Index

1-D map, 620

1-norm, 627. See also p-norms

2-bit A/D converter, 515. See also Analog-to-digital (A/D) converter

2-cycle, 590

Attracting, 590

2-D Look-Up Table block, 418

2-norm. See Euclidean norm

3-bit A/D converter, 517

4-bit A/D converter, 517

4-cycle, 590

Attracting, 590

8-cycle, 591

A

A/D converter, 514. See also Analog-to-digital (A/D) converter

2-bit, 515

3-bit, 517

4-bit, 517

Activation function, 516

Cost function, 514, 516

Dynamical behavior of, 516

Hypercube, 514

Least significant bit (LSB), 514

Most significant bit (MSB), 514

N-bit, 515

AAM. See Address addressable memory (AAM)

Absolutely continuous function, 323, 346, 349, 650

Accelerating potential, 91. See also cyclotron

Ackermann’s formula, 121, 122. See also Pole placement

Activation function, 509, 516, 518

Continuously differentiable, 518, 519

Model of neuron, 509

Sigmoid, 509

Sign, 470

Strictly monotonically increasing, 518, 519

Activation nonlinearity, 526. See also Activation function

Active suspension, 223

Adaline, 478. See also Adaptive linear element

Adaptation algorithm for weights, 479

Adaptation strategy, 481

Forward dynamics identification, 482

Inverse dynamics identification, 483

Lyapunov function candidate, 480

Prefilter, 481

Sira-Ramírez and Colina-Morles theorem, 479

Adams-Bashforth algorithm, 71

Adams-Moulton algorithm, 71

Adaptation, 554

Algorithm for weights, 479

Law, 212, 449

Strategy, 481

Strategy of Sira-Ramírez and Colina-Morles, 481

Adaptation parameter error, 449

Adaptation law, 449

Adaptive control, 659

Adaptive fuzzy control, 447

Adaptation parameter error, 449

Bounded disturbance, 449

Control objective, 447

Fuzzy rules, 447

Fuzzy set, 447

Plant model, 447

Projection operator, 448

Regressor, 448

Sliding modes, 448

Sliding surface, 448

Adaptive linear element, 478. See also Adaline

Adaptive tracking controllers, 447

Addition of fuzzy numbers, 399

Addition of intervals of confidence, 397

Address addressable memory (AAM), 532

Adjoint equation. See Costate equation

Admissible control, 143

Admissible controllers, 280

Affine model, 423

Taylor series linearization, 424

Affine transformation, 596, 597

Contractive, 597

Expansive, 597

Symmetry, 597

Algebraic equations, 192

Algebraic multiplicity, 676

Algebraic product, 404

Algebraic product defuzzifier, 464. See also Fuzzy logic

Algebraic Riccati equation (ARE), 244, 246, 267, 268, 611

Eigenvalues of Hamiltonian matrix, 311

Eigenvector method, 248

Represented as a vector equation using Kronecker product, 308

Algebraic sum, 405

Algorithm, 553


Knuth’s definition of, 553

Algorithms, 125

Numerically stable, 125

Alleles, 553. See also Genetics

Allelic genes, 553

Analog-to-digital (A/D) converter, 514. See also A/D converter

Angular velocity, 22

Aperiodic solution, 585, 588

Arc length, 227

As a functional, 227

Armature, 29, 288. See also DC motor

Armature controlled DC motor, 287, 100, 135, 256, 296, 368

Costate equation, 296

Hamiltonian function, 288, 296

Optimal armature voltage, 297

Optimal control, 296

Optimal state-feedback, 287

Observability matrix, 385, 386

Observer form, 386

State variable transformation, 386

Arrows, 670

Field of, 670

Artificial networks, 549. See also Neural networks

Artificial neural networks, 469. See also Neural networks

Associative memory, 509, 529, 530

Correct pattern, 509

Corrupted pattern, 509

Crosstalk, 530

Distorted pattern, 529

Eigenstructure method, 550

Forgetting capability, 533

High storage, 533

Learning capability, 533

Nonsymmetric interconnection structure, 532

Outer product method, 550

Recall phase, 529

Retrieval efficiency, 533

Spurious states, 532

Storage phase, 529

Stored pattern, 529

Asymmetric trapezoid membership function, 415

Asymptotes, 54, 89. See also Isocline

Asymptotic stability in the large, 150

Asymptotic state estimator, 387

Asymptotically periodic trajectory, 601

Asymptotically stable, 151

Closed-loop system, 245

Equilibrium states, 538

In the large, 435

Vertex, 537

Variable structure system, 316

Attracting, 581, 589, 590

2-cycle, 590

4-cycle, 589, 590

Fixed points, 581

Period-2 cycle, 586

Attractive, 151, 320. See also Convergent; Switching surface

Autoassociation, 529

Automatic programming, 575

Automotive suspension, 42, 222

Autonomous, 150

Average contractivity condition, 597. See also Iterated function system (IFS)

Average crossover operator, 562

Average fitness, 559

Axon, 469

End branches, 469

Synaptic knobs, 469

B
Back emf, 34. See also DC motor

Backpropagation, 484, 487, 491

Chain rule, 491

Descent gradient method, 484

Differentiable activation function, 484

Forward pass, 484

Gradient algorithm, 486

Gradient descent algorithm ,486

Identification algorithm, 492

Identifier, 493

Perceptron, 485

Reverse pass, 484

Three-layer neural network, 485

Training algorithm, 487, 491

Training pairs, 485

Backward Euler algorithm, 63

Ball map, 615

Bands of frequencies, 615

Equilibrium solutions to, 616

Orbit of, 618

Banach space, 231, 656 

Continuous functions, 231, 656

Bang-bang control, 295

Switching curve, 295

Barbalat’s lemma, 210, 213, 451, 454

Barnsley fern, 598, 599

Basin of attraction, 530, 533, 603

Behavior on hypercube boundary, 533

Reduced-order gBSB-type models, 533

Bellman’s lemma, 443

Bellman-Gronwall lemma, 332, 663

Bendixon’s theorem, 58, 59, 89

Bessel inequality, 9

Bias, 470. See also Threshold

Bias function, 500

Center of, 500

Biconditional, 626

Bicycle model, 24, 563

Ground vehicle, 563

Bifurcation, 583


Diagram, 587, 621

Definition of, 583

Exchange of properties, 583

Binary complement, 572

Binary encoding, 556

Binary fuzzy relation, 404

Biological neuron 469

Model of, 470

Birth rate, 580

Bit maps, 543

Stacking operator, 543, 544

Bolzano-Weierstrass theorem, 214, 645, 646, 650 

Bouncing ball on vibrating plate, 613

Coefficient of restitution, 614

Collisions, 613

Controllable target, 618

Controller construction, 617

Discrete Lyapunov equation, 618

Plate displacement, 613

Principle of conservation of momentum, 613

Velocity of the plate, 613

Bouncing ball system, 607. See also Bouncing ball on vibrating plate

Boundary, 649

Boundary conditions, 307

Boundary layer, 201, 202, 208

Controller, 203, 209

Estimator, 338, 339

Tracking controller, 208

Boundary point, 649

Bounded above, 640

Bounded below, 641

Bounded disturbance, 449

Bounded equilibrium state, 186. See also Lagrange stable

Bounded function, 648

Bounded product, 405

Bounded sequence, 645, 647

Bounded set, 649

Bounded sum, 405

Brachistochrone (shortest time) problem, 229, 297

Angle of departure, 300

Boundary conditions, 300

Condition for control optimality, 298

Costate equations, 298

Cycloid, 302

Generalization, 313

Hamiltonian function, 298

Implicit feedback control law, 300

Model, 297

Performance index, 297

State-space model, 301

Time of quickest descent, 301

Upside-down cycloid, 302

Brachystochrone problem. See Brachistochrone problem

Brain, 469, 549

Modeling, 549

Brainlike computation, 469

Brain-State-in-a-Box (BSB) neural network, 529, 530

BSB network, 533. See also Brain-State-in-a-Box (BSB) neural network

Interconnection matrix, 533

BSB neural network, 529, 530. See also Brain-State-in-a-Box (BSB) neural network

Basin of attraction, 530

Discrete dynamical system, 530

Hypercube, 530

Noisy patterns, 532

C
Calculus of variations, 227

CAM. See Content addressable memory

Canonical GA, 555, 559. See also Canonical genetic algorithm (GA)

