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The Control of Low-Level Information Flow in the Visual System

Katrin Suder and Florentin Wirgtter

Institute of Physiology, Department of Neurophysiology, Rubr-University, Bochum, Crermany

EYNOPSIS

Visual information processing needs to be
error free and efficient. Qur visual system tries
to achieve the first goal by accommodating a
wide wvariety of visual algorithms for the
exiraction of the relevant features im the scene,
while at the same time the second goal is
addressed by controlling the amount of visual
information flow in the network employing
selective attention, Attentional or pre-attentional
mechanisms are found throughout many visual
areas and these processes may start as early as
in the visual thalamus (lateral geniculate
nucleus, LGN). In this review we pay particular
attention to experimental and theoretical
findings which indicate that even low-level
structures, such as LGN and V1, can play a
major role in the flow-control of visual
information.

KEY WORDS

attention, computational maodels, thalamus,
dynamic receptive field restructuring, visual cortex,
EEG, brainstem

1. INTRODUCTION

The surrounding world provides us with far
more input than we can process simultaneously due
to the limited capacity of the brain. To be able to
deal with the huge amount of information
bombarding us, a selection process has to be carried
out. The necessity of such a process has been
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shown by psyvchophysical experiments /26,86 (and
references  therein)/ and also by theoretical
considerations, proving that a so-called general-
purpose vision would not be possible without a
reduction of the input to be processed /106,111,
This is exactly where affention comes in as the
process that selects a particular piece of inform-
ation or, for the visual system, a spatial area out of
the whole sensory pattern for further processing.
But how can attention be defined?

In 1890, for William James in his Principles of
Psyvchology, a definition was obvious and without
any doubt: ‘Everyone knows what attention is. It is
the taking possession by the mind [...] of one out of
several simultaneously possible objects of trains of
thought.” But throughout later research it has turned
out that dealing with attention is not as easy as
James thought. Attention has many different facets
and components and it has been studied by all the
different disciplines trying to understand the brain:
psychology /38.94/, psychophysics /33/, neurology
{26/, neuroimaging /37/, neurophyvsiology /22,27,
33/ and computational neuroscience /72.79,107/.
Most of the disciplines have their own focus and
their own definition of attention.

In the context of this review we can give an
operational definition: Exposed to a number of
stimuli, that are equal in their physical appearance,
both animals and humans can respond to certain
stimuli while disregarding others {without the need
for saccadic eye movements]). This internal, covert
focus, this selection of (spatial) items is the basic
operation of spatial selective attention. By selecting
information which is to be gated to higher regions
for further processing, attention will modulate the
signal on its way through the brain. Thereby, a
second major problem of cortical information
processing is solved: the binding problem /33,112/.
Aftention links (or binds) information together
which is distributed over the different parallel
pathways, i.e. the ventral and the dorsal stream
103/,
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Attention can be classified in several ways, e.g,
by its different procedural components (engage.
disengage, move) /86/ or by the different regions
involved. Posner and coworkers suggested differen-
tiation between two subsystems: the posterior and
the anteriot attentional systems /85/. The former -
consisting of subcortical areas such as the thalamus
and the superior colliculus - seems to be involved
in directing attention. The latter involves the
anterior cingulate corfex and portions of the basal
ganglia. This anterior or executive system has been
suggested to be responsible for actions and for
ideas.

Preattention vs. attention

From a computational point of view, a different
classification might be useful, namely one due to
the two major functional mechanisms used by
attention: bottom-up vs. top-down processing /12,
13,22,33,72.74.79,94,115/ (Table 1).

Bottom-up (pre-jattention is data-driven and
involuntary, Any kind of new or salient stimulus

will automatically attract our attention, ea: the
random flight of a large fly or the newly red-dyed
hair of our partner. Bottoem-up attention accounts
for pre-attentive effects, i.e. the well-kiown pop-
out phenomenon. These effects are transient (0-300
ms), since the saliency of a new object quickly
decays with time, and they are fast, to enable us to
react adequately to new situations. The speed can
be ensured by low-level implementation, therefore
bottom-up attention should also show effects in the
early visual system (V1 or even subcortical, see
Section 2).

In contrast, top-down attention acts on a differ-
ent, longer time-scale (up to several seconds). We
all know from experience that we can voluntarily
direct attention to a specific region of interest, e.g.
while searching for a certain object. This task-
driven form of attention must involve high-level
regions, i.e. those responsible for cognitive funec-
tions, Top-down attention is what James described
in his definition and ¥t is part of conscious
processing /4/.

