinguishability between two

models of fault scenarios can be quantified by

6ij(2) £ p(payu (2| Hy), pam (2| Hj)) = 65i(z) or

6:5(2) £ p(prja(Hil2), pajL(Hjl2)) = 6;i(2)

(10.46)

where p(-,-) refers to a certain (symmetric) measure (pxr, Or pgeo) of distance between two probability

distributions.

10.4.1 Constraints on Predicted Controlled Trajectories

The constraints U and ) are assumed to be convex and several classes of those constraints considered here

are

Ur(7)') = {u s [lully <A1},

Use (Urmin, Umax) = {1 Umin < U < Umax},
(10.47)
A u
Us () = {u: flullz <5}
(5UIIIIH7 5umax) é {’LL : 5umin S Ui41 — Uy S 6umax}a

and

yoo(ymin7ymax) = {y * Ymin S Yy S ymax}7
Vo(v8) £ {y : llyll2 <23, (10.48)

y6 (5ymin7 5ymax) é {y : 5ymin S Yi+1 — Yi S 5ymax}-
The constraint sets i and Y can also be intersections of the constraints in (10.47) and (10.48), respectively.

Remark 10.10. The constraint s is also known as the plant-friendly constraint in literature [58,81,219,
307], which is mostly studied in the literature of optimal input design for system identification. The methods
in this chapter can handle the plant-friendly constraint in the time domain in its original form, which does

not introduce any further conservatism.

Remark 10.11. The ¢;-norm constraint on the control input, defined by ||u||; = ZzNzhl |u;|, can be imposed
to restrict or minimize the number of applied control actions. This can be considered as a convex relaxation of
the nonconvex constraint ||u|lg = Efi’l t0y(ui) where ¢ refers to the indicator function defined by ic(z) =1

if x € C and t¢(z) = 0 otherwise. This is called a parsimonious input constraint that corresponds to
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minimizing unnecessary interruption to process operation.

Constrained Optimization for Maximizing Model Discrimination Consider two models of faults
M; and M; corresponding to hypotheses H; and H;. The goal is to find optimum data z that solve the
constrained optimization

) . 10.4
Zgi[axxyp(pz|H(Z|Hz)7Pz\H(Z|HJ)) (10.49)

where U and Y refer to the input and output constraints, respectively, given in Section 10.4.1.

Lemma 10.5. Suppose that the control input « is independent of the output y, i.e., u is an open-loop

control. Then p(p,u(2|H;), pyu(2|H;)) is convex in z, or equivalently in wu, for any distance measure

p € {pBin, ¢, pBhat }-

10.4.2 Multi-step Lookahead Maximization of Distinguishability between Two Competing
Hypothesized Models

Consider the LTI system models (10.2). Then the concatenated output trajectory within the time interval

of prediction horizon [k + 1,k + my] is

Y, = Fallem, + Falw + FouWe o+ Fovi (10.50)

K,mMp K,mp

% a0 _ ) it % o0
where YN,mh - ynJrl:/ierh’ Uk,my = Uk:ik+mp—1, Wmmh - wn:/ijtmhfl’ Vn,mh - ,Uli+1ili+mh'

The corresponding mean and covariance of the predicted controlled output trajectory are given by

Hoeom = ElY 1 m,] (10.51)

and

%

En,mh £ E[(y/:,mh - Mfi,mh,)(yii{,mh - /u‘f{,mh)T} . (1052)

The covariance is independent of the control input sequence u, ,,, provided that it is open-loop control. For
notational convenience, rewrite

Hreomi, = Gulmy, + G- (10.53)

For optimality criteria for the control input maximizing the statistical distance between two hypothesized
system models, consider

Jij (uﬁ,mh,;p) = ([L’fg,mh)TP;](ﬂzj,mh) (1054)
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~aq A
where gt~ =

G = M, — 1, and each sz is defined by one of the positive-definite matrices:

(Efﬁ,mh)_l + (Z‘fjﬂ,mh)_l fOI' p = p?(vLe’

' ' (10.55)
(E/Z{,mh + Eljc,mh)il for P = PBhat-
Similarly, consider
Tig (W PRE) = A (1, ) 5, (B, )
_ ’ N N (10.56)
Jig (W3 PRE) = 1080 (0, ) 20, (),
which can be rewritten as the quadratic form
J (Wi, 5 P) £ Uz,mh Qpuym, + quun,mh +4p,0 (10.57)

where the super- and subscripts ij are dropped due to simplify notation. With this general form of optimality

measure, the resultant constrained optimization can be represented as

min  — J(Wu,m,; P)
Uk, my,
st Wem, €U, (10.58)

Gillem, +95L €Y,

where the output constraints are imposed on the expected output trajectory within the prediction horizon
interval [k + 1,k + my]. The symmetric matrix Q, in J(U,,m,;p) is positive definite for all p under con-
sideration, which implies that the optimization problem (10.58) is nonconvex since the objective function is

concave in Uy m,, -

10.4.3 Semidefinite Relaxation

The optimization problem (10.58) can be rewritten as
it = To(Q,Usm) — e, — s
K/,m,h
t. Upm, = r
S.t. K,mp — uﬁ7mh,ul<a,mh’ (10 59)
Uy m, €U,

Gy, + g €Y, k€ {i,j},
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where a dummy matrix variable U, ,,, is introduced and the first equality corresponds to the only nonconvex

relation. More general and explicit form of the optimization can be written as a (nonconvex) QCQP

min xT Ox
xX

st.xTAx >0, 0=1,.. ., Mg,
(10.60)

Bx >0,

—qpo —1/2q)

-1/ 29, —Qp
sets U and ) and the system matrices associated with the hypothesized models indexed by k € {i,j}. This

where Q £ , and the matrices Ay and B can be explicitly obtained from the constraint

(nonconvex) QCQP can be rewritten as

H%én Tr(QX)
st Te(A4X) >0, £=1,...,my,
BXe; >0,
BXB" >0, (10.61)
ef Xep =1,
X =0,

rank(X) =1,

where e; denotes the first standard basis vector in R™»+1,

By removing the (nonconvex) rank constraint, rank(X) = 1, the corresponding primal SDP relaxation is

min Tr(9X)
X
s.t. Tr(A,X) >0, £=1,...,mg,
BX@l > O7
(10.62)
BXBT =0,
el Xey =1,

X > 0,
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where e; denotes the first standard basis vector in R™»*!. Tts dual problem can be written as

S wieall
Mg
st. Q= vyere] + Y NAr+ B el +eip"B+BTYB,
=1
AN>0,0=1,...,m,, (10.63)
p =0,
Y =0

Remark 10.12. The semidefinite program (10.63) is the Lagrangian dual of the QCQP (10.60).

Using different measures defined in (10.56), the objective function in the SDP relaxation (10.62) can
be replaced by minx maxge(; ;3 Tr(Q*X) or minx minge(; ;3 Tr(Q¥X) where the symmetric matrices QF
can be computed from (10.56) and the associated system matrices for the hypothesized models indexed by
k € {i,j}. Notice that maxyey; j; Tr(Q*X) is convex whereas minye; ;3 Tr(Q¥X) is concave, which indicates

min max

a preference for pii" instead of pii.

Lemma 10.6 ( [196]). Consider a hypercube constraint U = U, (-,-) and Y = RN+, The performance

bounds achieved by the SDP relaxation is

™
* * *
sdp < chqp < 5 sdp*

Claim 10.1. For any constraints given in (10.47) and (10.48), there exists a constant ¢ > 0'° such that

sap < Jaeap < ¢Jiap:
10.4.4 Optimality Criteria for Model Discrimination with Multiple Hypotheses
Suppose that there are more than two candidate fault scenarios including the nominal operation, Hy =

{Hy,---,Hy}. For an optimality criterion that quantifies information included in the predicted input-

output data z € U x ), we propose to consider one of the following:

i. Maximizing the minimum statistical distance among the hypothesized models

zgilaxxy {j>i,?:nlr,1...,N} pij(z); (10'64)

10We observe that the constant ¢ could depend on the number of ellipsoidal constraints.
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ii. Maximizing the average statistical distance of the hypothesized models

N—-1 N

max S pila); (10.65)

=1 j>1

iii. Maximizing the weighted average statistical distance of the hypothesized models

N-1 N N-1 N
max Z Z%‘jpij(z), vij € [0, 1], Z Z%‘j =1, (10.66)
i=1 j>i i=1 j>i

min ,ave

where p;;(2) £ p(pau (2| Hi), poju (2| Hj)) with p € {pfi", o2, pBhat }-

Remark 10.13. Note that if p;;(-) are concave for all indices then the aforementioned optimizations (10.64),

(10.65), and (10.66) are all convex, provided that the constraint U x Y is convex.

10.4.5 Randomized Algorithms: Suboptimal Solutions

A randomized algorithm for computing a rank 1 solution from the optimal solutions X7, £ = 1,..., N, of

the SDP relaxation (10.62) is presented in [196,198]. Using a Cholesky factorization PX;PT = SIS, 1!
%¢ := Dsgn(S}¢),

where ¢ is a Gaussian random vector whose distribution is M'(0,1) and D > 0 is the diagonal scaling matrix
such that X satisfies the constraints in (10.60). An optimal scaling matrix may be defined by the convex
optimization

max ||diag(D)| (10.67)

s.t. X = Dsgn(SF¢), %, €C

where p € [1, 0] refers in the vector p-norm, C is the intersection of the quadratic and linear constraints
given in (10.60), and £ is a realization from the distribution N (0,1). Another method for computing a rank

1 solution from the optimal solutions X} of the SDP relaxation (10.62) is a biased randomized algorithm:
Xy = %¢ + Dsgn(S;€)

where X, is the singular vector corresponding to the largest singular value of PX}PT. Another method for

computing a rank 1 solution from the optimal solutions X} of the SDP relaxation (10.62) is

%y := %), + Dsgn(S} €)

11PX’lf PT is the matrix obtained by removing the first row and column of X5
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where X, = (X})2:n,,1 is the vector obtained from the first column vector of X} from which the first element

is excluded.

Remark 10.14. Since D depends on the random vector & ~ A(0,1), it is also a stochastic matrix.

By generating Ng samples {fn}nNil of £ from the distribution A/(0, 1), compute an approximate suboptimal

solution
T

1 1
X = arg rlnin Q (10.68)

n=1Ns 1% Xn

where X,, is a feasible solution for the constraints in (10.60) associated with the nth sample &,. The notation

%(Ng) can be used to denote its dependence on the number of samples.

10.5 Discussion

10.5.1 Simulation Results

To illustrate and compare the input design methods, consider fault scenarios for an aircraft system. The
numerical data are adopted from [32]. Consider a discretized dynamical system model for the longitudinal
aircraft dynamics, in which the sampling time is 0.5 sec. The state variables are z = [V, V,, w, 0, L
where V,,, V;, w = 0, 0, and L refer to the vertical velocity, horizontal velocity, pitch rate, pitch angle, and
altitude, respectively. The measurable outputs are y = [V, w|™. For nominal operation without any faults

corresponding to the hypothesis Hy, the resulting system matrices are

0.9985 0.1950 0 —0.161 0.005

0
—0.0325 0.8405  3.87 0 0 —0.09
A= 001 —0.0505 0.7855 0 0,B=|-058|, E°=1I;,
0 0 0.5 1.0 0 0
0.5 0 0 0 10 0
co_ |1 00000 o 0 Fo_q,
001000 0

Consider three different types of fault scenarios of the hypotheses and the associated system matrices given

by the followings:
o Hjy: Failure of the vertical velocity sensor

- M, = (A, B',C', D', E', F') where A' = A°, B' = B%, D' = D°, E' = O, F' = FO and C! =
00000 O
00100 ol
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o Hjy: Failure of the pitch rate sensor

- My = (A2, B2,C?, D% E? F?) where A = A%, B2 = B9 D?> = DO, F2 = E°, F? = FO, and C? =
10000 0
00000 O

o Hjs: Failure of the elevator actuator
- M3 = (A% B3,C3 D3 E? F3) where A2 = A°, C3 =(C° D3 =D E3=E° F3 =F and B? = 05;.
The inputs are assumed to be bounded in amplitude, Us(—1/2,1/2).

Example 10.1. Consider the two hypotheses H = {Hy, H,}. Fig. 10.1 shows the trajectories of inputs that
are computed from solving the associated convex relaxations of optimal input design problems with different
objective functions of statistical distance measures. Fig. 10.2 presents the resultant trajectories of V,,. Two
input designs induce an oscillation about the nominal value whereas one input design induces a bias.
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Figure 10.1: Input sequences obtained from the three design methods for H = {Hy, H1}.
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Figure 10.2: The expected trajectory of V, generated by the input design methods for # = {Hy, H1 }.
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Example 10.2. Consider the two hypotheses H = {Hy, Ho}. Fig. 10.3 shows the trajectories of inputs
that are computed from solving the convex relaxations of the optimal input design problems with different
objective functions of statistical distance measures. Fig. 10.4 presents the resulting trajectories of w.
Example 10.3. Consider the two hypotheses H = {Hp, H3}. Fig. 10.5 shows the input trajectories com-
puted from solving the associated convex relaxations of optimal input design problems with different statis-
tical distance measures. Figs. 10.6 and 10.7 present the resulting trajectories of V,, and w, respectively. The
optimal solutions obtained from the three different methods are identical for this example.

