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Abstract

One of the monolithic goals of computer vision is to automatically interpret general digital images or
videos of arbitrary scenes. However, the amount of visual information available to a vision system is
enormous and in general it is computationally impossible to process all of this information bottom-
up. To ensure that the process has tractable computational properties, visual attention plays a crucial
role in terms of selection of visual information, allowing monitoring objects or regions of visual space
and select information from them for report, recognition, etc. This dissertation discusses one small
but critical slice of a cognitive computer vision system, that of visual attention. In contrast to the
attention mechanisms used in most previous machine vision systems, which drive attention based on
the spatial location hypothesis, in this work we propose a novel model of object-based visual attention,
in which the mechanisms which direct visual attention are object-driven. Considering the temporal
dynamics associated with attention-dependent motion, an attention-based visual motion framework is
also proposed. Finally, since a vision system will always have a set of tasks that defines the purpose of
the visual process, a top-down approach is proposed to define the competition of the visual attention
occurring not only within an object but also between objects, and illustrated in the framework of a

surveillance system.

ix






Chapter 1

Attentional Selection of Objects of

Interest

1.1 Space-based Models of Visual Attention

A wide variety of visual attention models, simulating human perception, exists in the field of psychology.
In this section, we give an overview of visual attention models considering space as the unit of attentional

selection.

1.1.1 Treisman’s Feature Integration Theory [66]

The Feature Integration Theory (FIT), introduced in 1980 [66], is considered as the seminal work for
computational visual attention. The theory evolved towards current research findings. Figure 1.1 depicts
the main ideas of the FIT scheme. The reader is referred to [68] for more details.

In [66], it is stated that "different visual features are registered automatically and in parallel across
the visual field, while objects are identified separately and only thereafter at a later stage, which requires
focused attention”. Information from the resulting feature maps - topographical maps that highlight
saliency according to the respective feature - is collected in a master map of location. This map specifies
where (in the image) the entities (points, regions, objects) are situated, but not what they are. Scanning
serially through this map directs the focus of attention towards selected scene entities and provides data
useful for higher perception tasks. Information about the target entities is gathered into so called object
files [68].

1.1.2 Wolfe’s Guided Search [7]

Another very important work, in the field of visual attention, is the Guided Search Model (GSM) of
Wolfe [7, 76, 74, 75]. Figure 1.2 depicts the model architecture. It shares many concepts with the FIT,
moreover, it gives details allowing computational implementations. Like FIT, it models several feature
maps. Unlike FIT it does not follow the idea that there are separate maps for each feature type (red,
green, ...), it defines only one map for each feature dimension, and within each map different feature types

are represented. However, Wolfe mentions that there is evidence for differences between features. For
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Figure 1.1: Model of Feature Integration Theory (FIT) [67]. Features such as color and orientation are
coded automatically, pre-attentively and in parallel. Each feature dimension consists of several feature
maps (red, yellow, blue for color). The saliency values of the feature are coded in the master map of
locations. When attention is focused on one location in this map, it allows retrieval of the features that

are currently active at that location and creates a temporary representation of the object in an object

file.

example, there may be multiple color maps but only one orientation map [46]. The features considered
in the implementation are color and orientation.

Comparable to the master map of location in FIT, there is an activation map in GSM in which the
feature maps are fused. But in contrast to at least the early versions of FIT, in GSM the attentive part
profits from the results from the pre-attentive one. The fusion of the feature maps is done by summing
them.

Additionally to this bottom-up behavior, the model also considers the influence of top-down infor-
mation. To realize this, for each feature there is not only a bottom-up but also a top-down map. The
latter map selects the feature type which distinguishes the target best from its distractors. This is not

necessarily the feature with the highest activation for the target. Only one feature type is chosen.

1.1.3 Additional Psychophysical Models

Besides the FIT and the GSM models, there is a wide variety of psychophysical models on visual attention.
The often used metaphor of attention is a spotlight coming from the zoom lens model [15]. In this model,
the scene is investigated by a spotlight with varying size. Many attention models fall into the category
of connectionist models, referring to models based on neural networks. They are composed of a large
number of processing units connected by inhibitory and excitatory links. Examples are the dynamic
routing circuit [47], SeLective Attention Model (SLAM) [51], SEarch via Recursive Rejection (SERR) [22],
and Selective Attention for Identification Model (SAIM) [20].

A formal mathematical model is presented in [34]: the CODE Theory of Visual Attention (CTVA).
It integrates the COntour DEtector (CODE) theory for perceptual grouping. The theory is based on
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Figure 1.2: The Guided Search model of Wolfe [76]. One map for each feature dimension codes the
properties of a scene concerning several feature types. Additionally to these bottom-up maps, top-down

maps highlight the regions with task-specific attributes. A weighted sum of these activations forms the

activation map.

a race model of selection. In these models, a scene is processed in parallel and the element that first
finishes processing is selected (the winner of the race). That means, a target is processed faster than the

distractors in a scene. Newer work concerning CTVA can be found, for example, in [5].

1.1.4 Koch & Ullman [32]

The first approach for a computational architecture of visual attention was introduced by Koch and
Ullman [32] (see Figure 1.3). It served as a foundation for later implementations and for many current
computational models of visual attention. The idea is that several features are computed in parallel
and their conspicuities are collected in a saliency map. A Winner-Take-All (WTA) network determines
the most salient location in this map, which is routed to a central representation, where more complex
processing might take place.

