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algorithm, 97
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Conditional expectation, 307
as optimal estimator, 311
binary (given binary
variables), 426
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multiple observation variables,
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variance of, 311
Conditional probability measure, 7
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Configuration, 513
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Coordinate-function representable,
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Correlated random functions, 123
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function, 122
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Covariance, 57
complex random variable, 198
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Covariance function, 120
complex random function, 199
finite sets of random vectors, 288
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wide-sense stationary, 158
Cramer-Rao inequality, 79
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Cross-correlation function, 123
Cross-correlation vector, 323
Cross-covariance function, 120

Decision boundary, 446
Decorrelation algorithm, 219
Decorrelation coefficient, 237
Dependency condition, 512
Derivative, 471
Derivative of random function, 132

necessary and sufficient

conditions, 133
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flat, 89

properties, 570
Discrete cosine transform, 243
Discrete sine transform, 303
Discriminant function, 446

Edge detection, 337
Egoroff's theorem, 66
Eigenfunction of covariance, 204
Eigenvalue of covariance, 204
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Entropy, 92
conditional, 92
expected number of bits, 101
mean conditional, 93, 96
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Equiprobable, 3
Equivalence class (of states), 491
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nonrecurrent, 492
recurrent, 492
Ergodicity, 145
covariance-ergodic random
function, 167
covariance-ergodic theorem, 169
mean-ergodic random
function, 146
mean-ergodic theorem, 145
sufficient conditions, 166
wide-sense stationary, 165
Erlang distribution, 32
Erosion, 555
binary operator, 436
Boolean function, 436
flat, 89
Error back-propagation, 461
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an

multiple outputs, 463
Error-covariance matrix, 380
Kalman filter, 383
linear observation model, 380
Estimate, 73
Estimation (of random variable), 307
Estimation rule, 73, 307
Estimator, 73
asymptotically unbiased, 73
best unbiased, 77
better, 77
consistent, 73
maximum-likelihood, 84
mean of WS stationary
process, 174, 176
variance of, 175, 176
method-of-moments, 81
minimum-variance unbiased, 77
optimal mean-square-error, 307
unbiased, 73
variance of WS stationary
process, 174, 176
variance of, 175, 177
vector, 370
Event, |
dependent, 9
independent, 9
Expectation (expected value), 19
conditional, 44
function of a random variable, 19
function of several random
variables, 56
random function, 120
Exponential distribution, 24
mean, 24
moment-generating function, 24
variance, 24

Feature vector, 232, 448
First-passage probability, 566
Forward Kolmogorov equation, 508
Forward propagation, 451
Fourier coefficient, 296
generalized, 205
nonnormalized, 202
(for) random function, 210
random variables, 200
wide-sense stationary
processes, 223
Fourier descriptors, 230
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Fourier representation, 200

Fourier series, 140, 297
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Fundamental principle of

counting, 4

Gain matrix, 378
ICalman, 383
linear observation model, 380
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Gamma distribution, 30, 81
mean, 32
moment-generating function, 30
variance, 32
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Gap-length distribution, 528
Gauss, 88
Gaussian maximume-likelihood
classifier, 446
Gauss-Markov theorem, 373
Generating functional, 557
Generating functions, 500
Geometric distribution, 108
Germ-grain model, 520
Gibbs distribution, 515
energy function, 515
potential, 515
relation to Markov random
field, 515
Gibbs random field, 516
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Gram determinant, 298, 324
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Gram-Schmidt orthogonalization,
296, 321
Granulometric filter, 534
Granulometric measure, 543
Granulometric moments, 538
asymptotic, 540
representation, 539
Granulometry, 535
generator, 535

Hadamard matrix, 240
Harr transform, 302
Hausdorff metric, 554
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Hessian matrix, 455
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Hilbert space, 199, 320, 366, 386
closed subspace, 366

Hitting, 526

Huffman code,
optimality, 106
truncated, 114
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Poisson process, 148
stationary, 153