Analysis, 559

Schema, 559

Template, 559

Canonical genetic algorithm (GA), 555

Cantor set, 594, 595

Disconnected fractal, 594

Fractal dust, 594

Middle third, 594

Cantor’s ternary set, 594. See also Cantor set

Carrying capacity, 38, 580. See also Logistic equation

Cart with an inverted pendulum. See Stick balancer

Cartesian coordinates, 11

Cartesian product space, 407

Cauchy sequence, 656, 661

Cauchy theorem, 645

Cauchy-Schwarz inequality, 351, 477, 628

Causality property, 6

Definition of, 6

Cayley-Hamilton theorem, 99, 113, 121

Cell nucleus, 553

Center average defuzzifier, 409, 566, 567, 570. See also Fuzzy logic

Center-of-gravity defuzzifier, 464. See also Fuzzy logic

Centrifugal governor, 21. See also Flyball governor; Watt’s governor

Centrifugal speed regulator, 4. See also Flyball governor; Watt’s governor

Centroid of support, 408

Centroidal defuzzifier, 408

Chain rule, 347, 353, 383, 491

Change of state variables, 111

Change-in-error, 412

Chaos, 578

Double pendulum, 622

Game, 621, 622

In information processing, 620

Logistic equation, 579

Loss of information, 578

Lyapunov exponents, 578

Uncertainty growth, 578

Chaotic, 578

Algorithm, 609

Attractor, 607

Behavior, 592

Control algorithm, 607

Discrete-time system, 619

Gingerbreadman, 621

Motions, 588

Neural networks, 620

Solutions, 588

System, 578

Transient to periodic motion, 616

Chaotic system, 578

Random-like behavior, 578

Chaotic trajectory, 601

Definition of, 601, 602

Chaotic motion, 588, 601

Positive largest Lyapunov exponent, 604

Characteristic equation, 99, 120, 217

Of Hamiltonian matrix, 251, 253

Characteristic polynomial, 113, 129

Characteristic polynomial equation, 632

Chattering, 201, 209, 319

Explanation of, 319

Chromosomes, 554, 567

Fitness, 559

Clockwise rotation, 256

Closed ball, 201

Closed path, 58

Closed set, 649

Closed-loop characteristic equation, 84

Closed-loop control system, 3

Closed-loop estimator, 128, 129

Closed-loop feedback system, 41

Toilet-flushing system, 41

Closed-loop system, 120, 196, 245, 419

Characteristic equation of, 120

Poles of, 120

Stability analysis of, 444

Closed-loop systems, 207

Clustering training patterns, 506

Cobweb, 583

Aperiodic solution, 585

Period-four solution, 585

Two-cycle solution, 585

Coefficient of restitution, 614

Coercive function, 185. See also Radially unbounded function

Cofactor, 631

Cofactor matrix, 632

Collisions, 613

Colon, 625

Notation for sets, 625

Combined controller-estimator compensator, 120, 131, 148, 388, 392, 468

Full-order estimator, 131

Separation principle, 133

Combined controller-full-order-estimator compensator, 131 

DC motor system, 138

Combined fuzzy controller-estimator compensator, 442

Combined objective function, 562

Common positive definite matrix, 439

Compact set, 216, 649

Compact subset, 656

Companion forms, 111

Controller form, 111

Observer form, 117, 382

Comparison method, 442

For linear systems, 442

Comparison theorem, 185, 450, 454, 664

Comparison, 664

Equation of, 664

Compatible norms, 652

Compensator, 4, 131. See also Combined controller-estimator compensator

Competing species, 605

Complement, 395

Completing the squares, 452, 456

Complex conjugate pairs, 120

Complex conjugate transpose, 166

Complex numbers, 629

Complex plane, 84

Components of vector, 626

Composition of fuzzy relations, 405, 406

Fuzzy matrix, 406

Max-* composition, 405, 406. See also Max-star composition

Max-star composition, 405

Compromise, 226. See also Engineering practice

Computational energy function, 510, 511

Conditional, 625

Conjugate transpose, 337

Connected set, 671

Conservative vector field, 11, 40, 375

Constrained optimization, 342 

Penalty function method, 342

Constraints, 2

Constraints on the control inputs, 292 

Pontryagin’s minimum principle, 292

Constructability, 107, 111

Constructable, 111

Content addressable memory (CAM), 532. See also Address addressable memory (AAM)

Continuous function, 79, 648

Definition of, 648

Maximum-minimum theorem, 649

Weierstrass theorems, 649, 650

Continuous minimum time regulator problem, 280

Continuously differentiable, 154

Function, 189, 216

Continuous-time linear system, 97

Controllable, 97

Reachable, 97

Contraction maps, 659, 660

Adaptive control, 659

Fixed point, 660

Contractive affine transformation, 597

Contradiction, 626

Proof by, 626

Contraposition, 99, 106, 626


Proof by, 626

Control error, 410

Control objective, 2, 447, 563

Control problem, 2

Control strategy, 102, 456

Control surface, 414

Control system, 3

Closed-loop, 3

Open-loop, 3

Controllability, 94, 96, 97

Controllability index, 114

Controllability indices, 114, 116, 118, 125

Controllability matrix, 98, 105, 112, 114, 122, 124, 370

Controllability property, 145

Controllable pair, 114

Controllable target, 618

Controlled system, 666

Solution of, 666

Controller, 2, 3

Design algorithm, 466

Model reference, 197

Controller form, 111, 112, 113, 115, 369

Canonical, 126

Companion form, 111, 116, 121, 122, 123, 124, 138

State variable transformation to, 115

State-space transformation, 391

Controller inputs, 410

Controller outputs, 410

Controlling chaotic systems, 607

Bouncing ball on vibrating plate, 613

Bouncing ball system, 607

Chaotic attractor, 607, 608

Controllable target, 608

Discrete Lyapunov equation, 611

Ergodicity, 607

Feedback saturating control, 609

Hénon map, 607

LQR technique, 607, 608. See also Linear quadratic regulator (LQR)

Lyapunov function, 609

Ott, Grebogi, and Yorke (OGY) method, 607

Saturating linear optimal control, 267

Convergence,128

Rate of, 128

Convergent, 151. See also Attractive

Convergent matrix, 167

Convergent sequence, 214, 642, 643, 645

Convex combination, 226

Convex constrained optimization, 425

Local linear model, 425

Convex function, 341

Convex fuzzy set, 398

Convex optimization, 340, 341

Feasible set, 341

Convex set, 322, 341

Coordinates of vector, 626

Cornering stiffness coefficient, 25

Corollary, 624

Defintion of, 624

Correct pattern, 509

Corrector, 65. See also Predictor-corrector method

Equations, 66

Corrupted pattern, 509

Cost function, 514, 516

As a landscape, 514

Cost functional, 3

Costate equation, 293, 304

Solution to, 304

Coulomb friction model, 35

Counterclockwise rotation, 256

Crisp set, 394

Critical point, 657

Crossing site, 554

Crossover, 554, 557. See also Genetic algorithm


Crossing site, 554

Offspring chromosomes, 557, 561

One-point, 554

Parent chromosomes, 554, 561

Two-point, 558

Crossover probability, 557. See also Crossover rate

Crossover rate, 557, 567. See also Crossover probability

Crosstalk, 530

Curve, 667, 668

Differentiable, 668

Parameterization of, 668

Cycloid, 302

Cyclotron, 90, 91


Accelerating potential, 91 

Dee, 90

Electric oscillator, 90

Magnetic field, 90

D
D’Alembert’s equation, 12

Damping term, 580

Data pairs, 659

DC motor, 100, 368

Armature-controlled, 100

Field-controlled, 47

Dead zone, 92

Describing function of, 92

Dead zone nonlinearity, 93

Decision boundary, 471

Separating hyperplane, 471

Decision-making logic, 410. See also Inference engine

Decoding, 561

Decreasing sequence, 642

Decrescent function, 180

Dee, 90

Defining length of schema, 559

Defuzzification, 408

Center average defuzzifier, 409

Centroidal defuzzifier, 408

Dendrites, 469, 471

Derivative of a function with respect to a vector field, 370

Derivative of a vector field with respect to a vector filed, 369

Derivative of Dh with respect to the vector field, 370

Descent gradient algorithm, 491

Descent gradient method, 484, 506

Describing function, 84

Ideal relay, 84

Normalized plot of, 86

Describing function method, 59, 77, 82

Closed-loop characteristic equation, 84

Complex plane, 84

Filtering hypothesis, 83

Fundamental component, 83

Fundamental harmonic, 87

Higher harmonics, 87

Low-pass filter, 83

Mean level, 83

Polar plot, 84

Sinusoidal describing function, 88

Transfer function, 83

Design algorithm for fuzzy systems, 466

Design model, 2, 8, 420, 436, 467

Takagi-Sugeno-Kang (TSK) fuzzy model, 422

Design parameter, 450, 451

Desired closed-loop characteristic polynomial, 120, 122, 125, 137

Desired gains, 121

Detectable, 111, 250

Determinant, 631

Cofactor matrix, 632

Properties, 631

Laplace expansion, 631 

Diagonalizability, 263 

Sufficient condition for, 263

Diffeomorphism, 371, 373, 374, 375

Invertibility, 374

Inverse transformation, 373

Difference equation, 3, 213

Differentiable activation function, 484

Differentiable curve, 668

Differentiable vector field, 673

Differential equation, 661

First-order, 661

Integrating factor, 663

Laplace transform of, 161

Solution of, 662

Differential equations, 2, 320

Filippov’s approach, 321

Generalized solution, 322

With discontinuous right-hand sides, 320

Differential inclusion, 323

Differential inequalities, 663

Digital positioning, 28

Digital pulses, 29

Dimension of subspace, 654

Dimension of vector, 626

Disconnected fractal, 594

Discontinuous control strategy, 201

Discontinuous controller chattering, 201

Discontinuous estimator, 337

Discontinuous robust controllers, 194

Discontinuous surface, 320. See also Switching surface

Discontinuous tracking controller, 208

Discrete algebraic Riccati equation, 273, 280

Discrete fuzzy models, 437

Stability of, 437

Discrete linear quadratic regulator problem, 277

First-order necessary condition, 278

Optimal feedback gain, 279

Sequence of gain matrices, 279

Discrete Lyapunov equation, 611, 618

Discrete-time dynamical system, 220, 604

Discrete-time Lyapunov equation, 165, 166

Discretization chaos, 605

Competing species, 605

Distance from a point, 213

Distance measure, 344

Distorted pattern, 529

Disturbance, 461

Divergent sequence, 642

DNA, 553

Domain of function, 648

Don’t care element, 104, 375. See also Don’t cares

Don’t cares, 559

Douady’s rabbit, 596. See also Filled Julia set

Double integrator, 317

Double pendulum, 622

Lagrangian, 622

LQR approach, 622

Drastic product, 405

Drastic sum, 405

Dual composition, 406

Dual system, 117

Dynamic programming, 273

Principle of optimality (PO), 273

Dynamic programming, 308 

Maximum cost path, 308

Dynamical behavior of A/D converter, 516

Dynamical gradient circuit analysis, 343

Convergence phase, 348

Distance measure, 344

Reaching phase, 343

Surface to which trajectory is confined, 345

Dynamical gradient system, 342

Filippov’s method, 343

Dynamical system, 1, 5

Axiomatic definition of, 5

Schematic of, 5

E
EA tunes fuzzy rules and membership functions, 568. See also Evolutionary algorithm

