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PREFACE

This book describes three major areas of Control Engineering Theory. In Part
I we develop results directed at the design of PID and first order controllers for
continuous and discrete time linear systems possibly containing delays. This
class of problems is crucially important in applications. The main features
of our results are the computation of complete sets of controllers achieving
stability and performance. They are developed for model based as well as
measurement based approaches. In the latter case controller synthesis is based
on measured responses only and no identification is required. The results of
Part I constitute a modernized version of Classical Control Theory appropriate
to the computer-aided design environment of the 21st century.

In Part II we deal with the Robust Stability and Performance of systems
under parametric as well as unstructured uncertainty. Several elegant and
sharp results such as Kharitonov’s Theorem and its extensions, the Edge
Theorem and the Mapping Theorem are described. The main thrust of the
results is to reduce the verification of stability and performance over the entire
uncertainty set to certain extremal test sets, which are points or lines. These
results are useful to engineers as aids to robustness analysis and synthesis of
control systems.

Part III deals with Optimal Control of linear systems. We develop the stan-
dard theories of the Linear Quadratic Regulator (LQR), H, and £! optimal
control, and associated results. In the LQR chapter we include results on the
servomechanism problem.

We have been using this material successfully in a second graduate level
course in Control Systems for some time. It is our opinion that it gives
a balanced coverage of elegant mathematical theory and useful engineering
oriented results that can serve the needs of a diverse group of students from
Electrical, Mechanical, Chemical, Aerospace, and Civil Engineering as well as
Computer Science and Mathematics. It is possible to cover the entire book in-
a 14-week semester with a judicious choice of reading assignments.

Many of the results described in the book were obtained in collaboration
with our graduate students and it is a pleasure to acknowledge the many
contributions of P.M.G. Ferreira, Herve Chapellat, Ming-Tzu Ho, Guillermo
J. Silva, Hao Xu, Sandipan Mitra, and Richard Tantaris.

Part I contains material published in the earlier monograph PID Con-
trollers for Time-Delay Systems by Guillermo J. Silva, A. Datta, and S.P.
Bhattacharyya, Birkhaueser, 2005. Much of the material of Part II appeared
in the earlier book Robust Control: The Parametric Approach by S.P. Bhat-

xvii
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tacharyya, H. Chapellat and L.H. Keel, Prentice Hall, 1995. A.D. would like
to thank Professor M. G. Safonov of the University of Southern California
for teaching him the basics of H,, control theory almost two decades ago.
Indeed, a lot of the material in Part III of this book is based on a Special
Topics course taught by Professor Safonov at USC in the Spring of 1990. The
authors would also like to thank Dr. Nripendra Sarkar, Dr. Ranadip Pal,
Ms. Rouella Mendonca, and Mr. Ritwik Layek for assistance with Latex and
figures on several occasions.

A book of this size and scope inevitably has errors and we welcome correc-
tive feedback from the readers. We also apologize in advance for any omissions
or inaccuracies in referencing and would want to compensate for this in future
editions.

S. P. Bhattacharyya
A. Datta
L. H. Keel

June 23, 2008
College Station, Texas
USA



Contents

PREFACE
I THREE TERM CONTROLLERS

1 PID CONTROLLERS:
AN OVERVIEW OF CLASSICAL THEORY

1.1
1.2
1.3
1.4

1.5

1.6
1.7

Introduction to Control . . . . . ... ... ... ... ...
The Magic of Integral Control . . . . .. ... ... ... PR
PID Controllers . . . . . . . . . .. . e
Classical PID Controller Design . . . . . . .. ... ... ...
1.4.1  The Ziegler-Nichols Step Response Method . . . . ..
1.4.2  The Ziegler-Nichols Frequency Response Method . . .
1.4.3  PID Settings Using the Internal Model Controller
Design Technique . . . . . . .. ... .. ... .....
1.4.4 Dominant Pole Design: The Cohen-Coon Method . . .
1.4.5 New Tuning Approaches . . . . . . ... ... ... ..
Integrator Windup . . . . . . ... ..o
1.5.1 Setpoint Limitation. . . . . .. ... .. ........
1.5.2  Back-Calculation and Tracking . . . . . ... ... ..
1.5.3  Conditional Integration . . .. ... .. ... ... ..
Exercises o s o wews s 6 85 55 555 6 5 am@adaisss s
Notes and References . . . . . . .. ... ... ... .. ....