Example 10.4. Consider H = {Hy, Hy, Hy, H3}. Fig. 10.8 shows the input trajectories computed from
solving the associated convex relaxations of optimal input design problems with different statistical distance
measures. Since there are more than two models of hypotheses to compare, we solve a mini-max problem
for which an optimal solution minimizes the maximum among the statistical distance measures of each pair
of hypotheses. The number of pairs is N(IN + 1)/2 where N is the number of system models (or modes) for

hypotheses, which implies that the associated convex relaxation for a multiple hypotheses test can be still
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Figure 10.3: Input sequences obtained from the design methods for H = {Hy, Ha}.
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Method 1: using phat
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Figure 10.5: Input sequences obtained from the design methods for H = {Hy, H3}.
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Figure 10.6: The expected trajectory of V; generated by the input design methods for H = {Hy, Hs}.
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Figure 10.7: The expected trajectory of w generated by the input design methods for H = {Hy, Hs}.
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Figure 10.9: The expected trajectory of V,, generated by the input design methods for multiple hypotheses
H = {Ho, Hy, Hz, H3}.

solved in polynomial-time. Figs. 10.9 and 10.10 present the resulting trajectories of V,, and w, respectively,
in which sharp distinctions between the four models can be observed for all three input design methods. The
output V,, shows the distinct behaviors for the models My and M, whereas the models M; and M3 have the
same trajectory. The output w shows the different behaviors for the models M; and M3 whereas the models

My and Ms have the same trajectory.

10.6 Summary and Future Work

In this chapter, we considered optimal active input design problems for fault detection and diagnosis based
on Bayesian inference. The resulting optimization for input design is to maximize statistical discrimination

between models of hypotheses corresponding to fault scenarios, while requiring the controlled state/output
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Figure 10.10: The expected trajectory of w generated by the presented design methods for multiple
hypotheses H = {Hy, Hy, Ha, Hs}.

trajectories as well as the inputs remain certain bounds. Each model of a fault scenario characterizes a
random process of the measurable outputs and, to quantify the quality of the measurable data for FDD,
three different measures for the statistical distance between two random processes and two approximate
measures of them are considered. With such statistical distance measures, the original optimization is non-
convex even without any constraints, which would be computationally expensive, especially for multiple
hypothesis tests. First, we proposed a sequential SDP method to find a local optimum that can be further
improved by using multiple shooting or warm starts. In addition, closed-loop state feedback input design
problems are proposed, for which semi-chance constraints are introduced to impose bounds on the expected
controlled trajectories and their variances. Second, Convex relaxation methods were proposed that compute
approximate solutions for which the potential degree of sub-optimality is known in some special cases.

Simulation results are included to demonstrate the proposed active input design methods for FDD.
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Beliet Propagation and Optimization for

Distributed Fault Detection and Diagnosis

Abstract This chapter develops distributed Bayesian hypothesis tests for fault detection and diagnosis that
are based on belief propagation and optimization in graphical models. The main challenges in developing
distributed statistical estimation algorithms are (i) difficulties in ensuring convergence and consensus for
solutions of distributed inference problems, (ii) increasing computational costs due to lack of scalability,
and (iii) communication constraints for networked multi-agent systems. To cope with those challenges, this
chapter considers (i) belief propagation and optimization in graphical models of complex distributed systems,
(ii) decomposition methods of optimization for parallel and iterative computations, and (iii) distributed
decision-making protocols. This chapter discusses further research directions for efficient and proper use of

the proposed methods in distributed statistical inference.

11.1 Introduction

Stochastic inference using graphical models [63,283] have been important research topics in a variety of
disciplines that include signal processing [256], machine learning [87], and artificial intelligence [213]. For
the use of graphical models in statistical inference problems, optimal fusion of information and/or data over
networked agents that are individual decision makers or processors and the design of compromised inference
methods for distributed decision makers have far significant importance.

Pearl [213] referred to belief propagation (BP) as a message-passing algorithm for which local evidences
are exchanged as messages that are used to update local beliefs and to find fixed-points of iterations, corre-
sponding to marginal probability distributions of the node states. In a standard BP method for statistical

inference in a graphical model, agents on the nodes exchange messages with neighboring agents connected
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over the edges. The BP algorithm is known to provide exact marginal distributions when the graphical

model are tree-structured, i.e., of no cyclic loops [213]. In the presence of cyclic loops in a graphical model,

neither convergence nor optimally of BP methods can be, in general, guaranteed, although some empirical

studies on performance of loopy BP [188] and conversion to equivalent cycle-free graphical models [62] are

available.

The main challenges in the development of BP algorithms with general Markov and Bayesian graphical

models are

(i) Convergence Analysis: As previously mentioned, message-passing algorithms of BP do not generally

converge to a fixed point in the presence of cyclic loops.

(ii) Scalability: In a tree-structured graphical model, BP algorithms can find a fixed point in O(n) itera-

tions, where n is the diameter of the graph. However, calculation of posterior marginal probabilities on

nodes in an arbitrary Bayesian network is known to be NP-complete [59,238] and even an approximate

computation of posterior marginal probabilities is NP-hard [66].

(ili) Communication Constraints: Message-passing or information exchange over communication net-

works are not necessarily reliable, and communication bandwidth and energy constraints are typical

sources of degrading performance of networked inference algorithms [53].

To cope with the aforementioned difficulties confronted to BP methods for statistical inference in graphical

models, consider

— (i)

—(ii)

— (iii)

Belief Optimization: In [299], it was shown that BP fixed points correspond to the stationary
points of the Bethe free energy approximation for a factor graph. The associated constrained mini-
mization is called belief optimization (BO). This chapter presents statistical inference methods based
on the same principle that the joint probability distribution of the node states in a graphical model
is a minimizer of the free energy, and the beliefs, corresponding to marginal probabilities of the node
states, can be computed from minimizing approximate free energy such the mean field and Bethe free

energies. The resultant statistical inference problems are formulated as constrained minimizations.

Decomposition Methods of Optimization: Belief optimization is large-scale constrained mini-
mization that becomes intractable and non-scalable as the number of nodes and cardinality of the
node states increase. Since the coupling between marginal probabilities to be determined are con-
strained on the edges in graphical models, natural ways of reducing computational demand are to

use decomposition methods for optimization.

Distributed Decision Processes: In the presence of communication constraints, decision processes
and information exchange need to be localized and distributed for reliable statistical inference over

graphical models.
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The main applications of BP/BO methods of interest in this chapter are in the derivation of distributed
hypothesis tests for fault detection and diagnosis (FDD) in large-scale distributed dynamical systems. De-
veloping automatic monitoring, detection, and diagnosis of system faults has rapidly growing importance as
the size and complexity of systems increase. Most of existing methods for model-based FDD are centralized
schemes in the sense that the central decision maker can access all measurements and the decision goal is
to decide whether faults occur and determine the types and locations of faults. Distributed FDD is suit-
able for large-scale interconnected and networked dynamical systems such as multi-agent systems and power
grids. Furthermore, since not all measurements are accessible to local processors and computation nodes,
centralized FDD schemes may not be applicable to distributed systems. Belief propagation and optimization
provide naturally suitable ways of distributed statistical inference and decision making, for which graphical
models are used for representation of interconnections and networks of local sensors (measurements) and
processors (data/information processing), and belief consensus constraints are required to be satisfied by

exchanging messages for BP and by imposing public variable constraints for BO.

11.2 Belief Propagation in Graphical Models

BP algorithms are developed for graphical models. This section provides a concise discussion of graphical
representations and the corresponding BP methods for distributed inference problems. There are two types
of graphical models that are used to represent probabilistic and informational dependencies of random
variables—Markov networks and Bayesian networks. A Markov network is defined with an undirected graph
whose nodes correspond to random variables and the edges correspond to their probabilistic and information
dependencies. A Bayesian network is defined with a directed graph whose nodes correspond to random
variables and the arrows are used to denote causality constraints or class-property relations. Since a focus
on developing distributed Bayesian hypothesis tests for FDD using BP/BO, this chapter only considers
Markov network models. Many research monographs are available that provide a tutorial on graphical

models (see [56,63,283], for example).

11.2.1 Pairwise MRF

Markov networks (aka Markov random field (MRF) models) are suitable for representing conditional depen-

dencies of the node states.

Definition 11.1 (MRF). The random vector X is Markov with respect to the graph G = (V, E) if, for
any partition of the node set V into disjoint sets A, B, C in which B separates A and C, the degen-
erate random vectors X 4, Xp, X¢ corresponding to each node set are conditionally independent in the
sense that Pap|c (T, s|Tc) = Pajp(Talrs)Pojp(2e|Ts), or equivalently Pypo(2a|Ty, ) = Pajp(zalws) (or

symmetrically, Pojap(Tc|Za, Tv) = Pojp(Tc|xs)).
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The Hammersley-Clifford theorem provides a sufficient (and necessary) condition for which the joint

probability distribution of the node states can be represented as an MRF.

Theorem 11.1 (Hammersley-Clifford Theorem (see [56,215])). The random vector X is Markov w.r.t. the
graph G if (and only if for strictly positive probability distributions) its distribution can be factorized by a

product of variables restricted to cliques, i.e., the joint probability can be factorized as

P(x) = 7 [ el (11.1)

cec
where v = (3, [Toec Y (ze)) ™ and C refers to the set of cliques in G.

The c(z.) are called the compatibility functions that correspond to the marginal probabilities, and their
negative logarithms are referred to as potentials or potential functions, Vo(z.) :== —In¢c(x.) > 0. The

factorization (11.1) can be rewritten as
P(x) =~ (H 1/%(3%)) 1T vt z)) IT ve@o |- (11.2)
kev (i,5)€E CeC\V,E
Assumption 11.1 (Pairwise Potentials). Assume that either
(i) there is no clique with more than two nodes in the graph G, or

(ii) the potentials are only defined by the variable as a single node in V' or by the two variables as a pair

of nodes on an edge in F.
Under Assumption 11.1, there is no contribution of the last term in (11.2), i.e.,
P(x)=P(x) £y (H wk@ck)) IT wii ) (11.3)
kev (i,4)EE

where ]S(X) can be interpreted as an approximation of the joint probability distribution P(z) of the random

variable X that is Markov w.r.t. G = (E, V), up to the 2-cliques.

11.2.1.1 Graphical Models for Distributed Inference

The rest of this chapter assumes that there are local measurements (or evidences) y, € ) that are associated
with the node k € V. For any non-loopy graph, i.e, graphical models on trees, the compatibility functions
can be represented in terms of the marginal probabilities up to the 2-cliques: ¥y (xx) = pr(zr)p(yr|rk)

for k € V and vij(zi, 25) = pij(xi, 5)p(yi, yj|zi, 25) /pi(w:)p(yilzi)p; (z)p(y;lz;) for (i,5) € E. With this
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representation of the compatibility functions, P(X ) can be rewritten as

ij \Lis Lj i, Yj|Ti, Ty
—7<Hpkxk yk|33k> 1T Pis (i, 2)p (b U314, ) (11.4)
(

v s P (zi)p(yilzi)p; (25)p(y;lT;)

or

P(x) = 7 (H p($k|yk)> H DAz, 231, U3). (11.5)

hev p(zilyi)p(x;ly;)

where, with a minor abuse of notation, v might not be the same as the + in (11.3), but can be considered
as an equivalent partition function (value).

For the purpose of distributed statistical inference in a graphical model, a goal is to estimate the posterior
marginal probabilities, for which messages from the neighboring nodes are required to have sufficient statistics

of local measurements that can be considered as realizations from unknown probability distributions.

Problem 11.1. Consider an undirected graph G = (V,E). Compute (or approximate) the posterior

marginal probabilities

pr(@klyr, - syn), keEV (11.6)
where N = |V|.

To exactly solve Problem 11.1, the required property of a BP method is the relation of sufficient statistics

Pe(Trlyr, pr) = pr(zrlyr, -+ yn), keV (11.7)

where fu;, refers to the total messages delivered to the agent at the node k.

11.2.1.2 Distributed Belief Propagation

In the aforementioned BP algorithms, there are slightly different methods of computing messages to be
transmitted, which have different interests [299]: (a) the maz-product BP message is to obtain a global state
that is most probable in the Bayesian sense and consists of a local state maximizing the local belief, and
(b) the sum-product BP message is to compute marginal posterior probabilities, given the total evidence or

measurements that are available in the system. Their properties are clarified below.

The Max-Product BP A goal of a belief propagation algorithm for Bayesian estimation, particularly for

maximum a posteriori estimation, can be to achieve the relation

Br(z) = ay rgrgla;(pk (Tk, T—gly1, - ,yn), Vag, Vk€EV, (11.11)

L Agent k refers to a processor or decision maker at the node k.
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In a belief propagation algorithm, the belief at the node k in its state zy, is

Br(zk) o< Vi (k) H te—r(Zk) (11.8)
CeEN (k)
and the message from the node ¢ to the node k about the state zj can be either the sum-product BP message

pho—k (k) o< Z Yor (o, Tr) Ve () H Pu—se(Tp) (11.9)

Ty ueN(O)\{k}

or the max-product BP message

pr—sk (1) 0 max ek (e, 21 ) e () I e, (11.10)
‘ weN (O\{k}

where conditional dependence of the beliefs and messages on measurements ¥ = {y;}"_; is dropped to
simplify the notation.

for given total measurement data {yx} € Y, where each a4, is a positive constant that is independent of
the value of zj and results in Bi(-) € [0,1]. Alternatively, a slightly weaker relation is that, for given

measurement data {yy},

Br(z) < Br(z) = Iax P (x,z—kly1, - ,yn) < IaX P, (z,2—kly1, -+ yn), (11.12)

for all nodes k € V. Note that this relation ensures marginal maximum a posteriori (m-MAP) estimation,

ie.,

xy, = argmax S (x)

(11.13)

= arg mxa'xpk (LU, xik|y17 T 7yN)

and results in the joint MAP (j-MAP) estimator satisfying the relation
{zi} = argmaxp (w1, on [y, n). (11.14)

The Sum-Product BP Similar to the max-product BP algorithm, the goal of the sum-product BP is to

achieve the relation

Brl(wr) = ar > pr(we, z_klyr, -+ yn), Yk €V, (11.15)

T_
where the summation is computed for all realizations of the compound random vector xz_j and each «y is a
positive constant that is independent of the value of x and results in B (-) € [0, 1]. This algorithm estimates

the marginal posterior probabilities, for given total measurements.

