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This book contributes to the crucial endeavor of understanding and modeling
human attention. It gives an overview of physiological and computer science
models, an extensive approach to model validation, as well as new trends and
applications of attention models. It also paves the way for further investigations.
Some directions for future research are discussed in the next section, in relation
to the major contributions summarized above. In the second section, a
perspective on issues beyond attention, such as higher level processing and
consciousness, is provided. We propose that human attention can be viewed as
a suite of computational strategies that are essential for autonomous behavior
by agents both natural and artificial. The study of attention should go beyond
filtering of sensory data to develop an understanding of how relevant and
valuable information is actively gathered by agents who possess an integrated
awareness of both their internal goals, needs and abilities and external sources
of sustenance or danger. This kind of awareness implies an ability to model both
the environment and the self that acts within that environment. Understanding
the computational mechanisms underlying active, goal-oriented attention may
be a first step toward artificial consciousness.

1. Perspectives in attention modeling
1.1 Models
1.1.1 Computing eye scan-paths from saliency maps

Most saliency models take color images as input and produce saliency maps that
estimate the probability distribution of the gaze in the image. The static nature
of these maps could be an issue for some applications as these models do not
predict the temporal sequence of human fixations (also called scan-path). What
is the order of fixations? How is the image seen dynamically? Some models like
FSM [31], DVA [32] or ESAL [33] propose algorithms to predict the scan-path
from a saliency map. However, this question deserves to be investigated more
deeply. Indeed, the dynamic nature of attention was less investigated in the
saliency models than in the visibility models (see chapter 7).

1.1.2 Modeling visual attention with learning algorithms such as Deep Neural
Networks



Recently, with the advent of deep learning in many areas, some general multi-
layer deep networks have been proposed to detect human fixations (see chapter
7). Although the neural network methods are very effective, some issues remain
to be solved by further research to mix the advantages of those models with
more classical hand-crafted ones. First, current deep neural networks remain
unclear about the nature of the learned representation and about their results.
This is not the case for hand-crafted models which are often clear and
interpretable. In neural networks, it is not easy to distinguish learning of bottom-
up factors from top-down factors or even viewer biases like the center bias. The
second major issue is the dependency of deep neural network on databases. The
database containing eye tracking data is small compared to databases in other
fields like object recognition, etc. There are solutions like mouse tracking or
webcam-based systems to build medium sized databases but to the detriment of
precision. Moreover, the database has to be representative of each situation
because the neural network will be trained on this database.

1.1.3 Multi-modal modeling of attention

One of the future trends will be to aggregate results from attention algorithms on
videos, but also on sound or 3D objects. This integration will drastically augment
the already numerous engineering applications of attention modeling. Of course
those new models will need new ground-truth and new validation techniques, but
this effort is crucial to boost the attention modeling community and to
augmented its visibility both in other research communities and in industry.

1.1.4 Curiosity: uncertainty reduction through guided exploration

When humans encounter a novel environment, one of their first priorities is to
learn whom, what and where to attend. Random, novelty-driven exploration has
to be balanced with hypothesis-driven mechanisms for identifying sources of
valuable or meaningful information [37]. This kind of everyday goal-directed
information seeking can be called curiosity. Reward circuits in the brain respond
not only to the likelihood and amount of reward, but to uncertainty [38].
Quantifying uncertainty is essential for decision-making [39]. Attention can be
thought of as a mechanism to seek information that reduces uncertainty through
guided exploration. Future studies should focus on the neural and computational
mechanisms of attention and decision-making in environments where risk,
uncertainty and ambiguity can be controlled. An autonomous agent, such as a
robot, should be able to pose questions that are relevant to its current situation
and to formulate plans to seek answers to those questions.

1.2 Model validation
1.2.1 Exploring databases with new classes of stimuli

Currently, saliency models for still images are very effective on natural images.
However, their performance is frequently disappointing on other kinds of stimuli
like websites, paintings, etc. Indeed, for such stimuli, there is a significant
decrease in performance. To address this issue, more databases like [34] have to



be collected on diverse sources (websites, advertising, etc.) to understand what
attracts attention when observing stimuli different from classical “natural
images”.