EA tunes fuzzy rules, 565

EA tunes membership functions, 567

EA, 561. See also Evolutionary algorithm

EDVAC. See Electronic Discrete Variable Automatic Computer

Eigenstructure method, 550

Eigenvalue of a matrix, 676

Algebraic multiplicity of, 676

Geometric multiplicity of, 676

Multiplicity of, 676

Eigenvalues of a matrix, 333. See also Spectrum

Eigenvalues on the imaginary axis, 192

Eigenvector method, 248

Eigenvector test. See Popov-Belevitch-Hautus (PBH) test

Eigenvectors, 253

Electric drive system, 456

Disturbance, 461

Fuzzy logic system, 456, 458

m-file, 458

Reference signal, 458

Reference system, 456

SIMULINK block diagram, 457, 460, 461

Sliding surface, 457

Tracking error, 458

Electric oscillator, 90

Electromechanical motion devices, 28

Electronic Discrete Variable Automatic Computer (EDVAC), 550

Electronic Numerical Integrator and Computer (ENIAC), 550

Elitism, 575

Elitist strategy, 563, 567, 572

Super chromosome, 563

Ellipsoid semiaxes, 602

Encoding, 555, 563

Binary, 556

End branches, 469

End-point conditions, 238, 293

Pontryagin’s minimum principle, 293

Energy, 9

Energy of configuration. See Potential energy

Engineering practice, 133 

Compromise, 133

Engine-governor equations, 76

ENIAC. See Electronic Discrete Variable Automatic Computer

Equation of comparison, 444, 664

Equilibrium point, 150, 423, 518, 519 

Equilibrium position, 149

Equilibrium state, 74, 150, 151, 213

Asymptotically stable, 151, 535

Attractive, 151

Constant solution, 533

Convergent, 151

Instability of, 215

Lyapunov exponents of, 603

Stable, 151, 534

Translation of, 527

Uniformly asymptotically stable, 152

Uniformly exponentially stable, 526

Unstable, 153

Equivalent control, 327, 330

Equivalent system, 327

Ergodicity, 607

Error, 60, 412

Estimate of, 60

Error signal, 4

Estimate of the error, 60

Estimate of the RAS, 268. See also Region of asymptotic stability (RAS)

Optimization problem, 268

Estimation error, 128, 498

Estimator, 120, 126


Closed-loop, 128

Full-order, 127

More descriptive than “observer,” 127

Open-loop, 127

Pole selection, 133

Euclidean norm, 479, 627. See also 2-norm

Euler algorithm, 63

Backward, 63

Forward, 63

Euler formula, 89

Euler method, 501. See also Euler algorithm

Euler’s method, 62

Step length, 62

Euler-Lagrange equation, 237, 238, 239, 240, 241

Evolutionary algorithm (EA), 561, 562, 563

Mating pool, 567

Evolutionary algorithm-aided fuzzy logic controller, 565

Evolutionary fuzzy logic controllers, 563

Ground vehicle, 563

Step-lane change maneuver, 564

Evolutionary processes, 553

Exact penalty function, 343

Exclusion, 393

Exclusive-OR (XOR) problem, 487, 488, 489

Expansive affine transformation, 597

Expert knowledge, 393

Exponential matrix, 666

Exponential stability, 522

External input signal, 132

Extremal, 238, 237, 243, 307. See also Calculus of variations; Euler-Lagrange equation

F
Falsity, 625

Family of curves, 235

Feasible direction, 361

Feedback controller, 120

Feedback gains, 326 

Sliding mode controller, 326

Feedback linearization, 367, 380

Feedback loop, 4

Feedback matrix, 120

Feedback saturating control, 609

Algebraic Riccati equation, 611

Feedback system, 83

Nonlinear, 83

Feedforward network, 490

Adaptation algorithm, 490

Backpropagation, 490

Feigenbaum number α, 593

Feigenbaum number δ, 592, 593

Field inductance, 47

Field of arrows, 670

Field of forces, 670

Field-controlled DC motor, 47

Filippov’s approach, 321, 357

Filled Julia set, 595

Douady’s rabbit, 596

Filtering hypothesis, 83

First difference, 165

First-order differential equation, 662

First-order discrete-time equation, 583

Cobweb, 583

First-order necessary condition, 236

For relative minimum, 272

For unconstrained optimization, 269

Fitness function, 554, 568

Fitness of chromosome, 559

Fitness of schema, 559

Fitness, 559

Average, 559

Fixed coordinates, 27

Fixed point, 213, 660

Shifting, 586

Fixed set, 625

Universe of discourse, 625

FLC. See Fuzzy logic controller

Flip bifurcations, 588

Flow, 602

Flyball governor, 4, 21, 175. See also Centrifugal speed regulator; Watt’s governor

