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1. INTRODUCTION

The signal subspace approach has proved itself useful
for signal enhancement in speech processing and many
other applications — see, e.g., the recent survey [10]. The
area has grown dramatically over the last 20 years, along
with advances in efficient computational algorithms for
matrix computations [16], [46], [47], especially singu-
lar value decompositions and rank-revealing decompo-
sitions.

The central idea is to approximate a matrix, derived
from the noisy data, with another matrix of lower rank
from which the reconstructed signal is derived. As
stated in [42]: “Rank reduction is a general principle
for finding the right trade-off between model bias and
model variance when reconstructing signals from noisy
data.”

Throughout the literature of signal processing and
applied mathematics these methods are formulated in
terms of different notations, such as eigenvalue decom-
positions, Karhunen-Loeve transformations, and singu-
lar value decompositions. All these formulations are
mathematically equivalent, but nevertheless the differ-
ences in notation can be an obstacle to understanding
and using the different methods in practise.

Our goal is to survey the underlying mathematics
and present the techniques and algorithms in a com-
mon framework and a common notation. In addition
to methods based on diagonal (eigenvalue and singu-
lar value) decompositions, we survey the use of rank-
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revealing triangular decompositions. Within this frame-
work we also discuss alternatives to the classical least-
squares formulation, and we show how signals with gen-
eral (non-white) noise are treated by explicit and, in
particular, implicit prewhitening. Throughout the pa-
per we provide small working Matlab codes that illus-
trate the algorithms and their practical use.

We focus on signal enhancement methods which di-
rectly estimate a clean signal from a noisy one (we
do not estimate parameters in a parameterized sig-
nal model). Our presentation starts with formulations
based on (estimated) covariance matrices, and makes
extensive use of eigenvalue decompositions as well as
the ordinary and generalized singular value decompo-
sition (SVD and GSVD) — the latter also referred to
as the quotient SVD (QSVD). All these subspace tech-
niques originate from the seminal 1982 paper [49] by
Tufts and Kumaresan, who considered noise reduction
of signals consisting of sums of damped sinusoids via
linear prediction methods.

Early theoretical and methodological developments in
SVD-based least-squares subspace methods for signals
with white noise were given in the late 80s and early
90s by Cadzow [6], De Moor [7], Scharf [41], and Scharf
and Tufts [42]. Dendrinos, Bakamidis and Carayannis
[9] used these techniques for speech signals, and Van
Huffel [52] applied a similar approach — using the mini-
mum variance estimates from [7] — to exponential data
modelling. Other applications of these methods can be
found, e.g., in [10], [12], [27] and [40]. Techniques for
general noise, based on the GSVD, originally appeared
in [30], and some applications of these methods can be
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found in [25], [26], [32] and [38].

Next we describe computationally favorable alterna-
tives to the (G)SVD methods, based on rank-revealing
triangular decompositions. The advantages of these
methods are faster computation and faster up- and
downdating, which is important in dynamic signal pro-
cessing applications. This class of algorithms originates
from work by Moonen, Van Dooren and Vandewalle [39]
on approximate SVD updating algorithms, and in par-
ticular Stewart’s work on URV and ULV decompositions
[44], [45]. Some applications of these methods can be
found in [1], [33] (direction-of-arrival estimation) and
[53] (total least squares). We also describe some exten-
sions of these techniques to rank-revealing ULLV de-
compositions of pairs of matrices, originating in works
by Luk and Qiao [34], [36] and Bojanczyk [4].

Further extensions of the GSVD and ULLV algo-
rithms to rank-deficient noise, typically arising in con-
nection with narrow-band noise and interference, were
described in recent work by Zhong, Li and Tai [55] and
ourselves [20], [22].

Finally we show how all the above algorithms can be
interpreted in terms of FIR filters defined from the de-
compositions involved [11], [21], and we introduce a new
analysis tool called “canonical filters” which allows us to
compare the behavior and performance of the subspace-
based algorithms in the frequency domain. The hope
is that this theory can help to bridge the gap between
the matrix notation and more classical signal processing
terminology.

Throughout the paper we make use of the important
concept of numerical rank of a matrix. The numerical
rank of a matrix H with respect to a given threshold 7
is the number of columns of H that are guaranteed to
be linearly independent for any perturbation of H with
norm less than 7. In practise, the numerical rank is
computed as the number of singular values of H greater
than 7. We refer to [19], [43] and [31] for motivations
and further insight about this issue.

We stress that we do not try to cover all aspects of
subspace methods for signal enhancement. For exam-
ple, we do not treat a number of heuristic methods such
as the spectral domain constrained estimator [12], as
well as extensions that incorporate various perceptual
constraints [28], [54].

A few words about the notation used throughout
the paper: £(-) denotes expectation; R(A) denotes the
range (or column space) of the matrix A; o;(A) denotes
the ith singular value of A; AT denotes the transpose
of A, and A~T = (A=1H)T = (AT)~1, I, is the identity
matrix of order ¢; and H(v) is the Hankel matrix with
n columns defined from the vector v (see (4)).
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2. THE SIGNAL MODEL

Throughout this paper we consider only wide-sense
stationary signals with zero mean, and a digital signal
is always a column vector s € R™ with £(s) = 0. Asso-
ciated with s is an n xn symmetric positive semidefinite
covariance matriz, given by Cy = £(ssT); this matrix
has Toeplitz structure, but we do not make use of this
property. We shall make some important assumptions
about the signal.

The Noise Model. We assume that the signal s
consists of a pure signal § € R™ corrupted by additive
noise e € R™,

s=3§+e, (1)

and that the noise level is not too high, i.e., ||z is
somewhat smaller than [|5|l2. In most of the paper we
also assume that the covariance matrix C, for the noise
has full rank. Moreover, we assume that we are able to
sample the noise, e.g., in periods where the pure signal
vanishes (for example, in speech pauses). We emphasize
that the sampled noise vector e is not the exact noise
vector in (1), but a vector that is statistically represen-
tative of the noise.

The Pure Signal Model. We assume that the pure
signal 5 and the noise e are uncorrelated, i.e., £(5eT) =
0, and consequently we have

Cs - C§ + Ce- (2)

In the common case where C, has full rank, it follows
that Cs also has full rank (the case rank(C.) < n is
treated in Section 7). We also assume that the pure
signal s lies in a proper subspace of R™; i.e.,

5€ SCR”, rank(Cs) =dim(S) =k <n. (3)
The central point in subspace methods is this assump-
tion about the pure signal § lying in a (low-dimensional)
subspace of R™ called the signal subspace. The main
goal of all subspace methods is to estimate this sub-
space and to find a good estimate § (of the pure signal
3) in this subspace.

The subspace assumption (which is equivalent to the
assumption that Cs is rank deficient) is satisfied, e.g.,
when the signal is a sum of (exponentially damped) si-
nusoids. This assumption is perhaps rarely satisfied ex-
actly for a real signal, but it is a good model for many
signals, such as those arising in speech processing [37].2

For practical computations with algorithms based on
the above n x n covariance matrices, we need to be able
to compute estimates of these matrices. The standard
way to do this is to assume that we have access to data

2Tt is also a good model for NMR signals [50], [51], but these
signals are not treated in this paper.
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vectors which are longer than the signals we want to
consider. For example, for the noisy signal we assume
that we know a data vector s’ € RY with N > n, which
allows us to estimate the covariance matrix for s as fol-
lows. We note that the length NV is often determined by
the application (or the hardware in which the algorithm
is used).

Let H(s") be the m x n Hankel matrix defined from
the vector s as

S s s
! ! / !
52 53 54 T Spt
! ! ! !
7—[(5’) =1 S3 84 S5 Sn+2 (4)
! / ! !
Sm Sm4+1 Sme2 SN

with m+n—1= N and m > n. Then we define the
data matriv H = H(s'), such that we can estimate? the
covariance matrix Cs by
~ 1T

Cs~ -H" H. (5)
Moreover, due to the assumption about additive noise
we have s’ = § + ¢ with §,¢ € RY, and thus we can
write

H=H+E with H=H(s), E=H(). (6

Similar to the assumption about Cj5, we assume that
rank(H) = k.

In broad terms, the goal of our algorithms is to com-
pute an estimate § of the pure signal 5 from measure-
ments of the noisy data vector s’ and a representative
noise vector ¢’. This is done via a rank-k estimate H of
the Hankel matrix H for the pure signal, and we note
that we do not require the estimate H to have Hankel
structure.

