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1
I N T R O D U C T I O N

As you read this, you may notice that when you look directly at a word it
looks clear, but most of the surrounding words are hard to make out. That
is because the human eye receives detailed information only from a small
region. Indeed, we have surprisingly low visual acuity in parts of the
visual field that are not at the center of gaze, i.e. where we are looking. To
compensate for the difference between our central and peripheral vision
we have to move our eyes three to four times a second, over 100,000 times
each day. This is the trade-off between the huge amount of available
visual information and limited processing resources: if we could clearly
focus on the whole picture at one time, our brain would be overwhelmed
with information.

With our peripheral vision we can detect a movement, locate objects
and even discern well-known structures. In other words, we can get the
general settings of a scene, its gist. However, only with the central vision
we fill in details: recognize objects, interpret colors and shapes and pick
up details. For example, with the peripheral vision we can recognize a
forest scene, but only our central vision will tell us what kinds of birds
and flowers are in the forest. Therefore, the gaze pattern determines
which objects will be fully rendered and which will remain blurred or
even unnoticed.

To sample the environment efficiently, our eye-movements are influ-
enced by the image content. Certain areas in the image are more impor-
tant and attract more attention than others. For example, in Figure 1.1
people tend to look at the tree, whereas the background is generally
ignored. Thus, we mostly unconsciously judge the significance of image
regions and focus only on the important ones. In this process, many im-
age details are completely left out: when in a movie objects are displaced
in a simple scene or even when an actor suddenly wears a different
sweater, this often goes unnoticed.

In computer vision a lot of progress has been made in object recognition.
Furthermore, reliable algorithms have been proposed to estimate an
image gist. However, we are still far from automatic image interpretation.
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Figure 1.1: While looking at an image, people mostly focus on the dis-
tinctive image areas: red dots represent fixation locations of 10 observers.

Understanding eye-movement patterns will help to automatically extract
essential information from the image and interpret the image content.
Moreover, it will allow for efficiently focussing the computational power
for a further analysis of a scene. Finally, it will provide insight into how
people perceive the world around them. In this thesis we contribute to the
topic of what attracts human attention. We aim to predict where people
look and why they look there. Specifically, we aim to create a saliency
map which highlights the most important areas within the image.

As we said, gaze patterns are closely connected with the image content.
The analysis of the attended visual content can elucidate the processes
underling eye-movements. Thus, we start with investigating how image
content can be represented in a compact and meaningful way. Particularly,
we study statistical regularities related to scenes, as certain visual patterns
are designed by nature to automatically attract attention. An example is a
red flower in an otherwise green forest. In contrast, other visual patterns
are difficult to detect, such as a camouflaged animal. Our first research
question is

To what degree can natural image statistics explain visual content?

We address this issue in Chapter 2. We first consider a scene as a whole
and investigate what an edge distribution can tell us about its content.
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Geusebroek and Smeulders [26] have shown that on the global scale
this regularity can be fitted to the integrated Weibull distribution. The
integrated Weibull distribution is a general distribution that interpolates
between three different statistical distributions: the power law, expo-
nential and Gaussian distributions. For describing an edge distribution,
the width of the integrated Weibull distribution reflects the contrast of
the image edges, and its peakness reflects the spatial frequency of the
edges. In this chapter we investigate what kinds of image content can
be distinguished with the Weibull representation on both a global image
level and on a image patch level. In particular, can the image complexity
be linked to the Weibull sub-distributions, where image complexity spans
from depicting a single object on an uniform background to a crowded
scene?

Having investigated the merit of the Weibull representation, we will
use this representation for the main topic of the thesis: predicting visual
attention. This leads to the second research question:

Do the parameters of the Weibull distribution predict locations of eye-fixations?

We study this research question in Chapter 3, which was accepted by
Cognitive Computation [94]. Many researchers report contrast and edges
as the main triggers of the attention [60,61,81]. However, it is common to
assume that the image contrast is distributed normally, whereas it has
been proven that often this is not the case [75]. Moreover, contrast and
edge distributions are highly correlated, so it might be inefficient to model
them separately. We aim to overcome both difficulties by exploiting the
Weibull distribution for representing image patches.