Stability of, 175

Force, 9

Force field, 670, 674

Forgetting 547

Forgetting capability, 533

Forward dynamics identification, 482

Forward Euler algorithm, 63

Forward loop, 4

Forward pass, 484

Fourier series, 77, 81, 83

Fourth-order Runge-Kutta method, 70

Fractal 594

Cantor set, 594

Chaos game, 621, 622

Dimension, 594

Scaling 594

Self-similarity, 594

Self-similarity dimension, 594

Sierpiński carpet, 622

Sierpiński gasket, 621, 622

Von Koch snowflake curve, 593

Fractals, 578

Non-Euclidean objects, 593

Irregular, 593

Friction, 15

Friction coefficient, 434

Frobenius norm, 503, 653. See also Matrix norm

Front axle, 24

Front tire slip angle, 26

Front-wheel steering, 199, 573


Vehicle, 45

Vehicle bicycle model, 45

Full rank factorization, 250, 636

Full-order asymptotic state estimator, 146

Full-order estimator, 127, 131

DC motor system, 138

Function, 229, 323, 395, 648 

Absolutely continuous, 323, 346, 349, 650

Bounded, 648

Continuous, 648, 649

Domain of, 648

Odd, 85

Ordered pairs, 395

Range of, 648

Support of, 407

Uniformly continuous, 650

Function space, 656

Real-valued functions, 656

Functional, 227, 230, 233, 236, 237, 307

Variation of, 230, 231, 233

Fundamental component, 83

Fundamental harmonic, 87

Fundamental theorem of calculus, 672

Fuzziness, 463

Fuzzy, 463

Fuzzy adaptive control law, 450, 453

Barbalat’s lemma, 451, 454

Comparison theorem, 450, 454

Completing the squares, 452, 456

Design parameter, 450, 451

Lyapunov function candidate, 451, 454

Time derivative of V, 450, 454

Fuzzy arithmetic, 396

Interval arithmetic, 396

Interval of confidence, 396

Fuzzy closed-loop system, 444,

Stability analysis of, 444

Fuzzy conjunction, 404. See also t-norm, 404

Fuzzy controller, 567

Fuzzy controller-estimator compensator, 442

Fuzzy disjunction, 404. See also t-conorm, 404

Fuzzy engineering, 463

Fuzzy estimator, 440

IF-THEN rules, 440

Fuzzy implication, 404, 405

Fuzzy conjunction, 404

Fuzzy disjunction, 404

Fuzzy input, 407

Fuzzy intersection, 404

Fuzzy logic, 393


Crisp set, 394


Exclusion, 393


Fuzzy number, 396

Fuzzy set, 393

Inclusion, 393

Linguistic variable, 394

Membership, 393, 394

Membership function, 395

Partial membership, 394

Standard additive model (SAM), 407

Universe of discourse, 395

Fuzzy logic controller (FLC), 393, 410, 563, 568

Change-in-error, 412

Closed-loop system, 419

Control error, 410

Control surface, 414

Controller inputs, 410

Controller outputs, 410

Error, 412

Inference engine, 410

Knowledge base, 410

Linguistic variable, 413, 414

Rules matrix, 412

SIMULINK diagram, 419

Vehicle model, 412

Fuzzy logic system, 447, 490

Feedforward network, 490

Fuzzy logic target tracking, 577

Fuzzy matrix, 404, 406

Fuzzy maximum, 402

Of fuzzy numbers, 402

Fuzzy minimum, 402

Of fuzzy numbers, 402

Fuzzy minimum operator, 405

Fuzzy model, 421

Takagi-Sugeno-Kang (TSK) fuzzy model, 421

Fuzzy model, 420, 421


Asymptotic stabilizability in the large of, 428

Design model, 420, 421

Stabilizability of, 427

Fuzzy number, 396, 397

Convex and normal fuzzy set, 398

Interval of confidence, 397

Fuzzy numbers, 398

Addition, 399

Level of presumption, 398

Triangular, 400, 402

Fuzzy output, 407

Fuzzy product, 404

Fuzzy reasoning, 408, 409. See also Defuzzification

Fuzzy relation, 407, 396, 403

Binary, 404

Composition, 405

Dual composition, 406

Fuzzy implication, 404

Fuzzy matrix, 404

Product space, 403

Fuzzy rule, 573

Premise of, 571

Fuzzy rule base, 570

Fuzzy rules, 442, 447, 577

Fuzzy set, 393, 447

Algebra of, 463

Membership function, 395

Support of, 407

Universe of discourse, 395

Fuzzy sets, 395

Complement, 395

Intersection of, 395

Union of, 395

Fuzzy singletons, 567, 568

Fuzzy sliding mode controller, 464

Time delay, 464

Fuzzy state estimator, 441

Fuzzy system, 407, 466

Controller design algorithm, 466

Standard additive model (SAM), 407, 409

State feedback linear control law, 466

Fuzzy union, 405

Fuzzy zero, 399

G
GA. See Genetic algorithm

Gain matrix, 124

Gaussian radial basis function, 494, 496, 500

Center of basis function, 500

gBSB network, 533. See also generalized BSB network

Asymptotically stable equilibrium states, 538

Spurious states, 539

Weight matrix construction algorithm, 540

Weight matrix, 541, 544

gBSB neural net, 552

Asymptotically stable equilibrium, 552

Vertex, 552

gBSB-based associative memory, 543

Bit maps, 543, 544, 545, 546

Forgetting 547

Iterative learning 546

Learning 546

Gear, 22, 257. See also Centrifugal governor; One-link robot manipulator

Gear multistep algorithm, 71

Gear train, 256

Gene, 553

Alleles, 553

General ordinary differential equation, 662

Generalized BSB (gBSB) network, 533

Generalized force, 15

Generalized intersection operator, 404. See also t-norm

Generalized Lyapunov function, 325

Sliding mode controller, 325

Generalized solution in the sense of Filippov, 322

Convex set, 322

Differential inclusion, 323

Generalized union operator, 404. See also t-conorm

Generation, 558

Genetic algorithm, 553, 555

Canonical, 555

Combined objective function, 562

Crossover operator, 554

Decoding, 561

Derivative-free optimization, 554

Encoding, 555

Fitness function, 554, 555

Generation, 558

Genetic operators, 554

Implementing, 555

Mutation operator, 555

On-line identification, 575

Population of chromosomes, 555, 556

Run, 558

Selection operator, 554

Set of generations, 558

Genetic operator, 554, 571, 572


Binary complement, 572

Crossover, 554

Mutation, 554

Random variable, 572

Selection, 554

Genetic processes, 553

Genetic programming, 575

Genetics, 574

Garden pea, 574

Principles of, 574

Genome, 554

Genotype, 554

Genotype space, 554

Geodesics, 229

Geodesics problem, 229

Geometric multiplicity, 676

Global asymptotic stability, 150

Global state transformation, 380

Global transformation, 380, 

Controller form, 380

Globally asymptotically stable, 438

Globally stable, 149

Globally stable equilibrium state, 219

Globally uniformly asymptotically stable, 446

Gradient, 363, 425, 432, 657, 674

Algorithm, 486, 490

Descent algorithm, 486

Operation, 363

Greatest lower bound, 641. See also Infimum, 641

Green’s theorem, 58, 674

Grid over the input-state space, 500

Ground vehicle, 22, 563, 573

Bicycle model of, 563

Evolutionary fuzzy logic controllers, 563

Front wheel steering, 563

Fuzzy logic controller, 563

Lateral position, 564

Lateral velocity, 564

Modeling of, 22

Steering angle, 564

Tire slip angel, 564

Turning maneuver of, 22

Growing RBF network, 500. See also Radial-basis function (RBF) networks

Grid over the input-state space, 500

Simulating using Euler’s method, 501

State estimation error, 501

H
H.O.T. See Higher-order terms

Hamiltonian, 294

Hamiltonian function, 281, 283, 288

Hamiltonian matrix, 248, 250, 252, 255

Eigenvalues of, 250, 311

Linearly independent eigenvectors of, 253

Hamilton-Jacobi-Bellman (HJB) equation, 283

Boundary condition, 283

Hamiltonian function, 283

Hamming distance, 552

Harmonic linearization, 77. See also Describing function method

Hénon map, 607, 609, 610, 612

Controllable target, 612

Orbit of, 610

Hessian, 658

Heun’s method. See Predictor-corrector method

Hidden layer, 486

High storage, 533

Higher harmonics, 87

Higher-order terms (H.O.T.), 189, 284

High-frequency dynamics, 436

High-frequency modes, 201

HJB equation, 283. See also Hamilton-Jacobi-Bellman (HJB) equation

Hölder inequality, 432

Hölder norms, 627. See also p-norms

Hooke’s law, 142, 144

Hopfield network, 508, 517

Activation function, 518

Activation nonlinearity, 526

Analog-to-digital (A/D) converter, 514

Associative memory, 509

Asymptotic stability, 517

Circuit implementation of, 509

Circuit realization of, 510

Computational energy function, 510, 511

Equilibrium points, 518

Equivalent representation of, 510

Exponential stability, 522

Interconnected information, 517, 522

Interconnected system, 512

Interconnections, 524

Lyapunov function candidate, 523

Lyapunov’s second method, 517, 522

Model of biological neural networks, 508

Model of, 509, 513

Neuron, 508

Nonlinear amplifier, 509

Nonlinear interconnected systems, 508

Phase plane, 528

Sector condition, 524

Single neuron of, 520

Stability analysis of, 517

Uniformly exponentially stable, 523, 525, 526

Hurwitz and Routh stability criteria, 171

Hurwitz matrix, 171, 173, 174, 175, 503

Hurwitz theorem, 173

Hypercube, 465, 514, 530, 533, 535, 537

Vertex of, 534

Hypothesis, 624

Defintion of, 624

I
Ideal relay, 84

Describing function of, 84

Ideal sliding mode, 331

Identification, 492

Algorithm, 492

Architecture, 497

Error, 497, 499, 504

Network, 497

Identification of dynamical systems, 497

Neural identifier, 497, 498

Identification of multivariable systems, 503

Identifier, 493

Identity matrix, 630

Identity observer, 130

IF, 625. See also IF-THEN rules

IFS, 598. See also Iterated function system (IFS)

Barnsley fern, 598, 599

Definition of, 597

Roulette-wheel method, 598

IF-THEN rules, 407, 411, 440, 571

IF-THEN statement, 393

Image, 654. See also Range

Imaginary part of complex number, 333

Inclusion, 393

Inconsistent linear equations, 658

Least squares solution, 658

Increasing function, 180

Increasing sequence, 642

Independent rows, 655

Index set, 407

Induced matrix norms, 653

Induced norm, 651

Induction, 644

Inference, 625

Inference engine, 410

Infimum, 641, 649. See also Greatest lower bound

Infinity norm, 627. See also p-norms

Initial conditions, 599

Sensitive dependence upon, 599

Initial value problem, 213

Inner product, 627. See also Scalar product

Input scaling, 197

Input vectors, 472

Linearly separable, 472

Input voltage switchings, 31

Inputs, 1, 3

Input-state space, 500

Grid over, 500

Instability, 187, 215

Of equilibrium states, 215

Of zero solution, 219

Instance of schema, 560

Integral inequalities, 663

Integral of the square of the error (ISE), 162, 566

Integral of time multiplied by the square error (ITSE), 164

Integrating by parts, 236

Integrating factor, 663, 667

Interacting populations, 38

Interconnected information, 517, 522

Interconnection matrix, 533

Interconnections, 524

Sector condition, 524

Symmetry requirement, 524

Intermediate point, 273

Principle of optimality (PO), 273

Internal energy, 15

Interpolation matrix, 495

Interpolation using RBF networks, 494, 496

Interrelations, 1

Intersection, 395

Interval arithmetic, 396

Interval of confidence, 396, 400


Addition, 397

Addition of fuzzy numbers, 399

Fuzzy number, 397

Level of presumption, 398

Maximum, 398

Minimum, 398

Multiplication, 397

Presumption level, 399

Inverse dynamics identification, 483

Inverse function theorem, 374, 390

Inverse transform, 666

Inverse transformation, 373, 380

Inverted pendulum, 35, 47, 147, 359, 467

Design model of, 467

Membership functions, 467

Truth model, 467

Iron end-caps, 30

ISE criterion, 162. See also Integral of the square of the error (ISE)

Isocline, 53

Asymptotes, 54

Iterated function system (IFS), 596

Iterated parameter, 590

Iteration process, 678

Iterative algorithm, 220

Iterative learning, 546

ITSE criterion, 164. See also Integral of time multiplied by the square error (ITSE)

