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Chapter 1
Introduction

Visual perception is a complex process, yet we make use of it all the time and
usually without any effort. When we are reading a newspaper, driving a car,
surfing the internet, or playing a videogame, for instance, our brains are carrying
out enormous amounts of computations to turn the flow of images on the retina
into meaningful pieces of information. Although these computations easily surpass
what would be possible on today’s most advanced computers, we are hardly ever
aware of all the work that is going on in the background. When we do become
aware of it, it is typically because we are frustrated about the limitations of vision,
for example when we are unable to read a sign in the distance, to find our car
keys in a messy room, or to locate an icon on a cluttered desktop.

Visual tasks, such as searching for a particular target object among other ob-
jects, typically become more difficult to solve when objects become more complex
or the density of objects higher. This may partly be due to attentional limita-
tions. However, there is also experimental evidence that suggests that perception
of one visual object is affected by presence of other objects.

The main motivation of the work presented in this thesis was to study inter-
action effects in visual perception, between visual features (e.g., the color and
size of the same object) as well as between objects. Of particular interest re-
garding perceptual interactions between objects is the so-called ‘crowding’ effect,
which refers to the phenomenon that objects become more difficult to recognize
when surrounded by other objects. Before introducing the crowding effect, a brief
overview will be given of the main structures of the visual system.

1.1 The visual system
The neural structures that are involved in visual perception are collectively refer-
red to as the ‘visual system’, including the retina of the eye, the optic nerve, the
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2 INTRODUCTION 1.1

optic tract, the lateral geniculate nucleus, and the visual cortex (Figure 1.1). All
these structures are complex biological systems on their own and it is impossible
to discuss all their details here. Therefore, this introduction will be limited to
a general overview of the visual system and the main functions of the involved
structures.
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Figure 1.1: A simplified diagram of the projections from the retina to the visual areas
of the thalamus and primary visual cortex. (Adapted from [Kandel et al., 2000])

1.1.1 The eye

The main function of the eye is to convert photon energy into neural signals, a
process called ‘transduction’. Photons enter the eye through the pupil and are ab-
sorbed by the rod and cone photoreceptors in the retina. Photoreceptors synapse
directly onto bipolar cells, which in turn synapse onto ganglion cells that conduct
action potentials to the brain (Figure 1.2). Very simplistically speaking, one could
say that a neural signal (called an ‘action potential’ or ‘spike’) is generated when
the number of photons hitting a photoreceptor exceeds a particular threshold.

The distribution of photoreceptors is most dense at the part of the retina
that is called the ‘fovea’, onto which the center of the visual field is projected.
Hence, visual acuity is highest for objects located in the center of the visual field
of view (the reason why we make eye movements all the time is to center the
objects of interest at the foveal part of the retina). The photoreceptor density
decreases quickly as we move away from the fovea into the periphery. Hence,
objects in the peripheral field of view are perceived with much less detail and
become increasingly ‘blurry’.
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Figure 1.2: A schematic overview of important structures in the human eye. (Adapted
from [Kandel et al., 2000])

1.1.2 The optic nerve & lateral geniculate nucleus

The neural signals (spikes) generated by the photoreceptors in the retina travel
through the optic nerve to the lateral geniculate nucleus (LGN). The LGN is
part of the thalamus and is generally thought of as a relay station that may be
involved in focusing attention on particular parts of incoming information. From
the LGN the information is fed forward to the primary visual cortex, located at
the posterior pole of the occipital cortex (Figure 1.1).

1.1.3 The visual cortex

A large part of the primate cortex is devoted to processing of visual information.
The cortical areas involved in visual perception are usually collectively referred
to as the visual cortex. The visual cortex consists of several areas, which are
organized in a hierarchical structure.

Information from the LGN enters the visual cortex in the primary visual cortex
(Brodmann area 17, often referred to as V1). This is the largest cortical area
involved in visual perception and consists mainly of cells that respond to edges in
the retinal image. Each of these cells is tuned to a particular area of the visual
field (defining its receptive field) and a particular orientation. More specifically,
if there is an edge in the receptive field of such a cell, the response strength
(spike rate) will depend on the orientation of the edge. For example, cells tuned
to edges with a vertical orientation respond most strongly to vertical edges and
hardly respond to horizontal edges. The response of an orientation-sensitive cell
can typically be described as a Gaussian function of stimulus orientation. Due
to the broad tuning of these cells, a single stimulus will activate a large number
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Figure 1.3: The primary visual cortex (blue) and its dorsal (green) and ventral (purple)
projections. Source: www.wikipedia.org.

of cells. This means that the internal representation of a stimulus consists of the
activities of an entire population of cells, sometimes called a population code.

Information from area V1 is transmitted to two primary pathways, called
the dorsal stream and the ventral stream (Figure 1.3). The dorsal stream is often
associated with motion perception, representation of object locations, and control
of eye movements. The ventral stream is often associated with object and form
recognition.

1.2 Visual crowding & clutter
Human vision is most accurate in the center of the visual field and most limited in
the periphery. The reader can verify this by trying to read the next sentence while
fixating the period that concludes this sentence. It is probably easy to recognize
the ‘It’ and perhaps also the ‘is’, but the rest is most likely to be perceived as
unrecognizable ‘text stuff’.

There are several reasons why our ability to recognize an object depends on
its location in the visual field. The most obvious reason is that the photoreceptor
density is higher in the center than at the borders of the retina, which makes
object representation increasingly blurry in the peripheral field of view. However,
there are also other, less obvious, factors that limit peripheral vision.