xvii

2 PID CONTROLLERS FOR DELAY-FREE LTI SYSTEMS 25

2.1
2.2
2.3

24
2.5

Introduehion o &« s & ¢ 5 ot 2 6 5 5 @ G b s w m e o 0 s s e e
Stabilizing Set . . . . .. .. .. .. s @ cs o T me 60000 G
Signature Formulas . . . . ... .. ... .. ..........
2.3.1 Computationofo(p) . . .. .. ... ... ..
2.3.2  Alternative Signature Expression . . . .. .. ... ..
Computation of the PID Stabilizing Set . . . . ... ... ..
PID Design with Performance Requirements . . . . . .. .. .
2.5.1  Signature Formulas for Complex Polynomials . . . . .
2.5.2  Complex PID Stabilization Algorithm . . . . ... ..
2.5.3  PID Design with Guaranteed Gain and Phase Margins
2.5.4  Synthesis of PID Controllers with an H,, Criterion . .
2.5.5  PID Controller Design for H,, Robust Performance

44
49

ix



Linear Control Theory

2.6 Exercises . . . . .. ... 52
2.7 Notes and References . . . . ... ... ... ... ....... 54
PID CONTROLLERS FOR SYSTEMS
WITH TIME DELAY 55
3.1 Introduction . . . ... .. ... 55
3.2 Characteristic Equations for Delay Systems . . . .. ... .. 57
3.3  The Padé Approximation and Its Limitations . .. ... ... 60
3.3.1  First Order Padé Approximation . . .. ... ... .. 62
3.3.2  Higher Order Padé Approximations. . . . .. .. ... 65
3.4 The Hermite-Biehler Theorem for Quasi-polynomials . . . . . 69
3.4.1  Applications to Control Theory . . . . . ... ... .. 71
3.5 Stability of Systems with a Single Delay . . .. .. ... ... 7
3.6 PID Stabilization of First Order Systems with Time Delay . . 85
3.6.1  The PID Stabilization Problem . . . .. ... ... .. 86
3.6.2  Open-Loop Stable Plant . . . ... ... ... .. .. . 87
3.6.3  Open-Loop Unstable Plant . . . ... ... ... ... 105
3.7 PID Stabilization of Arbitrary LTI Systems with
a Single Time Delay . . . . ... .. ... ... . ... . ... 116
3.7.1  Connection between Pontryagin’s Theory and
the Nyquist Criterion . . . . . ... .. .. .. ... . 117
3.7.2  Problem Formulation and Solution Approach . . . . . 121
3.7.3  Proportional Controllers . . . . .. ... ... .. .. . 123
3.74 PlControllers. . . . ... ... ... ... .. .. .. . 126
3.7.5  PID Controllers for an Arbitrary LTI Plant with Delay 128
3.8  Proofs of Lemmas 3.3,3.4,and 3.5 .. ... ... ... . 135
3.8.1  Preliminary Results . . ... ... ... .. ... .. . 135
3.8.2  Proofof Lemma 3.3 ... ....... .. .. .. .. . 139
3.8.3  Proofof Lemma 3.4 ... ....... .. .. .. .. . 141
3.84 Proofof Lemma 3.5 ... ... ... .. .. ... . 141
3.9  Proofs of Lemmas 3.7and 3.9 . ... ... ... .. .. . . 144
3.9.1  Proofof Lemma 3.7 ... ... ... . .. .. .. . . 144
3.9.2 Proofof Lemma 3.9 ... ... ... ... . ... 145
3.10  An Example of Computing the Stabilizing Set . . . ... ... 148
3.11 Exercises . . . ... ... ... 150
3.12 Notes and References . . . . ... ... ... . .. . . .. . 151
DIGITAL PID CONTROLLER DESIGN 153
4.1 Introduction . ... ..... ... .. .. ... ... ... . 153
4.2 Preliminaries . . ... ... .. . ... .. .. .. ... . . 155
4.3 Tchebyshev Representation and Root Clustering . . ... .. 156
4.3.1  Tchebyshev Representation of Real Polynomials. . . . 156
4.3.2  Interlacing Conditions for Root Clustering and Schur
Stability . . .. ... ... . ... ... .. ... 158