Remark 11.1. A notable discrimination of the sum-product BP against the max-product BP is that the

combination of optimal m-MAP estimators z} = argmax, O;(z), where the beliefs are obtained from the
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sum-product BP, is not necessarily an optimal j-MAP estimation.

Iterative Message-Passing and Fixed Points The following algorithm is a standard asynchronous

iterative message-passing algorithm for belief propagation.

The belief at the node k in its state x; at time t is

V) ocvnm) T maae) (11.16)
LeN (k)

and the message from the node ¢ to the node k about the state x; at time ¢ can be either the sum-product
BP message update

e (@) o> tome m)e(we) [ w5P () (11.17)
7 weN (O\{k}
or the max-product BP message update
Hylk(mk) x nﬁxlﬁzk(u, z)be(we) H HS;?(W) (11.18)
weN (O)\{k}

11.3 Belief Optimization in Graphical Models

11.3.1 Bethe Peirerls Approximation to the Free Energy

In [297-299], it was shown that the fixed points of BP and its generalization are associated with extrema of
the Bethe and Kikuchi free energies, respectively. Below is a concise overview of some useful results from
statistical physics. In particular, the observation that statistical inference problems can be represented as
minimization of (approximate) free energy (see also [297,299]) motivates the study of various approximate

free energies.

11.3.1.1 Gibbs Free Energy in Statistical Physics
In statistical physics, the Boltzmann distribution law indicates that, for the energy E(x) associated with
some state or condition x of a system, the probability distribution of its occurrence is given by

p(x) = - exp(~B(x)/T) (11.19)

where Z denotes the partition function (constant) and 7T is the temperature that can be set to be 1
without loss of generality. Comparing this expression to the factorization (11.1) gives v = 1/Z and
E(x) = =Y ccenvo(ze) = Y oee Volze), ie., the total energy is the sum of the potentials over the
system. To compute the distance between the belief 8(x) and the true joint probability distribution, use the
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Kullback-Leibler (KL) distance defined by

D(Bllp) = 336 m
=) B)E(x +ZB )InB(x) +InZ

(11.20)

such that D(f||p) = 0 if and only if 3 = p and D(8||p) > 0 for all 5 € A where A refers to the set of
probabilities. Define the Gibbs free energy by

23 Bx)E(x) + Zﬁ )InB(x) = U(B) — H(B) (11.21)

such that D(B||p) = G(B) — F where F & —1In Z is called the Helmholtz free energy, and U(S) and H(3)

refer to the average energy and the entropy, respectively.

11.3.1.2 Approximate Free Energy

Previously, it was assumed that the joint probability p(x) is a function of the total energy function E(x).
Suppose that the system is of a pairwise MRF with the graph G(V, E) in which there is no potential related

to cliques with more than two nodes. Then the corresponding energy of such a configuration is

Z In ¢y (zg) Z In v (z;, x;). (11.22)
keV (i,75)€EE
A. The Mean Field Free Energy In mean-field theory, the joint distribution B(x) is approximated by

complete factorization, i.e,

~ [ Belaw). (11.23)

kev
With this approximate joint distribution under a pairwise MRF configuration, the mean-field average energy
is

U{Beteev) == > Brlzi) mibp(ze) — > > Bilwi)By(w;) Inahij(wi, 7)) (11.24)

keV xp (i,)€E ®iyx;

and similarly the mean-field entropy is

H({Behoev) ==Y > Brl(zr) In Be(r). (11.25)

keV

Note that the mean field free energy G = U — H is a function of the separate one-node beliefs Br ().
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B. The Bethe Free Energy For more general approximation, the joint distribution §(x) can be approximated

by the factorization with one- and two-node beliefs, viz.,

M jyer Big (@i z5)
[Trev Br(zg)a=—1

B(x) (11.26)

where g = |V (k)|. With this approximate joint distribution under a pairwise MRF configuration, the Bethe

average energy is

U({Btrev, {Biitaper) == D D Brlxr) In ()

keV

(11.27)
= DD Bijlwi ) by (ws, z;)
(4,J)€EE i,%;j
and similarly the Bethe entropy is
H({Br}rev, {Bij}ajer) = Z(Qk —1) Zﬁk(ﬂ%) In B (zr)
rev (11.28)

- Z Zﬂij(xi,xj)lnﬁij(xi,xj).

(i,J)€EE ®i,%;

Remark 11.2. In contrast to mean-field energy, the Bethe free energy is not generally an upper bound on

the true Gibbs free energy [299].

11.3.2 Belief Optimization

Consider the discrete random variables Xy € Xy = {Zx1, Tha, -, Tkn, } With probability one and | Xy | = ny
for each &k € V. For the sake of notation, assume that all the nodes have the same cardinality of their

supports, i.e., ny = n for all £k € V. Define the probability vector and matrix by

Br (ki)
Be & : , forkeV (11.29)
Br(Tkn)
and
Bij(wir, 1) - Bij(wir, Tjn)
Bij = : : , for (i, j) € E, (11.30)
5ij($imiﬂj1) 5ij(xinal'jn)

respectively. The Belief Optimization (BO) is to find {5y }rey minimizing G for the mean-field free energy

approximation or ({k}rev,{Bij}(i,j)cp) minimizing G for the Bethe free energy approximation.
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11.3.2.1 Minimization of The Mean Field Free Energy

A popular method of approximating a free energy is the aforementioned mean-field approach for which
an optimal configuration of beliefs, that is, an approximation of joint probability distribution, can be ob-
tained as a factorization (11.23) and the associated factors {Sy }rcy are optimal solutions of the constrained

minimization

st. "B =1, keV (11.31)

where U and H are given by (11.24) and (11.25), respectively. This optimization can be explicitly rewritten

as

min —Z&Tln%— Z @Tln%&—kz&Tm@

kevV (i4)€E kev (11.32)

st. BreA keV

where A 2 {p e R" : eTp =1, p; € [0,1], Vi}.

11.3.2.2 Minimization of The Bethe Free Energy

Similar to minimization of the mean-field free energy, an optimal configuration of beliefs, that is, an ap-
proximation of joint probability distribution, can be obtained as a factorization (11.26) and the associated

factors ({Bk}rev,{Bij},j)er) are optimal solutions of the constrained minimization
min G=U—-H

(11.33)
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where U and H are given by (11.27) and (11.28), respectively. The optimization can be explicitly rewritten

as

min 7Z&Tln%f Z [Bij 0 Inbyg]

keV (i,j)EE
+) M-8 " mBe+ D (B oyl
kev (i,j))eE T (1134)

st. BrEAkEV

6T@:&Ta @6:&3 (Zaj) S

where [A o B] = Tr(AT B) refers to entry-wise sum of the Hadamard (aka Schur) product A4 o B.

11.3.2.3 Minimization of The TAP Free Energy

The TAP (Thouless-Anderson-Palmer) approach that is used to approximate free energy in statistical
mechanics has been adopted to robust decoding and statistical inference based on belief propagation
(see [65,125,126], for example). An optimal configuration of beliefs, that is, an approximation of joint
probability distribution, can be obtained as a factorization (11.23) and the associated factors {3 }rev are
optimal solutions of the constrained minimization

min G=U—-H-T

(11.35)
st BheA keV

where T refers to the TAP-correction to the mean field free energy. This belief optimization based on the
TAP free energy approximation is similar to the mean-field free energy approach for which the marginal
probability distributions are assumed to be independent. In addition, the TAP free energy approach can be
considered as an approximation of the Bethe free energy approach up to the second order moment [287].
Due to its similarity to the mean-field energy approach and lack of accuracy compared to the Bethe free
energy approach, this chapter focuses only on using the mean field and the Bethe free energy approaches

and solving the corresponding constrained minimization problems.

11.4 BP/BO Approaches to Decentralized /Distributed FDD

This section develops decomposed methods to solve the optimizations in Section 11.3.2. In particular,
methods of dual decomposition (see Appendix B.1) that solve the associated large-scale optimization are

used for decentralized/distributed computations.
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11.4.1 Decentralized FDD: Dual Decomposition

11.4.1.1 Minimization of The Mean Field Free Energy
Consider the constrained minimization (11.32). This large-scale optimization over a graphical model can be
decomposed into separated constrained minimizations for which Agent 7 solves the optimization

min = fitngi— Y B gy i+ i i
Bis {Bj}ien () JEN(3) -

st. B €A (11.36)

B; = Bi, Vi € N(i),

where the second constraint corresponds to the consensus between the agents on edges connecting the node
of Agent i and N () refers to the set of agents neighboring Agent i.

For fault detection and diagnosis with multiple hypotheses, assume that each agent has the same bank of
hypothesized models and the objective of resultant distributed decision-making is to obtain optimal marginal

beliefs {f3; }icv that achieve consistency in localized estimations, i.e.,
Marginal Belief Consensus I: 5;(x) = 8(x), Yz € &}, Vi€V, (11.37)

which can be rewritten as

Bi =B, VieV, for some € A. (11.38)

Incorporating the consensus requirement (11.38) into (11.36) results in a decomposed optimization for which

Agent i solves

min — B; " Ine; + BT MiB; + B In B;
b8 = (11.39)
st. B =B €A,

where M; & -3 JEN() ln@ are nonnegative matrices since their entries correspond to compatibility func-

tions or constraints and can be normalized to be in the interval [0, 1] without deforming configuration of the
free energy with respect to the beliefs. Notice that the 3 is a global variable that is required to be the same

in all of the decomposed optimizations.

Case 1: [For M; = 0] If the pairwise compatibility matrix M; is positive semidefinite then the optimization
(11.46) is convex and can be solved by using iterative dual decomposition methods, for which computations
are decentralized for each Agent ¢ and belief consensus is achieved by iterations to find an optimal Lagrange
multipliers. For details of the use of dual decomposition methods and underlying theories, see Appendix

B.1.
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Case 2: [For M; =x 0] If the pairwise compatibility matrix M; is conditionally positive semidefinite over
the standard simplex A then the optimization (11.46) is convex, but checking if M; = 0 is NP-hard [189].
If a prior knowledge of M; =a 0 is available, then the same dual decomposition methods can be used as in
Case 1. If there is no coﬁition M; =a 0 a priori, then semidefinite programming relaxation can be used, in

the same manner as described in Case 3 below.

Case 3: [Indefinite 1/;] The optimization (11.46) can be rewritten as

r%h% —@Tln@+<%73i>+@Tln&

iy Py Di

st. fi=peA, (11.40)

Bip' =B,

where (X,Y) = Tr(X'Y). Since for any 8; € A,
BiBi" = B; <= Bje=p;, B; = 0, tank(B;) = 1, ¢"Be = 1, (11.41)

a convex relaxation of (11.40) can be

. . . .
g i =B b+ (M Bi) o+ B Iy
st. Bi=peA, (11.42)

Bie = Biy 6TBZ'€ = ]., B,L =B i 07

where the rank constraint is not imposed and B is a variable that all agents share, i.e., it is a global variable
that is required to be the same in the all of the decomposed optimizations. The optimization (11.42) provides
a suboptimal solution for (11.40) and the corresponding suboptimal value is a lower bound on the optimal
value of (11.40). The resultant optimization (11.42) is convex and can be efficiently solved to find suboptimal

solutions 3;* = 3 for all Agents i € V, such as by using dual decomposition methods (see Appendix B.1).
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11.4.1.2 Minimization of The Bethe Free Energy

Consider the constrained minimization (11.34). This large-scale optimization over a graphical model can be

decomposed into separated constrained minimizations for which Agent 4 solves the optimization

min _&Tln@— Z [@olnﬁ]

Bi by JEN())

+(1—¢)8" Inp; + [Bij o In B3]
o o jg;(i) = == (11.43)

st. Bi €A,

@e:@,jeﬂ/‘(i)

where the second constraint corresponds to the marginal probability constraint for the agents on edges
connecting the node of Agent i.

Similar to the mean-field energy approach, for fault detection and diagnosis with multiple hypotheses,
assume that each agent has the same bank of hypothesized models and the objective of the resultant dis-
tributed decision-making is to obtain optimal marginal and pairwise marginal beliefs ({8 }xev, {Bij}(i.j)er)

that achieve the consistency in localized estimations, i.e.,

Marginal Belief Consensus II: §;(z) = 5(z), Ve € X}, Vie V ( )
11.44

ﬂij(l'vy) = b(xay)7 Vo € Xiv Vy € Xja V(Z,j) € Ev
which can be rewritten as

B; = B,VicV, for some 8 € A
o - (11.45)
Bij = B, ¥(i,j) € E for some B € Q

where Q 2 {A € R*™ : Ae = p and eT A = q for some p,q € A}.

The use of Bayesian hypothesis tests for FDD needs special attention, for which the hypotheses at the nodes
are homogeneous. The pairwise marginal distributions {@}(m)e g are required to satisfy the conditions
Bij(x,y) = 0 for all x # y for all (i, j) € E, which implies tgt the off-diagonal entries of j3;; are zeros for all
(i,4) € E, or equivalently, the matrix B in (11.45) is a diagonal matrix. -

Incorporating the consensus requirement (11.45) into (11.43) results in a decomposed optimization for

which Agent 7 solves

min —@Tln@—@T%—i—@Tln@
b8 (11.46)

st. Bi=B€A,
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where a; £ JEN() ln(diag[@]) and diag[A] denotes the vector whose elements are the diagonal entries
of A in order. The resultant optimizations (11.46) are convex and can be efficiently solved to find global
consensus optima &* = B for all Agents i € V, such as by using dual decomposition methods (see Appendix

B.1).