Information, 94
expected amount of, 94

Initial distribution, 484

Initial-state probability vector, 485

Inner (dot) product, 198
L?, 205
random variables, 198

Innovations, 378

Integral canonical expansion, 270
conditions for representation, 273
generating by integral

functionals, 271
wide-sense stationary
processes, 281

Integral canonical expansion of
covariance, 271
generating function expansions

(from), 274

Integral of random function, 138

necessary and sufficient
conditions, 139

Intensity of passage, 508

Intensity of transition, 508

Ising model, 517

Kalman filtering, 382
convergence, 385
covariance update, 384
error-covariance matrix, 383
filter (defined), 382
filter (solution), 384
gain matrix, 383
initialization, 384
predictor (defined), 382
predictor (solution), 384
smoothing filter (defined), 382
Karhunen-Loeve expansion, 204, 263
compression, 233
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discrete, 208
optimality, 255
proof of convergence, 211
relation to data compression, 213
transform, 230

Khinchin, 275

Kolmogorov, 320, 386

Laplace distribution, 87
Laplace transform, 189
Laws of large numbers, 62
Bernoulli, 65
Poisson, 65
weak law (Markov's form), 63
strong law (Kolmogorov's
form), 67
Least mean-square (LMS)
algorithm, 348
convergence in mean, 349
error convergence, 350
lag, 351
misadjustment, 351
nonstationary processes, 351
Least-squares estimation, 352
design matrix, 353
linear model, 352
Least-squares estimator, 354
best linear, unbiased
estimator, 356
covariance matrix, 355
image restoration, 363
multiple linear regression, 358
polynomial regression, 360
simple linear regression, 360, 472
unbiasedness, 355
Likelihood function, 84
Limit (hit-or-miss topology), 553
limit inferior, 553
limit superior, 553
Linear discriminant, 448, 479
Linear operator, 178
bounded, 366
impulse response function, 181
kernel (weighting function), 178
null space, 366
output covariance, 182, 183
Linear signal model, 397
autocorrelation, 405
cross-correlation, 406
matrix system, 407

587

mean-square error, 410
solution procedure, 409
continuous domain, 409
discrete domain, 416
via discrete canonical
expansion, 423
Wiener-Hopf equation, 406
with additive white noise, 413
Long-run distribution, 490, 492

Marginal density, 41
Markov chain, 483
embedded, 565
homogeneous, 484
Markov diagram, 486
Markov model, 238
Markov process, 489
Markov property, 483
chain, 483
process, 488
Markov random field, 512
Martingale, 457
continuous-parameter, 457
discrete-parameter, 457
Matrix,
nonnegative definite, 60
similar, 60
unitary, 60
Maximum-likelihood estimator
(filter), 84, 112
invariance property, 85
Mean, 19
complex random variable, 198
conditional, 44
deviation, 108
empirical, 75
moving, 87
sample, 74
Mean-absolute error, 426
for multiple-erosion filter, 439
Mean function, 120
(of) sum, 129
Mean-square derivative, 132
partial derivative, 137
Mean-square distance, 132
Mean-square error, 77, 342
discrete random functions, 214
estimation of random variable,
307
Mean-square integral, 138
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Mean-square norm, 199
Mean-square periodic processes, 224
Mean time to failure, 32
Measurable function, 550
Measurable set, 550
Median, 108, 430
moving, 88
sample, 82
weighted, 89
Memoryless, 32
Mercer's theorem, 212
Method of moments, 81
Minimum noise, 90
Minimum-variance unbiased
estimator, 77, 111, 112
linear, 356
Minkowski sum, 526
Moment, 20
central, 20
central mixed (for random
function), 123
central product, 57
complex random variable, 198
mixed (for random function), 123
product, 57
sample, 80
Moment-generating function, 22, 109
moment representation, 24
uniqueness theorem, 23
Morphological gradient, 337
Moving average, 186, 194
Multinomial distribution, 41
Multiplication principle, 8
Multivariate (joint) distribution, 39
continuous, 40
discrete, 39
Myope topology, 554

Negative binomial distribution, 108
Neighbor, 510
Neighborhood system, 510
Neural network, 451
Boolean function
representation, 481
feed forward, 452
fully connected, 452
representation theorem, 453
single-layer, 451
two-layer, 452
Neuron, 452

Index

Nonnegative definiteness of
covariance function, 142
Normal (Gaussian) distribution,
28,79,85,111
mean, 29
moment-generating function, 29
multivariate normal, 61
standard normal, 28, 109
variance, 29