4.3.3  Tchebyshev Representation of Rational Functions . . . 159



Table of Contents

4.4 Root Counting Formulas . . . . ... ... ... .. ......
4.4.1 Phase Unwrapping and Root Distribution . . . . . . .
4.4.2 Root Counting and Tchebyshev Representation . . . .
4.5 Digital PI, PD, and PID Controllers . . . . .. ... .. ...
4.6  Computation of the Stabilizing Set . . . . ... ... .....
4.6.1 Constant Gain Stabilization . . . . .. ... ... ...
4.6.2  Stabilization with PI Controllers . . . . ... .. ...
4.6.3  Stabilization with PD Controllers . . . . . . . ... ..
4.7  Stabilization with PID Controllers . . . .. .. ... ... ..
4.7.1 Maximally Deadbeat Control . . ... ... ... ...
4.7.2  Maximal Delay Tolerance Design . . . ... ... ...
4.8 EXercises . . . . . ...
4.9 Notes and References . . . . .. .. ... .. ... . ......

FIRST ORDER CONTROLLERS FOR LTI SYSTEMS
5.1  Root Invariant Regions . . . . . . ... ... .. ... ... ...
52 AnExample . . .. ...
5.3 Robust Stabilization by First Order Controllers . . . . . . ..
5.4  Hy, Design with First Order Controllers . . . . .. ... ...
5.5  First Order Discrete-Time Controllers . . . . . ... ... ..
5.5.1  Computation of Root Distribution Invariant Regions .
5.5.2  Delay Tolerance . . . . . ... ... ... ........
5.6 Exercises . . . ... ...
5.7 Notes and References . . . . . . ... ... ... ... ... . .

CONTROLLER SYNTHESIS FREE OF
ANALYTICAL MODELS
6.1 Introduction . . . .. ... ... ... ... ... ...
6.2  Mathematical Preliminaries . . ... ... ... ... ... ..
6.3  Phase, Signature, Poles, Zeros, and Bode Plots . . . . . . . .
6.4  PID Synthesis for Delay Free Continuous-Time Systems
6.5 PID Synthesis for Systems with Delay . . . ... .. ... ..
6.6 PID Synthesis for Performance . .. .. ............
6.7  An Illustrative Example: PID Synthesis . . . ... ... ...
6.8 Model Free Synthesis for First Order Controllers . . . . . . .
6.9  Model Free Synthesis of First Order Controllers for
Performance . . . . .. ... ... ... ... ... ... ...
6.10 Data Based Design vs. Model Based Design . . . . ... ...
6.11 Data-Robust Design via Interval Linear Programming
6.11.1 Data Robust PID Design . . . .. ... ... ... ..
6.12 Computer-Aided Design . . . ... ... ... ... ... . . .
6.13 Exercises . . . .. ... ... ... ...
6.14 Notes and References . . . .. ... ... ... ... . ... ..



xii

Linear Control Theory

7 DATA DRIVEN SYNTHESIS OF THREE

TERM DIGITAL CONTROLLERS 259
7.1 Introduction . . . ... .. ... .. ... 259
7.2 Notation and Preliminaries . . . ... ... ... ... .... 260
7.3 PID Controllers for Discrete-Time Systems . . . . . .. ... 262
7.4  Data Based Design: Impulse Response Data . . . . ... ... 270
7.4.1  Example: Stabilizing Set from Impulse Response » 273

7.4.2  Sets Satisfying Performance Requirements . . . . . . . 276

7.5 First Order Controllers for Discrete-Time Systems . . . . . . 278
7.6 Computer-Aided Design . . . ... ... ... ....... .. 282
7.7 Exercises . . . .. ... 288
7.8 Notes and References . . . . . ... ... ... ... . ... . . 289
I ROBUST PARAMETRIC CONTROL 291
8 STABILITY THEORY FOR POLYNOMIALS 293
8.1 Introduction . . . .. ... ... ... ... .. .. 293
8.2 The Boundary Crossing Theorem . .. ... ... .. ... . . 294
8.2.1  Zero Exclusion Principle . . . . . . . ... ... . . . 301

8.3  The Hermite-Biehler Theorem . . . .. .. ... ... ... . 302
8.3.1  Hurwitz Stability . . . ... ... ... ... .. .. .. 302

8.3.2  Hurwitz Stability for Complex Polynomials . . . . . . 310

8.3.3  Schur Stability . . ... ... .. ... . ... . .. 312
8.3.4  General Stability Regions . . . ... .. ... ... . .319

8.4 Schur Stability Test . .. ... ... ... ... ... . . ... 319
8.5  Hurwitz Stability Test . . . ... ... ... ... .. .. . . 322
8.5.1  Root Counting and the Routh Table . . . . . ... . . 326