There are several approaches to extracting a signal
vector from the m x n matrix H. One approach, which
produces a length-N vector §', is to average along the
anti-diagonals of H, which we write as

§ = A(H) e RV, (7)
The corresponding Matlab code is

shat = zeros(N,1);
for i=1:N

shat (i) = mean(diag(fliplr(Hhat),n-i));
end

This approach leads to the FIR filter interpretation
in §9. The rank-reduction + averaging process can be

3 Alternatively we could work with the Toeplitz matrices obtained
by reversing the order of the columns of the Hankel matrices; all
our relations will still hold.
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Figure 1. The three signals of length N = 240 used in
our examples. Top: clean speech signal (voiced segment
of male speaker). Middle: white noise generated by Mat-
lab’s randn function. Bottom: colored noise (segment
of a recording of strong wind). The clean signal slightly
violates the subspace assumption (3); see Fig. 3.

iterated, and Cadzow [6] showed that this process con-
verges to a rank-k Hankel matrix; however, De Moor
[8] showed that this may not be the desired matrix. In
practise the single averaging in (7) works well.

Doclo and Moonen [10] found that the averaging op-
eration is often unnecessary. An alternative approach,
which produces a length-n vector, is therefore to simply
extract (and transpose) an arbitrary row of the matrix,
ie.,

§= }AI(K, )T e R™, ¢ arbitrary. (8)
This approach lacks a solid theoretical justification, but
due to its simplicity it lends itself well to the up- and
downdating techniques in dynamical processing; see §8.

Throughout the paper we illustrate the use of the
subspace algorithms with an example from speech pro-
cessing, where the clean signalis a 30 ms segment of a
voiced sound from a male speaker recorded at 8 kHz
sampling frequency of length is N = 240. We use two
noise signals, a white noise signal generated by Matlab’s
randn function, and a segment of a recording of strong
wind. All three signals, shown in Fig. 1, can be con-
sidered quasi-stationary in the considered segment. We
always use m = 211 and n = 30, and the signal-to-noise
ratio in the noisy signals, defined as

SNR = 20 log ([|sl[2/llell2) dB,

is always 10 dB.

When displaying the spectrum of a signal, we always
use the LPC power spectrum computed with Matlab’s
1pc function with order 12, which is standard in speech
analysis of signals sampled at 8 kHz.



3. WHITE NOISE: SVD METHODS

To introduce ideas, we consider first the ideal case of
white noise, i.e., the noise covariance matrix is a scaled
identity,

C.=n1I,, (9)

where n? is the variance of the noise. The covariance
matrix for the pure signal has the eigenvalue decompo-
sition

A = diag(Ay,. .., \n) (10)

Cs=VAV",
with 5\k+1 = ... = X\, = 0. The covariance matrix
for the noisy signal, C, = Cs + n?I,, has the same
eigenvectors while its eigenvalues are \; + 7 (i.e., they
are “shifted” by n?). It follows immediately that given n
and the eigenvalue decomposition of C's we can perfectly
reconstruct Cg simply by subtracting 7? from the largest
k eigenvalues of C; and inserting these in (10).

In practise, we cannot design a robust algorithm on
this simple relationship. For one thing, the rank k is
rarely known in advance, and white noise is a math-
ematical abstraction. Moreover, even if the noise e is
close to being white, a practical algorithm must use an
estimate of the variance n?, and there is a danger that
we obtain some negative eigenvalues when subtracting
the variance estimate from the eigenvalues of Cs.

A more robust algorithm is obtained by replacing k
with an underestimate of the rank, and by avoiding
the subtraction of 2. The latter is justified by a rea-
sonable assumption that the largest k eigenvalues \;,
i=1,...,k are somewhat greater than n?.

A working algorithm is now obtained by replacing the
covariance matrices with their computable estimates.
For both pedagogical and computational/algorithmic
reasons, it is most convenient to describe the algorithm
in terms of the two SVDs

H = USV' (11)
— Y0\ — —
= (@0 () (T
and
H = uxv? (12)

= @) (3 g) )

in which U, U € R™*™ and V,V € R™*" have orthonor-
mal columns, and X,% € R™*" are diagonal. These
matrices are partitioned such that U;,U; € R™*¥F,
V1, Vi € R™F and ¥,%; € R***_ We note that the
SVDs immediately provide the eigenvalue decomposi-
tions of the cross-product matrices, because

HHE=VSV', H'H=Vv?VT
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The pure signal subspace is then given by S = R(V),
and our goal is to estimate this subspace and to estimate
the pure signal via a rank-k estimate H of the pure-
signal matrix H.

Moving from the covariance matrices to the use of
the cross-product matrices, we must make further as-
sumptions [7], namely (in the white-noise case) that the
matrices E and H satisfy

LETE=n*I, and H E=0. (13)
These assumptions are stronger than C. = n%I, and
E(5e”) = 0. The first assumption is equivalent to
the requirement that the columns of (/mn)~1E are or-
thonormal. The second assumption implies the require-
ment m >n-+ k.

Then it follows that

LHTH = LHUH 44721, (14)

and if we insert the SVDs and multiply with m we ob-
tain the relation

%0 T
(Vl 9 ‘/2) 0 22 (Vl 9 ‘/2) = (15)
5
— —  (DhmnI 0 T AT
V1, Va) ( ! 077 F mnzfnk) Vi, Vo),

where I}, and I,,_j, are identity matrices. From the SVD
of H we can then estimate k as the numerical rank of H
with respect to the threshold m!/21n. Furthermore we
can use the subspace R(V7) as an estimate of S (see,
e.g., [18] for results about the quality of this estimate
under perturbations).

We now describe several empirical algorithms for
computing the estimate H; in these algorithms k is al-
ways the numerical rank of H. The simplest approach is
to compute Hys as a rank-k least squares estimate of H,
i.e., Hys is the closest rank-k matrix to H in the 2-norm
(and the Frobenius norm),

ﬁls = argming || H — fIHQ (16)

s.t. rank(H) = k.

The Eckart-Young-Mirsky theorem (see [2, Thm. 1.2.3]
or [16, Thm. 2.5.3]) expresses this solution in terms of
the SVD of H:

Hi=U 3, VT (17)

If desired, it is easy to incorporate the negative “shift”
mentioned above. It follows immediately from (15) that

72 -
S, =33 —mn’l, = (I, — mn*S7?) 24,
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Table 1
Overview of some important gain matrices ® in the
SVD-based methods for the white-noise case.

Estimate Gain matrix ®
LS I

2 ¢—2\1/2
MLS (Ik —mn®X] )

MV I, —mn? %2
TDC (I — mn?S77) -
(I = mp(1 = )=

which lead Van Huffel [52] to defined a modified least
squares estimate:

~

Hmls
(bmls =

Uy @16 31V with (18)
(Ilc _ mn22;2)1/2.
The estimate § from this approach is an empirical least-
squares estimate of s.

A number of alternative estimates have been pro-
posed. For example, De Moor [7] introduced the mini-
mum variance estimate H,,, which satisfies the criterion

Hypy = argming|[H — H|| (19)
st. H= HWyy

for some matrix Wy,,, and he showed (see our Ap-
pendix) that this estimate is given by

~

Hyw = Up®py 51V with (20)

By = I —mn?22
Ephraim and Van Trees [12] defined a time-domain
constraint estimate which, in our notation, takes the
form Hyqe = HW,qc, where Wiq. satisfies the criterion
Wiae = argming |[H — HW||p (21)

st [W]r < avm,

in which « is a user-specified positive parameter. If the

constraint is active, then the matrix Wiq. is given by
the Wiener solution*

— —2,=2 =T
Widae = V1S (S] + Amn’I,) 'V,

where A is the Lagrange parameter for the inequality
constraint in (21). If we use (15) then we can write the
TDC estimate in terms of the SVD of H as

Uy ®q. 21 VT with (22)
(Ik — m77221_2) .

(I —mn?(1 = NE72) 7

4In the regularization literature, Wig. is known as a Tikhonov
solution [19].

This relation is derived in our Appendix. If the con-
straint is inactive then A\ = 0 and we obtain the LS so-
lution. Note that we obtain the MV solution for A = 1.