1.2.2 Large-scale human data during natural explorations of videos

Recently, large scale datasets have become a necessity in several domains of
computer vision. In saliency, it is complicated to obtain large scale datasets due
to the nature of the ground-truth. Conventional eye tracking studies are time
consuming. However, there are alternatives such as mouse tracking [35] or
webcam-based eye tracking [36] but they are currently applied only on still
image databases.

1.2.3 Metrics for comparing temporal sequences of eye fixations

As is the case for saliency models, standard metrics to compare the output of
attention models and human fixations are static. They do not take into account
the temporal sequence of human fixations. Although in [37] the authors
proposed some dynamic metrics to compare two scan-paths, there are still too
few databases and models providing temporal sequences of fixations.

1.2.4 Study of biases inside stimulus categories

As described in [38], there are different classes of stimuli, such as noisy images,
indoor pictures, etc. For each type of image, major biases exist either from
viewers who are watching static and dynamic scenes or from features of the
stimuli. The impact of salient object size in outdoor pictures or different kind of
movements in videos are addressed in [39]. These studies show how saliency
models manage the size of salient objects or videos from static or moving
cameras. They also help to have a better understanding of current model biases
and show how to improve them. The recording of new databases with other
biases or the addition of new categories inside existing datasets is needed.

1.2.5 Other application-based validation frameworks

A new trend in attention model validation is to have application-based protocols.
In chapter 19 for example, a system is established to compare several attention
models for a precise application (CBIR), as the rankings might be different
between the existing models depending on the application of interest.

1.2.6 Audio-visual validation based on eye tracking data

There is no easy way to validate the use of audio information in saliency models
because there is no auditory ground-truth and the dimensions of audio and video
information are different. The idea is thus to find a way to build an audio-visual
validation protocol. Eye tracking data acquired with visual and audio-visual
conditions should be used. All saliency models for videos could be validated by
only one condition inside the validation framework. Some audio features could
be used to weight the saliency results on videos and better predict where people
attend.



1.2.7 Deployment of attention during the performance of natural tasks

Attention is often studied in situations where subjects are given various cues or
reinforcement. In other words, the tasks are structured to guide attention to
locations, features or objects that have been chosen by the experimenter. This
begs of the question of how subjects naturally deploy attention when performing
everyday tasks such as driving, making a sandwich, or playing sports. Ballard,
Hayhoe and colleagues [36] have recently developed an immersive virtual reality
system for recording eye, head, and hand movements when human subjects are
performing simple tasks. Such systems allow experimental control over external
variables like novelty, reward and context while imposing minimal constraints on
subject behavior. In the future, such systems can be combined with mobile EEG
recording to map the brain activity during natural, goal-directed behavior.

2. Attention beyond information filtering
2.1 Structure, semantics and objects

In chapters 1 and 2, we saw that attention is the gate between the outer world
(or subconscious in the case of dreams) and consciousness. Part of the attention
process occurs before information reaches awareness; it is pre-attentive or reflex
and can use a parallel processing strategy to acquire data. The attentive process
is conscious and uses a serial discovery strategy based on selected data from
the pre-attentive acquisition. Serial deployment of attention is highly dynamic
and depends on a number of factors:
e Bottom-up: related to information maximization of the field of view where
features are extracted and processed,
e Top-down: depends on the task on hand or on specific object recognition,
e Previous eye fixation location: the dynamical process of vision provides
different bottom-up cues depending on the fixation location.

The eye scan-path can be very different from one person to another depending
on the image content, the initial eye fixations and the importance of the task.
Attention acts as an information filter and prioritization strategy, transforming a
huge amount of unstructured information to a serial discovery of the most
interesting areas or objects. This eye scan-path shows that attention not only
discovers important areas, but also seeks to find how those areas are related
(object-subject relationship). Moreover, attention due to object changes (motion)
has a huge impact on the final result and is obtained using a different pathway in
the brain than an object-oriented attention. Indeed, visual signals mainly follow
two different pathways in the brain, a dorsal and a ventral, one focusing more on
object recognition (what?) and the other on space and movement (where?). This
distinction between the fundamental question of what (the objects/subjects) and
where/how (their interaction) are directly related to the minimal semantics of a
sentence composed of a subject/verb/object. In [1], it is hypothesized that



children already base their first thoughts (in a language non-specific way) as a
“transfer” (verb) between an “agent” (subject) and a “willing recipient” (object).
When children learn a language, they actually try to encode this first conscious
representation into a given language, as an expression of their consciousness.