TABLE ]

Bottom-up vs. top-down attention

[ preattentive processing attentive processing
data flow bottom-up top-down
driven by input data task data (memory)

controlled by

unconscious, involuntary

conscious, voluntary

processed where

low-level regions

high-level regions

time-scale

transient (0-300 ms)

sustained (100 ms - seconds)

responsible for

pop-out effects

connection schema

OO

Q(Q

'
i
1

i

IHpUE stimibus

kst stimualug

The figures at the bottom show that top-down influences {right) can actually overrule bottom-up attention
(left), i.e. although the stimulus presented 1o the right neurons is more salient, the left location can *win’ if

additional top-dowr excitation is on.
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Psychological models

Early evidence for the existence of covert visual
attention came from psychophysical reaction time
studies (see /84,102,115/ for reviews). Subjects are
asked to find target objects in a visual display. It
has been shown that in trials where a valid cue was
given before the target presentation, reaction times
were significanily reduced.

The resulis of several years of research led to
the formulation of many different models and
hypotheses as to how the search experiments could
be explained, e.g. Treisman’s fearure integration
theory [103/ or Julesz’s texton theory /58! Many of
the proposed models share the same basic idea,
which is probably the most prominent and also
most accepted psychological model: the spor- or
searchlight paradigm /15,28.75/. It has two stages.
First, as soon as a new stimulus is presented, the
whole visual field is processed in parallel during
the pre-attentive mode. For many tasks (especially
for pop-out effects) this mode alone is sufficient.
For more complex tasks (conjunctive search), a
different, second strategy is needed; ie. the
attentive mode described by the spotlight metaphor.
Only a limited area is highlighted and analyzed in
detail. whereas the rest is in the dark. In a serial
process the whole field is scanned. The enhance-
ment of a specific region has different effects
characteristic for the processing of attended stimuli:
reaction times are reduced. discrimination thresh-
olds are lowered and neural activity 15 increased
/86,94 (and references therein)/.

Bince not all search experiments could be
explained by the purely bottom-up approach of the
searchlight hyvpothesis, top-down components were
added to the model. In his guided search model
Wolfe proposed that top-down processes favor
features belonging to the target object /115/,

A different view emphasizes the idea that
attention always works as a parallel process /17,33/.
In the framework of this biased competition model
{334, attenfion is not a fast, serial scanning mech-
anism, but a slow. competing interaction of all
neurons. [t can be biased by bottom-up mechanisms
such as figure-background stimuli or by top-down
mechanisms that select certain behaviorally relev-
ant objects.
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Owver the vears many hybrid models have been
developed which integrate serial, parallel, bottom-
up and top-down processing (e.g. /50/). It has
furthermore been proposed that the notion of serial
vs. parallel search should be omitted altogether,

-since there is no significant experimental evidence

for this kind of dichotomy /115/ (for a discussion of
the two processing strategies from a computational
point of view see /79/).

Computational models

The dichotomy between bottom-up and top-
down processing is a dominant category for most
computational models trying to simulate selective
attention or its effects. These models deal with the
problem of how a focus of attention can be selected
and how its information can be routed through the
network. They are included in one class of models,
1.e, selection and routing models (see Fig. 2). A
second class of model deals with another dimension
of how to implement selective attention. The aim is
to find answers to the question of how the firing of
neurons inside the spotlight of attention might be
maodulated, i.e. how the selected neurons differ in
their behavior from neighboring neurons (fagging
models).

In Section 2. we review the most important
experimental results which form the basis for
computational models. After reviewing the selec-
tion and tagging models in Section 3. we introduce
a third kind of models, i.e. models of low-level
(pre-Jattention which try 1o -build biologically
plausible implementations and focus especially on
the role of the thalamus for (pre-)jattention. These
models are discussed in detail in Section 4,

2. EXPERIMENTAL BASIS

Attention has been studied by the various
disciplines in neuroscience: by lesion studies and
functional mapping 27,85/, by behavioral and
psychophysical methads /37,38/, by pharmacolog-
ical studies /27/ and also by single unit recordings
/22.33/. In this review, we concentrate only on
summarizing the most important results relevant for
the modeling of visual attention.

























