The model is based on the FIT of Treisman [66]. The feature maps, that represent in parallel different
features, as well as the central map of attention (Treisman’s master map of location) are adopted.

An important contribution of Koch and Ullman’s work is the WTA network - a neural network that
determines the most salient location in a topographical map - and a detailed description of its implemen-
tation. The WTA network shows how the selection of a maximum in neural networks is performed, by
single units that are only locally connected. This approach is strongly biologically motivated and shows
how such a mechanism might be realized in the human brain. However, from the implementation point
of view, WTA brings a computational overload to the system.

The most salient location, selected by WTA | is then routed into a central representation which at any
instant contains only the properties of a single location in the visual scene. The idea is that more complex
vision processes are restricted to selected information. Due to this routing, the approach is also referred

to as selective routing. Finally, a mechanism is suggested for inhibiting the selected region causing an
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Figure 1.3: The Koch-Ullman model [32]. Different features are computed in parallel and their con-
spicuities are represented in several feature maps. A central saliency map combines the saliencies of the
features and a winner take all network (WTA) determines the most salient location. This region is routed

to the central representation where complex processing takes place.

automatic shift towards the next most conspicuous location (inhibition of return (IOR)).

1.1.5 Milanese [40]

The implementation of the visual attention system by Milanese [40, 41] is based on the Koch and Ullman
model [32] and uses filter operations for the computation of the feature maps. Hence, it is one of the first
filter-based models. These models are especially well-suited to be applied to real-world scenes since the
filter operations provide useful tools for the efficient detection of scene properties like contrasts or edges’
orientations.

As features, Milanese considers two color opponencies - red-green and blue-yellow -, 16 different orien-
tations, local curvature and, intensity. To compute the feature-specific saliency, he proposes a conspicuity
operator, referred to as center-surround mechanism or center-surround difference, which compares the
local values of the feature maps to their surround. The resulting contrasts are collected in the so called
conspicuity maps, a term that was since then frequently used to denote feature-dependent saliency.

The conspicuity maps are integrated into the saliency map by a relaxation process that identifies a
small number of locations of interest, highlighted on the saliency map. A process determining the order
in which to select the locations from this map is not proposed.

In [41], Milanese includes top-down information from an object recognition system. The idea is that
object recognition is applied to a small number of regions of interest that are provided by the bottom-up
attention system. The results of the object recognition are displayed in a top-down map which highlights
the regions of recognized objects. This top-down map competes with the conspicuity maps for saliency,
resulting in a saliency map combining top-down and bottom-up cues. The effect is that known objects
appear more salient than unknown ones. The top-down information only influences the conspicuity maps

(feature dimensions) and not the feature maps (feature types). Therefore, it is not possible to strengthen
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Figure 1.4: Model of the Neuromorphic Vision Toolkit (NVT) by Itti et al. [27] From an input image,
three features are computed: color, intensity, and orientation. For each feature, an image pyramid is built
to enable computations on different scales. Center-surround mechanisms determine the conspicuities con-
cerning the features which are collected in a central saliency map. A winner take all network determines
the most salient location in this map which yields the focus of attention. Inhibition of return inhibits

this region in the saliency map and enables the computation of the next focus.

properties like "red” or ”vertical”. Furthermore, the system depends strongly on the object recognition

system. It is not able to learn the features of an object independently.

1.1.6 Itti et al. [27]

One of the currently most used attention systems is the Neuromorphic Vision Toolkit (NVT), a derivative
of the Koch-Ullman model [32], that is steadily kept up to date [27, 25, 39, 26, 43]. The good documen-
tation and the availability of the source code [1] makes the model a very popular basis for many research
groups. Figure 1.4, shows the basic structure of the model. The ideas of the feature maps, the saliency
map, the WTA and the IOR mechanisms were adopted from the Koch-Ullman Model; the approaches of
using linear filters for the feature computation, of determining the contrasts by center-surround differ-
ences, as well as the conspicuity maps were adopted from Milanese [40]. The main contributions of this
work are detailed elaborations on the realization of theoretical concepts, a concrete implementation of
the system and the application to artificial and real-world scenes. The authors describe in detail how the
feature maps for intensity, orientation, and color are computed: all computations are performed on image
pyramids, a common technique in computer vision that enables the estimation of features at different
scales. Additionally, they propose a number of different techniques for combining different feature maps,
including a weighting function promoting maps with fewer peaks and suppressing those with many ones;
and a non-linear procedure introduced in [26].

The system contains several details that were chosen for efficiency reasons or because they represent a
straight-forward solution to complex requirements. This approach may lead to some problems and inac-

curate results in several cases. For example, the center-surround mechanism is realized by the subtraction
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of different scales of the image pyramid, a method that is fast but not very precise. Then, the conspicuity
of the feature intensity is collected in a single intensity map, although neuro-biological findings show
that there are cells for both on-off and off-on contrasts [48] and psychological work suggests considering
separate detectors for darker and lighter contrasts [68]. The same is true for the computation of the
color-opponency maps: one red-green and one blue-yellow map are computed instead of considering red-
green as well as green-red and blue-yellow as well as yellow-blue contrasts separately. Furthermore, the
chosen color space RGB represents colors differently to human perception, which seems not appropriate
for a system simulating human behavior.