11.5 Discussion

This section discusses several issues on the use of belief propagation for distributed statistical inference, and
presents some open questions that are not fully answered in this chapter. The purpose of these discussions

is to suggest future research directions for extensions and applications of BP/BO methods.

11.5.1 Unresolved Problems

For proper usage of belief propagation and optimization to tackle distributed statistical inference problems,

some underlying assumptions of BP/BO methods need to be further investigated.

11.5.1.1 Correlated Measurements

Most of research works in the literature of belief propagation assume that each local measurement is condi-
tionally independent given the other states at V' (even given the states at its neighborhood). In other words,

the likelihood functions have the relations

p(yklzr, 2—k) = p(yklzr), VEEV. (11.47)

This assumption would be valid only for some special cases such as when the sensors are static (memoryless)
and each source of uncertainty is localized. To see the role of this assumption of conditional independence

in belief propagation, consider the next example of sensor fusion.

Example 11.1. Consider the Markov network model of sensor fusion depicted in Figure 11.1. Messages

from Agents 2 and 3 to Agent 1 are computed by

i (xa) oc Y p(xalxg)p(xglyy), for j = 1,2, (11.48)
x;€X;

where {y;} are the local measurements that are available to Agents j. Note that this is a marginalization

and results in

:u‘j—>1(xl) & p(xl‘yj)7 for ] = 1a25 (1149)
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with the resultant belief

51(X1) X p(X1|y1)M2—>1(X1)M3—>1(X1)

(11.50)
o< p(x1]y1)p(x1]y2)p(x1]ys).
Under the assumption of conditional independence (11.47), the belief can be rewritten as
Bi1(x1) o< p(x1ly1, Yo, ys) (11.51)

that is, the marginal probability of the state of Agent 1 for given total measurements. The marginal

probabilities of Agents 2 and 3 can be computed in similar ways, viz., 82(x2) x p(X2|y1, y2, y3) and B3(x3) x

p(x3|y1, Y2, y3).

In the previous example, notice that without assuming or guaranteeing conditional independence, the mes-
sages ftj;(x;) for ¢ # j = 1,2,3 result in the beliefs f5;(x;) ]_[3:1 p(x;ly;) that are not the same as the
desired relations f3;(x;) o< p(X;|y1, Y2, y3)-

Fortunately, for the case of homogeneous hypotheses in graphical models, the likelihood functions (11.47)

have the relations

p(yk|Tr, 2—k) = p(yk|zK) H (zk,zj), VEkEV, (11.52)

where 0(x,y) refers to the standard scalar Dirac delta function. This fact implies that, for Example 11.1,
the message-passing algorithms (11.48) achieve the correct beliefs (11.51) only if they satisfy the additional

conditions of marginal belief consensus, viz., 8;(x) = f2(x) = f3(x) for all x € X.

11.5.1.2 Pre vs. Post Data Processing and Information Fusion

The primary goal of message-passing algorithms is to provide sufficient statistics for computations of marginal
probabilities. In the context of belief propagation, sufficient statistics of messages are properties that ensure

the relations

Bi (xilyi, {pj—itienay) = p(xilY = {y; ?:1) , Vx; € X, Vi=1,--- ,n. (11.53)

Message-passing algorithms can be considered as post data processing for information fusion, whereas trans-
mitting raw data, not subject to any data processing, is a naive method for computations of marginal
probabilities. Due to communication bandwidth limitations and cost of data storage, transmission of raw
data is not practical nor efficient.

In belief propagation algorithms based on graphical networked models, reducing communication costs

is of primary interest. Reducing the size of transmitting messages with guaranteed exactness of resultant
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Figure 11.1: A schematic of a Markov network for sensor fusion. The solid arrows correspond to
communication links and the dotted arrows correspond to measurement mechanism. S: Sensor, P:
Processor, S: Receiver, T: Transmitter, and E: Evidence (or Observational Event).

statistical inference is to compute the smallest sufficient statistics.

11.5.1.3 Suboptimality of Consensus Algorithms

There was much research effort that studies convergence of message-passing algorithms in terms of properties
of the graph G = (V, E) (see [2,182,206], for example). Notice, however, that convergence does not imply
optimality in general. Furthermore, such suboptimality can result in an arbitrarily bad decision whenever
the estimation problem is connected to an optimal control problem, in which inaccurate belief can deviate
the resultant decision from an optimal decision such that the achieved performance can be significantly
worse off. In [206], the average-consensus algorithm and a belief propagation method are combined—such
an algorithm was refereed to as belief consensus. This belief consensus has many benefits such as scalability
and convergence under varying network topology. However, [206] did not provide any analysis of optimality
and sub-optimality of their methods for distributed hypothesis tests. Notice that convergence or consensus

of beliefs or messages does not necessarily imply optimality of the resultant hypothesis testing.

11.5.2 MAP Consensus

In Section 11.4, belief consensus constraints—conditions of (11.37) for the mean-field energy minimization
and conditions of (11.44) for the Bethe free energy minimization—are incorporated into belief optimization
to reach agreement in marginal and pairwise marginal probability distributions of multiple hypotheses for
given total measurements.

A popular statistical inference problem is to find a state that is the most probable from a probability
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distribution for given measurements. For graphical models of distributed hypothesis testing, such a state
can be obtained from m-MAP or j-MAP estimation. Recall that an m-MAP estimator is a process to
find state variables associated with the nodes in a graphical model such that the corresponding marginal
posterior probabilities have maximum values for given total measurements. Similarly, but slightly differently,
a j-MAP estimator is a process to find a configuration of state variables in a graphical model such that the
corresponding joint posterior probability is a maximum for given total measurements. For this purpose of
inference, the aforementioned max-product BP algorithms can be beneficial—using the max-product BP can

reduce the communication costs, while the computational burdens of local processors would increase.

11.6 Summary and Future Work

This chapter has developed methods for distributed Bayesian hypothesis testing, particularly, for applica-
tions to distributed fault detection and diagnosis in large-scale networked systems. The presented methods
are based on belief propagation and optimization and use graphical models to represent the systems of con-
sideration. The resultant estimation problems reduce to the solution of distributed optimization for which
the idea of belief optimization is adopted to use the concept of minimization of free energy to find an optimal
probabilistic configuration of the state variables in Markov random fields. For distributed computations of
the associated constrained minimization problems, dual decomposition methods are used, which provide
benefits of scalability and convergence.

Several issues in the efficient and proper use of belief propagation and optimization for distributed statisti-
cal inference problems are discussed. Future research directions would be (a) to develop further generalization
of belief optimization using the concepts of region-based free energy representations, which are extensions
of pairwise potential energy descriptions, and (b) to evaluate exactness and compute approximation errors

of an estimator that is obtained from minimizing an approximate free energy.
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o 1 2

CONCLUSIONS

This thesis has developed several model-based analysis, control, and estimation methods for both deter-
ministic and stochastic uncertain dynamical systems. Part I extended and customized existing theoretical
developments to delve further into the analysis and control of certain structured and characterized deter-
ministic uncertain systems having additional properties that can be exploited. Part IT employed spectral
methods known as generalized polynomial chaos expansions for approximate quantification of stochastic
uncertainties that are propagated through stochastic dynamical systems. In Part III, statistical inference
problems in the basis of Bayesian theory were considered for the purpose of fault detection and diagnosis,
for which multiple hypotheses of stochastic dynamical systems are assessed to find an optimally probable
model of an event of faults, based on available observations and monitoring processes.

Chapter 2 presented a characterization of the solutions for copositive Lyapunov inequalities. It was
shown that the extreme rays of solutions for copositive Lyapunov inequalities are indeed dyadic products
of the co-state corresponding to Lagrangian dual variables that satisfy semi-algebraic conditions, which are
polynomial-time verifiable under a mild assumption on the cone.

Chapter 3 considered uncertain linear descriptor systems of which unified and generalizable conditions for
robust stability and performance were developed. The presented tests were coupled linear matrix inequalities
and equalities that are computationally tractable via existing interior-point methods. Applicability of the
full block S-procedure and its extensions to structured uncertain linear descriptor systems was supported.

Chapter 4 considered the reliability analysis of controlled systems with and without model uncertainties
and provided necessary and sufficient conditions for robust fault-tolerant stability and performance under
constant but unknown gain variation for uncertain systems that are affected by real parametric and complex
dynamic uncertainties. The proposed conditions were represented in terms of the structured singular value
whose upper- and lower-bounds can be computed in polynomial-time by using existing numerical methods.
For illustration of the application of the proposed reliability conditions, numerical case studies for high-purity

distillation column and parallel reactors with combined precooling were provided.
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Chapter 5 presented a nonlinear internal model control scheme for stable Wiener systems that ensures
robustness of closed-loop stability and performance to uncertainties in the inversion of the static nonlinearity.
The proposed nonlinear IMC procedure was shown to be computationally tractable and applicable to stable
Wiener systems with unstable zero dynamics, unmeasured states, disturbances, and measurement noise. The
generalization of our approach to Hammerstein and Sandwich models is straightforward, and can be used to
explicitly incorporate actuator constraints into the nonlinear controller design.

Chapter 6 provided a comprehensive overview of research related to the computational complexity of
robustness margin calculations. This chapter collected together many results that are not well known in
the literature, including that the cost of the structured singular value calculation scales by the rank of the
nominal matrix, and that in worst case the widely used upper bound for the structured singular value can
be arbitrarily far off. The chapter also represented approaches for the extension of past results, including
randomized algorithms and polynomial chaos.

Chapter 7 considered generalized polynomial chaos (gPC) expansion approaches that can be used to
approximate the functional dependence of dynamical system properties on uncertainties that are random
variables for stochastic control problems as a means of replacing or facilitating MC simulation methods.
This chapter presented stochastic optimal control problems by using gPC in which the cost function and
probabilistic constraints can be reformulated as the constraints over the coeflicients of gPC expansions.

Chapter 8 developed a new approach for stochastic model predictive control (MPC) problems in the
presence of both parametric model uncertainty and exogenous stochastic disturbances. To approximate
the solution of a stochastic differential equation and solve the corresponding stochastic MPC problem, gPC
expansions were applied and constraints corresponding to the probability of safety /collision were imposed on
the approximately predicted controlled trajectories, based on the model of a stochastic differential equation.
It was also shown that concentration-of-measure inequalities combined with the Boole inequality can provide
conservative probabilistic certificates for chance constraints of polyhedral inequalities, for which applications
of the gPC expansions can be straightforward.

Chapter 9 presented a concise overview of Bayesian hypothesis testing, and discussed some open research
directions for robust hypothesis tests and model-based real-time reliable optimal control methods that in-
tegrate estimation and control tools. Due to sensitivity of Bayesian hypothesis tests against lack of precise
knowledge of the priors and proper choice of misdecision penalties, careful assessment of performance of the
resultant statistical inference and decision is required.

Chapter 10 developed optimal active input design methods for fault detection and diagnosis (FDD) of
Bayesian inference. The proposed design of optimal probing inputs was to maximize statistical discrimination
between models of hypotheses corresponding to fault scenarios, while requiring the controlled state/output
trajectories as well as the inputs remain within certain bounds. Different measures of the statistical discrim-
ination between random processes or stochastic dynamical systems were considered. The first approach to

design optimal probing inputs for FDD was to use a sequential SDP method to find a local optimum that
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can be further improved by using multiple shooting or warm starts. The second approach was to use convex
relaxation methods that compute approximate solutions for which the potential degree of sub-optimality is
known in some special cases.

Chapter 11 developed methods for distributed Bayesian hypothesis testing in consideration of applications
to distributed fault detection and diagnosis in large-scale networked systems. The methods were developed
in the basis of belief propagation and optimization in which graphical models were used to represent the
systems of consideration. For distributed computations of the proposed constrained minimization problems
to find an optimum hypothesis or achieve belief consensus in probabilities of hypotheses, dual decomposition
methods are used, which provide benefits of scalability and convergence.

As a concluding remark, the main research themes of this thesis were to exploit characteristics and
properties of uncertainties in dynamical system models to construct computationally efficient analysis and
control methods for the actual systems that are presumed to be in the set of uncertain models, without

changing their fundamental physical nature.
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Appendix

Mathematical Backgrounds

A.1 Background on Computational Complexity Theory

This Appendix provides a compact introduction to computational complexity theory. Computational com-
plexity theory allows a characterization of the inherent difficulty of calculating the solution for a problem
under study. Problems (or equivalent versions of the same problem) are generally characterized as being
in one of two classes: P or NP-hard. The class P refers to problems in which the exact time needed to
solve the problem can always be bounded by a single function that is polynomial in the amount of data
needed to define the problem. Such problems are said to be solvable in polynomial time. Although the exact
consequences of a problem being NP-hard is still a fundamental open question in the theory of computational
complexity, it is generally accepted that a problem being NP-hard means that its solution cannot be com-
puted in polynomial time in the worst case. It is important to understand that being NP-hard is a property
of the problem itself, not of any particular algorithm. It is also important to understand that having a
problem be NP-hard does not imply that practical algorithms are not possible. Practical algorithms for
NP-hard problems exist and typically involve approximation, heuristics, branch-and-bound, or local search.

Determining whether a problem is polynomial-time or NP-hard informs an engineer working on large-
scale systems of the computational efficiency that can be expected by the best algorithms, and what kinds

of algorithms to investigate for providing practical solutions to the problem.