All these algorithms can be written in a unified for-
mulation as

Hoya=U, &5, V] (23)

where @ is a diagonal matrix, called the gain matriz, de-
termined by the optimality criterion; see Table 1. Other
choices of ® are discussed in [48]. The corresponding
Matlab code for the MV estimate is

(U,s,v] = svd(H,0);

k = length(diag(S) > sqrt(m)*eta);

Phi = eye(k) - m*eta”2*inv(S(1:k,1:k)"2);
Hhat = U(:,1:k)*Phi*S(1:k,1:k)*V(:,1:k)’;

with the codes for the other estimates being almost sim-
ilar (only the expression for Phi changes).

A few practical remarks are in order here. The MLS,
MV and TDC methods require knowledge about the
noise’s variance 7%; good estimates of this quantity can
be obtained from samples of the noise e in the speech
pauses. The thresholds used in all our Matlab templates
(here, 7 = \/mn) are the ones determined by the theory.
In practise, we advice the inclusion of a “safety factor,”
say, V2 or 2, in order to ensure that k is an under-
estimate (because overestimates included noisy compo-
nents). However, since this factor is somewhat problem
dependent, it is not included in our templates.

We note that equation (23) can also be written as

ﬁsvd :HW@, 0 0

Wo =V (‘D 0) vt
where Wg is a symmetric matrix which takes care of
both the truncation at k, and the modification of the
singular values (Ws is a projection matrix in the LS
case only). Using this formulation, we immediately see
that the estimate § (8) takes the simple form

§=WeH(,:)T =Wsgs, (25)

where s is a arbitrary length-n signal vector. This ap-
proach is useful when the signal is quasi-stationary for
longer periods, and the same filter, determined by Wy,
can be used over these periods (or in an exponential
window approach).

4. RANK-REVEALING TRIANGULAR DE-
COMPOSITIONS

In real-time signal processing applications the com-
putational work in the SVD-based algorithms, both in
computing and updating the decompositions, may be
too large. Rank-revealing triangular decompositions are



computationally attractive alternatives which are faster
to compute than the SVD, because they involve an ini-
tial factorization that can take advantage of the Hankel
structure, and they are also much faster to update than
the SVD.

Below we present these decompositions and their use.
Our Matlab examples required the UTV ToOLS pack-
age [13] and, for the VSV decomposition, also the UTV
EXPANSION PACK [14]. These packages include software
for efficient computation of all the decompositions, as
well as software for up- and downdating. The software
is designed such that one can either estimate the nu-
merical rank or use a fixed, predetermined value for k.

4.1. UTV Decompositions

Rank-revealing UTV decompositions were introduced
in the early 90es by Stewart [44], [45] as alternatives to
the SVD, and take the form (referred to as URV and
ULV, respectively):

_ Ryt Rig) (1
H = UR( . R22> VL, (26)
Lqq 0 T
H = U V 27
L <L21 LQQ) L ( )

where Ri1,L11 € RF**. The four “outer” matrices
Up,Ug € R™*™ and Vi,Vg € R™*™ have n orthonor-
mal columns, and the numerical rank® of H is revealed
in the middle n x n triangular matrices:

oi(Ri1) = oi(Li) = oi(H), i=1,...,k

Ry
Ras

In our apphcatlons we assume that there is a well-
defined gap between oy and og41. The more work one
is willing to spend in the UTV algorithms, the smaller
the norm of the off-diagonal blocks Ry2 and Lo;.

In addition to information about numerical rank, the
UTV decompositions also provide approximations to
the SVD subspaces, cf. §3.3 in [19]. For example, if
Vri = Vgr(:,1: k) then the subspace angle Z(Vi,Vg1)
between the ranges of V; (in the SVD) and Vg; (in the
URV decomposition) satisfies

or(R11) [ Rizll2
ok(R11)? — ||Ro23

The similar result for Vi3 = Vi(:;,1: k) in the ULV
decomposition takes the form

[ L21l2 [[Loz]l2
o (L11)? — || L22ll3
5The case where H is exactly rank deficient, for which the subma-

trices R12, Raa, Lo1 and Lag are zero, was treated much earlier
by Golub [15] in 1965.

~ |[(L21, Ra2 )|lp =~ ox1(H).

sin Z(Vl, VRl) S

sin Z(Vl, VLl) S
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Table 2

Symmetric gain matrices ¥ for UTV and VSV (for the
white noise case), using the notation T, for either Ryq,
L11 or 511.

Estimate Gain matrix ¥
LS I
MV Iy — mn?T T T
TDC (Ir — mn®T ' TH") -
(I — mn?(1 = NI TT)

We see that the smaller the norm of Ry and Loy, the
smaller the angle. The ULV decomposition can be ex-
pected to give better approximations to the signal sub-
space R(V7) than URV when there is a well-defined gap
between oy, and o411, due to the factors o (Ri1 ~ o
and || Laal|2 & 041 in these bounds.

For special cases where the off-diagonal blocks Ris
and Lo are zero, and under the assumption that
Uk(Tll) > ||T22||2 — in which case R(VTl) = R(Vvl) —
we can derive explicit formulas for the estimators from
Section 3. For example, the least squares estimates are
obtained by simply neglecting the bottom block 755 —
similar to neglecting the block X5 in the SVD approach.
The MV and TDC estimates are derived in the Ap-
pendix.

In practise, the off-diagonal blocks are not zero but
have small norm, and therefore it is reasonable to also
neglect these blocks. In general, our UTV-based esti-
mates thus take the form

=~ .19 0
Hutv = UT ( 16 O) V’ZT7 (28)

where 7" = R, L and where the symmetric gain matrix
¥ is given in Table 2. The MV and TDC formulations,
which are derived by replacing the matrix in ¥% in Ta-
ble 1 with T T11, were originally presented in [23]; there
is no estimate that corresponds to MLS. We emphasize
again that these estimators only satisfy the underlying
criterion when the off-diagonal block is zero.
In analogy with the SVD-based methods, we can use
the alternative formulations
Hurv = HWR,\P7 Hulv HWL N4 (29)

with the symmetric matrix Wr g given by
Wry = Vr (‘(I)’ 8) Vi, (30)

The two estimates ﬁulv and qulV are not identical; they
differ by Up(:,k+1: n) Loy Vi.(:,1: k)T whose norm
HL21||2 is small.
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The Matlab code for the ULV case with high rank
(i.e., k =~ n) takes the form

[k,L,V] = hulv(H,eta);
Ik = eye(k);
Psi = Ik - m*eta™2x*...

L(1:k,1:®X)\Ik/L(1:k,1:k)’;

Hhat = H*¥V(:,1:k)*Psi*V(:,1:k)’;

An alternative code that requires more storage for U has
the form

[k,L,V,U] = hulv(H,eta);

Psi = Ik - m*eta™2x%...
L(1:k,1:k)\Ik/L(1:k,1:k)’;
Hhat = U(:,1:k)*L(1:k,1:k)*Psi*V(:,1:k)’;

For the ULV case with low rank (k < n) change hulv
to 1ulv, and for the URV cases change _ulv to _urv.

4.2. Symmetric VSV Decompositions
If the signal length N is odd and we use m = n (ig-
noring the condition m > n+k), then the square Hankel
matrices H and E are symmetric. It is possible to utilize
this property in both the SVD and the UTV approach.
In the former case, we can use that a symmetric ma-
trix has the eigenvalue decomposition

H=VAVT

with real eigenvalues in A and orthonormal eigenvectors
in V, and thus the SVD of H can be written as
H=VDIAVT, D = diag(sign(\;)).

This well-known result essentially halves the work in
computing the SVD. The remaining parts of the algo-
rithm are the same, using |A| for 3.

In the case of triangular decompositions, a symmetric
matrix has a symmetric rank-revealing VSV decompo-
sition of the form

- S Sz T
H - VS <S¥"2 S22> VS

where Vg € R™*™ is orthogonal, and S;; € RF** and
Soo are symmetric. The decomposition is rank revealing
in the sense that the numerical rank is revealed in the
“middle” n x n symmetric matrix:

(31)

(Sll ~ UZ(H)

512
S22

The symmetric rank-revealing VSV decomposition was
originally proposed by Luk and Qiao [35], and it was
further developed in [24].

i=1,....k

~ opt1(H).
F

= = Pure signal
= = Pure signal = SVD estimate
= Noisy signal = ULV estimate
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Figure 2. Example with a sum-of-sines clean signal for
which H has rank 8, and additive white noise with SNR
0 dB. Top left: LPC spectra for the clean and noisy sig-
nals. Other plots: LPC spectral for the SVD and ULV
LS-estimates with truncation parameter £k =1,...,9.

