Algebraic Differential Decorrelation for Nonstationary
Source Separation

Seungjin Choi 3!, Andrzej Cichocki '

§ Department of Computer Science and Eingeering
Pohang University of Science and Technology, Korea
seungjin@postech.ac.kr

 Laboratory for Advanced Brain Signal Processing
Brain Science Institute, RIKEN, Japan
cia@brain.riken.go.jp

December 17, 2001

Abstract

In this letter we introduce a differential correlation which is able to capture the time-
varying statistics of nonstationary signals and show that the minimization of differential
cross-correlations between observation signals can achieve the nonstationary source separa-
tion. As an implementation, we employ an algebraic method, the joint approximate diag-
onalization, so the resulting method is referred to as Algebraic Differential DEcorrelation

(ADDE). The useful behavior of the method is confirmed by computer simulations.
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1 Introduction

Source separation is a fundamental problem that is encountered in many practical applications
such as telecommunications, image/speech processing, and biomedical signal analysis where
multiple sensors are involved. In its simplest form, the m-dimensional observation vector x(t) €

IR™ is assumed to be generated by
w(t) = As(t), (1)

where A € R™*" is the unknown mixing matrix, s(¢) is the n-dimensional source vector (which
is also unknown and n < m).

In this letter, we consider the case where sources are nonstationary (especially second-order
nonstationary in the sense that their variances are time-varying) [4]. In such a case, it might be
useful to exploit the information on how fast the correlations between signals are changing. To
this end, we introduce a concept of differential correlation and present an Algebraic Differential
DEcorrelation (ADDE) method for nonstationary source separation. For the sake of simplicity

we assume that sources have zero mean, but this is not necessary for our algorithm.

2 Differential Correlation

A differential statistic is defined by the derivative of statistic with respect to time (or its discrete-
time counterpart is defined by the difference between statistics) and is closely related to the
differential learning [3, 6]. We define the time-delayed correlation matrix of the observation

vector x(t) by
Ry(tp,7) = E{z(ty)z" (ty —7)}. (2)

In practice, the sample correlation matrix .ﬁx(tkﬂ') is computed using the samples in the kth
time-windowed data frame. Here we use the notation R,(t;,7) for both ensemble correlation
and sample correlation.

The differential correlation matrix is defined by

o 8Rm (ta T)



Or its discrete-time counterpart is defined by
OR, (t,t;, 7) = Ry(ty, 7) — Ry(ty, 7). (4)

The definition in (4) will be used hereafter.

One can easily see that the linear data model (1) has the following decomposition
5R:1: (tka l, T) = A(SRS (tka lr, T)ATa for 173 ?é l, (5)

where dR(tx, t;, 7) is the differential correlation matrix of source vector s(¢) that is assumed to
be a diagonal matrix. It follows from (5) that the mixing matrix A can be estimated by solving

a generalized eigenvalue problem
R (t2,t3,0)0U = dR;(t1,t2,0)UA, (6)

where U and A correspond to the eigenvector and eigenvalue matrices, respectively. In such
a case, the mixing matrix is given by A = U1, However, this is a valid solution only if all
the diagonal elements of A are distinct. In order to avoid this difficulty, we exploit multiple
differential correlation matrices and apply the joint approximate diagonalization method to

estimate the mixing matrix. It is described in next section.

3 The Algorithm: ADDE

First we whiten the data x(t) to obtain z(t) = Qx(t) where Q is a whitening transformation.

Then we have
2(t) = QAs(t) = Bs(t), (7)

where B € IR™*" is an orthogonal matrix, i.e., BB = I. Then, the whitened vector z(t)

satisfies
OR.(ti,tiy1,7j) = BOR(ti, ti1,7)B". (8)

Note that it is not necessary to exploit two adjacent data frames to compute the differential
correlation matrix, but here we show just one exemplary case.
We apply the joint approximate diagonalization to estimate the unitary mixing matrix B,

as in JADE [2], SOBI [1], and SEONS [5]. The algorithm ADDE is summarized below.



Algorithm Outline: ADDE

1. Pre-whiten the observation data using whole data points so that the whitened data z(t) =

Qx(t) is a unitary mixture of sources (where @ is a whitening transformation).

2. Divide the data {z(¢)} into K non-overlapping blocks and calculate (K — 1)J differential
correlation matrices, 6R,(t;,tiy1,7;) for i =1,...,K — 1l and j = 1,...,J (for example,

T, =7 —1).
3. Find a unitary joint diagonalizer V' of {0 R (t;,ti4+1,7;)} which satisfies
VISR, (ti tiv1, 7))V = Ay j, (9)
where {A;;} is a set of diagonal matrices.

4 The demixing matrix is given by W = v7Q.

4 A Numerical Example

In this simulation, we used 1 digitized voice signal, 1 digitized music signal (both of which were
sampled at 8 kHz), and 3 Guassian signals with no temporal correlations but their variances
being time-varying. The mixture vector x(¢) (with 10000 data points) was generated by the
mixing matrix A € IR>*®, all the elements of which were drawn from standardized Gaussian
distribution (i.e., zero mean and unit variance).

In order to evaluate the performance of algorithms, we calculated the performance index
(PI) defined by

Pl— _ 1 zn: { (zn: lgie] 1) n <zn: gkl 1) }’ (10)
nin—1) ~ £~ max; |9i;] £~ max; |9l
where g;; is the (4, j)-element of the matrix G = W A.

We evaluated the performance of three algorithms: JADE [2], SOBI [1], and the proposed
algorithm ADDE. All three algorithms are based on the joint approximate diagonalization but
exploit different statistics of the data. For SOBI, 20 different time-delayed correlation matrices
of whitened data were exploited. For ADDE, we divided the whitened data into 100 different

non-overlapping blocks (the length of each data frame is 100) and calculated 99 differential



Algorithm | Performance index

JADE 0.0146
SOBI 0.0394
ADDE 8.4573 x 104

Table 1: Performance of JADE, SOBI, and ADDE.

correlation matrices by considering two adjacent data frames. Although JADE and SOBI are
good algorithms, they had difficulty in the presence of nonstationary Gaussian sources with no
temporal correlations, as expected. In such a case, the ADDE outperformed JADE and SOBI
(see Table 1).

5 Discussion

In this letter, we introduced the differential correlation and showed that it was useful to capture
the time-varying statistics for the case of second-order nonstationary source separation. We
presented an algebraic differential decorrelation method, ADDE, based on the joint approximate
diagonalization. The useful behavior of the method was confirmed by computer simulations.
The ADDE, in principle, could be extended to the case of noisy mixtures. For example, in the
presence of temporally white noise, the robust orthogonalization method (as in [5]) could be

applied in our current framework.
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