A.1.1 Optimization Problems

An instance is defined to be all of the information needed to define a computational problem, whereas the
size of the problem can be defined in a number of ways, such as the number of elements in a vector that

contains all of the input data for the problem, or the number of rows in a matrix which contains most of the
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data. Consider the optimization problem defined by

21612 c(x) (A1)

where each instance is a pair (X, ¢) and X is the set of feasible solutions and c¢ is a cost function ¢ : X — R.
Assume that X is non-empty and compact.

From this assumption and the Weierstrass theorem [161], the supremum is achieved by at least one z € X
so that the supremum can be replaced by the maximum.

A maximization problem can be written in one of the following versions [211, Chapter 15]:
P1. The optimization version: Find an optimal solution z* € X’ such that ¢(z) < ¢(z*) for all x € X.
P2. The evaluation version: Compute the optimal value ¢* = ¢(z*) of an optimal solution.

P3. The recognition version: Given k, determine whether there is a feasible solution z € X such that

c(z) > k.

The recognition version is important for studying the complexity of an optimization problem, since it is
the type of problem traditionally studied by the theory of computation [211, Ch. 15]. Unlike the first two
versions, the recognition version is a question, which is answered by true (1) or false (0). Namely, difficulty

of solving problems are ordered as P3 < P2 < P1.

A.1.1.1 The Classes P and NP

The definition of the recognition version of optimization problems allows the classification of the kinds of
problems according to their computational complexity. The class P denotes the class of recognition problems
that can be solved by a polynomial-time algorithm, i.e., given an instance, there is an efficient way for telling
whether the answer is true or false. NP is a seemingly richer class of recognition problems and, for a
problem to be in NP, it is not required that it can be answered in polynomial-time by an algorithm. It is
only required that, for a yes instance of x, there exists a concise certificate for this x such that it can be
checked in polynomial-time for validity [211, Chapter 15.3]. This condition is referred to as polynomial-time
verifiability and this definition naturally implies that P is a subset of NP, i.e., PCNP, and it is believed
that this relation is strict, i.e., PANP. The complement of NP is denoted by co-NP and a co-NP problem
would be related to the optimization problem to determine ¢(z*) < k for a given constant k. It can be only
answered when the optimal value ¢(z*) is evaluated. This problem appears to be more difficult than verifying
if the recognition version is in NP. For this reason, researchers believe that NP#co-NP. Figure A.1 shows

the relations between complexity classes of recognition problems.
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NP co-NP

Figure A.1: Relations between complexity classes [211, Fig. 16.1].

A.1.1.2 Polynomial-time Reductions

It might be the case that solving an optimization problem becomes easy once an efficient algorithm is

available for solving another problem.

Definition A.1. [211, Defn. 15.2] Let Ry and Ry be recognition problems. Then R; is said to reduce in
polynomial time to Ry if there exists a polynomial-time algorithm for R; that uses an algorithm for Rs in a

subroutine.

If Ry reduces to Ry and there is a polynomial-time algorithm for Ry then there is a polynomial-time algorithm

for Ry too. Next consider the concept of polynomial-time transformation.

Definition A.2. [211, Defn. 15.3] A recognition problem Ry polynomially transforms to another recognition
problem Rs, if, for a given instance x, a new instance y for Ry can be constructed within polynomial time

(in the size of x) such that x yields a true instance of Ry if and only if y gives a true instance of Rp.

A.1.1.3 NP-complete and NP-hard Problems

NP-complete problems are the hardest problems in NP. Examples of problems that are NP-complete are
the traveling salesman problem, the max-cut problem, and the indefinite quadratic programming problem.
Essentially everyone familiar with computational complexity believes that NP-complete problems are harder

L Any problem that is at least as hard as an NP-complete problem is said to be NP-

than P problems.
hard. An NP-hard problem can refer to much broader classes of problems than recognition problems. In
particular, if the recognition version of an optimization is NP-complete, then the corresponding evaluation

and optimization versions are NP-hard.

A.1.2 Three Well-known Example Problems that are NP-complete or NP-hard

In order to establish NP-hardness of a problem P, it suffices to demonstrate that a certain problem P,

that has been proven to be NP-complete can be reduced to the problem P in polynomial time. Some well-

1 Although there is no formal proof.
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known NP-hard and NP-complete problems are described that are useful in showing that robustness margin

problems are NP-hard.

A.1.2.1 Indefinite QPs and QCQPs

This section defines the real quadratic program (QP), real quadratically constrained quadratic program

(QCQP), and complex QCQP.

Problem A.1 (QP). Given a real symmetric matrix A € R"*"™ a real vector p € R", a real scalar ¢ € R,
and real vectors b and b" with b' < b", determine whether there exists 2 € R™ such that b' < z < b and

|mTA;U +2pTx + c’ > k for a fixed constant & > 0.

Problem A.2 (QCQP). Given real symmetric matrices Q; € R™*", complex vectors ¢; € R™, and complex
scalars d; € R for i = 0, ..., m, determine whether there exists € R™ such that b' < xTQix+2q;rx+di < b

foralli=1,...,n, and ’xTQOx +2q8z + do‘ > k for a fixed constant k& > 0.

Problem A.3 (Complez QCQP). Given complex hermitian matrices Q; € C"*™, complex vectors ¢; € C",
and complex scalars d; € C for ¢ = 0,...,m, determine whether there exists z € C” such that b' <

|[*Qix 4+ gfx +d;| < b forall i =1,...,n, and |2*Qox + ¢z + do| > k for a fixed constant k > 0.

Remark A.1. No “complex QP” problem is defined since any constraint on the magnitude of a complex

vector z € C™ or a linear combination of its entries reduces to a quadratic constraint on x, resulting in a

complex QCQP.

Remark A.2. Notice that Problem A.1 is not a special case of Problem A.3, since they have different fields,
R and C, respectively. The complexity of decision problems can be switched from NP to P or from P to NP,
when the underlying field is changed.

Lemma A.1. The QP problem A.1 is NP-hard.

Proof. Consider an indefinite real quadratic program

n 2 n
q = Ognﬁ)g(l (z; riT; — 7“0) + Z;xl(l — .Z‘z) (A.Q)
1= 1=

where r; € Q for ¢ = 0,...,n. Murty and Kabadi [189, Lemma 1] show that the recognition problem “q > k”
for a fixed constant k is NP-hard. Since this problem is a special case of Problem A.1, Problem A.l is

NP-hard. QED

Lemma A.2. The QCQP problem A.2 is NP-hard.
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Proof. Consider an indefinite real quadratic program

n 2
q ‘= max Zmﬂ?i - T‘o)
0<z;<1 <¢_1 (A.3)

subject to x;(1 —z;) =0, i =1,...,n

where r; € Q for ¢ = 0,...,n. This problem is indeed NP-hard, since it is polynomially equivalent to
(A.2) [211]. The quadratic equality constraint z;(1 — z;) = 0 is equivalent to two quadratic inequalities
x2;(1 —x;) <0 and z;(1 — ;) > 0. Therefore, this NP-hard problem can be reformulated as a QCQP in
polynomial time, which implies that the real QCQP problem A.2 is also NP-hard [36,211]. QED

Lemma A.3. The complex QCQP problem A.3 is NP-hard.

Proof. Consider an indefinite complex quadratic program

‘= ma ¥ Ax A4
q \xilgl,fiEC‘ | (A.4)

where A € C"*". Toker and Ozbay [267, Lemma A.3] show that the knapsack problem, which is NP-hard,
can be written as problem (A.4). This observation implies that the recognition problem “g > k” for a
fixed constant k is NP-hard, which implies that the more general complex QCQP in Problem A.3 is also
NP-hard. QED

A.1.2.2 Knapsack Problems

Define the following two knapsack problems.?

Problem A.4 (Knapsack 1). Given a positive integer n and a rational positive vector a € R™ with ||a||s <

0.1, determine whether the equation > ; a;z; = 0 has a solution with = € {—1,1}".

Problem A.5 (Knapsack 2). Given a positive integer n and a positive integer vector a € Z", determine

whether the equation > ; a;z; = 0 has a solution z € {—1,1}".
Lemma A.4. Problems A.4 and A.5 are NP-complete.

Proof. See [93, Sec. 3.2] for proofs. QED

A.1.2.3 Max-cut Problem

Another well-known NP-complete problem is the maz-cut problem. Let G = (V, E) be a graph with vertices
V and edges E, and w : E — R be a weight function defined on the edges of the graph. For a given subset

2These problems are also known as subset sum problems.
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of vertices, N C V, the mazimum cut in the graph with respect to the weight function w is defined as
MC(G) = maxgcn w(dS), where S is the set of edges with one vertex in S and the other vertex in N\S,
and w(D) := ), pw(d) for a subset D C E.

Problem A.6 (Maz-cut). Given a graph G = (V, E) and a weight function w : E — R, compute MC(G).

The max-cut problem is known to be NP-hard [93].

A.2 Generalized Copositive Programs in Control and Systems Theory

This appendix collects mathematical results associated with a promising research direction on the use of
copositive programming in systems and control theory. In particular, we focus on mathematical programs
related to tests of conditional definiteness of given matrices. Computational challenges of checking cone-
positive definiteness motivates development of convex relaxation in the basis of copositive programming.
However, the associated copositive programs still remain to be NP-hard and polynomial-time computable
semidefinite programming (SDP) relaxation can be considered as an efficient certificate, while the resultant

conservatism needs to be further investigated.

A.2.1 Generalized Copositive Programming

Copositive programming is a class of conic programming that generalizes linear programming and semidefi-
nite programming, A copositive program is optimization over the cone of the so-called copositive matrices.
Similar to semidefinite programming, copositive programming has particular importance in application to
combinatorial and quadratic optimization (see [38,74,194], for example).

The set of copositive matrices defines a cone.

Definition A.3 (Cone of copositive matrices). The cone of copositive matrices is defined as the set of

matrices whose quadratic form takes nonnegative values on the positive orthant R}, viz.,
KRY) £ {AesS”™:2TAz >0,Vz eRY}. (A.5)
The dual cone of IC(R"}) is obtained by
K(RY)® = Conv{zz" : 2 € R }. (A.6)

Let define the cone of positive semidefinite matrices and the cone of nonnegative matrices in S"*" as
S84 and Py, respectively. It is straightforward to see that these two cones are self-dual, i.e., S = Sy and

P = P4, whereas the cone K(R?}) is not self-dual, but indeed satisfies the relation IC(R%)® C L(R%}). In
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particular, we have the relations

KRY)® C (S NPy) and Sp + P CK(RY)

(A7)

where the subset relations are known to be strict for n > 5, while we have the equality in the above relations

for n < 4 [173].

Definition of the aforementioned cone of copositive matrices can be generalized to define a cone of matrices

whose quadratic form takes nonnegative values on the cone C C R™, namely,
K@) & {AecsS™ " 2TAx > 0,Vz € C}
and its dual is similarly obtained as
K(C)* = Conv{zz" : z € C}.
A cone program is a linear optimization problem in matrix variables of the standard form

min (C, X)
s.t. <A“X> :bi, i:L...,m,
Xek

where /C refers to a cone. With regard to the types of the cone K, we have the hierarchy relations
LP ¢ SOCP c SDP ¢ COP c g-COP C CP

where classifications of cone programming follow

LP: (A.10) with K = P, ,
SOCP: (A.10) with K = S5,
SDP: (A.10) with K = Sy,
COP: (A.10) with K = K(R?),
g-COP: (A.10) with K = K(C),
CP: (A.10) with K

(A.8)

(A.10)

(A.11)

(A.12)

with S, £ {(z,7) € R" ! x R : ||z||, < 7} known as the Lorentz cone or ice cream cone (for p = 2) and the

cone K considered in CP can be any one of types of aforementioned cones or, more generally, a Cartesian

product of aforementioned cones.
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The dual program of a cone program that can be straightforwardly obtained from the Lagrangian approach

is a cone program having the form

m
min Z biyi
i=1

s.t. C — iyzAz ek

i=1

(A.13)

where KC® refers to the dual cone of K.

With regard to the use of interior-point methods to solve the primal (A.10) and dual (A.13) optimization
of cone programming, the associated optimization is polynomial-time solvable only if there exists a self-
concordant barrier function, that can be evaluated in polynomial-time, for the cones K and K*® (see [197] for

further details of polynomial-time interior-point methods for convex optimization).

A.2.1.1 Tests for Conditionally Definite Matrices

This subsection presents several results related with conditional definite matrices. The readers are further
referred to [118] for an extensive survey on the results related with conditionally definite matrices and

[129,130] for tests of copositiveness of symmetric matrices.
Definiteness on a Subspace Consider a subspace S(B) C R" defined by
S(B) & {r € R" : Bx =0} (A.14)

where B € R™*" with m < n and Rank(B) = m.

Definition A.4. A matrix P € S"*" is said to be S(B)-positive definite and denoted by P =g(p) 0 if
(x, Px) >0, Yz € S(B) \ {0}. (A.15)
Similarly, if
(xz,Px) >0, Yz € S(B) (A.16)
then P € S™*™ is said to be S(B)-positive semidefinite.

Lemma A.5 (Finsler’s Lemma [19]). Consider a symmetric matrix P € S**" and a subspace S(B) € R"

defined above. Then the following statements are equivalent:
i) The matrix P is S(B)-positive definite, i.e., (x, Px) > 0 for all z # 0 such that Bz = 0.

ii) (B+) PB* » 0 where BB+ = 0.
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iii) There exists a constant py > 0 such that P + pBTB = 0 for all p > po.

iv) There exists a matrix X € R"*™ such that P+ XB + BTX™T =~ 0.

