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accelerated gradient methods, 27

accessory minimum problem, 155, 161,
162

asymptotic, 208

asymptotically stable, 211

augmented performance index, 156

autonomous (time-invariant) Riccati equa-

tion, 214

bang-bang, 145

basis, 273

Bliss’s Theorem, 53, 68
bounded control functions, 79

brachistochrone problem, 13

calculus of variations, 161

canonical similarity transformation, 175
canonical transformation, 215

chain rule, 286

characteristic equation, 172, 276, 279

characteristic value, see eigenvalue

cofactor, 276

complete controllability, 177
completed the square, 235
completely observable, 210
conjugate gradient, 28
constrained Riccati matrix, 207
continuous differentiability, 136
control weighting, 226
controllability, 180

controllability Grammian, 177, 199

determinant, 275

differentiable function, 15

differential game problem, 238

dimension, 274

disturbance attenuation function, 232,
236

disturbances, 235

eigenvalue, 215, 276, 279, 281
eigenvector, 276, 279, 281
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elementary differential equation
theory, 53

escape time, 179

Fuclidean norm, 288, 289

extremal points, 14

first-order necessary condition, 32
first-order optimality, 111, 122
focal point condition, 175

free end-point control problem, 125
functional optimization problem, 11

fundamental matrix, 295

game theoretic results, 235

general second-order necessary condi-
tion, 44

general terminal constraint, 120

global optimality, 180

gradient, 285

Hamilton—Jacobi-Bellman (H-J-B) equa-
tion, 83, 86, 93, 96, 99, 148

Hamiltonian, 61, 119, 124

Hamiltonian matrix, 169

Hessian, 287

Hilbert’s integral, 87

homogeneous ordinary differential equa-

tion, 57

homogeneous Riccati equation, 212

identity matrix, 175

Implicit Function Theorem, 37, 45,
121, 262

inequality constraint, 45

influence function, 130

initial value problem, 72

integrals of vectors and matrices, 284

integrate by parts, 59

Jacobi condition, 175

Jacobian matrix, 286

Lagrange multiplier, 35, 39, 43, 44,
47, 58

Laplace expansion, 275

Legendre—Clebsch, 78

linear algebra, 53

linear control rule, 170

linear dynamic constraint, 161

linear dynamic system, 55

linear independence, 273

linear minimum time problem, 145

linear ordinary differential equation,
117

linear-quadratic optimal control, 72
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linear-quadratic regulator problem, 213

Lyapunov function, 211

matrix inverse, 275

matrix norms, 290

matrix Riccati differential equation, 186
matrix Riccati equation, 173, 186
maximize, 231

minimax, 238

minimize, 231

minor, 276

modern control synthesis, 155
monotonic, 208

monotonically increasing function, 208

multi-input /multi-output systems, 155

necessary and sufficient condition, 180
necessary and sufficient condition for
the quadratic cost criterion, 201
necessary condition, 119
necessary condition for optimality, 111
negative definite matrix, 278
Newton—Raphson method, 27
nonlinear control problems, 91
nonlinear terminal equality constraints,
111

nonnegative definite matrix, 278

nonpositive definite matrix, 278
norm, 289, 290

norm of a column vector, 288
norm of a matrix, 288, 290
normality, 124, 125

normality condition, 195

null space, 274

observability Grammian matrix, 210
optimal control rule, 196
optimal value function, 84

order, 271

parameter optimization, 12

Parseval’s Theorem, 254

penalty function, 112, 129

perfect square, 178

piecewise continuous, 162

piecewise continuous control, 56

piecewise continuous perturbation,
117

piecewise differentiability, 75

Pontryagin’s Principle, 61, 83, 111

positive definite, 177

positive definite matrix, 278

propagation equation, 176, 194
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quadratic form, 277

quadratic matrix differential equation,
172

quadratic performance criterion, 161

quasi-Newton methods, 27

range space, 274
rank, 274
Riccati equation, 174, 178, 235

saddle point inequality, 233
saddle point optimality, 235
sampled data controller, 170
saturation, 236

second-order necessary condition, 34
singular control problem, 185
singular matrix, 275, 276
singular values, 255
skew-symmetric matrix, 282
slack variables, 46

spectral norm, 292

spectral radius condition, 248
stabilizability, 212

state weighting, 226

steepest descent, 74

steepest descent algorithm, 129

steepest descent method, 26

steepest descent optimization with con-
straints, 43

strong form of Pontryagin’s Principle,
75

strong perturbations, 75, 133

strong positivity, 186

strong variations, 167

strongly first-order optimal, 134, 137

strongly locally optimal, 134

strongly positive, 17, 181, 185, 203, 221,
226

subspace, 273

sufficiency conditions, 186

sufficient condition for optimality, 83

switch time, 147

symplectic property, 170, 193

syntheses: Hy, 232, 244

syntheses: H.,, 231, 253

Taylor expansion, 271

terminal constraint, 119, 150
terminal equality constraints, 111
terminal manifold, 199

time derivative of the matrix, 284
totally singular, 186

tracking error, 236
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trajectory-control pair, 64
transition matrix, 57, 169, 170, 294
two-point boundary-value problem, 53,

72, 112, 128

unconstrained Riccati matrix, 207

variational Hamiltonian, 163

weak first-order optimality, 122
weak perturbation, 111
weak perturbations in the control, 122

weak Pontryagin’s Principle, 74, 119

Zero sum game, 233





