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16.15 The adaptive predictor may be considered as the linearly constrained minimization problem
E = E[e2

n]= min, subject to the constraint that the first element of a = [1, a1, . . . , aM]T be
unity. This constraint may be written compactly as uTa = 1, where u = [1,0, . . . ,0]T .
Rederive the adaptation equations of Sec. 16.11 using the formalism and results of Problem
16.2.

16.16 Computer Experiment. A complex-valued version of the LMS adaptive predictor of Sec. 16.11
is defined by

en = yn + a1(n)yn−1 + a2(n)yn−2 + · · · + aM(n)yn−M
am(n+ 1)= am(n)−2μeny∗n−m , m = 1,2, . . . ,M

Let yn consist of two complex sinusoids in zero-mean white noise

yn = A1ejω1n +A2ejω2n + vn

where the frequencies and the SNRs are

ω1 = 0.3π, ω2 = 0.7π [radians/sample]

10 log10

[|A1|2/σ2
v
] = 10 log10

[|A2|2/σ2
v
] = 20 dB

(a) Generate a realization of yn (using a complex-valued vn) and process it through anMth
order LMS adaptive predictor using an adaptation constant μ. Experiment with several
choices of M and μ. In each case, stop the algorithm after convergence has taken
place and plot the AR spectrum S(ω)= 1/|A(ω)|2 versus frequencyω. Discuss your
results.

(b) Using the same realization of yn, iterate the adaptive Pisarenko algorithm defined
by Eqs. (16.12.5) and (16.12.6). After convergence of the Pisarenko weights, plot the
Pisarenko spectrum estimate S(ω)= 1/|A(ω)|2 versus frequency ω.

(c) Repeat (a) and (b) when the SNR of the sinewaves is lowered to 0 dB. Compare the
adaptive AR and Pisarenko methods.

16.17 Computer Experiment. Reproduce the results of Figs. 7.19 and 7.20.

16.18 Derive Eqs. (16.14.8) and (16.14.9) that describe the operation of the adaptive linear combiner
in the decorrelated basis provided by the Gram-Schmidt preprocessor.

16.19 Computer Experiment. Reproduce the results of Fig. 16.14.2.

16.20 What is the exact operational count of the conventional RLS algorithm listed in Sec. 16.15?
Note that the inverse matrices P0 and P1 are symmetric and thus only their lower-triangular
parts need be updated.

16.21 Verify the solution (16.15.56) for the rank-one updating of the LU factors L0 and L1. Also
verify that Eq. (16.15.58) is equivalent to (16.15.54).

16.22 Computer Experiment. Reproduce the results of Fig. 16.17.1. Carry out the same experiment
(with the same input data) using the conventional RLS algorithm and compare with FAEST.
Carry out both experiments with various values of λ and comment on the results.

16.23 Computer Experiment. Reproduce the results of Fig. 16.18.1.

17
Appendices

A Matrix Inversion Lemma

The matrix inversion lemma, also known as Woodbury’s identity, is useful in Kalman
filtering and recursive least-squares problems. Consider the matrix relationship,

R = A+UBV (A.1)

where
A ∈ CN×N , U ∈ CN×M , B ∈ CM×M , V ∈ CM×N

and assume that A,B are both invertible and thatM ≤ N. Then, the term UBV has rank
M, while R,A have rankN. The matrix inversion lemma states that the inverse of R can
be obtained from the inverses of A,B via the formula,

R−1 = (A+UBV)−1= A−1 −A−1U
[
B−1 +VA−1U

]−1VA−1 (A.2)

Proof: Multiply both sides of (A.1) by R−1 from the right, and then by A−1 from the left
to obtain,

A−1 = R−1 +A−1UBVR−1 (A.3)

then, multiply both sides from the left by V,

VA−1 = VR−1 +VA−1UBVR−1 ⇒ VA−1 = [IM +VA−1UB
]
VR−1

where IM is the M ×M identity matrix, and solve for BVR−1,

VA−1 = [B−1 +VA−1U
]
BVR−1 ⇒ BVR−1 = [B−1 +VA−1U

]−1VA−1

and substitute back into (A.3), after solving for R−1,

R−1 = A−1 −A−1UBVR−1 = A−1 −A−1U
[
B−1 +VA−1U

]−1VA−1

Thus givenA−1 and B−1, the inverse of theN×Nmatrix R requires only the inverse
of the smaller M ×M matrix, B−1 +VA−1U.
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B MATLAB Functions

% OSP Toolbox
% S. J. Orfanidis - 2018
%
% -----------------------------------------------------------------------------
% Local Polynomial Smoothing Filters
% -----------------------------------------------------------------------------
% binom - vector of binomial coefficients
% bkfilt - Baxter-King bandpass filter
% cldec - classical decomposition method
% combfd - comb fractional-delay filter design
% compl - complement of an odd-length symmetric filter
% diffb - backward difference operator
% diffmat - difference convolution matrix
% diffpol - differentiate polynomial
% diffs - seasonal backward difference operator
% ecg - ECG generator.
% ecgsim - ECG simulation
% filtdbl - filtering with double-sided FIR filter
% hahnbasis - Hahn orthogonal polynomials
% hahncoeff - coefficients of Hahn orthogonal polynomials
% hahnpol - Hahn orthogonal polynomial evaluation
% hahnrec - Hahn orthogonal polynomials
% hend - Henderson weighting function
% kmat - difference convolution matrix
% kraw - Krawtchouk binomial weighting function
% kwindow - Kaiser window for spectral analysis
% lagrfd - Lagrange-interpolation fractional-delay filter
% lpbasis - local polynomial basis
% lpdiff - weighted local polynomial differentiation filters
% lpfilt - local polynomial filtering - fast version
% lpfilt2 - local polynomial filtering - slower version
% lpinterp - local polynomial interpolation and differentiation filters
% lpmat - local polynomial smoothing matrix
% lpmissing - weighted local polynomial filters for missing data
% lprs - local polynomial minimum-Rs smoothing filters
% lprs2 - local polynomial minimum-Rs smoothing filters (closed-form)
% lpsm - weighted local polynomial smoothing and differentiation filters
% minrev - minimum revision asymmetric filters
% polval - polynomial evaluation in factorial power series
% rlpfilt - robust local polynomial filtering
% sigav - signal averaging
% smadec - decomposition using seasonal moving-average filters
% smafilt - impulse responses of seasonal decomposition moving average filters
% smat - seasonal moving-average filtering matrix
% smav - seasonal moving average filter
% stirling - Stirling numbers of first or second kind, signed or unsigned
% swhdec - seasonal Whittaker-Henderson decomposition
% trendma - trend moving-average filter, 2xD if D is even, 1xD if D is odd
% upmat - upsample matrix of smoothing filters
% whkdec - Whittaker-Henderson-Kaiser seasonal decomposition
% x11dec - US Census X-11 decomposition method for seasonal adjustment
% x11filt - impulse responses of the US Census X-11 seasonal adjustment filters

% -----------------------------------------------------------------------------
% Local Linear Regression
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% -----------------------------------------------------------------------------
% avobs - average repeated observations
% locband - bandwidth for local polynomial regression
% locgcv - local polynomial GCV and CV evaluation
% locgrid - uniform grid for local polynomial evaluation
% locpol - local polynomial regression
% locval - evaluation/interpolation of local polynomial regression
% locw - local weighting functions for local polynomial regression
% loess - Cleveland’s robust locally weighted scatterplot smoothing (loess)
% loess2 - Cleveland’s robust locally weighted scatterplot smoothing (loess)