Some of these detailed drawbacks were pointed out by Draper and Lionelle [10] who showed that
the NVT lacks robustness according to 2D similarity transformation like translations, rotations, and
reflections. They pointed out that these drawbacks result from weaknesses in implementation rather
than from the design of the model itself. To overcome these drawbacks, they introduced an improved
version of the system, called Selective Attention as a Front End (SAFE), which shows several differences
and is more stable with respect to geometric transformations. It may be noted, that although these
invariances are important for an object recognition task - the task Draper had in mind - they are not
obviously required and maybe not even wanted for a system that aims at simulating human perception
since usually human eye movements are not invariant to these transformations, too.

To evaluate the quality of the NVT, a comparison with human behavior was performed in [49]. The
authors compared how the saliency computed by the system matched with human fixations on the same
scenes and found a significant coherence which was highest for the initial fixation. They also found that
the coherence was dependent on the kind of scene: for fractal images it was higher than for natural
scenes. This was explained by the influence of top-down cues in the human processing of natural scenes,
an aspect left out in the NVT.

Miau et al. [38], [39] investigated the combination of the NVT with object recognition, considering
the simple biologically plausible object recognition system HMAX, from MIT [59], and the recognition
with support vector machines. Walther et al. [72] continued these investigations, also in combination with
the HMAX object recognition model. In [73], they combine the system with the well-known recognition
approach of Lowe [35] and show how the detection results are improved by concentrating on regions of
interest.

A test platform for the attention system - the robot platform BeoBot - was presented in [8], [23], [24].
It was shown how the processing can be distributed among different CPUs enabling a fast, parallel

computation.

1.1.7 Hamker [18]

The attention system of Hamker [18, 17] aims mainly at modeling the visual attention mechanism of the
human brain. Its objective is more on explaining human visual perception and gaining insight into its
functioning than on providing a computational implementation. The model is based on current computer
models [32], [27]. Hamker’s model, shown in Figure 1.5, shares several aspects with the architecture of
Itti et al. [27]: contrasts are computed for several features - intensity, orientation, red-green, blue-yellow
and additionally spatial resolution - and combines them in feature conspicuity maps. The conspicuities
of these maps are combined in a perceptual map that corresponds to the common saliency map.

In addition to this bottom-up behavior, the system belongs to the few existing ones that consider top-
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Figure 1.5: The attention system of Hamker [18]. From the input image, several feature and contrast maps

i)

are computed and fused into feature-conspicuity maps and finally into the perceptual map. Additionally,
target information influences the processing. Match detection units determine whether a salient region

in the perceptual map is a candidate for an eye movement.

down influences. It is able to learn a target, that means it remembers the feature values of a presented
stimulus. This stimulus is usually presented on a black background; hence the system concentrates on the
target’s features but is not able to consider the background of the scene. This means a waste of important
information since it is not possible to favor features that distinguish a target well from its background.
When searching for a red, vertical bar among red, horizontal bars, the color red is not relevant; in this
case it would be useful to concentrate on orientation. To achieve a stable and robust system behavior, it
would be necessary to learn the features of a target from several training images.

Hamker distinguishes between covert and overt shifts of attention, the latter corresponding to eye
movements. The covert focus of attention is directed to the most salient region in the perceptual map.
Whether this region is also a candidate for an eye movement is determined by so called match detection
units that compare the encoded pattern with the target template. If these patterns are similar, an eye
movement is initiated towards this region and the target is said to be detected. The match detection units
are an interesting approach in this system. However, it may be noted that this is a very rough kind of
object recognition which is only based on few simple features and does not consider spatial configuration

of features, and lacks rotation invariance.

1.1.8 Additional Attention Systems

Beside the mentioned attention models, there is a wide variety of models in the literature. Many differ only
in minor changes from the above described approaches, for example, they consider additional features.
Among them we can refer to the work of Backer [2], who presents a model of attention with two selection
stages. The first stage resembles standard architectures like [32], but the result is not a single focus but
a small number (usually four) of salient locations. In the second selection stage, one of these locations

is selected and yields a single focus of attention. The model explains some of the more unregarded
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Figure 1.6: The inhibitory attentional beam of Tsotsos et al. [69] The selection process requires two
traversals of the pyramid: first, the input traverses the pyramid in a feedforward manner. Second, the
hierarchy of WTA processes is activated in a top-down manner to localize the strongest item in each layer

while pruning parts of the pyramid that do not contribute to the most salient item.

experimental data on multiple object tracking and object-based inhibition of return.

Beside the mentioned models that are based on feature computations with linear filters, there is
another important class of attention models: the connectionist models. These models process the input
data mainly with neural networks. Usually, these models claim to be more biologically plausible than the
filter models. Since this approach differs strongly from the approach presented in this thesis, they are
mentioned only briefly.

One of the most known models in the field of connectionist models is the Selective Tuning Model of
visual attention by Tsotsos et al. [69], [70] (Figure 1.6). It consists of a pyramidal architecture with an
inhibitory beam. The beam is rooted at the selected item at the top of the hierarchy and has a pass
zone and an inhibit zone. The pass zone is the pathway that is selected for further processing; in the
inhibit zone, all locations are inhibited that do not belong to the selected item. It is also possible to
include target-specific top-down cues into the processing. This is done by either inhibiting all regions
with features different from the target features or regions of a specified location. Additional excitation
of target features as proposed by [42] is not considered. The model has been implemented for several
features, for example luminance, orientation, or color opponency [69], and currently in a sophisticated
approach also for motion, considering even the direction of movements [70]. Note that in each version only
one feature dimension is processed; the binding of several feature dimensions has not yet been considered
but is subject for future work, as per Tsotsos.

