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ABSTRACT

In this contribution a class of simple local un-
supervised learning algorithms is proposed for multi—
layer neural network performing source signal separa-
tion from linear mixture of them (the blind separation
problem). The main motivation for using a multi-layer
network instead of a single layer one for the blind sep-
aration problem is to improve the performance and
robustness of separation while applying local learning
rules. These rules are biologically justified opposite to
existing more complex global learning rules. The pro-
posed algorithms allow the separation of badly scaled
signals and in case of ill-conditioned problems (if very
similar mixtures of sources are available only). The
application of developed methods for image enhance-
ment is demonstrated.

I. INTRODUCTION

Blind separation of sources is a new emerging field of
research with many potential applications, e.g. sig-
nal/image processing, telecommunication, biomedical
science. There are many applications in which multi-
ple signal observations are available, where each obser-
vation is a linear superposition of independent signals
from different sources. It is desired to process these ob-
servations in such a way that the outputs correspond
to the primary source signals [1] — [9].

In this paper a neural network approach is consid-
ered, first developed by Jutten and Herault [6]. Re-
cently robust methods with global learning rules have
been proposed, that can handle even ill-conditioned
mixtures of signals [1], [2], [4].

But these methods do not ensure simplicity and lo-
cality of learning algorithms. The other kind of meth-
ods are at the other hand neither robust nor efficient
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in case of badly scaled and ill-conditioned problems
(31, 161, [8].

The main purpose of this paper is to propose multi—
layer models and to develop a family of associated
adaptive learning algorithms which have special ad-
vantages in the cases of badly scaled and/or ill-
conditioned problems. (i.e. for which previous bio-
logically plausible algorithms had difficulties) [6]. The
proposed algorithms could be considered as general-
izations of the Hebbian rule (section IT). Starting from
the modified Jutten — Herault recursive neural net-
work model a class of local on-line adaptive learn-
ing algorithms is proposed for the multi-layer feed—
forward and recurrent architectures (section IIT). Pos-
sible extensions of proposed algorithms are described
in section IV. The stability and efficiency of this new
approach is demonstrated in section V for the image
enhancement task.

II. NEURAL NETWORKS FOR BLIND SEPARATION
OF SOURCES

Let us assume several independent source signals s;(t)
(j = 1,2,...,n) are linearly combined via unknown
mixing coeflicients (parameters) a;; to form observa-
tions

1) = aisi(t), (ie 2(t) = As(t)) (1)

It is required to estimate the synaptic weights wﬁj, of
a multi-layer feed forward neural network, to combine
observations in each layer to form optimal estimates
of the sources (see Fig. 1(a))
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Wl(t)y’ (1)),
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(ie y'(t) = (3)
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Figure 1: Feed-forward (a) and feedback (recurrent)
(b) multi-layer neural networks with local learning al-
gorithms (LA).

where | = 1,2,..., K and y)(t) = z;(t). The optimal
weights correspond to the statistical independence of
the output signals y,(t) = y(t) and they simultane-
ously ensure self-normalization of these signals.

It should be noted that the source separation is
achieved as soon as the composite matrix

Pit)=wWX@).. w')A (4)
has exactly only one nonzero element in each row and
each column [6].

The above problem is designated as the blind separa-
tion of sources (BS). It is equivalent to the waveform—
preserving blind estimation of multiple independent
sources, where the problem is to estimate the mul-
tiple source signals from an array of sensors without
knowing the mixing parameters {a;;} from the mixing
matrix A. No more is assumed to be known about
the source signals besides that they are mutually in-
dependent and zero-mean signals, and that at most
one source have a Gaussian distribution.

ITI. LocAL ADAPTIVE LEARNING ALGORITHM

Let us consider a multi-layer feed—forward neural net-
work described as
y'(8) = Wy (051 = 1,2, ., K; () = () (5)
Our objective is to propose an adaptive learning al-
gorithm for synaptic weights {w! ;). Starting from the
independence and self-normalization criteria we have

developed a local learning algorithm for such neural
network:

WA () s -1 (©)
w! .
P ) o) gt i # 5 (D)
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where f(y) and g(y) are different, odd functions (e.g.
f(y) =y, g(y) = tanh(y) or f(y) = y* and g(y) = y)
and p(t) is a positive learning rate.

The learning algorithm can be written compactly in
the matrix form as

dW'(t)
dt

=u(t) [T - fly'®Olg" ' @] (8
The learning algorithm (8) can be easily transformed
to (or approximated by) an iterative algorithm with
discrete time t = 0,1,2,...:

W(t+1) = W'(t) +n){I - fly' ()] g7 [y' (0]} (9)

where 7(t) > 0 is the learning rate (typically it is ex-
ponentially decreasing to zero during the learning pro-
cess).