The VSV-based matrix estimate is then given by

ﬁvsv = VS <518\P 0> VS )

in which the gain matrix ¥ is computed from Table 2
with T}; replaced by the symmetric matrix Sy;. Again,
these expressions are derived under the assumption that
S12 = 0; in practice the norm of this block is small.

The algorithms in [24] for computing VSV decomposi-
tions return a factorization of S which, in the indefinite
case, takes the form

(32)

S=1TQT,

where T is upper or lower triangular, and © = diag(£1).
Below is Matlab code for the high-rank case (k = n):

[k,R,0Omega,V]

k = eye(k);
= R(1:k,1:k)’\Ik/R(1:k,1:k);

M = Omega(1l:k,1:k)*M*Omega(l:k,1:k);

Psi = Tk - R(1:k,1:k)\M/R(1:k,1:k)’;

Hhat = V(:,1:k)*S(1:k,1:k)*Psi*V(:,1

= hvsvid_R(A,eta);

k)
5. WHITE NOISE EXAMPLE

We start with an illustration of the noise reduction
for the white-noise case by means of SVD and ULV,
using an artificially generated clean signal:

5; = sin(0.4i) 4 2sin(0.9) + 4sin(1.7:) + 3 sin(2.61)
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Figure 3. The singular values of the Hankel matrices H
(clean signal) and H (noisy signal). The solid horizon-
tal line is the “safeguarded” threshold v/2m!/?n; the
numerical rank with respect to this threshold is k = 13.

for s =1 ..., N. This signal satisfies the subspace as-
sumption, and the corresponding clean data matrix H
has rank 8.

We add white noise with SNR = 0 dB, and compute
SVD and ULV LS-estimates for £k = 1,...,9. Figure 2
shows for LPC spectra for each signal, and we see that
the two algorithms produce very similar results.

This example illustrates that as k increases we include
an increasing number of spectral components, and this
occurs in the order of decreasing energy of these com-
ponents. It is precisely this behavior of the subspace
algorithms that make them so powerful for signals that
(approximately) admit the subspace model.

We now turn to the speech signal from Fig.1, recalling
that this signal does not satisfy the subspace assump-
tion exactly. Figure 3 shows the singular values of the
two Hankel matrices H and H associated with the clean
and noisy signals. We see that the larger singular values
of H are quite similar to those of H, i.e., they are not
affected very much by the noise — while the smaller sin-
gular values of H tend to level off around /mn, which
is the variance of the noise. Figure 3 also shows our
“safeguarded” threshold v/2,/mn for the truncation pa-
rameter, leading to the choice k = 13 for this particular
realization of the noise.

The rank-revealing UTV algorithms are designed
such that they reveal the large and small singular val-
ues of H in the triangular matrices R and L, and Fig. 4
shows a clear grading of the size of the nonzero ele-
ments in these matrices. The particular structure of
the nonzero elements in R and L depends on the algo-
rithm used to compute the decomposition. We see that
the “low-rank versions” lurv and lulv tend to produce
triangular matrices whose off-diagonal blocks R, and
Loy have smaller elements than those from the “high-
rank versions” hurv and hulv (see [13] for more details
about these algorithms).

Next we illustrate the performance of the SVD-
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Figure 4. The large and small singular values are re-
flected in the size of the elements in the matrices R and
L from the URV and ULV decompositions. The trian-
gular matrices from the lurv and lulv algorithms (left
plots) are closer to block diagonal form than those from
the hurv and hulv algorithms (right plots).

and ULV-based algorithms using the minimum-variance
(MV) estimates. The top plot in Fig. 5 shows the LPC
spectra for the clean and noisy signals — in the clean
signal we see four distinct formants, while only two for-
mants are above the noise level in the noisy signal.

The middle and bottom plots in Fig. 5 show the spec-
tra for the MV estimates using the SVD and ULV algo-
rithms with truncation parameters k = 8 and k£ = 16,
respectively. Note that the SVD- and ULV-estimates
have almost identical spectra for a fixed k, illustrating
the usefulness of the more efficient ULV algorithm. For
k = 8 the two largest formants are well reconstructed;
but £ is too low to allow us to capture all four formants.
For k = 16 all four formants are reconstructed satisfac-
torily, while a larger value of k leads to the inclusion
of too much noise. This illustrates the importance of
choosing the correct truncation parameter. The clean
and estimated signals are compared in Fig. 6.

6. GENERAL NOISE

We now turn to the case of more general noise whose
covariance matrix C, is no longer a scaled identity ma-
trix. We still assume that the noise and the pure signal
are uncorrelated and that C, has full rank. Let C, have
the Cholesky factorization

C.=RIR,, (33)
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Figure 5. LPC spectra of the signals in the white-noise
example, using SVD- and ULV-based MV estimates.
Top: clean and noisy signals. Middle and bottom: esti-
mates; both SNRs are 12.5 dB for £k = 8 and 13.8 dB
for k = 16.
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Figure 6. Comparison of the clean signal and the SVD-
based MV estimate for ¢ = 16.

where R, is an upper triangular matrix of full rank.
Then the standard approach is to consider the trans-
formed signal R;7s whose covariance matrix is given
by

E(R;Tss"RY) (34)
= R;TC,R;'=R;TCsR;' + I,

showing that the transformed signal consists of a trans-
formed pure signal plus additive white noise with unit
variance. Hence the name prewhitening for this process.
Clearly, we can apply all the methods from the previous
section to this transformed signal, followed by a back-
transformation involving multiplication with RZ.

Turning to practical algorithms based on the cross-
product matrix estimates for the covariance matrices,
our assumptions are now

rank(E) =n and H E=0.
Since F has full rank, we can compute an orthogonal
factorization £ = @ R in which @ has orthonormal
columns and R is nonsingular. For example, if we use a
QR factorization then R is a Cholesky factor of ETE,
and m~1/2R estimates R. above. We introduce the
transformed signal z,, = R~T's whose covariance ma-
trix is estimated by
—T—
ARTHTHR'=IRTH HR '+ LI,
showing that the prewhitened signal zq — similar to
above — consists of a transformed pure signal plus ad-
ditive white noise with variance m~!. Again we can
apply any of the methods from the previous section
to the transformed signal zq:, represented by the ma-
trix Zq, = H R, followed by a back-transformation
with RT.

The complete model algorithm for treating full-rank
non-white noise thus consists of the following steps.
First compute the QR factorization £ = @ R, then form
the prewhitened matrix Z,, = H R™! and compute its
SVD Z,, =UX VT, Then compute the “filtered” ma-
trix er = Zg Wo with the gain matrix ® from Table 1
using mn® = 1. Finally compute the dewhitened matrix
Hy = Zg R and extract the filtered signal. For exam-
ple, for the MV estimate this is done by the following
Matlab code

[Q,R] = qr(E,0);

[U,S,V] = svd(H/R,0);

k = length(diag(S) > 1/sqrt(m));

Phi = eye(k) - inv(S(1l:k,1:k))"2;

Hhat = U(:,1:k)*Phi*S(1:k,1:k)...
*V(:,1:k)’*R;
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6.1. GSVD Methods

There is a more elegant version of the above algorithm
which avoids the explicit pre- and dewhitening steps,
and which can be extended to a rank deficient F, cf. §7.
It can be formulated both in terms of the covariance
matrices and their cross-product estimates.

Consider first the covariance matrix approach [25],
[26], which is based on the generalized eigenvalue de-
composition of C5 and C.:

Ci=XAX', C.=XX',

where A = diag()\,...,)\,) and X is a nonsingu-
lar matrix® (see, e.g., §8.7 in [16]). If we partition
X = (X1, X3) with X; € R™ ¥ then the pure sig-
nal subspace satisfies S = R(X1). Moreover

Co=Cs+C.=XA+L)X",

showing that we can perfectly reconstruct Cz (similar
to the white noise case) by subtracting 1 from the &
largest generalized eigenvalues of Cf.