An unusual adaptation of Tsotsos’s model is provided in [54]: the distributed control of the attention
system is performed by game theory concepts. The nodes of the pyramid are subject to trading on a
market, the features are the goods, rare goods are expensive (the features are salient), and the outcome
of the trading represents the saliency.

Another model based on neural networks is the FeatureGate Model described in [6]. Beside bottom-up

cues it also considers top-down cues by comparing pixel values with the values of a target object; but
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since the operations only work on single pixels and so are highly sensitive to noise, it seems to be not

applicable to real-world scenes.

1.2 Objects and Attention

1.2.1 Space-based vs. Object-based Visual Attention

Visual Attention is a complex and extensive process, a set of processes that is difficult to define precisely.
Some of the central aspects of our everyday notion of attention are reviewed by Pashler (1998) [61]. Intu-
itively, attention seems to be an extra processing capacity which can both intentionally and automatically
select - and be effortfully sustained on - particular stimuli or activities. As such, we can roughly define
visual attention as the mechanism that allocates limited visual resources for processing selected aspects
of the retinal image more fully than non-selected aspects [48]. By using this intelligent visual selection,
the visual system can flexibly explore the contents and layout of a complex visual field [36].

In the vast psychophysics literature concerning visual attention [61], the nature of the underlying
units of attentional selection engenders two groups of theories. Traditional models characterize attention
in spatial terms, as a spotlight (or a zoom lens’) which can move in the visual field, focusing processing
resources on whatever falls within that spatial region - be it an object, a group of objects, part of one
object and part of another, or even nothing at all, as described in the previous section. Recent models
of attention, in contrast, suggest that (in some cases) the underlying units of selection are discrete visual
objects, and that the limits imposed by attention may then concern the number of objects which can be
simultaneously attended.

In the following we present the most influential evidence for spatial selection, evidence for object-based
attention, extracted from experimental paradigms. This includes selective looking, divided attention,
attentional cuing, and multi-element tracking. With this short review, we emphasize on the major themes
in the study of objects and attention, without exhaustively discussing empirical details. The reader can

refer to the review papers of Driver and Baylis [11], Kanwisher and Driver [31], and Scholl [61].

Evidence for spatial selection

The contrast between objects and locations is the main motivation driving the study of object-based
attention. Does attention always select spatial areas of the visual field, or may attention sometimes
directly select discrete objects? The canonical evidence for spatial selection, which gave rise to the
dominant ’spotlight’ and 'zoom lens’ models for spatial attention, comes from spatial cuing studies.
Posner, Snyder, and Davison [52], for instance, showed that a partially valid cue to the location where a
target would appear, speeded the response to that target, and slowed responses when the cue was invalid
and the target appeared elsewhere.

These types of results suggested that attention was being deployed as a spatial gradient, centered on

a particular location and becoming less effective as the distance from that location increased.

Early suggestions from ’selective looking’

Some of the earliest evidence for object-based selection, came from the work of Neisser [44, 45]. Subjects,
given a ’selective looking’ task (two spatially superimposed movies), failed to notice unexpected events

which happened in the unattended scene. As such, this early work, though subject of methodological
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flaws, provides evidence that attention does not simply consist of a single unitary region of spatial

selection.

’Same-object advantages’ in divided attention

In studies of divided attention [13, 4, 3], it was concluded that observers were less accurate at reporting
two properties from separate objects, but were able to judge two properties of a single object without
extra cost. This has been termed a ’same-object advantage’.

Space-based theories cannot easily account for such results, since spatial location does not vary with
the number of perceived objects. However, the interpretation of these divided attention tasks is still
controversial. It has been argued that the results of these divided attention studies are due to the fact
that automatic attentional spread must fill a greater area with two objects than with one [9]. The details
of this interpretation still implicate object-based attention, but the mechanism responsible is seen to be

automatic spread of attention.

Multiple Object Tracking

The object-based nature of attentional selection is also apparent in dynamic situations, in which object
tokens must be maintained over time (multiple object tracking (MOT)). Experiments from Pylyshyn and
Storm [53], and Sears and Pylyshyn [62] state that the observed tracking performance cannot be ac-
counted for by a single spotlight of attention which cyclically visits each item in turn. Also, attention has
been found to speed response times to attended objects, and this advantage appears to be target-specific
in MOT. Third, it is indicated that attention is split between the targets rather than being spread among
them.

Object-attention concerns objecthood and object-based selection in a spatiotemporal context. Unlike
space-based theories, spatial locations that do not contain any object are not considered in attentional
selection. The object-based hypothesis is based on the assumptions that perceptual (but pre-conceptual)
organization of a visual scene into discrete units occurs before attention is allocated, and that attention
then selects or enhances visual stimuli as organized into objects rather than undifferentiated regions of
visual space [56]. The contrast with the spotlight metaphoric model is clear. Since, on the spotlight
model, everything in the spotlight is assumed to be processed in parallel, features from two nearby or
overlapping objects should be attended as easily as a single object, whereas on the object-based model
this would not be the case. In literature (see [28] for a review), there is a well-established body of
evidence in support of the idea that dividing attention between objects results in less efficient processing
than attending to a single object.