J
Jacobian matrices, 75, 369

Jacobian matrix, 189, 192, 374, 375, 382, 384, 386, 390, 672

Julia set, 595

Douady’s rabbit, 596

Filled, 595

K
Kalman’s decomposition, 141

Karush-Kuhn-Tucker condition, 341, 352

k-cycle, 599

Kernel. See also Null space, 655

Kinetic energy, 9, 15

Kirchhoff’s current law, 509

Kirchhoff’s voltage law, 34, 100, 135, 258, 288, 310, 368

Knowledge base, 410

Kohonen learning rule, 506

Kronecker product, 131, 308, 637, 639

Kučera’s theorem, 250

L
L’Hôpital’s rule, 158, 513

Lagrange equations of motion, 11—17, 46, 239

Lagrange multiplier, 425

Lagrange multipliers method, 269

Solving optimization problems, 269

Lagrange stable, 185, 186

Definition of 186

Lagrange’s multiplier theorem, 309, 310

Optimal control sequence, 309, 310

Lagrangian. See Lagrangian function

Lagrangian function, 11, 16, 46, 622

Lane-change maneuver, 27

Laplace expansion, 631

Laplace transform, 109, 161, 666, 667

Large control signals, 226

Largest Lyapunov exponent, 604

Largest singular value, 633

LaSalle’s invariance principle, 213, 215

Continuous-time systems, 216

Difference equation, 213

Lateral force, 24

Lateral position, 564

Lateral velocity, 564

Leading principal minors, 169, 171, 634

First-order, 169

Second-order, 169

Learning 546

Learning capability, 533

Learning phase, 493

Identifier, 493

Least significant bit (LSB), 514

Least squares, 575, 656

Least upper bound, 640. See also Supremum

Least upper bound axiom, 640

Left inverse, 333

Leibniz formula, 370, 372, 376, 384, 385, 389

Lemma, 604

Definition of, 624

Level curve, 611

Level of presumption, 398, 400

Liapunoff. See Lyapunov

Liapunov. See Lyapunov

Lie bracket, 369

Derivative of a vector field with respect to a vector filed, 369

Lie derivative notation, 383

Lie derivatives, 369

Derivative of a function with respect to a vector field, 370

Derivative of a vector field with respect to a vector filed, 369

Derivative of Dh with respect to the vector field, 370

Leibniz formula, 370

Limit cycle, 58, 77, 84, 87

Amplitude, 87

Stability of nonlinear system, 84

Limit of sequence, 642, 643

Limiter, 92

Describing function of, 92

Linear approximation, 72

Linear combination, 654

Linear controller design algorithm, 466

Linear equations, 657

Least squares solution, 657

Linear function, 651

Linear map, 651

Norm of, 651

Linear operators, 651

Linear quadratic regulator (LQR), 227, 244, 270, 290

Discrete systems, 270

First-order necessary condition for a relative minimum, 272

HJB equation, 290

Infinite time interval, 270

Problem, 227

Second-order sufficient condition for a relative minimizer, 272

Linear quarter-car model, 223

Linear saturation nonlinearity, 208

Linear spring, 94

Linear state-feedback controller, 120, 244

Linear system, 88, 94

Mathematical abstraction, 88

Linear systems, 442

Comparison method for, 442

Stability of, 154

Linearization, 71

Linearization method. See Lyapunov’s indirect method

Linearized model, 264, 423, 602

Linearizing, 74

Differential equations, 74

Linearizing state-feedback controller, 380, 381, 391

Canceling nonlinearities, 380

Gains, 381

One-link manipulator, 380

Linearly dependent stored patterns, 541

Linearly dependent vectors, 654

Linearly independent columns, 114

Linearly independent eigenvectors of Hamiltonian matrix, 253

Linearly independent patterns, 541

Maximal set of, 541

Linearly nonseparable, 472

Linearly separable, 472

Linguistic values, 394

Linguistic variable, 394, 413

Lipschitz condition, 651, 664

Lipschitz constant, 216, 330, 664

Liu, Kadirkamanathan, and Billings’ identification scheme, 500

Local linear model, 423

Local models, 421

Locally stable, 149

Logistic equation, 38, 579. See also Verhulst equation

Attracting fixed points, 581

Bifurcation diagram of, 587

Carrying capacity, 580

Damping term, 580

Lyapunov exponent, 604

Population, 579

Stability analysis, 581

Unrestricted growth rate, 580

Logistic map. See Logistic equation

Longitudinal force, 24

Lorenz equations, 621

Lorenz’s weather model, 620

Loss of information, 578

Lotka-Volterra equations, 39. See also Predator-prey relationship

Lower bound, 641

Low-order estimator, 129

Low-pass filter, 83

LQR, 313. See also Linear quadratic regulator

Ground vehicle model, 313

LQR method, 608

LQR problem, 227. See also Linear quadratic regulator

Luenberger observer, 128. See also State estimator

Lukasiewicz’s logic, 463. See also Multivalued logic

Lumped uncertainties, 194, 201, 336

Lyapunov, 151 

Sometimes transliterated as Liapunov or Liapunoff, 151

Lyapunov derivative, 430, 505. See also Time derivative of V

Lyapunov difference, 215

Lyapunov equation, 159

Lyapunov exponent, 601

Discrete-time dynamical system, 604

Trajectories’ divergence, 600

Trajectory separation, 582

Lyapunov exponents, 578, 582, 599

Basin of attraction, 603

Ellipsoid semiaxes, 602

Reference trajectory, 602

Transition matrix, 603

Lyapunov first difference, 611

Level curve, 611

Lyapunov function, 157, 194, 195, 201, 215, 216, 245, 270, 439

Tool to estimate RAS, 266

Lyapunov function candidate, 196, 198, 211, 212, 218, 219, 430, 451, 454, 480, 504, 520, 523, 525