It is interesting to note that the same learning al-
gorithm (8, 9) can be applied for multi-layer recurrent
neural network as shown in Fig. 1(b).

The nonlinearities of activation functions f(y) and
g(y) play essential role in the learning process. They
are able to pick up higher—order moments of the in-
put distribution and ensure mutual independence of
output signals [3], [5], [6].

IV. MoDIFICATIONS AND EXTENSIONS OF BASIC
LEARNING

There are possible many extensions and modifications
of the basic local learning algorithm (8), (9). First
of all, in each layer different activation functions can
be applied. Secondly the learning algorithm itself can
be generalized as follows (the superscript ! has been
omitted for clarity reasons):

Y = w6 (10)
o W(t+1) = W) +utGly®)] (1)

where matrix G(y(t)) can take one of the following

form:
Gily(t)] = I-fly(t) g [y(t)]
Galy(t)] = IT—y(t)y"(t)— Flyt)]g" [y(t)]
+gly()) £ [y ()]
Gsly(t)] = I-fly@)]g"w@)]—yt)y"(t—T)
Galy(t)] = I-) [yt)y"(t—kT)]

and T is a suitable chosen delay time.

The choice of matrix G;(y), (1 = 1,2,3,4) depends
on many factors, e.g. distribution of source signals, re-
quired convergence speed, desired accuracy (maximal
allowed cross—talking effect). We found by computer
experiments that the choice of matrix G(y) and non-
linearities of activation functions f(y) and g(y) are



essential condition for achieving high performance of
separation (i.e. without a cross—talking effect). It
should be noted also that the learning algorithm in
(10) achieves convergence if the expectation value of
every element from the matrix G(y) tends to zero with
t — oo.

V. EXPERIMENTAL RESULTS

Extensive computer experiments have shown that the
performance of a multi-layer network, with the same
local learning rule (8), (9) for each layer, is much
higher than the performance of a pure single layer net-
work. A considerable improvement for ill-conditioned
problems (i.e. the problems in which the mixing matri-
ces are near singular and/or if some source signals are
very weak in comparison to others) can be observed.

We have simulated the proposed algorithms using
both synthetic and real-world 2-D source signals like
images. Due to limit of space two simulation results
are presented only.

A. Well conditioned separation problem

Fig.2 shows the results of separating three images
for a well-conditioned mixture matrix. The fol-
lowing mixing matrix has been used: {[3.0,2.0,1.0];
[0.22,0.2,0.2]; [0.5,0.2,0.05]; }

Now only mixed images were available for the learn-
ing algorithm and there was no information about the
mixing matrix neither the source images. The learning
algorithm (8, 9) was able to separate images using one
layer only, as shown in the last row in Fig. 2.

B. Ill-conditioned separation problem

In the second experiment the four digital images
(primary sources), shown in the top row of Fig.
3, were mixed either by randomly chosen or by
very ill-conditioned mixing matrix A.  The ef-
fect of mixture shown in the second row of Fig.
3 was achieved by applying the following mixing
matrix: {[0.001, 3.0, 4.0,0.02]; [0.0011, 3.1, 4.0, 0.024];
[0.0012,3.0,3.9,0.026]; [0.0015, 3.2,4.1,0.019]}

Again only mixed images are available for the learn-
ing algorithm. In this example a three-layer neural
network with G(y) = G2(y) and f(y) = y,9(y) =
tanh(10y) has been applied. Nevertheless how long
the single layer is learning it is not able to separate
the four images. But adding the second and third
layer leads to a dramatic improvement of the separa-
tion. The separated images after the first, second and
third layer are shown in consecutive rows in the Fig. 4.
It is easy to note that the results are very good after
the third layer.

VI. CONCLUSION

Biologically plausible and efficient local on-line learn-
ing algorithms for neural network based solution of the

63

blind separation problem have been described. Their
main advantage over a single layer learning is the han-
dling of ill-conditioned signal mixtures. This can have
direct impact for image sequence enhancement, where
instead of different sensors a single camera may be ap-
plied. The validity and high performance of the pro-
posed neural network have been illustrated by com-
puter simulations. The proposed algorithm can be
extended for complex—valued signals and convolution
based mixing of independent signals.
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Four original images

Four mixed images

Figure 3: The mixed images are obtained from source images by applying an ill-conditioned mixing matrix.
The images Lenna and Ali are app. 3000 and 150 times weaker than noise and texture.

Separated images after the third layer

Figure 4: The results of blind separation after the first, second and third layer.
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