Definiteness on an Affine Set Consider an affine set A(B,b) C R™ defined by
A(B,b) £ {x € R" : Bx = b} (A.17)

where B € R™*" with m < n and Rank(B) = m, and b € R™.3 Suppose that the affine set A(B,b) is

nonempty.* Then there exists g € R™ such that Bxy = b.

Lemma A.6. Consider a symmetric matrix P € S"*™ and an affine set A(B,b) € R™ defined above. The
matrix P is A(B,b)-positive definite, i.e., (x, Px) > 0 for all x such that Bx = b, if and only if

<$0|Pl‘0> <P$Q|

ey | e 2 o). o
0

where zg € A(B,b) can be an arbitrary finite vector and the bra-ket notation is used to refer to the inner

product of two vectors for convenience.
Remark A.3. For a given symmetric matrix P € S"*", the tests for S(B) and A(B,b) definiteness are

polynomial-time solvable, which follows from Finsler’s lemma and the existence of polynomial-time evaluable

self-concordant barrier function for the positive semidefinite and definite cones of symmetric matrices.

Definiteness on a Positive Orthant Motzkin [186] introduced the concept of a copositive matrix (see
Definition A.3). For a copositive matrix P € S"*" denoted as P € K(R’}), use the notation P =g» 0. For
abuse of notation, a copositive matrix P is said to be R/ -positive semidefinite.

Testing whether a given matrix P is not a copositive matrix involves the decision problem with

Instance : P ¢ S"*",

(A.19)
Question : Is there a © > 0 such that (z, Pz) < 07
This decision problem can be naturally answered from the optimal value of the quadratic program
min (z, Px)
(A.20)

s.t.x > 0.

This QP is known to be NP-hard [189, Thm. 1] and a test for copositive matrices is indeed NP-complete [189,
Thm. 3.

3Every affine set can be represented in this way for properly chosen—may not be unique-parameters B and b [221, Thm.
1.4].
4Note that the affine set .A(B,b) is nonempty if and only if b € Image(B).
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Definiteness on a Polyhedral Cone Consider a nonempty polyhedral cone C(B) C R™ defined by
C(B) &£ {z € R": Bx >0} (A.21)

where B € R™*". A matrix P € S"*" is said to be C(B)-positive semidefinite if P € K(C(B)) (see (A.8) for
the definition of K(C(B))) and denoted by P =k (m)) 0.

Testing whether a given matrix P is not a copositive matrix involves the decision problem with

Instance : P € S"*" B € R™*",

(A.22)
Question : Is there a € R™ satisfying Bz > 0 such that (z, Pz) < 0?7
This decision problem can be naturally answered from the optimal value of the quadratic program
min (z, Pz)
(A.23)

s.t. Bx > 0.

This QP is known to be NP-hard [189, Thm. 2] and a test for C(B)-positive semidefinite matrices is indeed
co-NP-complete [189, Thm. 4].

Definiteness on a Cone Consider a nonempty cone C C R™. A matrix P € S"*" is said to be C-positive
semidefinite if P € KC(C) (see (A.8) for the definition of K(C)) and denoted by P =i c) 0.

Testing whether a given matrix P is not a copositive matrix involves the decision problem with

Instance : P ¢ S"*", C C R",

(A.24)
Question : Is there a « € C such that (z, Px) < 07
This decision problem can be naturally answered from the optimal value of the quadratic program
min (z, Pz)
(A.25)

s.t. x € C.

This QP is NP-hard, since it includes the QPs (A.20) and (A.23) as special cases. Furthermore, it is
straightforward that the QP (A.25) is equivalent® to the completely cone positive program (CCPP)

min (P, X)
(A.26)
s.t. X € £(O)°,

for which the optimal value is zero if and only if P € K(C) that directly follows from the definition of the

5Here, equivalence between two programs implies that their optimal solutions or optimal values have a one-to-one relation.
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dual cone. Note that a minimum of the above optimization (A.26) is achieved at an extreme point of the
convex cone K(C)®, i.e., an optimal solution is a rank-one matrix X* = zzT with some = € C. Therefore,

the optimization (A.26) is an exact convex relaxation of (A.25).

A.2.1.2 Copositive Programs as Convex Relaxations

Copositive Programming Relaxation for Standard QP Consider a quadratic program whose sup-
porting cone is the positive orthant:
min (x,Cx)

(A.27)
st.er=1,22>0,

where e denotes the all-ones vector in R™. We refer to the optimization of the form (A.27) as pos-QP. This
QP can be equivalently rewritten as
min (C, X)

(A.28)
st. (B,X) =1, X € K(R})®, Rank(X) =1,

where E = eeT is the all-ones rank-one matrix in R”*". It is not hard to see that the rank constraint does
not change the optimal value nor the optimal solution of (A.28). In other words, the convex relaxation
(A.28) without the rank constraint is exact. The resultant convex relaxation is still a hard problem, but can

be further relaxed from replacing the completely positive cone by its superset S; NP, namely,

min (C, X)
(A.29)
s.t. <E,X> =1, X € S+ 073+.

Since the constraint X € Py can be rewritten as the constraints L£(X) € S; with linear operators Ly, :
Smxm — S for k=1,..., %, the optimization (A.29) is a semidefinite program and can be solved in

polynomial-time by using interior-point methods. Alternatively, but equivalently, one can rewrite (A.29) by

min (C, X)

st. (B, X) =1,
(A.30)
<Ek,X> = 2k, /{;:1,...,’[71,

X=0,2>0,

where Ej, = eie;r with the standard basis vectors e; in R™ and ¢ < j such that there exists an injective
. . .o . _ n(n+1)
mapping from a pair (4,7) to an index k, and m = =5—=.
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For more general QP, consider the optimization

min (x, Cx)
(A.31)
st.b—Ax >0,z >0,
which can be equivalently rewritten as
min (C, X)
(A.32)
s.t. bbT — AzbT —baTAT + AXAT € K(R})®, X € K(RY)®, X = 2z
A natural convex relaxation can be
min (C, X)
s.t. b7 — AzbT — baTAT + AXAT € K(R)®, (A.33)
X e K(RY)®, X — 22T € K(RY),
and an associated SDP relaxation can be
min (C, X)
s.t. b1 — AxbT — bzt AT + AX AT >0,
0T — AxbT — baTAT + AX AT - 0, (A.34)
X z
=0, X>0,2>0.
2T 1

Copositive Programming Relaxation for Standard QCQP Consider a quadratically constrained

quadratic program (QCQP) whose supporting cone is the positive orthant:

min (x, Cx)
(A.35)
s.t. (z,Az) =1, x > 0,
where A € R™*". This QCQP can be equivalently rewritten as
min (C, X)
(A.36)
st. (A, X) =1, X ¢ CRY})®, Rank(X) = 1.
Lemma A.7. For the QCQP of the form (A.35), the following convex relaxation
min (C, X)
(A.37)

st (A, X) =1, X € K(R?)®

206



is exact.

Proof. It is not hard to see that there must be an optimal solution X* that is an extreme ray of the
closed convex set {X € S™*" : (A, X) = 1, X € K(R})*}-it can be proved by contradiction—such that
Rank(X*) = 1. To show this rigorously, suppose that X* can be decomposed as X* = A¢¢T + (1 — \)Y for
some A € [0,1] where £ € R satisfies (£, A¢) =1,V € K(R'})® satisfies (A,Y) = 1, and Y — p&&T # 0 for any
p>0. Then (C, X*) = (C, €T+ (1-N)Y) = ME,CE +(1-A)(C,Y) > min{(£, C¢€), (C,Y)} > OPT(A.35)
where OPT(-) refers to the optimal value of the associated optimization. Due to the relaxation nature,

OPT(A.35) = OPT(A.36) > OPT(A.37). Thus, we have OPT(A.35) = OPT(A.37). QED

For more general QCQP, consider the optimization

min (z, Cz)
st (z, Ay <b;,,i=1,...,m, (A.38)

x>0,
which can be equivalently rewritten as

min (C, X)
s.t. <AZ,X> Sbi, 1= 1,...,7’)’17 (A39)

X € KRY)®, Rank(X) = 1.
A natural SDP relaxation can be

min (C, X)
s.t. <A1,X> §bi,i:1,...,m, (A40)

X >0, X =0.

A.3 Background on Spectral Methods for Uncertainty Quantification

This Appendix provides a review for fundamentals of stochastic spectral methods using polynomial expan-
sions for the system states or outputs with random system parameters and inputs. To do this, we start from

representing important characteristics of certain polynomials that are used for spectral methods.

A.3.1 Orthogonal Polynomials

Polynomial approximations are almost always used when implementing functions on a computing system

and the basic assumption on this discipline is that a finite sum of polynomials can accurately approximate
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a function of interest. For polynomial approximations, orthogonal polynomials play a crucial role and we

briefly review their properties.

A.3.1.1 Orthogonality

Consider a measure space (X, M, ) where X is a nonempty set equipped with a o-algebra M and a measure
w. A set or orthogonal polynomials {¢,(s)} for z € M is defined by their orthonormality relation
A 1 ifn=m,
(Ons6m) 2 [ Gul@)om(a)dta) = (A41)
X 0 otherwise.
We might use a short notation for this relation: (¢, ¢) = dpm where 6y, is the Kronecker delta function.
For each family of orthogonal polynomials there is a corresponding integration rules with different measures.

Table A.1 shows several common orthogonal polynomials and their measures.

A.3.1.2 Recurrence Relation

It is know that any set of orthogonal polynomials {¢,(s)} on the real iine satisfies a three-term recurrence

formula

Tn(T) = anr10n+1(T) + bn@n () + andn_1(z) (A.42)

for n =0,1,...,. Along with ¢_;(z) = 0, this formula holds consistently and ¢¢ is always a constant. This

recurrence formula can be also represented by a matrix equation

bo(7) bo a1 ¢o(w) 0
¢1(x) ap b az ¢1(x) 0
| _ : n : . (A.43)
Pp—2() ap—2 bp—2 ap1 bp—2() 0
bp-1(2) ap—1 bp—1 bp—1(2) apdp(z)

Cooperating the recurrence formula (A.42) or (A.43) with numerically stable algorithms we can produce

a set of orthogonal polynomials.

Polynomial ~ Support  Measure (u(z))

Legendre (-1,1) 1
Laguerre (0, 00) x%e
Hermite (—00, 0) e
Chebyshev ~ (—1,1) (1—g2%)"1/2
Jacobi (-1,1) (1 —z)*1+x)°

Table A.1: Supports and measures of common orthogonal polynomials.

208



A.3.2 Parameterization of Random Inputs

In this section, we introduce how to properly characterize a stochastic model to study uncertainty propagation
in an input-output static and dynamic system models, where inputs include system parameters and external
inputs to the system. For any analysis of a stochastic system model based on simulations and/or experiments,
a critical step is to specify and characterize random inputs appropriately. To reduce an infinite-dimensional
probability space to a finite-dimensional space of random inputs, we parameterize the probability space by
a set of random variables that might be required to be mutually independent for accuracy and convenience

of analysis.

A.3.2.1 Random Variables

For a state-space parameterized system model, the parameterization of the probability space (Q, F, P) is
straightforward. Consider the concatenated system parameter vector 6 : @ — © C R™ that is a random
variable defined on the events 2, where the set © is assumed to be also known and the true system parameter
0* that is a realization of a random variable 6 is supposed to be in the set. We also suppose that the statistics
of the random variable # is known, i.e., the joint probability distribution of 0 is given. For a given probability
distribution of random parameter of a system, the first step of analysis using polynomial chaos is to transform
the parameters to a set of independent random variables and normalize them. We might call such transformed
random variables standard random variables [120]. Our objective is to find a diffeomorphism 7' : = — © such
that 8 = T'(¢) for ( € = and the resulting state/output variables of a stochastic model x have equivalent

representations x(z,t; 0(w)) = z(z,t; (w)).

Gaussian parameters Suppose that the system parameter vector 6 is Gaussian: € ~ N (b, C). Then an
affine transformation 7'(¢) = AC+b of the standard random variable ¢ ~ N(0,1), where A € R™ X" satisfies

AAT = O, yields a reparameterization of # in terms of the standard random variable C.

Non-Gaussian parameters Rosenblatt [223] suggested a simple transformation of an absolute continuous
random variable # € @ — R™ into the uniform distribution on the ng-dimensional hypercube [0, 1]™.
Furthermore, in some cases the uncertainty in a system input 6 is specified by an empirical cumulative
distribution function (cdf). Let 6 = (61, ,0,,) be a random vector with cdf Fy(6,---,6"). Define a
transformation 7' : © — [0, 1]™® by

G =Ploy < 0] = Fi(6"),
(A.44)
Cng = P[ene < 9n9|91 = 917 b1 = 0n971] = Fy, (0n9|91’ T 70n971).
Then, ¢; ~ U(0,1) for all ¢ and {¢;} are independent.
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Distribution Type of 8 € © Transformation: T : Z — © Transformation: 77 : © — =

Uniform (a, b) a+(b—a) (3 + Serf(¢/V?2) Vaerf (20;@:3))

Normal (i, o) p+oC 977#
Lognormal (u, o) exp(p + o) In if,l

3

Gamma (a, b) ab(C i+17i) \/97a<3/%+i71)

Exponential (\) —+1log (3 + 2erf(¢/V2)) V2erf™ (2exp(—A0) — 1)
Weibull (a) y'/®, where y is Exponential(1) 0°
Extreme Value —log(y), where y is Exponential(1) exp(—0)

Table A.2: Transformation between the standard normal random variable ¢ and several common univariate
distributions 6.

Transformation of random variables Some transformations from common univariate distributions to
the standard normal random variables were presented by Devroye [71] and extended by [120]. Table A.2 shows

a list of transformations for some probability distributions commonly used in system analysis.