Instabiliy, 219

Sliding mode controller, 325

Lyapunov matrix equation, 155, 158, 160, 168, 171, 189, 198, 222, 503

Lyapunov number, 599

Measure of contraction or expansion, 602

Rate of separation, 599

Smooth map, 602

Lyapunov theorem, 337, 439

Geometrical interpretation of, 157

Lyapunov’s first method, 188. See also Lyapunov’s indirect method

Lyapunov’s indirect method, 188, 200

Eigenvalues on the imaginary axis, 192

Lyapunov’s second method, 517, 522

Lyapunov’s theorem, 155, 157

Lyapunov-based control, 431

Lyapunov-based stabilizer, 431, 463

Lyapunov-like analysis, 210

Lyapunov-like lemma, 211, 212, 499, 505

M
MacFarlane and Potter method. See Eigenvector method

Machine tool, 44

Magnetic field, 90

Mandelbrot set, 595

One-page dictionary of all Julia sets, 596

Quadratic complex dynamical system, 595

Manifold, 364. See also Sliding mode domain

Map, 579

Orbit of, 579

Mass-spring-damper system, 90

Matched uncertainty, 168, 361, 464

Matching conditions, 466, 468

Mathematical abstraction, 88


Linear system, 88

Mathematical model, 393, 436

Mathematical modeling, 5

Mating pool, 567

MATLAB, 20

MATLAB command, 105, 139, 415, 493, 457, 544, 621

MATLAB function, 58, 468, 586, 590

MATLAB peaks function, 575

MATLAB script, 57, 147, 148, 313

MATLAB Symbolic Math Toolbox, 143, 300, 677

Matrix, 629

Definition of, 629

Eigenvalue of, 676

Row diagonal dominant matrix, 535

Strongly row diagonal dominant matrix, 535

Matrix calculus formulas, 674

Matrix computations, 675

Matrix differential inequality, 446

Matrix exponential, 442

Matrix inequality lemma, 437

Matrix inversion formula, 548, 631, 658

Matrix Lyapunov equation, 170, 207, 212, 224. See also Lyapunov matrix equation

Matrix multiplication, 630

Matrix norm, 651

Conditions of, 652

Frobenius norm, 653

Matrix square root, 362

Matrix-vector product, 654

Max-* composition, 405, 406. See also Max-star composition

Maximizer, 555

Of functional, 234

Maximizing point, 555

Maximum of a functional, 233

Maximum of intervals of confidence, 398

Maximum-minimum theorem of Weierstrass, 649, 650

Max-star, 405. See also Max-* composition

Composition, 405

Fuzzy relation, 405, 406

Mean level, 83

Mean value theorem, 582

Mechanical energy, 15

Membership, 393

Exclusion, 393

Inclusion, 393

Partial, 393

Membership function, 395, 400, 565, 569, 571

MATLAB function of, 415

Pi membership function, 415

Triangular membership function, 411, 417

Method of dynamic programming, 273

Method of isoclines, 53

m-file, 458

Adaptation rates, 458

Minimization, 226

Minimizer of a functional, 234

Minimum of a functional, 233

Minimum of intervals of confidence, 398

Minimum operator, 405

Minimum principle, 310 

Optimal charging voltage, 310

Minimum principle of Pontryagin, 292

Minimum time regulator problem, 280

Admissible controllers, 282

Admissible optimal controllers, 282

Bang-bang, 303

Costate equation, 303

Hamiltonian function, 281, 303

Multi-input systems, 303

Optimal transfer, 280

Piecewise continuous control, 280

Pontryagin’s minimum principle, 303

System controllable by the ith input, 304

Model, 8

Biological neural networks, 508

Biological neuron, 470

Hopfield neural network, 509, 513

Satellite, 50

Modeling, 5

Bouncing ball on a vibrating plate, 613

Mathematical, 5, 8

Model-reference, 197

Signal generator, 197

Tracking controller, 197

Monotone sequence, 642

Moore-Penrose inverse, 535, 536. See also Pseudo-inverse

Most significant bit (MSB), 514

Motor shaft, 257

Clockwise rotation, 257

Counterclockwise rotation, 257

Motor-torque constant, 257

Multi-input systems, 114

Controller form for, 114

Multiplication of fuzzy numbers, 401

Multiplication of intervals of confidence, 397, 401

Multiplicative rate, 582

Trajectory separation, 582

Multiplicity of eigenvalue, 676

Multistep algorithm, 71

Adams-Bashforth, 71

Adams-Moulton, 71

Gear, 71

Multivalued logic, 463. See also Lukasiewicz’s logic

Multivariable systems, 503

Identification, 503

Mutation operator, 555, 568

Mutation probability, 557. See also Mutation rate

Mutation rate, 557. See also Mutation probability

Mutually orthogonal, 77, 78

N
n-ary fuzzy relation, 404

N-bit A/D converter, 515

Necessary and sufficient condition for observability, 107

Negative definite, 633

Negative definite function, 154

Negative semidefinite, 633

Negative semidefinite function, 154

Negative unity feedback, 217

Neighborhood, 185, 191, 649

Of the zero state, 202

Nervous pulse, 470

Neural, 549

Fuzzy identifier, 489

Fuzzy on-line identification, 551

Neural identifier, 497, 498

Identification architecture, 497

Identification network, 497

Neural network model in the new coordinates, 527

Neural-network-based fuzzy logic control, 489

Neural networks, 469

Neurocomputing, 469

Neuron, 508

Axon, 469

Biological, 469

Dendrites, 469, 470

Model, 470

Nervous pulse, 470

Neurotransmitters, 469

Receptor site, 469

Synapse, 469

Neurons, 469

Neurotransmitters, 469

Newton’s second law, 9, 34, 257, 368

Noisy patterns, 532

Nominal system, 194

Nonautonomous, 150

Nonconservative forces, 15

Noncontrollable part, 105

Nondecreasing function, 179

Nondecreasing sequence, 642

Non-Euclidean objects, 593

Fractals, 593

Nonideal sliding mode, 329

Lipschitz constant, 330

Utkin’s theorem, 330

Nonincreasing function, 181

Nonincreasing sequence, 642

Nonlinear amplifier, 509

Nonlinear dynamical system, 367

Nonlinear feedback systems, 83

Nonlinear interconnected systems, 508

Nonlinear projector, 468

MATLAB’s function of, 468

Nonlinear system, 94

Asymptotic state estimator, 387

Combined controller-estimator compensator, 388, 392

Controllability matrix, 370

Observability matrix, 385

Observer form, 382

Stability of, 84, 176

Nonlinear system controllability matrix, 370, 373

Nonlinear system observability matrix, 385

Nonlinear system observer form, 382, 392

State variable transformation, 382

Lie derivative notation, 383

Nonlinear system state transformation, 371

Diffeomorphism, 371

Nonnegative real numbers, 397

Nonobservable part, 111

Nonreachable, 106

Nonsymmetric interconnection structure, 532

Norm, 78

Equivalence, 432

Of linear map, 651

Of uniform convergence, 656

Normal fuzzy set, 399

Normal to hyperplane, 475

Normalized plot of describing function, 86

Normed linear space, 678

Normed space, 655, 656

Norms, 652

Compatible, 652

Notation, 624

For sets, 624

n-space, 626

Null solution, 520, 521

Lyapunov function candidate, 523, 525

Uniformly exponentially stable, 523

Null space, 655. See also Kernel

Numerical integration, 63

Rectangular rule of, 63

Simpson’s formula, 67--69

Trapezoidal rule of, 64

Numerical methods, 53

Numerical properties, 125

Numerically stable algorithms, 125

Nyquist stability criterion, 82

O
Objective function, 221

Observability, 107

Index, 118

Indices, 118

Matrix, 110

Matrix of nonlinear system, 385

Observable, 107

Pair, 117, 119

Part, 111

Observer, 120, 127

Observer companion form, 129, 146

Observer form, 117, 118, 129, 382

State variable transformation, 382

Odd function, 85

Rectangular wave 85

Offspring, 555

Offspring chromosomes, 557, 561

OGY method. See Ott, Grebogi, and Yorke (OGY) method

Ohm’s law, 288, 296

Armature circuit, 288, 296

One-link manipulator, 147, 256, 387

Asymptotic state estimator, 387

Combined controller-estimator compensator, 388

Controller form, 374

Design model, 389

Simulation model, 389

Sliding surface, 389

State estimator dynamics, 387

One-link robot, 258

State-space model of, 258

One-link robot manipulator, 256, 368, 374, 464

Fuzzy sliding mode controller, 464

Motor-torque constant, 257

Nonlinear model control, 261

Orthogonal projector, 464

One-point crossover, 560

On-line identification, 492, 575

Open left-half plane, 190, 197

Open right-half plane, 190

Open set, 390, 649, 671

Open subset, 670

Open unit disc, 675

Open unit disk, 166

Open-loop, 3

Control system, 3

Estimator, 127

Transfer function, 217

Operators over Banach spaces, 231

Optimal closed-loop system, 247

Optimal control with constraints on inputs, 292

Optimal controller, 3, 225, 244, 247, 260

Optimal gain, 256

Optimal linear state feedback controller, 246

Optimal policy, 273

Optimal saturating controllers, 266

Optimal systems with prescribed poles, 251

Optimal trajectory, 235, 273

Orbit, 579

Calculating using least squares, 656

Of celestial bodies, 656

Order of schema, 559

Order reduction, 324

Ordered pairs, 395

Ordinary differential equation, 2, 48, 662

Orthogonal complement, 350, 655

Orthogonal matrix, 631

Orthogonal projection, 346, 350

Orthogonal projector, 355, 464, 548

Orthonormal vectors, 631

Ott, Grebogi, and Yorke (OGY) method, 607

Outer product method, 550

Output feedback, 145, 328

Output layer, 486

Output of system, 6

Output space, 6

Outputs, 1, 4

P
p-norms, 363, 627. See also Hölder norms

Parameterization of curve, 668

Parent chromosomes, 554, 561

Partial derivatives, 58

Partial membership, 394

Partial sums, 647

Path of flux, 32

Pattern associator, 529

PBH rank test, 333. See also Popov-Belevitch-Hautus test

PD controller, 217. See also Proportional-plus-derivative (PD)

Penalty function, 342, 343

Penalty function method, 342, 343

Pendulum, 17

Double, 622

Inverted, 35

Simple, 17

Perceptron learning algorithm. See TLU learning algorithm

Perceptron, 470, 471, 485

Training pairs, 471

Performance index (PI), 3, 225, 226, 227, 251, 252, 566

Period, 81

Period-2 cycle, 586

Period-four solution, 585

Periodic cycles, 587

Periodic function, 81

Per-iteration changes, 602

Permanent magnet stepper motor, 28, 29, 91

Controllability matrix, 377

Controller form, 376, 380

Electrical organization, 29

Input voltage switchings, 31

Mathematical model, 31

Step length, 31

Tooth pitch, 31

Persistently exciting inputs, 463

Persistently exciting signals, 463

Phase plane, 48, 528

Phase portrait, 48, 57, 89, 259, 260, 295, 356

MATLAB’s script, 57

Phenotype, 554

Phenotype space, 554

Transformation into genotype space, 556

Pi membership function, 415

Piecewise constant optimal control law, 295

Piecewise continuous control, 280

Piecewise continuous functions, 79, 80

Plant, 3

Input, 3

Model, 447

Output, 3

PM stepper motor. See Permanent magnet stepper motor

p-norm, 431, 653. See also Hölder norm, 627

Polar plot, 84

Pole placement, 11

Ackermann’s formula for, 121

Algorithm for multi-input systems, 122

Problem, 120

Problem solvability, 126

Poles, 120

Complex conjugate pairs, 120

Polyhedron, 341

Polynomial, 171

Polytope, 341

Polytopic system, 422, 427

Pontryagin’s minimum principle, 292

Costate equation, 293

End-point condition, 293

Generalization of the Euler-Lagrange equations, 292

Hamiltonian function, 292

HJB equation, 292

Popov-Belevitch-Hautus (PBH) eigenvector test, 105

Population, 38, 579


Dynamics, 38

Of chromosomes, 555, 556

Positive definite, 179, 633, 634


Decrescent function, 185

Defintion of, 154, 180

Function, 154, 157, 180

Quadratic function, 429

Symmetric matrix, 189

Positive limit point, 213, 216

Positive limit set, 213, 216

Positive linear combination (PLC), 477

Positive point of accumulation.  See Positive limit point

Positive real, 337

Transfer function matrix, 337

Positive semidefinite, 154, 180, 633, 634

Definition of, 154, 180

Symmetric square root, 635

Positively invariant, 214

Positively invariant set, 216

Positively invariant subset, 213

Potential energy, 10

Potential function, 373, 374, 671

Predator, 39

Predator-prey relationship, 39

Predictor, 65

Equations of, 66

Predictor-corrector method, 64

Corrector, 65

Predictor, 65

Prefilter, 481

Premise part of fuzzy rule, 571

Preprocessing training pairs, 475

Prescribed poles, 251

Presumption level, 399

Prey, 39

Principal minors, 634, 446

Principle of conservation of energy, 16

Principle of conservation of momentum, 613

Principle of induction, 644

Principle of optimality (PO), 273

Application to routing network, 274, 275

Backward pass, 276, 277

Discrete linear quadratic regulator problem, 277

Forward pass, 276, 277

Johann Bernoulli’s statement of, 274

Richard E. Bellman’s statement of. 273

Product of matrices, 630

Product space, 403

Cartesian, 407

Projection, 627

Proof, 625

By contradiction 58, 58, 214, 216, 245, 270, 477, 650, 665

Direct, 626

Proof by contraposition, 106, 235, 677

Proportional-plus-derivative (PD) controller, 217

Proposition, 624

Definition of, 624

Pseudo-inverse, 535, 536, 537, 538, 547, 548. See also Moore-Penrose inverse

Pythagoras theorem, 627, 628

Quadratic form, 154, 633

Negative definite, 633

Negative semidefinite, 633

Positive definite, 633, 634

Positive semidefinite, 633, 634

Quadratic indices, 159

Quadratic performance indices, 159

Quadratic programming problem, 356

Quarter-car model, 43, 222, 223

R
Radial-basis function (RBF) networks, 494, 495

Radially unbounded function, 185, 186, 446

Random variable, 572

Random-like behavior, 578

Range of function, 648

Range, 654. See also Image

RAS, 266. See also Region of asymptotic stability (RAS)