8.5.2  Complex Polynomials . .. ........ . .. .. .. 397

8.6 Exercises . . .......... ... .. ... .. ... ... 328
8.7 No‘resandReferences.....................‘.332
9 STABILITY OF A LINE SEGMENT 333
9.1 Introduction . . ... ... .. ... ... ... 333
9.2 Bounded Phase Conditions . . . ... .... . .. .. . . . . 334
9.3  Segment Lemma . .. ... ... ... ... . .. . .. . . 341
931 Hurwitz Case . . ... ... ... .. ... .. .. . 341

9.4 Schur Segment Lemma via Tchebyshev Representation 345
9.5  Some Fundamental Phase Relations . . ... ... ... . 348
9.5.1  Phase Properties of Hurwitz Polynomials . . . . . . . 348

9.5.2  Phase Relations for a Segment . . . .. ... .. 356

9.6  Convex Directions 2 151
9.7  The Vertex Lemma R 1 ¢
9.8 Exercises..............................374
9.9  Notes and References . . . ... ... .. .. . . .. . 378



Table of Contents

10

11

STABILITY MARGIN COMPUTATION
101 Introduetion « « = s & s ¢+ s 5 s 8 s sw o ww § 6 8 8 § ¥ 3 3 5 3
10.2 The Parametric Stability Margin . . . . . ... ... ... ..
10.2.1 The Stability Ball in Parameter Space . . . . . .. ..
10.2.2 The Image Set Approach . . . .. ... ... .....
10.3 Stability Margin Computation . . . . . . ... ... ... ...
10.3.1 /45 Stability Margin . . . . .. ... ... .. .. ...,
10.3.2 Discontinuity of the Stability Margin . . . . . . .. ..
10.3.3 ¢> Stability Margin for Time-Delay Systems . . . . . .
10.3.4 /¢ and ¢; Stability Margins . . . . . .. ... .. ...
10.4 The Mapping Theorem . . . . . .. ... ... ... ......
10.4.1 Robust Stability via the Mapping Theorem . . . . . .
10.4.2 Refinement of the Convex Hull Approximation
10.5 Stability Margins of Multilinear Interval Systems . . .. . ..
10.5.1 Examples . . . .. ... ... ... ...
10.6 Robust Stability of Interval Matrices . . . . . . ... ... ..
10.6.1 Unity Rank Perturbation Structure . . . . . . .. . ..
10.6.2 Interval Matrix Stability via the Mapping Theorem .
10.6.3 Numerical Examples . . . . . ... ... ... .....
10.7 Robustness Using a Lyapunov Approach . . .. ... ... ..
10.7.1 Robustification Procedure . . . . . . . . ... ... ..
10:8 EXEICISes . « = : s v v vt o v b o e e e e e e e e e e
10.9 Notes and References . . . . . ... ... ... ... ......

STABILITY OF A POLYTOPE

11.1 Introduction . . . . ... .. . . ... ...

11.2 Stability of Polytopic Families . . . . . ... .. ... ... ..
11.2.1 Exposed Edges and Vertices . . . . ... .. ... ...
11.2.2 Bounded Phase Conditions for Checking Robust

Stability of Polytopes . . . ... ... ... ......

11.2.3 Extremal Properties of Edges and Vertices . . . . . . .

11.3 The Edge Theorem . . . . ... ... ... ... ... .. ...
11.3.1 Edge Theorem . . ... .. ... ... . ........
11.3.2 Examples . . ... ... ... ... ... ... ...

11.4 Stability of Interval Polynomials . . . . . ... ... ... . .
11.4.1 Kharitonov’s Theorem for Real Polynomials . . . . . .
11.4.2 Kharitonov’s Theorem for Complex Polynomials
11.4.3 Interlacing and Image Set . . . . .. . ... ... ...
11.4.4 Image Set Based Proof of Kharitonov’s Theorem
11.4.5 Image Set Edge Generators and Exposed Edges . . .
11.4.6 Extremal Properties of the Kharitonov Polynomials
11.4.7 Robust State Feedback Stabilization . . . . ... . . .