Remark A.4. A transformation of random input variables might result in a high-order or non-polynomial
representation of spectral representation (e.g. polynomial chaos expansions). For example, consider a
standard uniform random variables 8 ~ U(0,1) and transform 6 to the standard normal random variable
¢ ~ N(0,1) using Table A.2. Then the first order polynomial p; () £ ag + a160 becomes a non-polynomial
function of ¢: p1(¢) = ag + a1/ 2erf~1 (2¢ — 1).

A.3.2.2 Random Sequences

It is common that the stochastic inputs of a system are random processes. The Karhunen-Loeve (KL)
expansion has proved to be useful to represent the stochastic input quantities in the stochastic system
models and be compatible to spectral methods of system identification and analysis using polynomial chaos—
it is because that the KL expansion gives a natural way to parameterize the random process inputs so that
such a parameterization can be exploited in the spectral analysis to construct basis functions.

An essential idea behind the KL decomposition is to represent a stochastic process by a spectral decom-
position of its correlated function. Consider a spatially or temporally varying random filed a(z,t,w) over a
the spatial domain Z and time domain 7 with the mean &(z,t) and covariance function Cy(11,72) where

n £ (2,t). Then the KL expansion of the random process a(n,w)is given by
a(n,w) = a(n) + Z VAigi(n)ei(w) (A.45)
i=0

where ¢, are the orthogonal eigenfunctions corresponding to the eigenvalues A; of the integral operator T¢,,

defined as
Te, (n) 2 / Co(7,5)(5)da(s) (A.46)

ZxXT
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with a properly chosen measure i : £ x 7 — R. The set of random variables {a;(w)} is defined over the
event w € ) are jointly uncorrelated and have zero means, i.e., E[o;] = 0 and Eloya;] = d;5. It can be

computed by the following equation using the orthogonality of {¢;}:

1

= T J e 1) — am) im)dptn) (A.47)

a;(w)

for each i € N. Relying on principal component analysis (PCA), the truncated series after a finite number

of terms, we use an approximate representation of the KL expansion

N
oM (n,w) £ an) + > VAidi(n)ai(w) (A.48)
1=0

where N +1 is the number of basis functions and the sequence of eigenvalues {\;} is assumed to be chosen as
being non-increasing. It is known that the truncated KL expansion is the finite spectral representation with
the minimal mean-square error over any finite number of basis functions. We also note that the probability
space is decoupled from the deterministic spatial and temporal spaces in the KL expansion for the random
field a(n, w), which is important for our approaches to analysis and synthesis problems of stochastic system

models and experiments using polynomial chaos.

Remark A.5. It is important to note that in the KL expansion (A.45) of a random field a(n,w), the set of
parameterized random variables {«;(w)} is not jointly independent, but uncorrelated. For Gaussian random
processes, they are equivalent. However, independence and uncorrelatedness are not equivalent in general.
it should be mentioned that uncorrelated random variables are used in generalized polynomial chaos, even
though it is not a theoretically rigorous approach. In many practical situation, this assumption (or heuristic

justification) might be fine.

A.3.3 Generalized Polynomial Chaos Expansions

Here, we discuss the PC expansion and its generalization to other types of orthogonal polynomials called

generalized PC (gPC) expansions.

A.3.3.1 Universal Approximation Property of PC expansion

The homogeneous chaos expansion was first proposed by Wiener [288]. It employs the Hermite polynomials
in terms of Gaussian random variables. It was shown that it can approximate any functionals in £5 and
converges in the £y sense [46] (see Theorem A.1). Therefore, Hermite polynomial chaos (H-PC) expansion
has a universal approximation property for expanding second-order random processes in terms of orthogonal

polynomials. Second-order random processes are processes with finite variance, and this applies to most
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physical process [294].

Np
X(w)=) ai(C(w)) (A.49)
=0
N, Np iy
X( ) —aOHO+Za11H1 Czl +Zzazlng2 <Z1 )7@2(0‘)))
n no (A.50)

Np iy g

+ Zzzamm (Gir (@), Gi (@), Gi (@) +

i1tz 13

where

o" T
Ho(Coooee () =M/ ¢y 9 —1/2¢"¢
n(Cllv 7(:1”) € ( ) ach -~-(9Cine

denotes the H-PCE of order n in the variable ((;,,- -, ), i.e., the H, are Hermite polynomials in terms
of the standard Gaussian random vector ¢ ~ N (0,1).

Definition A.5. A function f 1 ©, — O, is said to be in a Hilbert space GL2(0,) with the inner product
defined as (f, f), = [o f dp(x), if (f, f), < oo

Theorem A.1 (Cameron-Martin Theorem [46]). For any functional F(z) € GL2(0,),

2

N
A}iinoo o Zd pi(x) | plx)dr =0 (A.51)

(Fij>
T2,

where @; is obtained from the Galerkin projection, i.e., a; :=

A.3.3.2 Generalized PC expansion: The Wiener-Askey Polynomial Chaos

In order to deal with more general random variables, the Wiener-Askey polynomial chaos expansion has

been introduced [294] as a generalization of the original Wiener chaos expansion.

N,
Z ¢igi(¢ (A.52)

=0
X(a) =colo + Z 01111 4741 + Z Z 01112 511 Clz( ))
" b (A.53)

Np iy g

+ Zzzcuwu Cll >7Ci2 (0)’C73(9)) +

11 ’LQ 13
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Random Variables ( Wiener-Askey Polynomial Chaos ( Support

Continuous Gaussian Hermite PCE (—00,0)
Gamma Laguerre PCE [0, 00)
Beta Jacobi PCE [a, b]
Uniform Legendre PCE [a, b]
Discrete Poisson Charlier PCE {0,1,2,---}
Binomial Krawtchouk PCE {0,1,--- ,N}
Negative Binomial Meixner PCE {0,1,2,---}
Hypergeometric Hahn PCE {0,1,--- ,N}

Table A.3: Types of gPC expansions and the corresponding standard random variables.

where I,,((iy, - -+ 5 G, ) denotes the Wiener-Askey polynomial chaos of order n in terms of the random vector
¢ = (G, "+ ,¢, ) and it is not restricted to Hermite polynomials but rather can be all types of the orthogonal
polynomials from the Askey scheme (see [294] for details).

A.3.3.3 Extensions to Heterogeneous Random Variables

We consider a function of random variables X : ©1 x ©9 — O, where the two random variables 6, € ©; and
0y € O4 are independent and have different types of probabilistic distributions. For example, 6 is uniformly

distributed in a bounded hypercube and 65 is a Gaussian random vector, 65 ~ N (02, Zp,).

X(01,02) = X1(01)X2(02)

Ny No
(Zm(&(m))) > 49i(C(62)
i=0 Jj=0

N (A.54)
= Z Z ;1 (£(01)9:(C(02))

i=0 j=0

Np
= Zl;zrl(fwl)a((%))

=0

where N, = N; N3 and the b, and I are defined as the followings with an one-to-one index mapping

vi{0, -+ N1} x {0, No} — {0, -+, Np}:

bl = dicj

L1(&(01),C(02)) == ¥i(£(61))9;(C(62))

(A.55)

where the indices (i, j,[) satisfies ¢(4,7) = [.

Proposition A.1. The new polynomial basis {©;} forms a complete orthogonal basis on the Hilbert space
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L2(0), where © £ O x Oy, with the inner product defied by

(f,9) & /@ A f(w1,22)g(x1, 22)p1(21) po(22)drrdas  for f,g € L2(O)

In other words, these polynomials also have the orthogonal property:

(i, Tn) = T2, 0.
Proof. The proof is straightforward:

T Tn) = Wi @js Vi b)) Where L(i, jm) = m and u(in, jn) = n,
= <wi'm. ? win > <¢jm ? ¢jn>’
= (190 12380 ) (165 2205150 )
= ¥, 2165, | 220mn (¢ is one-to-one),

= |TmlIZ, Smn-

(A.56)

(A.57)

The next proposition is only for a multilinear map. For general nonlinear map F(z1, z3), the proof for being

uniform approximation might be not simple.

Proposition A.2. Same as Cameron-Martin Theorem, for any functional F(zq,22) = (F1 ® F)(z1,22) €

L5(01 x ©2), where ® denotes the tensor product of two functionals F; : ©1 — &} and F3 : O3 — As,

N—oc0

N
hm / / |F(I1,SC2) — ZEij(SCh1‘2)|2p1(171)p2(132)d171d1‘2 = 0
@1 @2 jZO

<F7F.7>

where f)j is obtained from the Galerkin projection, i.e., Z)j =T
illzy

Proof. Proof is easy. Noting the relation X; X5 — X1 Xy = (X; — Xl)Xg + (X2 — XQ)Xl,

N
/@1 /62 |F(1'1,$2) - JE:;Jbjrj(xla$2)‘Pl(x1)P2($2)dCE1d$2,
= / / |F1($U1)F2(5C2) — Fl(xl)pg(xg)|p1(x1)p2($2)dx1dx2,

0, JO,
- /@ /@ |(Fy(x1) — F1(CE1))F2(9C2) + (Fa(z2) — FQ(xz)) — Fl(901)\01(!E1)p2(x2)dx1da:2,

< /@2 (/@1 |Fi(z1) —Fl(ml)m(wl)dwl) |Fo(22)|p2(22)dzs,
+/@1 (/@2 |Fo(z2) —F2($2)P2($2)dﬂ?2> | Py (21)]p1 (21)day

— 0 as N — oo( in the sense previously explained).
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We implicitly suppose that N — oo means N; — oo and Ny — o0, i.e., both of degrees of basis polynomials

for £} and L3 are increased at the same rate, at least in the asymptotes.

A.3.4 Determination of Coefficients: Eigendecomposition

Once we select an appropriate (optimal in the convergence rate) set of basis functions, then the next step in
stochastic spectral methods is to find a set of coefficients a = {a;} minimizing the distance between the true
function y(z) and its approximator §(x) = 111‘5 a;¢;(x). For sake of simplicity, we only consider a scalar
output y € R, but extensions to higher dimensional cases are not difficult. It is also important to select a

proper definition for the distance between two functions and to project the true solution onto the space of

spectral expansions.

A.3.4.1 Non-intrusive Projection: The Least-Squares Fitting

Standard Least-Squares Least-squares fitting is a simple and popular method in parameter estimation
where one seeks system (model) parameters minimizing the sum of the squares of the residuals from a
set of measurements or observations. To do this, we first choose a set of fitting data points, {z;}Y*, and
{7} Y+, where g; = y(z;) and construct the input matrix ® € RN+*(No+1) whose elements are defined as

®,;; = ®;(z;). Now, we need to solve the least-square problem

i Pa—7y A.
,nin [Pa — 72 (A.59)
where a £ [ag, -+ ,an,]T is the concatenation of the coefficients and § = [y1,--- ,yn,]T is the concatenation

of the measurements corresponding to the set of input data {xz}f\il The unique optimal solution is obtained
as a* = (®T®)~1®Ty, provided ®T® is invertible. More generally, a* = (®T®) ®T7 where  denotes the

Moore-Penrose pseudoinverse.

Remark A.6. There might be no assumption on the parameter x, possibly except for its support. For
the Bayesian approach, one might have (a priori) information (guessed or by intuition) on the probabilistic
distribution of x. However, if this a priori information is not really close to the true probability distribution of
x, then a least-squares fitting might not be successful. For example, suppose that z ~ N (0, 1), but we use the
uniform distribution = € [2!, "] as a priori distribution. Then the set of test data {(z,v:), -, (zn.,yn.)}
might end up with a poor estimation, in the sense that it minimizes the error in the finite dimensional space
constructed from the selected and observed data points. This can happen because the importance weights

of the training data are misplaced and it is also related with the well-known Runge phenomenon.

Regularized Least-Squares When the measurements or observations are corrupted by noise or distur-

bance, regularization methods must be applied to prevent over-parameterization. To do this, we solve the
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RNs*Ns has the elements

optimization problems in Table A.4 where the matrix of reproducing kernels K €
K, & Ei\lzpo ¢s(z;)¢ps(xj) = Kj; and for the indirect regularization approach, an optimal coefficient vector
a* can be reconstructed as ®Tb*. When p = 2, it is also called the Tikhonov regularization and analytical
solutions for each optimization problems can be obtained. For p = 1,00, one needs to rely on numerical

computations to compute optimal solutions.

A.3.5 Non-Intrusive Interpolation: The Principle of Collocation

Unlike non-intrusive regression methods based on least-squares, the collocation methods are not minimizing
the residual between the true system and the surrogate model based on PCEs, but rely on interpolation of the
properly chosen input-output data points. The approximation is exact at the chosen Ny collocation points
{xi}f\;ﬁ, i.e., an approximation § is required to satisfy §(x;) = y(x;) for each i = 1,..., Ny, and the resulting
approximate solution is a linear combination of the interpolation polynomials with the coefficients {y(x;)} lN:Sl,
ie, g(x) = Zfil y(z;)I;(x) where I;(z;) = d;; fori,j = 1,..., N,. Since a set of nodes (or collocation points)
are defined in a random space, we might label this collocation method as probabilistic polynomial collocation
method (PPCM). There are several techniques to determine an interpolation polynomial {I;(s)}~*, and we

refer the readers to research monographs [167,293], for detailed discussion of numerical computations.

