Chapter 6

Discussion

The primary goal of this thesis was to identify computational principles that
govern information processing and representation in the auditory system.
For this purpose, we set to develop formal and quantitative methods that
could identify such principles in a set of electrophysiological recordings from
three brain regions.

We started the investigation by discussing methods to extract informa-
tion from spike trains and reviewed in detail both the theoretical motiva-
tion and the practical considerations of reducing the dimensionality of spike
trains and representing them by simpler statistics. We tested six different
dimensionality reduction methods and compared the level of information
they achieve. In all of these methods, IC neurons conveyed about twice
more information about the identity of the presented stimulus than Al and
MGB neurons.

We found that the maximal information can almost always be extracted
by considering the distribution of temporal patterns of spikes. Surprisingly,
the first spike latency carries almost the same level of information. In con-
trast, spike counts convey only half of the maximal information level. These
results reveal a surprising observation regarding the nature of the neural
code in the different stations. It shows that even though spikes in the cortex
are not precisely locked in time to the stimulus (as in the IC), the occur-
rence of a single spike, the first spike since the onset, conveys the maximal

information that could be achieved with any other methods tested.



We then advanced to investigate how small groups of neurons in dif-
ferent brain areas interact to represent the auditory stimuli. For this pur-
pose we developed measures of informational redundancy in groups of cells,
and described their properties. These measures can be reliably estimated
in practice from empirical data using stimulus conditioned independence
approximation. Since redundancy is biased by the baseline single-unit in-
formation level, we study this effect and show how it can be reduced with
a proper normalization. Finally, we discussed redundancy biases due to a
ceiling effect on the maximal information and the way to correct for these
biases.

Applying these methods to our data we obtained three main results.
First, we showed that small groups of IC cells are more redundant in the
information they convey about stimulus identity than Al and MGB cells. In
other words, cells of higher regions in the processing hierarchy tend to code
features of the stimuli in a more independent manner. These findings put
forward redundancy reduction as a possible generic organization principle of
sensory systems. This principle was suggested 40 years ago by Barlow from
theoretical considerations, and an empirical evidence for such a process is
presented here for the first time.

Secondly, we showed that redundancy is significantly correlated with the
best frequency (BF) of IC cells but not with the those of AI or MGB cells.
This means that frequency characterization does not capture well the type
of processing that AI and MGB cells perform. Finally, we found that Al
and MGB cells convey an order of magnitude less information about the
spectro-temporal structure of the stimuli as compared to IC neurons. This
suggests that Al cells succeed to code well the identity of the stimuli without
coding the precise acoustical structures in it.

The low redundancy in AT and MGB, and the lack of correlation of this
redundancy with the best frequency of the cells has strong implications,
which go far beyond the statement that BF responses are not predictive for
complex sounds. The reason is that currently accepted methods of charac-
terizing Al neurons, primarily the spectro temporal receptive field (STRF),
imply redundancy between neurons that share spectro temporal character-

istics. Although we find such redundant neurons in IC we do not find them



in MGB or Al, showing that STRF characterization in AI misses crucial
aspects of neuronal coding even for simple stimuli as used in our work.

Coding in an independent manner relates to the issue of specialization
of neuronal responses. The standard meaning of specialization in the lit-
erature is that neurons respond only to a restricted set of stimuli. In this
sense, for example, face neurons in the infero temporal cortex are special-
ized. In the context of primary auditory cortex, as discussed in [Nelken,
2002], most of the evidence today does not support the view that neurons
in Al are more specialized than neurons in lower auditory stations. For ex-
ample,[Middlebrooks et al., 1994] showed that neurons in AI do not have
specialized receptive fields for space,[Kowalski et al., 1996a, Kowalski et
al., 1996b, Depireux et al., 2001] used analysis of STRF in the ferret au-
ditory cortex and demonstrated a rather simple structure in most of them
(quadrant separability). The type of results quantified here suggests a more
delicate type of specialization, since instead of mapping the parametric set
of stimuli to which neurons respond, we measure the ability of neurons to
discriminate between stimuli that are acoustically highly similar (see figure
1.9 in section 1.3.5 ). This type of informational specialization is manifested
in the form of low redundancy. The fact that we do not find cortical neurons
that are as redundant as IC neurons (even though they respond to stimuli
and convey considerable amount of information about them) suggests that
the informational redundancy measure is the more interesting measure of
specialization.

The term redundancy reduction was originally coined by Barlow[Barlow,
1959b, Barlow, 1959a, Barlow, 1961]. As explained in Chapter 1, he sug-
gested that a principal goal of sensory processing is to achieve an efficient
code by compressing sensory inputs to obtain parsimonious representations.
Barlow later suggested [Barlow, 2001] that the actual goal of the system
is rather redundancy exploitation: During this process the statistical struc-
tures in the inputs are extracted and coded. This revised idea leads to
inherently different consequences, and predicts that higher areas will con-
tain many units, specialized to respond to complex structures of the stimuli,
and largely independent. The results presented in our study are in agree-

ment with this revised view. We find that neurons in higher processing



stations are less informative but more independent than those at the lower
levels, presumably because they convey information about more complex
structures in the inputs.

Reducing redundancy during information processing while mapping stim-
uli to a higher dimensional feature space may provide better discrimination
among complex stimuli, as in independent component analysis (ICA) [Bell
and Sejnowski, 1995] and support vector machines[Vapnik, 1995]. Redun-
dancy reduction may therefore be a generic organizational principle of sen-
sory systems that allows for easier readout of stimulus aspects that are
behaviorally relevant.

The last part of this dissertation addresses the problem of identifying
the features that are relevant for neural responses. A major difficulty in this
task is that the characterization of the processing performed in a single brain
region requires filtering out the processing that takes place earlier in the pro-
cessing hierarchy. This is an instance of a generic problem in unsupervised
learning, of identifying relevant structures in data that contain many com-
peting structures. We presented a formal definition of the problem in the
framework of distributional clustering, as well as its analytical and algorith-
mic solutions. We showed its applicability in a variety of data domains as
texts clustering and feature extraction for face recognition. Our results lay
the groundwork for developing additional dimensionality reduction methods
of data that use irrelevance data, and have already been extended to var-
ious problems and learning techniques such as the study of neural coding
in evolving agents [Avraham et al., 2003], data mining of the web [Gondek
and Hofmann, 2003] linear projections of Gaussian variables and their re-
lation to canonical correlation analysis [Chechik et al., 2003, Chechik and
Globerson, 2003], spectral based feature selection [Shashua and Wolf, 2003]
and continuous embedding of categorical variables [Globerson et al., 2003],

as applied for example to feature extraction for face recognition.
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