One of the less obvious limitations that still puzzles researchers is called ‘crow-
ding’. Very generally stated, crowding refers to the phenomenon that the ability
to recognize an object depends on its distance (spacing) to other objects (Figure
1.4). The important role of spacing for object recognition was first described in
the 1920’s [Korte, 1923] and has since been studied extensively (recently reviewed
in [Levi, 2008] and [Pelli & Tillman, 2008]).

Besides sheer scientific curiosity, what makes visual crowding an interesting
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Figure 1.4: An example of crowding. The two B’s are at equal distance from the cross.
On the left, the spacing between the letters is approximately 0.5 times the eccentricity of
the B. On the right, letter spacing is approximately 0.2 times the eccentricity of the B.
While the central item on the left can easily be recognized when fixating the cross, the
central item on the right cannot and appears to be jumbled with its neighbors.

research topic is that it has far-reaching implications. The effect appears to be so
strong that the long-held idea that object size is the fundamental limiting factor
for object recognition is slowly being abandoned. Indeed, the view is emerging
that vision is usually limited by object spacing rather than size [Pelli & Tillman,
2008]. As a consequence, crowding is probably an important limiting factor in
many visual tasks, such as searching for a target in a visual scene, reading, and
finding our way on a map.

Several theories have been proposed to explain the crowding effect. A cur-
rently strongly supported theory is that crowding is the result of feature inte-
gration. This theory proposes the existence of hard-wired ‘integration fields’ in
which object features are integrated over space (possibly for the purpose of object
recognition). Crowding occurs when object spacing is so small that features of dif-
ferent objects are integrated by the same integration field [Pelli & Tillman, 2008].
Another prevalent theory is that crowding is caused by attentional limitations.
This theory assumes an attentional ‘spotlight’ with a limited spatial resolution. It
explains crowding as an inability to “individualize the target when object spacing
is smaller than the attentional resolution” [Cheung et al., 2006; He et al., 1996].
Finally, it has also been proposed that location uncertainty plays an important
role in crowding [Strasburger, 2005; Strasburger et al., 1991]. It is known that
the precision with which we can localize objects decreases with the eccentricity of
the object, which, according to this theory, can lead to ‘source confusion’ when
objects are closely spaced. Thus far, surprisingly little modelling has been done
for the crowding effect, making it difficult to determine which of these current
theories gives the best explanation of the effect.

Visual information is often subjectively labeled ‘cluttered’ if the density of the
displayed information is high or the layout chaotic (Figure 1.5). Clutter is usually
undesired because it makes visual information difficult to search and interpret,
severely degrading task performance. It should especially be avoided in informa-
tion visualizations, where task efficiency is usually the key measure of quality.
Although there seems to be a fair degree of agreement in subjective judgments of
how cluttered a given image is, it is not at all obvious how we could objectively
measure clutter. One of the questions that is addressed in this thesis is whether
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Figure 1.5: Two examples of visual clutter (Source: www.dotloose.com)

the crowding phenomenon may mediate the bad effects of visual clutter.

1.3 Thesis aims
The general aim of this thesis is to get a better understanding of perceptual
interactions in human vision, both from a fundamental and applied point of view.
Specific aims are to:

1. study whether object features in visual search are processed independently
of each other (Chapters 2 & 3);

2. study whether the crowding effect exists across different feature domains
(Chapter 4);

3. study whether crowding is a predictor for and the possible basis of the effects
of visual clutter (Chapter 5);

4. study the computational basis of crowding based on the biology of the visual
system (Chapter 6).

1.4 Thesis outline
Chapter 2 reports a psychophysical experiment in which the question was addres-
sed whether object features are processed independently of each other in visual
search. The experiment consisted of two tasks: feature search and conjunction
search. The results show that if the colors and orientations in the search displays
are chosen such that equal search performance is achieved in a single feature
search task, then a performance asymmetry is found in conjunction search. More
specifically, it was found that in the conjunction search task, subjects made signi-
ficantly more orientation errors than color errors. Two explanations are proposed
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for these results: visual crowding and the existence of cells that are tuned to both
color and orientation.

The aim of the study presented in Chapter 3 was to verify whether the perfor-
mance asymmetry found in Chapter 2 has possible consequences for information
visualization, where search displays are usually more cluttered. The experiment
from Chapter 2 was repeated, but with search displays that were visually more
complex. Based on the results of this study, several guidelines for information
visualization are proposed.

The aim of the experiment reported in Chapter 4 was to study how general
the crowding effect is across different types of features. Evidence of crowding
was found in all tested feature domains (orientation, size, hue, and saturation),
which suggests that crowding is a rather general principle of vision. However, the
strength of the crowding effect was found to be different across feature channels.

Chapter 5 presents a crowding-based model of effects of visual clutter. The
primary question driving this study was whether crowding is a good predictor for
the (rather subjective) notion of visual clutter. The presented model reproduces
the general properties of visual crowding. Moreover, its predictions correlate well
with both subjective assessments of clutter and search performance in cluttered
scenes. These results suggest that clutter effects are indeed closely related to
visual crowding.

In Chapter 6 the computational basis of the crowding effect is further explo-
red. While several explanations have been proposed for crowding, thus far, none
of these has been worked out in a quantitative manner. This chapter presents
a mathematical formulation of the feature integration theory, based on the prin-
ciples of population coding. Simulation results indicate that crowding can indeed
to a large extent be explained as the result of feature integration.

Finally, Chapter 7 presents a general discussion of the results presented in the
foregoing chapters and discusses ideas for future work.