% -----------------------------------------------------------------------------
% Spline and Whittaker-Henderson Smoothing
% -----------------------------------------------------------------------------
% splambda - find optimum lambda for spline smoothing using GCV
% splav - averaged repeated observations at spline knots
% splcoeff - spline coefficients
% splgcv - evaluate GCV(lambda)
% splmat - spline smoothing matrices Q,T
% splsm - spline smoothing using Reinsch’s algorithm
% splsm2 - spline smoothing using Reinsch’s algorithm - robust version
% splval - evaluate spline smoothing polynomials
% whgcv - Whittaker-Henderson smoothing method
% whgen - generalized Whittaker-Henderson
% whimp - Whittaker-Henderson filter impulse response
% whsm - Whittaker-Henderson smoothing method
% whsm1 - Whittaker-Henderson smoothing method - L1 version

% -----------------------------------------------------------------------------
% Exponentially Weighted Averages
% -----------------------------------------------------------------------------
% binmat - binomial boost matrices for exponential smoothers
% ema - exponential moving average - exact version
% emaerr - calculate MAE, MSE, and MAPE for a range of lambda’s
% emap - map equivalent lambdas between d=0 EMA and d=1 EMA
% emat - polynomial to cascaded transformation matrix
% holt - Holt’s exponential smoothing
% holterr - calculate MAE, MSE, and MAPE for a range of lambda’s
% mema - multiple exponential moving average
% stema - steady-state exponential moving average

% -----------------------------------------------------------------------------
% Linear Prediction & Wiener and Kalman Filtering Functions
% -----------------------------------------------------------------------------
% acext - autocorrelation sequence extension using Levinson recursion
% acf - sample auto-correlation function
% acmat - construct autocorrelation Toeplitz matrix from autocorrelation lags
% acsing - sinusoidal representation of singular autocorrelation matrices
% aicmdl - estimates dimension of signal subspace from AIC and MDL criteria
% argen - generate a zero-mean segment of an AR process
% bkwlev - backward Levinson recursion
% burg - Burg’s method of linear prediction
% dir2nl - direct form to normalized lattice
% dpd - dynamic predictive deconvolution
% dwf - sample processing algorithm of direct-form Wiener filter
% dwf2 - direct-form Wiener filter using circular delay-line buffer
% dwfilt - direct-form Wiener filtering of data
% dwfilt2 - circular-buffer direct-form Wiener filtering of data
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% faest - sample processing algorithm of adaptive lattice Wiener filter
% firw - FIR Wiener filter design
% flipv - flip a vector, column, row, or both for a matrix
% frwlev - forward Levinson recursion
% glwf - sample processing algorithm of lattice Wiener filter
% kfilt - Kalman filtering
% ksmooth - Kalman smoothing
% latt - sample processing algorithm of analysis lattice filter
% lattfilt - lattice filtering of a data vector
% lattsect - sample processing algorithm of a single lattice section
% lattsynth - sample processing algorithm of synthesis lattice filter
% lev - Levinson-Durbin recursion
% lms - sample processing LMS algorithm of direct-form Wiener filter
% lpf - extract linear prediction filter from matrix L
% lpg - extract reflection coefficients from matrix L
% lpspec - compute LP spectrum of a prediction-error filter
% lwf - sample processing algorithm of lattice Wiener filter
% lwfilt - lattice Wiener filtering of data
% mgs - adaptive modified Gram-Schmidt
% mgslms - adaptive Gram-Schmidt using LMS
% minorm - minimum-norm noise subspace eigenvector
% music - MUSIC spectrum computation
% nlfilt - filtering in the normalized lattice form
% obmat - observability matrix for canonical or transposed realizations
% obmatc - observability matrix for continuous-time
% rlev - reverse of Levinson’s algorithm
% rls - RLS algorithm for adaptive linear combiner
% rlsl - sample processing algorithm of lattice Wiener filter
% rmusic - minimum-norm noise subspace eigenvector
% scatt - direct scattering problem
% schur1 - Schur algorithm for linear prediction
% schur2 - Schur algorithm for Cholesky factorization
% spike - spiking filter design
% yw - Yule-Walker method of linear prediction

% -----------------------------------------------------------------------------
% SVD, Subspace, and ARMA Modeling Functions
% -----------------------------------------------------------------------------
% arma2imp - ARMA impulse response
% armaacf - ARMA autocorrelation function
% armachol - ARMA covariance matrix Cholesky factorization
% armafit - fitting an ARMA(p,q) model to covariance lags
% armainf - ARMA asymptotic Fisher information matrix
% armainnov - ARMA modeling using the innovations method
% armamf - Mayne-Firoozan ARMA modeling method
% armamyw - ARMA modeling by the modified Yule-Walker method
% armasim - simulate a zero-mean segment of a gaussian ARMA process
% armasim2 - simulate a zero-mean segment of a gaussian ARMA process
% bwidth - beamwidth mapping from psi-space to phi-space
% cca - Canonical Correlation Analysis
% ccacov - CCA applied to a covariance matrix
% cholgs - Cholesky factorization by Gram-Schmidt orthogonalization
% cholinnov - Cholesky factorization by innovations representation
% crb - calculate Cramer-Rao bounds for sinusoids in noise
% crb2 - calculate Cramer-Rao bounds for sinusoids in noise
% datamat - convolution data matrix of a signal vector
% datasig - extract data signal from a Toeplitz or Toeplitz/Hankel data matrix
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% dolph - Dolph-Chebyshev array weights
% fisher - calculate Fisher information matrix for sinusoids in noise
% imp2arma - impulse response to ARMA coefficients
% irls - Lp_regularized iteratively reweighted least squares
% irls_wh - Lp_regularized IRLS Whittaker-Henderson
% lpls - construct least-squares linear prediction filter from data matrix
% madurbin - MA modeling by Durbin’s method
% mafit - Wilson’s method of fitting an MA(q) model to covariance lags
% mainnov - MA modeling by the innovations method
% mpencil - matrix-pencil method of extracting sinusoids in noise
% poly2 - specialized version of poly
% scan - scan array with given scanning phase
% setrank - reduce the rank of a diagonal matrix of singular values
% sigsub - construct reduced-rank signal subspace of a data matrix
% sines - generate sum of real or complex decaying sinusoids in noise
% snap - generate snapshot matrix for array problems
% snapshot - generate data matrix of snapshots for array problems
% snr - magnitude to SNR in dB, and conversely
% steer - steer array towards given angle
% steering - construct steering matrix of multiple sinusoids/plane-waves
% steermat - construct steering matrix of multiple sinusoids/plane-waves
% svdenh - SVD signal enhancement
% toepl - Toeplitz, Hankel, or Toeplitz/Hankel approximation of data matrix
% varper - percentage variances

