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H∞ control theory, 364
L2 functions, 169
σ -algebra, 10

absolute continuity, 31
accessory minimum problem, 300
algebra of sets, 9
argmin, 82
Athans

LQG/LTR, 330
atoms of an algebra, 27
axioms of probability, 8

Bayes’ rule, 16
Borel algebra, 13
Borel sets, 13
Brownian motion, 156

central limit theorem, 51
certainty equivalence principle, 304, 348
Chapman–Kolmogorov equation, 110
characteristic function, 46
Chebyshev inequality, 45
Cholesky factorization, 134
circle criterion, 323
condition number, 121
conditional expectation, 53–57
conditional probability, 54–57

density, 57
distribution, 57
intuitive, 14

continuity
in probability, 61

controllability Gramian, 98

convergence
almost surely, 161
in probability, 161
in the mean square, 161

convex function, 82
countable, 10
covariance, 44
current information sequence, 273

De Morgan’s laws, 7
dense, set theory, 61
Discrete-time Kalman filter

via the conditional mean, 95
discrete-time Kalman filter

via the conditional mean, 106
distribution function, 28
disturbance attenuation problem, 365
divergence, 249
domain, 26
Doyle

LQG stability counterexample,
324–326

LQR/LTR, 326
dynamic programming, 289–290
dynamic programming recursion rules,

302
LEG, 338
LEG backward recursion, 341
LEG forward recursion, 341

empty set, 7
energy density function, 211
energy signals, 210
equal sets, 6
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ergodicity, 214
stationary LQG, 319

events, 3
expectation operator, 40
expected value, 40
experiments, 3
extended Kalman filter, 245

finite additivity, 8
fundamental lemma for stochastic

control, 293

gain margin, 323
Gauss–Markov processes, 278

continuous-time, 186–189
Gaussian processes, 62
Gaussian random variables

affine combinations, 50
Gram–Schmidt orthonormalization,

129–130

Hamilton–Jacobi–Bellman equation,
307, 308

Hamiltonian matrix, 203
Hardy spaces, 364
Hilbert spaces, 119, 131

independence, 16
random variables, 35

independent increments, 62
indicator function, 54
infinite horizon, 318
information sequence, 336
inner products, 131
innovations process, 301
innovations sequence, 98
iterative processing, 91–94
Itô stochastic calculus

fundamental theorem of, 185

joint probability, 13
joint probability distribution, 28, 37

Kalman
circle criterion, 324
inverse optimal control, 324

Kalman filter, 98

Kalman gain, 98
Kolmogorov, 2
Kwakernaak

LQR/LTR, 326

law of large numbers
strong, 46
weak, 46

Lebesgue, 2
linear estimators, 100
linear least squares, 119–121

cost function, 120
normal equations, 121
recursive least squares, 135–136
weighted least squares, 134–135

linear quadratic regulator, 300, 308
cheap control, 327
single-input, 322

linearization, 242
linearized Kalman filter, 243

summary, 244
Lipschitz, 306
loss functions, 83
LQG

discrete-time control law, 303
LQG/LTR, 326–330

marginal probability, 13
marginal probability distribution, 37
Markov inequality, 45
matrices

column space, 123
four fundamental subspaces, 123
left null space, 123
null space, 123
orthonormal, 122, 124
rank, 124
row space, 123
unitary, 328

matrix inversion lemma, 90, 328, 329,
342, 343

maximum a posteriori estimate, 81
maximum likelihood estimates, 94
mean, 40

sample mean, 40
measures, 1
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minimax estimate, 81
minimum variance estimate, 81

quadratic loss function, 84
minimum variance estimators, 277
Monte Carlo analysis, 98

Newton–Gauss iteration, 137
line search, 138

observability Gramian, 99
optimal return function, 306

LEG, 338
optimization theory

stationary value, 120
orthogonal projection lemma, 132–134

least squares, 133
orthogonality

in probability, 17

Parseval’s theorem, 369
phase-lock loops, 279–284

base-band model, 280
phase margin, 323
power signals, 210
power spectral density, 213
principle of optimality, 293
probability density function, 31
probability distribution function

exponential, 33
Gaussian, 34
uniform, 33

probability measure, 4
probability space, 4
probability theory

basic elements, 4
pseudoinverse, 121–126

Moore–Penrose, 121
projectors, 121

quadrature, 281

Radon–Nikodym theorem, 32
random difference equation, 153
random sequence, 59, 154

random variables, 25
continuous, 31
discrete, 30
mixed, 33

random walk, 154
range

of a random variable, 26
Riccati equation

algebraic, 318

sample path, 60
sample point, 3
sample space, 3
sample variance, 43
second moment, 42
second-order processes, 161
second-order stationarity, 205
separability, 61
separation principle, 305, 348
set difference, 7
Sherman’s theorem, 83, 274

conditional expectation, 84
singular value decomposition, 122–126

singular values, 122, 369
singular vectors, 123, 124

skew symplectic, 203
smoothing, 248, 275
spectral radius condition, 348
standard deviation, 43

Gaussian random variable, 34
state-transition matrix, 244
stationary optimal control

Wonham theorem, 319
stationary solutions

LQG, 317
stochastic process, 59
strict-sense stationarity, 206

Taylor series expansions, 242
transition probability density, 63

variance, 43

weighted least squares, 95
Wiener–Hopf equation, 198, 225, 234
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