11.5 Stability of Interval Systems . . . . ... ... ... ... ...
11.5.1 Problem Formulation and Notation . . . . . . .. . . .

xiii

379
379
380
380
382
384
387
391
392
395
396
399

. 402

405
407
416
416

. 417

418
423
427
432
441

443
443
444
445

448
452
455
456
464
470
470

.. 478

481

. 484
. 485
. 487

492
498
500
504



Linear Control Theory

xiv
11.5.3 Comparison with the Edge Theorem . . . .. ... .. 514
1154 ExampleS . : . . ¢ 5 5 ¢ o moe v mme s 8 5 8 8 5 5 4 & 6 515
11.5.5 Image Set Interpretation . . . . . ... ... ... ... 521
11.6 Polynomic Interval Families . . . . .. .. ... ... ..... 522
11:6.1 RobustPositivity s » v s s s ¢ s o poww swww 05 8 s 524
11.62 RobustStability 0w @ v « c s v ms w6 =« vaw g 600 s 528
11.6.3 Application to Controller Synthesis . . . . . . . .. .. 532
117 TEXEEGISES o 4 o 5 ¢ o w0 v ww s & @ 0o 5 & & & g e o o o w o 536
11.8 Notes and References . . . . . . . ... ... ... ....... 546
12 ROBUST CONTROL DESIGN 549
121 TofrodiCtion: « w o @ & 4 @« « » 6 » 6 & 5 %5 w5 @ 5ol om0 549
12.2 Interval Control Systems . . . . . . .. ... .. ... ..... 551
12.3 Frequency Domain Properties . . . .. .. ... ... ..... 553
12.4 Nyquist, Bode, and Nichols Envelopes . . . .. ... .. ... 563
12.5 Extremal Stability Margins . . . . .. ... ... .. ..... 573
12.5.1 Guaranteed Gain and Phase Margins . . . . . . . . . . 574
12.5.2 Worst Case Parametric Stability Margin . . . . . . . . 574
12.6 Robust Parametric Classical Design . . . . . .. ... ... .. 577
12.6.1 Guaranteed Classical Design . . . . . .. ... ... .. 577
12.6.2 Optimal Controller Parameter Selection . . . . . . . . 588
12.7 Robustness Under Mixed Perturbations . . ... .. .. ... 591
12.7.1 Small Gain Theorem . . . . . ... ... ... ..... 592
12.7.2 Small Gain Theorem for Interval Systems . . . . . . . 593
12.8 Robust Small Gain Theorem . . . .. . ... ... ...... 602
12.9 Robust Performance . . . ... ... ... ... ... ..... 606
12.10 The Absolute Stability Problem . . . ... ... .. ... ... 609
12.11 Characterization of the SPR Property . ... ... ... ... 615
12.11.1 SPR Conditions for Interval Systems . . . . . ... .. 617
12.12 The Robust Absolute Stability Problem . . .. ... ... .. 625
12 ERETOISEE & o vos w5 5 5 2 6 % B d +m 5 H B S H S S S e e e 632
12.14 Notes and References . . . . . . . . ... ... ... ...... 637
IIT OPTIMAL AND ROBUST CONTROL 639
13 THE LINEAR QUADRATIC REGULATOR 641
13.1 An Optimal Control Problem . . . ... ... ... ...... 641
13.1.1 Principle of Optimality . . . . . . ... ... ... ... 642
13.1.2 Hamilton-Jacobi-Bellman Equation . . . . . . .. ... 642
13.2 The Finite-Time LQR Problem . .. ... ... .. ... ... 645
13.2.1 Solution of the Matrix Ricatti Differential Equation . 647
13.2.2 Cross Product Terms . . . . ... ... ... ...... 647
13.3 The Infinite Horizon LQR Problem . . . . ... .. ... ... 648
13.3.1 General Conditions for Optimality . . . ... ... .. 648

13.3.2 The Infinite Horizon LQR Problem . . . . . . . . . . . 650



Table of Contents

13.4 Solution of the Algebraic Riccati Equation . . . . .. .. ...
13.5 The LQR as an Output Zeroing Problem . . . . . .. ... ..
13.6 Return Difference Relations . . .. ... ... ... ......
13.7 Guaranteed Stability Margins for the LQR . . . . . . .. . ..
13:7:1 Gain Margin . « c s o6 6 6 5 8 5 6 5 6 5 0 o momm oo
13.7.2 Phase Margin . . . . . . .. ... .. ... ... ...
13.7.3 SingleInput Case . . . . . .. .. ... ... ......
13.8 Eigenvalues of the Optimal Closed Loop System . . . .. .. .
13.8.1 Closed-Loop Spectrum . . . . . . . ... ... .....
13.9 Optimal Dynamic Compensators . . . ... .. ... .....
13.9.1 Dual Compensators . . . . .. ... ... .......
13.10 Servomechanisms and Regulators . . . . ... ... ... ...
13.10.1 Notation and Problem Formulation . . . . . . .. ...
13.10.2 Reference and Disturbance Signal Classes . . . . . . .
13.10.3 Solution of the Servomechanism Problem . . .. . ..
13.11 EXEICISES « ¢ v ¢ v v v v v it b e e e e e e e e e e e e