RAS estimation, 266 

Optimization problem, 266

Single-input linear system, 267

Rate of convergence, 128. See also State estimator

Rational function, 161

RBF identifier, 498. See also Radial-basis function (RBF) networks

Estimation errors, 498

Identification error, 499

Lyapunov function candidate, 498

Lyapunov-like lemma, 499

State estimation error, 499

RBF network, 494, 500. See also Radial-basis function (RBF) networks

Growing, 500

Identification, 497, 503

Interpolation, 494, 496

Interpolation matrix, 495

State estimation error, 501

RBF neural identifier, 504. See also Radial-basis function (RBF) networks

Identification error, 504

Lyapunov derivative, 505

Lyapunov function candidate, 504

Lyapunov-like lemma, 505

Multivariable systems, 503, 504

State estimation error, 505

Weight estimation error, 504

Weight matrix update law, 505

Reachability, 94, 96, 97

Reachable, 106

Real numbers, 397

Nonnegative 397

Real-valued functions, 656, 678

Rear axle, 24

Rear tire slip angle, 27

Reasoning, 625

Recall phase, 529

Receptor sites, 469

Rectangular wave, 85

Recursive least squares (RLS), 659

Data pairs, 659

Reduced-order estimator, 130, 133, 146

Reduced-order gBSB-type models, 533

Reduced-order state estimator, 138

DC motor system, 138

Reduced-order system, 325, 362

Poles of, 328

Reference, 3, 199

Input, 3, 199

Signal, 458, 564

Signal generator, 564

Trajectory, 602

Reference system, 197, 456

Transfer function, 456

Region of asymptotic stability (RAS), 266

Region of attraction, 366. See also Region of asymptotic stability (RAS)

Regressor, 448

Regulator, 4

Reject the uncertainty, 431

Representative point (RP), 49, 53

Reproduction, 557

Retrieval efficiency, 533

Reverse pass, 484

Riccati differential equation, 306

Two point boundary-value problem, 306

Riccati equation, 244, 255, 260

Algebraic, 244

Differential, 306

Road disturbances, 43, 224

Robot arm, 256

Clockwise rotation, 256

Counterclockwise rotation, 256

Robot manipulator, 18. See also One-link manipulator

Robust controllers, 194

Discontinuous, 194

Boundary layer controller, 203

Robust linear controllers, 168

Rössler equations, 621

Rotational motion, 23

Rotor, 29

Roulette-wheel method, 557, 567

Routh necessary and sufficient condition, 173. See also Routh test

Routh stability criterion, 175

Routh test, 217

Routh-Hurwitz criterion, 174, 218

Row diagonal dominant matrix, 535

Rule, 393

Rules, 412

IF-THEN rules, 407, 411, 440, 571

Matrix, 412

Run, 558

Set of generations, 558

Runge method, 67

Runge-Kutta method, 70, 89

S

SAE, 23, 563. See also Society of Automotive Engineers (SAE)

SAE convention, 23

x coordinate, 23

y coordinate, 23

z coordinate, 23

Sampling interval, 2

Satellite model, 50

Saturating linear optimal control, 267, 268

Algebraic Riccati equation, 268

Saturation level, 38

Scalar product, 627. See also Inner product

Scalar product of functions, 77

Scaling, 594

Schema, 559

Average fitness, 559

Defining length, 559

Don’t cares, 559

Instance of, 560

One-point crossover effects on, 560

Order of, 559

Survives crossover, 561

Survives mutation, 561

Template, 559

Schema theorem, 561

Second-order sufficiency condition, 246

Second-order sufficient condition for a relative minimizer, 272

Sector condition, 524

Selection method, 568

Selection operator, 554

Reproduction, 557

Roulette-wheel method, 557

Self-organization process, 506

Self-organizing network, 506

Clustering training patterns, 506

Similarity matching, 506

Teacher, 506

Unsupervised mode, 506

Winning neuron, 506, 507

Self-similarity, 594

Semigroup property, 6

Sensitive dependence upon initial conditions, 599

Sentence, 625

Defintion of, 625

Separating hyperplane, 471, 472

Decision boundary, 471

Separation, 599

Rate of, 599

Separation principle, 133, 134. See also Combined controller-estimator compensator

Sequence, 213, 214, 641

Convergent, 642

Decreasing, 642, 647

Divergent, 642

Increasing, 642

Limit of, 642

Monotone, 642

Nondecreasing, 642

Nonincreasing, 642

Series, 647

Converges, 647, 648

Diverges, 648

Partial sums of, 647

Servomechanism, 5

Set, 393

Closed, 649

Compact, 649

Definition of, 624

Of functions, 78

Of generations, 558. See also Run

Of ordered pairs, 641. See also Sequence

Open, 649

Sherman-Morrison-Woodbury formula, 630

Sierpiński carpet, 622

Sierpiński gasket, 621, 622

Sign activation function, 470

Sign function approximation, 483

Signal generator, 414

Transfer function of, 414

Similarity matching, 506

Similarity transformation, 103, 104

Simple EA, 561. See also Simple evolutionary algorithm

Simple evolutionary algorithm, 561, 562 

Average crossover operator, 562

Elitist strategy, 563

Feasible set, 562

Mutation operator, 562

Simple pendulum, 17

Simplified TLU learning algorithm, 475

Simplified TLU learning problem, 475, 476

Simpson’s formula, 67—69

Simulation model, 2

SIMULINK 2-D Look-Up Table block, 412, 418

SIMULINK block diagram, 419, 457, 460, 461, 565

Single neuron, 521

Asymptotic stability condition, 521

Exponential stability condition, 522

Lyapunov function candidate, 520

Null solution, 520, 521

Stability analysis of, 520

Unstable, 521

Single-input plants, 120

Singular value decomposition (SVD), 633

Sira-Ramírez and Colina-Morles adaptation strategy, 481

Sira-Ramírez and Colina-Morles theorem, 479

Sliding, 320, 324

Controller objective, 325

Equivalent control, 327

Equivalent system, 327

Motion, 320

Multi-input systems, 327

Order reduction, 324

Surface, 389, 448

Reduced set of differential equations, 327

Reduced-order system, 325

Sliding mode controller, 324

Feedback gains, 326

Selecting feedback gains, 324

Sliding surface design, 324

Sliding mode domain, 364

Definition of, 364

Sliding modes, 315, 320, 340, 448

Definition of, 320

Ideal, 331

Nonideal, 329

Solving optimization problems, 340

System zeros, 328

Sliding surface design, 333

Linear, 327

Nonlinear, 327

Sliding surface design algorithm, 448. See also Switching surface design algorithm