As demonstrated in [30], we can turn the above into
a working algorithm by means of the generalized SVD
(GSVD) of H and E, given by

H=UyT X7, E=UgAXT. (35)
If E has full rank then X € R™*" is nonsingular. More-
over, Uy,Ugr € R™*™ have orthonormal columns, and
I, A € R are diagonal matrices

I =diag(y1,.-.,7v), A =diag(dy,...,d0,)

satisfying I'? + A% = I (see, e.g., [2, §4.2]). In the
QR-based algorithm described above, we now replace
the QR factorization of E with the factorization E =
Ug (A XT), leading to a matrix Zgsvd given by

Zyswa = H(AXT) ' =Ug (T AT, (36)

which is the SVD of Zga expressed in terms of
GSVD factors. The corresponding signal zgewa =
(AXT)"Ts = (X A)~!s consists of the transformed
pure signal (X A)~1'5 plus additive white noise with
variance m~!. Also, the pure signal subspace is spanned
by the first k columns of X, i.e., S = R(X(:,1: k)).

Let I'y and A, denote the leading k X k submatrices
of I' and A. Then the filtered and dewhitened matrix
Hggyq takes the form

ﬁgsvd:UHr <(§ 8) XT:HY':P (37)

6The matrix X is not orthogonal; it is chosen such that the
columns & of x T satisfy Cs& = N Ce & fori =1,...,n, ie.,
(Ni, &) are the generalized eigenpairs of (Cs, Ce).
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with
Yo =XT (q’ 0) xT, (38)

where again @ is from Table 1 with ¥; = T’y Al_l =
Iy (I —T2)"'/2 and mn?> = 1. Thus we can compute
the filtered signal either by averaging along the anti-
diagonals of Hyevq Or as

Bgsvd =Yg s=X(,1: k) (®,0) X 's.
The Matlab code for MV case takes the form

[U,V,X,Gamma,Deltal = gsvd(H,E,0);

S = Gamma/Delta;

k = length(diag(S) > 1);

Phi = eye(k) - inv(S(1:k,1:k))"2;

Hhat = U(:,1:k)*Gamma(1:k,1:k)...
*Phi*X(:,1:k)’;

We note that if we are given (an estimate of ) the noise
covariance matrix C, instead of the noise matrix F, then
in the GSVD-based algorithm we can replace the matrix
E with the Cholesky factor R, in (33).

6.2. Triangular Decompositions

Just as the URV and ULV decompositions are alter-
natives to the SVD — with a middle triangular matrix in-
stead of middle diagonal matrix — there are alternatives
to the GSVD with middle triangular matrices. They
also come in two versions with upper and lower trian-
gular matrices but, as shown in [20], only the version
using lower triangular matrices is useful in our applica-
tions.

This version is known as the ULLV decomposition of
H and E; it was introduced by Luk and Qian [34] and
it takes the form

H=UyLyLVT, E=UgLVT, (39)

where Ly, L € R™ "™ are lower triangular, and the three
matrices Uy, Ug € R™*™ and V' € R™*"™ have orthonor-
mal columns. See [23] for an application of the ULLV
decomposition in speech processing.

The prewhitening technique from §6 carries over
to the ULLV decomposition. Using the orthogo-
nal decomposition of E in (39) we define the trans-
formed (prewhitened) signal z,, = (LVT)™Ts =
L~TVTs whose scaled covariance matrix is estimated
by iZT Zu11v> in which

m “ullv
Zay = H(LVT)™' =Upy Ly,

and we see that the ULLV decomposition automatically
provides a ULV decomposition of this matrix. Hence we
can use the techniques from §4.1 to obtain the estimate

= L v 0
Zuw = Ug ( H’él 0) )
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where Ly 11 denotes the leading k x k submatrix of Ly.
This leads to the ULLV-based estimate

ﬁullv - 2ulle VT
= Upy (LHél v 0) LvT, (40)
The alternative version takes the form
Huaw = HYy with (41)
v 0
_ 1 T
Yo = VL (0 0) LvT,

and the gain matrix ¥ is given by the expressions in
Table 2 with T7; replaced by Ly 11 and mn? = 1. The
Matlab code for the MV estimate is:

[k,LH,L,V,UH] = ullv(H,E,1);

Ik = eye(k);

Psi = Ik - LH(1:k,1:k)\Ik/LH(1:k,1:k)’;

Hhat = UH(:,1:k)*LH(1:k,1:k)...
*PsixL(1:k,1:k)*V(:,1:k)’;

Similar to the GSVD algorithm, we can replace E by
the Cholesky factor R, of the noise covariance matrix
n (33), if it is available.

6.3. Colored Noise Example

We now switch to the colored noise (the wind sig-
nal), and the top plot in Fig. 7 shows the power spec-
tra for the pure and noisy signals, together with the
power spectrum for the noise signal which is clearly non-
white. The middle plot shows the power spectra for the
MV-estimates using the GSVD and ULLV algorithms
with & = 15; the corresponding SNRs are 12.1 dB and
11.4 dB. The GSVD estimate is superior to the ULLV
estimate, but both give a satisfactory reduction of the
noise in the frequency ranges between and outside the
formants.

The bottom plot in Fig. 7 illustrates the performance
of the SVD and ULV algorithms applied to this signal
(i.e., there is no preconditioning). Clearly, the implicit
white-noise assumption is not correct and the estimates
are inferior to those using the GSVD and ULLV algo-
rithms because the SVD and ULV algorithms mistake
some components of the colored noise for signal.

7. RANK DEFICIENT NOISE

Not all noise signals lead to a full-rank noise ma-
trix F; for example, narrow-band signals often lead to
an F that is (numerically) rank deficient. In this case,
we may think of the noise as an interfering signal that
we need to suppress.

When F is rank deficient, the above GSVD- and
ULLV-based methods do not apply because A and L
become rank deficient. In [22] we extended these al-
gorithms to the rank-deficient case; we summarize the

T
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- Noisy signal
= Colored noise |1

I I I I I I
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oF 7 T - T .
3 = = Pure signal
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T T
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Figure 7. LPC spectra of the signals in the colored-
noise example, using the MV estimates. Top: clean and
noisy signals together with the noise signal. Middle:
GSVD and ULLV estimates; the SNRs are 12.1 dB and
11.4 dB. Bottom: SVD and ULV estimates (both SNRs
are 11.4 dB). Without knowledge about the noise, the
SVD and ULV methods mistake some components of
the colored noise for a signal.
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Figure 8. Comparison of the clean signal and the
GSVD-based MV estimate for ¢ = 15.
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algorithms here, and refer to the paper for the — quite
technical — details.

The GSVD is not unique in the rank-deficient case,
and several formulations appear in the literature. We
use the formulation in Matlab, and our algorithms re-
quire an initial rank-revealing QR factorization of E of
the form

E=QR, ReRP",

where R is upper trapezoidal and p = rank(E). Then
we use a GSVD of (H, R) of the form
_ L0\ r
H = Uy <O Io> X (42)
R = UR(Avo)XTv (43)

where I' and A are p X p and diagonal, and I, is the
identity matrix of order n — p. Moreover, Uy € R™*"
and Ur € RP*P have orthonormal columns, and X €
R™*™ is nonsingular.

The basic idea in our algorithm is to realize that there
is no noise in the subspace R(X (:,p+1: n)) spanned by
the last n — k columns of X, and therefore any compo-
nent of the noisy signal s in this subspace should not
be filtered. The filtering should only take place in the
subspace R(X(:,1: p). Note that the vectors in these
two subspaces are not orthogonal; as shown in [20], or-
thogonal subspaces are inferior to the bases X(:,1: p
and X (:,p+1: n).

Again let T’y and A; denote the leading k x k sub-
matrices of I' and A. Then the GSVD-based estimate
takes the form

d 0

-~ r o

Hgeva = Un (0 I) 0 0 X7,
°/\"0 0

Slo o

where, similar to the full-rank case, the k x k gain matrix
® is from Table 1 with ¥} =Ty A7 =Ty (I —T%)~1/2
and mn? = 1.

The corresponding Matlab code for the MV estimate,
which requires UTV ToOLS for the rank-revealing QR
factorization hrrqr, takes the form (where thr is the
threshold for the rank decision in E):

thr = 1le-12*norm(E,’fro’);

[Q,R] = hrrqr(E,thr);
[UH,UR,X,Gamma,Delta] = gsvd(H,R);
S = Gamma/Delta;

k = length(diag(S) > 1);;

i=1:k; j = ptl:n;

Phi = eye(k) - inv(S(1l:k,1:k))"2
Hhat = UH(:,1:k)*Gamma(1:k,1:k)...
*Phi*xX(:,1:k)’ + ...