% -----------------------------------------------------------------------------
% Wavelet Functions
% -----------------------------------------------------------------------------
% advance - circular time-advance (left-shift) of a vector
% casc - cascade algorithm for phi and psi wavelet functions
% circonv - circular convolution
% cmf - conjugate mirror of a filter
% convat - convolution a trous
% convmat - sparse convolution matrix
% convmat2 - sparse convolution matrix (simplified version)
% daub - Daubechies scaling filters (daublets, symmlets, coiflets)
% dn2 - downsample by a factor of 2
% dwtcell - cell array of sparse discrete wavelet transform matrices
% dwtdec - DWT decomposition into orthogonal multiresolution components
% dwtmat - discrete wavelet transform matrices
% dwtmat2 - discrete wavelet transform matrices
% dwtwrap - wrap a DWT matrix into a lower DWT matrix
% flipv - flip a vector, column, row, or both for a matrix
% fwt - fast wavelet transform using convolution and downsampling
% fwtm - fast wavelet transform in matrix form
% fwtmat - overall DWT orthogonal matrix
% ifwt - inverse fast wavelet transform using upsampling and convolution
% ifwtm - inverse fast wavelet transform in matrix form
% iuwt - inverse undecimated wavelet transform
% iuwtm - inverse undecimated wavelet transform
% modwrap - wrap matrix column-wise mod-N
% phinit - eigenvector initialization of phi
% plotdec - plot DWT/UWT decomposition or DWT/UWT coefficients
% up2 - upsample a vector by factor of two
% upr - upsample a vector by factor of 2^r
% uwt - undecimated wavelet transform
% uwtdec - UWT multiresolution decomposition
% uwtm - undecimated wavelet transform
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% uwtmat - undecimated wavelet transform matrices
% uwtmat2 - undecimated wavelet transform matrices
% w2V - wavelet vector to wavelet matrix
% wcoeff - extract wavelet coefficients from DWT at given level
% wdenoise - Donoho & Johnstone’s VisuShrink denoising procedure
% wduwt - wavelet denoising with UWT
% wthr - soft/hard level-dependent wavelet thresholding

% -----------------------------------------------------------------------------
% Technical Analysis Functions
% -----------------------------------------------------------------------------
% accdist - accumulation/distribution line
% atr - true range & average true range
% bbands - Bollinger bands
% bma - Butterworth moving average
% cci - commodity channel index
% chosc - Chaikin oscillator
% chvol - Chaikin volatility
% cmflow - Chaikin money flow
% cmo - Chande momentum oscillator
% delay - lag or delay or advance by d samples
% dema - steady-state double exponential moving average
% dirmov - directional movement system
% dmi - dynamic momentum index (DMI)
% donch - Donchian channels
% dpo - detrended price oscillator
% ehma - exponential Hull moving average
% fbands - fixed-envelope bands
% forosc - forecast oscillator
% gdema - generalized dema
% hma - Hull moving average
% ilrs - integrated linear regression slope indicator
% kbands - Keltner bands or channels
% lreg - linear regression, slope, and R-squared indicators
% mom - momentum and price rate of change
% ohlc - make Open-High-Low-Close bar chart
% ohlcyy - OHLC plot with other indicators on the same graph
% pbands - Projection Bands and Projection Oscillator
% pma - predictive moving average, linear fit
% pma2 - predictive moving average, polynomial order d=1,2
% pmaimp - predictive moving average impulse response
% pmaimp2 - predictive moving average impulse response, d=1,2
% pnvi - positive and negative volume indices (PVI & NVI)
% prosc - price oscillator & MACD
% psar - Wilder’s parabolic SAR
% r2crit - R-squared critical values
% rsi - relative strength index (RSI)
% sebands - standard-error bands
% sema - single exponential moving average
% shma - SMA-based Hull moving average
% sma - simple moving average
% stbands - STARC bands
% stdev - standard deviation index
% stoch - stochastic oscillator
% t3 - Tillson’s T3 indicator, triple gdema
% tcrit - critical values of Student’s t-distribution
% tdistr - cumulative t-distribution
% tema - triple exponential moving average
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% tma - triangular moving average
% trix - TRIX oscillator
% vema - variable-length exponential moving average
% vhfilt - Vertical Horizontal Filter
% wema - Wilder’s exponential moving average
% wma - weighted or linear moving average
% yylim - adjust left/right ylim & ticks

% -----------------------------------------------------------------------------
% Miscellaneous Functions
% -----------------------------------------------------------------------------
% canfilt - IIR filtering in canonical form using linear delay-line buffer
% ccan - IIR filter in canonical form using circular delay-line buffer
% ccanfilt - IIR filtering in canonical form using circular delay-line buffer
% frespc - frequency response of a cascaded IIR filter at a frequency vector w
% loadfile - load data file ignoring any text lines
% taxis - define time axis
% up - upsample by a factor of L
% ustep - unit-step or rising unit-step function
% xaxis - set x-axis limits and tick marks
% yaxis - set y-axis limits and tick marks
% zmean - zero mean of each column of a data matrix (or row vector)
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[173] J. Vesma and T. Saramäki, “Polynomial-Based Interpolation Filters—Part I: Filter Synthesis,” Circ.
Syst, Signal Process., 26, 115 (2007).

Maximally Flat Filters

[174] O. Herrmann, “On the Approximation Problem in Nonrecursive Digital Filter Design,” IEEE Trans.
Circ. Th., CT-18, 411 (1971).

[175] J. A. Miller, “Maximally Flat Nonrecursive Digital Filters,” Electron. Lett., 8, 157 (1972).

[176] M. F. Fahmy, “Maximally Flat Nonrecursive Digital Filters,” Int. J. Circ. Th. Appl, 4, 311 (1976).

[177] J-P. Thiran, “Recursive Digital Filters with Maximally Flat Group Delay,” IEEE Trans. Circ. Th., CT-18,
659 (1971).

[178] M. U. A. Bromba and H. Ziegler, “Explicit Formula for Filter Function of Maximally Flat Nonrecursive
Digital Filters,” Electron. Lett., 16, 905 (1980), and ibid., 18, 1014 (1982).

[179] H. Baher, “FIR Digital Filters with Simultaneous Conditions on Amplitude and Group Delay,” Electron.
Lett., 18, 296 (1982).

[180] L. R. Rajagopal and S. C. D. Roy, “Design of Maximally-Flat FIR Filters Using the Bernstein Polyno-
mial,,, IEEE Trans. Circ. Syst., CAS-34, 1587 (1987).

[181] E. Hermanowicz, “Explicit Formulas for Weighting Coefficients of Maximally Flat Tunable FIR delay-
ers,” Electr. Lett., 28, 1936 (1992).

REFERENCES 937

[182] I. W. Selesnick and C. S. Burrus, “Maximally Flat Low-Pass FIR Filters with Reduced Delay,” IEEE
Trans. Circ. Syst. II, 45, 53 (1998).

[183] I. W. Selesnick and C. S. Burrus, “Generalized Digital Butterworth Filter Design,” IEEE Trans. Signal
Process., 46, 1688 (1998).

[184] S. Samadi, A. Nishihara, and H. Iwakura, “Universal Maximally Flat Lowpass FIR Systems,” IEEE Trans.
Signal Process., 48, 1956 (2000).

[185] R. A. Gopinath, “Lowpass Delay Filters With Flat Magnitude and Group Delay Constraints,” IEEE
Trans. Signal Process., 51, 182 (2003).

[186] S. Samadi, O. Ahmad, and M, N, S. Swami, “Results on Maximally Flat Fractional-Delay Systems,” IEEE
Trans. Circ. Syst.–I, 51, 2271 (2004).