Slip angle 25

Front tire, 26

Rear tire, 27

Small control signals, 226

s-map, 590, 591

Smooth map, 602

Smooth state-space transformation, 391

Society of Automotive Engineers (SAE), 23

Coordinate system of, 23

Solution in the sense of Filippov, 322, 323

Construction of, 322, 323

Solving state equations, 665

Space, 670

Tangent, 670

Spectral radius, 632

Spectrum, 333. See also Eigenvalues of a matrix

Speed of curve, 669

Sphere, 649

Spring coefficient, 223

Spring-mass system, 49, 54

Sprung mass, 42, 223

Spurious states, 532, 539

Square matrix, 676

Square root of matrix, 635

Stability, 149, 520

Analysis of single neuron, 520

In the sense of Lyapunov, 151, 180

Of discrete fuzzy models, 437

Of linear systems, 154

Of logistic map, 581

Of nonlinear system, 84, 176

Stability of Hopfield network, 517

Lyapunov’s second method, 517 

Stabilizability of fuzzy models, 427

Lyapunov function candidate, 430

Stabilizable, 105, 250

Stabilization algorithm, 435

Stabilizing control, 420

Stabilizing controller, 434

Stable, 149

Globally, 149

Locally, 149

Null solution, 521

Stacking operation, 577

Stacking operator, 166, 543, 544, 637

Standard additive model (SAM), 407, 409

Defuzzification, 408

Fuzzy system, 407

State estimation, 336

Discontinuous estimators, 336

Error, 499, 501, 504

State estimation of uncertain systems, 336

Boundary layer estimator 338

Discontinuous estimator, 336

Matched uncertainty, 338

State estimator, 126, 387

State estimator dynamics, 387

State feedback, 145

State feedback linear control law, 466

State feedback to the inputs, 328

State plane, 48

State space, 5

State transition matrix, 666

Laplace transform, 666

State variable transformation, 106, 112, 114, 328, 382

State variables, 1, 48

Change of, 111

State-feedback control, 120, 197

State-feedback controller, 244

State-feedback equivalent, 197

State-feedback stabilizing controller, 369

Statement, 525

States, 1

State-space format, 22

State-space model, 317

Double integrator, 317

State-space realization, 162

Stator circumference of, 32

Stator, 29

Steady-state error, 200

Steam engines, 4. See also Centrifugal speed regulator

Steer angle, 25. See also Steering angle

Steering angle, 564

Step length, 31, 63

Step-lane change maneuver, 563, 564

Center average defuzzifier, 566

Integral of the square of the error (ISE), 566

Membership functions, 565

Performance index (PI), 566

Reference signal, 564

Tracking error, 565, 567

Tracking performance, 566

Stepper motor. See Permanent magnet stepper motor

Stick balancer, 35

Coulomb friction model, 35

Storage phase, 529

Stored patterns, 541

Linearly dependent, 541

Straight line, 668

Interpolation, 496

Strictly increasing, 187

Strongly row diagonal dominant matrix, 535

Submatrix, 631

Subsequence, 644, 646

Subset, 656

Compact, 656

Subspace, 654

Dimension of, 654

Subsystem, 1

Sufficient condition for diagonalizability, 263

Sum of intervals of confidence, 400

Sum of matrices, 630

Summing junction, 4

Super chromosome, 563. See also Elitist strategy

Support, 407

Of function, 407

Of fuzzy sets, 407

Supremum, 640, 649. See also Least upper bound

Surface, 669

Surface of revolution, 228

Example of a functional, 228

Surface to which trajectory is confined, 345

Surfaces, 667

Suspension, 42

Automotive, 42

SVD. See Singular value decomposition

Switched-capacitor technology, 340

Switching, 201

Switching curve, 295

Minimum time regulator problem, 304

Switching logic, 315, 318

Double integrator, 318

Switching surface, 202, 358

Attractivity of, 320

State velocity vectors directed toward, 320

Switching surface design algorithm, 335

Sylvester’s inequalities, 655, 677

Symbolic logic, 463

Symbols, 624

Glossary of, 624

Symmetric matrix, 184, 675

Symmetric positive definite, 429

Matrix, 439

Symmetric positive semidefinite, 226

Symmetry affine transformation, 597

Symmetry requirement, 524

Synapse, 469

Synaptic cleft, 469

Synaptic knobs, 469

Synaptic vesicles, 469

System, 1

Boundaries of, 1

Closed-loop, 3

Components of, 1

Controllable by the ith input, 304

Dynamical, 1

Inputs, 1

Matrix, 328

Objective, 2

Of linear equations, 657

Open-loop, 3

Outputs, 1

State, 110

States, 1

System zeros, 328

Invariance properties, 328

Output feedback, 328

State feedback to the inputs, 328

State variable transformation, 328

Transformation of the inputs, 328

Transformation of the outputs, 328

Systems controllable by the ith input, 304

Minimum time regulator problem, 304

System matrix, 328

T
Takagi-Sugeno (T-S) fuzzy model. See Takagi-Sugeno-Kang (TSK) fuzzy model

Takagi-Sugeno-Kang (TSK) fuzzy model, 421

Design model, 422

Local models, 421

Polytopic system, 422

Weighted average of local models, 421

Tangent line, 669

Tangent plane, 74, 323, 346

To the surfaces of discontinuity, 323

Tangent space, 670

Tangent to curve, 668

Tangent vector, 670

Taylor series, 59, 89, 422

Linearization, 424

Method, 59

Taylor’s theorem, 189

t-conorm, 404, 406

Algebraic sum, 405

Bounded sum, 405

Drastic sum, 405

Fuzzy union, 405

Template, 559. See also Schema

Testing phase, 494

Identifier, 493

THEN, 625. See also IF-THEN rules

Theorem, 624

Definition of, 624

Theorem of Lyapunov, 503

Theorem of Weierstrass, 649, 652. See also Maximum-minimum theorem

Theorem-proof style, 624

Three-layer neural network, 485

Hidden layer, 486

Output layer, 486

Threshold, 470, 471

Threshold logic unit (TLU), 470

Time delay, 464

Time derivative of V, 445, 448, 450, 454

Time-delay systems, 575

On-line identification of, 575

Time-invariant model, 665

Tire slip angle, 25, 564

TLU, 470, 471. See also Perceptron, 470, 471

Threshold, 472, 473, 474

Training pairs, 471, 474

Weight vector, 472, 473, 474

TLU convergence theorem, 476

TLU learning algorithm, 473, 477, 551

Simplified, 475

TLU learning problem, 475

Normal to hyperplane, 475

Preprocessing training pairs, 475

Simplified, 475, 476

TLU training problem, 472

t-map, 591

t-norm, 404

Algebraic product, 404

Bounded product, 405

Drastic product, 405

Fuzzy intersection, 404

Toilet-flushing system, 41

Tooth pitch, 31

Torsional spring, 45

TPBVP, 304. See also Two point boundary-value problem

Trace operator, 505

Tracking controller, 5, 201

Tracking error, 458, 565, 567

Tracking performance, 566, 568

Training pairs, 471, 474, 485, 507

Training patterns, 507

Trajectories’ divergence, 600

Trajectory separation, 582

Transducer, 217

Transfer function matrix, 337

Positive real, 337

Transfer function, 83, 143, 146, 359, 414, 456, 564

Reference signal generator, 564

Transformation of the inputs, 328

Transformation of the outputs, 328

Transient response, 48

Transition mapping, 5—7

Modeling of, 21

Transition matrix, 603

Eigenvalues of, 603

Translation, 527

Transpose of matrix, 630

Transpose of vector, 626

Transversality conditions, 241, 242, 244

Trapezoidal membership function, 569, 571

Traveling salesman problem (TSP), 576

Triangle inequality, 331, 627, 629, 660

Triangular fuzzy numbers, 400, 402

Triangular membership function, 411, 417

Trivial subspace, 654

Truth model, 2, 8, 467

Truth table, 625

TSK model, 440. See also Takagi-Sugeno-Kang (TSK) fuzzy model

Turbine supply pump resistance, 42

Turning maneuver, 22

Two point boundary-value problem (TPBVP), 304

Control optimality condition, 305

Hamiltonian function, 304

Optimal controller, 305

Optimal state-feedback controller, 306

Riccati differential equation, 306

Unconstrained control vector, 304

Two-cycle solution, 585

Two-dimensional affine transformation, 596

Two-dimensional IFS, 598. See also Iterated function systems

Barnsley fern, 598

Definition of, 597

Two-part controller, 437

Two-point crossover, 558

Two-tank pumped storage, 42

Types of proofs, 626

Contradiction, 626

Contraposition, 626

Direct, 626

U
Uncertain dynamical system, 360, 431

Uncertain element, 201

Uncertain nonlinear dynamical systems, 420

Uncertain systems, 336

State estimation, 336

Uncertainties, 194

Lumped, 194

Uncertainty, 168

Growth, 578

Matched 168

Unmatched 168

Unconstrained optimization, 342

Dynamical gradient system, 342

First-order necessary condition for, 269

Uncontrolled nominal system, 194

Uncontrolled system, 665

Solution of, 665

Uniform asymptotic stability in the large, 444

Uniform boundedness, 205

Uniform continuity, 650

Uniform convergence, 656

Norm of, 656

Uniform exponential stability, 152

Uniform stability, 151, 182

Uniformly ultimately bounded (UUB), 338

Uniform ultimate boundedness, 201

Definition of, 201

Uniformly bounded, 201

Uniformly bounded equilibrium, 338

UUB, 338. See also Uniformly ultimately bounded

Uniformly convergent, 152

Definition of, 152

Uniformly exponentially stable null solution, 523

Uniformly stable, 201

Uniformly stable ball, 201, 206, 338

Union, 395

Unit disc, 675

Unit step, 162, 199

Unitary matrix, 633, 635

Universe of discourse, 395, 412, 567

Fixed set, 625

Universe, 395. See also Universe of discourse

Unmatched uncertainty, 168, 361, 362, 465

Unrestricted growth rate, 580

Unspecified scalar. See Don’t care element

Unsprung mass, 42, 223

Unstable null solution, 521

Unsupervised mode, 506

Upper bound, 640

Upper row triangular, 105

Utkin’s theorem, 330

UUB closed-loop system, 366. See also Uniformly ultimately bounded (UUB)

V
Vague, 463. See also Fuzzy, 463

Vagueness, 463. See also Fuzziness, 463

Van der Pol equation, 57

Phase portrait of, 57

Variable force element, 223

Variable structure sliding mode control systems, 315

Variable structure system, 315, 357

Asymptotically stable, 315

Independent structures, 315

Switching logic, 315

Variation, 229

Variation of functional, 230, 231, 233, 240

Vector, 626

Components of, 626

Coordinates of, 626

Dimension of, 626

Tangent, 670

Transpose of, 626

Vector field, 367, 370, 670, 671

Conservative, 375

Differentiable, 673

Methods, 367

Potential function, 373

Vector norm, 226, 627

Vector spaces, 654

Vehicle center of gravity (CG), 23

Vehicle CG, 24. See also Vehicle center of gravity (CG)

Vehicle model, 145, 576

Fuzzy logic controller (FLC) for, 412

Vehicle suspension system, 144

Vehicle system, 565

SIMULINK block diagram, 565

Velocity vector, 668

Verhulst equation, 38. See also Logistic equation

Vertex, 534

Vesicles, 469

Vibrating plate, 615

Bands of frequencies, 615

v-map, 590

Von Koch curve, 594

Self-similarity dimension of, 594

Von Koch snowflake curve, 593
W
Walcott and Żak state estimator, 337

Estimation error equation, 337

Watt’s governor, 4, 76. See also Centrifugal speed regulator; Flyball governor

Engine-governor equations, 76

Weierstrass theorem, 177, 650. See also Maximum-minimum theorem

Weight estimation error, 504

Weight matrix, 255, 256, 262

Update law, 505

Weight matrix construction algorithm, 540

Weight vector, 472

Weighted average of local models, 441

Windings, 29

Winner-take-all (WTA) network, 506

Winner-take-all learning algorithm, 507

Training patterns, 507

Winning neuron, 507

Winning neuron, 506, 507

Work, 9

Work-energy theorem, 10

WTA algorithm, 551. See also Winner-take-all (WTA) network

WTA learning algorithm, 507

WTA network, 506. See also Winner-take-all (WTA) network

Descent gradient method, 506

X

x coordinate, 23

XOR problem, 487, 488, 489. See also Exclusive-OR (XOR) problem

Threshold, 488

Weight, 488

Y

y coordinate, 23

Yaw velocity, 23

Z

z coordinate, 23

Zadeh’s fuzzy set algebra, 463

Zero matrix, 629

Zero vector, 626, 654

z-map, 590, 591