It should be noted that spotlight and object-based attention theories are not contradictory but rather
complementary [33, 34]. Nevertheless, the object-based theory accounts for many phenomena better
than the spotlight model does. Form the above discussions on space-based and object-based attention,
it seems clear, that these two notions should not be treated as mutually exclusive. Attention may well
be object-based in some contexts, location-based in others, or even both at the same time. The ’units’
of attention could vary depending on the experimental paradigm, the nature of the stimuli, or even the

intentions of the observer. The relation between space-, feature-, and object-based attention is not yet
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clear. Available evidence suggests that different, but interacting, systems may be involved (e.g. [33]).

1.2.2 Attention and Perceptual Grouping

Several research works have emphasized that scenes are organized into perceptual groups defined by the
Gestalt principles of similarity (common attribute), continuity (form a completed shape), proximity (close
to one another), common fate (move together), etc. [48]. In this section, we consider how the attended
objects, serving as units of attention, relate to other units, including perceptual groups, parts, and visual

surfaces.

Attention and Perceptual Groups

Driver and Baylis [11] (also [14]) combined perceptual grouping work with attention demonstrations,
and replicated some evidence for object-based selection, when Gestalt groups are used as stimuli instead
of single objects. Such evidence suggests that ’object-based’ attention and ’group-based’ attention may

reflect the operation of the same underlying attentional circuits.

Attending to Parts

Just as multiple objects can be perceptually grouped together, so can individual visual objects be com-
posed of multiple parts. In the study of attention, recent research has demonstrated 'same-part advan-
tages’ (section 1.2.1) for complex objects composed of hierarchical part arrangements. These studies
suggest that it may be worthwhile in future work to bring the literatures on attention and perceptual

part structure into closer contact [63, 71].

Attending to surfaces

The previous paragraphs considered both multi-object units such as groups, and intra-object units such
as parts. Visual surfaces constitute another level of representation which can encompass both of these
categories: complex objects can consist of multiple surfaces, while multiple objects can be arrayed along
a single surface.

From their experiments, He and Nakayama [19] indicate that attention can efficiently select individual
surfaces. In another experiment, using a cuing study (similar to that of [14]), they demonstrate that in
some cases attention must spread along surfaces. He and Nakayama conclude that the visual system
can direct selective attention efficiently to any well-formed, perceptually distinguishable surface. In this

context 'well-formedness’ must be seen as local co-planarity and collinearity of surface edges.

As the previous three paragraphs have emphasized, there may be a hierarchy of units of attention,
ranging from intra-object surfaces and parts to multi-object surfaces and perceptual groups. It remains
an open question whether attention to each of these levels reflects the operation of the same or distinct

attentional circuits.
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1.2.3 Visual Object

From the above discussion, it can be said with a fair degree of certainty, that under certain experimental
conditions, the allocation of attention depends on spatial properties of visual stimuli, and that under other
experimental conditions, factors of perceptual organization play a more dominant role in distributing
attention [30]. At the heart of the concerns discussed below is the problem of what exactly is meant
by ’visual object’. To understand this concept, we consult two approaches in the literature: the object
taxonomy of Jarmasz [28]; and the coherence theory of Rensink [56]. We also consider how the visual
system organizes visual stimuli into the objects used by attention and how to simulate this behavior. The
simulation is achieved either by Gestalt principles, or by other low-level mechanisms that are independent
of higher-level conceptual knowledge. Subsequently, we wonder if these mechanisms are sufficient or if an

observer’s background knowledge and current mental states are also required at this early level.

Object taxonomy of Jarmasz [28]

Jarmasz [28] proposes a four-way taxonomy of objects that can play a role in vision:

c-objects: physical objects, or what philosophers call concrete particulars

p-objects: mental representation of visual objects or objects of phenomenal experience

v-objects: virtual objects; 2D devices that are perceived as c-objects

a-objects: attentional objects; intentional objects involved in attentional selection

The object-based attention thesis can now be restated as: ”the attentional system selects a-objects in
order to create p-objects, which are supposed to allow a person to know about and act upon the c-objects
and v-objects that gave rise to the a-objects.” The ’objects’ of object-based attention are thus a-objects.

What, then, are a-objects? The standard answer given by several researchers is that a-objects are
perceptual groupings whose formation is governed by the Gestalt principles of perceptual organization [4,
33]. Until the advent of cognitive psychology, the Gestalt principles constituted the only available theory
of perceptual organization, and were thus integrated into cognitive psychology by Neisser [44]. The choice
of Gestalt groupings for a-objects, the objects that are selected by attention, was thus a natural one for

object-based attention.

Coherence theory of Rensink [56]

On the other hand, the attention theory of Rensink [56, 57], based on a study of change-blindness
phenomena, suggests that attention may endow structures with a coherence lasting only as long as
attention is directed to it. These thoughts are formulated in Rensink’s coherence theory of attention,

stating:

e Prior to focused attention, low-level 'proto-objects’ are continually formed rapidly and in parallel
across the visual field. These proto-objects can be fairly complex, but have limited coherence in
space and time. Consequently, they are volatile, being replaced when any new stimulus appears at

their retinal location.
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e Focused attention acts as a metaphorical hand that grasps a small number of proto-objects from this
constantly regenerating flux. While held, these form a stable object, with a much higher degree of
coherence over space and time. Because of temporal continuity, any new stimulus at that location

is treated as the change of an existing structure rather than the appearance of a new one.

o After focused attention is released, the object loses its coherence and dissolves back into its con-

stituent proto-objects. There is little or no ”after-effect” of having been attended.