Occupation time, 566
One-step probabilities, 486
Opening, 534, 555
basic properties, 534
sieving, 534
T-opening, 534
base, 535
invariant sets, 535
reconstructive, 543
Optimal binary filter, 426
design, 432
differencing, 432
direct, 432
mean-absolute error, 426
Optimal (pattern) classifier, 445
many-class, 446
two-class, 445
Optimal erosion filter, 438
Optimal linear filter for finite
observations, 321
backward prediction, 469
digital images, 331
forward prediction, 469
homogeneous, 321
jointly Gaussian case, 329
linearly independent
observations, 324
mean-square error, 324
nonhomogeneous, 321
(of) random vector, 373
linear observation model, 373
signal-plus-noise model, 333
wide-sense stationary signals, 332
Optimal linear filter for infinite
observations, 388
mean-square error, 389
problem explained, 386
via discrete canonical
expansion, 423
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via integral canonical
expansion, 419
via linear signal model, 409, 416
Optimal MSE filter (estimator),
311, 316
jointly normal random
variables, 312
(of) random vector, 370
relative to a filter class, 315
Order statistics, 82
distribution of, 83
maximum, 83
minimum, 83
Ordered selection, 3
Orthogonality principle, 322
finite-observation linear filter, 322
infinite-observation linear
filter, 386
Outcomes, |
uniformly random, 3
Output unit, 452

Parallel system, 10

Pareto distribution, 107

Parseval identity, 267, 297
for random variables, 201

Pattern classification, 442
many-class, 445
two-class, 442

Pattern spectrum, 535
moments, 538

Perceptron, 45]
misclassification cost, 480
single-layer, 451
two-layer, 452

Period, 492

Permutation, 3

Poisson distribution, 26, 108, 111
asymptotic relation to binomial

distribution, 26

mean, 26
moment-generating function, 26
recursive computation, 108
simulation, 195
variance, 26

Poisson points, 146

Poisson process, 126, 146, 190
axiomatic formulation, 153
compound, 467
derivative, 149

589

impulse process, 149
increment process, 161, 282, 304
independent increments, 149
intensity (mean rate), 146, 153
interarrival distribution, 151
Markov chain, 484
nonuniform, 191
one-dimensional model, 146
points, 146, 151
spatial process, 153
Positive recurrent, 491
Markov chain, 502
state, 491
Positivity condition, 512
Posterior distribution, 317
Power spectral density, 275
limit representation, 277
linear operators, 278
Precision, 73
Prediction, 307
Prior distribution, 316
Probability,
addition theorem, 3, 440, 559
posterior, 9
prior, 9
Probability density, 14
conditional, 43
continuous, 14
discrete, 15
first-order, 116
joint, 40
marginal, 41
nth-order, 119
Probability distribution, 13
continuous, 14
discrete, 15
first-order, 116
nth-order, 118
Probability distribution function, 12
joint, 42
joint output, 53, 55
vector random function, 284
Probability mass function, 15
joint, 39
Probability measure, 2
induced, 11
Probability space, 2
Processing unit, 452
Projection (orthogonal), 297
into direct sum, 377, 473
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into span of linearly
dependent vectors, 368
onto subspace, 367
Projection (orthogonal) theorem, 366
Pseudoinverse matrix, 354
diagonal matrix, 368
least-squares-estimator, 354, 450
symmetric matrix, 367
Pseudoinverse of bounded linear
operator, 367
Pugachev, 417

Quantization, 457

Queue, 503
balking, 564
maximum-length queue, 507
M/G/oe, 528
M/M/1, 506, 565
M/MJs, 509
state-dependent service, 564

Rademacher functions, 300

Random Boolean model, 520
discrete, 533
linear, 528
simple linear, 528

Random closed set (RACS), 556
semi-Markov, 573
stationary, 572

Random function, 116
complex, 199
normal (Gaussian), 119
random field, 116
random image, 116