UH(:,p+1:n)*X(:,p+1:n)’;

There is also a formulation based on triangular fac-
torizations of H and E. Again assuming that we have
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first computed the QR factorization of F, this formu-
lation is based on the ULLIV decomposition of (H, R)
[20], [22], [36]:

H U Ly <§ IO ) vT (44)

R = UR(LaO)VTv (45)

in which Uy € R™*™ Ugr € RP*P and V € R™ " have
orthonormal columns, and Ly € R™*™ and L € RP*P
are lower triangular. The corresponding estimate is

given by:
0
0 (é IO) X7,
I o

~

|\
Huyiw=UgLg| O
0

oo O

Q

where ¥ is from Table 2 with T7; replaced by Ly 11, the
leading k x k submatrix of L.

The Matlab code requires UTV TooLs plus UTV
ExXPANSION PAck, and for the MV estimate it takes
the form:

thr = le-12*norm(E,’fro’);

[Q,R] = hrrqr(E,thr);

[k,LH,L,V,UH] = ulliv(A,B,1);

Ik = eye(k);

Phi Ik - LH(1:k,1:k)\Ik/LH(1:k,1:k)’;

+ UH(:,p+1:n)*LH(p+1l:n,p+1:n)*X(:,p+l:n)’;

8. DYNAMICAL PROCESSING: UP- AND
DOWN-DATING

In many applications we are facing a very long signal
whose length prevents the “brute-force” use of the above
algorithms — for example, the long signal may not be
quasi-stationary, and in a real-time application we can
only accept a certain small delay caused by the noise
reduction algorithm.

A simple approach to obtain real-time processing is
to apply the algorithms to short segments whose length
is chosen such that the delay is acceptable and such that
the signal can be considered quasi-stationary in the du-
ration of the segment. However, this simple block ap-
proach can lead to highly undesired modulation effects,
due to the fact that the filter changes in each block.

One remedy for this is to impose constraints on how
much the filters can change from one block to the next,
via imposing a “smoothness constraint” on the basis
vectors of the signal subspace from one segment to the
next [29]. This approach has proven to reduce the mod-
ulation effects considerably, at the expense of a non-
negligible increase in computational work.

An alternative approach is to apply the above meth-
ods to the signals in a window that either increases in
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length or has fixed length and “slides” along the given
signal. In both cases, we need to recompute the matrix
decomposition when the window changes, which leads
to the computational problems of up- and downdating.
In the former approach, the task is to compute the
factorization of the new, larger Hankel matrix

HY., = (if) , a’ = s(m+1: N+1)

where « is a forgetting factor between 0 and 1. The com-
putational problem of efficiently computing the factor-
ization of HS. ., given the factorization of H, is referred
to as updating.

In the sliding-window approach, the computational
problem becomes that of efficiently computing the fac-

torization of the modified matrix
H(2: :
HE,, =H(s(2: N+1)) = ( ( o ))

given the factorization of H. We see that this involves a
downdating step, where the top row is removed from H,
followed by an updating step.

Up- and downdating of the SVD is a computationally
demanding task which requires of the order n® opera-
tions when ¥ and V' are updated, and it involves the
solution of nonlinear equations referred to as the sec-
ular equations; see [5] and [17] for details. For these
reasons, SVD updating is usually considered to be in-
feasible in real-time applications. This is one of the
original motivations for introducing the rank-revealing
triangular decompositions, whose up- and downdating
requires only of the order n? computations.

The details of the up-and downdating algorithms for
the UTV, VSV, ULLV and ULLIV decompositions are
rather technical; we refer to the packages [13], [14] and
the many references in there for details.

9. FIR FILTER INTERPRETATIONS

The behavior and the quality of the rank-revealing
matrix factorizations that underly our algorithms is of-
ten measured in terms of linear algebra “tools” such
as perturbation bound and angles between subspaces.
While mathematically well-defined and precise, these
“tools” may not give an intuitive interpretation of the
performance of the algorithms when applied to digital
signals.

The purpose of this section is to demonstrate that
we can associate a straight-forward FIR filter inter-
pretation with each algorithm, thus allowing a perfor-
mance study which is more directly oriented towards
the signal processing applications. This section expands
the SVD/GSVD-based results from [21] to the methods
based on triangular decompositions, and also introduces
the new concept of canonical filters.

The FIR filter interpretation is most conveniently ex-
plained in connection with the estimate §' (7) obtained
via averaging along the anti-diagonals of the matrix es-
timate H. This interpretation is based on the fact that
multiplication of a vector x by a Hankel matrix H(s'),

[H(S/)x]i:ZLL‘j Simj—1, i=1,...,m
j=1

is equivalent to filtering the signal s’ with a FIR filter
whose coefficients are the elements of z.

9.1. Basic Relations
If A(-) denotes the averaging operation defined in (8),
then for an outer product vw? € R™*" we have

Aww”) = D' H' (v) Jw,
where D is the N x N diagonal matrix
D =diag(1,2,...,n=1,n,...,n,n—1,...,2,1),

H'(v) is the N x n Hankel matrix with zero upper and
lower “corners”

0 0 U1
0 V1 e Up—1

vl ’()2 .« .. Un
U2 UB ... U +1

/ n
H (U) = . . . )

Um—n+1 Um—-n+2 - Um

Um—-n+2 Um-n+3 - 0

. 0 . 0

and J is the n X n exchange matrix consisting of the
columns of the identity matrix in reverse order, cf. [11],

[21]. If Vi, = (v1,...,v;) and @ = diag(¢q, ..., dx) then
it follows from (24) that we can write
R k
H=HWg =Y (Hv)¢;v],
i=1

§ = A(H)

k
= ZA((H%) o; va)

i=1

k
= > ¢ DTV H/(Hvy) Jv;

i=1

k
= D! Z o M (H(s")v;) (Jvs). (46)
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The time-varying scaling D takes care of corrections at
both ends of the signal.

We conclude that the estimate §' essentially consists
of a weighted sum of k signals, each one obtained by
passing the input signal s’ through a pair of FIR filters
with filter coefficients v; and Jv;. Each of these filter
pairs corresponds to a single FIR filter of length 2n —1
whose coefficients are the convolution of v; and Juv;; i.e.,
we can write the filter vector as ¢; = H'(v;) v;. These
filters” are symmetric and have zero phase.

9.2. SVD/UTV/VSV Filters

We first consider the LS algorithms where the filter
matrix is the identity, ® = I and ¥ = I}, which corre-
sponds to a simple truncation of the SVD, UTV or VSV
decomposition. Then § is given by (46) with ¢ = 1 and
with v; denoting the ith column of any of the matri-
ces V, Vp,, Vg or Vg (depending on the decomposition
used).

The k individual contributions to 8’ can be judged
as follows. If we write H'(Hv;) = ||Hv;|2H (9;) with
o; = Huv;||Hv;|5 ", then we obtain

[H (Hvi) Jvill2 < [ Huill2 [[H'(8:) |12 || Tvil|2,
where ||Jv;||2 = 1. Moreover,

1H (3:)ll2 < 1M (@)lle = n'/? |@ill2 = n'/2,
and thus, fori =1,...,k,

1M (H i) Jvilla < n'/? || Hogl2. (47)

For the SVD algorithm ||Hv;||2 = o;. The UTV and
VSV algorithms are designed such that ||Huv;|l2 = o;.
This means that the energy in the output signal of the
ith filter branch is bounded by o; (or an approximation
to 0;). By truncating the decomposition at k we thus
include the k£ most significant components in the signal,
as determined by the filters defined by the vectors v;.

In the next section, we demonstrate that these filters
are typically band-pass filters centered at frequencies
for which the signal’s power spectrum has large val-
ues. Hence, the filters “pick out” the dominating spec-
tral components/bands in the signal; this leads to noise
reduction because these components/bands are domi-
nated by the pure signal.

For the other SVD-based algorithms (MLS, MV and
TDC), ® # I is still a diagonal matrix and Eq. (46) still
holds. The analysis remains unchanged, except that the
tth output signal is multiplied by the weight ¢;.