Beyond being a simple information filter, attention gives cues on which areas
(subject/object) are interesting in the scene and their changes (verb) leading to
the first notion of semantics. It seems that the influence of the attentive system
goes a beyond the initial role of selecting the information that gains access to
awareness, it also intends to provide it with a structure. Indeed in chapter 15, it
is shown how attention can be related to the notions of “proto-objects” or
“objectness” which are the first steps towards the notion of object. This
represents a milestone in the understanding of our environment.

2.2 Emotions, memory and actions

Attention and memorability are heavily interlinked. While the influence of
emotions and memory on attention is obvious and this influence is part of the
definition of top-down attention, in the other direction (attending towards
emotions and memory) things are less clear. Nevertheless, even if the links are
not as obvious as one would think, the first step towards memorizing an object
may require attention. In chapter 18, the link between visual attention and image
memorability is detailed as an application of attention modeling.

In the brain, a basic structure within the thalamus provides very interesting clues
about a possible relationship between attention, memory, and emotions. This is
the Papez circuit (Figurel) which was initially seen as a mechanism for emotions

[5].
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Figure 1: A simplified schematic view of Papez circuit. In green the areas which are directly
involved in the circuit. This circuit is linked to both emotions and memorability. Indeed, if impaired,
new data will not go into the long term memory, but older recollection are not affected.

The main element of this circuit is the hippocampus which is related to episodic

and spatial memory [6].
At the rostral end of the temporal lobe, a collection of nuclei called the amygdala

is involved in emotions. The emotions related to the amygdala are mainly
negative but positive emotions also evoke a response in this area [7]. The
amygdala also responds to high interest or unusual images which attract

attention [8].
At the other side of the Papez circuit one can find the mamillary body and the

anterior thalamic nuclei. The mamillary body relays the output of the
hippocampus and amygdala to the anterior thalamus and has an important role
in spatial memory [3]. The anterior thalamic nuclei are linked to action and the
motor cortex. Other thalamic nuclei that are important in sensory processing and
attention are the lateral geniculate nucleus (relays signals from the retina to
visual cortex [4]), the medial geniculate nucleus (auditory perception), and the
pulvinar which is directly related to attention by modulating or gating sensory
signals in relay nuclei [9].

It is very difficult to isolate locations in the brain which are responsible for
complex tasks such as attention (see chapter 4) or memory, but the Papez circuit
is of particular interest because in the limbic system, attention, memory, action
and emotions have a close anatomical proximity and are all needed in the
process of memory formation. Thus, attention is heavily interconnected with



emotions, memory, and action. Indeed the effects of an agent’'s own body on its
environment are highly important in scene understanding, and it also has a
crucial impact in the feeling of self-awareness and ownership which are at the
basis of consciousness.

2.3 Towards consciousness

In [2] Schmidhuber links the notion of attention to compression progress. It is
interesting to note that the concepts of compression and prediction are not only
emphasized in [2], but this concept is quite well accepted as a driver of our
brain. The idea of matching sensory inputs to stored patterns from memory to
predict what will happen in the future is also present in [10] where the
interaction of neocortex, hippocampus and thalamus is central to the model. The
brain is analyzed as an encoding problem, complete with error-correction codes.