According to the coherence theory, a change in a stimulus can be seen only if it is given focused
attention at the time the change occurs. Since only a small number of items can be attended at any
time [50, 53], most items in a scene will not have a stable representation. Thus, if attention cannot be
automatically directed to the change, the changing item is unlikely to be attended, and change-blindness
will likely follow. Moreover, unattended objects have limited spatiotemporal coherence. From visual
search experiments, described in [57], proof is provided for the limited spatial coherence of proto-objects,
relatively complex assemblies (by rapid grouping/segmentation) of fragments that correspond to localized
structures in the world. [55] indicates that proto-objects are the lowest level structures directly accessible
to attention, with much of their underlying detail being accessed only by deliberate effort. As such,
proto-objects serve as the highest outputs of low-level vision, but also the lowest level operands upon
which higher level attentional processes can act.

The proof for limited temporal coherence of proto-objects comes largely from studies on visual in-
tegration and change-blindness. Early level structures are either overwritten by subsequent stimuli or
else fade away within a few hundred milliseconds, making them inherently volatile [58, 57]. Given that
unattended structures have only limited spatial and temporal coherence, it follows that focused attention
must provide the coherence that knits proto-objects into larger-scale objects and allows them to retain

their continuity over time.

Discussion

Based on the presented evidence on object-based attention, we can state correctly that focused attention is
intimately involved with the perception of objects (c-objects according to Jarmasz’ taxonomy). Essential
properties of an object include the requirement that it be discrete, be differentiated from its background,
and have a coherent unity across space and time. Attention makes use of surface representations gener-
ated by early visual perceptual processes. These surface representations serve as units of object-based
attention. Following Jaramsz’ nomination these surface representations are called attentional objects or
a-objects. A-objects are believed to be perceptual groupings whose formation is governed by perceptual
organization processes. Being the only available theory of perceptual organization, the Gestalt principles
are put forward as theoretical answer to the formation of a-objects as perceptual groupings. Once a-
objects are formed, attention selects them, and creates a mental representation of the visual objects, the
so called p-objects. Rensink, on the other hand, claims that the so called proto-objects are the units of
attention. Proto-objects are fairly complex, rapidly formed surface representations generated by early vi-
sual perception. Attention selects a number of proto-objects, with limited coherence, and forms a (mental
representation of a) stable object, with high coherence over space and time.

Comparing Jarmasz’ view on objects as unit of attention with Rensink’s thoughts, we conclude that
both a-objects and proto-objects refer to the perceptual entities (groups) formed by early visual perception.

From this point on, if we refer to objects as the unit of attention, we will use the term proto-object.
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Reasoning about the simulation mechanism behind the formation of the proto-objects, brings us, following
Jarmasz, to the Gestalt principles of perceptual organization. However, other low-level mechanisms,
independent of higher-level conceptual knowledge, can also be considered to simulate the rapid, pre-
attentive formation of proto-objects. We also emphasize the distinction between perceptual groups and
objects, which could themselves be comprised of many perceptual groups.

To my opinion, the formulation by Jarmasz [28] describes best the relationship between object-based
and space-based attention. Attention is not a reflexive mechanism based on any particular property or set
of visual stimuli. Instead of being space-based or object-based, attention is space- and object-mediated.

Spatial and object features are concepts used by the visual system to deploy attention.

1.2.4 Segmentation, Perceptual Grouping, and Attention

Without segmentation and grouping, object-based attention may lose its selection units. In general,
segmentation processes - the processes that bundle parts of the visual field together as units - probably
exist at all levels of visual processing. Some of these processes are early, using ’quick and dirty’ heuristics
to identify likely units for further processing. This results in a visual field which has been segmented into
proto-objects, which are thought to be volatile in the sense that they are constantly regenerated [56]. In
this scheme, the proto-objects serve as the potential units of attention. Once a proto-object is actually
attended, additional object-based processes come into play. In Rensink’s coherence theory [56], deploying
attention to a proto-object gives rise to a more coherent representation of that object. It seems likely,
however, that this attentional processing could in some cases override the earlier parsing characterized
by the proto-objects. For instance, the additional attentional processing on a set of proto-objects may
result in a higher-level representation of that portion of the visual field as a pair of intertwined objects,
or as only a part of a more global object or group of objects. In general, since such processes can occur
at multiple levels, 'segmentation’ cannot be considered as synonymous with object-based attention. In
conclusion we state that the units of some rapid and rough segmentation processes (proto-objects) may
serve as the focus of attention, while the units of other perceptual grouping processes may be in part the
result of (proto-)object-based attention.

Indeed, Mack et al. [37] and Rock et al. [60] have presented results that suggest that perceptual orga-
nization does not occur without attention [28]. Attention and visual perception are mutually dependent,
likely interactive and concurrent processes. As such, perceptual grouping/organization is deeply inter-
twined with object-based attention and hierarchical selectivity (or multiple selective levels) by features,
objects, or their hierarchically structured groupings.

Duncan [13] states, "The study of visual attention and perceptual organization must proceed to-
gether”. However, one of the remaining questions is, when, where, and how the properties of an object,
or elements of a grouping become a perceptive object or a grouping? Another question is, how the mutual
impact between perceptual grouping and attention is evaluated or measured?