[187] S. Samadi and A. Nishihara, “The World of Flatness,” IEEE Circ. Syst. Mag., p.38, third quarter 2007.

Local Polynomial Modeling and Loess

[188] E. A. Nadaraya, “On Estimating Regression,” Th. Prob. Appl., 10, 186 (1964).

[189] G. S. Watson, “Smooth Regression Analysis,” Sankya, Ser. A, 26, 359 (1964).

[190] M. B. Priestley and M. T. Chao, “Non-Parametric Function Fitting,” J. Roy. Statist. Soc., Ser. B, 34, 385
(1972).

[191] C. J. Stone, “Consistent Nonparametric Regression (with discussion),” Ann. Statist., 5, 595 (1977).

[192] W. S. Cleveland, “Robust Locally Weighted Regression and Smoothing of Scatterplots,” J. Amer.
Statist. Assoc., 74, 829 (1979).

[193] W. S. Cleveland and R. McGill “The Many Faces of a Scatterplot,” J. Amer. Statist. Assoc., 79, 807
(1984).

[194] . H. Friedman, “A Variable Span Smoother,” Tech. Rep. No. 5, Lab. Comput. Statist., Dept. Statist.,
Stanford Univ., (1984); see also, J. H. Friedman and W. Stueltze, “Smoothing of Scatterplots,” Dept.
Statist., Tech. Rep. Orion 3, (1982).

[195] H-G. Müller, “Smooth Optimum Kernel Estimators of Densities, Regression Curves and Modes,” Ann.
Statist., 12, 766 (1984).

[196] T. Gasser, H-G. Müller, and V. Mammitzsch, “Kernels for Nonparametric Curve Estimation,” J. Roy.
Statist. Soc., Ser. B, 47, 238 (1985).

[197] J. A. McDonald and A. B. Owen, “Smoothing with Split Linear Fits,” Technometrics, 28, 195 (1986).

[198] A. B. Tsybakov, “Robust Reconstruction of Functions by the Local-Approximation Method,” Prob.
Inf. Transm., 22, 69 (1986).

[199] W. S. Cleveland and S. J. Devlin, “Locally Weighted Regression: An Approach to Regression Analysis
by Local Fitting,” J. Amer. Statist. Assoc., 83, 596 (1988).

[200] A. Buja, A. Hastie, and R. Tibshirani, “Linear Smoothers and Additive Models (with discussion),”
Ann. Statist., 17, 453 (1989).

[201] B. L. Granovsky and H-G. Müller, “The Optimality of a Class of Polynomial Kernel Functions,” Stat.
Decis., 7, 301 (1989).
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[226] I. Horová, “Some Remarks on Kernels,” J. Comp. Anal. Appl., 2, 253 (2000).

[227] W. R. Schucany, “An Overview of Curve Estimators for the First Graduate Course in Nonparametric
Statistics,” Statist. Sci., 19, 663 (2004).

[228] C. Loader, “Smoothing: Local Regression Techniques,” in J. Gentle, W. Härdle, and Y. Mori, eds.,
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[973] G. Szegö, Orthogonal Polynomials, Providence, RI, American Mathematical Society, 1958.

[974] E. A. Robinson and S. Treitel, Digital Signal Processing in Geophysics, in A. Oppenheim, Ed., Appli-
cations of Digital Signal Processing, Englewood Cliffs, NJ, Prentice-Hall, 1978.

[975] S. Treitel and E. A. Robinson, The Design of High-Resolution Digital Filters, IEEE Trans. Geosci.
Electron., GE-4, 25 (1966).

[976] J. Claerbout, Fundamentals of Geophysical Data Processing, New York, McGraw-Hill, 1976.

[977] I. C. Gohberg and I. A. Fel’dman, Convolution Equations and Projection Methods for their Solution,
Providence, RI, American Mathematical Society, 1974.

[978] W. F. Trench, An Algorithm for the Inversion of Finite Toeplitz Matrices, J. Soc. Ind. Appl. Math., 12,
515 (1964).

[979] S. Zohar, Toeplitz Matrix Inversion: The Algorithm of W. F. Trench, J. Assoc. Comput. Mach., 16, 592
(1969).

[980] S. Zohar, The Solution of a Toeplitz Set of Linear Equations, J. Assoc. Comput. Mach., 21, 272 (1974).

[981] T. Kailath, A. Vieira, and M. Morf, Inverses of Toeplitz Operators, Innovations and Orthogonal Poly-
nomials, SIAM Rev., 20, 106 (1978).

[982] H. Lev-Ari and T. Kailath, Triangular Factorization of Structured Hermitian Matrices, in I. Gohberg,
Ed., I. Schur Methods in Operator Theory and Signal Processing, Operator Theory: Advances and
Applications, vol.18, Boston, Birkhäuser, 1986.
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L1 trend filtering, 358
3-dB cutoff frequency, 110, 112

accumulation-distribution, 307
adaptive

a posteriori RLS lattice, 901
AR models, 86
array processing, 878
beamforming, 862
channel equalizers, 868
double-direct RLS lattice, 913
echo cancelers, 869
eigenvalue spread, 866
eigenvector methods, 876, 907
exact RLS lattice filters, 911
FAEST algorithm, 910
fast Kalman algorithm, 909
FTF algorithm, 911
gradient lattice filters, 881
gradient projection method, 877
Gram-Schmidt preprocessors, 889
line enhancer, 872, 921
linear combiner, 859
linear predictor, 874
noise canceler, 870
Pisarenko’s method, 876
sidelobe canceler, 861
signal separator, 872
spectrum analysis, 875, 878
tracking of zeros, 879
Wiener filters, 850, 862, 916

accuracy of converged weights, 857
conventional RLS, 904
convergence speed, 865
correlation canceler loop, 853
FAEST algorithm, 910
fast Kalman, 909
fast RLS direct form, 907
gradient lattice, 881
gradient-descent method, 854
linear prediction, 874
LMS algorithm, 855
Newton’s method, 866
RLS lattice, 911
stochastic approximation, 856

adaptive GSC, 746
airline data, 594

Akaike final prediction error (FPE), 678
Akaike information criterion (AIC), 710
algebraic Riccati equation, 103, 494
analysis filter, 61, 535, 537
analysis frame, 58
analysis lattice filters, 537
angle-of-arrival estimation, see superresolution

array processing
AR modeling of sunspot data, 88
AR, ARMA, MA signal models, 63
ARIMA modeling, 594
asymptotic statistics, 726

eigenvector methods, 730
linear predictors, 728
reflection coefficients, 729
sample covariance matrix, 21, 726, 730

autocorrelation
complex-valued signals, 100
computation by convolution, 50
FFT computation, 96
function, 44
matrix, 99, 486, 512
maximum entropy extension, 601
method, 514
of white noise, 54
PARCOR coefficients, 520
periodogram, 48
power spectrum, 46
reflection symmetry, 45
sample, 48, 514
sequence extension, 528
singular, 529
sinusoidal representation, 530, 694
white noise, 45

autocorrelation function
of a filter, 52

autocorrelation method, see Yule-Walker method,
561

autoregressive
models, 513
normal equations, 513
power spectrum, 514

Backus-Gilbert parameter, 587
backward prediction, 29
bandpass signal extraction, 117
bands, 294
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Bolinger, 294
fixed-width, 294
Keltner, 294
projection, 294
standard error, 294
Starc, 294

bandwidth selection, 204
Bartlett window, 681
bases, 766
Bayes rule, 4
beamforming, 694, 695, 703, 862
beamforming, quiescent pattern control, 740
beamforming, retrodirective, 737
biasing in frequency estimates, 688
Bolinger bands, 294
Burg’s method, 561
Butterworth moving average filters, 285

