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RESUME

Dans cette conférence deux principes de traitement de signé,ux, qui essaient de séparer des
signaux en trouvant la meilleure combinaison lineaire d’une série de signaux enrégistrés, ont été
présentés et comparés. Les méthodes sont basées sur deux conceptions mathématiques et sur la
Décomposition (Générale) en Valeurs Singuliers. Elles ont été appliquées aux problémes de 1’
extraction de 1’ dlectrocardiogramme foetal et de I'amélioration des signaux de diction.

SUMMARY

In this paper two signal processing principles, that try to separate signals from a set of recorded
signals by finding the optimal linear combination of these data signals, are presented and compared.
The methods are based on two mathematical concepts and on the computation of the (General-
ized) Singular Value Decomposition. They are applied to the problems of FECG extraction from
potential signals on the maternal skin and to speech enhancement.

1 Introduction

Many detection, control and estimation problenis start from
a set of captured, recorded or measured signals that reflect
a kind of “global perception” of a situation. This “percep-
tion” is often a superposition of many different influences,
characterized by signals. Some of these signals are desired,
as they contain useful information, while others are unde-
sired, since they disturbe the perception of desired signals
in one way or another.

Where the global perception holds the information of
many phenomena occuring simultaneously, it is often the
aim to observe one specific phenomenon individually. In
that case signal separation techniques have to be developed
that eliminate the undesired influences and obtain the best
possible individual observation of the desired phenomenon.
The techniques that will be presented in this paper, try to
find the optimal linear combination of the recorded signals
in order to reach that goal, because simple filtering tech-
niques are not always suitable.

Example 1 : FECG extraction

During pregnancy it is impossible to record the fetal electro-
cardiogram (FEC'G) by an invasive method since the fetal
body is inaccessible. In this case observations (potential
signals) are taken from electrodes put on the maternal ab-
domen. These observations are however a superposition of
the desired phenomenon (the electrical activity of the fetal
heart) and some undesired phenomena (the electrical ac-
tivity of the maternal heart, maternal muscle activity, net-
interference (50 Hz), respiration, ...}.

Example 2 : Speech enhancement

In applications such as mobile telephone or cockpit conver-
sations, speech (the desired signal) is corrupted by station-
ary noise (the undesired signal), e.g. the motor running at
constant rotation speed. In this case it is the aim to sup-
press as much as possible the noise and to enhance the signal
level. For this example a set of signals can be obtained from
multiple microphones in some array structure. Also in this
case the optimal linear combination of the recorded signals
is looked for.
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2 Mathematical concepts

In this section we will define some mathematical concepts
and at the same timne we will show how the (Generalized)
Singular Value Decomposition ({(G)SVD) of a matrix pro-
vides crucial information about some extremal values for
these concepts. Each p x ¢ matrix 4 can be considered as
a sequence of vectors (its columns a;) in a p dimensional
space RF. The energy FEe [4] of matrix 4 in the direction

(4, [7h

of unit vector e in R? 1s then defined as :

q
Ee[A] = ) (e'a;)’ = e’ Al (1)
i=1
with ||-]| the Euclidean norm. Furthermore, the SVD of A

is given by [5]

Apg = Upp Bpg Vq{,q (for p < q) (2)

in which 7 and V are orthogonal matrices and ¥ is a real
pseudo-diagonal matrix, that contains the so called nonneg-
ative singular values o; of A. It has been proven that this
SVD provides p orthogonal directions (the columns u; of U7)
in R? for which the oriented energy of 4 is extremal. Indeed

Eu, [4] = |[ufAl? = of (3)
P P

Ve = Z7i u; : Fe [A] Z‘yf’ ol (4)
izl =1

In the case of two matrices A, , and B a more relative
concept can be defined : the energy ratio of matrix 4 to
B, called the oriented signal-to-signal ratio Re [4, B] in the

([3), [4])

direction of unit vector e &€ RF, is defined as :

Bel4] et Al
Fe(B] ~ e’ BI

Re (A, B] = (5)

In recent work, a link has been found between this concept
and the Generalized SVD (GSVD) of matrices 4 and B,
given by

4 =
B jmiod

Xt D,y U4
X' Dl (6)

with /4 and Up orthogonal matrices and Dy and
Dpg pseudo-diagonal matrices. The elements of the set

o(A, B) = (31 ...,9—13), with rg = rank(B) and «; (5;)

Py A,
the diagonal elements gf D4 (Dp), are referred to as the
generalized singular values of 4 and B. The GSVD of A and
B now provides rg non-orthogonal directions (the columns
x; of X) in RF for which the oriented signal-to-signal ratio
is extremal, since ([3], [4])

2
&; X
Re |4, B] = (—i> for e = (7)
el Bl= 15 il
The two defined concepts and their relation with SVD and

GSVD will play a key rdle in solving signal separation prob-
lems.

3 The signal model

Since in multichannel signal processing applications the set
of recorded signals is often found as a linear combination of
some original signals, called “source” signals, and corrupted
by additive noise, the model of a recorded signal m;(t) can
be expressed as

mi(t) = > tiysi() + m(t) for i=1,....p (8)
i=1

with p the number of measured signals and r the total num-
ber of source signals involved. The transfer coefficients #;;
in the model essentially depend on the signal transfer from
source to measurement point.