For the other UTV- and VSV-based algorithms (MV
and TDC), the filter matrix ¥ is a symmetric k X k
matrix with eigenvalue decomposition

T=YMYT, (48)

It is easy to verify that we obtain the same FIR filters if we base
our algorithms on Toeplitz matrices.
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Figure 9. Frequency responses of the combined FIR fil-
ters for the SVD algorithm (thick lines) and ULV algo-
rithm (thin lines) applied to the test problem in Fig. 5.
Both algorithms compute the MV estimates, and the
filters are computed by means of (46) and (49).

in which M = diag(p1, . . ., g ) contains the eigenvalues,
and the matrix Y = (y1,...,yx) contains the orthonor-
mal eigenvectors. Now let Z =V (:,1: k)Y denote the
n x k matrix obtained by multiplying the first £ columns
of V., Vi, Vg or Vg by Y. Then we can write

H=H2ZMZT,

which immediately leads to the expression
k
§ =D pH (Hz)lz, (49)
i=1

where z; is the i¢th columns of Z. The FIR filter inter-
pretation described above immediately carries over to
this expression: the estimate §’ is a weighted sum (with
weights p;) of k signals obtained by passing s’ through
the filter pairs z; and Jz;.

Figure 9 shows the frequency responses for the com-
bined FIR filter pairs associated with the SVD and ULV
estimates in Fig. 5. For ¢ = 1 through 11, the SVD and
ULV filters are very similar in the frequency domain,
while some differences show up for ¢ > 11. This sup-
ports the similarity between the two algorithms that we
already noted before.

The first two filters (for ¢ = 1 and 2) are bandpass
filters that capture the largest formant at 700 Hz, while
the next two filters (for ¢ = 3 and 4) are bandpass fil-
ters that capture the second largest formant at 1.1 kHz.
The next six filters (for i = 5 through 10) capture more
information in the frequency range 0-1500 Hz. The five
filters for ¢ = 11 through 15 capture the two formants at
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2.3 kHz and 3.3 kHz. By adaptively placing bandpass
filters at the portions of the signal with high energy, the
subspace algorithms are able to extract the most impor-
tant spectral components of the noisy signal while, at
the same time, suppressing the noise in the frequency
ranges with less energy.

9.3. GSVD/ULLV Filters

The subspace algorithms for general noise have FIR
filter interpretations similar to those for the white-noise
algorithms.

To derive the FIR filters for the GSVD algorithms,
let &1,...,& denote the first k£ columns of the matrix
== X"T in (38), such that

Hywa=HYp =HE(: ,1: k)®X(:,1: k)T,
Then it follows from §9.1 that
§ = A(HYs)

k
D! Z ¢i M (H(s')&:) T (50)

We see that the coefficients of the ith FIR filter pair
& and Jx; consist of the elements of the ith columns
of 2 = X T and X (in reverse order), and the com-
bined filters have coeflicients given by the convolution
of & and Jx;. In contrast to the SVD/UTV/VSV algo-
rithms, these are not zero-phase filters.

In order to obtain bounds similar to (47), we make
the reasonable assumption that || E||s < |H||2. Then it
follows from the definition of the GSVD that

(&)

From the definition we also have | H &||2 = +;. Follow-
ing the same procedure as in the previous section we
thus obtain, for i =1,...,k,

1M (H()&) Taille < 2012 5 |[H o (51)

Ve = ledlls < 1X]12 = \

<2[Hll2.
2

Similar to before, we thus include the £ most significant
components in the signal, as determined by the filters
defined by the vectors &; and x;.

For the ULLV algorithm we insert the eigenvalue de-
composition of ¥ (48) into (41) to obtain

~ T
Hay, = HVL! YMY™ 0) pyr
0 0
k
= D (HVL ) ps (VL y)".
=1

When we insert this result into the expression for A(-)
we immediately obtain

k
§ =D " ¢;H (H(sWL 'y) JVL yi. (52)
=1
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Figure 10. Frequency responses of the FIR filters for
the GSVD algorithm (thick lines) and ULLV algorithm
(thin lines) applied to the test problem in Fig. 7. Both
algorithms compute the MV estimates, and the filters
are computed by means of (50) and (52).

and we see that the coefficients of the ith FIR filter
pair are the elements of the two vectors VL™ !y, and
J VLTyi.

While difficult to immediately interpret, the relations
derived in this section allow us to compute the FIR
filters and in this way study the performance of the
algorithms considered.

10. CANONICAL FILTERS

We shall now present a novel technique, based on the
FIR filter interpretation, for comparing the performance
of different subspace algorithms. To simplify the presen-
tation, we restrict ourselves to the LS estimation algo-
rithms where ® = W = [;. The rank-k matrix estimates
take the form

H=HV, V],
in which V denotes the submatrix consisting of the first

k columns of V' (in the SVD algorithm), Ug or Uy, (in
the UTV algorithms) or Vg (in the VSV algorithm).
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10.1. Theory N
The important observation here is that the matrix H

is independent of the choice of the columns vyq,...,v,

of the matrix Vi, as long as they are orthonormal and
span the same subspace. To see this, let @ be k x k
orthogonal matrix; then the columns of the matrix

Wi =ViQ (53)

form a second set of orthonormal vectors spanning
R(Vk), and Wy WkT = Vi@Q QTVkT e VkaT. Another
way to state this is to observe that VkaT is an orthog-
onal projection matrix.

This fact allows us — for each estimation algorithm —
to choose a new set of vectors wy, ..., w, that may bet-
ter describe the estimate & than the vectors vy, ..
knowing that §’ stays the same. And since these vectors
define FIR filter coefficients in a filter interpretation,
this means that we are free to choose filters as long as
(53) is satisfied.

In particular, if we want to compare the output of two
rank-reduction algorithms, then we can try to choose
the vectors wq, ..., w, for the two algorithms such that
these vectors are as similar as possible. The more simi-
lar the filters, the more similar the estimates.

The solution to the problem of choosing these vectors
comes in the form of the canonical vectors associated
with the subspaces spanned by the columns of the V-
matrices for the two algorithms in consideration.

To illustrate this, let us compare the truncated SVD
and ULV algorithms which produce LS estimates. We
work with the two matrices Vi, and Vi i, and we let
Vi = R(Vi) and Vi, = R(Vy k) denote the subspaces
spanned by the columns of these two matrices. If

"UTL)

ViV =Us OVI (54)

is the SVD of the cross-product matrix, then the canon-
ical vectors w; and wy, ; are the columns of

Wk = VkU@ and VVLJC = VL,kV@. (55)

The singular values appearing in © are termed the
canonical correlations, and they are equal to the cosines
of the canonical angles 61, ...,0k. lLe.,

© = diag (cos(61), ..., cos(0)) (56)

more details.

We emphasize the following geometric interpretation
of the canonical angles and vectors. The smallest canon-
ical angle 6 is the smallest angle between any two vec-
tors v and vy in Vi and Vp i, respectively, and it at-
tained for v = wy and vy, = wp ;. The second canonical
angle 65 is the smallest angle between any two vectors v

See [2], [3] and [16] for
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and vy, orthogonal to wy and wy, ; in Vi and Vp i, and
it is attained for v = wy and vy = wy 2; ete.

Hence, canonical vectors associated with small canon-
ical angles define subspaces of V, and Vrj that are
as close as possible, and zero canonical angles define
canonical vectors in the intersection of the subspaces
Vi and Vp . Zero canonical vectors are always present
when k is greater than n/2, because Vi, and V1, (being
subspaces of R™) must have a nontrivial intersection of
dimension 2k — n:

01=---=05,_, =0 when 2k >n.

We can now compare the truncated SVD and ULV
algorithms by comparing the canonical FIR filters
determined by the canonical vectors wi,...,w; and
wp1,---,wr k- If k> n/2 then we are sure that 2k —n
of these filters are identical, and if some of the nonzero
canonical angles ; are small then the associated filters
are also guaranteed to be similar.

Thus, small (and zero) canonical angles define FIR
filters for the two algorithms that extract very similar
signal components.

Of course, there is more to this analysis than merely
the canonical angles. Even if 6; is not very small, mean-
ing that the vectors w; and wy, ; are somewhat different,
say, in the 2-norm, the associated filters may have simi-
lar properties in the frequency domain. For example, w;
and wr ; may represent bandpass filters with approxi-
mately the same center frequency and bandwidth.