digital image, 116

random time function, 116
random time series, 116
vector, 284

Random process, 116

Random sample, 72

Random set, 170, 519, 550
Boolean random set model, 519
isotropic, 526

Random signal, 116

Random telegraph signal, 163, 175,
335

Random values, 37
pseudorandom, 38

Random variables, 10

Inclex

affine transformation of, 17
arithmetic functions of, 47
centered, 20
complex, 198
conditional, 44
dependent, 45
identically distributed, 13
independent, 45
jointly distributed, 39
law, 13
standardized, 68
sums of independent, 51
gamma, 51
normal, 52
Poisson, 52
transformation of, 17
uncorrelated, 58
Random vector, 39
Random walk, 155, 190, 192, 246,
488, 497, 500
barriers, 488
generalized, 498
Rayleigh distribution, 50
Realization, 116
Reconstructive 1-opening, 543
adaptive design, 544
as generalized random walk, 546
transition probabilities, 545
Recurrence, 491
mean recurrence time, 491
recurrence time, 491
Recurrent state, 491
limiting properties, 494
Recursive generation of direct
sum, 377
Recursive optimal linear filtering, 377
basic equations, 377
dynamic recursive filtering, 380
linear dynamic model, 381
measurement equation, 381
measurement matrix, 381
process noise, 381
state equation, 381
state vector, 381
linear observation model, 380
error-covariance matrix, 380
gain matrix, 380
static recursive filter, 378
gain matrix, 378
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Regression curve, 307
Reliability function, 32
Resolution conversion, 432
Restoration effect, 430, 431
Risk function, 317

Robust filter, 393
Root-mean-square error, 393
r-step probabilities, 486

Sample mean, 74
best linear unbiased estimator, 78
mean, 75
variance, 75
Sample space, 1
Sample variance, 75
mean, 75
variance, 76
Sampling distribution of the mean, 74
Second-order filter, 325
Semenov, 397
Semicontinuous,554
lower, 554
upper, 554
Separated sets, 572
Series system, 10
Shatter coefficient, 445
o-algebra, 1
Signal-to-noise ratio, 391
Signal-union-noise model, 544
Simulation, 37
Site, 510
Size distribution, 535
Sizing distribution, 539
Source words, 96
Standard deviation, 20
function, 120
State, 483
absorbing, 562
accessible, 491
aperiodic, 492
communication, 491
equivalence class, 491
irreducible, 491
nonrecurrent, 491
null recurrent, 491
positive recurrent, 491
recurrent, 491
State probability, 484
initial, 484

591

State probability vector, 485
State space, 483
Stationarity, 157
strict-sense, 169
wide-sense, 158
Stationary distribution, 493
countable state space, 498
finite state space, 497
Statistic, 73
Steady-state distribution, 490, 492
countable state space, 500
finite state space, 497
Steepest-descent algorithm, 343
convergence, 345, 457
linear filter, 343
neural network, 455
Stochastic matrix, 485
Stochastic process, 116
Structuring element, 436, 534
Subspaces,
direct sum, 375
independent, 375
orthogonal, 375
sum, 374
Sum-of-squares (SSE) error, 353,
449, 457
Synthesis, 177
Synthetic data, 37

Template, 431
canonical, 431
Thresholding, 110
Time before absorption, 567
mean, 567
Transform,
compression, 236
cosine series, 228
Karhunen-Loeve, 230
orthonormal, 227, 237
Transform coding,
digital images, 251
discrete cosine, 245
discrete sine, 303
Harr, 303
JPEG, 254
Karhunen-Loeve, 238, 470
threshold, 252
Walsh-Hardamard, 241, 242,
469, 471
zonal, 252
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Transition probability, 483
Transition probability matrix, 485
canonical form, 563
one-step, 487
Triangle inequality, 294

Uncertainty, 91
Uncorrelated random functions, 123
Uniform distribution, 14
joint, 44
mean, 21
variance, 21
Unitary similarity transformation,
344, 367
Unordered selection, 3
Utilization factor, 506, 510

Vacancy, 520
expectation, 522
variance, 523
Variance, 20
complex random variable, 198
expansion, 203
function, 120
(of) linear combination, 59
sample, 75
Variogram, 525
VC class, 482
VC dimension, 482

Waiting time, 506
Walsh functions, 301
Walsh-Hadamard transform, 240
Weibull distribution, 109
White noise, 154, 264
continuous, 154
discrete, 154
intensity, 155
White-noise representation, 197
continuous, 270
discrete, 197
Wiener, 157, 275
Wiener filter, 390
blur-plus-noise model, 390
inverse filter, 391
parametric filter, 397
smoothing filter, 391
Wiener-Hopf equation, 389, 406, 418
extended, 420, 422
solution, 421

Inclex

Wiener process, 157, 193
Karhunen-Loeve expansion, 207
normality of, 193
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