In [2], the incoming data has regularities and irregularities: each time regularities
are found, they can be further compressed and simplified. A better explanation
of the environment results in its simplification, and thus its compression. A
complex concept which is very well compressed will be considered as
subjectively beautiful. For example, a beautiful face will be one close to the
average face previously learned, as only few bits are necessary to code the
deviation of the new face from the previously learned one. Also symmetries are
important regularities which can be compressed and which can be seen as
subjectively beautiful. The approach of Schmidhuber implies that a subjectively
beautiful woman, for example, has a face with perfect symmetries and very close
to the average of faces that the observer has seen (related to the observer
family and social class). But beautiful does not mean interesting. In [2], the
author states that beauty is interesting only during a given time period, as long
as it is new. He thus defines the interest or attention as the derivative of the
subjective beauty. A beautiful object attracts attention only if the beauty
(compression) progresses. For example, a perfect beautiful woman for a
subjective observer will attract attention at the beginning, but this attention
rapidly fades. If this woman has a small defect, the need for compression of this
small defect will provide more interest to this woman than to a perfect one. It is
important to differentiate the subjective beauty due to information compression
from the beauty coming from external rewards (linked to emotions and memory).
In [2] attention is also linked to consciousness as compression induces the use of
symbols or codes summarizing regularities with a high occurrence probability in
the information. In the same way, a subject which occurs very frequently in a
subjective observation of the world is the observer or agent himself, thus it is
very efficient for him to find a code for himself, and by doing this, the agent
becomes self-aware and conscious.

There are several models of consciousness. In those models, attention plays an
important role as in [11] where the colliculus, in addition to its role of fusing
attention of several modalities (visual and auditory attention) on a unique
topographic map, also generates a simulation of the sensory world that
corresponds to primary (sensory) consciousness. The interaction between



perception and action (eye orientation) is a key to the development of
consciousness.

In [12] attention is an emerging property due to subsets of neurons which
activate at the expense of other groups related to stimuli which will thus remain
unattended. When no stimulation is present, groups of neurons related to a past
stimulus can activate and synchronize with other related groups of neurons. In
that way, the network pays attention to a stimulus which is actually not present
but occurred in the past. This way of thinking about a stimulus is viewed in [12]
as the emerging of consciousness, which is like “attention to memory”.

In one model of consciousness, attention and consciousness are viewed
inseparable: the CODAM model of John Taylor [13]. Taylor developed and refined
his model until [14] which is a vibrant and complete legacy of 10 years of
research on the notion of consciousness. CODAM stands for “Corollary Discharge
of Attention Movement.” The importance of attention is signified by its
appearance in the name of the model. This model is based on control theory.
Modules representing goals integrate top-down attention with a module for the
input signal which focuses on bottom-up attention. Two other key modules are
used in CODAM. One is the working memory buffer and the other is the corollary
discharge, which is the key of the model. This corollary discharge is a copy of the
attention movement control signal and it activates the working memory buffer.
The corollary discharge signal is an internal copy of the location-to-be-attended
and it can be interpreted as a signal of the ownership of the about-to-be-
experienced content as well as a signal of guarantee of the content-to-be-
acquired to be the one that the agent choose to acquire. This signal of ownership
and self-awareness or correct self-identification is of a crucial importance in the
building of the “I” and the consciousness. The CODAM model also helps explain
pathologies like schizophrenia where a higher weight to the corollary discharge is
enough to amplify the self-awareness so the subject is too involved with his own
thoughts and cannot cope with the reality of an external world.

2.4 The rise and fall of consciousness

CODAM is one of the models where attention is tightly related to consciousness.
But is this hypothesis necessary? In [15] the author insists on the clear
separation of consciousness and attention. Attention may only select among
already conscious concepts. Also attention is a process where not all of the
attended regions reach the conscious state: looking is not watching and hearing
does not mean listening. Attention can be parallel and serial. During parallel
strategies, the gist of a scene or other global details can become conscious
without the need of being explicitly attended. However, if attention is considered
in both covert and overt aspects, it is hard to find examples where attention and
consciousness do not match. Even if attention is NOT consciousness, it is safe to
argue that the relationship between the two concepts is very tight and that full
consciousness requires some form of attentive mechanism.

Given these considerations, measuring the state of attention can be an indirect
measure of the state of consciousness. Meditation studies using EEG, PET or



fMRI imaging have found that 1) there might be an increased attentional control
in the frontal brain regions [16][17], 2) this occurs at the same time primary
visual cortex regions acquiring signals from the outside world decrease [18][19].
The above studies seem to lead towards the possibility that meditation is an
augmented consciousness state, but focused on the self and not on the external
world.

A strange case was reported in [20] in which a young woman was in a vegetative
state following severe brain injuries sustained in a car accident. While no overt
sign of awareness could be observed, an fMRI study suggested that she was able
to hear, understand speech, and follow doctor instructions. Indeed, when she
was asked to think about playing tennis for example, her brain acted in a very
similar way as a control patient. This is a case showing that despite no visible
awareness sign consciousness can still be at work.