Hence, it is the size of the canonical angles 6; together
with the frequency responses of the canonical FIR filters
represented by w; and wy ; that provides a convenient
tool for comparison of the similarities and differences in
the output signals from the two algorithms character-
ized by Vk and VL,k'

We note that, as pointed out in [3], the most accu-
rate way to compute small canonical angles 6; is via the
singular values of the matrix (I — Vi V,I)Vp x:

for i=1:k

VLk = VLk - Vk(:,i)*(Vk(:,i)’*VLk);
end
theta = asin(min(1,svd(VLk)));

theta = flipud(theta);

10.2. Example

We illustrate the above comparison of the truncated
SVD and ULV algorithms with a numerical example
using the same data as in §3 and with truncation pa-
rameter k = 12.

In order to demonstrate the power of our analysis, we
use the high-rank algorithm hulv to compute the ULV
decomposition. This algorithm seeks to compute good
approximations to the singular vectors corresponding
to the smallest singular values, but we cannot expect
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Figure 11. Frequency responses of the FIR filters for the
truncated SVD and high-rank ULV algorithms (which
produce LS estimates), applied to the test problem in
Fig. 5. Thick lines are SVD filters; thin lines are ULV
filters.

Figure 12. The canonical angles 61, ...,0; (in radians)
associated with the matrices Vj, and Vp ; from the SVD
and the ULV decomposition computed by the high-rank
hulv algorithm.

that the principal singular vectors are approximated so
well in this algorithm. Hence we cannot expect the FIR
filters for the SVD- and ULV-based methods to be very
similar, and Fig. 11 confirms this.

Nevertheless the truncated SVD and ULV algorithms
produce estimated signals that sound qualitatively the
same, in spite of the fact that the FIR filters appear
to be quite different. The canonical angles and filters
provide an explanation for this. Figure 12 shows the
canonical angles 64, ...,60; associated with the matri-
ces Vi, and Vi, and we see that many of these an-
gles are quite small. Hence we can expect that the two
algorithms produce estimates § that have very similar
signal components lying in a similar subspaces of the
12-dimensional signal subspaces Vj, and Vr 1 used here.

This is confirmed by the plots in Fig. 13 of the SVD/
ULV canonical filters defined by the columns of W and
Wi in (55). We see that actually the first 8 canon-
ical filters are very similar. We conclude that for this

i=1 i=2 i=3
10 10 10 /\/\/\
0 0 0
0 2000 4000 0 2000 4000 0 2000 4000
i=4 i=5 i=6
i i /\A i \/\./L
0 0 0
0 2000 4000 0 2000 4000 0 2000 4000
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0 0 - 0
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R | N e~ A\
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Figure 13. The frequency responses for the SVD/ULV
canonical filters defined by the columns of W}, and W, i,
in (55). Thick lines are SVD canonical filters; thin lines
are ULV canonical filters.

particular noisy signal, the SVD and ULV algorithms
produce filtered signals that have very similar signal
components, each lying in an 8-dimensional subspace
of the respective signal subspaces for the two methods.
This explains why the two estimates sound so similar,
despite the fact that the columns of Vj, and Vi are
quite different.

11. CONCLUSION

In this paper we surveyed the definitions and use
of diagonal matrix decompositions (eigenvalue and sin-
gular value decompositions) and rank-revealing matrix
decompositions (ULV, URV, VSV, ULLV and ULLIV)
in single-channel subspace-based noise reduction algo-
rithms for speech signals, and we illustrated the al-
gorithms with working Matlab code and speech en-
hancement examples. We have further provided finite-
duration impulse response (FIR) filter representations
of the noise reduction algorithms and derived closed-
form expressions for the FIR filter coefficients. More-
over, we have introduced a new analysis tool called
canonical filters which allows us to compare the behav-
ior and performance of the subspace based algorithms
in the frequency domain.
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APPENDIX: MV and TDC ESTIMATES

The following derivation of the SVD-based MV esti-
mate was given in [7].

Lemma A.l. Let the SVDs of H and H be given
by (12) and (11), and let F satisfy (13). Then the two
SVDs are related by

(U, 02) = ((ﬁlil +EV)EY, (m772)71/2EV2)
S0\ _ (] mptL) 2 0

0 X 0 mn? I,
(Vi,Va) = (V1,Vs).

Proof. Inserting the SVD of H into H = H + E and
using that E = EVIVT + EVQVQT, we get H = zv"
with

Z = (27, Zg) = (U1§1+EV1,EV2).

We have
277, = S0, 0,5 + 5.0, EV, +
Vi E"U.S, +V, ETEV,
= ii + mn’ I,
287, = ViETEV, =mn?l,_,
7Yz, = ViETU,S, +ViETEV, =0

and thus we can write Z = (Z D~1)D with

D_ (53 + mn2 L)1/ 0
0 (m772)1/2-[n7k :

By comparing the SVDs of H and H it follows that

U=ZD ', Y=D,and V =V. O
As a consequence of this Lemma we have

UTT, =57 (500, Uy + VTE™T,) = 57'S)
UTT, = 57 (540, Uy + VTETT,) =0

UlU = (mn?) Y2V ETU =0

UTT — (21121 0) '

and thus

0 0

The matrix Wy, that solves (19) is Wy, = HTH, where
HY =V X~1U7 is the pseudoinverse of H, and thus

Ao =HHH=UUTTSV' =0, 575507

Using the relation f? = %2 — mn?I, we immediately
obtain (20).

The derivation of the UTV- and VSV-based MV es-
timate is new; it follows that of the SVD. Note that
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we must assume that the off-diagonal blocks in the UTV
and VSV decompositions are zero (in practice, the norm
of the off-diagonal block is small). Hence, in our deriva-
tion the UTV and VSV decompositions take the block

diagonal form
g Tll 0\ =1

Ti1 0 T
Ur ( 0 TQQ) vz,
where T denotes either L, R or S.

Lemma A.2. Assuming that E satisfies (13), the
two above decompositions satisfy

F:

H =

UT = ((UTlfll =+ EVTl)Tl_ll 5 (m772)71/2EVT2)
T — chol(T{lTll + mn*Iy) 0
0 (m772)1/2ln—k
Vp = Vr,

where chol(-) denotes the Cholesky factor.
Proof. We insert the decomposition of H into H =

H+ E and use E = EVNV% + EVTQV;Q to obtain
H = ZVy with
Z=(2Z1,2Z)=(UniTi1+EVri, EVra).

We have
272, = Ty UmTpmTi + T1UmEVyr +
V%ETUNTH + V%ETEVTl
= Ty, T +mi’l
787y = VoyoETEViy = mn’L_y
782, = VioE'UprThi + Vi ETEV =0
and thus we can write Z = (Z D™1)D with
D= <chol(T?1T11 + mn?1Iy) 0 )
0 (mn?)' /2 Ly

By comparing the decompositions of H and H it follows
that UT:ZD_l,T:D, and VT:VT. O
As a consequence of this lemma we have

= _ (13T, o
UL = (111 t11

(the derivation is similar to that for the SVD). Hence
the UTV-based estimate is
Ow = HHH = UpULU TV
= UnT T TuVE
= UpniTu T3 T (THT — mn L) Vi
= UnTu (e —mn*T TV
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This is the result given in Table 2.

We now turn to the SVD-based TDC estimate, and
we follow the derivation from [12]. The Lagrange func-
tion for the constrained problem in (21) is

LW, N) = [[HW — W% + X (W] — ma?)

where X is the Lagrange parameter for the constraint.
Differentiation with respect to the elements in W yields

L' =2H (AW —H)+2)W,
and setting L' = 0 we obtain the condition
H B+ DW=H H.

Thus

717

- 7 (iﬁm) SV

When we set A = Amn?, multiply with H, and insert
i? = E% — mnsz and V1 = V; from Lemma A.1, then
we obtain (22).

The UTV- and VSV-based TDC estimates are de-
rived analogously, using again the above block-diagonal
decompositions:

_ T 1 _p__
Wie = Vo (T'T+xmly) T TV

— —T — “l_r_ _r
Vo <T11T11 + )\m172fk) T11T11 VTl'

Multiplying 7VVith H and inserting TlTlTu = TITITH —
mn?I;, and V1 = Vi we obtain the result in Table 2.
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