Trying to answer these types of questions, the interactions between the different processes need to be
modeled. Rensink [57] posits that attentional interaction with lower-level structures is taking place via a
nexus, a single structure containing a summary description of the attended object, for example, its size,
overall shape, and dominant color. When a proto-object is attended, a link is established between it and
the nexus, enabling a two-way transmission of information between these structures. Information going

up the link allows the nexus to obtain descriptions of selected properties from the attended proto-object.
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Information going down the link can in turn provide stability to the volatile proto-object, allowing it to
be maintained or to rapidly regenerate. The nexus and its proto-objects form a local hierarchy, with two
levels of description (object- and part-level).

In conclusion, attention influences, and is influenced by, perceptual organization in a way that favors

information that is relevant to the actions and intentions of an agent.

1.2.5 Modeling Perceptual and Relevance-based Influence on Attention

The literature ([28]) argues that attention is best understood as cognitively mediated, and not a mere
reflexive response to putative salient properties of visual stimuli. The central claim of this account is that,
in order to do what attention is generally said to do (filter information, enhance processing, integrate
visual features into unified percepts), the visual system uses basic visual features (color, shape, location,
surfaces, motion, depth information, and so on) as tools in order to direct attention according to an
observer’s background knowledge, goals, intentions, and particular task demands. The deployment of
attention itself then organizes and transforms these basic visual stimuli into a meaningful parsing of ones
visual environment, through the effects noted above.

Visual saliency can attract visual attention if the current top-down attentional setting is not fully
loaded (or in other words, the current attention can be gained without top-down control) [77]. In this
regard, we wonder, what is the visual salience of a feature, an object, or a grouping? And what is the
neural substrate to execute the saliency computation and judgement? How does visual saliency drive
visual attention? The most important requirement to model visual attention in practice is how visual
salience of a perceptual unit (whether a perceptual object or grouping) can be quantitatively measured,

so that the saliency mapping of a visual field truly reflects its competitive situation for visual attention.

As concluded above, perceptual organization and attention are deeply intertwined favoring informa-
tion relevant to the task at hand. Therefore, perceptual- (bottom-up) and relevance-based (top-down)
influences on attention need to be modeled. Insight into modeling the interaction between bottom-up
and top-down influences on attention, is acquired by studying existing models of object-based attention:

the triadic architecture of Rensink [56], and the conative model of attention of Jarmasz [29].

The triadic architecture of Rensink [56]

The triadic architecture [56, 57] is depicted in Figure 1.7, and consists of three subsystems. First, the
low-level vision system, which produces proto-objects rapidly and in parallel. The proto-objects result
from linear and non-linear processing of the input scene and are ”quick and dirty” representations of
objects or object parts that are limited in space and time. Second, a limited capacity attentional system
forms these structures into stable object representations. Finally, a non-attentional system provides
setting information, for example, on the gist - the abstract meaning of a scene, e.g., beach scene, city
scene, etc. - and on the layout - the spatial arrangement of the objects in a scene. This information
influences the selection of the attentional system, for example, by restricting the search for a person on
the sand region of a beach scene and ignoring the sky region. Whereas the two first modules resemble
the traditional approaches of pre-attentive and attentive processing stages, the third part of the model
provides some relevance-based information about the scene at hand and extends existing models in this

way. As such, this model integrates low-level, rapid, rough perceptual organization; intertwined attention



16 Chapter 1. Attentional Selection of Objects of Interest

[ System Ill — Setting (nonattentional) | [ system Il — Object (attentional) |

Focused attention

_—
/ (@) Coherent objects

—T -
Layout Gist LA

S ————

Proto-objects

(Low-level vision) Edges

Pixels

Figure 1.7: The triadic architecture of Rensink [56] suggests that visual perception is carried out via
the interaction of three different systems: in the low level system, early level processes produce volatile
proto-objects rapidly and in parallel. In system II, focused attention grabs these objects and in system

III, setting information guides the attention to various parts of the scene.

and perceptual organization; and top-down relevance-based influences on the attentional selection task.
However, in this model, these three modules are modeled as rather largely independent systems. Also,

the detailed interaction between perceptual organization and attentional selection is not fully described.

Conative model of attention by Jarmasz [29]

A different model, accounting better for the integration of perceptual and relevance-based influences on
attention is described in [29]. It is argued that in this model, attention uses visual objects (the products
of early perceptual organization) as tools to direct and guide action, and that in doing so, attention
shapes its tools. As action depends heavily on an agent’s goals, motivations, and needs; themes that
have traditionally been grouped under the heading of conation in psychology. The model is called a
conative model of attention. As such, visual attention is assumed to interface perception and conation.
A three-part architecture for attention is proposed that integrates conative, conceptual, and stimulus-
driven factors in a single attentional system. Two of the constituents are the two types of determinants of
attentional allocation: the stimulus-driven products of early visual perception on the one hand, and the
higher-order factors, such as memory and conation, on the other. The third constituent is the mechanism
that combines the two types of determinants of attentional allocation into some structure that can direct
attention, corresponding to the unit of object-based attention: the proto-object.

Figure 1.8 illustrates the different types of determinants in the architecture [29]. The stimulus-driven
determinants provide the proto-objects of the visual field inferred from various low-level visual cues. The
organism driven determinants provide information that facilitates perceptual organization and direct at-

tention to elements or groups of elements relevant with an organism’s intentions and needs.