14 SISO H,, AND /; OPTIMAL CONTROL
14.1 Introduction . . . . . . ... .. .. .. ... ...
14.2 The Small Gain Theorem . . . ... ... . ... .......
14.3 L£-Stability and Robustness via the Small Gain Theorem
14.4 YJBK Parametrization of All Stabilizing
Compensators (Scalar Case) . . . ... .. ... ........
14.5 Control Problems in the H,, Framework . . .. .. .. .. ..
14.6 Hy, Optimal Control: SISO Case . . ... ... ... .....
14.6.1 DualSpaces . . . . . ... ... .. ... ...
14.6.2 Inner Product Spaces . . ... ... ..........
14.6.3 Orthogonality and Alignment in Noninner
Product Spaces . . . . ... ... ... ... ... ...
14.6.4 The All-Pass Property of H,, Optimal Controllers
14.6.5 The Single-Input Single-Output Solution . . . . . . . .
14.7 I; Optimal Control: SISO Case . . . . . ... .. .. .. ...
14.8 Exercises . . . . .. .. ...
14.9 Notes and References . . . . .. ... ... ... ... .... .

15 H,, OPTIMAL MULTIVARIABLE CONTROL
15.1 Hy Optimal Control Using Hankel Theory . . . .. ... ..
15.1.1 Hy and Hankel Operators. . . . . . .. ... ... ..
15.1.2 State Space Computations of the Hankel Norm . . .
15.1.3 State Space Computation of an All-Pass Extension .

15.1.4 H,, Optimal Control Based on the YJBK
Parametrization and Hankel Approximation Theory
15.1.5 LQ Return Difference Equality . . ... ... .. ...
15.1.6 State Space Formulas for Coprime Factorizations . .

XV

651
658
660
661
663
663
664
665
665
667
670
672
672
673
673
680
687

689
689
693

. 704

709
716
725
729
733

736

. 737

742
47
755
757

759
759
759

. 763
. 769

. 771

776

. 780



Xvi

Linear Control Theory

15.2 The State Space Solution of Hy, Optimal Control . . . . . ..
15.2.1 The H Solution . . . . . . . . . . ... ... .....
15.2.2 The Hy Solution . . . . .. ... .. ... ... ...

159 DFXEIGISES « o v » o % srw o 5. oG @ & & 6 & & & 6 6 6 o 5% & @ u

15.4 Notes'and Refefenees : « « = o v o sow v 5w v 5 & 5 5 5 5% w8

SIGNAL SPACES

A.1 Vector Spaces and Norms . . . . ... ... .. ........
A2 Metric Spaces . . . . . .. e
A.3 Equivalent Norms and Convergence . . . . ... ... .....
A.4 Relations between Normed Spaces . . . ... ... ......
A.5 Notes and References . . . . . .. ... ... ... .......

NORMS FOR LINEAR SYSTEMS

B.1 Induced Norms for Linear Maps . . . . . .. .. .. ......

B.2  Properties of Fourier and Laplace Transforms . . . . ... ..
B.2.1 Fourier Transforms . . . . . ... .. .. ... .....
B.2.2 Laplace Transforms . . . . . . .. ... ... .. ....

B.3 L,/l, Norms of Convolutions of Signals . . .. ........
B.3.1 Ly Theory . . ... ... ... . ... ... ..
B2 Iz Theor§.cw vmwesgsmesss: omesmessda

B.4 Induced Norms of Convolution Maps . . . ... ... .....

B.5 Notes and References . . . . . ... ... ... .. .......

IV  EPILOGUE
ROBUSTNESS AND FRAGILITY

Feedback, Robustness, and Fragility . . . ... .. .. ... ... ...
Bamples o o v v e o v o e ® 0@ @ 56 o oo mo s be B E B w o g
DISCUSSION.  « « 4 5 5 5 6 & @ s mw oo o v v v w B E e e e e

REFERENCES

Index

869
869
871
383
885

887

905