Cadzow iteration, 826
canonical angles between linear subspaces, 845
canonical correlation analysis, CCA, 840
Capon’s spectrum estimator, 688
caterpillar method, 826
CCL, 853

analog, 859
complex, 858

census X-11 decomposition filters, 407
Chaikin money flow, 307
Chaikin oscillator, 307
Chaikin volatility, 307
Chande momentum oscillator, CMO, 304
channel equalizers, 868
channels, 294
chaotic dynamics, 826
Chebyshev inequality, 3
Cholesky factorization, 18, 42
classical seasonal decomposition, 393
commodity channel index, CCI, 307
condition number, 785
conditional probability density, 4
consistent estimator, 3
correlation, 5
correlation canceler loop, 853
correlation canceling, 8
correlation matrix, 6
covariance difference methods, 703
covariance factorization, 497
covariance matrix, 6
covariance method, 561
Cramér-Rao bound, 4, 71
cross correlation, 47
cross power spectrum, 48
cross validation, 204
CVX package, 360, 419, 750, 794

data compression, 60
deconvolution, 589, 593
deconvolution with L1-norm, 594

decorrelated basis, 32
delay-coordinate embedding, 826
deterministic random signals, 56
detrended price oscillator, 308
differentiation filters, 148
direction finding, see superresolution array pro-

cessing
directional movement system, 305
discrete-time Fourier transform, 166
distance measure, 60, 100, 566
Dolph-Chebyshev array, 742
Donchian channels, 294
double-direct RLS lattice, 902, 913
dynamic momentum index, DMI, 308
dynamic predictive deconvolution, 568

echo cancelers, 869
EEG signal processing

classification, 566
prediction of epileptic seizures, 879

efficient estimator, 4
eigenvalue spread, 866
eigenvector methods, 706

adaptive, 876
AR limit, 693
coherent noise, 702
covariance difference, 703
ESPRIT method, 721
generalized, 702
maximum likelihood method, 719
minimum-norm method, 693, 713
MUSIC method, 709
noise subspace, 691, 699, 707
Pisarenko’s method, 689
Rayleigh quotient, 703
reduced-order method, 715
reduced-order polynomial, 708
signal subspace, 691, 699, 707
spatial smoothing, 723

EMA initialization, 259, 282
EMA, exponential moving average, 221
entropy of random vector, 601
envelopes, 294
ESPRIT method, 721
exact LPSM filters, 128
exponential smoother, 111, 221
exponentially-weighted moving average, 221
exponentially-weighted moving average, EMA, 109

FAEST algorithm, 898, 910
fast Kalman algorithm, 897, 909
fast RLS direct-form filters, 907
fast RLS lattice filters, 911
filter design

of Savitzky-Golay smoothers, 118
filtering methods in financial markets, 267
filtering of random signals, 51
FIR averager, 112

INDEX 987

first-order IIR smoother, 109
Fisher information matrix, 72, 729
fixed-width bands, 294
forecast oscillator, 308
forecasting and state-space models, 230
forgetting factor, 904
forward prediction, 27
forward/backward normal equations, 27
FTF algorithm, 899, 911
fundamental theorem of linear algebra, 770

gapped functions, 495, 512, 517, 547
gaussian probability density, 2
gaussian random vector, 6
generalize double EMA, GDEMA, 288
generalized cross validation, GCV, 327
generalized cross-validation, 205
generalized eigenvalue problem, 702
generalized sidelobe canceler. GSC, 735
geometric series

finite, 115
infinite, 109

gradient lattice filters, 881
gradient projection method, 877
gradient-descent method, 854
Gram-Schmidt array preprocessors, 889
Gram-Schmidt orthogonalization, 13

adaptive, 889
backward prediction, 543
Cholesky factorization, 18
innovations representation, 18
linear prediction, 19, 542
LU factorization, 18
modified, 889
random variables, 17
UL factorization, 19

Hahn orthogonal polynomials, 179
Henderson filters, 142, 169
higher-order exponential smoothing, 235
higher-order polynomial smoothing, 231
Hodrick-Prescott filters, 341, 348
Holt’s exponential smoothing, 264
Hull moving average, 288

ILRS, integrated linear regression slope, 270
immitance domain Schur algorithm, 551
independent random variables, 4
inner product of random variables, 14
innovations representation, 18
instantaneous gradient, 223
integrated linear regression slope, 270
interpolation filters, 135
interpolation vs. smoothing splines, 315
inverse scattering problem, 571
IRLS, iterative reweighted least-squares, 794
Itakura’s LPC distance measure, 100, 567
iterative reweighted least-squares, IRLS, 360, 794

joint probability density, 4

Kalman filter, 490, 500
Kalman filters

algebraic Riccati equation, 628
alpha-beta tracking filters, 613, 632
block diagram realization, 615
Byron-Frazier smoothing, 655
closed-loop state matrix, 615
continuous-time models, 641
derivation, 616
deterministic inputs, 625
EM algorithm, parameter estimation, 667
equivalence with Wiener filter, 645
estimation algorithm, 614
fixed-interval smoothing, 650
forecasting, 624
geometric interpretation, 622
information form, 615
Joseph form, 615
local level model, 611, 631
local trend model, 611, 640
missing observations, 624
ML parameter estimation, 663
Nile river data, 664
radar tracking, 612
Rauch-Tung-Striebel smoothing, 654
square-root algorithms, 657
standard form, 615
state-space models, 609
steady-state models, 631
time-invariant models, 626
Wiener-Brownian process, 644

Kalman gain, 93, 491, 894, 906
Karhunen-Loève transform, 819
Keltner bands, 294
kernel machines, 353
Krawtchouk polynomials, 187

LASSO, least absolute shrinkage and selection
operator, 793

lattice structures, 37, 537
Wiener filters, 553

LCMV and GSC equivalence, 744
LCMV beamforming, 735
least-squares inverse filters, 585
least-squares linear prediction, 810
least-squares Problems and SVD, 783
least-squares spiking filters, 585
least-squares waveshaping filters, 585
Levinson recursion, 514

autocorrelation extension, 528
backward, 521
forward, 519
matrix form, 524
reverse, 521
split, 532

likelihood variables, 894



988 INDEX

line enhancer, 872
linear estimation, 475

conditional mean, 10
correlation canceling, 8
decorrelated basis, 32
Gram-Schmidt orthogonalization, 13
jointly gaussian signals, 10
MAP, ML, MS, LMS criteria, 476
nonlinear estimation, 476
normal equations, 480
optimum estimator, 8
optimum filtering, 481
optimum prediction, 482
optimum smoothing, 481
orthogonal decomposition, 14
orthogonal projection, 8, 16
orthogonality equations, 480
signal separator, 8
unrestricted estimator, 10
Wiener filter, 484