We study the responses from a set of images with associated eye move-
ments to learn a model of saliency directly from the eye-movement data.
Specifically, we compute the Weibull parameters for attended and non-
attended patches, afterwards we train a classifier to differentiate between
them. As there is a variability among different observers, we investi-
gate how many observers are to be considered to learn the underlying
salient image statistics reliably. Furthermore, we test the generalization
of the proposed model. What happens when the classifier is trained on
one data set and its performance is evaluated on the other data set? Fi-
nally, how does the proposed method compare to the more sophisticated
state-of-the-art approaches for visual attention?

Most of the methods in gaze prediction have a common basis [6, 23,
36, 38, 81]. Where they are using different features and approaches, the
prediction is done by measuring the importance of individual pixels
or individual patches. Therefore, the state-of-the-art methods in gaze
prediction are based on the spatial-based attention theory, which states
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that the visual attention is spread spatially. Every time we move our eyes,
information from a circular region around the gaze is being processed.
The shape of this region is supposed to be fixed. For example, if a
cat has a very distinct pattern on its paw and an observer looks at it,
only the area around the paw will be attended while the cat’s head
could be completely missed. Alternatively, the object-based attention
theory argues that people perceive the world not as a collection of spatial
locations but rather like a collection of entities, where attention is spread
within these entities. Entities are usually referred to as proto-objects,
which are defined as coherent regions which roughly correspond to real
objects. Thus, the shape of the attended region is influenced by the
visual structures and coincides with proto-objects. Back in our example,
according to the object-based theory, if a cat has a very distinct pattern
on its pow, the cat will be attended as a whole.

Intuitively, using proto-objects as the units of attention seems more
natural than using pixels or patches. We investigate this using the task
of detecting which object attracts attention, regardless of its class. Is
attention object-based in this case? Or in other words,

to detect a salient object should we assess saliency at the pixel or at the proto-object level?

We investigate this in Chapter 4. According to the object-based atten-
tion theory, an input image is first roughly segmented into proto-objects
by feature grouping. Once proto-objects are attended and recognized,
this initial segmentation might be corrected. Therefore, to extract proto-
objects we do not need to outline real objects precisely, but can use rough
segments. We follow the method of [88] and use several approximate
hierarchical segmentations to find candidate locations of all objects in a
scene. It results in a rich set of proto-objects which covering all scales.
However, such proto-objects do not necessarily contain a complete single
object, they also can outline only a part of an object, or, in opposite, a
group of several objects. To overcome this problem, we combine object-
ness and saliency measurements to rank proto-objects. Most importantly,
we explicitly incorporate the notion of an object into the saliency mea-
surements. We consider two characteristics which make an object salient.
Firstly, an object is salient if it differs from its surroundings. Secondly,
an object is salient if it contains rare or outstanding details. We investi-
gate the impact of each of these characteristics and whether they should
be combined. We compare our proto-object-based approach with the
state-of-the-art spatial-based salient object detectors on a standard data
set.

The results from Chapter 5 indicate that attention might directly focus
on discrete objects. Is this also reflected in the way we look around?
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What does proto-object saliency tell us about gaze patterns?

Here we aim to combine saliency of all image proto-objects into a
single saliency map, which predicts the way people look at the image.
A distinct object detail can boost the saliency of the whole object and,
vice versa, within a prominent object there are some parts which attract
more attention than other. Hence we ask: Can the hierarchical structure
of proto-objects be used to mimic this behaviour? How can we detect
distinctive parts within an object? What does make an object prominent?
In Chapter 5 we address all these questions, leading to a proto-object-
based method for visual attention. We evaluate the proposed approach
on two challenging data sets and compare with spatial-based saliency
maps. The results illustrate the superiority of proto-objects as units of
analysis.

Chapters 2-5 of this thesis either have been published or are under
review:

• Chapter 2 was presented on International Conference on Computer
Vision Theory and Applications in 2009 [93],

• Chapter 3 was accepted by Cognitive Computation in 2011 [94],

• Chapter 4 is under a major revision for Image and Video Comput-
ing,

• Chapter 5 is submitted to the Journal of Vision.
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