In conclusion, early perceptual organization provides a rough initial parsing of a visual scene into

elements that the visual perception system uses to organize attention into an attentional structure,
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Figure 1.8: Functional architecture of a conative model of attention, as proposed by Jarmasz [29].

namely, a hierarchical organization of proto-objects.

In the absence of organism-driven factors, attention will be guided exclusively by the stimulus-driven
cues, from which the first proto-objects are inferred. The stronger the cues of a particular proto-object, the
higher the proto-object is placed in the attentional hierarchy. When organism-driven factors are strong,
stimuli most relevant to an organism’s needs and goals will receive most attention. When organism-driven
and stimulus-driven constraints on attention are compatible, visual attention picks out stimuli that are
relevant to an organism’s intentions and actions in an effortless fashion. When the congruence between
organism-driven and stimulus-driven constraints is reduced, the deployment of attention is more effortful
and less efficient.

What remains as open issues at this point are the mechanisms, both neural and computational, which
underlie the interrelation of organism-driven and stimulus-driven determinants of attentional deployment.
These are outside the scope of this PhD.

1.2.6 Conclusion

Given the space-based attentional models reviewed in section 1.1, we can conclude that the space-based
models of attention made good contributions to the implementation of location-based visual selection.
However, the presented study on object-based attention identifies several limitations of space-based vi-
sual selection models, and defines primordial requirements for modeling attention to overcome these
shortcomings. Research into object-based attention has received increasing interest, but research into
useful systematic theories is still open research, especially computational models of object-based atten-
tion for real-world applications. We summarize the issues involved in developing biologically plausible

object-based attention models as:

1. A recent study [16] shows that object-based and space-based attention share common neural
mechanisms in the brain. Object-based and space-based attention are not exclusive but operate at
multiple selection levels in the visual system depending on visual tasks. They achieve the coherent

selection by objects, features, locations, and their groupings. Grouping is not a simple equivalent of
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segmentation, but a key means to integrate both object-based and space-based attention together.

2. Object-based attention holds that the underlying unit of attentional selection is an object or a
grouping of objects, features, locations, called proto-object. These perceptual proto-objects are

identified and segmented early.

3. Segmentation (perceptual organization) and attention are mutually constrained and influenced [12].

Without segmentation and perceptual grouping, attention may lose its selection units.

4. Attention is controlled by bottom-up and top-down influences. This interaction, especially the top-
down influence on attention, biases competition for attentional selection towards objects which are

relevant to the current behavior.

5. In order to simulate human-like visual (re-)exploration behavior, an object’s visual saliency should
be evaluated in a spatiotemporal context. This way, visual saliency of an object varies with multiple

resolutions and over time.

6. Grouping-based competition for attention should be performed by integration of object features,
location features, and their distribution over the visual field. Grouping-based competition considers
object-based hierarchical selectivity, involving object-based selection between objects and within an
object, as required for real-world scenes [64]. Attention can work at multiple processing levels to

execute selectivity by features, objects, locations, or their groupings.

7. Saliency mapping, grouping-based competition, and inhibition of return mechanism for control of
attention must operate in a spatiotemporal context, for achieving human-like visual behavior in

machine vision.

One issue concerning visual attention modeling has been omitted in this work, namely, the discussion
about covert attentional selection and overt foveal eye movements. Visual attention covertly shifts in the
visual field to select interesting objects when the fovea is fixated. Visual attention can perform visual
selection without eye movements but eye movements require visual attention to function so as to assist
attention to scrutinize the potential objects of visual selection in the periphery of the field of view [21].
Therefore, the shifts of attentional selection are clearly distinct from eye movements. Recently more and
more active vision systems attempt to employ attentional mechanisms to help eye movements for their
goal locating (e.g. [65, 2]), but research into integrating both of the shifts of (covert) attentional selection
and eye movements in one system is lacking. To be complete, a biologically plausible vision system should
consider foveal sensing together with visual attention but importantly make a clear distinction between
them.

In conclusion, modeling and implementing object-based visual attention must engender a framework
satisfying the enlisted issues and requirements. To our knowledge, only Sun [64] proposed a hierarchical
object-based attention framework. This framework aims at integrating object-based and space-based
attention, and employing grouping-based competition for attentional selection to achieve object-based
hierarchical selectivity of visual (covert) attention and attention-guided overt saccadic eye movements.
The concept of grouping is defined as the underlying unit of attention selection and is used to link object-

based and space-based attention together so as to obtain hierarchical selectivity within visual attention.
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A grouping is defined as a hierarchically structured unit, and can be a point, a feature, an object, a group
of objects or features, or a region.

[64] provides answers and implementation details to the above requirements 1, 4, and 6, and also
includes considerations on how to integrate visual (covert) attention and attention-guided overt foveal
eye movements. However, early segmentation into proto-objects, intertwined perceptual organization and
attention, focus of attention and inhibition of return mechanisms in a spatiotemporal context are not
described with implementation details.

Complementary to [64], we propose in the following section our approach to object-based attention
modeling, based on the foundational discussions presented in the current chapter. Our approach will
formulate explicit answers, with implementation details to requirements 2, 3, 5, 6, and 7. We will only
consider covert attentional selection, in a bottom-up approach, omitting (overt) saccadic eye movements

and top-down influences on attention.
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