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Contour Enhancement, Short Term Memory,
and Constancies in Reverberating Neural Networks

By Stephen Grossberg*

A model of the nonlinear dynamics of reverberating on-center off-surround net-
works of nerve cells, or of cell populations, is analysed. The on-center off-surround
anatomy allows patterns to be processed across populations without saturating
the populations' response to large inputs. The signals between populations are
made sigmoid functions of population activity in order to quench network noise,
and yet store sufficiently intense patterns in short term memory (STM). There
exists a quenching threshold: a population's activity will be quenched along with
network noise if it falls below the threshold; the pattern of suprathreshold popula-
tion activities is contour enhanced and stored in STM. Varying arousal level can
therefore influence which pattern features will be stored. The total suprathreshold
activity of the network is carefully regulated. Applications to seizure and hallucina-
tory phenomena, to position codes for mo~or control, to pattern discrimination, to
influences of novel events on storage of redundant relevant cues, and to the
construction of a sensory-drive heterarchy are mentioned, along with possible
anatomical substrates in neocortex, hypothalamus, and hippocampus.

1. Introduction
Recent experimental studies of the hippocampus (Anderson et at. 1969) have
suggested that its cells are arranged in a recurrent on-center off-surround anatomy.
The main cell type, the pyramidal cell, emits axon collaterals to interneurons.
Some of these internueurons feed back excitatory signals to nearby pyramidal
cells. Other interneurons scatter inhibitory feedback signals over a broad area.
Recurrent on-center off-surround networks are found in a variety of neural
structures other than hippocampus; for example, neocortex (Stefanis, 1969) and
cerebellum (Eccles et aI, 1967). What does this fundamental principle of neural
design accomplish? What can a recurrent, or reverberating, network do that a
non-recurrent, or feed-forward, network cannot? In the special case of the hippo-
campus, one can in particular ask: How does this anatomy contribute to seizure
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activity in response to topical application of either strychnine or penicillin crystals
(Anderson et ai, 1969)? Can one functionally interpret the suggestion that afferent
fibers to the hippocampus excite the inhibitory interneurons directly (Anderson
et ai, 1969), thereby creating a feed-forward inhibitory action, in addition to the
recurrent inhibition activated by pyramidal cell output?

This paper describes mathematical results that seem to be relevant to these
issues. We study a model that emphasizes the properties of interacting populations
of cell 'sites. These populations can be interpreted either as populations of small
membrane patches on individual cells, or as populations of whole cells. The
model is perhaps more general since it is defined by mass action laws involving
excitatory and inhibitory processes. As in the paper of Wilson and Cowan (1972),
we assume that the cell sites in a given population are distributed in such a fashion
that their interactions are spatially random and densely distributed within each
population and between population pairs. Our equations differ from those of
Wilson and Cowan, however. Their excitatory and inhibitory interactions combine
additively before they are further processed; our interactions are of shunting
type (Hodgkin, 1964; Sperling, 1970; Sperling and Sondhi, 1968). Differences in
the applicability of these eq uations are discussed in Section 5.

Denote the average excitation at time t of the ith population Vi by Xi(t), i = I,
2. ...,p1. We will study how these averages are transformed through time by
recurrent on-center off-surround interactions (Figure 1); that is, each population
excites itself and inhibits other populations via the system of eq uations

Xi = -A'~i + (B -xJf(xJ -Xi I f(.~J + Ii'
k~i

where i = I, 2, ..., n, and Xi( S B) is the mean activity of the ith cell. or cell popula-

tion, Vi of the network. Four effects determine this system: (1) exponential decay,
via the term -AXi; (2) shunting self-excitation, via the term (B -xJf(."(J: (3)
shunting inhibition of other populations, via the term -xiLk=if(xJ; and (4)
externally applied inputs, via the term Ii. The function f(w) describes the mean
output signal of a given population "as a function of its activity ,~." In vivo, f(w) is
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RESPONSE TO EXTERNAL INPUT
ro Vi AS SEEN FRor.I ABOVE

Figure 1. Recurrent on-<:enter off.surround network.
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often a sigmoid function of w (Kernell, 1965a, b; Rail, 1955a-<:). The mathematical
results below will show that this is an important property of the above model for
the effective processing of signals in noise.

First, why is an on-center off-surround anatomy needed at all? It has been noted
that such an arrangement permits contour enhancement of sensory information
(Ratcliff, 1965). We will show that a more basic property can be achieved as well.
In many neural systems, noise cannot be avoided, if only because they operate
near the quantum range, as in the case of sensory systems. Also cells, and therefore
cell populations, have finite saturation levels in response to external inputs.
Given these facts, consider the processing of a pattern of input signals delivered to
an ensemble of noninteracting cell populations. If the signals are too small, they
can be lost in the noise. If they are too large, they can saturate their respective
populations, thereby creating a uniform pattern of excitation across populations
and destroying all information about the input pattern. In short, noninteracting
cell populations are caught between two unsatisfactory extremes. To avoid these
extremes in the noninteracting case, input intensities must be restricted to a very
narrow range, and one loses the ability to process arbitrary patterns with fluctuating
input intensities. On-center off-surround interactions solve this problem: they
permit effective processing of arbitrary input patterns across populations, without
saturation, even if the inputs are large.

Recurrent on-center off-surround anatomies are capable of short term memory
(STM); that is, th~y can reverberate a pattern of activity distributed over cell
populations for an indefinite interval of time: This reverberation can also be
switched off rapidly by inhibitory inputs if a new pattern is delivered by external
sources; the decay rates of individual cells can be large after the excitatory rever-
berating loop is broken by inhibition, even if the reverberation through an active
excitatory loop is long lived. See Figure 2. A single layer of nonrecurrent on.
center off-surround network has limited STM capabilities. Such a network can
store a pattern only if it has small decay rates. It will therefore also recover slowly
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Figure 2. Input inhibits old reverberation as it imposes a new pattern to be reverberated.
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