A final question is how attention and consciousness initially develop and later
decline throughout the lifespan of an individual. In [21][22] evidence of REM
sleep as early as around the 6" months of fetal development suggests that even
with rudimentary auditory sensing, spatial coding of sound and processing of
structure and meaning are already at work. Following the CODAM theory these
early attentional signs suggest that the first sense of ownership begins to be set
up before birth. However, the exact mechanisms of attentional development
remain unknown.

On the other side of life, during agony, one would expect attention and
consciousness to slowly fade until their complete shutdown when vital functions
cease. While work relating agony to attention and consciousness is very sparse,
some evidence supports the idea that, contrary to the slow fading of
consciousness, the approach of death induces massive cerebral activity closer to
attentional fireworks than slow shutdown. As [20] shows in the case of a
vegetative state, the visible state of a person is not necessary related to their
awareness or its state of consciousness. In [23][24] the authors show that in rare
cases, patients can recall auditory details during general anesthesia where
attention and consciousness are presumably inhibited or absent.

In [26], the authors performed EEG measurements on rats during waking
periods, during anesthesia, and after induced cardiac arrest. While awake, the
rats showed a normal EEG. During anesthesia, the activity drastically decreased.
But, just after the heart stopped, EEG activity exceeded activity levels found
during the conscious waking state (especially in the gamma range, which is
related to visual attention [25]). Contrary to expectations, attention-related EEG
signals were greater than normal for roughly 30 seconds after the heart stopped
beating. In [27], similar results are described, this time demonstrating
hyperactivity of the sympathetic system. Sympathetic system arousal generally
occurs during stressful situations that require rapid preparation of the body to
fight or flee from danger. This hypothesis might explain part of the sudden near-
death sympathetic hyperactivity in the brain as a kind of hyperawareness might



improve the odds of survival in cases where the animal is able to escape or
recover from a near-death situation.

In humans, about 10% of dying people are conscious during their agony. Within
those 10%, it is estimated that 50 to 60% have deathbed visions. A deathbed
vision is thus present in most of the deaths where people are conscious, and they
consist in visions of dead relatives or friends, religious figures, or a language
related to travel [29]. Those deathbed visions are positive visions that comfort
the dying and prepare them psychologically for death [30]. The visions are
positive, structured and meaningful, in contrast to the case of more chaotic and
mostly auditory illusions associated with mental illnesses, dementia, delirium or
drugs which are mostly negative and with little meaning [28]. Interestingly the
near-death visions in humans could be related to the high arousal in visual
attention demonstrated in moribund rats. They are also concomitant with people
gazing in fixed regions with few eye movements and dilated pupils, and being
reduced social interaction with people nearby. Bottom-up attention seems thus
reduced while all the attention focuses on the top-down component which is
related to memory and emotions. The state of consciousness of the dying is
closer to that experienced during meditation and focus on the self and not on
outside. The higher weight of top-down component might explain part of those
visions, but it seems difficult to explain them entirely. Another explanation might
be a psychological defense against the idea of ceasing to exist and the shut-
down of consciousness. But again, this approach probably only partly explain
those visions.

These studies show that the shut-down of consciousness is not necessarily slow,
but in the very last moments (when physically possible) people experience a
very high degree of attention and consciousness before brain death and maybe
even after heart stops like in rats. However, due to the lack of scientific
experiments and measurements on dying people, it is very difficult to provide an
objective view on the topic.

In this book, we focused on attention from the level of single neurons to visual
detection, and on through computational modeling of salience and scan paths.
Those models are mostly concerned with information filtering, but some
applications like image memorability (see chapter 18) go further than simple
information filtering. In this last chapter we provided some insights on structure
and objects, memorability and the first steps towards consciousness where
attention plays a crucial role. We also saw that attention and consciousness are
at the very beginning of life (during fetal development) focused inwardly on the
self, they then open to others during life, and return again to the self during the
natural dying process. How exactly attention begins to work in babies and how it
acts in the very final moments of life still remains very speculative and reaches
the boundaries of current science.
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