linear phase property, 108
linear prediction

adaptive, 874
analysis filter, 535
asymptotic statistics, 728
autocorrelation extension, 528
autocorrelation method, 561
backward, 27
backward Levinson recursion, 521
Burg’s method, 561
Cholesky factorization, 27, 542
covariance method, 561
decorrelated basis, 32
forward, 27
forward Levinson recursion, 519
gapped function, 512, 517
Gram-Schmidt orthogonalization, 542
lattice filters, 537
Levinson recursion, 514
LU factorization, 27
maximum entropy extension, 528, 601
minimum-phase property, 83, 539
normal equations, 513, 516
optimum filter, 510
orthogonal polynomials, 544
orthogonality of backward errors, 542
reflection coefficients, 518
reverse Levinson, 521
Schur algorithm, 547
signal classification, 566
signal modeling, 70, 509
split Schur algorithm, 551
stability test, 541
synthesis filter, 535
transfer function, 509
Yule-Walker method, 67, 561

linear regression, 275
linear regression indicator, 270

linear regression slope indicator, 270
linear trend FIR filters, 233
linearly-constrained Wiener filter, 735
LMS algorithm, 223, 855
local level filters, 270, 290
local polynomial fitting, 119
local polynomial interpolation, 206
local polynomial modeling, 197
local polynomial smoothing filters, 118
local slope filters, 270, 290
loess smoothing, 218
LPSM filters, 118
LU factorization, 18

MA and ARMA modeling, 812
MAP, ML, MS, LMS estimation criteria, 476
Market indicators:

accdist, accumulation/distribution line, 304
atr, average true range, 299
bbands, Bolinger bands, 299
bma, Butterworth moving average, 287
cci, commodity channel index, 304
chosc, Chaikin oscillator, 304
chvol, Chaikin volatility, 304
cmflow, Chaikin money flow, 304
cmo, Chande momentum oscillator, 304
delay, d-fold delay, 292
dema, double EMA, 274
dirmov, directional movement system, 304
dmi, dynamic momentum index, 304
donch, Donchian channels, 299
dpo, detrended price oscillator, 304
ehma, exponential Hull moving average, 292
fbands, fixed-width bands, 299
forosc, forecast oscillator, 304
gdema, generalized DEMA, 292
hma, Hull moving average, 292
ilrs, integrated linear regression slope, 270
kbands, Keltner bands, 299
lreg, linear regression indicators, level, slope,

R-square, standard-errors, 278
mom, momentum, price rate of change, 304
ohlcyy, OHLC chart with left/right y-axes, 278
ohlc, open-high-low-close bar chart, 278
pbands, projection bands & oscillator, 299
pma2, quadratic PMA, 272
pmaimp2, PMA2 impulse response, 272
pmaimp, PMA impulse response, 272
pma, predictive moving average, 272
pnvi, positive/negative volume indices, 304
prosc, price oscillator and MACD, 304
psar, parabolic SAR, 302
r2crit, R-square critical values, 276
rsi, relative strength index, 304
sebands, standard-error bands, 299
sema, single EMA, 274
shma, simple Hull moving average, 292
sma, simple moving average, 270
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stbands, Starc bands, 299
stdev, length-N standard deviation, 295
stoch, stochastic, percent-K, percent-D, 304
t3, Tillson’s T3 indicator, 292
tcrit, t-distribution critical values, 276
tdistr, cumulative t-distribution, 276
tema, triple EMA, 274
tma, triangular moving average, 270
trix, TRIX oscillator, 304
vema, variable-length EMA, 304
vhfilt, Vertical horizontal filter, 304
wema, Wilder’s EMA, 285
wma, weighted moving average, 270
yylim, adjust left/right y-axes limits, 278
zema, zero-lag EMA, 292

MATLAB functions:
acext, autocorrelation sequence extension, 528
acf, sample autocorrelation function, 528
acmat, autocorrelation matrix from lags, 528
acsing, singular autocorrelation matrices, 528
advance, circular time-advance, 457
aicmdl, AIC and MDL criteria, 528
argen, AR process generation, 528
arma2imp, ARMA impulse response, 818
armaacf, ARMA autocorrelation function, 818
armachol, ARMA Cholesky factorization, 818
armafit, fit ARMA model to given covariance

lags, 818
armainf, ARMA Fisher information matrix, 818
armainnov, ARMA modeling by innovations

method, 818
armamf, ARMA by Mayne-Firoozan method,

818
armamyw, ARMA by modified Yule-Walker,

818
armasim2, ARMA process simulation, 818
armasim, ARMA process simulation, 818
avobs, average repeated observations, 218
binmat, binomial boost matrices, 263
binom, binomial coefficients, 170
bkwlev, backward Levinson recursion, 520
burg, Burg algorithm, 566
casc, cascade algorithm, 435
ccacov, CCA of covariance matrix, 843
cca, canonical correlation analysis, 844
cholgs, Cholesky factorization, 818
cholinnov, Cholesky factorization, 818
circonv, circular convolution, 448
cldec, classical decomposition method, 396
cmf, conjugate mirror filter, 433
combfd, comb/notch filter design, 378
compl, complementary filter, 400
convat, convolution a trous, 468
convmat, sparse convmtx, 154
datamat, data matrix from signal, 810
datasig, signal from data matrix, 810
daub, Daubechies scaling filters, 432
diffmat, difference convolution matrix, 170

dir2nl, direct form to normalized lattice, 528
dn2, downsample by factor of 2, 472
dn2, downsample by two, 457
dolph, Dolph-Chebyshev array, 742
dpd, dynamic predictive deconvolution, 580
dwf2, direct-form Wiener filter, 528
dwfilt2, direct-form Wiener filtering, 528
dwfilt, direct-form Wiener filtering, 528
dwf, direct-form Wiener filter, 528
dwtcell, cell array of DWT matrices, 453
dwtdec, DWT decomposition, 459
dwtmat, sparse DWT matrices, 450
ecgsim, ECG simulation, 374
emaerr, EMA error criteria, 250
emap, mapping equivalent lambdas, 249
emat, EMA basis transformation, 260
ema, exact EMA, 239
faest, FAEST algorithm, 911
filtdbl, double-sided filtering, 157
firw, FIR Wiener filter, 555
flipv, flip a vector, column, row, or both, 528
frwlev, forward Levinson recursion, 520
fwtmat, DWT transformation matrix, 455
fwtm, fast DWT, 453
fwt, fast wavelet transform, 457
glwf, adaptive lattice Wiener filter, 888
glwf, lattice Wiener filter, 528
hahnbasis, Hahn polynomial basis, 182
hahncoeff, Hahn polynomial coefficients, 182
hahnpol, Hahn polynomial evaluation, 182
hend, Henderson weights, 174
holterr, Holt error criteria, 265
holt, Holt’s exponential smoothing, 265
hpeq, high-order equalizer design, 384
ifwtm, inverse DWT, 453
ifwt, inverse fast wavelet transform, 457
imp2arma, impulse response to ARMA coef-