A.3.6 Non-intrusive Spectral Decomposition

Unlike the previously introduced methods, the non-intrusive spectral decomposition does not exploit any
input-output data, but computes the projected coefficients of random model output y(x) on a finite dimen-
sional subspace that is spanned by the set of basis functions, i.e., Span{@}fvzpo € Lo(X). Suppose that the
output is a second-order random variable, i.e., ||y|z, < oo, then the approximation of y in the subspace

Span{gb,»}f&o is represented as

Np
yVr(z) 2 Zai(bi(x) (A.60)
i=0
Classification Optimization Problem Analytic Solution for p =2
1
Direct aeIHI&l}’Ir}“ A Zz_; |[®a — 7|13 + AcJlall, a* = (®Td + N\ P) 10Ty
1 &
Indirect in — Kb —g||2 4+ X\|b b* = (KTK + N K) KTy
ndirec Jmin - ;II gl3 + Aclbll, (KTK + ) 1Ky

Table A.4: Direct and indirect regularization methods with the p-norm regularization term.
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Integration methods Examples

Simulation based approaches Monte Carlo method
Improved sampling strategies
Deterministic Approaches Quadratic formulas
Tensor product
Sparse grid cubatures
Adaptive sparse grids

Table A.5: Numerical integration methods.

where the projection coefficients a; are given by

“= (b3, di)

i=0,...,N, (A.61)

and the inner product is defined as the integration [, y(x)¢;(z)du(z) = [, y(2)di(x)p(x)dz. Table A.5 shows
different computation schemes of multivariable integration that have been proposed to numerically estimate

the inner products.

A.3.7 Intrusive Galerkin Projection

Consider a general stochastic differential equation (SDE) of the form
L(z,1,0;y) = g(2,t,0) (A.62)

where z € Z and t € T are the spatial and temporal variables, § € © C R™ is the concatenation of the
random variables, the function g : Z X T x © — R is a forcing term, and y : Z x 7 — R is a solution of the
equation, which also defines a random field over the spatial and temporal spaces Z x T due to the random
variable vector 6.

Suppose that there exists a bijective transformation (not necessarily diffeomorphism) 7' : © — = such that
C(B;w) =T(A(w)) for all # € © and w € Q and the transformed random variable ¢ is a standard (optimal in
the sense of convergence rate) random variable for the set of polynomial basis functions {¢;}.

For application of the spectral method based on polynomial chaos expansions, we assume that the solution

of the SDE given in (A.62) has the form

Np
y e 2 iz, 1)6i(C(0;w)) (A.63)
=1

which is an approximation of the true solution y with N, + 1 basis functions from the set {¢;}. To obtain the

approximated solution yV», we need to determine the spatial- and temporal-varying deterministic coefficients
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yi(z,t). To do this, substitute the approximation y™» to y of the SDE (A.62)

Np
L Zyt;GQZQi(Z7t>¢i(C(9§W)) :g(z7t79) (A'64)

and solve it for the spatial- and temporal-dependent coefficients y;(z, t) by intrusive or non-intrusive projec-
tions onto the probability space of the random variable 6 or (. In particular, a Galerkin projection for the
above equation can be conducted such that the approximation error is orthogonal to the functional space

that is spanned by the finite dimensional bases {¢; }:

<L 053 i )i (0 )) ,¢k<<<e;w>>>=<g<z7t,9>,¢k<<<e;w>>> (A.65)

i=1

for each k = 1,..., N,. The resulting equations are the governing equations for the coefficients y;(z, t), which
are deterministic.
We provide a detailed treatment of an elementary example using intrusive Galerkin projection method for

a gPCE.

Example A.1. consider the system equation given by
d
ix(t) + kx(t) = umh(t), x(0)=xg (A.66)

where 1/k corresponds to the time-constant of the equation, u,, is the magnitude of the Heaviside step input
h(t), and z¢ is the initial condition for the solution z. It is not difficult to see that the unique analytical

solution has the form

1 1
z(t) = (gco - kum> e M4 7 m- (A.67)

Suppose that the parameters . k, and u,, are random variables and there exist bijective transformation
s; such that 6; = s;(¢;) such that ¢; ~ Uniform(—1,1) for each ¢ = 1,2,3 and 6y := xg, 62 := k, and
03 := U,. In particular, we consider zq = Zo(1 + pl1), k = ko(1 4+ pCa), and wuy, = TUmo(1 + pl3) where Zo,
ko, and 1,y are the nominal values of system parameters, and p = 0.5 denotes 50% uncertainty in system

A

parameters. Consider an approximation z™V»(t) £ ng:po 2;(t)$;(C) to the solution z(¢). Substituting zV» (¢)

into z(t) of (A.66) yields

&3 (61(0) + 92(62) D2 06:(0) = s5(G)ACE), (A9

where the initial condition is rewritten as 2(0) = s1(¢1). Then we apply the Galerkin projection to determine
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the coefficients {z;(¢)}:

(¢i(¢), Eq. (A.68))
NP

= (05(0), 05(Q) s (8) + D (65(0), 53(Ca)a) walt) = (65(C), 92(C2)) h(1); 2(0) = (65(C), 51(C1)) -

i=0

The resulting deterministic ordinary differential equation (ODE) for the coefficients {z;(¢)} becomes
EX(t)+ AX(t) = Bh(t), X(0)=C (A.69)

where X (t) £ (zo(t),--- N, (1) € RN»+1 and

E = [Ey), Eij = (6:(¢),6;(0));
A=[45], Ay 2 (i(0), 53(G)95(Q))s
i 2 (0i(C), 52(C2))s

)

B=I[B], B
C=[Ci], Ci=(6:(C),51(C1))-

Indeed, E = diag ((¢:(¢), #:(¢))) is diagonal and invertible and each element of the matrices above are

polynomial such that the inner products that correspond to multivariate integrals can be computed exactly

by using Gaussian quadrature-rules.
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Appendix

Decomposition Methods for Optimization

B.1 Iterative Dual Decomposition

This section primarily focuses on two problems. The first problem is a standard form of decomposable
optimization with linear consistency (or complicating) constraints and the second problem has separable
costs and constraints with coupled linear inequalities. The mathematical formulation of the first class of

decomposable optimization is the following.

Problem B.1. Consider an optimization with the separable payoff function, separable constraints, and

equality consistency constraints of the form

N

maximize J(x,y) = ka(flm Yk)
k=1

subject to (z,yx) € Fx, k=1,..., N,
ypr =Ckz, k=1,...,N,
where (x,yx) is the kth pair of separable decision variables that correspond to the separated convex cost
functions £ (xk, yr), Fr denotes the kth constraint for the separated decision variable pair (zy,yx), and

yr = Cyz for k =1,..., N are the consistency constraints, which are the only coupled constraints over the

separated decision variables.
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B.1.1 Lagrangian Method and Decomposition

Consider the optimization (B.1). An associated augmented Lagrangian to relax the consistency constraint

is given by

N N
L(X7Yaz7v) = ng x/myk: Z UV, Yk — CkZ)
k=1 k=1
N N (B.2)
= Z(gk(xkvyk) (vk, Yk)) +Z (Crvk,z)
k=1 k=1
where x = [z1,-++ ,2n]|Y, y = [y1, - ,yn]T, v = [v1,-- ,on]T,} and the superscript refers to the associated

adjoint operator.

Finding a saddle point that is a global optimal solution requires solving the two-stage optimization

inf sup L(x,y,z,V) (B.3)
Vo (xy)EF, 2

where F = Fy x --- X Fy refers to the product set of local (i.e., subsystem) constraints. From (B.2), the

optimization (B.3) can be rewritten as

N
inf sup (Z (Cp(zr, yr) — <Uk,yk>)+<Ci§vkaZ>>
k=1

V (x,y)eF,z

N
inf sup (Z (O (Tr, yr) — <Uk7?/k>)>

vV (x,y)EF =1

400 otherwise

N
= inf sup (Z (ék-(xkayk)_<vk'7yk>)>

CTv=0(x,y)eF \; 1
N

= inf sup  (Cr(wr, yr) — (ks Y&))
CTVZOICZ::I (zr,yr) EFR

where CT = [CT,--- ,CF].

The optimization (B.3) can be decomposed into two convex programs:

Slave Problem: sup  (Ue(zr,yr) — (Vk, Yi)) (B.5)
(#k,yre)EFK

Sk (xk,Yk|vr)

fork=1,...,N, and

Master Problem: mf Z Sk(zr, yilvg) (B.6)
CT \—v—’
Qr(vk)

IThe bold refers to global variables while the non-bold refers to local variables.
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where (27, yj) refers to the optimal solution pair for the Slave Problem (B.5) for given vy.

B.1.2  Projection-(Sub)gradient Method

The Master Problem (B.6) can be solved using a first-order (sub-)gradient projection method, whereas
the Slave Problem (B.5) is of much smaller size and can be accurately and efficiently solved by a second-
order method such as an interior-point algorithm [37,197]. Consider that the Master Problem (B.6) can be
rewritten as

CTv=

N
inf 0; Qr(vr) (B.7)

where Qy,(vy) is convex in vy, for all k = 1,..., N. Define a linear subspace M £ {v € R®* : CTv = 0}, which
is the null-space of the matrix CT. The optimization (B.7) can be solved using a subgradient-projection
method:

vt = P (v — a, g™ (vM)) (B.8)

where Py : R® — M refers to the projection on the subspace M, g™ : R®* — R® denoted the subgradient,
ie, g € 0y Y. Qk(vg), and «, is a step size that can be selected in any of standard ways (e.g., constant,

diminishing, etc.). The sub-differential can be represented as

N
dy <; kak)) = 00, Q1(v1) X -+ X Doy QN (UN) 59)

={-y"}
where y* denotes the concatenation of optimal solutions of the Slave Problem (B.5) for a given sequence

{vr}. In other words, local subsystems are required to sequentially report the computed public variables to

the supervisor (or price-planner). Therefore, the update rule for the subgradient-projection method (B.8)

MASTER
PROCESSOR

Local Local
Agent Agent Agent
1 N -1 N

Figure B.1: Iterative dual decomposition of sequentially reporting public variables {g,(cn)} and assigning

prices {v,in)}. The superscript (n) refers to the iteration sequence.
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can be rewritten as

vt = PM<V(") + any(”)> (B.10)

where the superscript x of y is removed for notational convenience. Furthermore, it is not hard to see that
Pum(z) = (1-C(CTC)'CT) 2, (B.11)

so that

vt = (I- C’(C’TC)flCT) (v(n) + ozny(")>

= v ¢ a, (I _ C(CTC)flcT) y(n) (B.12)

U

where the computation of the matrix U needs to be performed only once and can be done offline (before

performing optimization).

B.1.3 Separable Cost with Coupled Inequalities

Problem B.2. Consider an optimization with the separable payoff function, separable constraints, and

coupled inequality constraints of the form

WE

Ui ()

maximize J(x) =
k=1
) (B.13)
subject to xx € Fi, k=1,..., N,

Cx>0

where zj is the kth separable decision variable that corresponds to the separated conver cost functions
li(zk), Fi denotes the kth constraint for zy, and Cx = Zszl Craxy for k=1,..., N are coupled inequality

constraints.

An associated augmented Lagrangian is

M=

Ek(xk) — <V,Ckxk> (B.14)

N
L(x,v) = li(zy) — (v,Cx) =
k=1

1=

£
Il
—
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where v > 0. The constrained optimization (B.13) can be decomposed into the two-stage optimization

N N
ot 26 =3 (s (3 e - 5 v )

k=1
N (B.15)
= inf sup (Up(zg) — (v, Crap
6 | 32 s (6o (v Cua)
Qr(v)
where F = F; X --- x Fy refers to the product set of local (i.e., subsystem) constraints. The optimiza-
tion (B.15) can be decomposed into two convex programs:
Slave Problem: sup ({x(zx) — (v,Crzi)) (B.16)
xR €F
e Sk (zk|v)
fork=1,...,N, and
N
Master Problem: inf Zsk(mmv) (B.17)
v>0 k*lH’_/
T Qr(v)

where z7 refers to the optimal solution pair for the Slave Problem (B.16) for given v. A similar projection-
subgradient method as aforementioned can be used to solve this problem.
Projection-(Sub)gradient Method: Starting from a feasible dual variable v(®) > 0, the sequences of

primal-dual solutions can be computed as follows:

x,(cn) = arg max (Ek(xk) — (v, Cka:k>> (B.18)

T EF

and

N
vt .= (v(n) +ap, Z Cka:,(f)> (B.19)
+

k=1

where (a)4+ has the ith element defined as a; if a; > 0 and 0 otherwise.

B.1.4 An Application: Overlapped Data Processing with Redundant Sensors

Consider the constrained least-squares estimation problem

min ||b — Af||2
o (B.20)
st. £<0<u
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where the matrix A has a coupled-structure of the form

Aoy | Agg | Aoz | O | . 0

0 | Ay | Ay |Axs| O

A= oo o o ] - (B.21)

0 0 ° ° ° 0

0 ° ° °
| Ani | O | o |- | 0 | AN | ANN
" 1 e~y
N 2
e Y

N —1 3

- L

Figure B.2: Circularly interconnected sensor network

Rewrite A6 by

62
A1 01 +[A12 AiN]
' —_——
r A Y1
A1101 + Ar202 + AinON
A0y 4 Ag101 + Azsl3
A = : — On_o
: Anv_iN-10n-1+[AN_1N—2 AN_1N]
AN_iN-1O0N-1 + AN_1N—20N_2 + AN_1NON N1 On
i ANNON + ANN-10N—1 + AN161 | YN -1
01
Ann On +[AN1 Ann—1]
e N-1
—_——
L YN ]
(B.22)
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Using the reparameterization (lifting) of the decision variables (B.22), the optimization (B.20) can be

rewritten as

. By (B.23)

where é? = [2F,yl], z is a dummy variable that will eventually vanish in dual decomposition,

A 2 [A” Agiq An+1] fori=1,...,N (B.24)

with setting the indices 0 := N and N + 1 := 1, and C} is the ith row-block of the matrix A with replacing

its ith diagonal term by the zero matrix of compatible dimension.
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