Suppose a number of different more-dimensional phe-
nomena X,Y,Z,... are observed, where more-dimensional
neans that the phenomenon can be described by more than
one source signal. This means that the total number r of
source signals in the model consists of @ source signals de-
scribing phenomenon X, y source signals describing 17, etc.,

with @, y, ... the dimension of each phenomenon.

4 Two signal separation principles

4.1 SVD of the data matrix A

Suppose p signals are recorded as the superposition of three
phenomena X (undesired), ¥ (desired) and Z (of minor im-
portance). The first thing to realize is to record the p signals
such that the desired signals are certainly stronger present
in the recordings than the signals of minor importance. Sec-
ond, p, signals (with p, > 2 ) that pick up the undesired
phenomenon individually and as strongly as possible, have
to be added to the set of p recorded signals. After sampling
and digitizing the extended signal set, a data matrix M with
p+ p. 1ows and g columns can be constructed.

The SVD of that data matrix provides p-+ p, orthogonal
directions of extremal oriented energy : ([2], [7], [8]) the first
2 columns u; of I/ correspond to energies of the undesired
phenomenon, while the following y columns of 7 are the
directions of extremal energies for the desired phenomenon.
Projection of the given vectorsequence (the columns of the
data matrix) onto those y directions gives linear combina-
tions of the p+ p, data signals that contain no contribution
from the undesired phenomenon anymore.

Example 1 : Fetal ECG extraction

We will illustrate this signal separation principle for the
separation of the cutaneously recorded maternal and fetal
electrocardiogram ([3], [6], [8]). The main problem is how-
ever the very strong and undesired maternal ECG that is
omnipresent in these recordings. Figure 1 shows a typical
signal, recorded at the maternal abdomen. The fetal ECG is
clearly visible, but seriously disturbed by the much stronger
MECG.
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Figure 1: Potential signal recorded on the maternal ab-
domen and containing both MECG and FECG

Since it has been verified that, sufficiently far from the
adult heart, its source dimension is three, at least three
signals that pick up the maternal ECG only (close to the
mother’s heart) have to be added. The SVD of the resulting
data matrix provides three directions of extremal oriented
energy corresponding with the maternal heart, while the
fourth column of U7 contains the coefficients in the linear
combination of the four recorded signals, that results in an
MECG-free fetal signal (see Figure 2).
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Figure 2: The resultant MECG-free fetal signal after apply-

ing the first signal separation principle.

4.2 GSVD of selected data intervals

In some signal processing applications it occurs that, over
a specific time interval, the undesired phenomenon con-
tributes more in the recorded signals than the desired ones
(e.g. for the pulse-like EC'G signals the maternal QRS-peaks
often appear in between two fetal QRS-peaks (see Figure 1)
and in the speech application, noise dominates if speech is
absent (see Figure 3)). In that case we can construct from
the datamatrix M a matrix Apr as a sequence of such in-
tervals. This matrix A then contains mainly contributions
from the undesired phenomenon only. The GSVD of the
matrix pair (M, A) now finds some non-orthogonal direc-
tions x; of extremal oriented signal (in M )-to-signal (in A)
ratio. Projection of the recorded signals in M onto some of

these direclions x; results in an elimination of the undesired
signals.
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Figure 3: Speech signal with pure noise in the initial part.

Fetal ECG extraction

Suppose p signals are recorded at the maternal abdomen,
containing both MECG and FECG. After arranging these
signals in a p x ¢ data matrix M, a matrix A4 is constructed
as a sequence of several maternal QRS-intervals, not coin-
ciding with fetal complexes. The coefficients in the linear
combination of the recorded signals are found by the GSVD
of the pair (M, A).

Example 1 :

Example 2 : Speech enhancement

At the moment we are doing tests on speech signals,
recorded using multiple microphone systems, and corrupted
by stationary noise. From the recorded speech signals in
data matrix M, some intervals are selected, where speech is
absent and only the noise is present, and arranged in a new
matrix B.. The GSVD of (M, B) results in an enhancement
of the speech-to-noise ratio of about a factor 2.
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Figure 4: Resultant signal after applying the signal sepa-
ration technique to a set of recorded and delayed speech
signals

5 Comparison of the principles

Both signal separation problems basically look for an op-
timal linear combination of the recorded signals. For the
first one this linear combination is optimal with respect to
extremal oriented energy, while the second method looks
for a combination with an extremal ratio of desired to un-
desired signals. The first principle requires more measure-
ment points than the second one because of the necessary
addition of a number of extra signals. On the other hand,
the second method asks a larger computational work than
the first one, and requires furthermore the visual selection
of some intervals. In order to permit a real-time separation
of the recorded signals, an adaptive on-line algorithm has
been designed to compute the SVD ([1], [2]). After arrang-
ing the computational work in a special way, this algorithm

can also be used for the GSVD-based method [3].
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6 Conclusion

In this contribution the use of the (Generalized) Singular
Value Decomposition for signal processing and specifically
for signal separation purposes is advocated. The SVD and
GSVD are not only excellent tools in formulating and de-
scribing new geometrical concepts (oriented energy, oriented
signal-to-signal ratio), they are also extremely useful in ef-
ficiently computing reliable and elegant solutions for many
signal processing problems. Two signal separation princi-
ples are presented and compared in this paper, and applied
to the problems of FECG extraction and speech enhance-
ment.
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