ficients, 818
iuwtm, inverse UWT in matrix form, 465
iuwt, inverse UWT, 467
kfilt, Kalman filtering, 627
ksmooth, Bryson-Frazier smoothing, 656
kwindow, Kaiser window, 400
lattfilt, lattice filtering, 528
lattice, lattice realization, 537
lattsect, single lattice section, 528
lattsynth, synthesis lattice filter, 528
latt, analysis lattice filter, 528
lev, Levinson recursion, 520
lms, LMS algorithm, 863
loadfile, numerical data from file, 159
locband, local bandwidth, 203
locgcv, CV and GCV evaluation, 206
locgrid, local uniform grid, 207
locpol, local polynomial modeling, 202
locval, interpolating local polynomials, 207
locw, local weighting functions, 198
loess, loess smoothing, 219
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lpbasis, local polynomial basis, 135, 246
lpdiff, differentiation filters, 151
lpfilt2, local polynomial filtering, 157
lpfilt, local polynomial filtering, 157
lpf, linear prediction filter from matrix L, 528
lpg, reflection coefficients from matrix L, 528
lpinterp, local polynomial interpolation, 152
lpls, least-squares linear prediction, 812
lpmat, local polynomial filter matrix, 157
lpmissing, filter matrix for missing data, 194
lprs2, closed-form Henderson filters, 186
lprs, local minimum-Rs filters, 174
lpsap, LMS adaptive predictor, 874
lpsm, local polynomial smoothing, 135
lpspec, LP spectrum computation, 528
lwfilt, lattice Wiener filtering, 528
lwf, lattice Wiener filter, 528, 557
madurbin, MA modeling by Durbin’s method,

818
mafit, fit MA model to given covariance lags,

818
mainnov, MA modeling by the innovations

method, 818
mema, multiple EMA, 260
mgslms, adaptive Gram-Schmidt with LMS,

892
mgs, adaptive modified Gram-Schmidt, 892
minorm, minimum-norm algorithm, 714
minrev, Musgrave’s minimum-revision filters,

415
modwrap, modulo-N wrapping of matrix, 447
mpencil, matrix pencil method, 837
music, MUSIC algorithm, 712
nlfilt, normalized lattice form, 528
obmatc, observability matrix, 528
obmat, observability matrix, 528
plotdec, plot DWT coefficients, 469
polval, polynomial evaluation in factorials,

182
rlev, reverse Levinson recursion, 520
rlpfilt, robust local polynomial filtering, 195
rlsl, adaptive lattice Wiener filter, 914
rls, RLS algorithm, 906
rmusic, reduced MUSIC, 718
sampcov, sample autocorrelation matrix, 22
scatt, direct scattering problem, 580
schur, Schur algorithm, 522
select, eigenvector selection, 712
shur1, Schur algorithm, 549
shur2, Schur algorithm, 549
sigav, signal averaging, 388
sigsub, signal and noise subspaces, 790
smadec, seasonal MA decomposition, 404
smat, seasonal MA filtering matrix, 404
smav, seasonal moving-average filters, 404
snap, snapshot matrix, 528
spike, spiking filter, 587
splambda, spline smoothing parameter, 335

splav, spline weighted averaging, 336
splgcv, spline smoothing GCV, 335
splmat, sparse spline matrices, 335
splsm2, robust spline smoothing, 335
splsm, spline smoothing, 335
splval, spline evaluation, 335
steermat, steering matrix, 740
stema, steady-state EMA, 246
stirling, Stirling numbers, 182
svdenh, SVD signal enhancement, 826
swhdec, seasonal Whittaker-Henderson, 419
toepl, Toeplitz data matrix, 826
trendma, trend moving-average, 395
up2, upsample by factor of 2, 472
up2, upsample by factor of two, 457
upmat, upsampling a filtering matrix, 403
upr, upsample a vector, 436
upr, upsample by a factor of 2r , 436
upulse, unit pulse, 240
up, upsampling, 374
ustep, unit step function, 215
uwtdec, UWT decomposition, 469
uwtmat, UWT matrices, 465
uwtm, UWT in matrix form, 465
uwt, UWT in convolutional form, 467
wcoeff, extract wavelet coefficients, 472
wcoeff, extract wavelet detail, 457
wdenoise, wavelet denoising, 462
wduwt, UWT denoising, 470
whgcv, Whittaker-Henderson GCV, 344
whgen, generalized Whittaker-Henderson, 344
whimp, Whittaker-Henderson impulse response,

352
whkdec, Whittaker-Henderson/Kaiser decom-

position, 407
whsm1, Whittaker-Henderson smoothing–L1

version, 360
whsm, Whittaker-Henderson smoothing, 344
wthr, wavelet thresholding, 472
x11dec, X-11 decomposition method, 409
yw, Yule-Walker method, 522
zmean, zero mean data, 792

matrix inversion lemma, 684, 705, 894, 923
matrix pencil, 722
matrix pencil methods, 833
maximally-flat filters, 187
maximum entropy, 528, 601
maximum likelihood (ML) method, 66
maximum likelihood estimator, 71
maximum likelihood method, 719
MDL criterion, 710
mean, 1
minimum roughness filters, 164
minimum variance filters, 142
minimum-norm method, 693, 713
minimum-phase filters, 77

alternative proof, 539
invariance of autocorrelation, 79
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minimum-delay property, 79, 80
minimum-phase property, 81
partial energy, 79
prediction-error filter, 83
signal models, 62, 82
spectral factorization, 82

missing data and outliers, 191
moments in smoothing filters, 146
momentum, 303
momentum, price rate of change, 305
Moore-Penrose pseudoinverse, 781
moving average convergence divergence, MACD,

306
moving average filters, 267

Butterworth, BMA, 285
EMA, exponential, 267
initialization, 280
predictive, PMA, 270
reduced lag, 288
SMA, simple, 267
TMA, triangular, 267
WMA, weighted, 267

multiple interferers, 737
Musgrave asymmetric filters, 412
MUSIC method, 709

natural cubic smoothing splines, 319
Newton’s method, 866
noise canceling, 870
noise reduction, 105

FIR averager, 111
first-order IIR smoother, 109
noise reduction ratio, 107
SNR in, 107
transient response, 108

noise reduction ratio, 55, 107
noise subspace, 691, 699, 707
nonlinear estimation, 476
normal distribution, 2
normal equations, 480, 516
norms, 765
notch and comb filters, 369
notch and comb filters with fractional delay, 375
NRR, see noise reduction ratio
nullity, 770

olympic track records, 848
optimum beamforming, 703
optimum filtering, 481
optimum linear combiner, 859
optimum linear estimator, 9
optimum portfolio theory

capital asset line, 751
capital asset pricing model, CAPM, 755
capital market line, 755
efficient frontier, 748, 752
generalized efficient frontier, 757
inequality constraints, 750

market portfolio, 755
Markowitz portfolio theory, 746
multiple constraints, 756
optimum mean-variance portfolios, 746
risk aversion, 750
risk premium, 755
security market line, 755
Sharpe ratio, 752
stock’s beta, 755
tangency portfolio, 752
two mutual fund theorem, 749

optimum prediction, 482
optimum signal separator, 9
optimum smoothing, 481
optimum unrestricted estimator, 10
orthogonal decomposition theorem, 14
orthogonal polynomial bases, 134
orthogonal polynomials, 544
orthogonal projection theorem, 16
orthogonal random variables, 14
orthogonality equations, 480
oscillators, 303

parabolic SAR, 294
parameter estimation

ML method, 66
Yule-Walker method, 67

parametric spectrum estimation, 60, 514
PARCOR coefficients, 22, 518
partial correlations, 22, 40
periodic signal extraction, 368
periodogram, 48
periodogram averaging, 51
phase vector, 601, 682, 697
Pisarenko’s method, 689, 876
polynomial interpolation filters, 135
polynomial predictive filters, 135
positive/negative volume indices, 307
power spectral density, 46
power spectrum, 46
predictive differentiation filters, 148
predictive filters, 135
predictive moving average filters, 270
price oscillator, 306
principal component analysis, 820
probability density, 1
projection bands, 294
projections, 766
pseudoinverse, 781
purely random signal, 45

QR factorization, 837
quiescent pattern control, 740

R-square indicator, 275
random number generation, 2
random signal models, 56

analysis filter, 61
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AR models, 513
AR, ARMA, MA models, 63
data compression, 60
first-order AR model, 63
linear prediction, 70, 509
minimum-phase, 62
signal classification, 60
signal synthesis, 58
spectrum estimation, 60
speech synthesis, 59
stability and stationarity, 63
synthesis filter, 58
Wold decomposition, 57

random signals, 44
deterministic, 56
filtering of, 51

random variable, 1
random vector, 5
random walk, 66
rank, 770
rank-one modification, 893
Rayleigh limit of resolution, 697
Rayleigh probability density, 92
Rayleigh quotient, 703
recursive least-squares algorithms, 904, 907, 911
reduced-lag moving average filters, 288
reduced-order method, 715
reduced-rank approximation, 786
reduced-rank signal processing, 825
reflection coefficients, 518
regression lemma, 12
regularization and kernel machines, 353
regularization filters, 346
regularization of ill-conditioned problems, 792
regularization, sparse, 793
regularization, Tikhonov, 792
regularized least-squares, 793
relative strength index, RSI, 304
reproducing kernel, 601
retrodirective beamforming, 737
Riccati difference equation, 502
RLS adaptive filters, 904, 905
RLS algorithm, 224
RLS Kalman gain, 906
RLS lattice

a posteriori, 900
a priori, 901
direct updating, 901
double-direct, 902, 913
error-feedback, 901

RLS rank-one modification, 893

sample covariance matrix, 20
sample covariance matrix statistics, 21, 726
Savitzky-Golay smoothing filters, 118
scattering matrix, 570
Schur algorithm, 42, 547
Schur recursion, 553

Schur-Cohn stability test, 541
seasonal

decomposition, 104
seasonal decomposition filters, 391
seasonal moving-average filters, 400
seasonal Whittaker-Henderson decomposition, 417
second-order statistics, 1
shift-invariance property, 44, 899, 908
sidelobe canceler, 861
signal averaging, 385
signal classification, 60, 566
signal enhancement, 105

noise reduction ratio, 107
SNR in, 107
transient response, 108

signal estimation, 476
signal extraction, 104
signal extraction, periodic, 368
signal models, see random signal models
signal separator, 872
signal subspace, 691, 699, 707
signal-to-noise ratio, 107
simulation of random vectors, 20
single, double, triple EMA, 252, 273
singular spectral analysis, SSA, 826
singular value decomposition, 765, 776
sinusoids in noise, 101

spectral analysis, 680
smoothing filters, 111, 112, 118

exponential, 111, 221
in spectroscopy, 118, 146
least-squares, 118
moment constraints, 146
polynomial data smoothing, 118
Savitzky-Golay, 118

smoothing parameter selection, 247
smoothing splines, 315
snapshot vector, 21
SNIR, 703
SNR, see signal-to-noise ratio
southern oscillation index, 846
sparse regularization, 793
sparse seasonal Whittaker-Henderson decompo-

sition, 419
sparse Whittaker-Henderson methods, 358
spatial smoothing method, 723
spectral factorization, 82

Wiener filter, 487
spectrum estimation

adaptive, 875, 878
AR estimates, 683
AR models, 514, 678
autocorrelation method, 514
classical Bartlett spectrum, 682
classical methods, 51
eigenvector methods, 689
ML estimates, Capon, 688
parametric, 514
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parametric models, 60
Pisarenko’s method, 689, 876
sinusoids, 680
windowed autocorrelation, 681
Yule-Walker method, 514

speech synthesis, 59, 566
spline filters, 329
splines, stochastic model, 331
splines, variational approach, 316
split Levinson algorithm, 532
split Schur algorithm, 551
stability and stationarity, 63
standard-error bands, 294
Starc bands, 294
stationarity, 45
steady-state EMA, 241
steepest descent, 223
steered array, 705
steering vector, 682, 697, 705
stochastic oscillator, 306
structured matrix approximations, 830
subspaces, bases, projections, 766
sunspot data, 88
sunspot numbers, 847
superresolution array processing, 694

adaptive, 878
Bartlett beamformer, 698
conventional beamformer, 695
LP spectrum estimate, 698
maximum likelihood method, 719
ML beamformer, 698
spatial smoothing, 723

SVD and least-squares problems, 783
SVD and linear equations, 770
SVD and signal processing, 805
SVD signal enhancement, 825
synthesis filter, 58, 535

technical analysis in financial markets, 267
thricing, 254
Tikhonov regularization, 792
Tillson’s T3 indicator, 288
time constant, 113
time-series forecast indicator, 270
transient response

in noise reduction filters, 108
TRIX oscillator, 309
Tukey’s twicing operation, 254
twicing, 254
twicing and zero-lag filters, 255

UL factorization, 94
unbiased estimator, 3
uncorrelated random variables, 14
uniform probability density, 2
unitarity of scattering matrix, 577

variable and adaptive bandwidth, 211

variable-length EMA. VEMA, 309
variance, 1
vector and matrix norms, 765
vector space of random variables, 14
vertical horizontal filter, VHF, 305
Vondrak filters, 341

wavelets
a trous operation, 442
analysis and synthesis filter banks, 443
analysis and synthesis with UWT, 464
decimated and undecimated filter banks, 463
denoising, 459
dilation equations, 430
discrete wavelet transform, 446
DWT in convolutional form, 456
DWT in matrix form, 448
fast DWT, 453
Haar & Daubechies scaling functions, 426
inverse DWT, 451
inverse UWT, 465
Mallat’s algorithm, 441
MATLAB functions, 472
multiresolution analysis, 425
multiresolution and filter banks, 441
multiresolution decomposition, 428, 458
orthogonal DWT transformation, 455
periodized DWT, 450
refinement equations, 430
scaling and wavelet filters, 432, 436
symmlets, 433
UWT denoising, 469
UWT matrices, 465
UWT multiresolution decomposition, 468
UWT, undecimated wavelet transform, 463
visushrink method, 462

waves in layered media, 568
weighted local polynomial modeling, 197
weighted polynomial filters, 164
Welch method of spectrum estimation, 51
WEMA, Wilder’s EMA, 284
white noise, 45, 54

filtering of, 54
whitening filter, 61, 511
Whittaker-Henderson smoothing, 341
Wiener filter

adaptive, 862
beamforming, 705
covariance factorization, 497
FIR filter, 481
gapped functions, 495
Kalman filter, 490
lattice realizations, 553
linear prediction, 509, 510
mean-square error, 488
orthogonal basis, 553
prewhitening, 484
spectral factorization, 487
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stationary, 484
transfer function, 488
unrealizable, 488

Wiener process, 66
Wold decomposition, 57

Yule-Walker method, 67, 514, 522, 561

zero tracking filters, 879
zero-lag EMA, 288
zero-lag filters, 255


